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Liver condition of Holstein cows affects mitochondrial function and
fertilization ability of oocytes
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Abstract. The aim of the present study was to examine the fertilization ability and mitochondrial function of oocytes derived
from cows with or without liver damage. Oocytes were collected from the ovaries of cows with damaged livers (DL) and
those of cows with healthy livers (HL), subjected to in vitro maturation, and fertilized in vitro. A significantly high abnormal
fertilization rate was observed for oocytes from DL cows compared to oocytes from HL cows. The time to dissolve the zona
pellucida by protease before fertilization was similar between the two liver conditions, whereas after fertilization treatment
this time was shorter for DL cows than for HL cows. The percentage of oocytes with equivalent cortical granule distributions
underneath the membrane was greater for in vitro matured oocytes from HL cows, whereas an immature distribution pattern
was observed for oocytes from DL cows. In addition, a greater percentage of oocytes derived from HL cows released cortical
granules following fertilization compared with oocytes from DL cows. Mitochondrial function determined by ATP content
and membrane potential were similar at the germinal vesicle stage, but post-in vitro maturation, the oocytes derived from HL
cows showed higher values than DL cows. The mitochondrial DNA copy number in oocytes was similar between the two
liver conditions for both the germinal vesicle and post-in vitro maturation oocytes. In conclusion, liver damage induces low
fertilization, likely because of incomplete cortical granule distribution and release, and the maturation of oocytes from DL
cows contain low-functioning mitochondria compared to their HL counterparts.
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Milk production from dairy cows has increased over the past
several decades because of genetic and management improve-
ments [1]. However, the fertility of dairy cows has decreased [2, 3].
The reason for this decline is unclear, but it is thought that the rapid
increase in milk synthesis following parturition exceeds the energy
intake from food, causing body condition loss and metabolic disor-
der and resulting in liver dysfunction including fatty liver [1, 4, 5].

Although the relationship between the negative energy condition
and infertility has been reported previously [2, 6], few studies have
examined the relationship between liver damage and the low qual-
ity of bovine oocytes [7—10]. In these studies, one of the prominent
features of oocytes derived from cows with liver damage was the
high frequency of abnormal fertilization [8]; however, the molecular
mechanism underlying fertilization abnormalities are unclear. Normal
fertilization occurs through well-orchestrated events including sperm
penetration, calcium oscillation, cortical granule (CG) exocytosis, and
zona hardening. These processes are regulated by versatile enzymes
and interactions between small organelles, including the endoplasmic
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reticulum and mitochondria [11]. While accumulating evidence has
shown that mitochondrial function is crucial for successful nuclear
maturation, fertilization, and subsequent development [12—16], there
have been no reports regarding mitochondrial functions in oocytes
derived from cows with liver damage. In the present study, we ex-
amined the effect of the liver condition on the fertilization outcome,
CQG distribution, and zona hardening following fertilization as well
as the mitochondrial quality and quantity of oocytes.

Materials and Methods

Chemicals and media

All chemicals were purchased from Nacalai Tesque (Kyoto, Ja-
pan) unless otherwise stated. The media used for in vitro maturation
(IVM), in vitro fertilization (IVF), and in vitro culture (IVC) were
based on synthetic oviductal fluid (SOF) supplemented with 5 mM
taurine and 1 mM glutamine [17]. The in vitro maturation medium
was composed of SOF containing 10% fetal calf serum (FCS) (5703H,
ICN, Costa Mesa, CA, USA), 5.56 mM glucose, and essential and
non-essential amino acids (M5550 and M7145, Sigma-Aldrich, St.
Louis, MO, USA). The in vitro fertilization medium was composed
of SOF containing 5 mg/ml fatty acid-free bovine serum albumin
and 10 IU/ml heparin (Sigma-Aldrich). The in vitro culture medium
was composed of SOF containing essential and non-essential amino
acids, 1.5 mM glucose, and 1% FCS.
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Diagnosis of liver conditions and donor cow selection

