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A b s t r a c t

Introduction: The purpose of this study was to investigate the correlation 
between sperm mitochondrial NADH dehydrogenase subunit 5 (ND5) and 
NADH dehydrogenase subunit 6 (ND6) gene variations and total fertilisation 
failure (TFF).
Material and methods: A total of 232 sperm samples at the fresh in vitro fer-
tilisation (IVF) cycle or the half-intracytoplasmic sperm injection (ICSI) cycle 
were collected for this retrospective controlled study on Han Chinese people 
between July 2011 and April 2014. Of the 232 total samples, 45 were from 
the IVF-TFF group and 187 were from couples with normal fertilisation (fer-
tilisation rate > 50%). The mitochondrial ND5 and ND6 gene variations and 
sperm haplotypes were confirmed using nested PCR and DNA sequencing. 
Results: Ten homozygous variations were newly discovered, name-
ly C12417T, T12441A, C12543A, C13650A, C13765A, T13769C, C13775T, 
A13776G, C13785A and C13845T. The gene variation rates of six sites, 
C12417T, C13650A, C13765A, T13769C, C13785A and C13845T, in the TFF 
group were significantly higher than those in the control group (p < 0.05). 
There were 231 heterozygous variations discovered; however, only nine het-
erozygous sites (12441, 12561, 12735, 13164, 13743, 13812, 13928, 14172 
and 14368) had significantly higher gene variation rates than those in the 
control group (p < 0.05). In addition, the results showed that haplogroup C 
did not affect TFF (p > 0.05), and the fertilisation failure rates of haplogroup 
R and haplogroup D4a were both higher than those in the control group  
(p < 0.05). 
Conclusions: Our results suggested that the ND5 and ND6 gene variations 
are correlated with TFF. Furthermore, this study indicated that haplogroup R 
and haplogroup D4a might be risk factors for TFF.
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Introduction

With the progress in assisted reproductive technology, the pregnancy 
rate following in vitro fertilisation (IVF) has significantly increased. How-
ever, fertilisation failure still exists, which is a frustrating experience for 
both patients and clinicians. The total fertilisation failure (TFF) refers to 
fertilisation failure in all oocytes. Patients with primary infertility and oli-
goasthenozoospermia might be at a  higher risk of fertilisation failure 
[1]. A recent study showed that impaired sperm parameters were mainly 
involved in complete fertilisation failure in IVF and lower oocyte quality 
in intracytoplasmic sperm injection (ICSI) [2]. Fertilisation failure in IVF 
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is mostly related to sperm abnormalities, where-
as in ICSI, oocyte activation defects are the most 
frequent cause. TFF occurs at an estimated rate of 
2–3% [3]. ICSI is a more effective treatment meth-
od for infertility resulting from male factors; how-
ever, there is still a  failure rate of 1–3% [4]. TFF 
is a very frustrating experience and causes enor-
mous economic and emotional impacts on pa-
tients. In addition, clinicians also face significant 
mental stress. Studies have shown that if a couple 
experiences one TFF, the incidence of TFF in the 
following cycle is approximately 30% [5]. There-
fore, understanding the mechanism underlying 
TFF is important for preventing the occurrence of 
IVF failure. However, currently, little is known of 
the reasons for the development of TFF. 

The ND complex provides 40% of the protons 
for ATP production in mitochondria [6]. It catalyses 
the transfer of the electrons in NADH to the oxy-
gen molecules of electron receptors. Finally, ener-
gy produced during electron transfer is stored in 
the form of ATP [7]. It has been shown that point 
mutations, deletions and copy number changes in 
mitochondrial genes are associated with the ac-
tivity of sperm. Our previous studies showed that 
variations in the mitochondrial gene ATP6 and 
mitochondrial haplotypes are correlated with IVF 
failure [8, 9]. ND1-ND6 and ND4L in mitochondrial 
genes encode seven subgroups of mitochondrial 
respiratory chain complex I. It has been reported 
that the mitochondrial gene ND2 is highly con-
served during the biological evolution process 
[10]. However, little is known about the associa-
tion between ND gene variations and IVF failure. 

Therefore, this study investigated the correla-
tion between ND5 and ND6 gene variations and 
TFF to clinically predict IVF failure.

