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Abstract. Obesity is associated with decreased pregnancy rates due, in part, to compromised oocyte quality. The aim of
the present cross-sectional study of 84women undergoing oocyte aspirationwas to: (1) compare insulin, lipids and glucose
in follicular fluid with serum; (2) determine whether increased body mass index (BMI) and waist circumference,

hyperinsulinaemia, dyslipidaemia or metabolic syndrome altered follicular fluid metabolites; and (3) determine relative
lipid content in oocytes to reveal any influence of these parameters on oocyte quality and IVF outcomes. Insulin, glucose,
triglyceride and free fatty acids were lower in follicular fluid than blood and not strictly correlated between compartments.

Insulin, glucose and triglyceride positively correlated with increasingBMI andwaist circumference in blood and follicular
fluid. Insulin increased in follicular fluid in association with metabolic syndrome. Free fatty acid composition analysis
showed saturated fatty acids, particularly palmitic and stearic acid, to be more prevalent in follicular fluid than blood.

There were no associations between follicular fluid metabolites or oocyte lipid content and clinical outcomes; however,
oocyte immaturity correlatedwith follicular fluid glucose and fatty acid levels, as well asmetabolic syndrome. The present
study confirms that the human ovarian follicular environment surrounding the oocyte exhibits a unique metabolite profile

compared with blood, with distinct localisation of lipids within follicular fluid and oocytes.
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Introduction

In women, obesity is associated with anovulation and decreased
pregnancy rates (Grodstein et al. 1994; Rich-Edwards et al. 2002;
Brewer and Balen 2010). However, even in ovulating women,
obesity is associated with reduced conception and increased time

to pregnancy (Jensen et al. 1999; Gesink Law et al. 2007; van der
Steeg et al. 2008; Wise et al. 2010). Fertility units also report
lower pregnancy rates with increasing body mass index (BMI) in

women who undergo assisted reproduction techniques (ART),
particularly IVF (Wang et al. 2000; Ferlitsch et al. 2004;
Awartani et al. 2009; Zhang et al. 2010; Depalo et al. 2011; Luke

et al. 2011a). Women with polycystic ovary syndrome (PCOS)
are predisposed toweight gain, and obesity in womenwith PCOS
is also associated with worse IVF outcomes (McCormick et al.

2008). This appears to be due to compromised oocyte develop-

ment and/or its relatedmetabolic complications, because reduced
pregnancy rates in obese women were not observed when donor
oocytes were used (Styne-Gross et al. 2005; Luke et al. 2011b).

There are emerging reports of morphological differences in

oocytes from overweight and severely obese women, including
granulations in the cytoplasm, spindle abnormalities and
chromosomal misalignment (Depalo et al. 2011; Machtinger
et al. 2012). We hypothesise that reduced pregnancy rates and

impaired IVF outcomes are associated with alterations in the
intrafollicular microenvironment in obese women.

Ovarian follicular fluid is a rich mixture of lipoproteins,

hormones andmetabolites that are secreted and filtered from the
thecal vasculature by the granulosa cell epithelium (Piñero-
Sagredo et al. 2010; for a review, see Rodgers and Irving-

Rodgers 2010). The cumulus–oocyte complex is suspended in
the follicular fluid, which contains energy substrates, such as
glucose and triglyceride and other lipids, which are essential for
optimal oocyte maturation and developmental competence

(Sutton et al. 2003). Follicular fluid lipid composition has been
correlatedwith oocyte developmental competence, with oocytes
that fail to cleave following fertilisation derived from follicles

CSIRO PUBLISHING

Reproduction, Fertility and Development, 2015, 27, 593–601

http://dx.doi.org/10.1071/RD14321

Journal compilation � CSIRO 2015 www.publish.csiro.au/journals/rfd



with higher relative amounts of saturated fatty acid and lower
polyunsaturated fatty acids than developmentally competent

oocytes (O’Gorman et al. 2013).
Serum-derived follicular fluid reflects the maternal metabol-

ic state, which is altered in obese women. Higher follicular fluid

triglycerides and insulin are seen in obese women, whereas
high-density lipoprotein cholesterol (HDL-C) levels are lower
compared with follicular fluid from non-obese women (Robker

et al. 2009; Valckx et al. 2012). A heightened inflammatory
profile is suggested by increased C-reactive protein levels in
follicular fluid from obese women (Robker et al. 2009; Valckx
et al. 2012). Thus, women with any obesity-associated metabol-

ic abnormality, such as PCOS, insulin resistance and metabolic
syndrome, are likely to have ovarian follicular alterations that
predispose to infertility. Indeed, womenwith PCOS exhibit lipid

profiles in follicular fluid that are distinct from women without
PCOS as well as lean PCOS women (Cordeiro et al. 2014;
Niu et al. 2014).

