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ABSTRACT

Mobilization of fatty acids from adipose tissue during
metabolic stress will increase the amount of free fatty acids in
blood and follicular fluid and, thus, may affect oocyte quality. In
this in vitro study, the three predominant fatty acids in follicular
fluid (saturated palmitic and stearic acid and unsaturated oleic
acid) were presented to maturing oocytes to test whether fatty
acids can affect lipid storage of the oocyte and developmental
competence postfertilization. Palmitic and stearic acid had a
dose-dependent inhibitory effect on the amount of fat stored in
lipid droplets and a concomitant detrimental effect on oocyte
developmental competence. Oleic acid, in contrast, had the
opposite effect, causing an increase of lipid storage in lipid
droplets and an improvement of oocyte developmental compe-
tence. Remarkably, the adverse effects of palmitic and stearic
acid could be counteracted by oleic acid. These results suggest
that the ratio and amount of saturated and unsaturated fatty acid
is relevant for lipid storage in the maturing oocyte and that this
relates to the developmental competence of maturing oocytes.

blastocyst, fatty acid, fertilization, gamete biology, in vitro
fertilization, lipid storage, oocyte development, oocyte maturation

INTRODUCTION

High-yielding dairy cows face metabolic stress during the
early postpartum period. This results in a negative energy
balance (NEB) due to energy loss by milk production that
cannot be compensated by energy intake [1–3]. The NEB is
believed to impair the fertility of these cows [2–5]. During
periods of metabolic stress, massive body fat mobilization
increases the free fatty acid concentration (fatty acid com-
plexed to albumin) in both blood and follicular fluid [5–11].
The increase in and changed composition of free fatty acids
may impair fertility by affecting oocyte quality due to transport
of fatty acid into the oocyte [9–11].

After fatty acids are taken up by somatic cells, they are
esterified into triacylglycerols (TAG) and cholesterol-esters
and stored as neutral lipids in lipid droplets. In the oocyte it has
been suggested that neutral lipids fulfil an important function in
supplying energy and in biosynthesis of membranes during

early embryonic development [12–16]. The esterification of
fatty acids and storage into lipid droplets may also protect the
oocyte against fatty acid-induced lipotoxicity [17]. In line with
this, accumulation of neutral storage lipids in oocytes has been
related to improved developmental competence [18, 19]. The
fatty acid composition of esterified lipids in porcine, cow, and
sheep oocytes is dominated by palmitic, oleic, and stearic acid
and mirrors the composition of free fatty acids present in blood
and follicular fluid [8, 14, 20]. Furthermore, these fatty acid
compositions are comparable with those of the adipose tissue
from which they are liberated, suggesting a dynamic fatty acid
exchange [21]. The fatty acid composition of high- and low-
quality oocytes differs: high-quality oocytes contain more
oleic, linoleic, and arachidonic acid [15]. This indicates that the
fatty acid composition of oocytes and their environment
influences development competence. Moreover, in vitro studies
have demonstrated differences in the tolerance somatic cells
have of different fatty acids, saturated fatty acids being toxic
and unsaturated fatty acids being relatively harmless [17, 22–
25]. To examine the impact of saturated and unsaturated fatty
acids on bovine oocytes, they were exposed to saturated
palmitic or stearic acid and unsaturated oleic acid during in
vitro maturation. After 23 h of maturation, the lipid droplets
and postfertilization developmental competence of oocytes
were examined. Exposure to saturated palmitic or stearic acid
was compared with exposure to unsaturated oleic acid, since
these fatty acids are the most prominent fatty acids in follicular
fluid of early postpartum cows [8].

MATERIALS AND METHODS

Reagents and Antibodies

All chemicals were obtained from Sigma Chemical Co. (St. Louis, MO),
unless otherwise stated.

Collection of Oocytes

Bovine ovaries were collected from a local abattoir and transported to the
laboratory within 2 h after withdrawal. Ovaries were washed in physiological
saline (0.9% NaCl) and kept in physiological saline with 0.1% (v/v) penicillin-
streptomycin (Gibco BRL, Paisley, U.K.) at a temperature of 308C. Follicles
ranging from 3 to 8 mm were aspirated under low vacuum by a suction pump
with a 19-gauge needle and allocated to a 50-ml conical tube. Cumulus oocyte
complexes (COCs) with a minimum of three layers of cumulus were selected
and first washed in HEPES-buffered M199 (Gibco BRL) and subsequently
washed and cultured in M199 maturation medium (Gibco BRL) supplemented
with 2.2 mg/ml NaHCO

3
.