Material and methods 

Study subjects

The patient numbers were inspired by a previ-
ous study [11], and a total of 232 sperm samples 
at the fresh IVF cycle or the half-ICSI cycle were 
collected for this retrospective controlled study of 
Han Chinese people between July 2011 and April 
2014. The indications for IVF or half-ICSI assisted 
reproductive technologies were infertility caused 
by female factors or unknown reasons. In addi-
tion, spermiograms were collected, and the mean 
sperm concentration, and percentage of sperm 
motility grade A and B were evaluated. There were 
45 TFF couples (the mean age of the women was 
29.31 ±0.71 years, and the mean age of men was 
31.29 ±0.84 years) and 187 couples (the mean 
age of the women was 30.98 ±0.35 years, and the 
mean age of the men was 32.60 ±0.41 years) with 
normal fertilisation rates (> 50%) in the control 

group. Successful fertilisation was defined as the 
presence of sperm and egg pronuclei in oocytes 
within 16–18 h of fertilisation; the absence of two 
or more pronuclei in oocytes was considered TFF 
[11]. This study was approved by the Research Eth-
ics Committee of Zhengzhou University. Informed 
consent was obtained from each of the couples in 
the study group and the control group.

Extraction of sperm mtDNA

After liquefaction, the sperm samples were 
centrifuged in double-density (40% and 80% Pure-
ception) gradient centrifugation fluid. The sperm 
with different activities were separated in the 
gradient centrifugation fluid based on their differ-
ent migration rates. Next, approximately 7 × 106  
sperm were washed using 5% 1026 and centri-
fuged at 200×g for 8 min. The supernatant was 
discarded and the precipitate was stored at –80°C 
for DNA extraction. During DNA extraction, the 
precipitate was digested with 600 μl of lysis buffer 
containing 1% SDS and 0.2 mg/ml Proteinase K.  
The mixture was incubated at 60°C for 40 min and 
then diluted with 800 μl of pure ethanol and cen-
trifuged at 11,100×g for 1 min. Finally, the isolated 
DNA precipitate was air dried before adding 50 μl 
of ddH

2O.

Nested PCR and sequence analysis

The primer sequences, reaction conditions 
of the nested PCR and their GenBank accession 
numbers are shown in Table I. The first round of 
amplification was performed in a reaction mixture 
containing the following reagents: 2 mM MgCl

2, 
200 nM of each dNTP, 20 nM of each primer,  
2 U Taq DNA polymerase, 2 μl DNA template and 
ddH

2O to a final reaction volume of 50 μl. The second 
round of amplification was performed under similar 
conditions as the first round except the annealing 
temperature was different. The direct sequencing 
of both strains of genes in the samples was anal-
ysed using the Applied Biosystems (ABI, Foster City, 
CA) 3730 DNA Sequencing Analysis Gene Mapper 
Version 4.0. In the forward and reverse sequenc-
ing or in the twice repeated forward sequencing, if 
the second wave peak was higher than 10% of the 
wave peak at the same site, then the sequence was 
considered a heterozygous variant [12]. 

Classification of mitochondrial gene 
haplogroup polymorphisms

According to the human mitochondrial single 
nucleotide polymorphism (SNP) database (http://
www.mitomap.org/foswiki/bin/view/MITOMAP/
HaplogroupMarkers), three haplogroups were 
screened from the ND5 and ND6 genes. Haplogroup 
N, which contained the C12705C SNP locus, was 

http://www.mitomap.org/foswiki/bin/view/MITOMAP/HaplogroupMarkers
http://www.mitomap.org/foswiki/bin/view/MITOMAP/HaplogroupMarkers
http://www.mitomap.org/foswiki/bin/view/MITOMAP/HaplogroupMarkers
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the R subtype. In haplogroup M, the specific SNP 
locus of the C subtype was A13263G. The specific 
SNP locus in haplogroup D4a was A13651G.

Sequence comparison 

The sequence results were compared with the 
human revised Cambridge reference sequence 
(rCRS) provided by the Mitomap database (www.
mitomap.org). The detected nucleotide variation 
sites were confirmed using the peak map and it 
was determined whether the amino acids encod-
ed by the variation sites had changed. 

Statistical analysis

The continuous data were expressed as the 
mean ± standard deviation. The categorical data 
were expressed as numbers and percentages. The 
measurement data were analysed using the inde-
pendent sample t-test and the count data were 
analysed using the c2 test or Fisher’s exact test. All 
analyses were bilateral tests. P-values lower than 
0.05 indicated that the differences were statisti-
cally significant. 

Results

General characteristics of total fertilisation 
failure and control groups

There were no significant differences between 
the two groups in mean sperm concentration, per-
centage of  sperm motility grade A or mean FSH 
and LH levels in women. However, the percentage 
of  sperm with motility  grade B, the number of 
retrieved oocytes and the number of metaphase 
II oocytes were markedly lower in the total fer-
tilisation failure group than in the control group  
(p < 0.01). In addition, the fertilisation rates were 

0 and 80.00%, respectively, in the total fertilisa-
tion failure and control groups, and there was 
a  significant difference between the two groups 
(p < 0.01) (Table II).