Oocytes themselves contain significant amounts of lipid in
droplets, which have been detected by electron microscopy
(Yang et al. 2009). Human oocytes primarily contain saturated
fatty acids (palmitic acid, 16 : 0 and stearic acid, 18 : 0; Matorras

et al. 1998), which is similar to the lipid composition of oocytes
from other animal species, as reviewed by McKeegan and
Sturmey (2012). Although studies in animals demonstrate

the importance of lipid metabolism in oocyte maturation and
subsequent embryo development (for reviews, see Dunning
et al. 2014; Prates et al. 2014), relatively little is known about

human oocyte lipid content and whether it reflects the follicular
environment or is associated with embryo development.

The aim of the present study was to compare levels of lipids,

glucose and other metabolites in human follicular fluid with
serum samples to reveal the influence of these metabolites on
parameters of human female fertility, including oocyte quality
and IVF outcomes. A secondary aim was to determine whether

women with metabolic conditions, such as increased body mass
index (BMI) andwaist circumference (WC), hyperinsulinaemia,
dyslipidaemia and metabolic syndrome, exhibited changes in

follicular fluid metabolites. Finally, we sought to determine the
relative lipid content in human oocytes and correlate this with
metabolic status and IVF outcomes.

Materials and methods

Patients and sample collection

This study was approved by the Human Research Ethics Com-
mittees of The University of Adelaide (H-217-2010), Southern
AdelaideHealth Service and FlindersUniversity (439.10) and St

Andrew’s Hospital (#54). A power calculation found that a
sample size of 80 women was required to detect statistically
significant correlations with a Type I error of 0.05 and 80%

power. Written informed consent was obtained from 84 women
undergoing oocyte aspiration for IVF or intracytoplasmic
sperm injection (ICSI) at Fertility SA, St Andrew’s Hospital,

from February to August 2011.
Women undertaking IVF or ISCI antagonist cycle were

treated with 125–350 IU recombinant FSH (Gonal-F; Puregon,
Merck Sharp & Dohme Australia (MSD) Pty Limited,

Macquarie Park, NSW, Australia) and ovulation was blocked
with a gonadotrophin-releasing hormone (GnRH) antagonist

(Cetrotide (Merck Serono Australia Pty Ltd, Frenchs Forest,
NSW, Australia) or Orgalutran (MSD)) or proceeding GnRH
analogue (Synarel (Merck Serono) or Lucrin (MSD)) as a long

downregulation protocol (Hohmann et al. 2003). There were no
differences in stimulation protocols between patients according
to BMI.When at least three follicles reached 16mm in diameter,

recombinant human chorionic gonadotropin (250 mg Ovidrel,
Merck Serono Australia Pty Ltd) was administered and trans-
vaginal oocyte retrieval was performed 36 h later under anaes-
thesia. Bodyweight, height and WC were measured on the

morning of oocyte aspiration. BMI was calculated as body-
weight (kg) divided by height squared (m2), and women
were divided into the following categories: normal weight,

BMI 20–24.5 kgm�2 (n¼ 43); overweight, BMI 25–29.9 kgm�2

(n¼ 24); and obese, BMI$30 kgm�2 (n¼ 17) (Expert Panel on
the Identification, Evaluation, and Treatment of Overweight and

Obesity inAdults 1998). PCOSwas diagnosed in 12 patients who
fulfilled the Rotterdam diagnostic criteria (The Rotterdam
ESHRE/ASRM-sponsored PCOS Consensus Workshop Group
2004). In this PCOS population, four women were overweight,

four were obese and four had normal weight.
The mean (� s.d.) age of the 88 women participating in the

study was 34.2� 4.6 years. Fifty-three per cent of the partici-

pating couples were suffering from primary infertility and
47.1% were suffering from secondary infertility. The mean
period of infertility was 26.8� 17.4 months. There was no

difference in age or infertility diagnosis between the BMI
groups. Thirty-two women underwent IVF, 49 underwent ICSI
and six had combination treatment.

