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ABSTRACT

Although reactive oxygen species in semen are associated with unfavorable results with respect to
assisted reproductive technology, their effects based on the detailed stages of embryo develop-
ment are unclear. We investigated the relationship between reactive oxygen species in semen and
the oocyte fertilization rate, cleavage rate, and blastulation rate of intracytoplasmic sperm injec-
tions. This retrospective study enrolled 77 couples who underwent intracytoplasmic sperm injec-
tion and analyzed 887 eggs from 141 cycles of intracytoplasmic sperm injection. The reactive
oxygen species level in semen was compared between the fertilized and nonfertilized groups,
between the good-cleavage-embryo and non-developed-embryo groups, and between the good-
quality-blastocyst and poor-quality-blastocyst groups. The cut-off level of reactive oxygen species
was calculated to predict good-cleavage-embryo and good-quality-blastocyst development. The
fertilization rate was 65.4%, and the mean reactive oxygen species levels were not significantly
different between the fertilized and nonfertilized groups. The reactive oxygen species level was
significantly higher in the non-developed-embryo group than in the good-cleavage-embryo
group (P = 0.0026) and was significantly lower in the good-quality-blastocyst group than in the
poor-quality-embryo group (P = 0.015). Cleavage embryos and blastocysts were divided into high-
and low-reactive-oxygen-species groups using a cut-off value of 6601 and 4926 relative light units,
as calculated from the receiver operating characteristic curve. The rates of good-cleavage embryos
and good-quality blastocysts were lower in the high-reactive-oxygen-species group than in the
low-reactive-oxygen-species group, which were both statistically significant. To conclude, reactive
oxygen species in semen is considered to have an adverse effect on both the early and late stages
of embryo development in intracytoplasmic sperm injection.
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Introduction Takeshima et al. (2017) demonstrated that logarithmically
transformed ROS levels in unwashed semen are inversely
correlated with semen parameters, such as sperm concen-
tration, motility, mean head amplitude, and progressive
motility. Yumura et al. (2009) reported that the ROS level
in semen was significantly higher in nonpregnant com-
pared to pregnant couples with complaints of infertility.
In the study, they also set a cut-off value of 4.35 mV/
30 min/10° sperm to predict pregnancy. These findings
indicate the adverse effects of ROS on semen quality, and
on the outcome of fertility treatment.

As for assisted reproductive technology, the effects
of ROS on semen have been evaluated in a few reports

Reactive oxygen species (ROS) in semen, first detected by
Aitken and Clarkson (1987) using chemiluminescence,
are known to have adverse effects on semen quality and
male fertility. A high ROS level causes DNA damage, lipid
peroxidation (LPO), and induction of apoptosis in sperm
cells (Agarwal et al. 2003), while a low ROS level is
essential and advantageous for fertilization, including
capacitation, hyperactivation, acrosome reaction, and
sperm-oocyte fusion (de Lamirande et al. 1997; Du
Plessis et al. 2015). Adverse effects of ROS on semen
parameters and clinical outcomes have been reported;
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(Sukcharoen et al. 1996; Moilanen et al. 1998; Saleh
et al. 2003; Zorn et al. 2003). However, these previous
studies only evaluated the fertilization and pregnancy
rates after in vitro fertilization (IVF) or intracytoplas-
mic sperm injection (ICSI), but not in the detailed
stages of embryo. Previous studies have reported that
paternal factors, such as unrepaired DNA damage in
sperm, are considered to have adverse effects on the
late stages of embryo development in IVF or ICSI,
which is termed the ‘late paternal effect’ (Tesarik et al.
2004). Since ROS in semen are reported to induce
sperm DNA damage (Barroso et al. 2000; Irvine et al.
2000), there may be a significant correlation between
ROS level and embryo development. Determination of
the relationship between these two factors may help to
predict embryo development based on the ROS level in
semen, which can be easily measured in clinical prac-
tice. The objective of this study was to investigate the
effects of ROS in semen on embryo development dur-
ing different stages of ICSI among infertile couples.

