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ABSTRACT

Dietary supply of nutrients, both periconception and during
pregnancy, influence the growth and development of the fetus
and offspring and their health into adult life. Despite the
importance of research efforts surrounding the developmental
origins of health and disease hypothesis, the biological mecha-
nisms involved remain elusive. Mitochondria are of major
importance in the oocyte and early embryo, particularly as a
source of ATP generation, and perturbations in their function
have been related to reduced embryo quality. The present study
examined embryo development following periconception expo-
sure of females to a high-protein diet (HPD) or a low-protein diet
(LPD) relative to a medium-protein diet (MPD; control), and we
hypothesized that perturbed mitochondrial metabolism in the
mouse embryo may be responsible for the impaired embryo and
fetal development reported by others. Although the rate of
development to the blastocyst stage did not differ between diets,
both the HPD and LPD reduced the number of inner cell mass
cells in the blastocyst-stage embryo. Furthermore, mitochondrial
membrane potential was reduced and mitochondrial calcium
levels increased in the 2-cell embryo. Embryos from HPD
females had elevated levels of reactive oxygen species and ADP
concentrations, indicative of metabolic stress and, potentially,
the uncoupling of oxidative phosphorylation, whereas embryos
from LPD females had reduced mitochondrial clustering around
the nucleus, suggestive of an overall quietening of metabolism.
Thus, although periconception dietary supply of different levels
of protein is permissive of development, mitochondrial metab-
olism is altered in the early embryo, and the nature of the
perturbation differs between HPD and LPD exposure.

embryo, metabolism, mitochondria, nutrition

INTRODUCTION

During the early 1990s, with the emergence of the Barker
hypothesis and what is now termed the developmental origins
of health and disease hypothesis, came the comprehension that
a low weight at birth predisposes offspring to reduced
development and health into adult life. With this, our

knowledge concerning the impact of maternal diet and lifestyle
choices during pregnancy on subsequent offspring has evolved
significantly (for recent reviews, see [1, 2]). At the forefront of
this research, various studies using rodent models clearly
demonstrate that maternal dietary protein supply during
pregnancy can program adverse health outcomes, such as
hypertension [3, 4], heart disease [5], and diabetes [6]. In
contrast, implications of dietary protein supply before and at
the time of conception specifically are comparatively less well
understood but also likely to elicit effects that have
ramifications on growth, metabolism, and health during
development [7].

Our awareness about the preimplantation stage of develop-
ment as a crucial window of time has been highlighted by
studies in humans undergoing assisted reproduction [8–11] and
recent studies in animal models [12, 13]. With regards to
dietary protein supply during this periconception period,
imbalances in protein supply (i.e., high or low levels) affect
fertilization [14], embryo development rates [15, 16], and
embryo quality [7, 17]. The supply of high levels of protein or
urea periconception increases reproductive tract ammonium
levels [17, 18], allowing inferences to be drawn from studies
investigating ammonium exposure during embryo development
that show reduced blastocyst cell numbers and increased
apoptosis [19]. The developing fetus and placenta also are
influenced by periconception dietary protein supply, including
a reduction in pregnancy rates [15], altered fetal development
and abnormalities [15, 20, 21], reduced placental weight and
size [7, 22], and altered imprinted gene expression in fetal
tissue [15, 23]. Although evidence to date implicates a low-
protein diet (LPD) in rodents with perturbed embryo, fetal, and
offspring development, comparatively less work has focused
on the consequences of a high-protein diet (HPD) similar to
that consumed in popular weight-loss programs [24]. Thus, the
link between imbalanced dietary protein levels and impaired
development are clear, but the mechanisms contributing to this
remain to be elucidated.

During the early stages of development, the embryo
undergoes dynamic changes in its metabolic requirements as
its mitochondria evolve and mature in both structure and
function to facilitate cellular homeostasis. As a consequence,
the preimplantation-stage embryo is susceptible to changes in
the environment, including nutrient supply. Optimal oocyte and
embryo metabolism contributes to embryo quality and
subsequent development postimplantation [25], and when
mitochondrial function is inhibited in the embryo directly,
poor fetal outcomes result [26]. Furthermore, studies in
numerous species have linked mitochondrial parameters, such
as number, distribution, and membrane potential, with embryo
competence [27–30]. The present study examined periconcep-
tion maternal dietary protein supply and hypothesized that
altered mitochondrial structure and metabolic function mea-
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sured in 2-cell embryos from these females contribute to
perturbations in embryo development and, potentially, could
disrupt subsequent fetal and offspring development and health,
as described by others [7, 20, 31].

