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ABSTRACT

Yau-Huei Wei and Shu-Huei Kao (2000) Mitochondrial DNA mutation and depletion are associated with decline
of fertility and motility of human sperm. Zoological Studies 39(1): 1-12. Sperm motility is one of the most
important determinants of male fertility. In this review, we discuss recent findings that mutation and depletion of
mitochondrial DNA (mtDNA) are associated with poor motility and diminished fertility in human sperm. The
mtDNA mutations were identified and characterized by polymerase chain reaction (PCR) techniques and DNA
sequencing, and the copy number of mtDNA was determined as the ratio between the amount of mtDNA and that
of nuclear DNA in sperm. By use of these molecular techniques we first established that the common 4977-bp
deletion and 2 novel deletions of 7345 bp and 7599 bp of mtDNA occur more frequently and in higher proportions
in spermatozoa with poorer motility and lower fertility. On the other hand, we found that the copy number of
mtDNA is lower for sperm with poorer motility. Scores of several motility parameters of sperm assessed by a
computer-assisted semen analyzer are positively correlated with the copy number of mtDNA. Moreover, with a
transmission electron microscope we examined spermatozoa with low levels of mtDNA from infertile patients.
We found that more than 70% of spermatozoa exhibited normal helicoidal morphology of mitochondria packed in
the midpiece. These results indicate that depletion of mtDNA in these spermatozoa is not due to a decrease in
the number of mitochondria but is a result of the paucity of the mitochondrial genome per se. On the basis of
these recent findings, we suggest that mutation and depletion of mtDNA in spermatozoa may play an important
role in the pathophysiology of some male infertility.
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INTRODUCTION

Mitochondria are intracellular organelles re-
sponsible for energy metabolism in eukaryotic cells.
As the major supplier of chemical energy in the form
of adenosine triphosphate (ATP), mitochondria use
more than 90% of the oxygen uptake of mammalian
cells in the respiratory chain (Chance et al. 1979).
Sperm require a great deal of ATP for the flagellum
to move around in the early phase of fertilization (de
Lamirande and Gagnon 1992). It has been generally
accepted that there are 70-80 mitochondria in the
midpiece of mammalian sperm (DeMartino et al.
1979, Michaels et al. 1982, Alcivar et al. 1989). The
ATP generated in mitochondria is transported to the
motility apparatus of the sperm tail via the creatine
phosphate shuttle (Tombes and Shapiro 1985) or by
radial and vertical diffusion (Cardullo and Baltz
1991).

Mammalian sperm, like somatic cells, contain
multi-copies of mitochondrial DNA (mtDNA) in addi-
tion to the nuclear genome. Human mtDNA is a
16569-bp double-stranded circular DNA molecule
that codes for 2 rRNAs, 22 tRNAs, and 13 polypep-
tides (Anderson et al. 1981) (Fig. 1). Each strand of
DNA is transcribed as a single polycistronic tran-
script under the control of a strand-specific promoter
(P4 and P), transcription factors, and specific regu-
latory proteins that are all encoded by nuclear DNA
(Attardi and Schatz 1988, Poyton and McEwen
1996). Mitochondrial respiratory chain function de-
pends on the coordinated gene expression of both
the mitochondrial and nuclear genomes. A mutation
in either genome may lead to defective respiratory
function of mitochondria. Somatic mtDNA mutations
have been proposed to be a major contributory factor
for aging and age-related degenerative diseases
(Linnane et al. 1989, Wei 1992). Several types of
mtDNA mutations occur in high proportions in af-
fected tissues of patients with overt mitochondrial
diseases (Wallace 1994, Sherratt et al. 1997). Point
mutation and large-scale deletion of mtDNA have
been found in patients with mitochondrial myopa-
thies and encephalomyopathies (Wallace 1992,
Lestienne and Bataille 1994, Larsson and Clayton
1995), diabetes mellitus (Ballinger et al. 1994), and
other multi-system disorders (Sherratt et al. 1997).
In addition to mtDNA mutations, depletion of mtDNA
has also been found in some patients with fatal infan-
tile mitochondrial myopathy (Moraes et al. 1991,
Mazziotta et al. 1992, Tritschler et al. 1992), spinal
muscular atrophy (Pons et al. 1996), and fatal he-
patic failure (Spelbrink et al. 1998).