Selected COCs were cultured in four-well culture plates (Nunc A/S,
Roskilde, Denmark) containing maturation medium (M199 supplemented with
0.02 IU/ml follicle-stimulating hormone [Sioux Biochemical Inc., Sioux
Center, IA]), 0.02 IU/ml luteinizing hormone (Sioux Biochemical Inc.), 7.71
lg/ml cysteamine, 10 ng/ml epidermal growth factor in 0.1% (w/v) fatty acid-
free bovine serum albumin (BSA) and 1% (v/v) penicillin-streptomycin (Gibco
BRL). The oocytes were matured in groups of 35 COCs in 500 ll and
incubated under a humidified atmosphere of 5% CO

2
in air for 23 h at 398C.
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In Vitro Maturation Media with Palmitic, Stearic,
and/or Oleic Acid

COCs were exposed to palmitic, stearic, or oleic acid in a concentration of 0
(control group), 100, 250, or 500 lM fatty acid during the entire maturation
period of 23 h. Two maturation groups of COCs were exposed to either a
combination of 250 lM palmitic and 250 lM oleic acid or 250 lM stearic and
250 lM oleic acid. Fatty acid-free BSA was prepared after charcoal treatment
according to Chen [26] to liberate all fatty acids (.99.9%; own data not shown)
as well as contaminating metabolic components such as remnant citrate, pyruvate,
and lactate [27]. The resulting fatty acid-free BSA (2.35 mM) was complexed to
12 mM fatty acid in 20% KOH to obtain a 10.7-mM solution of fatty acid
(albumin has five binding pockets for fatty acid, and the conditions were set to
saturate albumin with the fatty acid of choice). A concentration of either 10 mM
palmitic, stearic, or oleic acid was bound to 10% (w/v) fatty acid-free BSA (fatty
acid:BSA ratio of 5:1). The used concentrations of fatty acid in this study were
based on in vivo-measured individual and total fatty acid concentrations in
follicular fluid at Day 16 after parturition, during the NEB of the cow [8].

Determination of Uptake and Incorporation of Radio-
Labeled Palmitic or Oleic Acid

COCs were matured in 500 ll maturation medium and exposed to a
concentration of 100 lM palmitic and 2.5 lCi [9, 10 (n) - 3H] palmitic (60 Ci/
mmol; NEN, Boston, MA) or 100 lM oleic acid and 2.5 lCi [9, 10 (n) - 3H]
oleic acid (7 Ci/mmol; Amersham Pharmacia Biotech, Little Chalfont, U.K.)
for 23 h. In this study a total of 180 COCs was used in two independent runs.
After maturation COCs were denuded via vortexing and washed four times in
PBS. Lipid extraction was performed on 45 oocytes per sample. Lipids were
extracted with chloroform-methanol according to the method of Bligh and Dyer
[28]. Briefly, chloroform and methanol (2:1, v/v) were added to the oocytes
with 0.8 ml PBS and mixed. After separation of the alcoholic phase by
centrifugation (5 min, 3000 3 g), the chloroform phase was collected. This
procedure was repeated three times, and the chloroform phase was evaporated.
The lipid extract was redissolved in chloroform and methanol (2:1, v/v) for
thin-layer chromatography. Thin-layer chromatography was performed on
prefab silica plates (HPTLC grade; Merck, Darmstadt, Germany) in a solvent
system of hexane/diethyl ether/acetic acid 80:20:2 (v/v/v) at room temperature
for characterization of neutral lipids. References of TAG, cholesterol-ester,
diacylglycerol, and cholesterol were run in the same analysis to determine the
exact position of the different fractions on the plate. Appropriate non-labeled
pure lipid extract was added to the oocyte lipids to provide enough material for
detection on the thin-layer plates. [3H] containing spots were scraped off, and
radioactivity in the spots was measured by liquid scintillation counting.

