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ABSTRACT: Observational human data and several lines of animal experimental data indicate that maternal obesity impairs offspring health.
Here, we comprehensively tested the model that maternal obesity causes defects in the next three generations of oocytes and embryos. We
exposed female F0 mice to a high-fat/high-sugar (HF/HS) diet for 6 weeks before conception until weaning. Sires, F1 offspring and all subsequent
generations were fed control chow diet. Oocytes from F1, F2 and F3 offspring of obese mothers had lower mitochondrial mass and less ATP
and citrate than oocytes from offspring of control mothers. F0 blastocysts from HF/HS-exposed mice, but not F1 and F2 blastocysts, had lower
mitochondrial mass and membrane potential, less citrate and ATP and smaller total cell number than F0 blastocysts from control mothers. Finally,
supplementation of IVF media with the anti-oxidant mito-esculetin partially prevented the oocyte mitochondrial effects caused by maternal
HF/HS diet. Our results support the idea that maternal obesity impairs offspring oocyte quality and suggest that antioxidant supplementation
should be tested as a means to improve IVF outcomes for obese women.
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Introduction
According to the World Health Organization, in 2016, more than
1.3 billion adults were overweight and 650 million were obese. The
prevalence of obesity is especially alarming given that, in addition to
harming the health of the individual, obesity appears to impair health
in the next generation. For example, maternal obesity is associated
with increased risk of various neurodevelopmental and psychiatric
morbidities in offspring, including intellectual disability, autism spectrum
disorders, attention deficit hyperactivity disorder, cerebral palsy, anxi-
ety, depression, schizophrenia and eating disorders (Edlow, 2017).

Determining the effects of parental obesity in humans is challenging
because offspring are often exposed to the same obesogenic diet and
lifestyle as their parents. To model the effects of parental obesity on
offspring in the absence of obesogenic environment, many researchers
have used models in which female or male rodents are fed an obe-
sogenic (e.g. high fat or high fat/high sugar [HF/HS]) diet for 4–
10 weeks. After mating and weaning, the offspring are then fed a control
diet. In such a model, Luzzo et al. (2012) found that F1 offspring of
obese female mice had higher rates of growth retardation and brain
deformation than offspring of mice fed a control diet. Similarly, Keleher
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et al. (2018) reported that the F1 offspring of obese female mice were
at increased risk of obesity, and Masuyama et al. (2016) reported that
paternal HF diet exposure altered metabolism and body weight of
offspring.

Some data suggest that the effects of maternal obesity are passed to
offspring via effects on oocytes. For example, in the Luzzo et al. (2012)
study, effects were observed even when the embryos were transferred
to the uterus of control-fed mice. Additionally, several animal studies
have suggested that maternal obesity impairs oocyte function and
leads to inheritance of defective mitochondria. For example, both
genetic- and diet-induced maternal obesity impaired oocyte quantity
and quality, as indicated by disrupted meiotic spindle morphology,
increased oxidative stress, increased mitochondrial malformation and
dysfunction and poor oocyte fertilization (Wu et al., 2015; Hou et al.,
2016). Additionally, the oocytes and embryos derived from females
exposed to an HF/HS diet had decreased mitochondrial membrane
potential, decreased ATP and increased expression of mitochondrial
dynamics proteins (Boudoures et al., 2017). Moreover, Saben et al.
(2016) found that F1, F2 and F3 offspring born to HF/HS-fed F0
females had deformed mitochondria and altered expression of mito-
chondria function-related genes in their skeletal muscles and oocytes.
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Despite this evidence, no single study has comprehensively tested
the model that maternal obesity causes defects in F1, F2 and F3 oocytes
and embryos. Here, we sought to do so by exposing F0 mice to HF/HS
diet and then performing a battery of analyses on the oocytes of F1,
F2 and F3 mice. Additionally, we performed IVF of oocytes from F0, F1
and F2 mice and performed the same battery of tests on the resulting
blastocysts. Finally, we asked whether addition of the antioxidant mito-
esculetin during IVF could rescue the effects of HF/HS diet exposure
on blastocysts.