Results

The patients’ characteristics and semen parameters are
summarized in Table 1. Data are presented as mean *
standard deviation. Among 887 eggs, 580 fertilized
embryos were obtained thorough ICSI, and the fertiliza-
tion rate was 65.4%. Among the 580 fertilized embryos,
345 embryos were well-developed on day 3 (59.5%),
which were divided into good-cleavage-embryo and
non-developed-embryo groups (Figure 1A). Among
326 fertilized embryos in 107 cycles that did not include
cleavage embryo transplantation, 58 good-quality blasto-
cysts were acquired (Figure 1B).

The mean (+ standard error) ROS levels of the ferti-
lized and nonfertilized groups were 54,204 + 7,454 and
52,018 * 9,052 relative light units (RLU), respectively,
which were not significantly different (P = 0.858)
(Table 2, Figure 2A). The ROS level was higher in the

Table 1. Patients’ characteristics and semen analyses (n = 77).

Age of husbands (years, mean + SD) 394 +7
Age of wives (years, mean * SD) 374+ 46
Semen analysis (number of Oligoasthenozoospermia 46
patients) Oligozoospermia 25
Asthenozoospermia 3
Normozoospermia 3
Semen parameters (mean + SD) Volume (mL) 2.65 + 1.33
Concentration (x10%mL)  17.1 + 19.6
Motility (%) 18.5 £ 16.0
VSL (um/sec) 17.5 £7.93
VCL (um/sec) 457 + 21.6
Linearity 0.38 = 0.15
mALH (um) 1.15 + 0.65
BCF (Hz) 11.8 £ 4.10

Abbreviations: BCF: beat-cross frequency; mALH: mean amplitude of lateral
head displacement; VCL: curvilinear velocity; VSL: straight-line velocity.
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non-developed-embryo group than in the good-cleavage-
embryo group, which was statistically significant
(81,451 * 15,234 and 35,645 + 6,934 RLU, respectively;
P = 0.0026) (Table 3, Figure 2B). As calculated from the
receiver operating characteristic (ROC) curve, the cut-off
level of ROS was 6601 RLU (area under the curve = 0.539).
Using this cut-off level of ROS, the embryos were divided
into high- and low-ROS groups. The good-cleavage-
embryo rate was lower in the high-ROS group (51.5%)
than in the low-ROS group (63.8%), which was statisti-
cally significant (P = 0.004).

The ROS level was lower in the good-quality-blastocyst
group than in the poor-quality-embryo group, which
was statistically significant (27,916 + 16,336 and
81,780 + 14,498 RLU, respectively; P = 0.015) (Table 4,
Figure 2C). As calculated from the ROC curve, the cut-off
level of ROS was 4,926 RLU (area under the curve = 0.608).
The blastocysts were divided into high- and low-ROS
groups using this cut-off value. Similar to the cleavage
embryos, the good-quality-blastocyst rate was lower in the
high-ROS group (11.2%) than in the low-ROS group
(24.8%), which was statistically significant (P = 0.001).

887 eggs obtained
from 114 ICSl cycles

307 Non-fertilized eggs
(34.6%)
(Nonfertilized group)

235Non-developed embryos
(Non-developed-embryo group )

580 Fertilized embryos
(65.4%)
(Fertilized group)

345Good cleavages
(Good-cleavage-embryo group)

B

| 580 Fertilized embryos

Exclude embryos from
-------------- -» ICSI cycles with cleavage
transplantation

| 326 Fertilized embryos

58 Good-quality blastocysts
(Good-quality-blastocyst group)

268 Poor-quality blastocysts
(Poor-quality-blastocyst group)

Figure 1. Experimental Design (A) Flowchart of how the eggs
and embryos were divided into groups for between-group
comparisons; the fertilized and nonfertilized groups and the
good-cleavage-embryo and non-developed-embryo groups
were compared. (B) Flowchart of how the fertilized embryos
were divided to compare the good-quality-blastocyst and poor-
quality-embryo groups.
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Table 2. Comparison of ROS levels in semen between the
fertilized and nonfertilized groups.

887 Eggs
Fertilized group Nonfertilized group
(n = 580) (n =307) P-value
Total ROS 54,204 + 7,454 52,018 + 9,052 0.858
(RLU)

Note: Data are presented as mean + standard error.
Abbreviations: RLU, relative light units; ROS: reactive oxygen species.