MATERIALS AND METHODS

Animals and Dietary Intervention

From 5 wk of age, outbred female Swiss mice (Laboratory Animal
Services) were fed one of three diets for 3–4 wk before oocyte or embryo
collection, with the same length of dietary exposure across all diets for any one
measure. The diets were formulated to supply 7% total fat, 4.7% crude fiber,
and between 15.5 and 16.5 MJ/kg of digestible energy. The protein
concentration was 21.7% for the HPD, 12.7% for the medium-protein diet
(MPD; control), and 8.4% for the LPD (Agro-Nutritional Research Laboratory),
achieved by altering the dietary composition of wheat starch and casein (Table
1), similar to the Southampton-style diet [32]. The semipure diets were
manufactured by Specialty Feeds and were sterilized by gamma radiation. All
experimental procedures were conducted in accordance with the National
Research Council publication Guide for Care and Use of Laboratory Animals
and were approved by the University of Adelaide Animal Ethics Committee.
All animals were housed in groups, and the number of animals housed together
was kept constant for each diet.

Physiological Data Collection

Body weight was recorded for individual females at the commencement of
the experiment and then weekly thereafter until the completion of the feeding
period (n¼ 22–23 females/diet). Following euthanasia by cervical dislocation,
the liver, ovary, pancreas, and fat (retroperitoneal and peritoneal deposits) were
dissected from these mice and the weights recorded. From this cohort, weekly
feed intake was determined over a 3-wk period for four groups of mice (n¼ 3
females) per diet using metabolism cages to enable the measurement of residual
feed for group-housed females, and no difference was found in the amount of
feed consumed for groups on each diet (data not shown). Blood samples also
were taken from these mice via suborbital bleeding, and plasma metabolites
were measured using enzymatic calorimetry and a COBAS Mira automated
sample system for the measurement of glucose, free fatty acids (FFA), and
triglycerides (TG), using the assay kits, as described previously [33].

Media Composition

The media used for embryo culture were G1.2 and G2.2 sequential medium
(Vitrolife), and G-MOPS was used as a collection and handling medium [34].
All other chemicals were from Sigma unless specified otherwise.

Ovulation Rate

Following the dietary intervention for 3–4 wk, female Swiss outbred mice
(age, 8–9 wk) were treated via intraperitoneal injection with 5 IU of equine
chorionic gonadotropin (eCG; Folligon; Intervet) and, 44 h later, with 5 IU of
human chorionic gonadotropin (hCG; Pregnyl; Organon). Ovulated cumulus-
oocyte complexes (COCs) were retrieved 15 h after hCG administration from
the oviduct by cutting it in close proximity to the COC mass, releasing the
COCs into G-MOPS medium (n¼7–8 females/diet). The number of COCs was
counted for each female; this number included any COCs remaining in the
oviduct, which was determined by examining the flattened oviduct on a
microscope slide under a dissecting microscope.

Embryo Collection

Embryos were collected from female mice following dietary intervention
for 3–4 weeks. Females were treated via intraperitoneal injection with 5 IU of
eCG and, 48 h later, with 5 IU of hCG. Following the intraperitoneal injection
of hCG, female mice were housed with males (CBA/C57BL6 F1 hybrid strain)
overnight, and mating was confirmed the following morning by the presence of
a vaginal plug. Embryos at the 2-cell stage were flushed from the oviduct of
mated female mice 43 h post-hCG injection and were collected separately for
each individual in G-MOPS medium. Subsequently, the retrieved 2-cell
embryos underwent mitochondria or metabolic analysis or were cultured to the
blastocyst stage (discussed later).

Embryos also were collected at the blastocyst stage of development to
measure the number of trophectoderm (TE) and inner cell mass (ICM) cells at
90 h post-hCG injection by flushing from the uterine horns in G-MOPS

medium. Blastocysts for each individual female were kept separate (n ¼ 3–4
females/diet).

Embryo Culture and Assessment of Embryo Morphology

Two-cell embryos collected from the oviduct were cultured to the blastocyst
stage in G1.2 and G2.2 sequential medium with 5% added human serum
albumin (Vitrolife) for 24 h and 48 h, respectively (n¼ 9–19 females/diet). All
embryo culture media were equilibrated at 378C in 6% CO
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for at least 4 h before embryo culture, which was conducted in 20-ll drops
under mineral oil. Embryo morphology was assessed at 66 and 90 h post-hCG
injection (24 and 48 h after the commencement of culture) using a phase-
contrast microscope. Embryos were classified using the following criteria: two
to eight cells, morula (compact structure), blastocyst (blastocoele cavity
comprises less than three quarters of the embryo), expanded blastocyst, and
hatching blastocyst (clear herniation of the zona pellucida).

Differential Staining Procedure for Blastocyst-
Stage Embryos

Blastocyst-stage embryos, collected in vivo, were assessed using a
differential staining protocol adapted from that described by Gardner et al.
[35] to determine the allocation of cells to the TE and ICM. Briefly, the zona
pellucida was removed by incubating blastocysts in 0.5% pronase, followed by
incubation in 10 mM picricsulfonic acid (TNBS) at 48C for 10 min. Embryos
were transferred to 0.1 mg/ml of anti-dinitrophenyl-bovine serum albumin for
10 min at 378C and then placed into 10 lg/ml of propidium iodide in guinea pig
serum for 5 min at 378C. Blastocysts were then stained in 6 lg/ml of
bisbenzimide in ethanol overnight and washed in 100% ethanol before
mounting in glycerol on a microscope slide the following day. Stained
blastocysts were visualized using a fluorescent microscope under a ultraviolet
filter, allowing TE (appearing pink) and ICM (appearing blue) cell nuclei to be
counted independently.