Lipid Droplet Staining of Oocytes

After maturation, oocytes were fixed and stained with a specific neutral
lipid stain [29] for lipid droplet analysis for each oocyte. Matured COCs were
washed twice in PBS and denuded by vortexing in PBS with 0.05 mg/ml fatty
acid-free BSA for 4 min. Denuded oocytes were then washed again in PBS and
fixed in 4% (v/v) paraformaldehyde (PF; Electron Microscopy Sciences,
Hatfield, PA) at 378C for 1 h and stored in 1% (v/v) PF at 48C for a maximum
of 1 wk. Oocytes were washed twice in PBS with 0.3% (w/v) polyvinylpyr-
rolidone (PVP), permeabilized for 30 min in PBS with 0.1% (w/v) saponin
(PBS-S; Riedel-de Haën, Seelze, Germany) and 0.1 M glycin (Merck) and
washed in PBS-S. To determine the maturational stage, oocytes were stained
with 10 lg/ml TO-PRO-3 (Molecular Probes, Eugene, OR) for 20 min and
subsequently three times washed in PBS-S. After this, neutral lipids in lipid
droplets were stained according to a modified protocol of Chinese hamster
ovary cells [30]. Lipid droplets were stained with the specific neutral lipid stain
BODIPY 493/503 (Molecular Probes) in PBS (20 lg/ml, 1 h), and oocytes
were washed three times in PBS with 3 mg/ml PVP. Oocytes were then
mounted in a 0.12-mm eight-well Secure-Seal Spacer (Molecular Probes) on a
glass slide (Superfrost Plus; Menzel, Braunschweig, Germany), covered in
Vectashield (Vector Laboratories, Burlingame, CA), and sealed with a
microscope slide (Superfrost Plus). In this study a total of 1340 COCs was
used for lipid droplet analysis in at least three independent runs.

Immunofluorescent Staining for Adipose Differentiation-
Related Protein

Immunolabeling was performed on oocytes as previously described [31].
Rabbit polyclonal antibodies against adipose differentiation-related protein
(ADRP) were purchased from Abcam (Ab52355; Cambridge, U.K.). Both
primary and secondary antibodies were diluted in blocking buffer and

centrifuged at 100 000 3 g for 1 h before use to prevent inclusion of
aggregated antibodies in the immunostaining procedure. Oocytes were
incubated with primary antibody overnight at 48C. As negative controls,
purified mouse or rabbit IgG (BD Biosciences, San Jose, CA) matching the host
species of primary antibodies was used, and the dilutions of negative controls
were identical to the dilutions of the primary antibodies used in the same
experiment. Oocytes were rinsed three times in PBS after primary antibody
incubation. ADRP-labeled oocytes were subsequently incubated with Alexa-
568-conjugated goat anti-rabbit IgG (Molecular Probes) for 1 h at room
temperature, followed by the above-described neutral lipid and DNA staining.

Fluorescent Imaging of Oocytes

Confocal microscopy was performed by using a Bio-Rad Radiance 2100
MP setup (Zeiss/Bio-Rad, Hertfordshire, U.K.) attached to a Nikon Eclipse
TE300 inverted microscope (Nikon, Badhoevedorp, The Netherlands) at a
magnification of 403 (1.25 NA). BODIPY 493/503, TO-PRO-3, and
conjugated Alexa-568 were sequentially excited by argon laser (488 nm),
red-helium neon diode laser (637 nm), and green 568-nm line. Images were
acquired using LaserSharp 2000 software (Zeiss/Bio-Rad). Nuclear stage of
oocytes was determined and oocytes were classified as germinal vesicle,
metaphase-I (from germinal vesicle breakdown up to metaphase-I plate), or
metaphase-II (from anaphase-I up to metaphase-II plate). The middle part of the
oocyte was determined by defining the top and bottom position of the oocyte
with LaserSharp 2000 software measurements, and three defined slices of the
oocyte (middle part included) were measured. The middle part was investigated
to ensure comparable images for each oocyte, representing the middle region of
the oocyte. The three slices at a distance of 10 lm were highly correlated for
lipid droplet number and mean lipid droplet size (in lm2), with a stack of
images at a distance of 5 lm through the whole oocyte (R � 0.8), secured to
give a reliable picture of the whole oocyte.

Lipid Droplet Analysis

The 8-bit grayscale images of the three slices per oocyte were imaged with
ImageJ (NIH; http://rsb.info.nih.gov/ij/) software. From the matured groups
only metaphase II stage oocytes were analyzed. Lipid droplets were analyzed
from a size of 0.3 lm2 (equal to four pixels); this minimal threshold was set to
overcome false positive counting from background pixels. From this the
number of lipid droplets and the size per individual droplet (in lm2) from the
three slices per oocyte could be calculated. Metaphase-II oocytes from the
control medium of the experiments with oleic and/or palmitic acid differed in
the number of lipid droplets from metaphase-II oocytes, compared to the
control medium of the experiments with stearic acid and with the combination
of stearic and oleic acid.

