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Abstract

Background: Normal mature sperm have a considerably reduced number of mi-
tochondria, which provide the energy required for progressive sperm motility.
Literature suggests that disorders of sperm motility may be linked to abnormal
sperm mitochondrial number and function.

Objectives: To summarise the evidence from literature regarding the association of
mitochondrial DNA copy numbers and semen quality with a particular emphasis on
the sperm motility.

Search strategy: Standard methodology recommended by Cochrane.

Selection criteria: All published primary research reporting on the association be-
tween mitochondrial DNA copy numbers and semen quality.

Data collection and analysis: Using standard methodology recommended by
Cochrane we pooled results using a random effects model and the findings were
reported as a standardised mean difference.

Main results: We included ten studies. The primary outcome was sperm mito-
chondrial DNA copy numbers. A meta-analysis including five studies showed sig-
nificantly higher mitochondrial DNA copy numbers in abnormal semen analysis
compared with normal semen analysis (standardised mean difference 1.08, 95% CI
0.74-1.43). Seven studies included in the meta-analysis showed a significant negative
correlation between mitochondrial DNA copy numbers and semen parameters. The
quality of evidence was assessed as good to very good in 60% of studies.
Conclusions: Our review demonstrates significantly higher mitochondrial DNA in
human sperm cells of men with abnormal semen analysis in comparison to men with

normal semen analysis.

KEYWORDS
abnormal semen parameters, mitochondrial DNA, sperm motility

Daria Popova and Priya Bhide authors Joint first authors.

PROSPERO registration: CRD42019118841

An International Journal of
Obstetrics and Gynaecology

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,
provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2021 The Authors. BJOG: An International Journal of Obstetrics and Gynaecology published by John Wiley & Sons Ltd.

BJOG. 2022;00:1-13. wileyonlinelibrary.com/journal/bjo 1


www.wileyonlinelibrary.com/journal/bjo
mailto:﻿
https://orcid.org/0000-0003-0871-6508
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:priya.bhide@nhs.net

POPOVA ET AL.

2 B OG An International Journal of
Obstetrics and Gynaecology

Tweetable abstract: There is significantly higher mitochondrial DNA in sperm cells

of men with abnormal semen analysis in comparison to men with normal semen

analysis.

1 | INTRODUCTION

Mitochondria are one of the fundamental cell organelles
providing the cell with energy in the form of adenosine tri-
phosphate by the process of oxidative phosphorylation. The
amount of mitochondria varies with cell type and function.'
In sperm cells, the process of spermatogenesis results in a
drastic decrease in the number of mitochondria.” This re-
duction is aimed to reduce/eliminate paternal mitochon-
drial DNA (mtDNA) transmission, resulting in uniparental
inheritance. Mature sperm are thought to contain only 22—
75 mitochondria. These provide the energy by oxidative
phosphorylation for progressive sperm motility and other
functions such as capacitation, hyperactivation, acrosome
reaction and oocyte penetration.”® Mitochondria contain
their own DNA which codes for specific proteins involved in
the respiratory chain.

It has been suggested that male infertility and disorders
of sperm function may be linked to abnormalities of sperm
mitochondria or mtDNA. Male infertility has been reported
in men with mitochondrial disorders.” Also, associations be-
tween abnormalities of sperm mtDNA and abnormal sperm
parameters have been reported.® Early reports available on
mtDNA quantification in mammalian sperm present widely
varying results.”” In humans, few studies report the associa-
tion of mtDNA copy number (mtDNAcn) with sperm motil-
ity and other semen characteristics.*® A recently published
narrative review highlights the important role of mitochon-
drial number, structure and function in male reproductive
function."" However, no systematic review has reported on
the effect of mtDNA copy numbers on sperm quality and
function.

The aim of this review is to summarise the evidence from
literature regarding the association of mtDNAcn and semen
quality with a particular emphasis on sperm motility. This
aims to guide clinical practice and provide direction for fu-
ture research.

