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While much is known about the metabolism of exogenous
nutrients such as glucose, lactate, pyruvate, amino acids by
oocytes and pre-implantation mammalian embryos, the role of
endogenous stores, particularly lipid, has been largely over-
looked. The presence of lipid within oocytes and early embryos
has been long known, and comparisons between species
indicate that the amounts and types of lipid present vary
considerably. Large amounts of intracellular lipid can com-
promise the success of cryopreservation and the removal of
such lipid has been the subject of considerable effort. In this
review, we present evidence that strongly suggests a metabolic
role for lipid, specifically with regard to energy provision, in
the late-stage oocyte and the pre-implantation embryo. We
focus initially on oxygen consumption as a global indicator of
metabolic activity, before reviewing different approaches that
either have been designed to investigate directly, or have
revealed indirectly the role of endogenous lipid in energy
generation. These fall under five headings: (i) fatty acid
oxidation; (ii) inhibition of triglyceride oxidation; (iii) culture
in the absence of exogenous substrates; (iv) cytoplasmic
organization; and (v) delipidation. On the basis of the data
derived from these studies, we conclude that there is strong
evidence for the utilization of endogenous lipid as an energy
substrate by oocytes and early embryos.

Introduction

The oocyte has the largest diameter of any cell in the
female mammal. The developmental consequence of
having a large egg is that the zygote undergoes a series
of ‘cleavage’ divisions in which the genetic material
(chromosomal DNA) is duplicated, but the cytoplasm is
not and, as a result, the ratio of nuclear to cytoplasmic
volume characteristic of adult cells is established
approximately at the blastocyst stage. The reasons for
the oocyte’s large diameter are unclear, but a number of
explanations have been proposed to account for the size
of the mammalian egg, they are:

(1) provision of a large target for the spermatozoa;
(2) efficiency of energy expenditure – it may be more
efficient to make a large egg within the ovary, rather
than the alternative scenario of beginning with an
adult-sized cell and having to double its volume,
weight and zona pellucida at each cell division during
embryogenesis;
(3) legacy of a common ancestry with reptilia,
amphibia, and monotreme mammals (echidna and
platypus) which have large, yolky eggs;
(4) provision of a large endogenous energy repository
available to the egg ⁄ embryo until, in mammalian
species, it attaches ⁄ implants.

Whatever the explanation for the large size of the egg,
energy in the form of ATP is required to power the
pre-implantation stages of development for which there
are two potential sources: exogenous and endogenous
nutrients.

Exogenous and Endogenous Nutrients

Overwhelmingly, the focus of research and practice in
the culture of early embryos has been on exogenous
nutrients. Thus, it is well known that oocytes and
embryos at the pre-compaction ‘cleavage’ stages of pre-
implantation development are relatively quiescent and
can derive ATP from the oxidation of exogenous
nutrients such as pyruvate, lactate and amino acids
(Leese 1991, 1995, 2003). At the morula stage, there is a
sharp rise in metabolic activity, measured in terms of
oxygen consumption, in all species studied (Fig. 1)
largely because of the energy demands of sodium
pumping in the formation of the blastocoel cavity
(Brison and Leese 1994; Donnay and Leese 1999;
Houghton et al. 2003) and of increased protein synthe-
sis, as the embryo initiates net growth (Leese 1993).
Oxygen consumption reflects overall metabolic activity
but does not indicate the nature of substrate(s) being
oxidized. Glucose consumption also increases at this
time, much of it being converted, at least in vitro, to
lactate via ‘aerobic glycolysis’, which, in addition to
providing a modest amount of ATP may prime the
embryo for the hypoxic environment it will encounter
during implantation (Leese 1995).

In contrast to our considerable knowledge on exog-
enous nutrients, the potential contribution to energy
homeostasis of endogenous substrates in the form of
glycogen, protein and fat has received relatively little
research attention. Glycogen may be important at the
blastocyst stage (reviewed by Leese 1993) and endoge-
nous protein is unlikely to be expended to generate ATP
leaving fat as the most likely candidate endogenous
energy substrate.

Triglyceride is the major component of intracellular
lipid in the oocyte (Homa et al. 1986) and thus provides
a large potential energy reserve. Tables 1–3 gives the fat
or triglyceride content of oocytes of a number of species
as well as details of the composition of lipid present in
the oocyte.