Mitochondrial DNA variants and total 
fertilisation failure

In this study, 168 homozygous variations were 
discovered in the ND5 gene, of which variations at 
62 sites were statistically significant between the 
two groups (p < 0.05) and there were 47 missense 
variations. There were 22 homozygous variations 
discovered in the ND6 gene, of which variations at 
seven sites were statistically significant between 
the two groups (p < 0.05), and there were seven 
missense variations. Among the 69 homozygous 
variation sites with statistical significance in this 
study, only the C12705T site variation decreased 
the occurrence of TFF, whereas variations at oth-
er sites significantly increased the occurrence 
rate of TFF (p < 0.05). In addition, five variation 
sites, G12528A, T12696C, G13466A, C13905T and 
T14088C, were present in at least three copies in 
the sperm samples from the TFF group, whereas 
variations at these sites were not found in the nor-
mal fertilisation group (Supplementary Table SI).

Ten homozygous variation sites in the ND5 
gene were newly discovered in this study, namely 
C12417T, T12441A, C12543A, C13650A, C13765A, 
T13769C, C13775T, A13776G, C13785A and 
C13845T (Figure 1). The variation rates of six of 
the newly discovered sites, C12417T, C13650A, 
C13765A, T13769C, C13785A and C13845T, were 
significantly higher in the TFF group than in the 
control group (p < 0.05), which suggests that vari-
ations at these six sites might be associated with 
IVF failure. There were four missense variations 
among the ten newly discovered homozygous 

Table I. Nested PCR primers, reaction conditions and GenBank accession numbers

Gene Primers Product
[bp]

Annealing  
temperature [°C]

No. of cycles Accession 
numbers

MT-ND5:

Outer F:ACAACAGAGGCTTACGACC 2316 53 30 NC-012920

R:GGGGAATGATGGTTGTCTT

Inner F:CGACCCCTTATTTACCGAGA 2040 54 30 NC-012920

R:TGGGCGTTGATTAGTAGTAG

MT-ND6:

Outer F:CTTACGAGCCAAAACCTGC 1027 55 30 NC-012920

R:GTAGCGGATGATTCAGCCA

Inner F:TACGAGCCAAAACCTGCCCC 896 60 30 NC-012920

R:GCCAAGGAGTGAGCCGAAGT

http://www.mitomap.org
http://www.mitomap.org
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variations. Specifically, the hydrophilic amino acid 
proline at the C13765A site changed to the hydro-
philic amino acid threonine, and the hydrophilic 
amino acid phenylalanine at the T13769C site 
changed to the hydrophilic amino acid serine. The 
variations in the other six were all synonymous 
variations.

Significant missense variations were dis-
covered at 18 sites in the ND5 gene including 
A12367G, A12469G, A12662G, G12940A, A12950G, 
G13145A, A13276G, G13466A, A13651G, C13712T, 
T13753C, C13754T, C13765A, T13769C, T13820C, 
C13934T, A14002G and A14053G. Only one sig-
nificant missense variation was discovered in the 
ND6 gene, which was at the G14384 site (Supple-
mentary Table SI). Protein function prediction was 
performed using the Uniport database (http://
www.uniprot.org/) and Polyphen-2 (http://genet-
ics.bwh.harvard.edu/pph2). In the analysis results, 
if the score was closer to 1.0, the possibility of 
damage was higher, whereas if the score was clos-
er to 0, the possibility of damage was lower. The 
analysis results showed that A13651G missense 
variation was predicted to be probably damaging 
with a score of 0.996, which suggested that the 
possibility of the A13651G missense variation to 
cause IVF failure was very high.

A  total of 186 heterozygous variations were 
discovered in the ND5 gene, of which hetero-
zygous variations at seven sites (T/G variation  
at 12441T, G/C variation at 12561G, T/G variation 
at 12735C, A/G variation at 13164A, T/C variation 
at 13743T, T/C variation at 13812T and G/A vari-
ation at 13928G) significantly decreased the IVF 
ability of sperm and caused the occurrence of IVF 
failure (p < 0.05). A total of 45 heterozygous vari-
ations were discovered in the ND6 gene, of which 

the T/C variation at the 14172T site and C/T varia-
tion at the 14368C site also decreased the IVF abil-
ity of sperm (p < 0.05) (Supplementary Table SII).

Association between total fertilisation failure 
and mitochondrial DNA haplogroups C, R and D4a.