Materials and Methods

Animals and diet
All procedures involving the use of animals were approved by the
Institutional Animal Care and Use Committee at Washington Univer-
sity School of Medicine (protocol number 20140088 and 20170072)
and conformed to NIH guidelines. Four-week-old female C57Bl/6J
mice (The Jackson Laboratory, Bar Harbor, USA) were fed either
standard chow diet (PicoLab Rodent diet 20; 13% fat, 62% carbohy-
drates [3.2% sucrose] and 25% protein) or HF/HS (TestDiet® Formula
58R3: 59% fat, 26% carbohydrates [17% sucrose] and 15% protein)
for 6 weeks. To produce F1 generation mice, estrus or pro-estrus
chow- and HF/HS-fed females were mated to chow-fed males. F1
mice were fed standard chow diet after weaning. Eight-week-old F1
or F2 females were housed with chow-fed males to produce F2 or
F3 generation mice, respectively. F2 and F3 mice were fed standard
chow diet.

Meiosis II oocyte collection
Ten-week-old F1, F2 and F3 females were injected intraperitoneally
with 7.5 IU pregnant mare serum gonadotropin (provided by Dr A.
F. Parlow, NHPP, Torrance, CA) diluted in rabbit anti-inhibin serum.
Forty-eight hours later, the mice were administered 7.5 IU hCG (Sigma,
St. Louis, MO). Mice were sacrificed by cervical dislocation 15–17 h
after hCG injection. For meiosis II oocyte analysis, cumulus–oocyte
complexes (COCs) from ampulla were collected into M2 media (Sigma,
St. Louis, MO) supplemented with 300 μg/ml hyaluronidase (Sigma, St.
Louis, MO) for 5 min. Denuded oocytes were then washed three times
in M2 media, and 30 oocytes from four to six mice per diet from each
generation were used for further analysis.

IVF and embryo culture
IVF was performed as previously described (Takeo and Nakagata,
2015) with slight modifications. In brief, proven fertile male mice (2
to 6 months old) were sacrificed by cervical dislocation, and the
cauda epididymides were collected. Clots of sperm were collected
and transferred to a 150 μl drop of sperm preincubation medium
modified from Krebs-Ringer solution (Alfa Aesar, Tewksbury, MA) sup-
plemented with 1.19 mM KH2PO4, 0.75 mM methyl-b-cyclodextrin,
1 mg/ml polyvinyl alcohol and 4 mg/ml bovine serum albumin (BSA).
The sperm were allowed to capacitate in a 37◦C incubator with 5%
(v/v) CO2 in humidified air for 1 h. COCs were collected as above into
IVF media (research vitro fert [RVF] media from Cook Medical LLC,
Bloomington, IN, supplemented with 0.25 mM reduced glutathione)
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and incubated at 37◦C under 5% (v/v) CO2 in humidified air for
30–60 min.

At the time of fertilization, 10 μL of preincubated spermatozoa
were transferred into IVF media containing COCs. Five to six hours
later, oocytes were washed with and then incubated in RVF media
supplemented with 0.1 mM EDTA at 37◦C under 5% (v/v) CO2 in
humidified air. At 24 h after fertilization, two-cell embryos were trans-
ferred into M16 media (Sigma, St. Louis, MO) and further incubated
until 96 h after fertilization. At this point, blastocysts were counted, and
30 blastocysts per diet from each generation, collected from four to six
mice, were used for further analysis. Fertilization rates were calculated
as (total number of two-cell embryos/total number of inseminated
oocytes) ×100. Blastocyst rates were calculated as (total number
of expanded blastocysts at 96 h/total number of two-cell embryos)
×100. In experiments shown in Fig. 8, before COC collection, IVF
media were supplemented with the indicated concentrations of mito-
esculetin (provided by Dr S. Kotamraju, Centre for Chemical Biology,
Hyderabad, India).

