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In obesity, accumulation of lipid in nonadipose tissues, or lipotoxicity, is associated with endo-
plasmic reticulum (ER) stress, mitochondrial dysfunction, and ultimately apoptosis. We have pre-
viously shown that obese women have increased triglycerides in follicular fluid; thus, the present
study examined whether high-fat diet–induced obesity causes lipotoxicity in granulosa cells and
the cumulus–oocyte complex (COC). Oocytes of mice fed a high-fat diet had dramatically increased
lipid content and reduced mitochondrial membrane potential compared to those of mice fed a
control diet. COCs from mice fed a high-fat diet had increased expression of ER stress marker genes
ATF4 and GRP78. Apoptosis was increased in granulosa and cumulus cells of mice fed a high-fat diet.
Mice fed a high-fat diet also exhibited increased anovulation and decreased in vivo fertilization rates.
Thus, lipid accumulation, ER stress, mitochondrial dysfunction, and apoptosis are markedly increased
in ovarian cells of mice fed a high-fat diet. ER stress markers were also analyzed in granulosa cells and
follicular fluid fromwomenwithvaryingbodymass indices (BMI).ATF4was increased ingranulosacells
and [Ca2�] in follicular fluid from obese women compared to nonobese women. These results indicate
that lipotoxicity may be occurring in ovarian cells of obese women and may contribute to the reduced
pregnancy rates observed in response to obesity. (Endocrinology 151: 5438–5445, 2010)

Obese women have a higher prevalence of infertility
than their lean counterparts. Obesity is a risk factor

for anovulation (1, 2), including in response to gonado-
tropin treatment (3). Further, even in women who are
cycling regularly, obesity is associated with increased
time-to-pregnancy (4–6) and decreased chance of natural
pregnancy (7, 8).

During obesity or periods of overnutrition, lipid accu-
mulates in nonadipose tissues, notably skeletal muscle,
liver, heart, and pancreas (9) due to cellular uptake of
exogenous fatty acids, triglycerides, and cholesterol as
well as de novo lipogenesis in response to elevated glucose.
The accumulation of intracellular lipid leads to high levels
of free fatty acids that are subject to oxidative damage and
the formation of cytotoxic and highly reactive lipid per-

oxides, which ultimately are detrimental to intracellular
organelles, particularly the endoplasmic reticulum (ER)
and mitochondria (10–12). Exposure of the ER to high
levels of free fatty acids and lipid peroxides causes struc-
tural alterations that perturb ER function (13, 14) and
lead to accumulation of unfolded proteins and calcium
release. The aggregation of unfolded proteins activates a
compensatory reaction, termed the unfolded protein re-
sponse (UPR), a coordinated response that includes cell
cycle arrest, transient attenuation of global protein syn-
thesis and activation of ER-associated protein degrada-
tion, and induction of chaperone proteins and folding cat-
alysts (15, 16). Failure of the UPR to reestablish ER
homeostasis can lead to apoptosis (15, 16). When mito-
chondria are exposed to high levels of free fatty acids, these
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can become oxidized by mitochondrial reactive oxygen spe-
cies, forming lipid peroxides that damage essential proteins
and uncouple mitochondrial function (17). This results in
mitochondrial damage, which can cause further accumula-
tion of lipids that cannot be catabolized, disrupted cellular
homeostasis, and ultimately apoptosis (10, 18).

Thus, in �-cells, hepatocytes, and Chinese hamster ovary
(CHO) and H9c2 cardiomyoblasts cell lines, high levels of
fatty acids lead to oxidative stress, ER stress, and mitochon-
drialdysfunctionthat initiatesacascadeof lipid-inducedpro-
grammed cell-death, termed lipotoxicity (14, 19). Further,
ER stress and lipotoxicity have been demonstrated in liver
and brain from both diet-induced and genetic (ob/ob) mouse
models of obesity (20, 21).