Fasting blood samples were collected at the time of oocyte
aspiration. Hyperglycaemia was defined as plasma glucose
concentrations $5.6mM (Alberti et al. 2005; Kassi et al.

2011). Homeostatic Model Assessment (HOMA) was used to

estimate insulin resistance according to the formula (fasting
insulin� fasting glucose/22.5). Hyperinsulinaemia was diag-
nosedwhen theHOMA score was$3.8 (Legro et al. 2004; Song

et al. 2007). Hypertriglyceridaemia was defined by serum
triglyceride concentration $1.7mM (Kassi et al. 2011); low-
density lipoprotein cholesterol (LDL-C) levels were considered

elevated at $2.58mM and HDL-C levels were considered low
at #1.29mM (Kassi et al. 2011). Both International Diabetes
Federation (IDF) and National Cholesterol Education Program
Adult Treatment Panel III (NCEP) criteria were used to define

metabolic syndrome (Kassi et al. 2011). The IDF criteria include
central obesity (BMI.30 kgm�2 or WC.80 cm) plus any two
of the following: triglycerides $1.7mM, HDL-C ,1.29mM,

blood pressure $130/85mmHg and fasting glucose $5.6mM.
The NCEP criteria for metabolic syndrome was the presence of
any three of the following:WC.88 cm, triglycerides$1.7mM,

HDL-C,1.29mM, blood pressure$130/85mmHg and fasting
glucose $6.1mM (Kassi et al. 2011).

Cumulus–oocyte complexes were collected from women

undertaking IVF or ICSI cycles via transvaginal aspiration of
follicles under anaesthetic. The first blood-free follicular fluid
aspiration from each patient was centrifuged at 10 000g for
10min at room temperature to remove any residual granulosa
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cells and stored at �208C. Oocytes were subjected to IVF or
ICSI according to standard clinical practice. Twenty hours after

insemination, any unfertilised or immature oocytes were fixed
for lipid staining. The fertilisation rate, cleavage rate and quality
of the embryos were recorded. Biochemical pregnancies were

detected 14 days after blastocyst transfer and defined as serum
b-human chorionic gonadotrophin concentrations .25 IUL�1.
Clinical pregnancywas diagnosed as a fetal heart beat 4–5weeks

after embryo transfer.

Biochemical assessments of blood and follicular fluid

Insulin was measured using a Millipore Ultra-Sensitive Human

Insulin radioimmunoassay (RIA) kit (catalogue no. #HI-11K;
Linco Research, St Charles, MO, USA). Plasma glucose, serum
triglyceride, LDL-C, HDL-C and total fatty acid levels were

assessed using the Roche Hitachi 912 Chemistry Analyzer
(Roche Diagnostics Australia Pty Ltd, Castle Hill, NSW,
Australia). Fatty acid composition was analysed by gas chro-
matography atWaite Analytical Services, University ofAdelaide

(Adelaide, SA, Australia). Briefly, total fatty acid was extracted
from samples by analytical reagent (AR) methanol and hepta-
decanoic acid in 9 : 1 chloroform :methanol solution. The sample

was then placed on a thin-layer chromatography plate. The free
fatty acid band including silicawas scraped tomethylate with 1%
H2SO4 in methanol. Specific fatty acids were detected by gas

chromatography using a Hewlett-Packard 6890 gas chromato-
graph equipped with a 50-m capillary column (0.32mm internal
diameter; SGE Analytical Sciences; Trajan Scientific Australia
Pty Ltd; Ringwood, Vic., Australia) coated with 70% cyano-

propyl polysilphenylene-siloxane (BPX-70; 0.25-mm film
thickness), which was fitted with a flame ionisation detector.
Mixture 463 (Nuchek Prep, Elysian, MN, USA) was used as a

standard control. Fatty acids were identified based on the reten-
tion time of standards and expressed as a percentage of total
using Chemstation software (Agilent Technologies Australia,

Mulgrave, Vic., Australia).