Total mitochondrial mass, membrane
potential and lipid droplet quantification
Denuded oocytes or blastocysts were incubated at 37◦C for 30 min
in a mixture of 200 nM MitoTrackerTM deep red (MTDR; Life Tech-
nologies Corporation, Grand Island, NY) and 200 nM MitoTrackerTM

red CMXRos (MTRC; Life Technologies Corporation, Grand Island,
NY). After three washes in 1% (w/v) BSA-supplemented phosphate
buffered saline (PBS), the samples were fixed in 4% (v/v) paraformalde-
hyde for 10 min and permeabilized with 0.25% (v/v) triton X-100
for 20 min. The samples were then incubated with 5 μM BODIPYTM

493/503 (Life Technologies Corporation, Grand Island, NY) for 1 h.
In the last 15 min, Hoechst 33342 (Sigma, St. Louis, MO) was added
at a final concentration of 10 μg/ml. The samples were then washed
three times with 1% (w/v) BSA-supplemented PBS and mounted in
VectaShield (Vector Labs, Burlingame, CA) on 12-well, 5 mm diame-
ter teflon-printed slides (Electron Microscope Sciences, Hatfield, PA).
Mitochondrial mass was indicated by MTDR staining intensity, and
mitochondrial membrane potential was indicated by the ratio between
MTDR and MTRC staining intensities (Pendergrass et al., 2004). Lipid
droplets were quantified by measuring the intensity of BODIPYTM

493/503 signal.

Immunofluorescence
Denuded oocytes or blastocysts were fixed with 4% (v/v) paraformalde-
hyde for 10 min and permeabilized in 0.25% (v/v) triton X-100
for 20 min. The samples were then blocked with 3% (w/v) BSA-
supplemented PBS for 1 h, then incubated overnight at 4◦C in 3%
(w/v) BSA-supplemented PBS containing one of the following primary
antibodies: anti-Oma1 (1100, Biorbyt LLC, San Francisco, CA), anti-
H3K9me2/3 (1:100, Cell Signaling Technology, Danvers, MA) or anti-
5mC (1100, Cell Signaling Technology, Danvers, MA). After three
washes in 1% (w/v) BSA-supplemented PBS, the samples were
incubated with appropriate fluorescent dye-conjugated secondary
antibody for 1 h. In the last 15 min, Hoechst 33342 was added at
a final concentration of 10 μg/ml. The samples were then washed
three times with 1% (w/v) BSA-supplemented PBS and mounted as
described above.
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Figure 1 Effect of F0 diet on mitochondrial mass and membrane potential and Oma1 protein expression in offspring oocytes.
(A and E) Representative images of oocytes derived from chow and HF/HS groups. Quantification of mitochondrial mass (MTDR), mitochondrial
membrane potential (MTRC/MTDR) and lipid droplets (BODIPY 409/503) in oocytes derived from F1 (B), F2 (C) and F3 (D) generations (n = 29–30
oocytes derived from five mice/diet/generation). Quantification of Oma1 protein expression in F1 (F), F2 (G) and F3 (H) oocytes (n = 28–30 oocytes
derived from five mice/diet/generation). Scale bar = 10 μm. Data are represented as mean ± SEM. ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001.

Apoptosis and total cell count

The terminal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) assay was performed by using the in situ cell death detection
kit, fluorescein (Sigma, St. Louis, MO). Briefly, blastocysts were fixed
in 4% (v/v) paraformaldehyde for 10 min, permeabilized with 0.25%
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(v/v) triton X-100 for 20 min and then incubated in TUNEL reaction
mixture at 37◦C for 1 h. After three washes in 1% (w/v) BSA-
supplemented PBS, the samples were incubated in 1 μg/ml Hoechst
33342 for 15 min, then washed and mounted as described above.
The numbers of total and apoptotic cells were counted in 13–15 z-
series images with 5 μm spacing between z-sections. Apoptosis rate
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Figure 2 Effect of F0 diet (chow versus HF/HS) on ATP and citrate in offspring oocytes. Quantification of ATP and citrate in oocytes
derived from F1 (A), F2 (B) and F3 (C) mice (n = 29–30 oocytes derived from five mice/diet/generation). Data are represented as mean ± SEM.
∗P < 0.05, ∗∗∗∗P < 0.0001.

was calculated as (total number of apoptotic cells/total cell number)
×100.