It is long established that there is 1 copy of

mtDNA in each mitochondrion in the midpiece of
mammalian sperm (Michaels et al. 1982). During
spermatogenesis, the mitochondria undergo drastic
morphological changes and subcellular reorganiza-
tion (Seitz et al. 1995). A reduction in the numbers of
mitochondria and of the mitochondrial genome was
demonstrated in maturation of mammalian sperm
(Hecht 1984). In order to maintain a suitable number
of mitochondria in mature sperm, replication and or-
ganization of mtDNA must be tightly controlled in the
process of spermatogenesis. Since the bioenergetic
function of mitochondria is crucial for sperm matility,
any qualitative or quantitative aberrations in mtDNA
may affect the cellular functioning of spermatozoa.
In the past few years, several groups have demon-
strated that large-scale deletions of mtDNA fre-
quently occur in human sperm with low motility (Kao
et al. 1995, Lestienne et al. 1997, Kao et al. 1998,
Reynier et al. 1998). Recently, we found that the
copy number of mtDNA is significantly reduced in
sperm with poor motility or diminished fertility (Kao
1998). Since most mtDNA mutations exist at ex-
tremely low levels in sperm, several sophisticated
PCR techniques have been developed for the analy-
sis of mutations in mtDNA. We also employed the
transmission electron microscopic method to visual-
ize the assembly and morphology of sperm mito-
chondria. The results from these studies have led us
to suggest that mutation and depletion of mtDNA
play a role in the pathophysiology of infertility in some
males.

MITOCHONDRIAL GENOME AND GENETICS

It was demonstrated more than 30 years ago
that human and animal cells contain a 2nd genome
in the mitochondria (Gray 1989). Each mammalian
cell contains a few hundred to several thousand
mitochondria, and each mitochondrion has 2 to 10
copies of mtDNA (Gray 1989, Veltri et al. 1990). The
existence of this extra-chromosomal genetic system
has conferred mitochondria with the ability to synthe-
size proteins in a semi-autonomous manner (Attardi
et al. 1989). Mammalian mtDNA encodes 2 rRNAs,
22 tRNAs, and 13 polypeptides (Fig. 1), which are
essential components of 4 respiratory enzyme com-
plexes (Anderson et al. 1981, Attardi and Schatz
1988). The replication of mMtDNA and gene expres-
sion of the mitochondrial genome are executed and
regulated by enzymes and protein factors encoded
by nuclear DNA (Larsson and Clayton 1995). Hu-
man mtDNA is maternally inherited (Giles et al.
1980) and is usually amplified during the maturation
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process of oocytes from only a few precursor mtDNA
molecules, a phenomenon leading to the establish-
ment of current bottleneck theory (Jenuth et al. 1996,
Reynier et al. 1998). Usually oocytes from healthy
females have no mutated mtDNA molecules (a clean
start). However, a wide spectrum of mutant mtDNA
molecules occurs and accumulates in somatic cells
in the aging process and in affected tissues of pa-
tients with mitochondrial diseases (Wallace 1992
1994 1999). Mutant mtDNAs are often randomly dis-
tributed at the tissue level and randomly segregated
during cell division at the cellular level (Case and
Wallace 1981, Huang et al. 1996, Huang et al. 1999).

The mitochondrial genome is attached, at least
transiently, to the inner membrane of mitochondria
(Shearman and Kalf 1977) where reactive oxygen
species (ROS) and free radicals (e.g., ubisemiqui-
none radicals) are continually generated by the respi-
ratory chain (Chance et al. 1979, Richter et al. 1995).
Mammalian mtDNA lacks the protection of histones
and other DNA-binding proteins, and is replicated
rapidly without efficient proofreading or a DNA repair
system (Clayton et al. 1974, Tomkinson et al. 1990,
Driggers et al. 1996, Beckman and Ames 1997,
Croteau and Bohr 1997). Moreover, mtDNA has no
introns, and both strands are transcribed to synthe-
size the 3 types of RNA required for the assembly of
a functional protein synthesis machinery in the
mitochondria. Thus random attacks on the naked
MtDNA by ROS or free radicals will inevitably cause
oxidative damage or mutation to the mitochondrial
genome with pathological consequences.