In Table 1, the striking feature is the very low fat
content of mouse eggs and the exceptionally high
content in the pig; so high that porcine eggs and
pre-implantation embryos appear black under the
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microscope because of lipid being optically dense albeit
having low buoyant density. Canine oocytes and
embryos also have a high fat content and at least one
study has suggested that relative scarcity of lipid at the
oocyte stage is evidence of degeneracy (Durrant et al.
1998). One hypothesis for the presence of high amounts
of lipid in the embryos of the domestic species is that it
reflects the ‘time to attachment’. Lipid-rich ruminant
embryos and pig embryos remain unattached for a

considerable time in the uterus in vivo; mouse and
human eggs attach relatively speedily and may not need
an ‘endogenous energy reserve’ to the same extent as
livestock species. The lipid-rich status of the dog egg is
consistent with this idea as it too is slow to implant.
However, this hypothesis is speculative at this stage and
requires further investigation.

Lipid Provision

The role of lipid in the peri-ovulatory (or peri-concep-
tion) phase of livestock reproduction is multifaceted and
effects can be modulated at the endocrine as well as at
nutrient provision level. Arachidonic acid (C20:4n-6) is
a crucial pre-cursor of prostaglandins while cholesterol
is needed for steroid hormone biosynthesis. Among the
steroid hormones, progesterone plays a key role,
through effects on endometrial activity and gene expres-
sion, in ensuring that the in vivo environment is
conducive to embryo development. Provision of dietary
fats could therefore exert effects via an endocrine or
other route (Abayasekara and Wathes 1999; Kuran
et al. 1999). However, in cattle and sheep, rumen-
degradable dietary fats can disrupt rumen function and
thereby negatively affect energy balance and well-being.
A feature of dairy cattle infertility is that problems can
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Fig. 1. Oxygen consumption rates of embryos of three mammalian
species. The figure is based on the data of Sturmey and Leese (2003;
pig), Houghton et al. (1996; mouse) and Thompson et al. (1996; cow)

Table 1. Summary of lipid content
of mammalian oocytes Stage Cattle Sheep Pigs Mice

Total lipid Oocyte No data No data No data 3.25a

Total FA Oocyte 63b 89 ± 7b 161b No data

Triglyceride Oocyte 23b 25 ± 4b 74b–136c No data

Oocyte pre-mat 50d*–59e No data 136c No data

Oocyte post-mat 37d*–46e No data 123c No data

Post-fertilisation 34e No data 112c No data

Phospholipid Oocyte 18b 25b 41b No data

aLoewenstein & Cohen, (1964).
bMcEvoy et al. (2000).
cSturmey & Leese (2003).
dKim et al. (2001).
eFerguson & Leese, (1999).

*denotes estimated value.

Table 2. Summary of composition
of mammalian oocytes

Species

Amount of

TG (%)

Most abundant

fatty acid

Most abundant

cfatty acid in TG

Second most abundant

fatty acid in TG Report

Pig 60.0 C16:0 C16:0 C18:1 Homa et al. 1986

Pig 48.0 C16:0 C16:0 C18:0 McEvoy et al. 1997

Human – C18:0 – – Matorras et al. 1998

Pig – C18:1 – – Khandoker et al. 1997

Cow – C16:0 – – Khandoker et al. 1997

Pig 45.0 C16:0 C16:0 C18:1 McEvoy et al. 2000

Cow 36.4 C16:0 C18:1 C16:0 McEvoy et al. 2000

Sheep 28.0 C18:1 C18:1 C16:0 McEvoy et al. 2000

Cow 57.0 C16:0 – – Kim et al. 2001

Table 3. The amount of lipid pres-
ent per unit volume Cattle* Sheep* Pig* Mice** Reference

Oocyte lipid mass 63 89 161 3.25 *McEvoy et al. 2000

**Loewenstein and Cohen 1964

Volume 4.20 nl 4.20 nl 4.20 nl 0.52 nl

Lipid per nanolitre 15 21.2 38.3 6.25

Unless otherwise stated, all values are ng.