Discussion

One of the common maternal causes of fertilization fail-
ure in IVF is hardening of the zona pellucida. Moreover,

p=0.858

oocyte activation failure is regarded to be the main cause
of failure in ICSI (Vanden Meerschaut et al. 2014). Thus,
paternal factors such as deficiency in oocyte activators
(e.g., phospholipase C zeta) can lead to fertilization failure
in ICSI (Tesarik et al. 2004). Less common paternal causes
of failure in ICSI include a lack of motile spermatozoa,
severe forms of teratozoospermia (globozoospermia), and
technical problems with sperm injection (Yanagida 2004;
Dam et al. 2007). Furthermore, paternal factors such as
DNA damage in sperm are considered to have adverse
effects on the late stages of embryo development. ROS in
semen is known to induce sperm DNA fragmentation

RLU

p=0.00263%
150000, B

100000+

50000-

Fertilized Nonfertilized Good- Non-
group group cleavage developed-
-embryo embryo
(n=580) (n=307) group group
(n=345) (n=235)
RLU p=0.015%
150000 - C |
100000 -
50000 -
0-
Good-quality- Poor-quality-
blastocyst embryo
group group
(n=58) (n=268)

Figure 2. Comparison of reactive oxygen species (ROS) levels (A) Comparison of reactive oxygen species (ROS) levels between the
fertilized and nonfertilized eggs. The mean (+ standard error) ROS levels were not significantly different between the fertilized and
nonfertilized groups (P = 0.858). (B) Comparison of ROS levels between the good-cleavage-embryo and non-developed-embryo groups.
The ROS level was higher in the non-developed-embryo group than in the good-cleavage-embryo group, which was statistically significant
(P =0.0026). (C) Comparison of ROS levels between the good-quality-embryo and poor-quality-embryo groups. The ROS level was lower in
the good-quality-blastocyst group than in the poor-quality-embryo group, which was statistically significant (P = 0.015).



Table 3. Comparison of ROS levels in semen between the
good-cleavage-embryo and non-developed-embryo groups.

580 Fertilized embryos

Good-cleavage-embryo  Non-developed-embryo

group (n = 345) group (n = 235) P-value
Total 35,645 + 6,934 81,451 + 45,234 0.0026
ROS
(RLU)

Note: Data are presented as mean + standard error.
Abbreviations: RLU, relative light units; ROS: reactive oxygen species.

Table 4. Comparison of ROS levels in semen between the good-
quality-blastocyst and poor-quality-embryo groups.
326 Fertilized embryos

Good-quality-blastocyst
group (n = 58)

27,916 *+ 16,336

Poor-quality-embryo
group (n = 268)

81,780 + 14,498 0.015

P-value

Total ROS
(RLU)

Note: Data are presented as mean + standard error.
Abbreviations: RLU, relative light units; ROS: reactive oxygen species.

(Barroso et al. 2000; Irvine et al. 2000); hence, in this
study, we investigated the effects of ROS on fertilization
and embryo development.

ROS are categorized as free radicals (e.g., superoxide
anions, hydroxyl radicals, peroxyl radicals) and nonradi-
cal species (e.g., hydrogen peroxide, hypochlorous acid)
(Agarwal et al. 2003; Sanocka and Kurpisz 2004).
Immature spermatozoa and seminal leukocytes are con-
sidered to be the sources of ROS in semen. Spermatozoal
cytoplasm deposits contain large amounts of glucose-
6-phosphate dehydrogenase enzyme, which produces
nicotinamide adenine dinucleotide phosphate (NADPH)
(Aitken and Clarkson 1987; Sharma et al. 2001; Sakkas
et al. 2003; Koppers et al. 2010). NADPH generates ROS
through an NADPH oxidase enzyme complex (Williams
and Ford 2004). Owing to this mechanism, immature
spermatozoa with large amounts of cytoplasm are con-
sidered to generate higher ROS levels. Furthermore, ROS
generation from leukocytes is attributable to an inflam-
mation or infection in the male genital tract, producing
ROS through the myeloperoxidase system, which is an
essential immune system for pathogens (Iwasaki and
Gagnon 1992). High ROS levels in semen cause LPO of
the sperm cells, resulting in the loss of fluidity and integ-
rity, which are essential for the fusion of the sperm and
oocyte (Aitken et al. 1993). Zabludovsky et al. (1999)
reported that LPO has adverse effects on sperm concen-
tration and motility.