Fluorescent Staining of Mitochondria in 2-Cell Embryos

Fluorescent ionophores (Molecular Probes) were used to examine the
mitochondria in the in vivo-derived, 2-cell mouse embryos from females fed
one of the three experimental diets.

Mitochondrial membrane potential (MMP) was determined using the
mitochondrial stain 5,50,6,60-tetrachloro-1,10,3,30-tetraethylbenzimidazolyl-car-
bocynanine iodide (JC-1) [29]. Embryos from three to four females per diet (n
¼ 16–27 embryos/diet) were stained with 1.5 mM JC-1 for 15 min at 378C in
the dark. They were washed in G-MOPS medium (containing no protein or
phenol red) before immediate imaging using a confocal microscope (Nikon C1
Confocal Scanning Head, Nikon TE2000E).

The distribution of active mitochondria and the mitochondrial calcium
levels were determined simultaneously in embryos by dual labeling with
MitoTracker Green FM and Rhod 2AM, respectively (n¼ 31–36 embryos/diet)
[36, 37]. Embryos from four to six females per diet were coincubated with 100
nM MitoTracker Green FM and 5 lM Rhod 2AM for 15 min at 378C in the
dark. They were washed in G-MOPS medium (containing no protein or phenol
red) before immediate imaging using a confocal microscope (Nikon C1
Confocal Scanning Head, Nikon TE2000E).

Assessment and Quantification of Fluorescent Images

All images were analyzed using the Adobe Photoshop Pro software
package (Version 13; Adobe Systems, Inc.) and a method adapted from that
described by Barnett et al. [38]. The spatial organization and function of
mitochondria in the embryo is related to metabolic and ionic regulation and to
embryo competence, so it was examined in the following way [30, 39]. For
analysis of MMP, the staining intensity (pixel intensity) was determined in four
different regions (regions 1–4) within three different areas (areas 1–3) of each

TABLE 1. Nutritional values for the major constituents of the high-
(HPD), medium- (MPD), and low- (LPD) protein experimental diets.

Diet
Protein

(%)
Energy
(MJ/kg)

Casein
(g/kg)

Sucrose
(g/kg)

Wheat
starch
(g/kg)

Methionine
(%)

Threonine
(%)

HPD 21.7 16.5 258 100 347 1.0 1.0
MPD 12.7 15.8 145 100 459 0.7 0.6
LPD 8.4 15.5 93 100 510 0.5 0.4
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of the cells of the 2-cell embryos, as depicted in Figure 1. The average
membrane potential in each of the three areas was expressed as a ratio of red
intensity to mean green pixel intensity for each area. For analysis of
mitochondrial distribution and mitochondrial calcium levels, fluorescent pixel
intensity for each dye in four different regions (regions 1–4) in two different
areas (area 1, cortex; area 3, adjacent to the nucleus) was determined, averaged,
and expressed as a mean fluorescence intensity in the two areas.

ATP and ADP Production by 2-Cell Embryos

Production of ATP and ADP by individual 2-cell mouse embryos was
determined using a method described by Leese et al. [40]. Briefly, 2-cell
embryos from three to four females per diet (n ¼ 12–17 embryos/diet) were
recovered 43 h post-hCG administration and placed in warm G-MOPS
medium. Individual embryos were placed into 20-nl drops of G-MOPS
containing 1 mg/ml of Ficoll under mineral oil. Immediately after, 4 nl of 3 M
perchloric acid were added to each drop and incubated at 378C for 10 min in the
dark. Finally, 16 nl of ice-cold potassium sulfate were added to each drop to
complete the deproteinization extraction process. Each drop was analyzed to
determine ATP and ADP concentration using coupled reactions catalyzed by
hexokinase and glucose-6-phosphate dehydrogenase and by lactate dehydro-
genase and pyruvate kinase, respectively (Roche Diagnostics) [40]. Data are
expressed as picomoles per embryo.

Pyruvate Uptake by 2-Cell Embryos

Pyruvate metabolism was determined using a quantitative microfluor-
escence assay [41]. Individual embryos from thee to four females per diet were
placed in 200-nl drop of G-MOPS under oil and incubated at 378C for 4 h (n¼

25–33 embryos/diet). After 4 h, embryos were removed from the drops, and the
media were analyzed using assay cocktails based on the enzymatic conversion
of pyruvate and NADH by lactate dehydrogenase (Roche Diagnostics) to
lactate and NAD to determine the concentration of pyruvate. Data are expressed
as the uptake of pyruvate in picomoles per embryo per hour.

