
102
© The Author(s) 2019. Published by Oxford University Press on behalf of Society for the Study of Reproduction. All rights reserved. For permissions,

please e-mail: journals.permissions@oup.com

Biology of Reproduction, 2020, 102(1), 102–115
doi:10.1093/biolre/ioz149

Research Article
Advance Access Publication Date: 2 August 2019

Research Article

Ascorbic acid and CoQ10 ameliorate the

reproductive ability of superoxide dismutase

1-deficient female mice†

Naoki Ishii1, Takujiro Homma1, Jaeyong Lee1, Hikaru Mitsuhashi2,

Ken-ichi Yamada3,4, Naoko Kimura5, Yorihiro Yamamoto2,

and Junichi Fujii1,*

1Department of Biochemistry and Molecular Biology, Graduate School of Medical Science, Yamagata University,
Yamagata, Japan 2School of Bionics, Tokyo University of Technology, Hachioji, Japan 3Department of Bio-functional
Science, Faculty of Pharmacological Science, Kyushu University, Fukuoka, Japan 4JST, PRESTO, Kawaguchi, Japan
and 5Laboratory of Animal Reproduction, Faculty of Agricultural Sciences, Yamagata University, Tsuruoka, Japan

∗Correspondence: Department of Biochemistry and Molecular Biology, Graduate School of Medical Science,
Yamagata University, 2-2-2 Iidanishi, Yamagata 990-9585, Japan. Tel: +81-23-628-5227; Fax: +81-23-628-5230;
E-mail: jfujii@med.id.yamagata-u.ac.jp

†Grant Support: This work was supported by JSPS KAKENHI Grant-in-Aid for Scientific Research (C) (15 K08294) to JF and,
in part, by the YU-COE Program [M31–3] to TH, NK, and JF from Yamagata University.

Received 18 June 2018; Revised 7 January 2019; Accepted 30 July 2019

Abstract

Superoxide dismutase 1 suppresses oxidative stress within cells by decreasing the levels of

superoxide anions. A dysfunction of the ovary and/or an aberrant production of sex hormones are

suspected causes for infertility in superoxide dismutase 1-knockout mice. We report on attempts to

rescue the infertility in female knockout mice by providing two antioxidants, ascorbic acid and/or

coenzyme Q10, as supplements in the drinking water of the knockout mice after weaning and on an

investigation of their reproductive ability. On the first parturition, 80% of the untreated knockout

mice produced smaller litter sizes compared with wild-type mice (average 2.8 vs 7.3 pups/mouse),

and supplementing with these antioxidants failed to improve these litter sizes. However, in

the second parturition of the knockout mice, the parturition rate was increased from 18% to

44–75% as the result of the administration of antioxidants. While plasma levels of progesterone at

7.5 days of pregnancy were essentially the same between the wild-type and knockout mice and

were not changed by the supplementation of these antioxidants, sizes of corpus luteum cells,

which were smaller in the knockout mouse ovaries after the first parturition, were significantly

ameliorated in the knockout mouse with the administration of the antioxidants. Moreover, the

impaired vasculogenesis in uterus/placenta was also improved by ascorbic acid supplementation.

We thus conclude that ascorbic acid and/or coenzyme Q10 are involved in maintaining ovarian and

uterus/placenta homeostasis against insults that are augmented during pregnancy and that their

use might have positive effects in terms of improving female fertility.

Summary sentence

The results suggest that antioxidants support fertilizing ability against oxidative stress during

parturition.
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Introduction

Infertility increases in proportion to maternal aging and various
types of stress are serious problems, especially for women over the
age of 40. While multiple physiological processes and molecules are
involved in female fertility, only few connections have been identified
as its cause [1]. Reactive oxygen species (ROS) are produced not
only under pathological conditions, such as inflammation, but also
during normal physiological processes, such as steroidogenesis and
ovulation [2], and represent a potential cause for the dysfunction of
ovaries [3] and male germ cells [4]. The incidence of deletion in mito-
chondrial DNA in oocytes increases with age in women [5], which
may be associated with low energy production and triggering the
release of ROS from the mitochondrial respiratory chain. Repeated
stimulation by hormone treatment causes multiple rearrangements
in mitochondrial DNA molecules and the oxidative modification of
lipids and proteins and may be associated with ovary damage in
assisted reproductive technology [6, 7].

A variety of protective systems, including antioxidative enzymes
and low molecular weight antioxidative compounds, are produced
to suppress ROS levels and protect ovaries from oxidative damage
[8]. Decreases in antioxidative systems or a concomitant increase in
oxidative insult are associated with female infertility. Superoxide dis-
mutase (SOD) plays a central role in antioxidative systems because
it scavenges primary ROS, superoxide anions that are produced by a
one-electron donation to molecular oxygen, and results in preventing
oxidative stress at the beginning of the radical chain reaction [9].
SOD1-null sperm have fertilizing ability but show a rapid decline in
their motility in vitro [10]. Sperm competition trials have also shown
a low fertilization success [11].