2 | MATERIALS AND METHODS

2.1 | Eligibility criteria

Our search aimed to identify all published literature re-
porting the association between mtDNAcn and semen
quality. All types of studies published as primary research
were included for the review. We included only those stud-
ies published in the English language, published as full
manuscripts (not abstracts) and those involving humans
only. We included studies where semen samples were

analysed based on either the World Health Organization
(WHO) 1999 or 2010 criteria. The methodology for un-
dertaking the review was developed following the recom-
mendations of the Centre for Reviews and Dissemination’s
guidance for undertaking reviews in health care.'? Results
were reported in accordance with PRISMA guidelines."”
The review was prospectively registered with PROSPERO
(CRD42019118841).

2.2 | Assessment of study quality and the
risk of bias

Assessment of study quality was performed using the
Newcastle-Ottawa Scale modified for cross-sectional stud-
ies. Further modification was used as only non-interventional
observational studies were included. We conducted a com-
prehensive search for eligible studies to minimise the impact
of reporting bias.

2.3 | Main outcome measures
The primary outcome measure was sperm mtDNA copy
numbers.

2.4 | Datasources

DP and FD independently screened and identified stud-
ies that were relevant for the review. Standard Cochrane
methodology was followed comprising electronic searches
and hand searching. Embase Classic and Ovid MEDLINE
were searched on 7 December 2020. The study period was
from 1946 to 2020. We used the controlled vocabulary of
Medical Subject Headings (MeSH) terms ‘Male Infertility’
and 17 additional keywords related to or describing the
participants and/or outcome (e.g. asthenospermia, oli-
gospermia, sperm quality). The detailed search strategy for
MEDLINE and Embase can be found in Appendix S1. We
updated our search by re-conducting the search 1 month
before submission of the review for publication. The ref-
erence lists of relevant articles were screened to identify
additional studies.

2.5 | Data collection

DP and FD independently screened the title, abstract and
keywords (ti, ab, kw) of the retrieved articles. The full text
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of potentially suitable articles was retrieved. From these,
suitable articles were finalised for inclusion for the review.
Agreement regarding potential relevance was reached by
consensus. Inconsistencies were discussed among the re-
viewers and resolved by discussion with a third author.
The only conference abstract retrieved was excluded from
the review to avoid publication bias. The authors of the ex-
cluded conference abstract were contacted to get informa-
tion concerning whether the abstract was finally published.
Unfortunately, the authors did not respond.

DP and FD reviewed all selected articles and extracted
relevant data regarding study characteristics independently.
Data were collected on a bespoke data collection ExCEL sheet
where data were collected for study design, methodology,
participant characteristics and outcome variables. Multiple
publications of a single study were pooled together under a
single study ID. All identified references were exported to
ENDNoTE X 8.2 for Windows, where the list of publications
was scanned for duplicates.

2.6 | Data analysis and synthesis

The pooled estimates for the outcome were presented as
Standardised Mean Difference (SMD) with 95% CI using
the random effects model and inverse variance method.
Statistical significance was assumed when values of p were
less than 0.05. If the information in the studies was not re-
ported in the method appropriate for our data extraction,
the authors were contacted. We conducted a subgroup analy-
sis for studies using the WHO 1999 and WHO 2010 semen
analysis criteria. Studies were excluded from meta-analyses
if the data were presented using correlation analyses and
without dividing the semen of patients into categories (nor-
mal/abnormal) or using different laboratory methodology.
The results from these studies were presented as a narrative
text.

3 | RESULTS
3.1 | General characteristics of studies
3.1.1 | Results of the search

The search of the two electronic databases retrieved 373
full-text articles after removal of duplicates. No further
articles were retrieved by hand searching of the reference
lists. After screening of the titles and abstracts, the full
text of 19 studies were retrieved for further review. Ten of
these studies were selected for the systematic review and
nine were excluded. Of the ten selected studies, five were
suitable for meta-analysis and were included for quanti-
tative synthesis. The search and selection processes are
documented with a PRISMA flow chart in Figure 1 and
the list of included and excluded studies with reasons for
exclusion is provided in Table S1.

