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Abstract
Purpose We tested whether mitochondrial electron transport
chain electron carrier coenzyme Q10 (CoQ10) increases ATP
during bovine IVM and increases %M2 oocytes, mitochon-
drial polarization/mass, and Oct4, and decreases pAMPK and
oocyte death.
Methods Bovine oocytes were aspirated from ovaries and cul-
tured in IVMmedia for 24 h with 0, 20, 40, or 60 μMCoQ10.
Oocytes were assayed for ATP by luciferase-based lumines-
cence. Oocyte micrographs were quantitated for Oct4,
pAMPK (i.e., activity), polarization by JC1 staining, and mi-
tochondrial mass by MitoTracker Green staining.
Results CoQ10 at 40 μM was optimal. Oocytes at 40 μM
enabled 1.9-fold more ATP than 0 μM CoQ10. There was
4.3-fold less oocyte death, 1.7-foldmoremitochondrial charge
polarization, and 3.1-fold more mitochondrial mass at 40 μM
than at 0 μMCoQ10. Increased ATP was associated with 2.2-
fold lower AMPK thr172P activation and 2.1-fold higher nu-
clear Oct4 stemness/potency protein at 40 μM than at 0 μM

CoQ10. CoQ10 is hydrophobic, and at all doses, 50%was lost
frommedia into oil by ~ 12 h. Replenishing CoQ10 at 12 h did
not significantly diminish dead oocytes.
Conclusions The data suggest that CoQ10 improves mito-
chondrial function in IVM where unwanted stress, higher
AMPK activity, and Oct4 potency loss are induced.
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Introduction

Oocytes from stressed or older females require enhanced mi-
tochondrial function to provide sufficient energy [1]. Adaptive
stress responses enable in vitro maturation (IVM) of oocytes
and in embryo culture. In vitro fertilization/assisted reproduc-
tive technologies (IVF/ART) protocols such as media [2] or
pipetting [3] stress oocytes and embryos, and this would hy-
pothetically benefit if energy through ATP were created more
efficiently during these protocols. In Henry Leese’s Bquiet^
embryo hypothesis, stress leads to increased metabolic activ-
ity which at high stress exposures overwhelms adaptive stress
mechanisms and becomes maladaptive [4, 5]. Our overarch-
ing hypothesis is that the means to manage stress is to regulate
the stress enzymes mediating oocyte and embryo responses,
or to increase ATP to preclude the necessity of activating
enzymes to levels which may have additional unwanted mal-
adaptive effects.

Coenzyme Q10 (CoQ10) is an essential electron carrier in
the mitochondrial electron transport chain (ETC) and has been
added in vivo or in vitro to improve mitochondrial function in
oocytes and embryos. CoQ10 has been used to improve bo-
vine IVM after heat stress [6]. Aging in human and mouse
oocytes is associated with decreased function of the CoQ10
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synthetic enzyme prenyl (decaprenyl) diphosphate synthase
(Pdss2) [7]. CoQ10 can improve quality of oocytes from older
females [7–9]. CoQ10 decreases are associated with sponta-
neous miscarriage in humans [10]. Thus, CoQ10 improves
oocyte and embryo function in vivo and in vitro and under
stress and aging, but the mechanisms improving oocyte qual-
ity are not fully understood. In the 1990s, the best IVM media
left ~ 80% of oocytes dead [11], but in two recent papers
showed that 51.1% [12] and 68.6% [13] of oocytes were alive
at the end of IVM culture. Although IVM culture has im-
proved greatly, a 30–50% loss of oocytes indicates there is
stress during culture that produces death.

AMP-activated protein kinase (AMPK) is the unique pro-
tein kinase that senses ATP/energy status and then regulates
anabolic and catabolic molecular pathways to re-balance the
ATP production and consumption equilibrium [14]. Stress in-
duces AMPK activity in oocytes, and this adaptation mediates
IVM by regulating the oocyte metabolic response while facil-
itating oocyte maturation [15, 16]. In these circumstances,
ameliorating diabetic affects may be due to replenishing de-
pleted AMPK activity into normal ranges. These reports do
not address the possibility that AMPK activity at higher levels
may be maladaptive.

But in many other circumstances, normal oocytes and em-
bryos may be overstimulated by many types of stress and this
leads to morbidity or toxicity. For example, hyperosmotic
stress induces loss of caudal-related homeodomain transcrip-
tion factor (Cdx)2 and inhibitor of differentiation (Id)2 poten-
cy factors in two-cell embryos, and AMPK activity is neces-
sary and sufficient for potency loss [17]. Cdx2 and Id2
potency/stemness loss is necessary for placental trophoblast
stem cells (TSCs) to differentiate in early mouse and human
embryos [18, 19]. Drugs such as metformin can improve ovu-
lation in polycystic ovarian syndrome (PCOS) patients, but
metformin and aspirin cause AMPK-dependent loss of Oct4
and Rex1 potency in cultured two-cell embryos and AMPK-
dependent growth rate decrease and then block of develop-
ment in culture [20]. The isoform of the Oct4 protein detected
by the C terminus antibody is the form that undergoes stress-
induced loss in two-cell embryos which has been established
as the isoform that preserves potency [21]. In an AMPK-
dependent manner, hyperosmotic stress or the diet supplement
BioResponse diindolylmethane (BR-DIM) also decreases po-
tency rapidly in the two-cell embryo and then BR-DIM slows
growth and kills the embryo slowly between the two-cell and
blastocyst stages. AMPK activation leads to phosphorylation
and decreased activity of rate-limiting anabolic enzymes such
as acetyl-CoA carboxylase (ACC) in oocytes, embryos, and
TSCs, which constitute 80% of cells in blastocysts [18, 22].
Thus, although AMPK can adapt oocytes and embryos to
stress in vivo and in vitro, abnormally high AMPK activity
may lead to potency loss and, with decreased anabolism, may
lead to toxicity.