This study showed that haplogroup C did not 
affect the IVF ability of sperm. The homozygous 
variation at the C12705T site was a  beneficial 
variation for the IVF ability of sperm; however, 
the sperm of haplogroup R with the specific SNP 
locus at C12705C were prone to TFF (p < 0.05)  
(Table III). The A13651 site variation in the ND5 
gene was an important polymorphism site deter-
mining the haplogroup D4a in the Asian popula-
tion. The protein function prediction results sug-
gested that the risk of TFF significantly increased 
in the haplogroup D4a group. 

Discussion

Previous studies have shown that the function 
of the mitochondria in humans is closely associ-
ated with infertility [8, 9, 13–16]. Zhu et al. [14] 
showed that through the PI3K and GSK3α signal-
ling pathways, the activation of Toll-like receptors 
damages the mitochondrial membrane of sperm 
and reduces mitochondrial ATP synthesis, thus 
resulting in a reduction in the fertilisation ability 
of sperm. Mi et al. [15] showed that Spata 19 in-
fluenced the fertilisation ability of sperm by influ-
encing the mitochondrial structure and function 
of sperm. Condorelli et al. [16] showed that myoi-
nositol increased the fertilisation ability of sperm 
in oligoasthenozoospermia patients by improving 
the mitochondrial function of sperm. Our previous 
studies showed that variations in the mitochon-
drial gene ATP6 and mitochondrial haplotypes are 
correlated with IVF failure [8, 9].

Table II. General characteristics of the total fertilisation failure and control subjects

Variable IVF failure group (n = 45) Control group (n = 187) P-value

Sperm:

Concentration [× 106 /ml] 55.46 ±4.06 57.22 ±1.83 NS

Motility grade A (%) 30.61 ±2.26 30.11 ±0.79 NS

Motility grade B (%) 19.82 ±1.40 26.54 ±0.85 < 0.01

Serum:

Female basal FSH [mIU/ml] 6.35 ±0.52 6.07 ±0.17 NS

Female basal LH [mIU/ml] 5.54 ±0.73 5.43 ±0.25 NS

Oocyte, n:

Retrieved oocytes 8.49 ±0.82 12.55 ±0.47 < 0.01

Metaphase II oocytes 7.40 ±0.66 11.48 ±0.45 < 0.01

Fertilisation rate 0 0.80 ±0.01 < 0.01

NS – not significant. Values are mean ± SD.

http://www.uniprot.org/
http://www.uniprot.org/
http://genetics.bwh.harvard.edu/pph2
http://genetics.bwh.harvard.edu/pph2
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Previous literature reported that variation at 
the C12705T site of the ND5 gene might increase 
the risk of developing type 2 diabetes mellitus. 
However, among the 69 homozygous variation 
sites with statistical significance in this study, the 
C127057 site variation was found to be a protec-
tive variant against the occurrence of TFF. Varia-
tions at the other 68 sites were shown to signifi-
cantly increase the occurrence rate of TFF (p < 0.05)  

(Supplementary Table SI). In addition, variations at 
five sites, G12528A, T12696C, G13466A, C13905T 
and T14088C, were present in at least three copies 
in the sperm samples from the TFF group, where-
as variations at these sites were not discovered 
in the normal fertilisation group. Among them, 
only the G13466A site variation was a missense 
variation. In this variation, the second base of the 
AGC codon is changed to AAC, which changes the 

Figure 1. Identification of ten novel variations in ND5 gene
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hydrophilic amino acid serine into the hydrophil-
ic amino acid asparagine. The results suggested 
that variations at five sites, G12528A, T12696C, 
G13466A, C13905T and T14088C, might be asso-
ciated with IVF failure.

Ten homozygous variation sites in the ND5 
gene were newly discovered (Figure 1). The gene 
variation rates of six sites (C12417T, C13650A, 
C13765A, T13769C, C13785A and C13845T) in the 
TFF group were all significantly higher than those 
in the control group (p < 0.05). These results sug-
gested that variations at these six sites might be 
associated with the occurrence of total IVF failure. 
Among the ten newly discovered homozygous 
variations, there were four missense variations, 
one of which involved a change of the hydrophobic 
amino acid proline at the C13765A site into the 
hydrophilic amino acid threonine and the other 
involved a change of the hydrophobic amino acid 
phenylalanine at the T13769C site into the hydro-
philic amino acid serine. Variations at the other 
six sites were all synonymous variations, which do 
not cause amino acid changes but can influence 
mRNA stability and protein structure, expression 
and function [17]. A previous study has shown that 
synonymous variations might also be involved in 
the development of various diseases [18]. 