In the meantime, SOD1 disruption is associated with severe
female infertility in mice [12, 13]. Based on the results showing
that the levels of serum follicle stimulating hormone and luteinizing
hormone (LH) are decreased in SOD1-null mice, Matzuk et al. [13]
have proposed that ovary dysfunction is secondary to decreased
gonadotropin levels and/or a decreased responsiveness of the ovaries
to physiological concentrations of gonadotropins. No significant
difference, however, is observed in the number of embryos in uteri at
an early embryonic stage, but lethality becomes elevated at advanced
embryonic stage in the uteri of the SOD1-null mice [12]. Impaired
luteal formation and decreased progesterone production have been
proposed as causes for the embryonic lethality in the SOD1-null
mice [14]. We also reported that embryos derived from oocytes of
SOD1-null mice show developmental arrest at the two-cell stage
under conventional culture conditions [15]. This developmental
defect in SOD1-deficient mouse embryos appears to be associated
with oxygen toxicity because, under hypoxic culture conditions (1%
atmospheric oxygen with 5% CO2), this two-cell arrest is overcome
and normal development to the blastocyst stage is observed. How-
ever, SOD1-null mice are born with Mendelian characteristics from
heterozygous female mice, and it is known that SOD1-null embryos
that had been transplanted to wild-type (WT) female mice develop
normally [14, 15], which suggests that low oxygen concentrations
in the female reproductive tract might be involved in the normal
development of the SOD1-null embryos and that the infertility is
mainly caused by a maternal abnormality.

Nutritional components or supplements with antioxidant func-
tions have been examined in attempts to rescue aging-dependent
infertility [16]. Contrary to difficulties in demonstrating the effec-
tiveness of these compounds in human beings [17], animal models,

especially genetically modified mice, can be useful. An antioxidant
N-acetyl-L-cysteine actually delays oocyte aging in mice [18], and
melatonin improves the extent of fertilization of aged mouse oocytes
[19]. Although these reports provide convincing data in favor of the
effectiveness of antioxidants against oocyte aging, direct evidence for
the involvement of antioxidants against oxidative stress-mediated
female infertility is missing.

In this study, we examined the use of ascorbic acid (AsA) as an
antioxidant because substantial decreases in the plasma levels of
AsA have been reported in the mice lacking SOD1 and/or SOD3
[20]. We also employed coenzyme Q10 (CoQ10), either singly or
in combination with AsA, because it is a promising nutrient with
antioxidant activity [21] and actually rescues age-related declines
in oocyte quality by improving the mitochondrial function in mice
[22]. Herein, we report of a partial but significant improvement
in the reproductive ability of SOD1-null mice by providing these
nutritional antioxidant factors as supplements.

Materials and methods

Experimental animals

All mice were bred in the Animal Center, Institute for Promotion
of Medical Science Research, Yamagata University. The SOD1-
knockout (KO) mice used in this study were originally established
by Matzuk et al. [13] and backcrossed with C57BL/6 N mice more
than 10 times as reported previously [23]. We bred WT mice pairs
and, separately, homozygous SOD1-KO male × heterozygous SOD1-
KO female mouse pairs in our institution. Genotypic analyses of the
mice were performed using polymerase chain reaction (PCR) with
specific primers, and WT and homozygous SOD1-KO mice were
used in this study. The animal room was maintained under specific
pathogen-free conditions at a constant temperature of 20–22 ◦C
with a 12-h alternating light–dark cycle. Animal experiments were
performed in accordance with the Declaration of Helsinki under
protocols approved by the Animal Research Committee at Yamagata
University.

In vitro fertilization

In vitro fertilization (IVF) was performed as previously reported
[15]. Cumulus cell–oocyte complexes were collected from WT and
KO female mice at 8 weeks of age, which had been superovulated
by the intraperitoneal administration of 7.5 IU of pregnant mare
serum gonadotropin (PMSG; ASKA Pharmaceutical, Tokyo, Japan),
followed by 7.5 IU of human chorionic gonadotropin (hCG; ASKA
Pharmaceutical) 48 h later. Human tubal fluid medium (HTF; Zenith
Biotech, Warrington, UK) [24] supplemented with 4 mg/mL of
bovine serum albumin (BS) was used for the IVF, and potassium
simplex optimization medium (KSOM; Zenith Biotech) [25] supple-
mented with 1 mg/mL of BSA was used for cultivating the zygotes.
For IVF, sperm from WT male mice at 8 weeks old were collected
by squeezing the cauda epididymis and then placing it into 500
ul (micro litter) HTF in a 1.5-mL microtube. The tubes were then
preincubated at 37 ◦C in a humidified atmosphere of 5% CO2 in air
for 1 h, and only swim-up sperm were collected and adjusted to final
concentrations of 5.0 × 105 sperm/mL. The cumulus cell–oocyte
complex was inseminated with sperm for 5 h. After insemination, the
embryos were transferred to new KSOM media with or without AsA
(100 μM) and cultivated for 4 days. Each culture was maintained
in 50-μL droplets of medium overlaid with mineral oil in 35-mm-
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diameter plastic culture dishes. Incubations were conducted at 37 ◦C,
5% CO2, and 95% air.