Immunoblotting

Cumulus-free oocytes were obtained as previously described and directly
lysed in an appropriate amount of lithium dodecyl dulfate loading buffer
(Invitrogen, Carlsbad, CA) in the presence of 0.1 M dithiothreitol. For ADRP
protein detection, 50 oocytes were used per sample (corresponding to
approximately 6 lg of total protein [32]). The sample was heated for 5 min at
1008C prior to immunoblotting. Proteins were separated in a 4% stacking and 12%
running SDS-PAGE gel and wet blotted onto polyvinylidene difluoride
membranes (GE Healthcare, Buckinghamshire, U.K.). After blocking for 1 h
with ReliaBLOT (Bethyl Laboratories, Inc., Montgomery, TX) at room
temperature, blots were incubated with primary antibodies diluted in PBS with
0.2 % v/v Tween-20 (PBS-T) and 1% BSA overnight at 48C. After washing the
blot in PBS-T, secondary antibodies were added for 1 h. After rinsing with PBS-T,
protein was visualized using chemiluminescence (ECL-detection kit; Supersignal
West Pico; Pierce, Rockford, IL). The ADRP antibody was raised against a human
peptide fragment with full amino acid sequence homology. Monoclonal mouse a-
tubulin antibody (clone DM1A) was obtained from Sigma Chemical Co.

In Vitro Embryo Production

Following maturation, COCs were fertilized in vitro in groups of 35.
Procedures for in vitro fertilization were performed as described by Parrish et
al. [33] with minor modifications [34]. Briefly, sperm cells were added to the
fertilization medium (modified Tyrode’s medium also called Fert-TALP [33],
without glucose and 1% (v/v) penicillin-streptomycin instead of gentamycin
[34]) to a final concentration of 0.25 3 106 sperm cells/ml in the presence of 10
lg/ml heparin, 20 lM d-penicillamine, 10 lM hypotaurine, and 1 lM
epinephrine (t ¼ 0). After 20 h of incubation, cumulus cells of presumptive
zygotes were removed by vortexing for 3 min and groups of 35 presumptive
zygotes were transferred to 500 ll synthetic oviductal fluid medium
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supplemented with essential and nonessential amino acids and 0.1% BSA (w/v)

(SOF medium; [35]) at 398C in a humidified atmosphere of 5% CO
2

and 7% O
2

in air. At 5 days postfertilization, all cleavage stages were transferred to fresh

SOF medium, and the proportion of cleavage stages was scored per group. At 8

days postfertilization, the number of blastocysts was scored. Note that the

whole culture was performed in the absence of fetal calf serum [35]. In total,

5300 COCs were used for the culture experiments in at least three independent

runs.

Scoring of Oocyte Developmental Competence after In

Vitro Maturation with Palmitic, Stearic, and/or Oleic Acid

At 5 days postfertilization, the number of cleaved embryos, and embryos

with 8 or more cells (�8-cell embryos) were scored. At 8 days postfertilization,

the number of blastocysts was determined. Results presented here are described

as the percentage rates of cleavages, �8-cell embryos, or blastocysts from the
original metaphase-II oocytes used for in vitro embryo production.

Statistical Analysis

Statistical analysis was performed in SPSS version 16.0 (SPSS Inc., Chicago,
IL) with condition and experimental run as fixed factors. Analysis of lipid droplet
size and number was done by general linear modeling with Bonferroni correction.
The experiments with stearic acid were analyzed apart from oleic and palmitic acid
since lipid droplets in the pool of oocytes differed. Lipid droplet size was analyzed
after transformation to the natural logarithm to achieve a normal distribution.
Analysis of oocyte developmental competence (maturation rate, cleavage,�8-cell
embryos and number of blastocysts) was performed with logistic regression for
grouped data. P , 0.05 was considered statistically significant.