Unrepaired DNA damage in sperm has a negative
effect on embryo development and implantation, as
well as on pregnancy, which is termed the ‘late paternal
effect’ (Tesarik et al. 2004). The late paternal effect
occurs because embryo development is dependent on
maternal factors at the time of fertilization, but switches
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to the embryo’s own genomes on days 2 and 3 (Tesatik
et al. 1986). However, recent studies have shown that
DNA damage in sperm also influences the early stages of
embryo development (Simon et al. 2014; Neyer et al.
2015). In our study, a significantly higher ROS level in
semen was confirmed in the non-developed-embryo and
poor-quality-embryo groups; nonetheless, there was no
significant difference in fertilization. These findings sup-
port those of earlier studies, indicating that a high ROS
level in semen leads to damage during the late stages of
embryo development, as well as the early stages of
embryo development through DNA fragmentation. We
did not measure the ROS level in prepared sperm (the
condition of chosen sperm for ICSI); however, we did
measure the ROS level in raw semen samples during the
patient’s closest visit before ICSI. Measuring ROS levels
in raw semen prior to ICSI may predict embryo devel-
opment; we found significantly higher ROS levels in the
non-developed-embryo and  poor-quality embryo
groups. Additionally, we found significant cut-off values
of ROS in semen for good-cleavage (6,601 RLU) and
good-quality blastocysts (4,926 RLU). This suggests that
acquisition of a good-quality blastocyst requires a lower
ROS level than acquisition of a good-cleavage embryo.
These values may aid in predicting embryo development
in ICSI by ROS level. Furthermore, the ROS levels did
not significantly differ between the fertilized and non-
fertilized groups in the present study, implying that
maternal factors may act as a balance against sperm
LPO and DNA fragmentation induced by ROS in
semen at the time of fertilization.

In this study, we analyzed the fertilization, good-
cleavage-embryo, and blastulation rates for each oocyte
in order to assess the effects of ROS on embryo devel-
opment. Several reports have described the negative
effects of ROS in semen on the outcomes of IVF and
ICSI and compared the outcomes according to the
cycles of IVF or ICSI (Zorn et al. 2003; Das et al.
2008). In this manner of investigation, a ‘50% fertiliza-
tion rate’ can mean 50 good embryos out of 100 per
cycle, as well as one good embryo out of two. Thus, the
fertilization rate should not be considered to be reflec-
tive of embryo development. Therefore, we analyzed
embryo development by each oocyte, which is more
accurate.

This study had some limitations. First, we focused on
fertilization and embryo development in this study and
did not hence evaluate the pregnancy rate, which
includes maternal factors (e.g., uterine
factors). Second, although a previous study reported
that ROS were positive in 111 out of 243 patients with
idiopathic infertility (45.6%) and 105 out of 206 patients
with varicocele (51.0%) (Yumura et al. 2017), we did not

several
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measure the ROS level in each background of male
infertility. Third, the total antioxidant capacity in
semen, which has been reported to be useful for evaluat-
ing the oxidant stress status (Sharma et al. 1999), was not
estimated in this study. The balance between ROS and
total antioxidant capacity is worth investigating, and our
data imply that ROS has an adverse effect on days 3 and 5
of embryo development. Fourth, not analyzing embryo
development by cycles of ICS], but rather by each oocyte,
is not a standard method of assessment. However, we
consider it to be a novel and more accurate way to assess
embryo development. In order to determine the adverse
effect of ROS, not only ROS level measurement but also
further testing of sperm DNA fragmentation or chroma-
tin integrity should be conducted in future research.

In conclusion, ROS in semen adversely affected the
circumstances of embryo development in ICSI with
respect to the development of both good cleavage and
good blastocysts, rather than fertilization. As expected,
ROS in semen were associated with both early and late
paternal effects. These findings may aid in predicting
the development of good cleavage and blastocysts from
the ROS level in semen.