Confocal microscopy and image
quantification
Slides were imaged with a Leica DMI 4000B microscope (Leica
Microsystems, Buffalo Grove, IL) under 63× oil immersion objective
with 1.5× zoom at 512 × 512 pixels resolution. Typically, oocyte
images were of a single section, and blastocyst images were collected
as a complete z-stack of 13–15 images at 5 μm spacing. Except for
apoptosis analysis, images were split into single channels before setting
a threshold as described (Otsu, 1979). In addition, z-series images
from one blastocyst were converted into single images by using sum
slice projection before threshold processing (Saben et al., 2016). Total
mean gray value for each channel was normalized to total area of
measurement (Parry and Hemstreet, 1988). Relative fluorescence
intensities from individual samples from the HF/HS-fed group were
normalized to the average of mean gray area from samples from the
control-fed group.

ATP and citrate analysis
Individual denuded oocytes or blastocysts were frozen on a glass slide
by dipping in isopentane equilibrated with liquid nitrogen. After freeze-
drying overnight under vacuum at −35◦C, the oocytes or blastocysts
were extracted in microdrops overlaid with mineral oil. The ATP and
citrate content in alkaline-extracted oocytes or embryos were mea-
sured by performing an enzyme-linked assay as previously described
(Chi et al., 2002).

Statistical analysis
Unless otherwise stated, all quantitative data are presented as
mean ± standard error of the mean. Statistical significance was
analyzed by either t-test or one-way ANOVA (GraphPad Prism version
7.00 for Windows, GraphPad Software, La Jolla, CA).
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Results

Effects of F0 HF/HS diet exposure on F1, F2
and F3 oocyte mitochondria and metabolism
As previously reported (Saben et al., 2016), the F0 HF/HS-fed mice
were 15.6–19.5% heavier than the chow-fed mice at the time of
mating, whereas there were no differences in offspring (F1–F3) body
weights between the chow and HF/HS groups at 8 weeks of age
(Supplementary Table SI). In addition, F0 diet did not affect litter sizes
in F0, F1 or F2. However, in the third parity, F1 and F2 progeny
of HF/HS-fed F0s delivered litters that contained significantly more
female than male pups (Supplementary Table SI).

To determine the effect of HF/HS exposure on oocyte mitochon-
drial mass, we stained meiosis II stage oocytes from F1, F2 and
F3 mice with Mitotracker Deep Red, which stains all mitochondria.
Additionally, to assess membrane potential, we stained the oocytes
with Mitotracker Red CMXRos, a derivate of CMX rosamine that is
sensitive to mitochondrial membrane potential changes and oxidative
stress in live cells (Pendergrass et al., 2004). By combining these two
dyes, we could assess mitochondrial morphology, mass and number in
one assay. Representative images of F1 oocytes are shown in Fig. 1A.
Similar to previous studies of F0 germinal vesicle stage oocytes (Boots
et al., 2016), we noted that mitochondria appeared to be aggregated
instead of perinuclear in the F1 meiosis II stage oocytes.

Meiosis II stage oocytes from all three generations of offspring
of HF/HS-fed mice (F1-HF/HS, F2-HF/HS and F3-HF/HS) had less
Mitotracker Deep Red staining than did oocytes from offspring of
chow-fed mice (F1-chow, F2-chow and F3-chow; Fig. 1B–D). Oocytes
from F1-HF/HS and F3-HF/HS mice had higher mitochondrial mem-
brane potential than did oocytes from F1-chow and F3-chow mice,
respectively. However, this difference was not observed in oocytes
from F2 offspring. The oocytes from F2-HF/HS mice had less of the
mitochondrial protein Oma1 than did oocytes from F2-chow mice
(Fig. 1G), but we saw no differences in Oma1 expression between
oocytes from the chow and HF/HS groups in the F1 and F3 generations
(Fig. 1F and H). Consistent with the effects on total mitochondria,