The cellular mechanisms by which obesity causes de-
creased conception rates are not known. Based on exten-
sive evidence of obesity-induced lipotoxicity in other cells,
we hypothesized that obesity results in the activation of
lipotoxicity pathways in the ovary. Thus, this study sought
to determine whether lipid accumulation, ER stress, mi-
tochondrial dysfunction, and apoptosis occur in ovarian
cells and the oocyte in response to a high-fat diet.

Materials and Methods

Animals
All animal experiments were approved by the University of

Adelaide’s Animal Ethics Committee and were conducted in ac-
cordance with the Australian Code of Practice for the Care and
Use of Animals for Scientific Purposes. Female CBA mice were
obtained from Laboratory Animal Services (South Australia) at
6 weeks of age and maintained on a 12-h light, 12-h dark cycle
with rodent chow and water provided ad libitum. Mice were fed
either a high-fat diet containing 22% fat (0.15% cholesterol), 19%
protein, and 49.5% carbohydrate (SF00–219, Specialty Feeds) or a
matched control diet containing 6% fat, 19% protein, and 64.7%
carbohydrate (SF04-057, Specialty Feeds), as in our previous stud-
ies (22), for 4 wk. At the commencement of the dietary regimen all
micewereof similar ageandweight andall subsequent experiments
were conducted with both groups simultaneously. Male CBA mice
were maintained on standard rodent chow, were 10 to 16 wk old at
mating, and were proven fertile.

To demonstrate the effects of the high-fat diet, one cohort of
female mice was fasted overnight, weighed, and serum samples
obtained for analysis of insulin, glucose, cholesterol, triglycer-
ides, and free fatty acids. Mice fed high-fat diet had greater body
weight compared with those fed control diet; the mean weight
increase was 2 g or 11% of body weight (Supplemental Table 1
published on The Endocrine Society’s Journals Online web site
at http://endo.endojournals.org/). The high-fat diet also increased
serum glucose and cholesterol levels (Supplemental Table 1).

Isolation of mouse cumulus–oocyte complexes (COCs)
Immature, unexpanded COCs were collected by puncturing

antral follicles of ovaries isolated 48 h after i.p. injection of 5 I.U.
per 12 g body weight of equine chorionic gonadotropin (eCG,

Professional Compounding Centre of Australia) and mature, ex-
panded COCs were obtained from oviducts by blunt dissection
following 44 h eCG and 13 h post i.p. administration of 5 I.U. per
12 g body weight human chorionic gonadotropin (hCG/ Pregnyl,
Organon). COCs were collected in HEPES-buffered � MEM
(Invitrogen) supplemented with 5% (vol/vol) fetal calf serum.
Media containing granulosa cells released during puncturing of
follicles was centrifuged at 1500 rpm and cell pellets retained for
RNA or DNA analyses.

Lipid droplet staining and quantification
COCs were fixed in 4% paraformaldehyde/PBS for 4 h,

washed in PBS, and transferred to 1 �g/ml of the neutral lipid
stain BODIPY 493/503 (Invitrogen) in PBS for 1 h in the dark at
room temperature. After staining, COCs were washed in PBS for
5 min and mounted on coverslips in 3 �l PBS. To prevent COCs
sticking to pipettes 1 mg/ml polyvinylpyrrolidone was included
in each solution. Images of each COC were captured by Leica SP5
spectral scanning confocal microscope using identical magnifi-
cation and gain settings throughout experiments. Using Analysis
Pro software (Olympus), a rectangle was placed across the COC
imageora squareof fixedsizeplacedat theoocyte center (seeFigure
1). The average fluorescence intensity in each pixel column across
theboxwasreported.Themean� SEM wascalculated forallCOCs/
oocytes and represented graphically as intensity of fluorescence
over pixel widths. Total lipid content was determined as the sum
total of fluorescence in the boxed area.