Reactive Oxygen Species Production by 2-Cell Embryos

The level of reactive oxygen species (ROS) was determined using a 20,70-
dichlorodihydrofluorescein diacetate (DCDHFDA) fluorescent assay as
described previously by Nasr-Esfahani et al. [42]. Embryos from three females
per diet (n¼ 8–19 embryos/diet) were stained for 30 min in 1 lM DCDHFDA
(dissolved in dimethyl sulfoxide and stored under nitrogen), then washed in G-
MOPS, and the level of 20,70-dichlorofluorescein (DCF) was measured using
fluorescence spectroscopy. The level of cellular uptake and hydrolysis of the
dye was controlled for by incubating two or three embryos from each diet with
5(and 6)carboxyl 20,70-dichlorodihydrofluorescein diacetate (CDCFDA) for 20
min and then measuring the level of fluorescence of 5(and 6)carboxy-20,70-
dichlorofluorescein (CDCF) using fluorescence spectroscopy. The relative
fluorescence for each embryo was then determined comparative to that of the
control embryos for the corresponding diet and expressed as mean fluorescence
units.

Mitochondrial Transition Pore Opening in 2-Cell Embryos

Opening of the mitochondrial transition pore (mPTP) was monitored by
analyzing the change in Rhod 2AM staining intensity in 2-cell embryos
following exposure to increasing doses of Ca2þ. Embryos were incubated with
5 lM of the fluorescent stain Rhod 2AM for 15 min in G-MOPS medium,
minus calcium, and then washed. They were mounted in this medium in groups
of five on a glass-bottomed Fluoro dish FD35 (World Precision Instruments,
Inc.) and were imaged using a confocal microscope (Nikon C1 Confocal
Scanning Head, Nikon TE2000E), with the gain settings maintained constant
for all subsequent imaging. Immediately following this, embryos were
incubated for 5 min with 75 lM of the calcium ionophore A23187 (Sigma)
to permeabilize the plasma membrane to extracellular calcium Ca2þ [39], and
then in the same field of view, embryos were imaged. Next, embryos were
sequentially dosed with increasing concentrations of Ca2þ, as determined in
preliminary experiments in embryos (data not shown) and described for isolated
mitochondria [43]. The equivalent of 30, 60, and 90 nM Ca2þ was supplied at
2-min intervals, and the embryos were imaged after each addition. All images
were analyzed using the Adobe Photoshop Pro software package. The
fluorescent pixel intensity for the Rhod 2AM dye was determined in four
different regions (regions 1–4) of the cortex for each cell of each embryo and
then averaged, and expressed as a mean fluorescence intensity for each embryo.
Two replicate experiments of n � 5 embryos per diet were analyzed (n ¼ 4
females/diet).

To ensure that the change in fluorescent staining was related to mPTP
opening, control embryos were incubated with the Rhod 2AM dye as described
and then imaged. Subsequently, embryos were incubated with the A23187
ionophore and with 40 lg/ml of cyclosporin A (CsA) (Sigma) to prevent mPTP
opening [44]. Embryos were imaged following CsA exposure and at three
subsequent time points following dosage with 30, 60, and 90 nM Ca2þ. All
images were analyzed as described above.

Statistics

Data are expressed as the mean 6 SEM unless stated otherwise. Statistical
analysis was performed using a univariate general linear model in SPSS
(Version 13; SPSS, Inc.). The model used included diet as a fixed factor and
maternal identification number as a random effect. Analysis of all mitochondria
parameters (membrane potential, mitochondria distribution, and mitochondrial
calcium) and metabolic measurements (ATP, ADP, pyruvate, and ROS) were
weighted for the number of 2-cell embryos recovered per female. Differences in

FIG. 1. Template for analysis of fluorescently labeled embryos imaged
using confocal microscopy. Figure represents one of the cells of a 2-cell
embryo and is repeated for the other cell. Area 1 ¼ outer area, Area 2 ¼
intermediate area, and Area 3¼perinuclear area. Numbers 1–4 in the cell
where fluorescence readings were taken.

TABLE 2. Average body weight, and liver, ovary, fat, and pancreas weights for Swiss female mice fed a high (HPD), medium (MPD), or low (LPD) level of
dietary protein for 3–4 wk.*

Maternal diet Body weight (g) Liver (mg) Ovary (mg) Total fat (mg) Pancreas (mg)

HPD 26.5 6 0.5 1632.0 6 58.3 24.8 6 1.4b 485.7 6 48.5 197.2 6 9.0b

MPD 25.5 6 0.5 1483.3 6 59.6 19.1 6 1.4a 454.1 6 49.6 182.2 6 9.3ab

LPD 26.8 6 0.5 1629.6 6 58.3 20.5 6 1.4a 520.7 6 48.5 168.1 6 9.0a

* Data expressed as mean weight 6 SEM; n ¼ 22–23 animals per diet.
a,b Different superscripts within a column are significantly different; P , 0.05.
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mPTP opening in embryos as a consequence of diet were determined, using the
univariate model described above, at each calcium concentration.