RESULTS

Maturing Oocytes Actively Take Up and Metabolize
Fatty Acids

In order to determine the capacity of oocytes to incorporate
fatty acids in their lipid droplets, maturing oocytes were
exposed to radio-labeled palmitic or oleic acid (total fatty acid
concentration was 100 lM). After lipid extraction and thin-
layer chromatographic separation, the radioactivity was
measured in the isolated lipid fractions of the oocytes. Under
both conditions almost all radioactivity was detected in TAG
(storage lipid) as well as in phospholipids/fatty acid oxidation
products, showing active uptake and metabolism of the fatty
acids by the oocytes (Table 1). Only ,5% of the incorporated
radioactivity was recovered in the free fatty acid fraction,
whereas .95% of the fatty acids were metabolized (Table 1).
The oocytes took up a smaller amount of [3H] palmitic acid
than [3H] oleic acid, with a difference of 30 6 5%.

FIG. 1. Confocal images of mature oocytes at metaphase II stage after maturation in control medium (A). Merges show lipid droplets in green, ADRP in
red, and DNA in blue. Bar¼ 20 lm. ADRP coats lipid droplets in bovine oocytes and colocalizes with BODIPY 493/503 labeling. Western blot (B). Fifty
cumulus-free oocytes were used per sample loading lane. The ADRP observed band at ;48 kDa corresponds to the predicted size according to the
manufacturer. a-Tubulin was used as loading control.

TABLE 1. Fatty acids taken up by maturing bovine oocytes are nearly
completely metabolized.

Oocyte lipid fraction

Radioactivity (%)a

100 lM þ [3H]
palmitic acid

100 lM þ [3H]
oleic acid

Cholesterol-esters 2 6 0.7 2 6 0.5
Triacylglycerol 50 6 0.4 36 6 0.4
Free fatty acid 5 6 0.6 4 6 0.8
Diacylglycerol 12 6 1.6 14 6 1.1
Phospholipids and oxidation

products of fatty acids
31 6 4.3 45 6 1.0

a Distribution of radioactivity in different lipid fractions from oocytes after
23 h of maturation with 100 lM unlabeled C9, 10 (n) – [3H] palmitic acid
or 100 lM unlabeled C9, 10 (n) – [3H] oleic acid; results are presented as
mean 6 standard deviation.
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Lipid Droplets Are Identified with a Specific Neutral
Lipid Stain

Lipid droplets, the storage reservoir of esterified fatty acids
(stored either as TAG or as cholesterol esters) in cells, were
identified with a neutral lipid stain. To determine the specificity

of the neutral lipid stain for lipid droplets, oocytes were co-
immunolabeled with an antibody against the lipid droplet-
specific protein ADRP [36]. Figure 1 shows the presence of
lipid droplets in a metaphase II oocyte. The merges depict that
the BODIPY-neutral, lipid-stained structures clearly show red
immunolabeling on their surfaces for ADRP; this validates that
these structures are lipid droplets (Fig. 1A). The ability of the
ADRP antibody to recognize bovine ADRP was demonstrated
by immunoblotting (Fig. 1B).

High Levels of Palmitic and Stearic Acid Induce
a Reduction of Lipid Storage in Maturing Oocytes

Given the fact that maturing oocytes took up fatty acids
from their environment and that they actively metabolized
these fatty acids, we have investigated whether exposure to
low, middle, and high fatty acid levels (100, 250, and 500 lM,
respectively) affected oocytes’ lipid storage and developmental
capacity. Oocytes were matured in vitro, and lipid droplets
were identified with the above-described specific neutral lipid
stain while a DNA stain was used to determine the stage of
oocyte maturation. In control matured oocytes, the number of
lipid droplets was slightly but significantly increased in
metaphase II-stage oocytes compared to the germinal vesicle
stage, but the size of the lipid droplets remained unchanged
(Fig. 2). Additional exposure to oleic acid (500 lM) resulted in
a significantly increased number and size of lipid droplets in
oocytes after maturation (Figs. 3 and 4, A and D). In contrast,
the number and size of lipid droplets in oocytes that were
exposed to either palmitic or stearic acid during maturation
were significantly reduced or tended (P¼ 0.059 and P¼ 0.056)

FIG. 2. Lipid droplet size (lm2) and total number of lipid droplets per
immature and mature oocyte (metaphase-II stage) after maturation in
control medium. The number of lipid droplets increased slightly but
significantly during maturation in control medium, whereas size of lipid
droplets was unaffected. Results are presented as mean 6 SEM. Data with
different letters differ significantly (P � 0.05).