RNA isolation and real-time RT-PCR
Total RNA was isolated from COCs or granulosa cells

using RNeasy Micro Kit (Qiagen) as per manufacturer’s in-
structions. RNA concentration and purity were quantified
using a Nanodrop ND-1000 Spectrophotometer (Biolab) be-
fore reverse transcribing 600 ng RNA using random primers
(Roche) and Superscript III Reverse Transcriptase (Invitrogen)
according to the manufacturer’s instructions. Ribosomal protein
L19 (RPL19) was used as a validated internal control for every
sample. All primers were Quantitect Primer Assays (Qiagen) and
shown to have comparable amplification efficiency against the
internal control. Real-time PCR was performed in triplicate us-
ing SYBR* Green PCR Master Mix (Applied Biosystems) and a
Rotor-Gene 6000 (Corbett) real-time rotary analyzer. Real-time
RT-PCR data were analyzed using the ��CT method and ex-
pressed as the fold change relative to a calibrator sample which
was included in each run.

Analysis of inner mitochondrial membrane
potential

Denuded oocytes were incubated with the inner membrane
dye JC-1 (5,5�,6,6�- tetrachloro-1,1�,3,3�, tetraethylbenzimida-
zolylcarbocyanine iodide, Invitrogen) at 1.5 mM for 15 min at 37
C in the dark. Oocytes were then imaged immediately in both
green and red fluorescence channel using Leica SP5 spectral scan-
ning confocal microscope. Fluorescence intensity in each oocyte
was quantified as in the fluorescent lipid quantification assay
above.

DNA ladder assay
Granulosa cells were resuspended in 400 �l lysis buffer [10

mM Tris (pH 8.0), 100 mM NaCl, 25 mM EDTA, 0.5% SDS].
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Proteinase K was added (50 �l of 10 mg/ml solution) and samples
incubated overnight at room temperature. Protein was precipi-
tated by the dropwise addition of 200 �l of 4 M NaCl and samples
centrifuged at 10,000 � g for 30 min at 4 C. The supernatant was
extracted with phenol:chloroform:isoamyl alcohol (25:24:1)
and DNA precipitated with EtOH (70% v/v) and resuspended in
Tris-EDTA buffer [10 mM Tris Base, 1 mM EDTA, 0.05% Tween
20 (pH 9.0)] containing 70 �g/ml RNase. DNA concentration
and purity were quantified using a Nanodrop ND-1000 Spec-
trophotometer (Biolab), and 8 �g of each sample were run on 3%
agarose gels in TBE buffer [45 mM Tris, 45 mM boric acid, 1 mM

EDTA (pH 8.0)]. Bands were detected by ethidium bromide
staining and intensity of each band quantified using ImageJ soft-
ware (http://rsb.info.nih.gov/ij/).

TUNEL assay
Ovaries were fixed in 4% paraformaldehyde/PBS at 4 C over-

night and embedded in paraffin. Sections were cut serially at 5

�m thickness and every fifth section col-
lected on a microscope slide, to a total of 15
sections for each ovary. TUNEL assay was
performed using TUNEL Universal Apo-
ptosis Detection Kit (GenScript) as per the
manufacturer’s instructions, with DAPI to
counterstain nuclei. Fluorescent images
were acquired on Olympus BX51 micro-
scope and TUNEL-positive and DAPI-
stained cells quantified using ImageJ software
(http://rsb.info.nih.gov/ij/) to minimize sub-
jectivity in manual cell counting. Apoptotic
index was calculated as TUNEL-positive cells
per thousand cumulus or granulosa cells.

Assessment of ovulation and
in vivo fertilization rate

Mice were injected i.p. at 1400 with 5
I.U. per 12 g body weight of eCG, followed
44 h later by 5 I.U. per 12 g body weight of
hCG and caging with a male. Ovulated oo-
cytes were isolated from the oviduct at 1300
the following day and maintained in G1 me-
dia (23).Fertilizationrate,as indicatedbyfirst
cleavage division, was assessed 19 h later.