Oocyte lipid staining

Unfertilised oocytes were donated by 67 women. Of these, 17
women had both mature and immature oocytes, 44 had mature

oocytes only and six had immature oocytes only. The oocytes
were fixed in 4% paraformaldehyde in phosphate-buffered
saline (PBS; 80mM Na2HPO4, 20mM NaH2PO4 and 100mM
NaCl, pH 7.5) for 2 h. Subsequently, oocytes were individually

washed three times for 5min each time in PBS plus 1mgmL�1

polyvinylpyrrolidone (PVP) to prevent sticking, then placed in
neutral lipid staining solution (1mg BODIPY 493/503 (Invitro-

gen, Life Technologies Australia Pty Ltd. Mulgrave, Vic.,
Australia) and 7.5mg Hoescht nuclear stain (Invitrogen) in 1mL
PBS-PVP). Following incubation for 60min at 48C, oocyteswere
washed in PBS-PVP twice for 5min each time and mounted in
PBS-PVP onto glass coverslips.

Images of each oocyte were captured by a spectral scanning

confocal microscope (Leica SP5, Leica Microsystems Pty Ltd,
North Ryde, NSW, Australia) using the same magnification and
gain setting throughout all experiments. The largest diameter of
the oocyte was determined and the image overlaid with a square

filling the maximum area of the oocyte, within which the
average fluorescence was determined by Analysis LS profes-

sional software (Olympus Australia Pty. Ltd., Notting Hill, Vic.,
Australia).

A normal oocyte has a round clear zona pellucida, small

perivitelline space, single unfragmented first polar body and a
pale, moderately granular cytoplasm without irregular cyto-
plasm (Van Blerkom and Henry 1992; Depalo et al. 2011).

Using a brightfield confocal image, oocyte abnormalities were
classified into three categories: (1) mild abnormalities (abnor-
mal shape of the zona pellucida, irregular polar body or irregular
cytoplasm surface); (2) moderate abnormalities (particles in the

perivitelline space, fragmented polar body, giant polar body,
abnormal shape of cytoplasm, granular cytoplasm, small vacu-
ole(s) or abnormal size, defined as 20% larger or smaller than

average size); and (3) severe abnormalities (distorted perivitel-
line space, divided polar body, large vacuole(s) or shrunken
cytoplasm). The morphology of each oocyte was classified as

follows: normal (no abnormalities); moderate (irregular cyto-
plasm surface or abnormal shape of zona pellucida); fair (one
moderate abnormality or two mild abnormalities); or poor
(one severe abnormality ormore than onemoderate abnormality).

Only normal, moderate and fair oocytes were evaluated in the
lipid study and all poor oocytes were excluded from analysis.

Statistical analysis

Statistical analyses were performed using SPSS (PASW statis-
tics 18, SPSS, Quarry Bay, Hong Kong) and SAS Version 9.3
(SAS Institute, Cary, NC, USA). Spearman correlation coeffi-

cients were used to describe associations between measures.
Individual groups were compared using t-test and one-way
ANOVAwith the normality assumption reasonable throughout.

Comparisons between serum and follicular fluid used a paired
sample t-test. Comparisons between more than two individual
groups used ANOVA or the Kruskal–Wallis test based on the
distribution. To compare mean fluorescence between mature

and immature oocytes and to describe within- and between-
subject variability in fluorescence, a linear mixed-effects model
was fitted to the data. In the model, woman was fitted as a

random effect so as to account for the dependence between
oocytes within a woman. All collected fluorescence data were
included in the linear mixed-effects model. Two-tailed P, 0.05

was considered significant. Unless indicated otherwise, data are
presented as the mean � s.d.

Results

Follicular fluid metabolites compared with serum

Insulin, glucose andmajor lipids were measured simultaneously
in both the blood and follicular fluid of each woman, with sig-
nificantly lower levels for each in follicular fluid (Table 1).

Insulin concentrations were highly correlated between blood
and follicular fluid, whereas, surprisingly, the other metabolites
were less tightly or not correlated (Table 1). LDL-C was very

low in follicular fluid and was not detectable (considered zero)
in 39 of 84 samples, as expected because LDL-C is generally not
able to cross the basement membrane (Shalgi et al. 1973).
Correlations between each of the serum measures and the
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follicular fluid metabolites were also explored and, interest-

ingly, follicular fluid triglyceride levels were significantly
correlated with both plasma glucose (r¼ 0.27; P¼ 0.02) and
serum insulin (r¼ 0.39; P¼ 0.006) concentrations.