The diagnosis of liver conditions and donor cow selection were
conducted as described in our previous report [7, 8]. Briefly, the liver
conditions were visually diagnosed based on the surface and sectional
appearance by onsite veterinarians at the slaughterhouse. Cows
were divided into three categories based on their liver conditions:
cows with healthy liver (HL cows), cows with partially damaged
liver, and cows with completely damaged liver (DL cows). Only HL
or DL cows were used, while cows with partially damaged livers
were not used. The diagnosis of damaged liver conditions during
the experiments included hepatorrhagia in 30.6% of samples, liver
telangiectasia in 18.5%, liver abscess in 14.1%, perihepatitis in
10.1%, cholangiohepatitis in 8.3%, fatty liver in 6.8%, puerperal
liver in 5.8%, and others in 5.8%.

Holstein cows ranging in age from 30 to 100 months were se-
lected. Cows older than > 100 months were not used because of
the effect of aging on oocytes [18-20]. To minimize the effects of
the donor’s estrous cycle, ovaries with normal morphology and a
functional corpus luteum and 1 or 2 dominant non-cystic follicles
were selected and transferred to phosphate-buffered saline (PBS)
at 30°C and taken to the laboratory within 3 h.

Oocyte collection, IVM, IVE, and IVC

Cumulus-oocyte complexes (COCs) were aspirated from the antral
follicles (3—6 mm in diameter) using an 18-gauge needle connected
to a 10-mL syringe. The COCs were cultured in a 100-pl droplet
of IVM medium (10 COCs/drop). After 21 h of IVM, COCs were
fertilized with frozen-thawed semen from a Japanese black bull as
described previously [8]. The fertilization ability of the semen has
been demonstrated in our previous reports [8, 20, 21]. After 5 h of
co-incubation with the sperm, COCs were washed three times and
cultured in 100 pl of IVC medium (10 zygotes/drop). The culture
conditions of IVM, IVF, and IVC were 38.5°C in an atmosphere of
5% CO, in air with maximum humidity.

Assessment of fertilization rate

Eighteen hours after insemination, oocytes were denuded of cu-
mulus cells by vortexing (6 min) and fixed. The ooplasmic lipid was
removed in acetic acid/ethanol (1:3) and mounted on a slide glass.
The pronuclei were counted using an inverted microscope (Olympus,
Tokyo, Japan) following orcein staining. Fertilization was classified
into three groups: normal fertilization (Norm), oocyte with two
pronuclei; polyspermic fertilization (Poly), oocyte with more than
three pronuclei; and unfertilized (Non), oocyte without a pronucleus.

Assessment of zona pellucida dissolution

Zona pellucida (ZP) dissolution was assayed based on a previous
study by Coy et al. [22] with some modifications. The ZP was col-
lected from denuded oocytes using a narrow pulled pasture pipette,
washed three times in PBS, and transferred to a 10 pl droplet of
PBS containing 0.1% pronase (a ZP/drop) (Roche Diagnostics,
Risch-Rotkreuz, Switzerland). The ZP was continuously observed
under an inverted microscope (Olympus) powered by warm plate at
38.5°C until the zona was no longer visible under the microscope.
The time required for ZP dissolution was measured.

Detection of CG distribution

CG distribution was examined as previously described [22, 23].
Denuded oocytes were fixed with PBS-0.1% polyvinylalcohol
(PVA) containing 4.0% (w/v) paraformaldehyde for 30 min at room
temperature. These oocytes were treated with PBS containing 3%
(w/v) bovine serum albumin and then treated with PBS-0.1% PVA
containing 0.1% (v/v) Triton X-100 for 5 min. Oocytes were then
incubated in PBS-0.1% PVA containing 100 mg/ml fluorescein
isothiocyanate-labeled peanut agglutinin for 30 min for staining.
Next, oocytes were mounted on slides using Vectashield (Vector
Laboratories, Burlingame, CA, USA). Fluorescent images were ac-
quired using a fluorescence microscope (BZ-8000, Keyence, Osaka,
Japan). CG distribution was classified into three groups: complete,
CGs migrated to the cortex and formed a continuous monolayer
underneath the oolemma; incomplete, CGs distributed as small ag-
gregates and single particles underneath the oolemma; and immature,
CGs diffused throughout the ooplasm (Fig. 1). After IVF treatment,
CQG distribution was classified into two groups: oocytes released CG
content with scant fluorescent in oocytes or oocytes incompletely
released CGs with strong fluorescence remaining in the oocytes.