Analyses of human follicular fluid
and granulosa cells

The study group was recruited from
women seeking assisted reproduction at a
private clinic in South Australia (Re-
promed). Ethics approval was obtained
from the Women’s and Children’s Hospital,
Adelaide, South Australia. Patients were al-
located to one of three groups based on
body mass index (BMI � weight/height):
moderate (BMI � 20–24.9 kg/m2), over-
weight (BMI � 25–29.9 kg/m2), and obese
(BMI �30 kg/m2). Additional information
about this cohort has been previously pub-
lished (24). Briefly, all patients were admin-
istered daily recombinant FSH (150–300
IU) from the start of their menstrual cycle

for 8–10 d until a minimum of three follicles of more than 18 mm
diameter was observed by transvaginal ultrasound scan. GnRH
antagonist (Orgalutron) was used from d 6 of the cycle to block
ovulation. Women were then administered hCG (Ovidrel 250 �g),
and transvaginal follicular aspiration was performed 36 h after
hCG administration. Blood-free follicular aspirates were centri-
fuged at 4000 rpm for 10 min and the follicle fluid removed and
stored at �80 C. Follicular fluid Ca2� levels were determined by
Roche Hitachi 912 Chemistry Analyzer as per manufacturer’s in-
structions, and using quality controls QCS1 and 2 (Bio-Rad).

Granulosa cells were pooled from follicular aspirates of each
patient and total RNA isolated using a modified Tri Reagent
(Sigma-Aldrich, St. Louis, MO) protocol, including an overnight
precipitation step at �20 C, and resuspension of the final pellet
in 25 �l ultrapure water. All samples were deoxyribonuclease-
treated using Ambion DNA-free (Applied Biosystems, Foster
City, CA). RNA quantification, RT, and real-time PCR were
performed as above.

FIG. 1. High-fat diet increases lipid content in the COC. COCs were collected from mice fed
a high-fat diet (HFD) or control diet (CD) for 4 weeks and stained for neutral lipids with
BODIPY 493/503. Immature unexpanded COCs were isolated from preovulatory follicles 44 h
after eCG administration (before hCG), and mature COCs were obtained from oviducts 13 h
post hCG. A, COCs from HFD-fed mice (c and d) showed markedly higher levels of lipid than
COCs from mice fed control diet (a and b) both before and after ovulation. B, Lipid levels in
immature COCs were assessed by placing a box across the entire COC image and measuring
pixel intensity. Lipid levels were higher in both cumulus cells and oocytes of mice fed high-fat
diet [solid line � mean � SEM (shaded); n � 32 COCs from 6 mice] compared with those fed
control diet [dashed line � mean � SEM (shaded); n � 42 COCs from 6 mice]; significantly
increased from position 59 to 578 across the complex (P � 0.0001; two-way ANOVA,
Bonferroni post hoc test). C, Oocyte lipid levels were assessed by placing a box over the
oocyte (as in A) and measuring pixel intensity. Lipid levels were dramatically higher (P �
0.0001; two-way ANOVA, Bonferroni post hoc test) in both preovulatory [dashed lines �
mean � SEM (shaded)] and ovulated [solid lines � mean � SEM (shaded)] oocytes from mice
fed high-fat diet (n � 35 or 45 COCs from 6 mice per diet) compared with oocytes from mice
fed control diet (n � 39 or 42 COCs from 6 mice of each diet). D, Total oocyte lipid content
per area was calculated as the sum total of fluorescence in the boxed region of each oocyte.
Different letters indicate significant differences by two-way ANOVA, Bonferroni post hoc test.
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Statistical analysis
All measures are reported as mean � SEM. Statistical signifi-

cance was determined as indicated; by t test, two-way ANOVA
with Bonferroni post hoc tests, Fishers Exact Test, Student-New-
man-Keuls, or Spearman correlation test, as appropriate, using
Graph Pad Prism version 5.01 for Windows (GraphPad Software
Inc., San Diego, CA). A P value of �0.05 was considered sta-
tistically significant.