On the other hand, mtDNA is replicated by a so-
called “D-loop” mechanism, whereby a 3-strand in-
termediate is generated in the replication process
(Clayton 1992). This replicating form of mtDNA is
especially vulnerable to attack by ROS and free
radicals. Moreover, mtDNA contains a great number
of direct repeats of size from 4 to 17 bp, whereby
some large-scale deletions may be induced by slip-
page mispairing during DNA replication (Shoffner et
al. 1989). The peculiar structure and unique replica-
tion system of mtDNA and the highly oxidative envi-
ronment in which it is located have caused it to mu-
tate at a rate 10 to 20 times higher than that of
nuclear DNA (Merriwether et al. 1991, Wallace 1994,
Yakes and van Houten 1997). The mtDNA in so-
matic cells is thus subject to mutation at a high fre-
guency in an individual's life span. On the basis of
the abundance of a number of point mutations in the
skeletal muscle of elderly subjects (Zhang et al.
1998), it was calculated that in such tissues of 70-yr-
old human subjects, each mtDNA molecule carries
50 base substitutions on average (Nagley and Wei

1998). The same tissues may also contain many dif-
ferent types of mtDNA deletions. Thus, it is quite
common for mutant mtDNA molecules to coexist
with wild-type mtDNA in the same cell, a condition
termed “heteroplasmy” (Wallace 1992). Moreover,
the random occurrence and distribution of mutant
mtDNA molecules usually vary from tissue to tissue.
This frequently results in the so-called “mosaic” de-
fects in mitochondrial respiratory function, which
may be revealed by histochemical or biochemical ex-
aminations of target tissues of subjects harboring
such mtDNA mutations (Wallace 1994, Huang et al.
1996, Nagley and Wei 1998, Huang et al. 1999).

DISCOVERIES OF MITOCHONDRIAL DNA
MUTATIONS

It was Piko and coworkers who first conducted a
series of studies in the late 1970s which demon-
strated that the frequency of rearrangement of
mtDNA is increased in senescent animal tissues
(Piko 1978). In addition, they found that the propor-
tion of structurally altered mtDNA increased from
about 0.1% in young adult animal tissues to approxi-
mately 2.0% in old mouse brain, 1.5% in old rat
kidney, and 0.6% in heart muscle of old mice (Piko et
al. 1984). They also noted that these aging-related
mtDNA aberrations occur at variable sites, but that
their distribution is nonrandom. From studies of se-
quence heterogeneity of mtDNA from rat and mouse
tissues, Piko et al. (1988) concluded that the fre-
quency of deletions and insertions of mtDNA in-
creases with age. At about the same time, Holt and
coworkers (1988) first demonstrated large-scale de-
letions of mtDNA in skeletal muscle of patients with
mitochondrial myopathy. This type of DNA rear-
rangement was later shown to occur frequently in
muscle of patients with chronic progressive external
ophthalmoplegia (CPEQO), Kearns-Sayre syndrome
(KSS), and Pearson’s marrow-pancreas syndrome
(Zeviani et al. 1988, Shoffner et al. 1989, Rétig et al.
1990, Wallace 1992). The 4977-bp deletion, which
occurs at the breakpoints with the 13-bp direct re-
peat of 5-~ACCTCCCTCACCA-3', has been estab-
lished to be the most common mtDNA mutation in
affected tissues of about 40% of patients with mito-
chondrial myopathy (Shoffner et al. 1989, Wallace
1992). This and other large-scale deletions (e.g., the
7436-bp deletion) of MtDNA have lately been found
to occur frequently in aging human tissues (Yen et al.
1991, Wei 1992, Yang et al. 1995, Fahn et al. 1996,
Wei 1998, Lu et al. 1999). Almost all large-scale de-
letions reported so far occur within the large arc be-
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tween the 2 origins for replication of mtDNA (Fig. 1).
Several types of duplication of mtDNA have also
been found in muscle of a small number of patients
with mitochondrial disorders (Poulton 1992, Poulton
and Holt 1994, Li et al. 1996).

On the other hand, several point mutations of
MtDNA have been detected in target tissues (mostly
muscle) of patients with mitochondrial encephalo-
myopathies (Goto et al. 1990, Shoffner et al. 1990)
and other neuromuscular disorders (Santorelli et al.
1993, Wallace 1994). It is now established that
LHON, MERRF, MELAS, and Leigh syndromes are
associated with mutations of G11778A, A8344G,
A3243G, and T8993G (or T8993C), respectively, in
MtDNA (Wallace et al. 1988, Wallace 1994, Sherratt
et al. 1997, Wallace 1999). Some other minor point
mutations of mtDNA have also been found in a
smaller number of patients having these diseases,
such as the T3271C mutation for the MELAS syn-
drome (Goto et al. 1991).

