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Abstract

Purpose The fertility of women decreases with age because of factors such as an increased incidence of aneuploidies and—
possibly—decreased mitochondrial activity in oocytes. However, the relationship between maternal aging and mitochondrial
function of their embryos remains unknown. Here, we assessed the relationship between maternal age and mitochondrial
functions in their oocytes and embryos

Methods The relationships between maternal age and oxygen consumption rates (OCRs), mitochondrial DNA (mtDNA) copy
numbers, or blastocyst development was investigated using 81 embryos donated from 63 infertility couples. The developmental
rates from morulae to blastocysts were retrospectively analyzed using data of 105 patients.

Results The OCRs of morulae decreased with maternal age (+* = 0.48, P < 0.05) although there were no relationships between
maternal age and mtDNA copy number in any stages. The more oxygen consumed at the morula stage, the shorter time was
required for embryo development to the mid-stage blastocyst (7 = 0.236, P < 0.05). According to the clinical data analysis, the
developmental rate from morulae to blastocysts decreased with maternal age (P < 0.05, <37 years, 81.1%, vs. > 37 years, 64.1%).
Conclusions The data of the present study revealed that mitochondrial function at the morula stage of human embryos decreased
with their maternal age and a decrease of mitochondrial function led to slow-paced development and impaired developmental rate
from morulae to blastocysts.
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Introduction

The fertility of women decreases with age [1]. One of the main
reasons for the poor development of embryos obtained from
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older women is an increased rate of chromosomal aberrations
[2] caused by premature bivalent separation into univalents
during meiosis [3]. Additionally, a decline in mitochondrial
function in oocytes with advancing age has also been pro-
posed as a reason for poor embryo developmental competence
[4—7]. The adverse effects of maternal aging on oocyte mito-
chondria have been reported as morphological abnormalities
such as mitochondrial swelling, vacuolization and alterations
to cristae [8, 9], and a possible decrease in mitochondrial
DNA (mtDNA) copy number [10, 11]. However, the effects
of maternal aging on mitochondrial function, such as oxygen
consumption rate (OCR) in embryos, are not well understood.

It has been shown that the mitochondrial function of pre-
implantation embryos increases as their development ad-
vances toward the blastocyst stage, especially after embryonic
(zygotic) gene activation [12—15]. In mammalian cells, aden-
osine triphosphate (ATP) is mainly generated by the mito-
chondrial electron transport system. Thus, the measurement
of'the OCR of developing embryos could be used as an effec-
tive tool to assess mitochondrial function for evaluation of
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their normality and developmental potential [12—18], which
may help to evaluate embryo development potential prior to
implantation.

Here we aimed to explore the relationship between mater-
nal age and mitochondrial function of developing embryos.

Materials and methods

To assess the relationship between maternal aging and mito-
chondrial function of their embryos, vitrified—warmed cleav-
age stage embryos on day 3 (6870 h after ICSI) and blasto-
cysts on day 5 (116118 h after ICSI), donated from 53 cou-
ples, were measured for OCRs and mtDNA copy numbers
(Supplementary Fig. 1). All the embryos were received after
obtaining written informed consent.

To determine the relationship between OCRs of morulae
and their developmental competence, we assessed the time
required from morulae to the mid-stage blastocyst after the
measurement of their OCRs. Time-lapse images were cap-
tured by light-emitting diode illumination six times per hour
over 2 days using a Primovision system (Vitrolife Japan
Corporation, Tokyo, Japan) as described [19]. Embryos were
cultured individually in potassium simplex optimized medium
containing amino acids [20] (KSOMaa) and 5% (v/v) synthet-
ic serum substitute (SSS, 99193; Irvine Scientific, St. Ana,
CA, USA) at 37 °C under 5% CO,, 5% O,, and 90% N, with
high humidity. Eighteen embryos donated from 10 couples
were examined. Only embryos donated from women aged
34-36 years at OPU were used to avoid female age effects.