We hypothesized that IVM creates stress and that CoQ10
improves oocyte maturation development by increasing ATP
production, decreasing AMPK activity, and thus enhancing
potency through the pluripotency-maintaining isoform of
Oct4 protein. To test this hypothesis, we cultured bovine oo-
cytes +/− several CoQ10 doses and assayed for IVM progres-
sion by morphology and mitochondrial mass polarization/
clustering. We also tested for mechanisms affected by stress
and enhanced mitochondrial function: ATP and AMPK activ-
ity levels and Oct4 potency factor levels.

Materials and methods

Materials

We obtained 1168 immature bovine oocytes from slaughter-
houses through Drs. George Smith and Joe Folger atMichigan
State University and cultured them to the early first polar body
stage to test for IVM quality. Oocytes were cultured with 0–
60μMCoQ10 and assayed by phase microscopy for fragmen-
tation and appearance first polar body. Then, oocytes were
assayed for quality of IVM assayed for pAMPK, ATP, and
potency (Oct4; C10 monoclonal sc5279, Santa Cruz
Technologies, Santa Cruz, CA) using immunofluorescence.
The oocytes were assayed for mitochondrial mass
(MitoTracker Green) and quality (polarization or clustering)
using tetraethylbenzimidazolylcarbocyanine iodide dye (JC1),
as well as mitochondrial inner membrane energy levels and
MitoTracker Green stain (MitoTracker Green from Life
Technologies, Eugene, OR).

Oocyte recovery and in vitro maturation

Briefly, ovaries obtained at a local abattoir were transported to
the laboratory in sterile saline solution. Upon return to the
laboratory, ovaries were washed in sterile saline and cumulus
oocyte complexes (COCs) were aspirated from 2- to 7-mm
visible follicles using an 18-gauge needle and 50–60 mmHg
of negative pressure [23]. After sedimentation, the COCs were
individually selected and washed three to four times in
HEPES-buffered hamster oocyte culture medium (HECM)
[114 mM NaCl, 3.2 mM KCl, 2 mM CaCl2 × 2H2O,
0.5 mM MgCl2 × 6H2O, 100 μL/mL MEM nonessential
(10×) amino acids, 17 mM sodium lactate, 0.1 mM sodium
pyruvate, 2 mMNaHCO3, 1 mMHEPES, 0.183 mM penicil-
lin-G, 3 mg/mL BSA; pH 7.3–7.4; 275 mOsm/kg)] under a
stereomicroscope; COCs with more than four compact layers
of cumulus cells and homogeneous cytoplasm were divided
into four groups according to the Coq10 concentration addi-
tive to maturation culture media (0, 20, 40, and 60 μM) and
transport in a portable incubator (Hach, Loveland, CO) from
MSU to WSU in Detroit, COCs were matured in TCM 199
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[supplemented with 0.2 mM sodium pyruvate, 5 mg/mL gen-
tamicin sulfate, 6.5 mM L-glutamine, 156 nM bovine lutein-
izing hormone (LH) (Sioux Biochemical, Sioux Center, IA),
15.6 nM bovine follicle stimulating hormone (FSH) (Sioux
Biochemical), 3.67 nM 17b-estradiol, and 10% v/v defined
FBS (HyClone, Logan, UT)] for 24 h in groups of 50 in
four-well dishes containing 400 mL of maturation medium
at 38.5 °C and 5% CO2 in air with maximum humidity.
Cumulus cells were completely removed after maturation by
hyaluronidase (0.1%) digestion and repeated pipetting and
denuded oocytes. Metaphase II oocytes were selected based
on the presence of a single polar body.

For mouth pipette preparation, mouth pipettes were pre-
pared and used as in the previous [3, 24].

For preparation of CoQ10, coenzyme Q10 (MW 863.358)
was purchased from Sigma (C9538, Sigma) and 0.00862 g
dissolved in 1 mL of DMF (N,N-dimethylformamide, MW
73.1) to produce a stock concentration of CoQ10 in DMF
which is 10 mM (8.6 mg in 1 mL DMF). Stock was used to
make fresh CoQ10 in IVMmedia at 60, 40, 20, and 0 μM.The
effects of DMF vehicle alone were checked for control at
0 μM and DMF concentration at the highest Coq10 concen-
tration (60 μm). There were no significant differences found
in oocyte metaphase II (MII) percentage after 24 h incubation
(p < 0.05, t test).

Determination of CoQ10 concentration in bovine IVM
media

A Cary 100 Bio UV-Visible spectrophotometer was used to
determine CoQ10 concentration, at 25 °C, pH 7.0.
Experiments were performed by placing a fixed amount of
RPMI media containing increasing concentrations of CoQ10
(0, 20, 40, and 60 μm) under oil and kept in a CO2 incubator.
After oil extraction, the final CoQ10 media concentrations
were determined spectrophotometrically at 0, 2, 6, 12, 18,
and 24 h of incubations using extinction coefficients (ε) of
76,714 l.M−1 cm−1 at 275 nm [25, 26]. The time zero dose
response from 0 to 60 μM for CoQ10 was in the linear range,
and thus, a standard curve was composed where concentration
measured was proportional to the input dose.