All of the aforementioned pathogenic mutations
of mMtDNA are usually present at high levels (> 70%)
in affected tissues, such as muscle and brain, and
are segregated with the diseases. Most of these
mtDNA mutations have been shown to cause de-
fects in protein synthesis and/or respiratory function
of the mitochondria. The severity and onset age of
the diseases usually correlate with the proportion of
mutant mtDNA in the affected tissues. Recently, we
detected low levels (< 5%) of large-scale deletions
(mostly the 4977-bp deletion) of mtDNA in muscle of
several patients with mitochondrial myopathy and
encephalomyopathy; these patients have been
proven to harbor high levels of a primary pathogenic
MtDNA mutation (Shih 1996, Wei 1998, Pang et al.
1999). These less-abundant mutations of mtDNA
may be elicited by the pre-existing primary mutation
of the mitochondrial genome due to enhanced pro-
duction of ROS and free radicals by the impaired res-
piratory function in affected tissues. Furthermore,
some of these pathogenic mutations of mtDNA have
also been found to occur at lower levels (< 1%) and
to accumulate with age in various tissues of elderly
subjects (Yen et al. 1991, Wei 1992, Yang et al.
1995, Fahn et al. 1996, Wei 1998, Wei et al. 1998).
These mutant mtDNA molecules may be increased
by amplification of pre-existing molecules in the oo-
cyte from which the individual developed, or arise by
de novo mutation of mtDNA in somatic tissues dur-
ing the life span of that individual. Age-dependent
increases in the frequency of occurrence and pro-
portion of mutated mtDNA molecules have been
proposed to be an important contributory factor in hu-
man aging and age-related neurodegenerative dis-

eases (Wei 1992 1998). This age-related accumula-
tion of MtDNA mutations may also play a role in the
progression of clinical symptoms of mitochondrial
diseases (Pang et al. 1999).

MITOCHONDRIAL DNA MUTATIONS IN
HUMAN SPERM

Spermatozoa need a great deal of energy to
support their rapid movement after ejaculation.
While producing ATP by normal aerobic metabolism,
sperm mitochondria also generate ROS and free
radicals as byproducts. These deleterious reactive
compounds are usually disposed of by the coordi-
nated functioning of enzymatic antioxidants, but a

Human mtDNA
16569 bp

7436-bp

% deletion

~ -
e

Fig. 1. Organization of genes and some mutations of the human
mitochondrial genome. Human mtDNA encodes 13 polypep-
tides, 12S and 16S rRNAs, and a set of 22 tRNAs by transcription
of both heavy (from HSP) and light strands (from LSP) in a coor-
dinated manner. The 4977-bp and 7436-bp deletions, which oc-
cur at the hot regions within the large arc between the replication
origins Oy and Oy, are the 2 most commonly found disease- and
aging-associated large-scale deletions of human mitochondrial
DNA (Wallace 1992, Wei 1992). The A3243G and A8344G tran-
sitions in the tRNAUUUR) and tRNAYS genes, respectively, are
the 2 point mutations found in patients with MELAS and MERRF
syndromes (Goto et al. 1990, Shoffner et al. 1990). Many other
mutations, including point mutations, large-scale deletions, and
duplications that have been found in affected tissues of patients
with mitochondrial diseases, are not shown on the map. These
mutations may occur alone or in combinations in various human
tissues in aging or degenerative diseases.
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certain fraction of them may escape the antioxidant
defense system and cause transient or permanent
damage to lipids, proteins, and nucleic acids (Aitken
et al. 1989). Spermatozoa are especially vulnerable
to peroxidative damage because their plasma mem-
branes are rich in unsaturated fatty acids, and be-
cause they lack endogenous catalase and glu-
tathione peroxidase (Aitken et al. 1992). Fraga and
coworkers (1991) demonstrated that the content of
8-hydroxy 2'-deoxyguanosine (8-OH-dG), a marker
of oxidative damage to DNA, in sperm is inversely
related to the concentration of ascorbic acid in
semen. It was pointed out that age-related increase
of oxidative stress and oxidative damage to mtDNA
is involved in male infertility (Cummins et al. 1994).
We have thus hypothesized that mtDNA molecules
in human spermatozoa are vulnerable to oxidative
damage and mutation and that they play a role in
male infertility.