Fatty Acid Metabolism by Oocytes and Early Embryos 51

� 2009 The Authors. Journal compilation � 2009 Blackwell Verlag GmbH



be accentuated when energy-rich (fat-supplemented)
diets are used to meet milk production requirements.
Dietary lipid has been shown to influence fatty acid
status of intra-ovarian follicles and the oocyte ⁄ embryo
micro-environment in vivo but (in contrast to findings
in vitro) we have not detected changes in lipid compo-
sition of eggs per se. Indeed, while the study of Zeron
et al. (2002) did note effects of diets containing a
polyunsaturated fatty acid (PUFA)-rich rumen-bypass
dietary supplement (fed for 13 weeks) on chilling sen-
sitivity of ovine oocytes, there were no significant
differences in the abundance of key fatty acids within
oocyte phospholipids and while the supplement signif-
icantly increased the abundance of some long-chain
PUFAs in follicular fluid and cumulus cells, no corre-
sponding changes were detected within the oocyte. It is
therefore probable that a selective protective process has
evolved to ensure that, for example, the PUFA comple-
ment of oocytes is kept to a minimum in vivo tominimize
risks of degradation. However, this protection almost
certainly does not extend to safeguarding embryos
exposed to sera in vitro (Thompson et al. 1995; Kim et al.
2001; Reis et al. 2003, 2005). Elsewhere, there is evidence
of specific, sophisticated management of fatty acid
uptake, notably the avian capacity to partition docosa-
hexaenoic acid (DHA, C22:6n-3) preferentially towards
brain development (McEvoy and Speake 2001) and the
mammalian data in Table 2 indicate cross-species prefer-
ences for more stable (saturated and mono-unsaturated)
fatty acids. For more details of the effects of diet on
reproduction, see Hess et al. (2008), Leroy et al. (2008)
and Santos et al. (2008).

The situation in vitro is clearer. There is good evidence
from a number of sources that the amount of fat in the
oocyte and embryo can be altered by changing
the composition of the culture medium; particularly by
the provision of serum (Thompson et al. 1995; Abe et al.
1999a,b, 2002a,b; Rizos et al. 2002; Reis et al. 2003). For
example, Ferguson and Leese (1999) showed a significant
increase in the amount of triglyceride in cattle oocytes
after culture in medium containing foetal calf serum, and
using the Nile red staining method, these observations
were confirmed by Genicot et al. (2005) and Leroy et al.
(2005). Total lipid content is also increased in vitro
(Kubovicova et al. 2003). Reis et al. (2005) showed that
neutral lipid accounted for most of the extra material
associated with in vitro exposure of embryos to serum,
consistent with the data of Ferguson and Leese (1999).

In this review, we focus on evidence for ametabolic role
for or a tendency towards triglyceride utilization during
oocyte maturation and early embryo development. The
evidence is derived from direct studies or indirect obser-
vations and falls under five headings: (i) Fatty acid
oxidation; (ii) Inhibition of triglyceride oxidation;
(iii) Culture in the absence of exogenous substrates;
(iv) Cytoplasmic organization; and (v) Delipidation.

Fatty acid oxidation

Oocytes

There is indirect evidence for lipid oxidation in cow
(Ferguson and Leese 1999; Kim et al. 2001) and pig
(Sturmey and Leese 2003) oocytes. In vitro, the amount

of triglyceride present in the oocyte decreases during
maturation, and, at least in the pig, there is a
corresponding fall in oxygen consumption sufficient to
account for this depletion (Sturmey and Leese 2003).
More compelling evidence comes from the use of
metabolic inhibitors (see next section). In addition,
Cetica et al. (2002) reported a significant rise in lipase
activity in bovine oocytes during maturation, suggesting
that fatty acid oxidation is occurring.