Results

Effect of high-fat diet on oocyte lipid content
To determine whether dietary fat consumption influ-

ences lipid content of the COC, lipid droplet abundance
and localization were measured using BODIPY 493/503
stain. Oocytes from mice fed high-fat diet showed visibly
higher levels of lipid than those from mice fed control diet
(Fig. 1A) both before and after ovulation. Quantification
of lipid levels showed that in immature unexpanded COCs
lipid content was significantly higher in both cumulus cells
and oocytes of mice fed high-fat diet compared with those
fed control diet (Fig. 1B). Analysis of lipid distribution in
oocytes showed that those from mice fed control diet had
low levels of lipid which re-localized to the center of the
oocyte in response to ovulatory hCG (Fig. 1C). Mice fed
high-fat diet had dramatically higher levels of lipid within
oocytes of unexpanded preovulatory COCs which simi-
larly relocalized to the center in response toovulatoryhCG
(Fig. 1C). Expressed as total lipid, oocytes from mice fed
high-fat diet have markedly increased lipid content, both
before and after ovulation, compared with oocytes of mice
fed control diet (Fig. 1D).

Effect of high-fat diet on indices of lipotoxicity in
ovarian follicular cells and oocytes

The clear increase in lipid content in COCs of mice fed
high-fat diet led to investigations of whether this excessive
intracellular lipid content is associated with the activation
of lipotoxicity pathways, namely activation of ER stress,
altered mitochondrial membrane potential, or increased
apoptosis. The presence of ER stress was determined by
measuring the expression of well-characterized ER stress
marker genes (ATF4, GRP78, CHOP10, and Hsp70) in
granulosa cells and COCs isolated from preovulatory fol-
licles of eCG-treated mice. ATF4 is a transcription factor
up-regulated during ER stress that induces an additional
transcriptional regulator CHOP10 as well as the chaper-
one GRP78 as part of the unfolded protein response.
GRP78, also known as Hspa5, and Hsp70 are both heat
shock proteins involved in maintaining proper protein
folding and assembly in the ER. There were significantly
higher levels of ATF4 and GRP78 expression in COCs
from high-fat diet–fed mice relative to the levels of control

diet–fed mice, but no significant difference in expression
of CHOP10 or Hsp70 (Fig. 2A). ATF4 expression was
also increased in granulosa cells of mice fed high-fat diet
(Fig. 2B).

Mitochondrial membrane potential (MMP) of oocytes
was determined by staining with the inner membrane po-
tential dye JC-1. In oocytes from control diet–fed mice red
punctuate fluorescence indicating high MMP mitochon-
dria was localized to the pericortical region, and green
fluorescence indicating low MMP mitochondria was lo-
calized to the deeper cytoplasm (Fig. 3A: a and b) consis-
tent with previous reports (25). In oocytes from high-fat
diet–fed mice, red fluorescence intensity was reduced (Fig.
3A: c and d), while green fluorescence appeared increased.
Mitochondrial damage initially manifests as a decrease in
the mitochondrial membrane potential, with reductions in
MMP status, determined by the ratio of red to green flu-
orescence, considered a hallmark of mitochondrial dam-

FIG. 2. ER stress genes are induced in COCs and granulosa cells by
high-fat diet. mRNA expression of ER stress marker genes in COCs (A)
and granulosa cells (B) from mice fed control diet (CD) or high-fat diet
(HFD). COCs from mice fed HFD expressed higher levels of both ATF4
and GRP78. Granulosa cells from mice fed HFD expressed higher levels
of ATF4. Values are mean � SEM expressed as fold change compared
with calibrator sample; n � 3 pools of cells per diet, each isolated from
4 mice. **, P � 0.01; *, P � 0.05; by t test.
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age (26, 27). The mean ratio of red/green fluorescence
intensity of oocytes from control diet–fed mice was de-
creased in mature ovulated oocytes compared with pre-
ovulatory oocytes (Fig. 3B). In mice fed high-fat diet, the
mean ratio of red/green fluorescence was significantly re-
duced in both immature preovulatory and mature ovu-
lated oocytes compared with oocytes from control diet
mice (Fig. 3B), demonstrating that oocytes from high-fat
diet–fed mice have reduced MMP that is indicative of mi-
tochondrial damage.