The effect of increasing BMI or WC on these measures in
blood versus follicular fluid was also determined. As expected,
increasingBMIwas associatedwith increased circulatory insulin
and triglyceride concentrations (Table 2), as well as increased

insulin and triglyceride concentrations in follicular fluid, similar
to previous observations (Robker et al. 2009). Glucose concen-
trations in the circulation were markedly increased with increas-

ing BMI, but were less affected in follicular fluid. Interestingly,
HDL-C, although decreased in the circulation with increasing

BMI, was not decreased in follicular fluid. BMI was strongly
correlated with WC (r¼ 0.85, P, 0.0001), and very similar
changes in these metabolic measures were observed as WC

increased (Table 2).
The effect of changing systemic metabolism on these aspects

of the ovarian follicular environment (insulin, glucose and
major lipids) was also determined using other common indices

of metabolic syndromes, such as PCOS status, HOMA status,
glycaemic index, triglyceridaemia, cholesterol status and meta-
bolic syndrome. There were no differences in serum or follicular

fluid concentrations between the PCOS (n¼ 12) and non-PCOS
(n¼ 72) groups; however, this result must be interpreted with
caution because of the very limited number of PCOS subjects.

When women with insulin resistance (HOMA $3.8) were
assessed, follicular fluid insulin concentrations were signifi-
cantly higher than in women with normal HOMA values
(17.00� 10.56 (n¼ 21) vs 6.11� 3.82mUmL�1 insulin (n¼ 63),

respectively; P, 0.001). In contrast, women with hyperglycae-
mia, defined as plasma glucose concentrations $5.6mM
(n¼ 13), showed no differences in follicular fluid measures

compared with women with normal concentrations of plasma
glucose (n¼ 71), even though the hyperglycaemic women
exhibited numerous expected systemic changes, such as higher

BMI (32.0� 7.7 vs 25.8� 5.9 kgm�2; P¼ 0.002), WC
(107.9� 15.4 vs 89.3� 13.5 cm; P# 0.001) and serum insulin
concentrations (19.4� 8.4 vs 10.9� 6.9mU mL�1; P# 0.001).

Similarly, women with dyslipidaemia, defined as serum triglyc-
eride concentrations $1.7mM (n¼ 15) or high LDL-C
($2.58mM; n¼ 17), exhibited expected changes in serum
measures but no significant differences in follicular fluid mea-

sures. Interestingly, women with low serum HDL-C
(#1.29mM; n¼ 25) had higher follicular fluid glucose concen-
trations than women with normal HDL-C (n¼ 59) levels

(3.39� 0.92 vs 2.78� 0.83mM, respectively; P¼ 0.004).
Women with metabolic syndrome, assessed using either NCEP
or IDF criteria, had increased insulin in follicular fluid, and

those identified using NCEP criteria also had increased glucose
concentrations (Table 3). Cumulatively, these results indicate
that most indices of adiposity and metabolic syndrome are
consistently correlated with increased follicular fluid insulin.

Fatty acids weremeasured in the serum and follicular fluid of
each woman (Table 4; see Table S1 available as Supplementary
Material for this paper). The percentage of saturated fatty acids

Table 1. Concentrations of insulin and major metabolites in blood and follicular fluid

Data are the mean � s.d. (n¼ 84 women). Differences between serum and follicular fluid levels were determined by paired t-test.

Correlations (r values) between serum and follicular fluid measures in each woman were determined by Spearman correlation. HDL-C,

high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol

Serum Follicular fluid Difference P-value r Correlation P-value

Insulin (mU mL�1) 12.18� 7.77 8.87� 7.71 ,0.001 0.58 ,0.001

GlucoseA (mM) 5.03� 0.55 2.95� 0.89 ,0.001 0.32 0.02

Triglyceride (mM) 1.29� 0.59 0.51� 1.23 ,0.001 0.25 0.06

Total fatty acid (mM) 0.47� 0.17 0.24� 0.08 ,0.001 0.13 0.21

HDL-C (mM) 1.44� 0.30 0.62� 0.18 ,0.001 0.18 0.13

LDL-C (mM) 2.18� 0.66 0.01� 0.03 ,0.001 0.32 0.02

AGlucose was measured in plasma samples.