https://academic.oup.com/molehr/article-lookup/doi/10.1093/molehr/gaz049#supplementary-data
https://academic.oup.com/molehr/article-lookup/doi/10.1093/molehr/gaz049#supplementary-data
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Figure 3 Effect of F0 diet (chow versus HF/HS) on H3K9me2/3 and 5mC in offspring oocytes. (A) Representative images of oocytes
derived from chow and HF/HS groups. Quantification of H3K9me2/3 and 5mC in oocytes derived from F1 (B), F2 (C) and F3 (D) generations (n = 29–
32 oocytes derived from five mice/diet/generation). Scale bar = 10 μm. Data are represented as mean ± SEM. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

the oocytes from F1-HF/HS and F2-HF/HS offspring had lower ATP
and citrate concentrations than the oocytes of F1-chow and F2-chow
offspring (Fig. 2A and B). In F3, the concentration of citrate but not of
ATP was affected by F0 diet exposure (Fig. 2C). We also examined lipid
content by staining the oocytes with Bodipy and found no differences
between HF/HS- and chow-fed groups in F1, F2 or F3 (Fig. 1B–D).
Together, these findings indicate that HF/HS diet exposure in the F0
generation leads to generally, but not completely, consistent impair-
ments of mitochondrial mass and metabolism in oocytes of the next
three generations.

Effects of F0 HF/HS diet exposure on
chromatin marks in F1, F2 and F3 oocytes
Two groups reported that exposure to HF diet altered gene expres-
sion in offspring by altering regulation of chromatin and DNA methyla-

.
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tion (Masuyama et al., 2016; Keleher et al., 2018). In addition, oocytes
from obese mice had less 5-methyl-cytosine (5mC) and more lysine-
9-methylated histone H3 (H3K9me2) than oocytes from lean mice
(Hou et al., 2016). Thus, we wondered whether 5mC and H3K9me2 in
oocytes were affected by F0 diet exposure. We found that F1-HF/HS
oocytes had more 5mC than F1-chow oocytes, F2-HF/HS oocytes had
more H3K9me2/3 and less 5mC than F2-chow oocytes and F3-HF/HS
oocytes had more H3K9me2/3 than F3-chow oocytes (Fig. 3). These
results suggest that maternal HF/HS diet exposure alters epigenetic
regulation in the oocytes of offspring.

Effects of F0 HF/HS diet exposure on F0, F1
and F2 blastocysts
Given the effects we observed in oocytes, we wondered whether
early embryos were also affected by F0 diet exposure. To answer
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Figure 4 Effect of F0 diet (chow versus HF/HS) on mitochondria and lipid in offspring blastocysts. (A and E) Representative images of
blastocysts derived from chow and HF/HS groups. Quantification of mitochondrial mass (MTDR), mitochondrial membrane potential (MTRC/MTDR)
and lipid droplets (BODIPY 409/503) in blastocysts derived from F0 (B), F1 (C) and F2 (D) oocytes (n = 29–30 blastocysts derived from five
mice/diet/generation). Quantification of Oma1 protein expression in blastocysts derived from F0 (F), F1 (G) and F2 (H) oocytes (n = 25–30 blastocysts
derived from five mice/diet/generation). Scale bar = 10 μm. Data are represented as mean ± SEM. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001.

this question, we collected meiosis II-stage oocytes from F0, F1

and F2 mice and performed IVF. F0 HF/HS exposure had no effect

on the number of ovulated oocytes, fertilization rate or blastocyst

rate (Supplementary Table SII). Blastocysts derived from F0-HF/HS

oocytes had lower mitochondrial mass but higher membrane potential

(Fig. 4B), more Oma1 (Fig. 4F), less ATP and citrate (Fig. 5A) and more
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H3K9me2/3 (Fig. 6B) than blastocysts derived from F0-chow oocytes.

Blastocysts from F1-HF/HS oocytes had more lipid (Fig. 4C) and Oma-

1 (Fig. 4G) and less citrate (Fig. 5B) than blastocysts from F1-chow

oocytes. Blastocysts from F2-HF/HS oocytes had more mitochondria,

less lipid (Fig. 4D) and less citrate (Fig. 5C) than blastocysts from F2-

chow oocytes.

https://academic.oup.com/molehr/article-lookup/doi/10.1093/molehr/gaz049#supplementary-data
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Figure 5 Effect of F0 (chow versus HF/HS) diet on ATP and citrate in offspring blastocysts.Quantification of ATP and citrate in blastocysts
derived from F0 (A), F1 (B) and F2 (C) oocytes (n = 27–30 blastocysts derived from five mice/diet/generation). Data are represented as mean ± SEM.
∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001.