> Anl ional 1 of I
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3.1.2 | Included studies

The characteristics of the included studies are detailed in
Table 1.

3.1.3 | Study design and setting

The ten studies included in this systematic review were all
single-centre observational cross-sectional studies con-
ducted across eight countries. Only five studies had a sample
size of more than 100 participants, which we feel is satisfac-
tory for providing good-quality evidence. The largest study
was conducted by Diez-Sanchez et al."* from Spain and in-
cluded 440 participants.

3.14 | Participants

Eight of the ten studies recruited participants from fertility
clinics, denoting a convenience sampling strategy, with only
one of these studies recruiting healthy volunteers as controls.
Two studies recruited volunteer donors for their studies.
Only five of the ten studies accounted for confounding fac-
tors such as age, body mass index and lifestyle factors in the
design or analysis stage of their studies. Hence, the compa-
rability of the participants in the included studies or within
study groups cannot be estimated. The study group for five
of the ten studies included in the meta-analyses comprised
men with abnormal semen analysis. The criteria for abnor-
mal semen analysis, however, showed significant heteroge-
neity. Some studies reported results based on the WHO 1999
criteria whereas others used the WHO 2010 criteria. Some
studies included men with only reduced sperm motility and
normal sperm counts as the abnormal semen analysis for the
study group. Few studies divided the abnormal results into
subgroups; however, these were dissimilar among the stud-
ies so it was not possible to conduct a subgroup analysis for
a pooled estimate.

3.1.5 | Outcome
All studies reported the mtDNA/nuclear DNA ratio express-
ing the average mtDNAcn per sperm. The values for the ratio
variables differed considerably between the studies, which
might be explained by the methodological differences in in-
terventions. The concept however remained constant across
the studies. The ratios were either compared between pa-
tients with normal and abnormal WHO semen criteria or
correlated to sperm parameters for the entire data set. Two
studies compared mtDNA content between sperm cells from
the same semen sample in addition to mtDNA content from
the different patients.*'*

Two studies'"” have been excluded from the analysis be-
cause of different methodology to amplify the nuclear DNA
and mtDNA, such as a hot-start concurrent polymerase
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FIGURE 1 PRISMA flow chart. From: Moher et al.”®

chain reaction (PCR) and slot-blot hybridisation, respec-
tively. All studies using real-time PCR (quantitative PCR) to
determine the amount of mtDNA relative to nuclear DNA
have been included.

Seven studies compared the outcome between groups.
Of these, five studies reported the primary outcome
as a mean *+ SD/SEM. Two studies reported the median
+ interquartile range /range. One study, which reported
the mean without an SD, had to be excluded from the
meta-analysis.” We contacted authors of four studies for
additional and/or missing data. We were able to get this in-
formation for the study by Tian et al.,'’ and have updated
our analysis accordingly. Seven studies reported the cor-
relation between sperm mtDNA with sperm parameters
across the entire data set rather than differences among
defined groups with normal and abnormal semen param-
eters. > O Tyo studies used a different methodology

for estimation of DNA."*!® These studies were not in-
cluded in the meta-analysis.

3.1.6 | Assessment of outcome

The method of mtDNAcn assessment is a multistep pro-
cess and varied among studies. The time range between the
first study and the last was 16 years, which may have an im-
pact on the technical differences between the first and last
experiments.

Before mtDNA extraction and quantification, semen
samples were purified to remove non-sperm cell content
using various techniques. Six of the ten studies used sperm
washing techniques,®*'*"7'%2" whereas two studies used
osmotic shock.”® One study used both.”” The study by
Tian et al.'” applied experiments on cryopreserved sperm
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cells followed by washing with sperm-wash buffer. Only the
study by Song and Lewis did not report about semen puri-
fication.” The absence of round cells in sperm preparations
was checked by light microscopy in all studies.