The incidence of apoptosis in granulosa cells and COCs
of preovulatory follicles was investigated. DNA laddering
assay showed that granulosa cells from high-fat diet–fed
mice have greater 180-bp and 360-bp band intensities
compared with cells from control diet–fed mice (Fig. 4, A
and B), indicating increased DNA fragmentation. TUNEL
assay on ovarian sections confirmed this result by dem-
onstrating more TUNEL-positive cells within the ovarian
follicles of mice fed high-fat diet compared with control
diet (Fig. 4, C and D). The apoptotic index reached

44.03‰ in cumulus cells and 31.83‰ in granulosa cells
from high-fat diet–fed mice compared with 7.6‰ and
7.65‰, respectively, in control diet–fed mice.

Effects of high-fat diet on expression of FSH/LH
target genes, ovulation, and fertilization

To determine whether mice fed high-fat diet exhibit
altered ovarian responsiveness to gonadotropins, we an-
alyzed granulosa cell expression of FSH-receptor and LH-
receptor, and Cyp19a1 (P450 aromatase) and Cyp11a1
(P450 cholesterol side-chain cleavage), FSH- and LH-re-
sponsive genes, respectively. There were no significant dif-
ferences, in either eCG- or eCG � hCG–treated mice, in
expression levels of FSH-Receptor, Cyp11a1, LH-Recep-
tor, or Cyp19a1 in granulosa cells from mice fed high-fat
diet relative to levels of control diet–fed mice (Fig. 5).

To determine the impact on ovulation and fertilization,
female mice fed control diet or high-fat diet were treated
with gonadotropins and caged with a male mouse. All
control diet–fed mice ovulated (n � 22); however, in sev-
eral high-fat diet–fed mice (6 of 23) zero oocytes were
present in both oviducts, resulting in a 26% incidence of
anovulation (P � 0.02 compared with control diet; Fish-
er’s Exact Test). The average number of oocytes ovulated,
however, was not different between the two groups: mice
fed control diet ovulated a mean of 15.9 � 4.7 oocytes,

FIG. 3. Oocyte mitochondrial membrane potential is reduced in mice
fed high-fat diet. Mitochondrial membrane potential was assessed by
JC-1 staining (A) in immature oocytes from eCG-treated mice (a and c)
and mature oocytes from eCG, hCG 13 h–treated mice (b and d) fed
control diet (CD) or high-fat diet (HFD). The ratio of red/green
fluorescence was quantified (B) as an indicator of mitochondrial
damage. Data are presented as mean � SEM, n � 30 oocytes from
three mice per diet. Different letters indicate significant differences by
two-way ANOVA, Bonferroni post test.