Hyperovulation and oocyte counting

Vaginal cytology was performed for determining the day of ovu-
lation. Mice were then euthanized on the morning of estrus, and
oocytes harvested from the ampulla of the oviducts were counted.
Hormone-stimulated ovulation was induced in mice, as described
previously [15]. Briefly, SOD1-KO and C57BL/6 background genetic
control (WT) female mice at 8 weeks of age were injected intraperi-
toneally with 5 IU of PMSG once. At 48 h after the PMSG admin-
istration, 5 IU of hCG was administered intraperitoneally once.
At 14 h after hCG administration, oocytes in the ampullary sites
of both fallopian tubes were collected and counted. For repeated
superovulation, PMSG/hCG injections were repeated 1–4 times to
corresponding mouse groups (n = 9–13, each group) at intervals of
7 days. The oocytes were then isolated from the ampulla of mice after
receiving the final hCG injection and counted.

Supplementation of CoQ10 and/or ascorbic acid

AsA was purchased from Wako Pure Chemical (Osaka, Japan).
Reduced form of CoQ10 (Kaneka QH) was kindly provided by
Kaneka Corp. (Tokyo, Japan). After weaning at 4 weeks of age,
AsA (1.5 g/L) and/or CoQ10 (1 g/L) that were dissolved in the
drinking water were supplemented ad lib to the KO mice. The AsA
concentrations used in this study have been reported to be sufficient
and safe to the mice that have a defect in AsA synthesis due to the
genetic ablation of Akr1a in the AsA producing pathway [26]. Based
on the preliminary data on the volume of water intake, the daily
intake of CoQ10 was calculated to be about 600 mg/kg/day, which
is an effective dose for rats and dogs [27] and a dose similar to that
has been administered to human patients (500 mg/kg/day) [28].

Measurement of ascorbic acid in plasma

15-(Naphthalen-1-ylamino)-7-aza-3,11-dioxadispiro [5.1.58.36]he-
xadecan-7-oxyl (Naph-DiPy), a fluorescent probe, was synthesized
[29] and used to measure the AsA. Fresh blood plasma was
used for the AsA assay. In a typical run, in the presence of
ethylenediaminetetraacetic acid (EDTA), a blood sample was
collected from the tail vein of the mice. After centrifugation at
900× g for 5 min at room temperature (RT), the blood plasma was
incubated with Naph-DiPy for 30 min at RT. The AsA concentration
was calculated by measuring the fluorescence at an excitation
wavelength of 310 nm and an emission wavelength of 430 nm
using a microplate reader (Varioskan Flash, Thermo Fisher Scientific,
Yokohama, Japan). The plasma AsA concentrations were calculated
from a standard curve constructed using an authentic standard
sample of AsA.

Measurement of total CoQ9 and CoQ10 in plasma

and tissues

Plasma levels of CoQ9 and CoQ10 were determined by a previously
reported method [27] with minor modifications. In a typical run,
plasma treated with 2-propanol was analyzed by high-performance
liquid chromatography (HPLC) equipped with a guard column (Type
Supelguard LCABZ, 5 Am, 33_4.6 mm i.d., Supelco, Osaka, Japan),
an analytical column (Type Supelcosil LC-8, 5 Am, 250_4.6 mm i.d.,
Supelco), a reduction column (Type RC-10-1, Irica, Kyoto, Japan),
a UV detector (210 nm), and an amperometric electrochemical
detector (ECD; Model A985, Irica). The ECD oxidation potential
was +600 mV (vs Ag/AgCl) on a glassy carbon electrode. The

mobile phase consisted of 50 mM sodium perchlorate in methanol/2-
propanol (9/1, v/v) delivered at a rate of 0.8 mL/min. The detection
limits of CoQ9 and CoQ10 are 10 and 2 fmol, respectively. The
plasma concentrations of CoQ9 and CoQ10 were calculated from
standard curves constructed using authentic CoQ10.