Various commercial DNA isolation kits were used to ex-
tract total DNA in eight of the ten studies. In studies by Kao
et al.”” and Diez-Sanchez et al."* the in-laboratory phenol-
chloroform method was applied for DNA extraction. To
quantify mtDNAcn, a quantitative PCR assay using specific
primers to mitochondrial genes was used in eight of the ten
included studies. The studies by Diez-Sanchez et al.'* and
Kao et al.”” used a slot-blot hybridisation and a hot-start con-
current PCR to quantify mtDNAcn, respectively. To quan-
tify the number of spermatozoa in the sample, nuclear DNA
was determined. The relative mtDNA copy number was
identified based on the mtDNA/nuclear DNA ratio.

The information about amplified genes to determine the
amount of mtDNA relative to nDNA is presented in Table 1.
The accuracy and specificity assessments of gene amplifi-
cation have been performed accordingly to the method of
mtDNA assessment.

3.1.7 | Quality of evidence and the risk of bias
The quality of evidence assessed by the Newcastle-Ottawa
Scale was good to very good in six of the ten studies, and
no study was considered unsatisfactory. Seventy percent of
studies were downgraded because of the use of convenience
sampling and 50% for small sample sizes included. The re-
sults are summarised in Appendix S2.

3.1.8 | Synthesis of the results

Meta-analysis

Of the ten studies reporting on differences in sperm mtDNA,
five studies with 530 participants were included in the quan-
titative meta-analysis.>'®'* " These compared mtDNAcn in
men with normal and abnormal semen analysis. A signifi-
cant difference in sperm mtDNAcn was seen between the
two groups (SMD 1.08, 95% CI 0.74-1.43). All five included
studies reported higher sperm mtDNAcn in abnormal semen
samples compared with normal semen samples. Significant
statistical heterogeneity was noted (t* = 0.09, x* = 10.23,
df = 4, p < 0.04, I = 61%). The results are shown in Figure 2.

Abnormal semen analysis Normal semen analysis

Qualitative description

Five studies were not included in the meta-analysis. The
study by Song and Lewis’ compared normal and abnormal
semen analysis, but was not included because it did not pre-
sent data in a suitable format (no SD/SEM provided). This
study reported significantly higher mean mtDNAcn in men
with abnormal semen parameters compared with men with
normal semen parameters (15.7, 34.3, 56.7 and 73.7 in men
with normal semen parameters, reduced motility, reduced
sperm count, and both reduced count and motility, respec-
tively). They also reported a significant negative correlation
between mtDNAcn and sperm counts using the entire data
set (r = —0.561, p < 0.01). The studies by Diez-Sanchez and
Kao and their colleagues'"> were excluded from the meta-
analysis because they used different methods to quantify the
mtDNA, Diez-Sanchez et al." reported a significant negative
correlation between sperm mtDNAcn and sperm param-
eters in contrast to Kao et al."”” who reported significantly
lower mtDNAcn in men with abnormal semen analysis
compared with men with normal semen analysis (7.2 + 1.3
versus 74.1 + 2). Two further studies, by Wu and Zhang and
their colleagues,'®'” were excluded from the meta-analysis
because they presented results exclusively as a correlation
analysis for all participants in the study. Both these stud-
ies reported a significant negative correlation between
mtDNAcn and semen parameters. Three studies included
in the meta-analysis also presented additional correlation
analysis between sperm mtDNAcn and semen parameters in
the entire data set.'”'®" They reported a significant nega-
tive correlation between mtDNA copy numbers and semen
parameters.