FIG. 4. High-fat diet increases apoptosis in cumulus and granulosa
cells. A, DNA ladder analysis of granulosa cells from mice fed control
diet (CD) or high-fat diet (HFD). B, Quantification of 180-bp and 360-
bp band intensities, boxed in A. Data are presented as mean � SEM;
n � 3 pools of cells per diet, each isolated from 10 mice. **, P �
0.001, t test. C, Representative TUNEL-positive (red) and total cell
(DAPI, blue) stained ovary sections showing multiple follicles (a and b)
and a single follicle at higher power (c and d). Left panel is red-channel
only of right panel. D, Apoptotic indices of the cumulus (COCs) and
granulosa cells (GCs) from CD- and HFD-fed mice. Data are presented
as mean � SEM, n � 4 mice per diet. **, P � 0.01, t test.
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with a range of 9 to 36 per female. Mice fed high-fat diet
ovulated a mean of 10.4 � 2.3 oocytes, with a range of 0
to 26 per female. The ovulated oocytes from high-fat diet–
fed mice were morphologically indistinguishable from
those of control diet–fed mice; however, only 52.6% of
oocytes from high-fat diet–fed mice were fertilized com-
pared with 69.6% of oocytes from control-fed mice (P �
0.0003, Fisher’s Exact Test). The fertilized oocytes from
both control diet and high-fat diet mice exhibited similar
developmental dynamics and formed blastocysts that
were morphologically identical (data not shown). Thus,
although mice fed high fat appear capable of responding
to eCG and hCG treatment, anovulation occurs in a sig-
nificant proportion and fertilization rate is compromised.

Measures of ER stress in ovarian follicles of obese
women

Indicators of lipotoxicity were analyzed where possible
in follicular fluid or ovarian cells of women of varying BMI
to determine whether lipotoxicity pathways may be acti-
vated in the human ovary in response to obesity. Disrupted
Ca2� homeostasis is a prominent feature of ER stress, and
Ca2� can be liberated from dying cells; thus Ca2� levels in
follicular fluid were determined in women of varying BMI.
Follicular fluid Ca2� levels were positively correlated with
increasing BMI (Fig. 6A). Further, Ca2� levels were pos-
itively correlated with follicular fluid triglyceride, free

fatty acids, and glucose (P � 0.002, P � 0.003, and P �
0.0007, respectively, Spearman correlation) but not other
follicular fluid constituents (such as steroids), suggesting
an association of ER stress with the increased follicular
fluid glucose and dyslipidemia that occurs in obese women
(24). Secondly, the ER stress marker gene ATF4, which
was elevated in mousegranulosacells in response tohigh-fat
diet, was analyzed in human granulosa cells. ATF4 expres-
sion was significantly increased in granulosa cells from obese
women compared with granulosa cells of moderate or over-
weight women (Fig. 6B), suggesting that ER stress pathways
are activated in granulosa cells of obese women.

Discussion

This study identifies functional cellular defects that arise in
the ovary and oocyte in response to obesity. Specifically,
we have found that a high-fat diet causes increased lipid
accumulation, induction of ER stress pathway genes, al-
tered mitochondrial membrane potential, and increased
incidence of apoptosis in ovarian cells—responses that are
characteristic biomarkers of lipotoxicity (12, 14, 28). Fur-
ther we have preliminary evidence (Fig. 6) that similar
responses are occurring in the ovaries of women who are
obese.

FIG. 5. Normal expression of FSH/LH target genes in granulosa cells of
mice fed high-fat diet. Expression of FSH-Receptor (A), Cyp11a1 (B),
LH-Receptor (C), and Cyp19a1 (D) was measured in granulosa cells
from eCG (before hCG) or eCG � hCG 13 h–treated mice fed control
diet (CD) or high-fat diet (HFD). There were no significant differences
by t test in cells from mice fed HFD compared with those fed CD, at
either time point. Values are mean � SEM expressed as fold change
compared with calibrator sample; n � 2 pools of cells per diet, each
isolated from four mice treated with eCG; n � 3 pools of cells per diet,
each isolated from 4 mice treated with eCG, hCG.