Table 2. Changes in insulin and major metabolites in blood and

follicular fluid with increasing body mass index and/ or waist

circumference

Correlations were determined by Spearman correlation with R values and

P-values indicated (n¼ 84 women). HDL-C, high-density lipoprotein

cholesterol; LDL-C, low-density lipoprotein cholesterol

Body mass index Waist circumference

R P-value R P-value

Insulin

Serum 0.68 ,0.0001 0.71 ,0.0001

Follicular fluid 0.57 ,0.001 0.49 ,0.0001

Glucose

Plasma 0.46 ,0.0001 0.52 ,0.0001

Follicular fluid 0.26 0.02 0.31 0.006

Triglyceride

Serum 0.29 0.008 0.28 0.01

Follicular fluid 0.39 0.005 0.32 0.02

Total fatty acid

Serum – NS – NS

Follicular fluid – NS – NS

HDL-C

Serum �0.37 0.0006 �0.40 0.0002

Follicular fluid 0.24 0.03 –

LDL-C

Serum – NS – NS

Follicular fluid – NS – NS
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was significantly higher in follicular fluid than in serum,
whereas the proportion of mono-unsaturated and trans-fatty
acids was higher in the serum (Table 4). The polyunsaturated

fatty acids n-3 and n-9 were significantly higher in the serum
than follicular fluid, whereas n-6 fatty acid was higher in
follicular fluid.

The predominant fatty acids in both serum and follicular

fluid were 16 : 0, 18 : 0, 18 : 1 n-9 (9-octadenoic acid) and 18 : 2
n-6 (9,12-octadecadienoic acid). For most of the specific fatty
acids, the percentages in serum and follicular fluid differed

significantly (Table 4), with the majority at a higher percentage
in serum, although 16 : 0 and 18 : 0 were higher in follicular

fluid. Interestingly, among the specific fatty acids, only the
percentage of follicular 20 : 3 n-3 (eicosatrienoic acid; ETA)
was negatively correlated with WC (r¼ –0.34; P¼ 0.002) and

BMI (r¼ –0.21; P¼ 0.002). No other associations were found.

Oocyte lipid content

Oocyte lipid content was assessed in 67 women who donated

unfertilised or immature oocytes. The number of oocytes
donated per woman ranged from one to 11, with a mean of 2.87.
In all, 152 mature oocytes and 43 immature oocytes were ana-

lysed. Following staining, lipid droplets were clearly visible in
the oocytes, but the florescence intensity was highly variable

Table 3. Differences in serumand follicular fluidmeasures betweenwomenwho exhibit between none and four criteria

for metabolic syndrome, according to either the National Cholesterol Education (NCEP) criteria or International

Diabetes Federation (IDF) criteria

Data are the mean � s.d. P-values were determined by ANOVA or the Kruskal–Wallis test based on the distribution. FF,

follicular fluid

No. criteria P-value

0 1 2 3–4

NCEP criteria

No. women 29 25 20 10

Serum insulin (mU mL�1) 6.97� 1.98 11.61� 7.03 16.24� 7.88 20.63� 8.74 ,0.0005

FF insulin (mU mL�1) 5.82� 3.66 6.62� 4.33 12.63� 10.87 15.38� 9.38 0.006

FF glucose (mM) 2.49� 0.71 3.02� 0.70 3.33� 0.93 3.37� 1.31 0.02

Oocyte immaturity rate 3.82� 7.03 2.59� 4.44 9.91� 10.61 16.55� 25.01 0.03

IDF criteria

No. women 15 35 22 12

Serum insulin (U mL�1) 6.69� 1.30 9.71� 5.14 16.15� 8.87 18.99� 8.87 ,0.0005

FF insulin (mU mL�1) 5.68� 3.99 6.51� 4.14 11.57� 10.65 14.44� 8.93 0.003

Table 4. Percentage of fatty acid types and specific fatty acids present at.1% in serumand follicular fluid of 84women

Data are the mean � s.d. Differences between serum and follicular fluid levels were determined by paired t-test