Two studies reported mtDNA quantity specifically in
men showing low sperm motility compared with healthy
men. Bonanno et al.?® reported increased quantity of
mtDNAcn in 45.8% of patients, which correlated with re-
active oxygen species production. Faja et al.'® reported a
significant correlation between mtDNAcn and total mo-
tile spermatozoa (r = —0.51, p < 0.001), Diez-Sanchez and
May-Panloup and their colleagues®'* compared mtDNA
content between sperm cells from different populations
of the same sample without taking into account the ini-
tial sperm quality. They reported cells of worse quality to
have higher mtDNA quantity than sperm cells of better
quality.

The results for all the correlation analyses are given in
Table 2

Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

Amaral 2007 20 44.47 2B 68 673 14 15.1%  0.59 [-0.0§, 1.25]

Bonanno 2016 18.21 14,12 3z 5.69 2.33 22 17.6% 1.09 [0.53, 1.68] e —
Faja 2019 73 57.6 63 206 23.3 63 24.2% 0.98 [0.61, 1.35] ——
May-Pankoup 2003 6.1 6.88 35 1.4 0.98 32 19.5% 0.93 [0.42, 1.43] ——

Tlan 2014 103.11  138.13 35  16.77 3.74 201 23.6% 1.63 [1.24, 2.02] —e
Total (95% CI) 198 332 100.0% 1.08 [0.74, 1.43] <
Heterogenehty: Taw® = 0.09; Chi¥ = 10.23, df = 4 (p = 0.04); F = 1% 5 4 i 1 3

Test for overall effect: Z = 6.19 {(p < 0.00001}

Favours [Abnormal semen ] Favours [Normal semen]

FIGURE 2 Forest plot of comparison of mtDNA between normal and abnormal semen analysis
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TABLE 2
No. Study Correlation test
1 Diez-Sanchez/2003  Linear regression
analysis

2 Amaral/2007 Spearman's test

3 Song/2008 Spearman'’s test
4 Tian/2014 Spearman's test

5 Zhang/2016 Spearman'’s test
6 Wu/2018 Spearman's test

7 Faja/2019 Spearman'’s test

The correlations between semen parameters and mtDNAcn

Correlation coefficient (r) and p value

3]0

An International Journal of
Obstetrics and Gynaecology

mtDNAcn/sperm

progressive motility

r=-0.18, p=0.0142

r=-0.29, p = 0.067
r=-0.23,p>0.05
r=-0.37, p < 0.001
r=-0.16, p = 0.01
r=-0.33,p <0.05
r=-0.51", p <0.001

mtDNAcn/sperm
morphology

r=-0.45, p <0.002

r=-0.20,p <0.05

r=-0.36,p<0.05

mtDNAcn/sperm

concentration per ml

r=-0.2,p=0.0007

r=-0.56, p < 0.001
r=-0.21,p=0.02
r=-0.21,p<0.01
r=-0.48,p <0.05
r=-0.50, p < 0.001

mtDNAcn/total
sperm count

r=-0.56,p <0.01
r=-0.23, p <0.01
r=-0.52,p <0.05
r=-0.44, p <0.001

" Correlation coefficient for total sperm motility.

Abnormal semen analysis Normal semen analysis

Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

2.1.1 WHO 1999

Amaral 2007 20 4447 28 6.8 6.73 14 15.1%  0.59 [0.06, 1.25]

May-Panloup 2003 6.1 6.88 35 1.4 0.98 32 19.5% 0.93 [0.42, 1.43] —
Subtotal (95% CI) 63 46 34.6% 0.80 [0.40, 1.20] =
Heterogenelty: Taw? = 0.00; Chi¥ = 0.62, df = 1 {(p = 0.43); ¥ = 0X

Test for overall effect: 2 = 3.92 {p < 0.0001}

2.1.2 WHO 2010

Bonanno 20186 18.21 14.12 37 5.69 2.33 22 17.6% 1.09 [0.53, 1.66] —
Faja 2019 73 57.6 63 29.6 23.3 63 24.2x% 0.98 [0.61, 1.35] i