Measurement of plasma progesterone

Blood was collected from the tail vein of the mice at 7.5 days of
pregnancy in the presence of an excess of EDTA. After centrifugation
at 800× g for 5 min, plasma progesterone (P4) concentrations
were measured using a Progesterone ELISA kit (ADI-900-011, Enzo
Life Sciences, New York, USA) according to the manufacturer’s
instructions.

Histological analyses of ovary and placenta

Ovaries and placenta of mice after the first parturition or placenta
at 17.5 days of pregnancy were dissected and fixed in 15% buffered
formalin. After embedding in paraffin, 7-μm-thick sections of the
ovaries were prepared and then stained with hematoxylin and eosin
(H&E). Photographs of the sections were obtained using a BZ-
X700 microscope (KEYENCE, Osaka, Japan), and area occupied
by a corpus luteum cell in ovaries was measured by Image J (NIH,
Bethesda, MD). We randomly chose two corpus luteum regions
(0.2 mm × 0.3 mm) in one longitudinal section of the ovary (middle
part) from each genotypic mice (n = 4), which mostly covered all
corpus luteum regions in each section and measured the area for
more than 300 cells in each genotypic mouse.

Immunohistochemical analysis of placenta

Rehydrated placenta sections from mice at pregnancy day 17.5
were subjected to immunohistochemical (IHC) analysis. Briefly,
the tissue sections were incubated with a 3% hydrogen peroxide
solution to eliminate intrinsic peroxidase activity. The target retrieval
procedure involved immersing the tissue sections in a citrate-based
buffer solution (pH 6.0) followed by heating in an autoclave. After
rinsing, the sections were incubated for 60 min with 3% BSA in
phosphate-buffered saline (PBS) at RT, followed by incubation with
a rabbit polyclonal antibody against CD31 (Genetex, Tokyo, Japan,
GTX130274, dilution 1:200) overnight in a humidified chamber at
4 ◦C. After rinsing, the sections were sequentially treated with a
peroxidase-labeled goat anti-rabbit IgG polymer for 60 min. After
a final rinse, specific immunolabeling was visualized by placing a
chromogen, 3,3′-diaminobenzine (K1391, Dako, Tokyo, Japan) on
the tissue sections for a few minutes. Slides were counterstained
with hematoxylin. The sections were then dehydrated, mounted, and
examined via light microscopy, as described above. Dark signals
on the stained sections, corresponding to the CD31 protein, were
extracted from pictures and quantified.

Protein preparation

Ovaries were homogenized in five volumes of RIPA buffer, which
contains 50 mM Tris-HCl, pH 8.0; 150 mM NaCl; 1% Nonidet P-
40; 0.5% deoxycholate; and 0.1% SDS, supplemented with a pro-
tease inhibitor cocktail (Sigma-Aldrich Corporation, Tokyo, Japan).
After centrifugation at 15 000 rpm, the protein concentration in
the supernatant was determined using a BCA protein assay reagent
(Thermo Fisher Scientific).

Western blot analysis

The following antibodies were used: SOD1 [23], SOD2 [23],
Catalase (Calbiochem, 219010), steroidogenic acute regulatory
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Table 1. Rescue of developmentally arrested KO embryos by AsA.

Oocyte genotype and treatments Number of oocytes cultured Number of embryos (%)

Two-cell stage ≤ at day 1 Four-cell stage ≤ at day 2 Blastocyst at day 4

WT 130 112 (86.2)a,c 105 (80.8)a,c 101 (77.7)a,c

KO 148 129 (87.2) a,c 11 (7.4)b 0 (0)b

KO + AsA 161 144 (89.4)a 129 (80.1)a,c 97 (60.3)c

Embryos developed from KO or WT mouse oocytes inseminated with WT sperm were cultured under conventional conditions. After insemination in HTF media, the embryos were
transferred to new KSOM media with or without AsA (100 μM) and cultivated for 4 days. Female mice were bred under conventional conditions without AsA supplementation and used
for oocyte collection. Numbers of female mice used for oocyte collection were 8 WT mice and 13 KO mice. To avoid the impact of individual difference, oocytes from individual female
KO mouse were divided into two groups: one with and the other without AsA supplementation. So that the total number of KO female mice used for IVF was the same. We performed
one-way ANOVA followed by Tukey test. Different superscript letters within the table indicate a statistical difference (P < 0.05).

protein (StAR) (Santa Cruz, Santa Cruz, USA, sc-25806), P450Scc

(Chemicon, AB1244), 4-hydroxynonenal (HNE; Nikken Seil,
Tokyo, Japan, MHN-100), or β-actin (Santa Cruz, sc-69879).
Horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse
IgG antibodies (Santa Cruz Biotechnology) were used as the
secondary antibodies. After washing, immune reactive bands were
detected by measuring the chemiluminescence using an Immobilon
Western Chemiluminescent Horseradish Peroxidase Substrate (EMD
Millipore, Temecula, CA) on an image analyzer (ImageQuant
LAS500; GE Healthcare Life Sciences, Buckinghamshire).