Serum Follicular fluid Difference P-value

Fatty acid type

Saturated fat (%) 36.95� 6.54 48.78� 8.65 ,0.0005

Mono-unsaturated fat (%) 45.36� 9.72 33.01� 8.67 ,0.0005

Trans fatty acid (%) 0.59� 0.23 0.37� 0.57 ,0.0005

n-3 fatty acid (%) 3.32� 1.46 2.29� 0.81 ,0.0005

n-6 fatty acid (%) 13.20� 5.64 14.84� 5.45 0.01

n-7 fatty acid (%) 4.63� 1.84 3.93� 1.28 0.38

n-9 fatty acid (%) 40.52� 10.05 29.00� 8.39 ,0.0005

Specific fatty acids

14 : 0 Myristic acid 1.40� 0.50 1.36� 0.26 0.68

16 : 0 Palmitic acid 24.57� 4.01 31.34� 5.18 ,0.001

16 : 1 n-7 Elaidic acid 2.97� 1.41 1.94� 0.66 ,0.001

18 : 0 Stearic acid 10.40� 2.86 15.63� 3.62 ,0.001

18 : 1 n-7 Vaccenic acid 1.66� 0.47 1.99� 0.81 0.001

18 : 1 n-9 9-Octadenoic acid 39.55� 10.46 27.36� 8.91 ,0.001

18 : 2 n-6 9,12-Octadecadienoate 11.30� 4.98 12.24� 4.93 0.09

18 : 3 n-3 a-Linolenic acid 1.45� 0.89 0.39� 0.21 ,0.001

20 : 4 n-6 Docosatetraenoic acid 1.03� 0.70 0.82� 0.47 0.04
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between oocytes, even those from the same woman (Fig. 1).
There was no correlation between morphology and fluorescence
intensity and all oocytes that were scored as poor via strict

morphological criteria (see Materials and Methods) were
excluded from further analysis. There was no difference in
oocyte lipid content, as evidenced by mean fluorescence inten-
sity, between immature andmature unfertilised oocytes obtained

from the same woman (78.15 vs 69.12; difference¼ 9.03 (95%
confidence interval (CI) �3.90, 21.97); P¼ 0.17; Fig. S1a).
When all the oocytes from all the women were compared, there

was significant variability in lipid content between oocytes from
the same woman (within subject variance 1212.12), which was
even greater than the variability in mean lipid content between

women (between subject variance 159.67; Fig. S1b). There was
no detectable relationship between an individual’s mean oocyte
fluorescence intensity and BMI or any other metabolic index

(data not shown).

Clinical outcomes

The oocyte immaturity rate was correlated with follicular fluid
glucose (r¼ 0.26; P¼ 0.009), follicular fluid total fatty acid

(r¼ 0.19; P¼ 0.04) and increasing number of NCEP but not
IDF criteria (Table 3). Clinical outcome data obtained from 88
women showed that fertilisation rate and cleavage rate were

associated with serum HDL-C (r¼ 0.20 (P¼ 0.03) and r¼ 0.19
(P¼ 0.04), respectively).

Women who achieved biochemical pregnancies from fresh
cycles (n¼ 43) had lower serum LDL-C concentrations
(1.98� 0.61 vs 2.31� 0.65; P¼ 0.02) and lower follicular fluid

total fatty acid (0.22� 0.05 vs 0.26� 0.09mM; P¼ 0.03).
However, these did not differ between clinical pregnancy
(n¼ 34) and non-clinical pregnancy (n¼ 49) groups.

Discussion

The present study confirms that the human ovarian follicular
environment, which surrounds and nourishes the oocyte, exhi-
bits a distinct metabolite profile compared with blood, sup-

porting previous studies in other populations of women. Like
Valckx et al. (2012), we found that insulin and major metabo-
lites are present in follicular fluid at reduced levels compared

with those in serum, with some but not all measures tightly
correlated between compartments. We also identified the four
most abundant fatty acids in follicular fluid as being 16 : 0, 18 : 1

n-9, 18 : 0 and 18 : 2 n-6, consistent with reports from other
groups (Jungheim et al. 2011; Valckx et al. 2014). The preva-
lence of some of the other minor fatty acids differed to those
recorded previously, and it is possible that ethnic and/or dietary

dissimilarities between the three geographically separate
populations may contribute to these differences. We found the
percentage of saturated fatty acids, particularly 16 : 0 and 18 : 0,

to be enriched in follicular fluid compared with serum, which,
combined with their poor correlation between serum and

(a) (b) (c)

(d) (e) (f )

Fig. 1. Neutral lipid content in human oocytes. Individual oocytes were stainedwith BODIPY493/503 and photographed under identical settings. (a–c)

Oocytes from the same patient with relative fluorescence intensity values of 53.5, 65.9 and 164.2, respectively. (d–f) Oocytes from another patient with

fluorescence intensity values of 26.2, 86.4 and 132.6, respectively. Scale bars, 25 mm.
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follicular fluid compartments (Jungheim et al. 2011), suggests
that these fatty acids are selectively transported or synthesised

by the ovarian follicle potentially for use during ovulation or
cumulus–oocyte complex maturation. Further, our results indi-
cate that specific follicular fluid metabolites are associated with

oocyte quality, namely that high follicular fluid glucose and free
fatty acid concentrations are associated with oocyte immaturity,
whereas low fatty acid concentrations are associated with

improved pregnancy rates. These observations support previous
studies demonstrating that follicular fluid metabolites such as
apolipoprotein AI and specific fatty acids are associated with
embryo outcomes (Valckx et al. 2012; O’Gorman et al. 2013).