Tlan 2014 103.11  138.13 35 16.77 3.74 201 23.6% 1.63 [1.24, 2.02] —
Subtotal (95% CI) 135 286 65.4% 1.25 [0.81, 1.68] et
Heterogenehy: Taw® = 0.10; ChP = §.01, df = 2 (p = 0.05); P = 67%

Test for overall effect: Z = 5.63 (p < 0.00001)

Total (95% CI) 198 332 100.0% 1.08 [0.74, 1.43] -
Heterogenehty: Tau? = 0.09; Chi® = 10.23, df = 4 {p = 0.04); ¥ = §1% & =] r 1 3

Test for overall effect: Z = 6.19 (p < 0.00001)
Test for subgroup differences: ChE = 2,18, df = 1 (p = (.14}, ¥ = 54.0%

FIGURE 3
analysis

Sperm mtDNAcn in semen with multiple abnormalities
Amaral et al.”” analysed the mtDNAcn between three male
fertility groups: normal, with one or two sperm defects or
with more than two defects. The group including three de-
fects (low sperm number, decreased motility and abnormal
morphology) showed significantly higher mtDNAcn com-
pared with the normal group (p < 0.01) and compared with
those with one or two defects (p < 0.05). These data are in
agreement with the results of May-Panloup et al. and Song
et al.,*’ where mtDNAcn of semen with only one abnormal
criterion (count, motility or morphology) was not signifi-
cantly different from the mtDNAcn in the normal group.
However, highly significant differences were detected be-
tween patients with normal sperm and the group with mul-
tiple abnormalities

Subgroup analysis

We performed a subgroup analysis for the WHO 1999 and
WHO 2010 criteria for semen analysis. This showed a simi-
lar direction and size of effect for both groups (WHO 1999:
SMD 0.80, 95% CI 0.40-1.20, WHO 2010: SMD 1.25, 95% CI
0.81-1.68). The results are shown in Figure 3.

Favours [Abnormal semen] Favours [Normal semen]

Subgroup analysis for the WHO semen analysis criteria (1999/2010) for comparison of mtDNA between normal and abnormal semen

4 | DISCUSSION

4.1 | Main findings

Our systematic review and meta-analysis showed signifi-
cantly higher sperm mtDNAcn in men with an abnormal
semen analysis compared with those with a normal semen
analysis. A significant negative correlation was seen be-
tween sperm mtDNAcn and all sperm parameters, includ-
ing count, motility and morphology. Similar results were
seen in comparisons between samples from different indi-
viduals and also within sperm populations from the same
semen sample.

The WHO criteria classify abnormal semen analysis into
three major groups: asthenospermia or reduced motility (A),
oligospermia or reduced counts (O), and teratospermia or
sperm with abnormal sperm morphology (T) and their dif-
ferent combinations such as OAT, AO, OT and AT.* Our re-
view indicates that those who have more than two abnormal
criteria have a significantly increased number of mtDNA
copies compared with those with only one or two abnormal-
ities (Figure 4).
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Normal semen analysis

Abnormal semen analysis with 1 or 2 defects

Abnormal semen
analysis with more
than two defects

Oligospermia (low sperm counts)
Asthenospermia (low sperm motility)
Teratospermia (abnormal sperm morphology)

The trend of increasing mtDNAcn with increasing sperm abnormality

FIGURE 4 Trend of increasing mtDNA with increasing sperm abnormality

4.2 | Strengths and limitations

To our knowledge, the present systematic review is the first
to assess the human sperm mtDNAcn. Although the narra-
tive review by Boguenet et al.'"' provides a comprehensive
narrative review of several aspects of sperm mitochondrial
structure and function, our review is a systematic review,
hence reducing the risk of bias. It also provides a pooled esti-
mate of the direction and size of effect for sperm mtDNAcn
between abnormal and normal sperm samples. We have car-
ried out a comprehensive review of the literature, which aims
to reduce the risk of publication bias. We have also assessed
the risk of bias for each study, which gives a good indication
of the quality of the included evidence and hence of the sub-
sequent conclusions. Animal studies support the findings of
this review, that increased mtDNAcn is associated with de-
creased total sperm motility.**