Evaluation of mitochondrial characteristics in mature
oocyte: death, clustering polarization, and MII
development

The mitochondrial membrane potential (Δψm) of oo-
cytes was measured in Denuded oocytes which were
stained with JC1 (5,5 ′,6,6 ′-tetrachloro-1,1 ′ , 3,3 ′-
tetraethyl-benzimidazoyl-carbocyanine iodide (JC1),
Life Technologies, Eugene, OR) as described previously
[27] with slight modifications. JC1 fluorescence has two
emission peaks, with red fluorescence (JC1 dimers)

indicating highly polarized mitochondria (mitochondrial
membranes with high potential) and green fluorescence
(JC1 monomers) indicating low-polarized mitochondria
(mitochondrial membranes with low potential) [27–29].
Briefly, denuded oocytes were incubated with 1 μM JC-
1 and 1 μg/mL Hoechst 33342 in Dulbecco ’s
phosphate-buffered saline (DPBS) supplemented with
10% FCS for 20 min at 38.5 °C and oocytes were then
washed three times in PBS-polyvinylpyrrolidone (PVP).
Stained oocytes were transferred to a slide glass with a
small amount of DPBS and pressed gently with a cover
slide, and examined immediately at room temperature in
a dark room to evaluate the mitochondrial activity and
nuclear stage. The distributions of JC1 dimers with red
fluorescence and monomers with green fluorescence
were detected using the red filter and green filter of
the microscope, respectively. The ratio of RITC (J-
aggregate) to FITC (J-monomer) staining was deter-
mined for each oocyte, and the average ratio was cal-
culated for each group of oocytes. Mitochondrial activ-
ity can be evaluated by the intensity of the red/green
fluorescence [13, 27, 30, 31].

Mitochondrial distribution, regardless of membrane poten-
tial, was determined by staining with MitoTracker Green dye.
Briefly, denuded oocytes from each group (0, 20, 40, and
60 μm) after 24 h in vitro maturation were collected and
stained with 200 nM MitoTracker Green dye diluted in
HEPES-TALP at 1 μg/mL Hoechst 33342 38.5 °C for
30 min. Oocytes were then washed three times in PBS with
1 mg/mL polyvinylpyrrolidone (PBS-PVP), and stained oo-
cytes were transferred to a slide glass with a small amount of
DPBS and pressed gently with a cover slide, and examined
immediately at room temperature in a dark room to evaluate
the mitochondrial distribution and nuclear stage. MitoTracker
Green dye accumulates in the membrane lipids and mitochon-
drial distribution using a Hamamatsu ORCA cooled-chip dig-
ital camera and a Leica DM IRBmicroscopewith filter sets for
DAPI, FITC, and Texas Red. Oocytes were classified into four
different mitochondrial distribution categories according to
Stojkovic and colleagues [32]. To measure the fluorescence
intensity, MitoTracker Green FM emission was assayed at
500 nm, JC1 red filter at 515 nm and green filter at 488 nm,
and Hoechst 33342 at emission of 488 nm.

Dead oocytes were classified by five criteria depending on
the morphological changes associated with oocytes after 24 h
maturation in vitro: (1) cytoplasmic opacity vs translucency,
(2) cytoplasmic shrinkage from the zona pellucida, (3) frag-
mentation, (4) coloration and distribution of colors, and (5)
disrupted zona pellucida [33, 34].

For the evaluation of nuclear maturation after 24 h IVM,
COCs were subjected to removal of the surrounding cumulus
cells and oocytes were stained with 1 μg/mL Hoechst 33342
and examined under a fluorescence microscope for nuclear
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status. Oocytes that reached metaphase II (MII) stages were
considered mature.

Immunofluorescence

Oocytes were fixed, quenched, permeabilized, and stained for
Oct4 and AMPK; counterstained for DAPI by modifying pre-
vious protocols used in mouse embryonic stem cells (ESCs);
and validated by immunoblot [35, 36] and used in mouse two-
cell embryos [20]. Briefly, oocytes were fixed in 2% parafor-
maldehyde in PBS (pH 7.4) for 30 min at room temperature,
quenched in 0.5 M glycine, and rinsed three times in PBS
containing 0.5% bovine serum albumin (PBS/BSA). After
paraformaldehyde fixation, oocytes were permeabilized for
15 min with 0.1% Triton X-100. Oct4 and AMPK thr172P
antibodies were incubated overnight at 4 °C using a mouse
monoclonal antibody against Oct4 diluted 1:100 from a
200-μg/mL stock (carboxy terminus, C10 monoclonal
sc5279, Santa Cruz Biotechnology, Inc., Santa Cruz, CA)
[37, 38] and rabbit polyclonal to AMPK thr172P diluted to
1:200 followed by anti-mouse or anti-rabbit HRP-linked anti-
body diluted 1:500. Binding of primary antibody was visual-
ized using a Texas Red-conjugated, affinity-purified, donkey
anti-rabbit IgG (Jackson ImmunoResearch Laboratories, Inc.,
West Grove, PA) [39, 40] diluted 1:500 from a 1-mg/mL
stock. Oocytes were incubated for 60min at room temperature
in the secondary antibody mixture; nuclei were counterstained
with 4′,6-diamidino-2-phenylindole and HCl (DAPI) diluted
1:1000 from a 5-mg/mL stock and mounted on glass slides.

Fluorescent antibody labeling was imaged using a
Hamamatsu ORCA cooled-chip digital camera and a Leica
DM IRB microscope with filter sets for DAPI, FITC, and
Texas Red. Oocytes were imaged at an objective magnifica-
tion of ×20 and an exposure time of 1.5 s. The Texas Red stain
intensities were quantified using Simple PCI (Hamamatsu)
imaging software and formatted using Microsoft Excel and
Adobe Photoshop 7.0. Fluorescence intensities (gray levels)
were determined for each antibody and non-immune IgG
(background) by circumscribing the nuclei. All micrographs
were exposed using the same shutter speed, and all experi-
ments were repeated at least three times. The two proteins of
interest Oct4 and AMPK thr172P antibody have previously
been used in the bovine model for both immunofluorescence
and immunoblot. Oct4 of the correct size (~ 35 kDa) is detect-
ed by immunoblot in bovine oocytes [37] using the N-
terminus antibody from Santa Cruz. The C terminus antibody
from Santa Cruz used here detects a pluripotent form of Oct4
in mouse oocytes by immunoblot and immunofluorescence,
but this tends not to be nuclear until the eight-cell stage [21].
The antibody used here detects Oct4 in bovine-induced plu-
ripotent stem cells by immunofluorescence [41]. pAMPK
ser79P of the correct size (~ 63 kDa) has been detected in
b o v i n e g r a n u l o s a c e l l s b y immu n o b l o t a n d

immunohistochemistry [39], in bovine oocytes by immuno-
fluorescence [42], and in mouse oocytes by immunoblots
[43], using the antibody used here.