RESULTS

Body and Tissue Weights

The average final body weight of females fed different
levels of dietary protein for three to four weeks did not differ
significantly between the three diets, nor was a difference
found in the weight of combined fat deposits from the
peritoneal and intraperitoneal area or in liver weight (Table
2). Pancreas weight was greatest in those from HPD females
relative to LPD females, but this weight did not differ from that
of the control, MPD females (Table 2). Ovary weight was
significantly greater when females consumed the HPD relative
to those consuming the MPD and the LPD (Table 2), and this
difference remained significant when body weight was taken
into account (0.92 3 10�3% vs. 0.72 3 10�3% and 0.79 3
10�3%, respectively; P , 0.05).

Plasma Analysis

Plasma concentration of TG, FFA, and glucose were
determined, because abnormal levels are associated with
insulin resistance and impaired glucose metabolism. No
significant difference was found in the concentration of any
of these metabolites in the plasma from mice fed the different
diets (TG: HPD, 2.5 6 0.24 mmol/L; MPD, 2.3 6 0.28 mmol/
L; LPD, 2.6 6 0.26 mmol/L; FFA: HPD, 2.8 6 0.16 mEq/L;
MPD, 2.9 6 0.18 mEq/L; LPD, 2.8 6 0.17 mEq/L; glucose:
HPD, 10.1 6 0.64 mmol/L; MPD, 9.1 6 0.74 mmol/L; LPD,
9.5 6 0.70 mmol/L).

Ovulation Rate, Embryo Development, and Blastocyst
Cell Counts

To determine the effect of maternal dietary protein supply
on early oocyte and embryo development, the number of COCs
ovulated and the number of 2-cell embryos recovered was
determined. No significant difference was found between diets
in the number of COCs ovulated following hCG administration
(Table 3). This trend continued following fertilization, with an
average of 12 two-cell embryos recovered per female,
irrespective of diet (Table 3). Although not statistically

significant, the number of degenerate oocytes and embryos
recovered at this time tended to be less when females
consumed the MPD relative to the HPD or LPD. No difference
was found between diets in the rate of embryo development in
culture from the in vivo-derived, 2-cell stage to the blastocyst
stage (data not shown).

When embryos were collected at the blastocyst stage, those
from the HPD females had the same total cell number but
significantly greater TE cell numbers and reduced ICM cell
numbers in comparison with embryos from MPD females.
Similarly, the number of ICM cells was reduced in embryos
from LPD females. This translates to a significant reduction in
the proportion of ICM:TE cells from 42.9% for MPD females,
versus 27.7% and 24.4% for HPD females and LPD females,
respectively (Table 3).

MMP in 2-Cell Mouse Embryos

The effect of maternal dietary intervention on the mito-
chondria of the early embryo was assessed. No difference

TABLE 3. The influence of maternal dietary protein supply on ovulation
rate, 2-cell embryo recovery, and average blastocyst cell number.

Parameter HPD MPD LPD

Ovulation rate* 27.8 6 3.05 21.3 6 2.85 24.4 6 2.85
Embryo recovery�

2-Cell embryos 12.5 6 1.83 12.9 6 2.40 11.2 6 1.68
Degenerate 6.8 6 2.24 3.4 6 2.84 8.8 6 1.91

Blastocyst cell no.z

Total cell no. 48.7 6 1.5 46.9 6 1.9 43.7 6 2.0
ICM cell no. 9.8 6 0.6c 13.7 6 0.7d 8.3 6 0.7c

TE cell no. 38.9 6 1.5b 33.2 6 1.8a 35.4 6 1.9ab

ICM/TE cell no. (%) 27.7 6 2.1c 42.9 6 2.6d 24.4 6 2.7c

* Ovulation rate determined 15 h post-hCG administration (n ¼ 7–8
females per diet); data expressed as mean number of oocytes 6 SEM.
� The number of 2-cell embryos was determined following recovery 40 h
post-hCG administration (n ¼ 9–19 females per diet); data expressed as
mean number of embryos 6 SEM.
z Blastocysts recovered 90 h post-hCG administration (n ¼ 21–31
blastocysts per diet, 3–4 females per diet); data expressed as mean cell
number or proportion of total cell number 6 SEM.
a–d Different superscripts within a row are significantly different; a,b (P ,
0.05) and c,d (P , 0.001).

FIG. 2. The effect of maternal dietary protein on mitochondrial
membrane potential in the outer, intermediate, and perinuclear regions
of the 2-cell embryo. Different lowercase letters within regions are
significantly different (P , 0.001; n ¼ 16–27 embryos/diet, n ¼ 3–4
females/diet). Membrane potential is expressed as a ratio of the average
red fluorescence (high potential) relative to average green fluorescence
(low potential) in the three areas of the embryo.