In contrast to evidence of lipid utilization, some studies
indicate that lipid content does not change during in vitro
maturation. For example, Aardema et al. (2008) recently
reported that lipid droplet number or neutral lipid
abundance were similar, prior to and following matura-
tion of bovine oocytes in vitro. However, this invasive
method of measurement precluded direct analysis of the
same eggs pre- and post-maturation. Furthermore, there
is considerable variation in the amount of lipid present in
oocytes and early embryos (Ferguson and Leese 1999;
McEvoy et al. 2000; Sturmey and Leese 2003; Genicot
et al. 2005). Indeed, Aardema et al. 2008 also reported
great variation in lipid droplet number among oocytes
from the same ovary. This suggests that the oocyte tends
to accumulate a generous surplus of lipid during its pre-
maturation development. In such circumstances, the total
complement of lipid could mask minor changes because
of utilization for energy provision. It should also be noted
that uptake of lipid from serum added to the culture
medium (cattle: Ferguson and Leese 1999; sheep: Reis
et al. 2005) could mask changes in endogenous reserves.
Furthermore, the energy-dense nature of lipid means that
only minimal amounts need to be oxidized to produce
significant amounts of energy. For example, the complete
oxidation of 1 mole of glucose produces between 27 and
31 moles of ATP, depending on specific transporters used
and P ⁄O ratios [that is, the number of ATP formed from
ADP ⁄Pi per molecule of oxygen; typically 2.5, (Brand
1994)]. By contrast, one mole of palmitate yields approx-
imately 104 moles of ATP. In the case of the oocyte, the
amount of lipid that would need to be consumedwould be
extremely small, and the differences ⁄depletion arising
frommetabolic usagemay be below the limits of detection
using imaging methods such as those described by
Genicot et al. (2005), Leroy et al. (2005), and Aardema
et al. (2008).

Embryos

Waterman and Wall (1988) reported that rabbit zygotes
were able to take up fatty acids from the culture
environment. Incubation with [14C] palmitic acid and
subsequent measurement of 14CO2 production showed
that rabbit embryos can oxidize palmitic acid even at the
single-cell stage, with subsequent increases, particularly
from the four-cell stage onwards (Khandoker and Tsujii
1998). In that study, no other energy substrates were
present in the culture medium, indicating that the fatty
acid supplied was unquestionably used as a source of
energy. Similar to the rabbit embryo, Hillman and Flynn
(1980) found in mouse embryos that the rate of lipid
oxidation was relatively constant from the unfertilized
egg to the eight-cell stage (80 fmol CO2 produced per
embryo per hour), followed by a fourfold increase
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between the eight-cell and blastocyst stages (up to
400 fmolCO2produced per embryo per hour). In tammar
wallaby blastocysts, palmitate oxidation also increased
from day 0 (0.3 pmol per embryo per hour) after reac-
tivation because of removal of pouch young, to 3.8 pmol
per embryo per hour by day 4 after re-activation, and
increased even further by day 10 (Spindler et al. 1999).

In addition, bovine embryos cultured in the presence
of acetoacetate and ⁄or beta-hydroxybutyrate were able
to reach the blastocyst stage (Gomez et al. 2001, 2002),
indicating that bovine embryos can use ketone bodies as
a primary energy source. This evidence that embryos
can utilize lipid-breakdown products indirectly supports
the suggestion that pre-implantation embryos can use
intracellular lipids as an energy source.

Inhibition of triglyceride oxidation

Oocytes

In both cow and pig oocytes, inhibition of triglyceride
metabolism using methyl palmoxirate during matura-
tion in vitro leads to a fall in viability, reflected in
reduced ability to generate a blastocyst post-fertilization
(Sturmey and Leese 2003; Ferguson and Leese 2006).
Methyl palmoxirate is a site-directed inactivator of
Carnitine Palmitoyl Transferase 1 (Kiorpes et al. 1984)
and thus blocks the entry of fatty acids into the
mitochondria; the rate limiting step in b-oxidation.

Embryos

Further evidence that mammalian oocytes and embryos
are capable of oxidizing fatty acids comes from studies
in which mouse embryos were cultured in the presence
of methyl palmoxirate (Hewitson et al. 1996). Embryo
development was reduced in its presence, along with
lower cell proliferation rates. In addition, on a per cell
basis, glucose uptake remained constant, but a decrease
in lactate production led the authors to suggest that the
embryo was compensating for the inhibition of fatty
acid oxidation, and that glucose was being completely
oxidized to CO2, thus maximizing ATP production and
reducing lactate production. By contrast, porcine
embryo development is not reduced in the presence of
methyl palmoxirate in culture in vitro. However, in the
pig, glucose metabolism is significantly increased when
embryos are cultured in the presence of methyl palmox-
irate (Sturmey and Leese 2008). This suggests that when
denied the opportunity to metabolize lipid, the pig
embryo up-regulates alternative energy generating path-
ways. A similar finding was observed for cattle embryos
(Ferguson and Leese 2006), although the experimental
details were different. In this case, when cow embryos
were cultured in the presence of methyl palmoxirate in
the absence of exogenous substrates, development to the
blastocyst was inhibited.