Assay for bovine oocyte ATP levels

Each sample was placed in a sterile tube with 50 μL of ultra-
pure water and stored at − 80 °C until analysis. ATP was
measured in denuded oocytes at the MII stage, after in vitro
maturation. The measurement was performed using a com-
mercial assay kit based on the luciferin-luciferase reaction
(Bioluminescent Somatic Cell Assay Kit, Fl-ASC; Sigma)
following the technique described by Rieger [44] and the
manufacturer’s recommendations. Briefly, oocytes were
thawed and kept on ice. A standard curve including 10 ATP
concentrations from 0.16 to 10 pmol/25 μL in the sample
buffer was generated for each series of analyses. This concen-
tration range was linear and enabled interpolation of ATP con-
centrations for single oocytes isolated from IVM media con-
taining 0 or 40 μMCoQ10. Then, 100 μL of ice-cold somatic
cell reagent (FL-SAR reagent) was added to the oocyte solu-
tion and incubated for 5 min on ice. Next, 100 mL of diluted
ice-cold assay mix (FL-AAM reagent; 1:25 with ATP assay
mix dilution buffer, FL-AAB reagent) was added, and the
tubes were kept for an additional 5 min at room temperature
in the dark. The contents of the tubes were transferred to a 96-
well plate. ATP content in an oocyte was quantified by mea-
suring the luminescence using a luminometer (Synergy H1
Microplate Reader, Biotek, Winooski, VT). The ATP content
was calculated using the formula derived from the linear re-
gression of the standard curve.

Statistics

All experiments were replicated at least three times. Data were
subjected to SPSS version 22.0 for analysis. Least square lin-
ear regressions were used to model the concentration loss of
CoQ10 in IVMmedia. The half-lives of CoQ10 at 20, 40, and
60 μM were then calculated from the predicted regression
equations. One-way ANOVAwas used to compare the mito-
chondrial number, quality, and energy levels of the oocytes
cultured at different CoQ10 concentrations. Percentages of
dead, polarized, and clustered oocytes were transformed using
the arcsine algorithm to meet the assumptions of one-way
ANOVA. Data on mitochondrial number, ATP per oocyte,
and AMPK and OCT4 intensities were untransformed.
Following significant ANOVA, Dunnett’s post hoc tests were
performed to compare CoQ10 concentrations to the control
and Tukey’s post hoc tests were performed among all
CoQ10 concentrations. Data are presented in the form of
means ± standard error (SE). p < 0.05 indicates statistical
significance.
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Results

CoQ10 is known to be hydrophobic, and the half-life in IVM
culture media was tested first. CoQ10 at 20, 40, and 60 μM
undergoes half of the concentration loss at 11.5, 12.7, and
13.8 h, respectively (Fig. 1). This suggests that CoQ10 moves
from aqueous to oil phase or from aqueous media past the
zygote plasmalemma into the zygote by about the halfway
point of IVM culture. Confidence in the assay is assured by
input of 20, 40, and 60 μM at Tzero (time zero) creating nearly
20, 40, and 60 arbitrary units on the y-axis. Thus, the time zero
dose response from 0 to 60 μM for CoQ10 was in the linear
range, and thus, a standard curve was composed. Also, the
variation in the triplicate experiments was generally low.

Since Fig. 1 suggested that 50% of CoQ10 remained in
media at ~ 12 h, 24-h treatments were compared to replenish-
ment at 12 h (12 h + 12 h) for decreases in oocyte death at the
end of culture. CoQ10 treatment for 12 h + 12 h IVM culture
produced 3.4% dead oocytes at 40 μM, 19.4% at 60 μM,
20.0% at 20 μM, and 28.2% at 0 μM. CoQ10 treatment for
24 h of IVM culture produced 7.8% dead oocytes at 40 μM,
19.5% at 60 μM, 17.3% at 20 μM, and 24.9% at 0 μM. For
either 24 h or 12 h + 12 h culture, CoQ10 treatment at 40 μM
significantly decreased oocyte death at the end of 24 h of IVM
culture compared with 0, 20, or 60 μM CoQ10 (Fig. 2a,
ANOVA and Tukey post hoc tests, p < 0.05). Thus, where
oocyte death is significantly highest at 0 μM, death is signif-
icantly lowest at 40 μM. However, treatment with CoQ10 at
any dose for 24 h, compared with the same dose replenished at
12 h (12 h + 12 h), produced no significant difference (Fig. 2a,
ANOVA and Tukey post hoc tests, p > 0.05). Since there was
no significant differences in CoQ10 replenishment, for the
remaining culture we use a 24-h CoQ10 exposure without
replenishment in further experiments.

The standard curve for ATP was linear and very sensitive,
and thus, ATP levels from single oocytes could be interpolated
from the curve (see BMaterials and methods^ section). CoQ10
treatment at 40 μM significantly increased ATP at the end of
24 h of IVM culture compared with 0 or 60 μM (Fig. 2b,
ANOVA and Tukey post hoc tests, p < 0.05). At 40 μM
CoQ10, there was a 1.9-fold increase in ATP compared to
0 μM, suggesting that CoQ10 enables sufficient ATP to en-
able simultaneous stress response to culture conditions and
more oocyte maturation.