In a retrospective analysis of clinical data regarding devel-
opmental competence from the morula to blastocyst stages,
OPU was performed on 105 patients between February 2014
and July 2015 (Tables 1 and 2). Embryos were cultured in a
single-step medium (SAGE 1-Step™ 67010010,
CooperSurgical/Origio, Malov Denmark or Continuous
Single Culture®, 90164, Fujifilm, Tokyo, Japan). Blastocyst
morphology was evaluated at 120 and 144 h after insemina-
tion according to Gardner and Lane [21]. Blastocysts that
were scored at least 3AA, but not grade C, were regarded as
morphologically good. The developmental rates were com-
pared between two age groups of women (< 37 years vs. >
37 years).

Ovarian stimulation and insemination

Patients were subjected to controlled ovarian stimulation ac-
cording to their medical history as described [22]. Ovulation
was induced by hCG administration when at least one leading
follicle reached 18 mm in diameter. Transvaginal follicle as-
piration was carried out 36 h after the hCG injection.
Insemination was carried out by ICSI or coculture with their
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Table 1 Maternal characteristics in retrospective study
< 37 years > 37 years

No. of patient 49 56
Maternal age (years) 33.1 39
Body mass index (kg/m?) 20.3 20.6
Number of previous OPU 0.16 0.29
Stimulation protocol

Agonist 31 30

Antagonist 18 26

Current smoker 0 0

Ex-smoker 3 2
Cause of infertility

Tubal 8 7

PCO

Endometriosis 9 9

Male 11 12
Amount of FSH dose (IU)

FSH 1091 1304

HMG 880 928
Number of ova

Retrieved 18 15

Mature 16 13

Fertilized 13 10
Fertilization rate 81.3 76.9
Number of

cIVF 20 24

ICSI 29 32
Proportion of ICSI 59 57

partner’s spermatozoa for conventional in vitro fertilization
40 h after hCG administration.

OCR measurements

Embryos were frozen by vitrification [23] on days 3 or 5 after
ICSI. After warming, day 3 embryos were cultured in
KSOMaa medium at 37 °C under 5% CO,, 5% O,, and
90% N, with high humidity for 17-22 h. Day 5 blastocysts
were cultured for 8 h, and then their OCR was assessed be-
cause vitrified-warmed embryos recovered their OCR to the
same level before vitrification 8 h after warming [17].
Morulae on day 4 that reached the compaction stage from 17
to 22 h after warming were included in the analysis.
Blastocysts on day 5 that reached the expanded stage with a
tightly packed inner cell mass (ICM) and trophectoderm (TE)
consisting of cohesive epithelium were included in the analy-
sis. The OCR of samples was measured using scanning elec-
trochemical microscopy (CRAS-1.0; Clino Ltd., Miyagi,
Japan) as described [15, 17] at 37 °C under air. Briefly, each
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Table 2 Retrospective analysis of rates of development from morulae
to blastocysts

Sage CSC

< 37 years > 37 years < 37 years > 37 years
Number of patients

35% 29% 16* 29%
Number of cultured

251 207 145 186
Number of morulae

174 117 106 134
Rate (%)t 69.3" 56.5" 73.1 72.0
Number of blastocysts on day 5

135 75 92 86
Rate (%);  77.6° 64.1° 86.8° 64.2°
Number of morphologically good blastocysts on day 5

54 24 32 31
Rate (%) 31 20.5 30.2 23.1
Number of blastocysts on day 6

160 100 97 111
Rate (%)  92.2° 85.5% 91.5° 82.8°
Number of morphologically good blastocysts on day 6

65 35 42 34
Rate (%)} 374 29.9 39.6° 25.4°

Embryos were cultured in SAGE 1-Step™ medium (Sage) or Continuous
Single Culture® medium (CSC) as described in the Methods. *Embryos
obtained from 3 patients were randomly divided and cultured in two
media. TThe rate of morulae per cultured fertilized ova, {The rate of
blastocysts per morulae. *® Values with same superscripts within each
column differ (P < 0.05)