FIG. 6. Lipotoxicity pathways may be activated in ovarian follicles of
obese women. A, Follicle fluid [Ca2�] levels increase with increasing
body mass index (BMI; kg/m2); P � 0.01 by Spearman correlation test,
n � 64. B, Expression of ER stress marker gene ATF4 is significantly
higher in granulosa cells from obese women (OB; n � 15) than
moderate (MOD; n � 15) and overweight women (OW; n � 12).
Expression levels were log10 transformed to normalize and expressed
as fold change compared with a calibrator sample. Horizontal lines
represent the mean of each group. Different letters indicate
differences in groups by Student—Newman–Keuls. P � 0.05.
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We have previously found that triglyceride levels are
increased in follicular fluid of obese women (24), but the
current results are the first to directly demonstrate that
high-fat diet dramatically increases the lipid content of
immature and mature oocytes, as well as their surrounding
cumulus cells. Whether the observed increase in intracel-
lular lipid is due to diffusion from serum or follicular fluid,
or de novo lipogenesis in response to elevated glucose lev-
els, is under investigation; however, lipid accumulation in
cells other than adipocytes is generally considered the ini-
tiating event in lipotoxicity pathways (28).

The induction of ER stress, namely up-regulation of the
UPR signaling pathway, is a classic response to lipotox-
icity (12, 14). We examined four components of this re-
sponse and found that ATF4 and GRP78 were specifically
up-regulated ingranulosa cells andCOCsofmice fedhigh-
fat diet, and that ATF4 was up-regulated in granulosa cells
of obese women. ATF4, a transcription factor induced
downstream of PRKR-like ER kinase (PERK), induces ex-
pression of genes involved in amino acid metabolism, the
antioxidant response, and apoptosis, including the pro-
apoptotic factor CHOP. Thus it was somewhat surprising
that CHOP mRNA, like ATF4, was not increased by high-
fat diet; however, long-term exposure to mild stress can
lead to adaptations in CHOP expression (29). In contrast
GRP78 (also known as BiP) is a prosurvival factor induced
during UPR that remains elevated even in response to
chronic stress (29). It is interesting that GRP78 was in-
duced by high-fat diet specifically in COCs suggesting that
the oocyte is undergoing a distinct UPR response or that its
presence influences the stress response of adjacent cumu-
lus cells. The induction of chaperones is an additional key
reaction to the presence of ER stress and unfolded pro-
teins, and we chose Hsp70 as an example to investigate;
however its levels appeared more variable and were not
significantly up-regulated by high-fat diet. In addition,
calcium levels, which are dysregulated by ER stress and
can be indicative of cell death by apoptosis, were elevated
in the follicular fluid of obese women. We speculate that
the increase in calcium is derived from ovarian cells be-
cause two previous reports have shown that calcium levels
are not increased in the serum of obese women (30, 31). It
is also relevant that ER stress, via activation of the CREBH
transcription factor, induces aspects of the acute phase
response, particularly C-reactive protein (32), which we
have previously reported is positively correlated with BMI
in the follicular fluid of women (24). Cumulatively, these
observations strongly suggest that ER stress pathways are
activated in the ovarian cells of obese women.

Alterations in mitochondrial membrane potential are
another classical response to cellular stress including li-
potoxicity (10, 12, 33), and one that is tightly linked to

stress responses in the ER. Mitochondrial membrane po-
tential was significantly reduced by high-fat diet in both
immature and mature oocytes, an alteration that is known
to have significant consequences on oocyte developmental
competence (34–37) as mitochondria play vital roles in
metabolism and the energy-dependent mechanisms that
generate ATP and maintain cellular homeostasis in the
oocyte and early embryo. Loss of membrane potential also
leads to uncoupling of oxidative phosphorylation, oxygen
radical generation, release of cytochrome c, and activation
of caspases, the initiators of DNA fragmentation (38, 39).
Whether changes in mitochondrial membrane potential
influence the induction of ER stress pathways or vice versa
is not known (40, 41); however, both cellular responses
are known to culminate in apoptosis (41). Consistent with
this, our results show that apoptotic rate increased in cu-
mulus cells and granulosa cells of mice fed high-fat diet
compared with those fed control diet.

Cumulatively, the present demonstration of elevated
lipid content and decreased mitochondrial membrane po-
tential in oocytes of mice fed high-fat diet implicates these
mechanisms of lipotoxicity as likely contributors to the
reduced fertilization rates in these mice and the reduced
natural conception rates seen in obese women.
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