FIG. 3. The effect of maternal dietary protein supply on the distribution
of active mitochondria in the outer and perinuclear regions of the 2-cell
embryo. Different lowercase letters within areas are significantly different
(P , 0.001; n¼ 31–36 embryos/diet, n¼ 4–6 females/diet).
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between maternal diets was found in MMP of the intermediate
region or the outer region of the embryo (Fig. 2). A significant
reduction in MMP, however, was measured in the area closest
to the nucleus (perinuclear) in embryos from HPD or LPD
females relative to embryos from MPD females. Furthermore, a
decreasing gradient of MMP from the outside of the embryo
toward the nucleus was measured in embryos from HPD
females (0.73 to 0.46) and LPD females (0.64 to 0.48);
however, this MMP gradient remained relatively constant
across the whole embryo when derived from MPD females
(0.62 to 0.64) (Fig. 2).

Mitochondrial Distribution in 2-Cell Mouse Embryos

Significantly less mitochondria were found in the perinu-
clear region of embryos from LPD females relative to embryos
from MPD and HPD females (P , 0.001), and significantly
less were found in the outer region in embryos from LPD
females relative to HPD females (P , 0.001) (Fig. 3).

Mitochondrial Calcium in 2-Cell Mouse Embryos

The intensity of staining for mitochondrial calcium was
greater in the outer region of the embryo relative to those in the
perinuclear area for all dietary treatments. Within either the
outer or the perinuclear region, the levels were greater for both
the HPD and LPD embryos relative to those determined for the
control and MPD embryos (Fig. 4).

ATP and ADP Production, Pyruvate Uptake,
and Production of ROS by 2-Cell Embryos

Maternal consumption of an HPD resulted in a significant
increase of ADP levels in 2-cell embryos relative to those of
the control MPD embryos, and ATP levels tended to be greater
in LPD embryos relative to MPD embryos (P¼ 0.07) (Fig. 5).
No significant difference in pyruvate uptake was detected in 2-

FIG. 4. The effect of maternal dietary protein supply on mitochondrial
calcium levels in the outer and perinuclear regions of the 2-cell embryo.
Different lowercase letters within areas are significantly different (a,b P ,

0.001, c–e P , 0.05; n¼ 31–36 embryos/diet, n¼ 4–6 females/diet).

FIG. 5. Amount of ADP and ATP for individual in vivo-derived, 2-cell
mouse embryos from females fed different levels of dietary protein.
Different lowercase letters are significantly different (a,b P , 0.05, c,d P¼
0.07; n¼ 12–17 embryos/diet, n ¼ 3–4 females/diet).

FIG. 6. ROS production by individual 2-cell, in-vivo-derived mouse
embryos from females fed different levels of dietary protein. Different
lowercase letters are significantly different (P , 0.001; n¼ 8–19 embryos/
diet, n¼ 3 females/diet).

FIG. 7. Change in mitochondrial calcium levels in 2-cell embryos from
females fed different levels of dietary protein in response to sequential
Ca2þ exposure from 0 to 90 nM. Different superscripts within calcium
concentrations are significantly different (P , 0.05; n ¼ 11–14 embryos/
diet, n ¼ 4 females/diet). Cyclosporin A (CsA): control treatment, to
prevent mitochondrial transition pore opening.
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cell embryos collected from females fed any of three different
levels of dietary protein (HPD, 5.2 6 0.35 pmol/embryo;
MPD, 4.6 6 0.45 pmol/embryo; LPD, 5.3 6 0.60 pmol/
embryo; n ¼ 25–33 embryos/diet). To determine the levels of
oxidative stress, the levels of ROS were measured, and
significantly greater levels were found in embryos from
females fed the HPD compared to embryos from the LPD or
MPD (Fig. 6).

Mitochondrial Transition Pore Opening in 2-Cell Embryos

When embryos were placed into a medium without Ca2þ,
embryos from females fed the HPD had greater mitochondrial
calcium levels than those in the MPD and LPD embryos (Fig.
7), similar to what was observed earlier in medium with 1 mM
calcium (Fig. 4). Following incubation of embryos with the
calcium ionophore A23187 to permeabilize the phospholipid
membrane, however, embryos from the MPD and LPD females
maintained significantly higher levels of calcium compared to
those from the HPD females, which underwent a significant
decrease in mitochondrial Ca2þ levels (Fig. 7). This difference
between HPD embryos and MPD and LPD embryos in
mitochondrial calcium remained with increasing doses of
Ca2þ. The levels of calcium in MPD embryos decreased after
administration of 30 nM Ca2þ, whereas the levels of calcium in
LPD embryos decreased after 60 nM Ca2þ. The levels of
calcium for the control CsA embryos did not differ
significantly from those for the MPD embryos throughout the
experiment.