Figure 6 Effect of F0 diet (chow versus HF/HS) on H3K9 me2/3 and 5mC in offspring blastocysts. (A) Representative images of
blastocysts derived from chow and HF/HS groups. Quantification of H3K9me2/3 and 5mC in blastocysts derived from F0 (B), F1 (C) and F2 (D)
oocytes (n = 28–30 blastocysts derived from five mice/diet/generation). Scale bar = 10 μm. Data are represented as mean ± SEM. ∗∗P < 0.01.
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Figure 7 Effect of F0 diet (chow versus HF/HS) on cell number and apoptosis in IVF-derived offspring blastocysts.(A) Representative
images of blastocysts derived from chow and HF/HS groups. Total cell number, apoptotic cell number and apoptosis rate in blastocysts derived from
F0 (B), F1 (C) and F2 (D) oocytes (n = 29–30 blastocysts derived from five mice/diet/generation). Scale bar = 10 μm. Data are represented as
mean ± SEM. ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001.

We next examined total cell number and the number of apoptotic
cells in blastocysts, as these indicators are often used to determine
embryo quality (Van Soom et al., 2003; Irani et al., 2017). Moreover,
mitochondria play an important role in regulating cell proliferation, cell
cycle arrest and cell death (Rustin, 2002; Mason and Rathmell, 2011).
Thus, we counted cell number and performed terminal deoxynu-
cleotidyl transferase dUTP nick end labeling at 96 h post-fertilization.
F0-HF/HS blastocysts had fewer cells and fewer apoptotic cells than
F0-chow blastocysts (Fig. 7B). No differences were seen between F1-
HF/HS and F1-chow blastocysts (Fig. 7C), whereas F2-HF/HS blasto-
cysts had more cells and more apoptotic cells than F2-chow blastocysts
(Fig. 7D). Together, these data indicate that F0, and to a lesser extent,
F1 and F2 blastocysts, are impaired by F0 HF/HS diet exposure

Effects of the antioxidant mito-esculetin on
F0-HF/HS embryo development
In previous work (Reynolds et al., 2015), we tried preventing oocyte
mitochondrial defects by feeding mice a control diet for 8 weeks
after consuming an HF diet for 6 weeks. Although the mice had
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similar body weight, cholesterol and glucose as mice fed a control
diet for 14 weeks, their oocytes still had spindle defects, abnormal
lipid droplet distribution, disrupted mitochondrial membrane potential
and reduced metabolites. Thus, here, we instead asked whether we
could improve F0-HF/HS blastocyst quality by adding an antioxidant
during IVF. Antioxidants appear to be important for sperm, oocyte and
embryo development, and the antioxidant l-carnitine has been used to
improve human sperm function and mouse IVF success (Lenzi et al.,
2004; Truong and Gardner, 2017). We chose to use mito-esculetin, a
form of the anti-oxidant esculetin that is modified by coupling to the
lipophilic triphenylphosphonium cation tag to promote mitochondrial
uptake (Murphy and Smith, 2000). In vitro treatment of human aortic
endothelial cells with mito-esculetin inhibited hydrogen peroxide- and
angiotensin II-induced cell death, promoted mitochondrial biogenesis
and reversed hydrogen peroxide-induced inhibition of mitochondrial
respiration (Karnewar et al., 2016).