To test this hypothesis, we used self-migration
of sperm into 50%-80% Percoll gradients to fraction-
ate spermatozoa with different motility scores (Fig.
2). The motility characteristics including motility
(MOT), progressive motility (pMOT), average path
velocity (VAP), straight line velocity (VSL), beat cross
frequency (BCF), linearity (LIN), and amplitude of lat-
eral head displacement (ALH), were immediately
measured by a computer-assisted semen analyzer
(CASA) (Fig. 3). The Percoll gradient fractionation
was found to be efficient in separating spermatozoa
with varying motilities (Kao et al. 1995). We then ap-
plied regular PCR and primer-shift PCR techniques
to screen for large-scale deletions of mtDNA in sper-
matozoa with poor motility and those from patients
with infertility and oligospermia or asthenospermia.
Among the mtDNA deletions observed, the so-called

o .
Original 5%C0.37C g(())r%? c
| 50% Percoll
60% Percoll
70% Percoll

v 80% Percoll

Residue from original
50% Percoll
60% Percoll
70% Percoll

v 80% Percoll

Fig. 2. Fractionation of human sperm by self-migration of sper-
matozoa into continuous Percoll gradients. The Percoll gradients
were prepared by mixing 100% Percoll solution with Ham's F-10
medium at different volume ratios. Freshly ejaculated spermato-
zoa were gently washed and layered on top of the 50%-80%
Percoll gradients, and incubated at 37 °C for 90 min in a humidi-
fied incubator maintained at 5% CO,. At the end of incubation,
the spermatozoa migrated according to their motilities into vari-
ous Percoll gradients.

“common deletion” of 4977 bp was the most preva-
lent and abundant one (Kao et al. 1995). In addition,
we identified 2 novel deletions of 7345 and 7599 bp
of mtDNA in spermatozoa with poor motility (Kao et
al. 1998). These 3 large-scale deletions all occur at
the hot regions (Hou and Wei 1996) in the large arc
between 2 replication origins of mtDNA (Fig. 1).
Most importantly, they were found to occur more fre-
quently in sperm with poorer motility, and their pro-
portions were shown to correlate with motility in a
negative manner (Fig. 4). Moreover, we demon-
strated that the incidences of the 3 types of mtDNA
deletions in spermatozoa from patients with primary
infertility and oligospermia or asthenospermia are
significantly higher than those of sperm of fertile
males (Kao et al. 1998). Lestienne and coworkers
(1997) used PCR techniques to detect multiple dele-
tions of mtDNA in a patient with oligoasthenozoo-
spermia. It is important to note that other mtDNA
mutations in sperm may exist that were not revealed
by the primers and PCR techniques used. Indeed, in
the spermatozoa with low motility and those from in-

Fig. 3. Assessment of motility characteristics of human sperma-
tozoa by a computer-assisted semen analyzer. A 10 pl aliquot of
human sperm suspension obtained from Percoll gradient frac-
tionation was placed in a Makler chamber (Self-Medical Inc.,
Haifa, Israel) and assessed for motility characteristics in a com-
puter-assisted semen analyzer (CASA, Hamilton Thorn Re-
search Inc., Danvers, MA, USA). The parameters assessed in-
clude average path velocity (VAP: the average velocity traveled
by a sperm through 5 points in the path of movement), percent-
age motile (MOT: percentage of spermatozoa exhibiting a VAP >
10 um/s), progressive motility (pMOT), straight-line velocity
(VSL: straight-line distance traveled by the sperm head in unit
time), curvilinear velocity (VCL: the 2-dimensional track de-
scribed by the sperm head in unit time), amplitude of lateral head
displacement (ALH: the amplitude of the lateral sperm head dis-
placement in micrometers), linearity (LIN), and beat-cross fre-
quency (BCF). It was found that spermatozoa in the higher
Percoll gradients have higher scores in almost all the above mo-
tility parameters (Kao et al. 1995), which indicates that the self-
migration method is valid for separation of human spermatozoa
with different motilities.
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fertile patients, we frequently observed some less
abundant deletions of mtDNA. These minor dele-
tions and the 3 aforementioned major deletions may
exist alone or in different combinations with varying
proportions in spermatozoa. It remains to be investi-
gated whether these mtDNA deletions are localized
in the same mitochondria (intra-mitochondrial
heteroplasmy) or in different organelles (inter-mito-
chondrial heteroplasmy) of spermatozoa harboring
mutated mtDNA molecules.