Measurement of ATP content
ATP was measured as reported previously [18] and according to
the manufacturer’s protocol (ATP assay kit, Toyo-Ink, Tokyo, Japan).

Assessment of mitochondrial membrane potential

The mitochondrial membrane potential of oocytes was measured
using a mitochondria specific-fluorescence probe, MitoTracker Orange
CMTM Ros (M-7510; Molecular Probes, Eugene, OR, USA), ac-
cording to a previous study with some modifications [24, 25]. Briefly,
COCs were denuded and incubated for 30 min in PBS containing
0.3% (w/v) PVA and 200 nM MitoTracker Orange CMTM Ros.
After staining, the oocytes were mounted on a glass slide. Fluores-
cence images were captured using a fluorescence microscope. The
fluorescence intensity of the whole oocyte was pixel-transformed
using Image-J software (NIH, Bethesda, MD, USA).

DNA extraction and measurement of mitochondrial DNA
copy number

Mitochondrial DNA (mtDNA) copy number in the oocytes was
measured as reported previously [18, 20]. Briefly, 10 oocytes were
lysed in 6 pl lysis buffer (20 mM Tris, 0.4 mg/ml pronase K, 0.9%
Nonidet-40, and 0.9% Tween 20) at 55°C for 30 min, followed by
98°C for 5 min. The mtDNA number was then determined by real-time
polymerase chain reaction (PCR) using a Rotor-Gene 6500 real-time
rotary analyzer (Corbett Research, Sydney, NSW, Australia). The PCR
mixture (20 pl) was composed of 6 pl DNA extract, 0.5 uM of each
primer set (Bovine mitochondrial ND5; NC006853; 1.82 kb region
frombase 12,109 to base 13,929; 5'-ATTTACAGCAATATGCGCCC-3'
and 5'-AAAAGGCGTGGGTACAGATG-3'), and SsoFast EvaGreen
Supermix (Bio-Rad, Hercules, CA, USA). PCR was performed
with initial denaturation at 95°C for 5 min, followed by 40 cycles
at 95°C, 58°C, and 72°C for 30 sec at each temperature. A standard
curve was generated for each run using 10-fold serial dilutions. The
external standard was the PCR product of the corresponding gene
cloned into a vector using the Zero Blunt TOPO PCR cloning kit
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Fig. 1.

Representative images of CGs in in vitro-matured oocytes (I-111).
I; Complete distribution of CGs. II; Incomplete distribution of
CGs. III; Immature distribution of CGs.

(Invitrogen, Carlsbad, CA, USA); the sequence of the product was
confirmed before use. In all trials, the amplification efficiency was
more than 1.9.

Experimental design

Experiment 1: In experiment 1, the effect of liver conditions on
fertilization rate was examined. Twenty COCs were randomly selected
from pooled COCs derived from HL and DL cows and subjected
to IVM and IVF treatment, after which the fertilization rate was
determined. The experiment was repeated 6 times using different
oocyte series in a total of 24 DL and 24 HL cows (4 cows/replicate).

Experiment 2: The effect of liver conditions on ZP dissolution by
protease before and 12 h after [IVF treatment was examined. Twenty
COCs were randomly selected from pooled COCs derived from HL
and DL cows and the ZP was subjected to the ZP dissolution test
before and after IVF treatment. The experiment was repeated three
times with different oocyte series for a total of 9 HL and 9 DL cows
(3 cows/replicate).