Initially, we supplemented IVF media with 0, 0.5, 1, 2.5 or 5 μM
mito-esculetin and found that it had no effect on fertilization and
blastocyst rates in F0-chow or F0-HF/HS (Supplementary Tables SIII
and SIV). We next compared F0-chow and F0-HF/HS blastocysts

https://academic.oup.com/molehr/article-lookup/doi/10.1093/molehr/gaz049#supplementary-data
https://academic.oup.com/molehr/article-lookup/doi/10.1093/molehr/gaz049#supplementary-data
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Figure 8 Effect of F0 diet (chow versus HF/HS) on blastocyst mitochondrial parameters and fat content with 1 μM mito-esculetin
supplementation during IVF. (A and D) Representative images of blastocysts derived from chow and HF/HS groups. (B) Quantification of
mitochondrial mass (MitoTracker Deep Red), mitochondrial membrane potential (MitoTracker CMXRos) and lipid droplets (BODIPY 409/503) in
blastocysts derived from chow (n = 27 blastocysts from five mice) and HF/HS (n = 30 blastocysts from five mice) groups. (C) Quantification of ATP
and citrate in blastocysts derived from F0 oocytes (n = 30 blastocysts derived from five mice/treatment). (E) Total cell number, apoptotic cell number
and apoptosis rate in blastocysts derived F0 oocytes (n = 28–31 blastocysts derived from five mice/treatment). Scale bar = 10 μm. Data are represented
as mean ± SEM. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗∗P < 0.0001.

derived from IVF in the presence of 1 μM mito-esculetin. Mito-esculetin
normalized the difference in mitochondrial number and membrane
potential but caused F0-HF/HS blastocysts to have less lipid than
F0-chow blastocysts (compare Fig. 8B to Fig. 4B). Mito-esculetin did
not normalize the differences in ATP or citrate (compare Fig. 8C to
Fig. 5A) or number of apoptotic cells, but did minimize the difference
in total cell number (compare Fig. 8E to Fig. 7B). These findings suggest
that mito-esculetin supplementation during IVF somewhat improved
development of F0-HF/HS embryos.

Discussion
Together, the data presented here indicate that maternal consumption
of HF/HS diet contributes to mitochondrial and metabolic dysfunction
in oocytes and embryos of the next three generations. Furthermore,
we report that the antioxidant mito-esculetin can partially reverse
these effects when provided during IVF. Our finding that at least
some effects of maternal obesity were evident in the F3 generation
is important, as it indicates that the effects were transgenerational.
Whereas the F1 fetuses and the oocytes that gave rise to the F2
generation were exposed to the HF/HS diet in utero, the F3 generation
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was not (Skinner et al., 2008; Dias and Ressler, 2014; Klengel et al.,
2015). Thus, the mitochondrial and metabolic phenotypes were likely
caused by epigenetic changes. This idea is consistent with a previous
finding that both paternal and maternal exposure to HF diet resulted
in offspring with increased insulin resistance and decreased expression
of adiponectin and leptin genes and that this was caused by epigenetic
regulation of these genes in offspring adipose tissue (Masuyama et al.,
2016).

Our data here are consistent with our lab’s previous demonstration
that maternal consumption of HF/HS diet led to abnormally shaped
mitochondria and altered concentrations of the mitochondria-related
proteins Opa1, Drp1 and OxPhos in the skeletal muscle of F1, F2
and F3 offspring and oocytes of F1 and F2 offspring (Saben et al.,
2016). Additionally, in models of genetic- and diet-induced obesity,
offspring had low mitochondrial number, decreased membrane poten-
tial, lower viability oocytes and impaired embryo development (Luzzo
et al., 2012; Wu et al., 2015; Boudoures et al., 2017). We report that
oocytes from F1, F2 and F3 offspring of HF/HS-fed F0 mice had low
mitochondrial number and altered mitochondrial membrane potential.

Our findings that maternal HF/HS exposure led to variable alter-
ations in H3K9me2/3 and 5mC in F1, F2 and F3 oocytes and F0, F1
and F2 blastocysts are somewhat consistent with a previous study in
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which genetic- and diet-induced obesity led to decreased 5mC and
H3K27me2 and increased H3K9me2 in oocytes (Hou et al., 2016).
Additionally, Keleher et al. (2018) found that maternal exposure to HF
diet led to differential methylation and altered expression of almost
30% of genes in the livers of F1 offspring. Likewise, Masuyama et al.
(2016) found that HF diet exposure led to decreased H3K9ac1 and
increased H4K20me1 marks on the adiponectin and leptin, respec-
tively, promoters in offspring adipose tissue. Why the epigenetic marks
varied across generations is currently unclear. However, one possibility
is that the F0, F1 and F2 were all directly exposed to the diet but
in different ways: the F0 consumed the diet, the F1 animals were
exposed in utero and the germ cells that would give rise to the F2
were exposed during F1 fetal development. In contrast, the F3 was
not directly exposed. Similarly, dynamic changes in epigenetic traits
across generations have been noted in harlequin flies, mice and rats
(Li et al., 2012; Lilley et al., 2012; Manikkam et al., 2012; Burggren,
2015). Future work should seek to fully define the maternal obesity-
induced epigenetic and gene expression changes in offspring oocytes
and embryos.