CoQ10 treatment for 24 h of IVM culture produced signif-
icantly higher fractions of oocytes with mitochondria polar-
ized for chargeΔψm detected by JC1. The stain was detected
eccentrically around nuclei when cultured for 24 h at 40 μM
compared with 0 and 20 μM but not significantly higher than
60 μM (Fig. 2c, ANOVA and Tukey post hoc tests, p < 0.05).

CoQ10 treatment for 24 h of IVM culture produced de-
creased clustering at 40 μM, but this was not significant as
analyzed in Fig. 2d (ANOVA and Tukey post hoc tests,

p < 0.05). This suggests that mitochondrial polarization is a
clearer morphological measure of oocyte health than cluster-
ing. An interesting finding was that oocyte health was marked
by high polarization at Coq10 with least death, and low po-
larization at highest death. But this was not evident for clus-
tering as no dose of Coq10 produced a significantly different
level of clustering. One hypothesis would be that for each
dose, % clustered + % polarized oocytes = 100%. This is
not the case as adding polarized and clustered subpopulations
together for each CoQ10 dose gives 71, 73, 93, and 80% for
the CoQ10 doses from 0 to 100%, respectively. However, if
percentage of dead oocytes is added from Fig. 2a, the total
oocytes in all three states is 98, 97, 97, and 100%, suggesting
that clustered oocytes might produce dead oocytes at the end
of the 24-h IVM, but that all oocyte states in polarized, clus-
tered, and dead oocytes (from Fig. 2a, c, d) together constitut-
ed nearly the whole population of oocytes.

CoQ10 treatment at 40 μM for 24 h of IVM culture pro-
duced a small but significant increase, from 79.4 to 93.8% in
the fraction of MII oocytes compared with 0 μMCoQ10 (Fig.
2e, ANOVA and Tukey post hoc tests, p < 0.05).

CoQ10 treatment for 24 h of IVM culture produced 3.1-
fold increase inMitoTracker Green (MitoGreen) mitochondri-
al stain at 40 μM CoQ10 compared with 0 μM. All CoQ10
levels increased the total MitoGreen staining significantly
compared with 0 μM (Fig. 2f, ANOVA and Tukey post hoc
tests, p < 0.05). Compared with JC1 eccentric staining in po-
larized oocytes, MitoGreen staining was relatively evenly dis-
tributed. This suggests that mitochondria may be more highly
charged in the proximity of polarized nuclei, but that the mi-
tochondrial population as a whole is not polarized.

CoQ10 treatment for 24 h of IVM culture produced 7.2
arbitrary units of pAMPK thr172P in oocytes at 40 μM,
13.8 units in oocytes at 60 μM, 11.9 units at 20 μM, and

Fig. 1 Half-life of CoQ10 in aqueous oocyte ICM media is ~ 12 h.
Microdrops of oocyte IVM media were incubated under tested
nonembryotoxic oil with 0, 20, 40, and 60 μM CoQ10 and tested
spectrophotometrically at the indicated times for residual CoQ10.The
biological experiment was repeated three times using 244 oocytes. A
linear regression was done for each CoQ10 concentration and compared
with starting concentration; the half concentration (shown in micromolars
on the regression line) loss was calculated for time (shown in hours near
the x-axis)
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18.3 units at 0 μM. CoQ10 treatment at 40 μM significantly
decreased oocyte pAMPK thr172P at the end of 24 h of IVM
culture compared with 0, 20, or 60 μM CoQ10 (Fig. 2g,
ANOVA and Tukey post hoc tests, p < 0.05). Thus, where
ATP is significantly the highest at 40 μM, levels of activated
AMPK are the lowest.

CoQ10 treatment at 40 μM significantly increases nuclear
Oct4 at the end of 24 h of IVM culture compared with 0 or
60 μM (Fig. 2h, ANOVA and Tukey post hoc tests, p < 0.05).
At 40 μMCoQ10, there was a 1.9-fold increase in Oct4 com-
pared to 0 μM, suggesting that CoQ10 enables sufficient ATP
to enable simultaneous low levels of pAMPK and high levels
of Oct4.

Discussion

Here, we show that 40 μM CoQ10 is optimal for suppressing
bovine oocyte death during IVM, and that this is associated
with high levels of Oct4 pluripotency factor protein, mito-
chondrialΔψm charge nuclear polarization, and development

to MII, which are also marks of healthy oocyte development.
For the first time, we show that compared with 0 μMCoQ10,
40 μM also sustains the highest ATP levels (Fig. 3) and in-
creases mitochondrial mass, and with this, it is the lowest
activity of AMPK which is activated by low ATP and com-
mensurate high AMP. Novel for this report is the analysis of
loss of potency in oocytes during IVM stress. But potency loss
occurs in an AMPK-dependent manner which occurs due to
hyperosmotic stress, AMPK agonist drugs, and diet supple-
ments in two-cell embryos, blastocysts ESCs, iPSCs, and
TSCs [17, 22, 35, 36, 45–49]. Oct4 is known to regulate
potency, metabolism, and stress responses and is needed to
regulate transcription of a large number of genes before, and
in preparation for, the stress response [18]. Significantly, the
form of Oct4 regulated by IVM stress and upregulated by
optimal CoQ10 here and in mouse two-cell embryos [20],
blastocysts [50], and ESCs [36, 51] is the pluripotency-
maintaining isoform identified by the C terminal-specific an-
tibody to Oct4 [21]. It is known that potency loss in ESCs and
TSCs enables differentiation, but defining the outcomes me-
diated by decreases in Oct4 in oocytes and in two-cell embryo
requires further study.
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The causes of culture stress are multifactorial and include
suboptimal oxygen, buffer components, nutritional compo-
nents, and insufficient fluid movement to deliver nutrients
and remove waste. In the study of seven media created over
30 years of research on preimplantation embryos, the most
recently developedmedia produce about 2-fold less stress than
the historical oldest media [2]. However, stage-matched, cul-
tured blastocysts had ~ 50% higher stress levels than blasto-
cysts ex vivo. The stress of oocyte isolation and IVM culture
leads to approximately 25% oocyte death after 24 h culture
without CoQ10. Although genetic and epigenetic damage is
thought to be a major cause of decrease in oocyte quality [52],
in studies here oocyte loss was largely reversible with in-
creased ATP. Thus, culture stress arises from many stimuli
but are higher than oocytes and embryos in vivo. What stress
is the target of CoQ10? Specifically, mitochondrial efficiency
and rate of ATP production is the CoQ10 target. In general, all
stresses require ATP to return to cellular homeostasis. Then
the oocyte (or stem cell) can return to approximate its normal
developmental program and that program’s ATP require-
ments. If there is more nutrition and/or higher mitochondrial
efficiency via CoQ10, then the normal developmental trajec-
tory is more closely met. If not normal, development is
deficient.