DISCUSSION

The present study investigated the influence of periconcep-
tion dietary protein supply on preimplantation embryo devel-
opment and proposed that perturbations in embryo
mitochondrial structure and metabolism are causative mecha-
nisms underpinning altered embryo development. We have
shown that changes in the mitochondria and in embryo
metabolism do, in fact, occur in response to high or low levels
of dietary protein, yet these changes are permissive of blastocyst
formation. This development, however, is perturbed, as
indicated by reduced ICM number and proportion in blastocysts
recovered from females fed LPD or HPD relative to females fed
the MPD control diet in the present study. This change in ICM
is consistent with other findings in rodents associated with
periconception diet [7, 17] and ammonium concentration in
culture [12], despite embryos having a similar morphological
appearance and development rate. Other studies have examined
these diets or ammonium levels and found altered blastocyst
gene expression and fetal development [12, 19, 20] as well as
reduced implantation and placental size [7, 16, 19, 20]. To our
knowledge, this is the first examination of mitochondrial and
metabolic changes in early mouse embryos as a consequence of
periconception dietary protein, and it is proposed that this is a
potential mechanism contributing to impaired embryo devel-
opment described here and to the adverse fetal development and
health described by others [7, 20, 31].

Diet and Mitochondrial Calcium in Embryos

Maternal HPD or LPD increased the level of mitochondrial
calcium in 2-cell embryos relative to levels measured in
embryos from control females (MPD). In general, examination
of mitochondrial calcium in oocytes and embryos has been
limited; however, intracellular calcium plays a vital role in the
completion of meiosis in the oocyte and the process of
fertilization [45]. In various cell types, the majority of

intracellular calcium is sequestered by mitochondria and
sarcoplasmic/endoplasmic reticulum, and uptake into the
mitochondria requires an electrochemical gradient [46].
Regulated accumulation of calcium in the mitochondria is
essential for control of ATP generation via oxidative
metabolism, because this stimulates various calcium-sensitive
mitochondrial dehydrogenases, which in turn promotes proton
extrusion and maintenance of the respiratory transport chain
[47, 48]. Elevated mitochondrial calcium is damaging to the
cell, however, and it has been implicated in apoptosis and
necrosis [49]. Excessive mitochondrial calcium leads to the
opening of nonselective permeability transition pores (mPTP)
located within the inner mitochondrial membrane, which
allows permeability of solutes from within the mitochondria.
Thus, the regulation of mitochondrial calcium levels is of great
importance to normal cellular functioning, and evidence in
many cell types suggests that a threshold level of calcium is
required for optimal mitochondrial functioning. Therefore, the
elevated mitochondrial calcium levels in the embryos measured
in our study relative to control (MPD) embryos may be related
to the altered development observed.

Diet and MMP in Embryos

Exposure to an HPD or LPD affected MMP in 2-cell
embryos similarly—that is, both diets reduced MMP in the
perinuclear region of the embryo relative to levels measured in
embryos from MPD females. The formation of MMP across
the inner mitochondrial membrane enables oxidative phos-
phorylation and drives the conversion of ADP to ATP via a
series of respiratory chain enzymes. The MMP, or DWm, has
been examined in a number of species at various stages of
oocyte and embryo development, and differences in the extent
of the MMP reflect variations in mitochondrial activity and
function [29, 50, 51]. In human eggs and embryos, a positive
relationship exists between MMP and embryo development on
Day 3 of culture, a negative relationship exists between MMP
and maternal age, and MMP is reduced in in vitro-aged oocytes
relative to MMP in freshly recovered oocytes [30]. Acton et al.
[50], however, report an increase in MMP in arrested mouse 2-
cell embryos and fragmented human 8-cell embryos. These
findings could be explained by the loss of metabolic regulation
that likely occurs in dying or stressed embryos, and a greater
MMP in early mouse embryos generally is correlated with
positive embryo development. Thus, the decreased MMP
reported here for mouse embryos from HPD and LPD females
suggests a reduction in the proton gradient and, therefore,
oxidative phosphorylation in the region surrounding the
nucleus. Furthermore, others have reported a reduction in
MMP in mouse oocytes that is accompanied by increased
calcium levels [39], as described in the present paper. Despite
the similarly disrupted calcium homeostasis and MMP
described for embryos from HPD and LPD females, other
parameters differed in these embryos, indicating that different
mechanisms may be responsible for the perturbation in cell
allocation in the blastocyst-stage embryo.

Perturbed Embryo Metabolism: HPD

To examine more closely the functional significance of
elevated mitochondrial calcium and reduced MMP, pyruvate
utilization and levels of ATP and ADP were measured for
individual embryos. The mouse embryo has an absolute
requirement for pyruvate during the first cleavage stage [52]
to drive the tricarboxylic acid cycle and, ultimately, to generate
ATP. Although maternal exposure to an HPD did not influence
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pyruvate uptake by the embryos, the level of ADP was
significantly increased. This has been described for mouse
oocytes, in which mitochondrial injury induced by photosen-
sitization led to structural changes in the mitochondria in the
absence of metabolic alterations, yet TE cell numbers in the
blastocyst and fetal development were compromised [53].
Altered ADP levels in the absence of changes in pyruvate
uptake are suggestive of a partial uncoupling of mitochondrial
metabolism, whereby the functioning of electron transport is
disconnected from production of ATP and the phosphorylation
of ADP to ATP via ATP synthase is disengaged from the
remaining electron-transport chain enzymes.