Experiment 3: We examined effect of liver conditions on the CG
distribution in oocytes after both maturation and fertilization. Ap-
proximately 20 COCs were randomly selected from pooled COCs
derived from HL and DL cows and subjected to IVM. At the end
of IVM and 12 h after IVF treatment, approximately 20 and 10 oo-
cytes were randomly selected and the CG distribution was assessed,
respectively. The experiment was repeated four times with different
oocytes series for a total of 20 HL and 20 DL cows (5 cows/replicate).

Experiment 4: The effect of liver condition on the mtDNA copy
number in oocytes was examined. mtDNA copy number was compared
within cohort oocytes collected from individual cows because of the
great variation in mtDNA among donor cows [18]. Twenty COCs
were randomly collected from individual cows and divided into two
groups. Ten oocytes were used to evaluate mtDNA copy number
before or after IVM. A total of 20 HL and 20 DL cows were used.

Experiment 5: In experiment 5, we examined the effect of the liver
conditions on the mitochondrial membrane potential of immature
and matured oocytes. We measured the membrane potential of 10
oocytes before and after [IVM. The experiment was repeated 4 times
using differential ovary series. A total of 20 HL and 20 DL cows
were used (5 cows/replicate).

Experiment 6: In this experiment, we examined the effect of the
liver conditions on ATP content in immature and mature oocytes.
ATP content in the oocytes was compared within the cohort oocytes
collected from individual cows because of the great variation in ATP

among donor cows, and the ATP value obtained from five cohort
oocytes closely reflected the average ATP content of oocytes for each
donor cow [18]. COCs were collected from individual cows and
the ATP content of oocytes in germinal vesicle (GV) and post-IVM
oocytes was examined. A total of 30 HL and 50 DL cows were used.

Statistical analysis

All data were compared between HL and DL cows using Student’s
t-test. The data for the fertilization rate of oocytes included arcsine
transformed before analysis. Values less than 0.05 were considered
significantly different.

Results

Experiment 1

The fertilization rates of oocytes derived from HL or DL cows
are presented in Table 1. The rate of polyspermic fertilization was
greater for oocytes collected from the ovaries of DL cows than those
from HL cows (HL vs. DL, 21.7 + 2.7% vs. 40.8 + 1.7%, P < 0.05;
Table 1), while the rate of normal fertilization was lower for DL
cows than for HL cows (HL vs. DL, 66.7 + 1.8% vs. 49.2 = 1.7%,
P <0.05; Table 1).

Experiment 2

When the ZP collected from mature oocytes was incubated in
medium containing pronase, the time required to dissolve the ZP
was similar between the two liver conditions. In contrast, after IVF
treatment, the ZP-dissolving time was longer for oocytes derived
from HL cows than those from DL cows (HL vs. DL, 133.0 vs. 114.0
sec, P < 0.05; Table 2).

Experiment 3

CG exocytosis is vital for zona hardening following fertilization,
and the present study categorized the CG distribution of mature
oocytes into 3 categories (Fig. 1). The percentage of oocytes with
CGs densely assembled underneath the oolemma (Category 1) was
significantly higher for oocytes collected from HL cows than for
those collected from DL cows. Additionally, oocytes from HL cows
showed a significantly lower rate of incomplete CG distribution
compared to oocytes from DL cows (Table 3). After IVF treatment,
the rate of oocytes completely releasing CGs was significantly greater
for oocytes derived from HL cows than for those derived from DL
cows (HL vs. DL, 65.7 vs. 33.3%, P < 0.05; Table 3).

Experiment 4

Next, we compared the mtDNA copy number and functions in
oocytes between the two liver conditions. Mitochondrial number
determined based on mtDNA copy number was similar between the
two liver conditions in both the GV and after maturation cultures
(Table 4).