FIG. 3. Confocal images of immature
oocytes at the germinal vesicle stage (A) and
mature oocytes at the metaphase II stage
after maturation in control medium during
experiments of oleic and palmitic acid (B)
and maturation in control medium during
experiments with stearic acid (C). Mature
oocytes at metaphase II stage after exposure
to 500 lM oleic (D), 500 lM palmitic (E),
500 lM stearic acid (F), a combination of
250 lM palmitic and oleic acid (G), or a
combination of 250 lM oleic and stearic
acid during maturation (H). Merges show
lipid droplets in green and DNA in blue. Bar
¼ 20 lm. Note the reduced amount of
BODIPY 493/503 labeling in E and the
increased labeling in D. PA, palmitic acid;
SA, stearic; OA, oleic acid; MII, metaphase-
II oocytes.
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to reduce (Figs. 3 and 4, B, C, E, and F). Remarkably, oocytes
matured in the presence of a combination of palmitic (250 lM)
and oleic acid (250 lM) tended to have a higher number of
lipid droplets (P¼ 0.074) compared to palmitic acid alone (250
lM; Fig. 4E). Oocytes matured in the presence of a
combination of stearic and oleic acid (250 lM) had a
significantly increased lipid droplet size compared to stearic
acid alone (250 lM; Fig. 4C).

Palmitic and Stearic Acid Exposure Impairs Postfertilization

Developmental Competence

Oocytes were exposed to the above-mentioned fatty acid
conditions during maturation. After this exposure, the progress
of oocyte nuclear maturation and the post-fertilization
developmental competence was studied. In all conditions a
similar percentage of oocytes reached the metaphase-II stage
(approximately 80%), indicating that the fatty acid exposures
did not affect oocyte nuclear maturation (Fig. 5, A–C). The
post-fertilization development, however, was significantly and
dose-dependently reduced after exposure to palmitic or stearic
acid during oocyte maturation (Fig. 5, E, F, H, and I). In
contrast to palmitic acid and stearic acid, oleic acid did not
adversely affect the post-fertilization development and at
highest dose even showed a moderate increase in the number
of blastocysts at Day 8 of culture (Fig. 5, D and G).
Remarkably, the negative effects of exposure to palmitic or
stearic acid were completely counteracted by simultaneous
exposure to equimolar levels of oleic acid during maturation
(both at a concentration of 250 lM) (Fig. 5, E, F, H, and I).

DISCUSSION

The concentration of free fatty acids in blood and follicular
fluid increases in cows during the NEB in the early postpartum
period due to the mobilization of storage fat in adipose tissue
[5–11]. The increased fatty acid levels may cause the observed
decrease in fertility. It has been suggested that the changes in
fatty acid content of follicular fluid will affect oocyte quality,
possibly by influencing its lipid metabolism [9–11]. In line
with this we here show that mammalian oocytes indeed
efficiently incorporate and metabolize external fatty acids. It
has been observed that embryos are capable of taking up fatty
acids from the environment [37–39], but our data show that
lipid uptake occurs already at an earlier stage. Unfertilized and
even immature oocytes are capable of incorporating fatty acids
in their neutral lipid and phospholipid fractions. Therefore, it is
possible that the differential NEB-associated fatty acid
exposure directly influences the oocyte rather than the reported
indirect effects on granulosa and cumulus cells [8, 40].

The amount and size of lipid droplets in oocytes in our
experiment were changed after exposure to fatty acids during
maturation. This also suggests that fatty acids from the medium
directly affect the oocyte. However, the effects on lipid droplets
in oocytes largely depended on the type and concentration of
the fatty acids to which the oocytes were exposed during
maturation. Our study shows that the adverse effects of
palmitic and stearic acid as well as the compensatory effects of
oleic acid to both saturated fatty acids were comparable in both
batches. Exposure to higher concentrations of palmitic or
stearic acid during maturation resulted in smaller droplets and
at 500 lM to a significantly reduced, or a tendency for a
reduced, number of lipid droplets, whereas 500 lM oleic acid