Culture in the absence of exogenous substrates

Oocytes

The ability of oocytes to develop in the absence of
exogenous energy substrates also supports the proposi-

tion that intracellular energy stores are utilized (Fergu-
son and Leese 2006). The mouse oocyte, which has only
a very low triglyceride complement (see Table 3) arrests
within 15 h of culture in medium lacking exogenous
substrates (Downs and Hudson 2000). The cow oocyte is
able to complete maturation successfully in vitro, as
assessed by the ability to generate blastocysts post-
fertilization, in the complete absence of exogenous
sources of energy (Ferguson 1999). However, when
triglyceride metabolism is inhibited and the culture
medium lacks an energy source, the oocytes arrest
(Ferguson and Leese 2006); this is the most compelling
evidence for the idea that intracellular lipid plays a role
in oocyte maturation in vitro.

Embryos

Kane (1987) showed that rabbit zygotes could complete
three cleavage divisions in culture in the complete
absence of nutrients added to the culture medium (i.e.
with PVA replacing BSA, as the latter can be taken up
by early embryos and broken down to amino acids)
providing strong evidence for a role for endogenous
substrates in this species. Ferguson and Leese (1999)
reported that 45% of in vitro-produced cattle zygotes
cleaved at least once in the complete absence of
exogenous nutrients. To put this into context, when
BSA was used as the macromolecular constituent
instead of PVA, 65% underwent first cleavage and
45% developed to morulae. Furthermore, when cultured
in the absence of exogenous energy sources, oxygen
consumption by cattle five- to eight-cell embryos was
unchanged (Ferguson and Leese 2006) indicating con-
tinued substrate oxidation; implicitly from internal
stores. Inhibition of lipid metabolism reduced develop-
mental competence and oxygen consumption. By con-
trast, Manser and Leese (cited in Ferguson and Leese
2006) reported that mouse zygotes deprived of exo-
genous nutrients degenerated within 10 h, consistent
with the data in Table 2, indicating a very low fat
content in the early mouse embryo.

Cytoplasmic organization

Oocytes

The final maturation of the bovine oocyte occurs in the
ovulatory follicle following stimulation by the LH surge.
After the LH peak, mitochondria tend to arrange
themselves approximately at the lipid droplets, and by
15 h post-LH peak, these conglomerates have attained
an even distribution throughout the cytoplasm (Hyttel
et al. 1997). Bavister and Squirrell (2000) reported active
translocation of mitochondria during oocyte matura-
tion. Our own data are consistent with this general
pattern as we found that mitochondria were homoge-
neously distributed in the immature oocyte, with the
exception of its very inner cortex of the immature oocyte
whereas they tended to be distributed more peripherally
in the in vitro-matured oocyte (Sturmey et al. 2006).
This pattern of mitochondrial relocation during oocyte
maturation has been reported by others; in pig (Sun
et al. 2001; Brevini et al. 2007), cattle (de Paz et al.
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2001) and mouse (Van Blerkom et al. 2002) oocytes.
Yet, Stojkovic et al. (2001) reported a very different
pattern of mitochondrial distribution, particularly after
in vitro maturation perhaps reflecting differences in
oocyte culture media.

The distribution of lipid droplets within the cytoplasm
of porcine oocytes follows a similar pattern; a homoge-
neous distribution throughout the cytoplasm with the
exception of the very inner cortex of the immature oocyte.
This shifts slightly during maturation in vitro, when a
more pronounced peripheral distribution is apparent
(Sturmey et al. 2006). Earlier studies indicated similar
patterns for hamster (Guraya 1969, 1975) and mouse
oocytes (Ozdzenski and Czoowska 1980; Trávnı́k 1981).
By contrast, the lipid droplets in cat and dog oocytes
(Guraya 1965; Szabo 1967) tend to be located in the centre
of the cytoplasm.