Statistical analysis

Data are presented as the mean ± SEM. Statistical analyses were
performed using one-way or two-way analysis of variance (ANOVA)
followed by the Tukey–Kramer test for multiple groups or by Dun-
nett multiple comparison using the GraphPad Prism 6 software
program. A P-value of less than 0.05 was considered to be significant.

Results

Ascorbic acid rescues developmental arrest of

knockout embryos in vitro

We previously reported that the development of embryos from
the oocytes of KO mice is arrested at two-cell embryonic stage
under conventional culture conditions and is rescued by cultivation
under 1% oxygen but not by supplementation with a reducing
agent, 2-mercaptoethanol [15]. In the preliminary experiment, we
have examined the effects of AsA at 50 and 125 μM and found
improvement in the developmental efficiency, which showed about
30% embryos developed to blastocyst by 125 μM but none by
50 μM AsA in mice. We thought that 125 μM might be a little high
because the plasma level is ∼ 70 μM and hence used 100 μM for
this experiment (unpublished observation). While two-cell embryos
that were derived from KO oocytes fertilized with WT sperm rarely
develop to the four-cell stage, supplementation of 100 μM AsA
markedly stimulated the development of the embryos (Table 1).

Low fertility in young knockout mice

Because the KO mice are slightly smaller than the WT mice [23],
we suspected that sexual maturation might be delayed in the female
KO mice. To confirm this, we examined the fertility of female mice
(n = 9–10 each) at 4–6 weeks of age. After cohabitation of the female
mice with a fully matured WT male mouse in an individual cage for
1 week, fecundity was assessed by counting the number of litters in
the following 3 weeks. Regarding the WT mice, half of the female
mice were already fertile at 4 weeks and all were fertile at 5 weeks
of age (Figure 1A). On the contrary, no parturition was observed in

the KO mice at 4 weeks. Thereafter, the parturition rate increased
but litter sizes were remained less than those for the WT mice. A
follow-up survey of the pregnant female mice that finally gave birth
indicated that the weight gain of KO mice was suppressed compared
with WT mice during pregnancy and the body weights of the KO
mice were low at the time of delivery (Figure 1B). To minimize the
influence of the delay in sexual maturation and to examine the effects
of SOD1 ablation on female reproductive ability more specifically,
we started mating the female mice at 8 weeks of age in the following
experiments.

No difference in the number of ovulated oocytes by

repeated hormone treatment was observed

The experiment on natural ovulation did not show a significant
difference in the numbers of ovulated oocytes among three groups
of mice (Figure 2A). To evaluate the status of ovaries, we examined
the effects of hyperstimulation on ovulation from the WT and KO
female mice at 8 weeks of age by repeated hormone treatments (up
to four times). The drinking water for a group of the KO mice was
supplemented with AsA (1.5 g/L) after weaning at 4 weeks of age. As
results, numbers of ovulated oocytes increased compared with natu-
ral ovulation, but no significant differences were observed between
the WT and KO mice regarding the numbers of ovulated oocytes at
any of the repeated cycles of hormone treatment. Supplementation
with AsA also has no effect on the number of ovulated oocytes in the
KO mice.

Supplementation of ascorbic acid and/or CoQ10

increases the number of female KO mice capable of

the second parturition

We then conducted experiments to determine whether the adminis-
tration of antioxidants might have beneficial functions in maintain-
ing the fertility of the KO mice. Supplementation of the KO mice with
either a hydrophilic antioxidant AsA (1.5 g/L) and/or a lipophilic
antioxidant CoQ10 (1 g/L) started at 4 weeks of age, after which the
mice were cohabited with sexually matured male mice at 8 weeks of
age for another 8 weeks. After the first delivery, the newborn mice
were removed immediately, and the mating was continued. At the
first parturition, 80% of the untreated KO mice produced relatively
small litter sizes (average 2.8 pups/mouse) compared with the WT
mice (average 7.3 pups/mouse), and no substantial changes were
observed as the result of the supplementation of these antioxidants
(Figure 3A, P > 0.05 in any combination). Regarding the second
parturition, however, while only 18% of the KO mice without sup-
plementation produced offspring, 44–75% of the KO mice that had
the supplementation of AsA and/or CoQ10 produced offspring again
(Figure 3B; P = 0.0089, WT vs KO; P = 0.012, KO vs KO + QA;
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Figure 1. Changes in reproductive ability during maturation of the female mice. (A) The mean ± SEM of numbers of neonates born from each group are shown in

the top panel. The bottom graph indicates the percentage of female mice that could give parturition with actual numbers in parentheses (n = 9–10). We performed

two-way ANOVA followed by Tukey test. Different letters above the columns indicate a statistical difference (P < 0.05). (B) Changes in the body weight of the KO

and WT female mice. Day 0 indicates the delivery date. We performed two-way ANOVA followed by Tukey test. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. Mean ± SEM