Materials and methods
Population

A total of 77 infertile couples who underwent ICSI at the
Reproduction Centre of Yokohama City University
Medical Centre between March 2013 and December 2016
were enrolled. All husbands visited the urology department
and underwent measurement of ROS levels in semen at
least once. Subjects were included based on the wife’s age
(<43 years) and the presence of at least one metaphase II
oocyte for ICSI. A total of 887 eggs acquired from 141 cycles
of ICSI procedures were analyzed. Eggs were first divided
into two groups — namely, the fertilized group (embryos
fertilized through ICSI) and the nonfertilized group (non-
fertilized eggs) (Supplemental Figure 1A, B). Among the
fertilized embryos, those on day 3 were subsequently
divided into the good-cleavage-embryo group (successfully
developed embryos) and the non-developed-embryo group
(unsuccesstully developed embryos). Good cleavage was
defined as an embryo with more than 7 grade 3 cells
according to the Veeck classification on day 3
(Supplemental Figure 1C, D).

Among the fertilized embryos, blastocysts were also
divided into good-quality and poor-quality blastocysts.
Good-quality blastocysts were defined as blastocysts
>3BB according to the Gardner classification on day 5
(Supplemental Figure 1E, F). To avoid selection bias
when evaluating blastocyst development, we excluded

the ICSI cycles with cleavage transplantation on day 3
(Supplemental Figure 1B).

ROS assessment

For the measurement of ROS levels, the unprocessed
semen sample at the time closest to oocyte retrieval was
used. The ROS levels in semen samples were measured
using Monolight 3010™ Luminometer (BD Biosciences
Pharmingen, Ltd., San Diego, CA, USA). Before and
after adding 40 pL of 100 mmol/L luminol to 500 uL of
the raw semen sample, the subtraction of the integrated
chemiluminescence was measured between 0 and
200 seconds (Supplemental Figure 2). The chemilumi-
nescence value was expressed in RLU.

The ROS levels in semen were compared between
the fertilized and nonfertilized groups, between the
good-cleavage-embryo and non-developed-embryo
groups, and between the good-quality-blastocyst and
poor-quality-blastocyst groups. The cut-off value of
ROS was calculated from the ROC curve to predict
good-cleavage-embryo and  good-quality-blastocyst
development.

ICSI procedures

Female partners underwent ovarian stimulation using
either a short or long protocol of gonadotropin-releasing
hormone (GnRH) agonist, or GnRH antagonist, which
was chosen depending on her age and serum anti-
Miillerian hormone level. Human chorionic gonadotro-
pin (10,000 IU) was administered until the follicles were
18-20 mm in diameter. Oocytes were retrieved with trans-
vaginal ultrasound assistance at 36 hours after human
chorionic gonadotropin injection. After retrieval, oocytes
were pre-incubated for 4 hours prior to sperm injection
(37.0°C, 6.0% CO,, 5.0% O,). Cumulus was removed from
the oocytes just before ICSI using hyaluronidase (ICSI
Cumulase®; CooperSurgical Inc., Trumbull, CT, USA).
Spermatozoa were prepared for ICSI with the two-
layer concentration gradient method using SpermGrad®,
SpermRinse® (Vitrolife, Goteborg, Sweden) and centrifu-
gation at 500 g for 20 min. After washing (centrifugation
at 162 g for 10 min), the swim-up method was used.
A metaphase II oocyte was aspirated, and one selected
spermatozoon was injected into the ooplasm. After con-
firmation of fertilization, the embryo was cultured for
3 days in Sydney IVF Cleavage Medium® (Cook
Medical, Bloomington, IN, USA). Subsequently, the clea-
vage embryo was cultured to a blastocyst in IVF Blastocyst
Medium® (Cook Medical, Bloomington, IN, USA).



Statistical analyses

Statistical analyses were performed using the Statistical
Package for the Social Sciences version 21 (IBM Corp.,
Armonk, NY, USA). Unpaired t-tests were used to
compare each group. For all tests, P-values <0.05 were
considered statistically significant.
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