One possible explanation for the distribution of lipid
droplets and mitochondria relates to intracellular oxy-
gen availability. In order to generate energy from the
oxidation of lipid (or exogenous substrates) oxygen
must obviously be available to the mitochondria to act
as a terminal electron acceptor. There are conflicting
reports on the extent to which oxygen is available at the
centre of the oocyte (Byatt-Smith et al. 1991; Clark
et al. 2006) but it does seem plausible that lipid
mitochondrial metabolic units locate to the periphery
of the oocyte where oxygen is most readily available.
For a more detailed description of bovine oocyte growth
and maturation, refer to the review of Hyttel et al.
(1997).

Fleming and Saacke (1972) reported a close spatial
association between endoplasmic reticulum and mito-
chondria in bovine oocytes, as well as their proximity to
lipid droplets, thus effectively forming ‘metabolic units’
(Kruip et al. 1983). We confirmed these observations
using advanced imaging methods, which showed that
lipid droplets and mitochondria co-localize to within
100 Å; a distance approximately equivalent to the
thickness of a cell membrane, in live porcine oocytes
in vitro (Sturmey et al. 2006). Results from live cell
imaging suggested that the mitochondrial: lipid associ-
ations were maintained and were not short-term tran-
sient events. It is appropriate metabolically that
mitochondria and lipid droplets be closely associated.
The free fatty acids utilized to generate ATP are cleaved
from triacylglycerol molecules within the lipid droplet
and transported across the mitochondrial membrane by
Carnitine palmitoyl transferase-1.

As noted earlier, canine oocytes have a conspicuous
abundance of lipid, even higher than pig or cat (Reynaud
et al. 2006) and the process ofmaturation in vivo contrasts
markedly with that of other species – e.g. the retention of
cumulus cells is prolonged in the oviduct (Viaris De
Lesegno et al. 2008). Furthermore, this group noted the
presence of lipid droplets surrounded by smooth endo-
plasmic reticulum,which could reflectmetabolismof lipid
reserves or lipoprotein synthesis. Either way, the devel-
opmental peculiarities of the canine oocyte ⁄ embryo (e.g.
blastocyst stage not being reached until 14 days after the
LH surge in Labrador Retrievers; Abe et al. 2008)
probably require distinctly different energy provision
towards which lipids are key contributors.

Embryos

In contrast to the situation with the oocyte, there is a
paucity of data on the organization of lipid droplet:
mitochondrial metabolic units in the early embryo.
While there are reports of mitochondrial abundance and
patterns of distribution (Van Blerkom 2008), and the
presence of lipid droplets has been investigated by many
groups (Abe et al. 1999a,b, 2002a,b; Crosier et al. 2000,
2001; Rizos et al. 2002) the lipid-mitochondrial inter-
relationship and scale of lipid utilization remain largely
un-investigated.

Delipidation

Further evidence for the presence of an apparently
overabundant supply of lipid to naturally derived
oocytes and embryos of at least some mammalian
species is indicated in studies where delipidation has
been found not to compromise subsequent development.
Among these, Nagashima et al. (1994, 1995) reported no
significant difference in development rates of intact and
delipidated in vivo-fertilized porcine embryos. Interest-
ingly, however, in a recent study of parthenogenetic
embryos produced following in vitro-maturation and
activation, Nagashima et al. (2007) reported that delip-
idation on day 2 reduced blastocyst formation rates and
that timing of delipidation did exert a marginal influence
on subsequent development in terms of cell proliferation
but not blastocyst yields (late day 2 better than early day
2 in the case of the former). The authors did not indicate
whether this reflected time-related differences in toler-
ance of the process or the fact that at one stage, lipid
removal was too excessive. Yoneda et al. (2004) also
reported that development was reduced in porcine
embryos delipidated at an early stage and they specu-
lated that the decreased cell numbers at the blastocyst
stage might indicate that cytoplasmic lipids are impor-
tant molecules for cell division or energy metabolism.
They also cited Brown (2001) who has emphasized how
little is so far known about lipid droplets and their
adherents, notably perilipin proteins. These proteins
may modulate the extent of lipid metabolism in the
cytosol by influencing access to lipid in a manner
sensitive to metabolic status (Brasaemle 2007).