The level of ROS also was significantly elevated in embryos
from HPD females. The ROS arise either from the process of
lipid peroxidation or directly as a consequence of perturbed
mitochondrial function (for review, see [54]). Mitochondrial
metabolism of pyruvate generates ROS via NADH production
[55]; thus, the constant but low metabolic levels within the first
few cleavage stages minimize ROS production but enable
energy production to be sustained at levels sufficient to
maintain development [56]. Excess generation of ROS in
oocytes and embryos has been linked to reduced developmen-
tal outcomes [57], and elevated ROS has been reported for
dietary [58] and various media components during in vitro
culture [59]. Thus, the data indicate that embryos from HPD
females are under metabolic stress, with elevated ROS levels
and partial uncoupling of mitochondrial metabolism, which is
not yet translated to detectable differences in energy (pyruvate)
utilization at the 2-cell stage.

Taken together, these findings lead us to propose the
involvement of permeability transition pores (mPTP) located
within the inner mitochondrial membrane to explain the
metabolic response to an HPD. An overload of mitochondrial
calcium triggers the opening of the mPTP, releasing ions (e.g.,
calcium) from the matrix. The mPTP opening causes the inner
MMP to collapse, leading to an uncoupling of oxidative
phosphorylation and perturbed ATP synthesis [60–62]. The
production of ROS also is stimulated by mPTP opening and, in
fact, further promotes mPTP opening itself [47]. A conse-
quence of continual increases in mitochondrial calcium is
mitochondrial swelling, rupture of the outer mitochondrial
membrane, and apoptosis [63, 64]. Interestingly, an HPD has
been shown to increase the apoptotic index in mouse embryos
[17]. The different pattern of calcium staining intensity in
response to dosing with increasing concentrations of calcium
(indicative of mPTP) in the HPD embryos compared to the
MPD and LPD embryos is suggestive of a potential mechanism
for the perturbed development in these embryos. Further
examination of the extent of mPTP opening and functioning in
embryos from HPD females would enhance our understanding
of its potential role in regulating embryo development.

Perturbed Embryo Metabolism: LPD

Despite similarities in mitochondrial calcium levels and
MMP between embryos from LPD and HPD females, the
metabolic response to the different diets clearly was not the
same. LPD embryos had significantly less active mitochondria
in the perinuclear region of the embryo, in contrast to MPD
embryos. Perinuclear clustering of mitochondria has been
described during normal hamster embryo development from
the 2-cell through the 8-cell stage [65] and has been associated
with normal embryo development in the mouse [28]. This
grouping of mitochondria around the nucleus, in contrast to the
homogenous distribution described in oocytes, is indicative of
changes in energy demands, such as to supply ATP for

processes of nuclear replication during cleavage development
[65]. The decreased perinuclear localization of active mito-
chondria in LPD embryos is reminiscent of the distribution
described for hamster embryos, in which perturbed cytoplasmic
distribution was described for cultured embryos compared with
the perinuclear localization in control, in vivo-derived embryos
[66].

The production of ATP tended to be greater in LPD
embryos relative to the controls, despite the relatively reduced
MMP. Intuitively, one would expect a decrease in ATP levels,
but it has been demonstrated elsewhere that MMP and ATP
levels are independent, at least in mouse oocytes [39].
Furthermore, with the context of the apparent reduced number
of mitochondria around the nucleus, it is feasible that an overall
ramping down of metabolism has occurred in these embryos
and that ATP is not being utilized. As was described for the
HPD embryos, despite the measurable changes in mitochondria
at this stage of development, the extent to which metabolic
functions, such as pyruvate utilization, are affected may be less
readily detectable at the 2-cell stage.

In summary, the present study examined whether pericon-
ception exposure to an HPD or LPD influenced mitochondrial
metabolism in the early mouse embryo. Both diets reduced the
number of ICM cells in the blastocyst-stage embryo, and in the
2-cell embryo, MMP was reduced and mitochondrial calcium
levels increased. Embryos from HPD females had elevated
ROS levels and ADP concentration, which are indicative of
metabolic stress that likely involves the opening of mPTP and
the uncoupling of oxidative phosphorylation. Embryos from
LPD females had reduced mitochondrial clustering around the
nucleus, which is suggestive of an overall quietening of
metabolism. It may be interesting to further examine embryo
development and metabolism in response to dietary protein
supply in naturally cycling mice to eliminate any concerns
regarding the effect of superovulation regimes. Finally, studies
to independently explore the response to an HPD or LPD will
enhance our understanding of the seemingly different meta-
bolic mechanisms involved in the perturbed but permissive
development and how this influences later development.
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