ATP and mitochondria mass increase during normal oocyte
maturation. Although immature, mitochondria in bovine and
human oocytes can produce ATP and ATP increases during
oocyte maturation in vivo in abattoir-derived bovine oocytes
[32, 33, 53] like those studied here. Developmental compe-
tence is marked by higher ATP and lower competence with
lower ATP. Lower mitochondrial activity and ATP production
are associated with poor embryogenesis, and higher activity
and production are associated with enhanced progression to
blastocyst stage after fertilization [32, 54–56]. Thus, the find-
ings here suggest that CoQ10 at 40 μM improves ATP in
oocytes, but should also lead to improved embryogenesis after
fertilization.

Other groups have used many additives to IVM media to
improve it. Spindle complex quality and MII oocyte fraction
are a measure of oocyte readiness for fertilization [57].
Midk ines improved MII f rom 78 to 86% [58] ,
lysophosphatidic acid from 65 to 79% [59], and optimal levels
of cAMP modulator from 79 to 92% [60]. Thus, the improve-
ment here from 79 to 94% is in high baseline and improve-
ment range compared with previous reports.

In a previous study of summer heat stress effects on bovine
oocytes, a dosimetric analysis of CoQ10 effects was tested
only during embryo culture [6]. Only one dose at 50 μM

�Fig. 2 a CoQ10 treatment during 24-h IVM culture produces most ATP/oocyte at 40 μM. Oocytes were isolated by aspiration derived from slaugh-
terhouse, incubated with indicated concentrations of CoQ10 for 24 h, and assayed by ATP luminescence assay. The biological experiment was repeated
three times using 144 oocytes, error bars show s.e.m., and significance was analyzed by ANOVA followed by Tukey post hoc test. a Significant
difference of 40μMCoQ10 compared to 0 or 60 μMCoQ10 (p < 0.05). bCoQ10 treatment during 24 h IVM culture produces the smallest, 4.5% oocyte
death at 40 μM with significantly higher oocyte death at 20, 60, and 0 μM CoQ10. Oocytes were isolated by aspiration derived from slaughterhouse,
incubatedwith indicated concentrations of CoQ10 for 24 h, andmicrographed and assayed for death bymorphological means. The biological experiment
was repeated four times using 241 oocytes, error bars show s.e.m., and significance was analyzed by ANOVA followed by Tukey post hoc test. a
Significant difference of 40 μM CoQ10 compared with 0, 20, or 60 μM (p < 0.05). c CoQ10 treatment during 24 h IVM culture produces the highest
fraction of oocytes with polarized mitochondria at 40 μM compared with oocytes at 20 and 0 μM CoQ10. Oocytes were isolated by aspiration derived
from slaughterhouse, incubated with indicated concentrations of CoQ10 for 24 h, stained using JC1 mitochondrial charge dye, and micrographed and
assayed bymorphological means. a Micrographs of clustered and polarized bovine oocytes after JC1 staining for mitochondrial charge; top pair is green,
low-charge stain and bottom pair is red, high-charge stain near nucleus;Δψm. b The biological experiment was repeated four times using 241 oocytes,
error bars show s.e.m., and significance was analyzed by ANOVA followed by Tukey post hoc test. a Significant difference of 40 μMCoQ10 compared
with 0 and 20 μM (p < 0.05). White bar shows 25 μM. d CoQ10 treatment during 24 h IVM culture produces the lowest fraction of oocytes with
clustered mitochondria at 40μMcompared with oocytes at other levels. Oocytes were isolated by aspiration derived from slaughterhouse, incubated with
indicated concentrations of CoQ10 for 24 h, stained using JC1 mitochondrial charge dye, and micrographed and assayed by morphological means. The
biological experiment was repeated four times using 241 oocytes, error bars show s.e.m., and significance was analyzed by ANOVA followed by Tukey
post hoc test. There were no significant differences at any CoQ10 levels (p > 0.05). eCoQ10 dose at 40μM increases the fraction of oocytes reaching the
MII stage. The biological experiment was repeated ten times using 503 oocytes, error bars show s.e.m., and significance was analyzed by ANOVA
followed by Tukey two-sided post hoc test. a Significant difference of 40 and 60 μM CoQ10 compared with 0 μM. b Significant difference of 40 and
20 μM (p < 0.05). c No significant difference between 40 and 60 μM (p > 0.05). fMitochondria are distributed mostly evenly through the oocyte and are
at higher levels at 40μMCoQ10-treated oocytes. Bovine oocytes were cultured with 0, 20, 40, or 60μMCoQ10 treatment during 24 h IVM, and stained
forMitoGreen or Hoechst and micrograph. a Representative micrographs for each treatment are shown above. b The biological experiment was repeated
three times using 189 oocytes, error bars show s.e.m., and significance was analyzed by ANOVA followed by Tukey two-sided post hoc test. a
Significant difference of 40 μM CoQ10 compared with 0, 20, or 60 μM (p < 0.05). White bar shows 25 μM. g CoQ10 treatment during 24 h IVM
culture produces the smallest, 7.1% arbitrary units of oocyte AMPK thr172P at 40 μM with significantly higher oocyte levels at 20, 60, and 0 μM
CoQ10. Oocytes were isolated by aspiration derived from slaughterhouse, incubated with indicated concentrations of CoQ10 for 24 h, fixed, perme-
abilized, developed for pAMPK thr172P and Hoechst, and micrographed. The biological experiment was repeated three times using 168 oocytes, error
bars show s.e.m., and significance was analyzed by ANOVA followed by Tukey post hoc test. a Significant difference of 40 μMCoQ10 compared with
0, 20, or 60 μM (p < 0.05). White bar shows 25 μM. h CoQ10 treatment during 24 h IVM culture produces the smallest, 2.6 arbitrary units of oocyte
Oct4 at 40 μM with significantly lower oocyte levels at 20, 60, and 0 μM CoQ10. Oocytes were isolated by aspiration derived from slaughterhouse,
incubated with indicated concentrations of CoQ10 for 24 h, fixed, permeabilized, developed for Oct4 and Hoechst, and micrographed. The biological
experiment was repeated three times using 181 oocytes, error bars show s.e.m., and significance was analyzed by ANOVA followed by Tukey post hoc
test. a Significant difference of 40 μM CoQ10 compared with 0, 20, or 60 μM (p < 0.05). White bar shows 25 μM
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was used during IVM and although CoQ10 could improve
some molecular/mitochondrial function in embryo culture at
midrange from 0 to 100 μM tested. CoQ10 at 30–50 μM
improved percentage of blastocyst from oocytes isolated in
fall. But CoQ10 did not overcome heat stress during summer
occurring before embryo culture (Fig. 3). Thus, in these stud-
ies heat stress in summer was more than CoQ10 could reme-
diate. In studies here, hypothetically stress prior to IVM may
have been less and improvement was seen in oocytes cultured
with CoQ10 during IVM.