oocyte or embryo was transferred into a cone-shaped
microwell filled with 5-mL human tubal fluid (HTF) medium
buffered with 21-mM HEPES containing 2.7-mM glucose,
0.33-mM pyruvate, and 5% SSS (mHTF), where it sank to
the bottom and remained at the lowest point. A platinum
microdisk electrode was loaded with 5 mL of mHTF, and its
tip potential was maintained at — 0.6 V versus the Ag/AgCl
electrode with a potentiostat to monitor the local oxygen con-
centration. The microelectrode scanned along the z-axis from
the edge of the sample, and the OCR was calculated with
custom software based on the spherical diffusion theory
[24]. OCR was measured at three points for each embryo
and at the ICM and both TE sides of blastocysts. The mean
value was shown as its OCR read because there was no dif-
ference in the OCR value between ICM and TE sides [17].
The OCR was also measured in the presence of mitochondrial
toxins (mitotoxins) [15, 18]. Stock solutions of 1-mM carbon-
yl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP;
C2920, Merck Millipore Co., Darmstadt, Germany) and 1-M
sodium cyanide (380970, Sigma-Aldrich) were prepared in

ethanol and water, respectively. During the recording of
OCR by embryos in mHTF medium, either FCCP or cyanide
was added to give final concentrations of 1 uM and 1 mM,
respectively. Cyanide at | mM normally completely inhibits
mitochondrial cytochrome ¢ oxidase activity. The mitochon-
drial OCRs (mtOCRs) were calculated by subtracting the val-
ue obtained in the presence of cyanide from those obtained
without any mitochondrial toxins. The maximum mitochon-
drial OCRs (maxOCRs) value was calculated by subtracting
the values obtained in the presence of cyanide from those
obtained in the presence of FCCP.

Mitochondrial DNA measurements

All specimens were placed in 2-uL. DNase-free water droplet
individually immediately after OCR measurement and cryo-
preserved at — 70 °C until assay [15]. Each sample was lysed
in 4-pL aliquots of lysis buffer (20-mM Tris (# 252859,
Merck Millipore Co.), 0.4 mg/ml proteinase K (# P2308,
Merck Millipore Co.), 0.9% Nonidet P-40 (# 21-3277-2,
Merck Millipore Co.), and 0.9% Tween 20 (# P1379, Merck
Millipore Co.)) at 55 °C for 30 min, followed by heating at 95
°C for 5 min; the lysate was then diluted in DNase-free water
to a final volume of 40 puL. A 4-uL aliquot of the lysate was
added to 12.5-pL Quantifact SYBR Green master mix
(Qiagen, Venlo, Limburg, the Netherlands), 8.5-ul DNase-
free water, and 1 uM of each prime polymerase chain reaction
(PCR) amplifications were run in triplicate in a Rotorgene Q
thermal cycler (Qiagen) according to the following conditions:
95 °C for 5 min, 40 cycles of 95 °C for 5 s, and 60 °C for 10 s.
SYBR green fluorescence was measured at the end of each
cycle. The melting curve was analyzed to check the specificity
of'the PCR products. A standard curve was generated for each
run using 10fold serial dilutions representing copies of the
external standard (10% to 10° copies). The external standard
used in the present study was the PCR product of the corre-
sponding gene cloned into a vector using the Zero Blunt
TOPO PCR cloning kit (Thermo Fisher Scientific, Waltham,
MA, USA), and the product was confirmed by sequencing
before use. The primers were designed using Primer3Plus
software (http://sourceforge.net/projects/primer3/) and
targeted the NADH-ubiquinone oxidoreductase chain 1
(ND1; 126 bp region from 3485 to 3610) and ND6 gene
sequences (163 bp region from 14,407 to 14,549) of human
mitochondria (NC012920.1).

Study approval
The study was performed in accordance with Declaration of
Helsinki protocols 7™ version. Prior to inclusion in the study,

all donating couples gave their written informed consent. This
study was approved by the local ethics Institutional Review
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Board of IVF Namba Clinic, the institutional review board of
Hyogo College of Medicine, and the Japan Society of
Obstetrics and Gynecology (Registry Nos 135 and 138).

Statistics

The relationship between maternal age and mtDNA/OCRs of
embryos was assessed using Pearson’s correlation coefficient
test after the confirmation of normal distribution by a Chi-
square goodness-of-fit test. Data obtained from a retrospective
clinical analysis regarding developmental competence was
compared using Chi-square tests. P < 0.05 was considered
statistically significant.