(n = 10–11).
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Figure 2. Numbers of ovulated oocytes by hyperstimulation with hormone treatment. (A) Numbers of ovulated oocytes, (B) ovary weight, and (C) body weight

of the mice at natural ovulation or at the end of the indicated hormonal treatment were shown. Data are the mean ± SEM (n = 5–8 for mice with natural cycle;

n = 9–13 for mice with hormonal treatment). We performed two-way ANOVA followed by Tukey test. ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; ns, not significant. †,

vs WT control (0 cycle); ‡, vs KO control (0 cycle); §, vs KO + AsA control (0 cycle).
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P > 0.05 in other combination). Thus, these antioxidants appeared
to have a beneficial role in maintaining the reproductive ability of
the female KO mice, although there were no significant differences
in the weights of the ovaries (Figure 3C), uterus (Figure 3D), and
body (Figure 3E) of the mice after the first parturition.

An aberrant progesterone (P4) balance has been reported to be
associated with infertility in KO mice [14]. To gain insights into
the roles of the supplements in ovary function, we measured the
levels of progesterone in plasma collected from mice at 7.5 days
of pregnancy. Because the incidence of abortion was high in the
KO mice as reported [12], plasma samples from the mice that
finally completed the first parturition were subjected to an enzyme-
linked immunosorbent assay (ELISA) assay. As a result, however,
no difference was observed in progesterone production among the
mouse groups (Figure 4A), indicating that the KO mice enabling the
first parturition were in normal hormonal balance. We measured
plasma AsA and the tissue levels of CoQ in the mice at 20 weeks of
age. Although the mouse is able to biosynthesize AsA from glucose,
AsA levels were lower in both the control and CoQ groups of the
KO mice (Figure 4B). Plasma AsA concentrations were recovered in
the mice with the drinking water containing AsA (1.5 g/L). We also
measured the levels of CoQ9, which is the dominant form produced
in mice, and CoQ10, which is largely derived from the supplement, in
the plasma, ovary, liver, and kidney (Figure 4C–F and Supplementary
Figure S1). CoQ10 levels were high in the plasma, ovary, and liver but
not in the kidney of the mice that were administered CoQ10. AsA had
no effect on the CoQ levels in these tissues.

Small corpus luteum cells in ovary in postpartum

KO mice and partial amelioration by ascorbic

acid and/or CoQ10

To gain insights into the protection of ovarian function by antiox-
idants, we performed histological analyses of ovaries from the five
experimental groups of mice immediately after the first parturition.
Ovarian sections from the KO mice showed that the corpus luteum
cells in ovaries of the KO mice were smaller in size compared with
those from the WT mice (Figure 5). Supplementation with AsA
and/or CoQ10 in the KO mice increased the cellular size significantly,
implying that these antioxidants are beneficial in maintaining cellu-
lar homeostasis. We then examined the levels of major antioxidative
enzymes: SOD2 and catalase as well as SOD1, and two essential
steroidogenic proteins: the steroidogenesis acute regulatory protein
(StAR), which moves cholesterol into mitochondria, and choles-
terol side-chain cleavage enzyme P450scc, which is encoded by the
cytochrome P450 11A1 (CYP11A1) gene, in ovaries at time after
the first parturition (Figure 6). As results, no significant difference
was observed in the levels of these proteins among the groups of
the mice. We also examined the possible involvement of oxidative
stress in the female infertility by measuring the degree of protein
modification caused by HNE, a reactive lipid peroxidation product
[30]. There appeared to be large individual difference in HNE-
modified proteins in the ovaries, and no significant changes were
observed (Supplementary Figure S2). Thus, improvement in the
reproductive ability in the KO mice by the supplementation was not
supported by the oxidative stress marker.

Histological examination of placental vasculogenesis

Because the resorption rate is high in KO mice [12], we hypothesized
that a defect in placental function was involved in the infertility.
To examine this possibility, we performed histological analyses of

placenta tissue in mice after they were mated with WT male mice.
Placenta was dissected from the female mice at pregnancy day
17.5 and subjected to H&E staining (Figure 7A). Although no
extensive damage was observed in the KO placenta, the histological
appearance suggested that the vasculature in the labyrinth of the
KO placenta was less developed compared with the WT mice.
Supplementation with AsA improved the vascularization to some
extent. Moreover, immunostaining of the placental sections with an
antibody against CD31, a maker protein for vascular endothelial
cells [31], confirmed these trends (Figure 7B).