FIG. 4. The mean size (A–C) and number of lipid droplets (D–F) in oocytes after exposure to different concentrations of oleic acid (A and D), palmitic
acid (B and E), a combination of palmitic and oleic acid (dashed line in B and E) and stearic acid (C and F), or a combination of stearic and oleic acid
(dashed line in C and F) during maturation. Note the decrease in both number and size of lipid droplets after palmitic acid or stearic acid exposure (P¼
0.056 and P¼0.059) and the compensation of this effect by combining palmitic or stearic acid with oleic acid. Unexpectedly, the number of lipid droplets
in the batch of oocytes (including control oocytes) used for the stearic acid experiments was higher than the batch used for palmitic and oleic acid
experiments (F). Although we cannot explain these differences, they can be attributed to a number of environmental influences (such as season). Results
are presented as mean 6 SEM. Data with different letters differ significantly (P � 0.05).
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resulted in more and larger lipid droplets. Interestingly, the
reduction of stored neutral lipids after palmitic or stearic acid
exposure was accompanied by a severely impaired postfertil-
ization development of oocytes. Poor incorporation of saturated
palmitic acid and efficient incorporation of mono-unsaturated
oleic acid in TAG has been described for somatic cell types and
may explain the observed difference in lipotoxicity between the
saturated and unsaturated fatty acids [17, 22–24]. The ability to
efficiently store esterified fatty acids in lipid droplets might
deter a rise in lipotoxic effects that could be derived from fatty
acids in the cell. This is in line with our observation that a high
concentration of oleic acid resulted in an increased storage of
neutral lipids and did not affect the developmental competence
of exposed oocytes. Accordingly, lipid-rich oocytes were
indeed shown to possess better developmental competence [18,
19].

The incorporation of fatty acid in triglycerides can be a
method to store energy for the preimplantation development
[37, 41–43]. The use of lipids from endogenous reserves during

early embryonic development has been indicated by a) a
decrease in triglyceride, b) the necessity of b oxidation of fatty
acids by mitochondria during development, and c) the potential
to develop in the complete absence of exogenous nutrients [13,
15, 16, 37–39, 41, 44–46].

Interestingly, the negative effect of palmitic and stearic acid
on oocyte developmental competence was completely coun-
teracted by oleic acid and, moreover, this combination of fatty
acids tended to increase the number of lipid droplets and the
size of lipid droplets in comparison to only palmitic or stearic
acid. The observed increase in neutral lipids was not due to an
increase of the fatty acid concentration, since 500 lM of
palmitic or stearic acid alone did not increase neutral lipid
storage. In addition to the possibility that oleic acid uptake by
the maturing oocyte on its own restored neutral lipid storage, it
is also possible that coexposure to the fatty acids caused an
oleic acid-dependent metabolic channeling of palmitic and
stearic acid into the lipid droplets. The incorporation of
palmitic acid in lipid droplets in the presence of oleic acid has

FIG. 5. Percentage of metaphase II stage oocytes (A–C), cleavage, and �8 cells at Day 5 of culture (D–F), and blastocysts at Day 8 of culture (G–I) from
oocytes exposed to 100, 250, or 500 lM oleic acid (A, D, and G), palmitic acid (B, E, and H), 250 lM palmitic and oleic acid (dashed line, B, E, and H)
and stearic acid (C, F, and G), or 250 lM stearic and oleic acid (dashed line in C, F, and G) during 23 h of maturation. The reduction of developmental
competence of oocytes by palmitic or stearic acid exposure and compensation of this adverse effect by oleic acid coincides with the effects noted on lipid
droplets (Fig. 4). Results are presented as mean 6 SEM. Data with different letters differ significantly (P � 0.05).
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been shown in Chinese hamster ovary cells and could explain
the improved development of the oocytes, since palmitic acid is
channeled away from palmitic acid-induced cell-dependent
apoptotic pathways [17, 22, 24, 25, 40, 47]. Mono-unsaturated
fatty acids have been reported to prevent palmitate-induced
apoptosis by the induction of Bcl-2 and the prevention of
mitochondrial release of cytochrome c, or by the competition
between fatty acids for transport into the cell or cell metabolism
[17, 22–24, 47]. Further studies should clarify the precise mode
of action by which palmitic and stearic acid mediate their
deleterious effect during maturation of oocytes and the
mechanism by which oleic acid prevents the postfertilization
lipotoxicity.

In conclusion, we have shown that exposure to external fatty
acids modulates lipid storage in maturing oocytes. Palmitic and
stearic acid caused a decrease in lipid storage and reduced
postfertilization developmental competence. Oleic acid had no
adverse effect at high dosage but caused a slight increase in
lipid storage and postfertilization development. Oleic acid was
also capable of compensating for the adverse effects of palmitic
and stearic acid. In accordance, this implies that not only the
concentration, but more importantly the ratio of saturated and
unsaturated fatty acid in follicular fluid affects the develop-
mental competence of the oocyte.
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