Results

Effect of maternal age on OCRs and mtDNA copy
number

To assess the relationship between maternal age and mito-
chondrial function of their embryos, 30 morulae on day 4 after

Mitochondrial DNA (10° copy)
N

f(x) =-0.1217x + 8.3004
r2=0.5081

ICSI and 34 expanded blastocysts on day 5, donated from 24
and 29 couples, respectively, were used for study. All embry-
os used in this study were inseminated by ICSI to avoid the
contamination of mtDNA from spermatozoa attached to the
zona pellucida. Women whose infertility causes were reported
as being endometriosis, premature ovarian insufficiency, or
hormone imbalance were excluded.

The mtOCRs and maxOCRs of morulae on day 4 after
ICSI decreased with maternal age (mtOCRs, P < 0.05, * =
0.4834; maxOCRs, P < 0.05, ¥ = 0.5081, Fig. la, b).
However, there were no relationships between maternal age
and mtOCRs or maxOCRs of their blastocysts on day 5 (Fig.
1d, e). Similarly, mtDNA copy numbers in different stages of
developing embryos did not show any correlation with mater-
nal age (Fig. 1c, ).

Relationship between OCRs of morulae and their
development: do morulae with higher OCRs have
higher developmental competence?

To address this, we captured time-lapse images from the mor-
ula to blastocyst stages following the OCR measurement of
morulae without using mitotoxins. To avoid the effect of
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Fig. 1 Relationship between maternal age and mitochondrial oxygen
consumption rates (mtOCRs), maximum mitochondrial OCRs
(maxOCRs), or mitochondrial DNA (mtDNA) numbers of embryos. (a,
b) Relationships between maternal age and mtOCRs or maxOCRs of
morulae on day 4 (n = 30) and (d, e) expanded blastocysts on day 5 (n
= 34). (¢) Relationships between maternal age and mtDNA copy number
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of their morulae on day 4 (n = 28) and (f) expanded blastocysts on day 5
(n = 34) are shown. The mtOCRs and maxOCRs of morulae on day 4
after ICSI decreased with maternal age (mtOCRs, P < 0.05, 7 =0.4834;
maxOCRs, P < 0.05, #* = 0.5081) (¢, g). Only embryos inseminated by
ICSI were used to avoid contamination with mtDNA from spermatozoa
on the zona pellucida
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Fig. 2 Relationship between OCRs of morulae and duration required to
develop from morulae to mid-stage blastocysts. Morphological changes
from morulae to blastocysts following measurement of OCRs of morulae
cultured without mitotoxins were recorded every 10 min. To avoid the
effect of maternal age, 6-8-cell stage embryos on day 3 were used from
women aged 34-36 years at OPU. Eighteen embryos were donated from
10 couples. The more oxygen morulae consumed, the shorter was the
duration required for embryo development between OCR measurement
and mid-stage blastocysts ( = 0.236, P < 0.05). Mid-stage was defined
as when the blastocoel reached half the size of the blastocyst

maternal age, we used eighteen embryos at 6-8 cell stage on
day 3 donated from 10 couples among whom the woman’s
age ranged from 34.0 to 35.9 years at oocyte pick-up. At the
morula stage, the more oxygen consumed, the shorter time
was required for embryo development to the mid-stage
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blastocyst (> = 0.236, P < 0.05; Fig. 2). Mid-stage was de-
fined as when the blastocoel size reached half that of the
blastocyst.