This review includes studies conducted over a span of
more than a decade and hence not unexpectedly there are
varying technologies used for sperm preparation, DNA ex-
traction and mitochondrial quantification. The methodolog-
ical variability in the process may affect sperm mtDNAcn
quantification. However, despite this variability almost all
included studies show a similar direction of effect. First, the
variation in mtDNAcn might be explained by use of semen
purification and variation in technique to perform this, as
this affects the cell type and content of the analysed sam-
ple. Most studies used some semen purification method and
hence they were all included in the review and analysis. Eight
of the ten studies performed semen purification by sperm
washing techniques. This separated the better-quality sperm
in the sample from poor-quality sperm and non-sperm cells.
As this enabled selection of the best sperm for that sample,

these studies demonstrated lower total values of mtDNAcn in
both normal and abnormal semen samples. Two studies (by
Tian et al.'’ and Faja et al."®) used osmotic shock to separate
sperm and non-sperm cell components. This did not sepa-
rate sperm cells into subpopulations and analysed the whole
sperm cell content. This resulted in increased total mtDNAcn
both in normal and abnormal samples. To account for this
discrepancy, we have used the SMD rather than the mean dif-
ference in the meta-analysis for the pooled estimate.

Second, the range of mtDNAcn may be affected by dif-
ferent techniques used for total DNA isolation and different
primers sets.”” Quantitative PCR is a more accurate method
than older techniques such as the slot-blot method, which
may overestimate mtDNA because of lower accuracy, lower
sensitivity and subjective interpretation of the results.** We
have therefore included only those studies that used quanti-
tative PCR for DNA quantification. A single study reported
a large effect size but an opposite direction of effect.”” This
could be attributed to an older method for estimation of
DNA because the heat of the longer period during hot-start
PCR may cause mtDNA degradation. Different sets of prim-
ers have been used between the studies to amplify mtDNA
genes. It has been demonstrated that abnormal semen sam-
ples are prone to carry multiple deletions in the mitochon-
drial genome,” which may affect mtDNA quantification
using single/ specific primers. The use of several primer sets
for different mitochondrial genes can enhance the precision
of DNA quantification. Another issue related to primers for
mitochondrial genome amplification is nuclear insertions of
mitochondrial origins. Hence, the specificity of mitochon-
drial primers has to be confirmed to avoid overestimation of
mtDNA content. Although these methods for primer selec-
tion will increase the precision and reliability of the results,



SPERM MITOCHONDRIAL DNA AND SEMEN QUALITY

we do not anticipate that these variations will affect the di-
rection of effect for the meta-analysis as these changes will
affect both normal and abnormal semen analysis.

The wide range of mtDNA quantities may also be due
to the bias of dilution, and the low efficiency of total DNA
extraction.”® Considering the susceptible nature of mtDNA
to degradation, there may be deletions in the analysed gene
region due to oxidative stress. This may result from the pres-
ence of leucocytes, which are active producers of extracel-
lular reactive oxygen species in semen.”” Hence, it might be
reasonable to determine mtDNAcn in sperm cells using sev-
eral mitochondrial genes.

The study population may also affect the outcomes. It has
been shown that the semen quality varies with the geograph-
ical region, as shown for the USA and Europe.”®** Moreover,
seasonal variation of sperm concentration and total sperm
count has also been reported.” All these factors may cause
the mtDNA count variation in sperm cells.