Discussion

This study was conducted to determine whether supplementation
with antioxidants, AsA and/or CoQ10, rescues the infertility in the
KO female mice and to reveal the potential target of oxidative stress
caused by a SOD1 deficiency. Supplementation with these nutritional
antioxidants resulted in a partial rescue, as evidenced by an increased
rate of offspring production at the second parturition (Figure 3B).
The improvement in the fertility rate of the female KO mice appeared
to be, at least partly, due to the protection of corpus luteum cells
(Figure 5) and uterus/placenta function (Figure 7) from injury during
pregnancy and delivery.

There are a few inconsistencies between our data and previous
reports [12–14]. The initial study on the fertility of the female KO
mice implies an insufficient response to gonadotropins as the main
cause for severe infertility [13]. Other investigators have indepen-
dently established KO mice and reported high embryonic lethality
before 10 days of pregnancy [12]. Aberrant luteal formation and
decreased progesterone production have been reported to be a poten-
tial cause afterward [14]. We found that infertility was very severe in
the KO female mice at younger ages but improved parallel with their
growth (Figure 1), which suggests that the sexual maturation of the
KO female was delayed. The litter sizes of the KO mice at 8 weeks
of age were still less than a half those of the WT mice. While we
backcrossed the KO mice more than 10 times with C57BL/6 N mice
[23], a mixed background of the 129SvJ and C57BL/6 was used by
Ho et al. [12], but in the paper by Matzuk et al. [13], this was not a
subject that was raised. Hence, we considered that differences in the
backgrounds of the mouse strains used for studies might also partly
explain these inconsistent results. Moreover, because superoxide
exerts epigenetic effects [32], it is also possible that superoxide
stimulated epigenetic changes in the years of the breeding period of
the KO mice, leading to a phenotypic difference in these mice.

Because KO mice are born with Mendelian characteristics from
heterozygous female mice, it can be rationally hypothesized that a
maternal deficit rather than embryonic one causes the infertility of
the KO mice. It has been reported that ovarian AsA concentrations
decline to 50% after LH treatment and that this level is sustained
for 8 h [33], suggesting that AsA is consumed in the metabolic
process that is stimulated by LH. When female mice are fed a diet
supplemented with a mixture of AsA and vitamin E, the percentage
of aneuploidy and diploidy is less in the supplement-fed females
compared with those with the control diet [34]. Thus, AsA appears
to improve reproductive function via the amelioration of multiple
processes.

The ovulation process itself is comparable to an inflammation-
like reaction [35] and produces ROS during normal reproductive
cycles [2]. The levels of superoxide and SOD1 change inversely
during the reproductive cycle in rats [36], suggesting that SOD1
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Figure 3. Effects of supplementation of AsA and/or CoQ10 on the reproductive ability of the KO mice. The lower and upper graphs, respectively, indicate the

percentage of female mice and their litter sizes that could result in (A) the first parturition and (B) the second parturition. Empty column and numbers in

parentheses in the lower graphs indicate the actual number of female mice used in this experiment. Another set of mouse groups were administered with

the antioxidants and cohabitated with male mice in the same way as above. After the first parturition, the weights of the (C) ovary, (D) uterus, and (E) body of

the mice were measured. All data are the mean ± SEM (n = 4–6). We performed Pearson χ2 test (A and B) or one-way ANOVA followed by Dunnett multiple

comparison to KO control (without supplements) (C—E). ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; ns, not significant. Q, KO mice administered CoQ10; A, KO mice

administered AsA; QA, KO mice administered CoQ10 and AsA.
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Figure 4. Levels of AsA, progesterone (P4), and CoQs. (A) Blood plasma were collected from 7.5-day pregnant mice and subjected to progesterone assay by

ELISA (n = 4–6). (B) After weaning, the KO mice were continued to be administered AsA (1.5 g/L) and/or CoQ10 (1 g/L) and sacrificed at 8 weeks of age (n = 3–6).

Plasma levels of AsA were measured using the fluorescent probe for AsA. Levels of CoQ10 (C, E) and CoQ9 (D, F) in plasma (C, D) and ovary (E, F) in the mice

were measured. All data are the mean ± SEM. We performed one-way ANOVA followed by Dunnett multiple comparison to KO control (without supplements).
∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; ns, not significant. Q, KO mice administered with CoQ10; A, KO mice administered with AsA; QA, KO mice administered

with CoQ10 and AsA.
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Figure 5. Atrophic changes observed after the first delivery in corpus luteum cells in ovary from KO mice and rescue by supplementation with AsA and/or CoQ10.