Retrospective analysis of developmental competence
from morulae to blastocysts

To determine how maternal age might affect morphological
changes in embryos, the developmental rates to the blastocyst
stage and the rate of formation of morphologically good blas-
tocysts from morulae were compared retrospectively between
two age groups of women (< 37 years n =280 vs. > 37 years n
= 251). Retrospective analysis revealed that these develop-
ment rates on day 5 after insemination decreased significantly
with maternal age, being a blastulation rate of 81.1% in the
younger vs. 64.1% in the older group (P < 0.01), and a 30.7%
morphologically good blastocyst formation rate in the youn-
ger vs. 21.9% in the older group (P < 0.05; Fig. 3a, b). At day
6, the rates of development to the blastocyst and morpholog-
ically good blastocyst stages also significantly decreased with
maternal age, being a 92.1% blastulation rate in the younger
vs. 84.1% in the older group (P < 0.01) and a 38.2% morpho-
logically good blastocyst formation rate in the younger vs.
27.5% in the older group (P < 0.01). These embryos were
cultured in two commercially available media. The effects of
maternal age were separately assessed in each medium.
Irrespective of the culture medium, the adverse effect of ma-
ternal age was still observed in the morphologically good
blastocyst formation rate (Table 2).

Discussion

Here we found that the mitochondrial function of human mor-
ulae decreased with maternal age. Maternal age had no link
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Fig. 3 Retrospective analysis of developmental competence from
morulae to blastocysts in the clinical data set. The rates of development
from morulae to blastocysts (a) and to form morphologically good
blastocysts (b) were compared retrospectively between two maternal
age groups (< 37 years; n = 280; vs. > 37 years, n = 251).
Retrospective analysis revealed that the rates of development from
morulae to blastocysts and to morphologically good blastocysts on day

<37yo 237 yo

Day5

<37yo 237 yo

Day 6

5 after insemination decreased with maternal age. The rates of
development from morulae to blastocysts and to morphologically good
blastocysts on day 6 also decreased with maternal age. The data were for
embryos cultured in two different commercially-available media (see
Methods). Similar adverse effects of maternal age were observed in both
culture media (Supplementary Figure)
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with the copy number of mtDNA at both stages of embryo
development or mtOCRs of blastocyst stage. The mtOCRs
remain low until 8-cell stage in humans [15] and mice [14].
These data confirmed previous findings that mitochondrial
biogenesis in humans is normally activated after embryonic
gene activation at the 8-cell [15] or blastocyst stages [9, 25].
Moreover, the OCRs of human embryos rise dramatically fol-
lowing the 8-cell stage [15]. Accordingly, some degree of
mitochondrial dysfunction in human embryos along with ma-
ternal aging could emerge after the 8-cell stage. Moreover,
formation of the blastocoel cavity depends on cellular Na/K-
ATPase activity and requires high levels of ATP [26]. These
findings imply that morulae with reduced mitochondrial func-
tion might not form a blastocoel or have a delayed start as
shown in Fig. 2. Subsequently, expanded blastocysts on day
5 had high mitochondrial function irrespective of maternal age
(Fig. 1d, e) because embryos on day 4 without sufficient mi-
tochondrial function could not reach the expanded blastocyst
stage on the next day.

It has been generally believed that higher mtDNA content in
TE cells correlates with a stressed state, such as aneuploidy and
advanced maternal age [27-29]. This idea is supported by “qui-
et embryo hypothesis” which proposed that viable embryos
have lower metabolism [30]. However, this hypothesis was
based on metabolism before the start of blastulation which re-
quires more energy [26]. Moreover, it has been shown that there
was no correlation of mtDNA content in human blastocysts
with their maternal age using an accurate quantitation of
mtDNA copy number [31] consistent with our data using whole
embryo. Therefore, time and further studies will tell whether the
maternal age affect mtDNA content in their blastocysts.

To avoid the effect of cause of infertility on mtDNA con-
tent and OCRs, we excluded from the analysis women whose
infertility causes were reported as being endometriosis, pre-
mature ovarian insufficiency, or hormone imbalance.
However, embryos obtained from two different stimulation
protocols (agonist and antagonist cycles) were included in
the analysis. There were no differences in the OCR and
mtDMA content of blastocysts between two different proto-
cols (data not shown). Further studies should be required
whether the patients’ background except for maternal age or
stimulation protocol affects the OCR an mtDNA content of
their embryos.

The data of the present study revealed that mitochondrial
function at the morula stage of human embryos decreased
with their maternal age and a decrease of mitochondrial func-
tion led to slow-paced development and impaired develop-
mental rate from morulae to blastocysts.
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