The following hypothesis was tested here: that IVM creates
stress and that CoQ10 improves oocyte maturation develop-
ment by increasing ATP production, decreasing AMPK activ-
ity, and thus enhancing potency through the pluripotency-
maintaining isoform of Oct4 protein. Our study design is to
use oocytes from randomized healthy ovaries that are a kind
gift of a local slaughterhouse and prepared by Dr. Joe Folger
using protocols developed by Dr. George Smith at Michigan
State University. This randomizes oocytes over important

variables of bovine age, breed, and time of year of oocyte
collection (e.g., creating differences in ambient temperature
and heat stress). As mentioned above, previous studies show
that CoQ10 does not solve effects of certain existing variables
prior to treatment such as heat stress. The strength of the study
design is that it tests bovine and human IVF that uses random-
ized oocyte sources with many environmental and genetic
variables that influence the efficacy of IVM and thus the abil-
ity of CoQ10 to increase that efficacy. The weakness of this
design is that specific confounding genetic and environmental
variables may lead to ineffectiveness of CoQ10 in enhancing
IVM efficacy, and these confounding variables will need fur-
ther studies.

One key conclusion is that in a back-to-nature approach
[61], the aim of manipulations of IVF/ART is to identify,
develop measurements, confirm mechanisms to be able to
manage methods, and keep outcomes as close to time- or
stage-matched oocytes or embryos tested immediately
ex vivo. Novel measurements presented here in oocytes

Fig. 2 continued.
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enable the associations of levels of ATP, AMPK activity, and
potency/stemness which have known efficacy in later stages
of embryos where stem cells are affected causally by these
variables [18]. Interestingly in both oocytes [43, 62] and em-
bryos [63, 64], management of AMPK by agonists such as
metformin has been reported to help adapt to previous condi-
tions such as diabetic mothers [43, 62] or of four stresses of
IVM culture [15]. However, the data here and from other
studies on AMPK agonism by stress, diet supplements, or
drugs is that higher durations or magnitudes of AMPK activity
can decrease anabolism, growth, or potency/stemness with
known and unknown pathogenic consequences [17, 20, 22,
45, 47, 50, 65]. It is quite likely that the AMPK agonist does
not fit the back-to-nature goals of IVF/ART, but this also
needs to be tested against age- or stage-matched control oo-
cytes and embryos from normal mothers. However, when
possible, the use of CoQ10, by increasing the efficiency or
rate of energy production, may preclude the need to modulate
AMPK. CoQ10 may thus overcome stress prior to IVM (e.g.,
heat stress of bovine donors) or current stress (e.g., IVM cul-
ture, oocyte isolation, and handling) without concerns of the
possible toxicity due to higher possible AMPK hyper-activity
caused by agonists. CoQ10 appears to increase efficacy of
IVF/ART both in vitro and in vivo, and can improve aged

oocytes and decrease miscarriage, thus affecting gametes
and embryos [7, 66, 67].

A limitation of the study here is the lack of studies of the
consequences, and follow-up studies should test the hypothe-
sis that CoQ10 use to overcome oocyte IVM stress produces
better fertilization and blastocyst formation rates, whether or
not CoQ10 use is continued during culture from zygote to
blastocyst stage.