4.3 | Interpretation
Sperm cells are highly specialised germ cells with very
specific functions required to achieve fertilisation.
Subsequently, the mitochondria in mature sperm are
adapted to have a very distinctive structure and organi-
sation linked to their function.’® Although the sperm
requires energy and functional mitochondria to fulfil
its function, especially motility, normal spermatogen-
esis simultaneously needs to reduce the amount of mito-
chondria/mtDNA to achieve uniparental inheritance. It
is reported that mature sperm cells continue to produce
proteins required for the final stages of maturation despite
very low numbers of mtDNA and low levels of transcrip-
tion of mtDNA to RNA.* It has been suggested that this
could be the result of an increased stability of the pre-
existing transcripts, which continue the process of trans-
lation to produce proteins independent of reduced mtDNA
and new transcription.2

The mechanisms behind the association of mitochondrial
and/or mtDNA abnormalities and abnormal semen param-
eters are still unknown. Several explanations have been pro-
posed. Rantanen and Larsson proposed the hypothesis that
increased mtDNAcn may be due to an abnormality in the
normal physiological downregulation of the Transcription
factor A, mitochondrial protein, which is a regulator of mtD-
NA.*>* It is also proposed that increased mtDNA may be
compensatory, secondary to inefficient energy production by
the mitochondria, defective, mutated or deleted mtDNA.*

Based on the results mentioned above, the mtDNA copy
number may potentially have a prognostic value for fertility
and ART outcomes. A few studies presented the connection
between mtDNAcn in sperm and clinical outcomes during
ART procedures.”*™® For example, Tiegs et al.*® reveals no
relationship between live birth rates, fertilisation, usable
blastocyst development and blastocyst euploid rates with
sperm mtDNAcn from infertile patients undergoing in vitro

2 OG An International Journal of 1
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fertilisation with intracytoplasmic sperm injection. It is pos-
sible that the sperm cell selected for intracytoplasmic sperm
injection had lower mtDNAcn than other cells from the same
semen because of a heterogenic population of sperm cells.
Simultaneously, the analysis by Tiegs et al. has confirmed the
association of lower relative mtDNAcn with increased sperm
motility.*® Another study, by Rosati et al., revealed the associ-
ation of mtDNAcn with lower pregnancy probability within
12 months and a longer time to pregnancy; the pregnancy
probabilities decreased linearly with higher mtDNAcn.*® The
association of mtDNAcn of sperm cells and early ART out-
comes was also analysed by Wu et al. in 2019.%” The results
suggest that sperm with higher mtDNAcn may result in lower
odds of embryo development to Day 3 and Day 5.%

Regardless of the effect on ART's clinical outcomes, the
levels of mtDNAcn may be used as a predictor of spermato-
genic dysfunction in men. Gabriel et al.*® suggested mtD-
NAcn as an indicator of spermatogenesis's efficiency based
on the significant decrease of mtDNA quantity after var-
icocelectomy. Furthermore, the mtDNA content may play
the role of a bioindicator of environmental pollutants such
as air pollutants exposure;** polycystic aromatic hydrocar-
bons resulted in reproductive health problems*' and syn-
thetic organic chemicals, such as monocarboxy-isononyl
phthalate, were positively associated with mtDNAcn.*?
Prolonged exposure to SO, is negatively associated with
mitochondrial quantity.*” Another study by Luo et al.*’ re-
vealed the increase of mtDNAcn with hypoxic conditions
at high altitudes (5300 m). Given the reversible effect on
sperm quality and mtDNA content of environmental fac-
tors and some external factors such as sexual abstinence
before the collection of the semen, heating, cigarette smok-
ing and lifestyle, Wu et al.'® suggest that mtDNAcn might
be suited as an indicator of male reproductive status on the
grounds of consecutive diagnoses rather than a single ab-
normal sample.

5 | CONCLUSION

In this review, we have demonstrated a significantly higher
number of mtDNA in human sperm cells of men with ab-
normal semen analysis compared with men with normal
semen analysis. It is important to note that the quantity of
mtDNA rises with the increase in semen abnormal param-
eters. In addition, the heterogeneous sperm cell population
in the semen creates sperm variation of mtDNAcn within
the same sample. These findings would seem to suggest the
predictive value of mtDNA quantification for male repro-
ductive status assessment.
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