Experiment 5

The mitochondrial membrane potential determined using mem-
brane potential-dependent fluorescent dyes was similar for GV stage
oocytes between the two liver conditions, whereas the fluorescence
intensity was greater for mature oocytes from HL cows than from
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Table 1. Effect of liver conditions on fertilization rate

Liver No.of No.of Rate of fertilization * (Mean + SE) A
conditions trials  oocytes Norm Poly Non

HL 6 120 66.7+1.82 21.7+£2.7* 11.6+2.3

DL 6 120 492+1.7% 408+1.7% 10.0+2.0

A Fertilization was categorized as normal fertilization (Norm),
polyspermic fertilization (Poly), and non-fertilization (Non). a-b:
Values with different letters differ significantly (a—b; P <0.05).

Table 2. Effect of liver conditions on zona pellcida solubility

) Time required to dissolve
Liver No. of

No.of ZP (seconds, Mean + SE)
conditions trials '
Before IVF After IVF
HL 3 60 104.8 £3.1 133.0+2.52
DL 3 60 101.6+2.2 114.0+3.9°

Fig. 2. Representative images of oocytes stained with MitoTracker Orange
Values with different letters differ significantly (a—b; P <0.05). CMTM Ros A, C; Images of oocytes from HL cows (A) and DL

cows (C) stained with MitoTracker Orange CMTM Ros. B, C;
Images of oocytes collected from HL cows (B) and DL cows (D).

Table 3. Effect of liver conditions on cortical granule distribution before and after IVF

) . No. of No. of Before IVF (%, Mean + SE) No. of No. of After IVF (%, Mean + SE)
Liver conditions . .
trials oocytes Complete  Incomplete ~ Immature trials oocytes Released
HL 4 82 657+1.5% 197+£50% 14.6+48 4 33 65.7+49%?
DL 4 93 226+48° 51.7+38P 257+0.6 4 36 33.3+£48"°

Values with different letters differ significantly (a—b; P <0.05).

Table 4. Effect of liver conditions on mtDNA number in oocytes

No. of No. of mtDNA number (Mean = SE)
Liver conditions
CoOws oocytes GV After IVM culture
HL 20 400 239,962.35+17,310.43 329,238.49 +10,109.82
DL 20 400 229,493.51 +10,848.78 310,497.65 £9,712.78
Table 5. Effect of liver conditions on mitocondrial membrane potential Table 6. Effect of liver conditions on ATP content in oocytes
of oocytes
Liver No. of No. of ATP (pM, Mean + SE)
Mitocondrial memblane potential iti
Liver No.of  No.of (Fluorescence intensity, Mlzzan + SE) conditions coms ooevtes Gv After IVM culture
conditions  trials  oocytes HL 30 300 225+0.12 3.08+0.28°
ov After [VM culture DL 50 500 1.91£0.17 1.94+0.18°
+ + a
gt j 22 Bgzg N i?? }22?; N :(6)3 b Values with different letters differ significantly (a—b; P < 0.05).

Values with different letters differ significantly (a—b; P < 0.05).

DL cows (Fig. 2 and Table 5, P < 0.05). from HL cows was higher than that from DL cows after maturation

culture (HL vs. DL, 3.08 vs. 1.94 pM, Table 6).
Experiment 6

The ATP content of GV stage oocytes was similar between the
two liver conditions, whereas the ATP content in oocytes derived
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Discussion

In this study, we found that oocytes collected from donor cows
with liver damage had low fertilization abilities and low-functioning
mitochondria. CGs are derived from the Golgi complex [26]; at the
GV stage, CGs are distributed throughout oocytes, forming clusters.
The distribution of CGs changes during nuclear maturation, dur-
ing which time CGs localize under the oocyte membrane [27, 28].
Exocytosis of the CGs triggered by sperm entry-associated calcium
release from the endoplasmic reticulum changes the characteristics
of the ZP [27], an important system that prevents polyspermic
fertilization [28]. The present study showed that oocytes collected
from the ovaries of DL cows had poor CG distribution in post-IVM
oocytes and incomplete release of CGs as well as low ZP hardening
following IVF treatment. These results indicate that the abnormal
distribution and poor exocytosis resulted in a high frequency of
abnormal fertilization.