Another study optimized Coq10 doses in bovine embryo
culture [68]. CoQ10 doses of 0, 10, 30, and 100 μM were
tested, and 30 μm was the optimal dose with positive effects
on blastocyst formation, cell proliferation, hatching, and ATP
content cultured bovine embryos. The highest 100 μM
CoQ10 significantly reduced the blastocyst development rate
compared to 30 μM. In addition, ATP, death, and polarization
were significantly optimized for 40–60 μM compared with
100 μM. Both previous studies suggest that optimal CoQ10
doses for molecular and biological outcomes in bovine em-
bryo culture occur at midrange doses similar to those reported
for bovine oocyte IVM here.

The low percentage of dead oocytes and high polarization
at 40 μM in the studies here suggest that the potential mito-
chondriaΔψm membrane charge is a key indicator of cellular
survival; probably increasing ATP production at the polarized
location where ATP is needed. The highest charge indicated
by red polymeric JC1 stain is near the nucleus, and the highest

Fig. 3 Summary diagram shows the hypothetical mechanisms induced
by optimal dose of 40 μM CoQ10 compared with normal IVM without
CoQ10 and the hypothetical sequelae of CoQ10 treatment after IVM.
Hypothetically, isolation and culture are stressful, but the stress of IVM
culture was from Tzero to Tfinal, which creates ~ 30% oocyte death at Tfinal,
but can be ameliorated by an optimal CoQ10 dose that modulates three
pairs of markers. These markers may represent causal mechanisms
creating the best environment with the lowest oocyte death and highest
potential for continuing development after fertilization

Fig. 2 continued.
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monomeric green JC1 stain of very low charge is not near the
nucleus in the 40 μMCoQ10 treatment. In this group, there is
the highest total number of mitochondria indicated by
MitoGreen staining. But this treatment increased mitochondri-
al mass 3.1-fold indicated by MitoGreen staining, and thus,
the composite nuclear localization at the end of culture and
accumulation of mitochondrial mass during culture amplifies
the effect of localized energy production. Mitochondrial
charge also reflects the pumping of hydrogen ions across the
inner membrane during the process of electron transport and
oxidative phosphorylation, the driving force behind ATP pro-
duction [69]. But actual ATP throughput requires analysis of
respiration and use of radiolabeled phosphate to test for energy
production rate.

Previously, oocytes were classified for competence for fer-
tilization and embryogenesis bymorphology [34] and this was
cross-referenced to ATP levels in oocytes [33]. This scoring
system was used here, and these results confirm that optimal
morphology, high surviving percentage of oocytes, and lowest
subpopulation of dead oocytes at the highest ATP level are
produced by 40 μM CoQ10.

CoQ10 is highly hydrophobic, and it was found that at all
CoQ10 levels tested, ~ 50% of the mitochondrial agonist
remained in the aqueous IVM media by 12 h. The amount
of death was not significantly different when media were
replenished at 12 h with CoQ10 or oocytes remained in initial
media—despite loss of CoQ10. Lack of significant difference
could be because important CoQ10 effects occur in the first
12 h of culture and/or that sufficient CoQ10 partitions into the
oocyte/cumulus cells and sustains mitochondrial electron
transport chain at higher activity levels during the entire
24 h. In the first half of oocyte maturation, energy is needed
for increased mitochondrial mass, and in the second half or
maturation, polarized, charged mitochondrial aggregates
around the nucleus should provide energy for pronuclear for-
mation [30] and calcium release induced by fertilization [70].

Mitochondria increase greatly during normal oogenesis,
although about 10-fold more mitochondria are produced than
the oocyte requires [71]. After fertilization, this is thought to
maintain dividing cells during embryogenesis before mito-
chondrial biogenesis restarts. Mitochondrial biogenesis occurs
mostly in the first 12 h of IVM and is reported to increase
mitochondrial mass ~ 5-fold during this early part of IVM
compared with an ~ 2-fold increase during maturation
in vivo [72]. CoQ10 may increase mitochondrial mass by
increasing biogenesis or protecting existing mitochondria dur-
ing IVM stress, or both. In astrocytes, the stress of H2O2 can
decrease mitochondrial mass nearly 4-fold, but coincubation
with CoQ10 alleviates the decrease to 2-fold, thus protecting
the surviving mitochondria [73]. CoQ10 also increases mito-
chondrial mass as indicated by increases in mitochondrial
proteins porin, mitofilin, and mitochondrial biogenic tran-
scription factor peroxisome proliferator-activated receptor

gamma coactivator 1-alpha (PGC1a). MitoTracker Green
used here measures thiolated proteins of the inner matrix
[74] and thus is also a measure of mitochondrial mass but
not number. The exact effects of CoQ10 on preserving mito-
chondria and increasing mitochondrial biogenesis in oocytes
remains to be determined.

Our focus in testing our hypothesis has been on the oocyte,
and all assays were on the oocyte. However, much of the
metabolism of oocytes and effects of CoQ10 are on the cumu-
lus cells that are connected to and regulated by the oocytes
during maturation in vivo and in vitro. This is reviewed else-
where [75–79]. It is important to consider that hyaluronidase
treatment is required to isolate oocytes for assays at the end of
IVM. Hyaluronidase treatment activates AMPK thr172P (El
Shmoury and Rappolee, unpublished); however, the low var-
iations in the pAMPK assays and other assays suggest, as well
as the low pAMPK at 40 μM, that the pAMPK activation by
hyaluronidase window was avoided to obtain an activity level
dependent on CoQ10 doses.

It should be noted that some AMPKα1-null embryos are
lost after fertilization and before birth, but during culture there
is a huge loss of null embryos in the two-to-four-cell stage
[80]. This suggests that oocyte and embryo culture create
stress that requires AMPK activity for an adaptive response
during a period when AMPK is not needed as much in vivo.
Taken together, the studies on null embryos and the studies
here suggest that AMPK is needed for oocytes and embryos to
resist culture stress, but increasing ATP through CoQ10 may
preclude for AMPK agonists and possible toxicity.
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