Significant missense variations at 18 sites were 
discovered in the ND5 gene. There was only one 
missense variation discovered in the ND6 gene, 
which was at the G14384A site. Protein func-
tion prediction of these 17 missense variations 
using the Uniport database (http://www.uniprot.
org/) and Polyphen-2 (http://genetics.bwh.har-
vard.edu/pph2) showed that the possibility of the 
A13651G variation site to cause IVF failure was 
very high. The A13651G site variation in the ND5 
gene was a major polymorphism site determining 
the haplogroup D4a in the Asian population. The 
missense variation at this site changed the mod-
erately conserved threonine into alanine, which al-
tered the spatial structure of the transmembrane 
protein and influenced electron transfer in respi-
ratory chain complex I, thus affecting mitochon-
drial OXPHOS and resulting in the occurrence of 
IVF failure. 

This study showed that the occurrence rates 
of the heterozygous gene variations at the nine 
sites, 12441, 12561, 12735, 13164, 13743, 13812, 
13928, 14172 and 14368, in the ND5 and ND6 
genes were significantly higher than those in the 
normal fertilisation group, suggesting that hetero-
zygous variations at these sites were correlated 
with TFF. Studies have shown that abnormalities 
in the ND complex might be associated with the 
development of mitochondrial encephalomyop-
athy, Parkinson’s disease and Huntington’s dis-
ease [19]. Mitochondria play very important roles 
in both spermatogenesis and sperm movement. 
The maintenance of the forward movement ability 
and fertilisation ability of sperm depends on the 
normal ratio of NAD(P)H/NAD(P), the intracellular 
reactive oxygen species (ROS) balance and the 
transmembrane potential generated by the mi-
tochondrial electron transfer chain [20, 21]. ND5 
and ND6 gene variations might result in changes 
in the structure and function of the ND complex, 
the accumulation of NADH and the blockade of 
the OXPHOS process. As a result, the mitochondri-
al electron transfer chain may become overloaded 
due to the increase in the electron donor NADH, 
which results in an increase in the ratio of NAD(P)
H/NAD(P)+, an increase in ROS and changes in the 
mitochondrial transmembrane potential in sperm. 
These changes influence the fertilisation ability of 
sperm and increase the occurrence of TFF.

This study showed that haplogroup C did not 
influence the IVF ability of sperm. The homozy-
gous variation at the C12705T site was a benefi-
cial variation for IVF ability in sperm; however, the 
sperm of haplogroup R, with the specific SNP site 
at C12705T, were more prone to TFF (p < 0.05). 
These results suggested that haplogroup R might 
be a risk factor for IVF failure. The A13651G site 
variation in the ND5 gene was a major polymor-
phism locus determining haplogroup D4a in the 
Asian population. The protein function prediction 
results suggested that haplogroup D4a might also 
be a risk factor for IVF failure. 

Our results might provide helpful insights into 
the relationships between mtDNA mitochondrial 
DNA haplogroups or variants and TFF. However, 

Table III. Comparisons of haplogroups in total fertilisation failure and controls

mtDNA  haplogroup Involved SNP TFF (%) (n = 45) Controls (%) (n = 187) P-value

M subgroup:

C A13263G 0 (0.00) 5 (2.67) NS

N subgroup:

R C12705C 25 (55.56) 73 (39.04) < 0.05

D4a   A13651G 2 (4.44) 0 (0) < 0.05

NS – not significant.

http://www.uniprot.org/
http://www.uniprot.org/
http://genetics.bwh.harvard.edu/pph2
http://genetics.bwh.harvard.edu/pph2
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functional studies with larger sample sizes are 
needed to substantiate these findings further. Fur-
thermore, there is a limitation in that these results 
are not suitable to be generalized due to the co-
hort consisting of Han Chinese patients only. The 
PI3K/AKT pathway is an intracellular signalling 
pathway important in regulating diverse cellular 
functions [14, 22], and the relationship between 
PI3K/Akt and the fertilisation ability of sperm 
should be investigated in the future. In addition, 
a recent study showed that polyunsaturated fatty 
acids could induce apoptosis of colon cancer cells 
through a mitochondrial dependent pathway [23], 
which might provide a new insight into the mech-
anism of TFF.

In conclusion, ND5 and ND6 gene variations 
were correlated with TFF. Haplogroup R and hap-
logroup D4a were risk factors for TFF. This study 
indicated that the detection of sperm mtDNA 
variants and haplogroups might provide an accu-
rate assessment of sperm fertilisation ability, and 
might be essential for the appropriate treatment of 
patients and for preventing the occurrence of TFF. 
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