Previous papers have reported that oocytes derived from mice
exposed to HF diet had low mitochondrial DNA content and mem-
brane potential, poor quality and low fertilization rate (Reynier et al.,
2001). Additionally, authors have noted that maternal obesity impaired
pre- and post-implantation embryo development (Wai et al., 2010;
Finger et al., 2015; Boudoures et al., 2017). Similarly, blastocysts from
a genetic model of obesity (bbb/bbb) had fewer cells than their wild-
type counterparts (Wu et al., 2015). Such findings make sense, as
adequate mitochondrial number and function is essential for fertil-
ization and embryo development. For example, Thouas et al. used
photosensitization to cause oocyte mitochondrial dysfunction, charac-
terized by altered mitochondrial morphology and metabolic function
before fertilization. The resulting blastocysts had low ATP and NADH–
NADPH content, increased apoptosis rate and reduced blastocyst
formation rate (Thouas et al., 2004). However, in our experiments
here, we saw no effect on fertilization or blastocyst development in
offspring of HF/HS-fed mice. This could mean that our diet exposure
model did not result in mitochondria with function below a critical
threshold (Wai et al., 2010). Future experiments could assess whether
a longer HF/HS diet exposure would lead to defects in fertilization
or blastocyst development. Nonetheless, blastocysts from HF/HS-
exposed F0 mice had decreased mitochondrial mass and membrane
potential; increased expression of Oma1, which negatively regulates
mitochondrial health and fusion (Head et al., 2009); decreased ATP and
citrate concentrations; and decreased total cell number in blastocysts.
It is important to note that in this study, the blastocysts were generated
by IVF and thus were not exposed to maternal obesity in utero.
Additionally, some, but not all, of these phenotypes are also evident in
later generations, providing evidence for compensatory mechanisms.

Others have associated poor oocyte quality and embryo devel-
opment in obese mice with elevated production of reactive oxygen
species (Boots et al., 2016; Hou et al., 2016). Supplementing culture
media with antioxidants reduced reactive oxygen species production
and improved oocyte maturation, fertilization and embryo develop-
ment (Truong et al., 2016; Liang et al., 2017; Sovernigo et al., 2017).
Furthermore, supplementing fertilization media with the combination
of antioxidants Acetyl-L-Carnitine, N-Acetyl-L-Cysteine and α-Lipoic
Acid increased total cell number in blastocysts and kinetics of embryo
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development (Truong and Gardner, 2017), two key markers in choos-
ing embryos for transfer (Prados et al., 2012; Aparicio-Ruiz et al.,
2018). We tested mitochondria-targeted esculetin (mito-esculetin)
because it was shown to counteract oxidant-induced deregulation
of mitochondrial function and biogenesis in human endothelial cells
(Karnewar et al., 2016). We supplemented IVF media with mito-
esculetin and found that it had no effect on fertilization and embryo
development. Although mito-esculetin had no effect on citrate and
ATP concentration in blastocysts, it partially prevented the HF/HS
diet-induced mitochondrial dysfunction and lower total cell number
in F0-derived blastocysts. Whether the next generations (F1 and F2)
would also benefit from mito-esculetin treatment of F0 oocytes is an
important question for future work. Nevertheless, our data support
the idea that supplementing fertilization media, and possibly embryo
culture media (Bellver et al., 2015), with antioxidants could improve
IVF success rates for obese women.

Supplementary data
Supplementary data are available at Molecular Human Reproduction
online.
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