One ovary of each of the mice was fixed in formalin, and 7-μm sections were prepared and stained with H&E. (A) Representative images of ovaries in each

group of the mice were shown. Bar, 20 μm. (B) Area of more than 300 cells, exemplified as a circled cell with a dotted yellow line, in each genotypic mice was

measured by Image J. Mice numbers were four for each genotype. Beeswarm plots of the data together with the median line are shown. We have used the mean

cell area for each of the four mice per group and performed one-way ANOVA followed by Dunnett multiple comparison to KO control (without supplements).
∗∗∗P < 0.001; Q, KO mice administered with CoQ10; A, KO mice administered with AsA; QA, KO mice administered with CoQ10 and AsA.
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Figure 6. Levels of proteins involved in antioxidation or steroidogenesis. Ovary samples, which were obtained from the female mice described in Figure 5

and stored at −80 ◦C, were subjected to protein analyses. Three or four out of four ovaries in each group were derived from the same mice used in Figure 5.

(A) Proteins were subjected to immunoblot analyses using antibodies against SOD1, SOD2, Catalase, StAR, P450scc, and β-actin. (B) The panels depict the

quantification of the intensity of proteins and normalized to the corresponding β-actin band. Data are the mean ± SEM (n = 4). We performed one-way ANOVA

followed by Dunnett multiple comparison to KO control (without supplements). ns, not significant. Q, KO mice administered with CoQ10; A, KO mice administered

with AsA; QA, KO mice administered with CoQ10 and AsA.
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Figure 7. Impaired vasculogenesis of KO placenta and partial amelioration by AsA. (A) The 7-μm sections were prepared and stained with H&E. (B) IHC staining

of the sections was carried out using an antibody against CD31 as the primary antibody. Representative images of placenta tissue from each group of the mice

are shown. Bars, 500 μm. Quantification of the CD31-derived signal was performed on four sections from two mice in each experimental group. We performed

one-way ANOVA followed by Tukey multiple comparison. ∗∗∗P < 0.001; ns, not significant.
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has a beneficial function in suppressing the production of excessive
levels of ROS. Because we were interested in determining whether
progesterone concentrations affected the litter size of the KO mice,
we measured the hormone levels in plasma only from the mice at
7.5 days of pregnancy that finally gave the first parturition. Given
the observations reported by Noda et al. [14], KO mice with lower
progesterone production might be associated with the high rate of
embryo resorption. Consistent with this notion, impaired placental
development, notably poor labyrinth formation, was observed in the
KO mice (Figure 7). Thus, AsA supplementation did not affect the
litter size, but it might contribute to the maintenance of ovary and
uterus functions and enable the second pregnancy.
In turn, in a report that examined 483 pregnant women, low plasma
CoQ10 levels were found to be associated with the incidence of
spontaneous abortion [37]. Supplementation with CoQ10 improved
the reproductive ability of the KO mice at the second parturition,
similar to the case of supplementation with AsA (Figure 3B). The
ovary is the organ that effectively takes up CoQ10 (Figure 4E), con-
sistent with a report by Bentinger et al. [38], although some organs
such as the kidney are not, a conclusion that was confirmed in this
study (Supplementary Figure S1). CoQ10 improves mitochondrial
function and rescues age-related declines in oocyte quality in mice
[22]. Similarly, CoQ10 has been demonstrated to be effective in
treating ischemia-reperfusion injuries triggered by ovarian torsion
in rats [39]. CoQ10 levels in human follicular fluid are correlated
with oocyte maturation and embryo grade during in vitro maturation
[40]. The findings reported herein imply that the combined admin-
istration of CoQ10 with AsA may also improve clinical pregnancy
rates. A possible explanation for this is that oxidative damage by
elevated ROS causes infertility in KO mice. Consistently, HNE-
modified proteins appeared to be elevated slightly in the KO mice and
this elevation tended to be suppressed by AsA (Supplementary Figure
S2). To the contrary, however, CoQ10 did not suppress the formation
of HNE-modified proteins but rather caused an increase. Thus, at
this moment, the causal connection between SOD1 ablation and
impairments in the ovary and uterus/placenta remain unclear. A pos-
sible explanation would be the disruption of the signaling function
of superoxide [41] rather than robust oxidative modification. In this
scenario, supplemented AsA and/or CoQ10 might eliminate excessive
superoxide, leading to the normalization of the signaling pathway.

In conclusion, we employed two nutritional components with
antioxidant functions, AsA and CoQ10, and found them to be
of benefit in improving the reproductive ability of KO mice. The
administration of either supplement alone was effective in improv-
ing ovarian and uterus/placental function and that their combined
administration was even more effective, despite the absence of syn-
ergism. These antioxidants appear to improve ovarian function by
protecting against damage caused during pregnancy and parturi-
tion. Thus, these exogenous antioxidants may have protective roles
against ROS-triggered infertility in KO mice and may also exert
beneficial function in cases of infertile women.

Supplementary data

Supplementary data are available at BIOLRE online.
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