Distinct aspects of the ovarian follicular environment were
altered by obesity and, as described previously, insulin and
triglycerides were most tightly correlated with BMI (Table 1;

Robker et al. 2009; Valckx et al. 2012). Consistent with
Jungheim et al. (2011), the fatty acid composition of either
blood or follicular fluid was not altered by increasing BMI or

WC. However obesity-associated changes have recently been
shown to occur specifically in the NEFA fraction, which
represents only 10% of total follicular fluid lipids, with more
modest changes in phospholipid, cholesterol ester and triglyc-

eride fractions (Valckx et al. 2014). Interestingly, the relative
concentration of 20 : 3 n-3 in the total fatty acid fraction was
negatively correlated with BMI and WC. This minor derivative

of a-linoleic acid, has mild anti-inflammatory properties in vitro
(Chen et al. 2014), but its potential to impact the inflammatory
profile of the ovarian follicle requires further exploration.

Systemic markers may be useful in predicting an altered
ovarian follicular environment (i.e. serum insulin and plasma
glucose levels correlated with increased follicular fluid trigly-

cerides). Low serum HDL-C predicted increased follicular fluid
glucose and, because this glucose measure was also associated
with oocyte immaturity, low HDL-C may be a marker of
individuals more likely to produce immature oocytes at aspira-

tion. The HOMA score predicted increased follicular insulin but
not follicular hyperglycaemia or hyperlipidaemia, whereas
metabolic syndrome predicted both increased follicular fluid

insulin and follicular fluid glucose. Thus, whole-body assess-
ments, such as HOMA andmetabolic syndrome criteria, may be
as useful as serum markers for indicating an altered ovarian

environment. We have previously shown that high circulating
insulin concentrations are related to a higher miscarriage rate in
IVF (Tian et al. 2007).

The most unique aspect of the present study is the visualisa-

tion of neutral lipids in human oocytes. The staining patterns
revealed that lipids are present in droplet structures similar to
other species (for a review, see Dunning et al. 2014), but,

surprisingly, these were highly variable even across oocytes
from the same woman. It is likely that this variability reflects
oocytes at different stages of maturation and/or from follicles

responding differentially to gonadotropin stimulation, and this
will require further investigation. A major limitation is that any
study design can use only fertilisation-failed oocytes and thus

the relative lipid content of those oocytes that fertilised and
formed embryos cannot be explored. Further, the present study
was not powered to detect correlations between oocyte lipid
content and metabolic measures.

However, studies in mice have clearly demonstrated that
obesity leads to increased neutral lipids in mature oocytes,

alterations of mitochondrial function, oxidative stress and
fewer blastocysts (Igosheva et al. 2010; Wu et al. 2010; Luzzo
et al. 2012). High free fatty acid in human follicular fluid was

associated with poor cumulus morphology and an increased
incidence of poor-quality oocytes in first follicle puncture
(Jungheim et al. 2011). Incubation of mouse oocytes in lipid-

rich follicular fluid caused oocyte lipid accumulation and
impaired nuclear maturation (Yang et al. 2012). Cumulatively,
these studies in mice and those using clinical samples indicate
that high fatty acids in the follicular fluid are likely to be

detrimental to oocyte maturation and emphasise the need
to identify metabolic predictors of follicular fluid lipids. In
particular, saturated fatty acids, such as 16 : 0 and 18 : 0, are

detrimental to oocytes and, at high levels in vitro, alter embryo
metabolism (Van Hoeck et al. 2011, 2013) and impair oocyte
developmental competence (Leroy et al. 2005; VanHoeck et al.

2011).
Thus, there exists distinct localisation of lipids within human

follicular fluid and oocytes. These appear to be influenced by
obesity, perhaps in response to the marked shifts in insulin and

glucose that occur with increasing adiposity. However, further
investigations are needed to understand whether these shifts in
systemicmetabolismmay influence oocyte lipid content and the

establishment of pregnancy in women.
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