Nearly all ATP is generated in the mitochondria in oocytes [29],
and ATP content in oocytes is higher during the MII stage than the GV
stage, indicating that high ATP content is a prerequisite for successful
oocyte maturation [10, 18, 30]. In the present study, we compared
mitochondrial function by measuring ATP content and membrane
potential between the two liver conditions. The values were found to
be similar between the two liver conditions in GV stage oocytes, but
at the end of the maturation periods, oocytes derived from DL cows
showed lower ATP content and mitochondrial membrane potential
compared with oocytes derived from HL cows. Energy consumption
was enhanced after GV breakdown [31], suggesting that defects in
the mitochondria of oocytes derived from DL cows emerge during
the period when active mitochondrial respiration is required. CG
distribution is a marker of oocyte cytoplasmic maturation, and
the distribution pattern is reportedly regulated by microfilaments
whose polymerization depends on ATP [28, 32, 33]; this suggests
that low ATP content during oocyte maturation prevents proper CG
migration. In addition, we previously showed that the timing of GV
breakdown was delayed in oocytes derived from DL cows, whereas
the final maturation rates were similar in oocytes from HL and DL
cows [7, 8]. Thus, the short duration of nuclear maturation may limit
the proper distribution of CGs.

Reynier et al. [34] reported that oocytes with poor fertilization
ability contained low numbers of mitochondria. Wai et al. [15]
reported that a minimum threshold (50000 copy) is required for
fertilization and that the number of mitochondria does not affect the
fertilization outcome. In the present study, the mtDNA copy numbers
between the two liver conditions were similar in both the GV and
after maturation cultures. Mitochondria that are closely associated
with the endoplasmic reticulum play a role in calcium release and
uptake, and high ATP levels are required for proper calcium oscilla-
tion [11, 35]. Furthermore, high mitochondrial membrane potential
is closely related to proper CG release [36]. Based on previous
studies and the present results, low ATP and fluorescent intensity of
the MitoTracker dye in oocytes of DL cows was not attributed to the
low mitochondrial quantity but to the low quality of mitochondria.
The low mitochondrial functions of oocytes from DL cows likely
reduced the fertilization outcome.

In the present study, causal factors for mitochondrial dysfunction

in oocytes derived from DL cows remain unclear. The liver is an
important organ with versatile functions, including energy homeo-
stasis and providing endocrinal factors. In our previous study, we
characterized the differences between serum and follicular fluid (FF)
under two liver conditions. The concentrations of several factors
including lactate dehydrogenase, calcium, inorganic phosphorus,
and albumin in the serum differ between the two liver conditions
[8, 9]. Additionally, the characteristics of FF are closely related to
that of the serum, and the FF of DL cows contained significantly
lower concentrations of growth factors and albumin and higher total
protein than that of HL cows [9]. We reported that the addition of FF
collected from DL cows to IVM medium reduced oocyte development
[9], but the fertilization outcome was comparatively high. The pres-
ent study and our previous study [8] showed that culturing oocytes
in IVM medium containing FCS increased the rate of abnormal
fertilization of oocytes derived from DL cows compared with those
from HL cows. Furthermore, oocytes collected from HL cows were
divided into two groups and cultured in medium containing 10% of
FF collected from HL or DL cows (Supplementary Table 1: online
only). Mitochondrial functions in post-IVM oocytes determined by
measuring mitochondrial membrane potentials and ATP content were
similar between the two follicular origins. This suggests that some
beneficial factors contained in the FF may mask the adverse effects
of liver damage on the fertilization ability of oocytes, or defects
stemming from liver damage had already accumulated in oocytes and
granulosa cells before the onset of nuclear maturation. In agreement
with this finding, we previously reported that oocytes collected from
early antral follicles of DL cows showed low developmental ability
compared with those from HL cows [8].

However, further studies are needed to clarify the molecular
background underlying liver damage associated with mitochondrial
dysfunction and abnormal fertilization.

In conclusion, oocytes derived from cows with liver damage
contained low numbers of functional mitochondria, increasing the
abnormal fertilization of oocytes because of the incomplete distribu-
tion and release of CGs.
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