While delipidation has been useful in improving
cryopreservation – or, more specifically, survival post-
cryopreservation – of embryos that are lipid-rich, the
technical process compromises biosecurity by requiring
zona pellucida puncture to aspirate the excess lipid
previously displaced via centrifugation (Diez et al. 2001;
Karja et al. 2006; Nagashima et al. 2007; Sanchez-
Osorio et al. 2008). Such removal also denies the
embryo any adherents caught up in the displaced lipid
(Cran 1987; Brown 2001). Consequently, some authors
have investigated cryosurvival following displacement
but not removal of the excess lipid. For example, Esaki
et al. (2004) found this to be an effective means of
facilitating vitrification of porcine embryos and further
noted that while embryos that had been delipidated
non-invasively subsequently (post-vitrification) emu-
lated controls in terms of cell numbers at the blastocyst
stage, those that had been delipidated invasively could
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not. Previously, Tominaga et al. (2000) reported effects
of stage at polarization of lipid (i.e. centrifugation
without removal) on cryo-survival of bovine embryos
and noted that centrifugation of zygotes was more
detrimental to subsequent development than centrifu-
gation at the two-cell stage. Notably, yet, in the absence
of cryopreservation, Diez et al. (2001) reported the birth
of calves (47% success vs 45% for controls) following
transfer of blastocysts derived from embryos delipidated
(via centrifugation plus removal) at the one-cell stage.
This outcome is consistent with the view that lipid
provision is more than sufficient to support development
of bovine embryos when stressful circumstances are
avoided.

More evidence relevant to the present review comes
from studies in which, with a view to biosecurity,
stimulating eggs ⁄ embryos to utilize lipid and thereby
oxidize excess fat and obviating the risk of physical
damage might be an alternative to invasive delipidation.
Thus, for example Men et al. (2006) found that 10 lM

forskolin significantly increased triglyceride lipolysis in
day 6 porcine blastocysts (as determined by glycerol
release). Equally notable for our own purposes is the
finding that untreated controls (i.e. day 6 blastocysts not
exposed to forskolin) also released glycerol during
incubation, the yield being approximately 2 lM after
3 h and approaching 6 lM after 6 h. In their discussion,
the authors emphasized that the glycerol measured in
their assay was of endogenous origin and the result of
hydrolysis of endogenous lipids. Additionally, Barcelo-
Fimbres et al. (2009) recently reported that provision of
phenazine ethosulphate, which reduces lipid content in
cattle embryos, has no effect on live-birth parameters in
cattle. An alternative approach to stimulate lipid
metabolism involves the provision of oxaloacetate in
place of glucose in the embryo culture medium (Sturmey
and Leese 2008). Whilst the oxaloacetate can break
down into pyruvate, it cannot generate energy per se,
although its presence is required to ‘prime’ the TCA
cycle by ensuring a steady supply of oxaloacetate. When
porcine embryos were cultured in the presence of
oxaloacetate, the resulting blastocysts had a significantly
reduced content of intracellular triglyceride (Sturmey
and Leese 2008). Whether this effect arose from oxalo-
acetate priming the TCA cycle to facilitate b-oxidation
or through some other mechanism related to the
formation of pyruvate is unclear.

Whilst the approach of encouraging embryos to
deplete their intracellular lipid metabolically in order
to increase cryotolerance might be of interest for
freezing embryos, the physiological effects of up-regu-
lating metabolism are largely unknown. This is partic-
ularly relevant given our concept of the Quiet Embryo,
whereby the most viable embryos are metabolically
‘quiet’ (for a detailed description, see Leese 2002;
Baumann et al. 2007 and Leese et al. 2008). We there-
fore suggest that it is probably unwise to up-regulate
metabolic activity artificially, as this phenotype is often
related to sub-optimal viability. Yet, the recent report by
Barcelo-Fimbres et al. (2009), which demonstrates that
reduction of lipid ion cattle embryos has no negative
impact on the viability of calves, illustrates that this area
requires further research.

Concluding Remarks

Our review of a variety of studies, each using a different
experimental approach, has provided strong evidence
that oocytes and early embryos are able to utilize fatty
acids as energy substrates. This conclusion applies to
fatty acids present endogenously in the form of trigly-
cerides, and to those added to the culture medium but a
key developmental question is to what extent, both in
vivo and in vitro, embryos can selectively avoid or
benignly adapt to changes in fatty acid provision and
abundance in their environment. As noted by Diez et al.
(2001) the effects of lipid modification on cellular phys-
iology and metabolic regulation are very complex and
further research is needed.
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