By using the PCR-RFLP (restriction fragment
length polymorphism) techniques, we screened for
several commonly found pathogenic point mutations
of mtDNA in spermatozoa with poor maotility or in
spermatozoa from patients with infertility (Kao 1998).
Among these mutations, only very low levels (<
0.1%) of the MELAS-specific A3243G mutation of
MtDNA were found in some spermatozoa with poor
motility (Kao and Wei, unpubl. observ.). However,
we cannot rule out the possibility that some novel
point mutations of mtDNA are present in some of the
spermatozoa with poor moatility or in spermatozoa of
infertile males. It is worth mentioning that we de-
tected about 38% of mtDNA with the A3243G muta-
tion in one of the asymptomatic maternal relatives of
a male patient with full-blown MELAS syndrome
(Huang et al. 1994). This adult male patient har-
bored about 90% of mtDNA with the A3243G muta-
tion in muscle and had defective gonad function and
impaired spermatogenesis. This may be one of the
muscular dystrophy-related secondary clinical mani-
festations of the MELAS syndrome and other mito-
chondrial myopathies.

MITOCHONDRIAL DNA DEPLETION IN
HUMAN SPERM

In addition to qualitative changes (e.g., muta-
tion), a reduction in the copy number of mtDNA (a
condition termed mtDNA depletion) has also been
observed in affected tissues of some patients having
distinct mitochondrial diseases. Moraes et al. (1991)
reported that mtDNA was depleted to varying de-
grees in different tissues of a patient with fatal mito-
chondrial disease in early infancy. In the following
year, Mazziotta et al. (1992) demonstrated in another
patient that mtDNA depletion is associated with fatal
infantile liver failure. Tritschler and coworkers (1992)
also showed that in some patients mitochondrial my-
opathy can be caused by, or is associated with,
MtDNA depletion. Macmillan and Shoubridge (1996)
reported that mtDNA depletion is prevalent in a Ca-
nadian pediatric population referred to them for neu-

rologic evaluation. No pathogenic mtDNA mutations
were found in the patients, and there was evidence
of autosomal recessive inheritance of the diseases
in some families. These observations have led to the
suggestion that the gene(s) responsible for mtDNA
depletion is encoded by the nuclear genome (Taan-
man et al. 1997, Zeviani et al. 1997).

Since spermatozoa need to have a suitable
number of functioning mitochondria to supply energy
for motility and fertilization capability, we have re-
cently investigated whether mtDNA depletion is as-
sociated with decreased motility and diminished fer-
tility of human sperm. By using a hot-start concur-
rent PCR technique, we determined the ratio be-
tween the DNA band intensity of the PCR product of
the ND1 gene of mtDNA and that of the 3-actin gene
of nuclear DNA for each sperm sample (Kao 1998).
This ratio is an index of the relative amount (copy
number) of mtDNA with respect to nuclear DNA.
The results showed that there is a positive correla-
tion between the mtDNA copy number and sperm
motility determined by the CASA system (Kao et al.
2000). When the sperm samples from 85 male sub-
jects were divided into 4 groups with sperm motilities
of < 20%, 21%-40%, 41%-60%, and > 60%, we
found that the average copy numbers of mtDNA per
spermatozoon were 7.2+ 1.3,32.4+ 1.4,48.4 + 1.2,
and 74.1 £ 2.0, respectively. Moreover, the scores of

0.30 o
[J 4977 bp deletion

7345 bp deletion

0.25 - T

0.20 +

B 7599 bp deletion

0.15 4

Proportion of dmtDNA (%)

<50% 50% 60% 70% 80%

Percoll fraction of human sperm

Fig. 4. Proportions of mtDNA molecules with 3 large-scale dele-
tions in different sperm fractions separated by Percoll gradients.
The average proportions of the 4977 bp-deleted, 7345 bp-
deleted, and 7599 bp-deleted mtDNAs of spermatozoa in each of
the 5 fractions are presented by blank bars, dotted bars, and
black bars, respectively. Spermatozoa were fractionated by the
self-migation method as described in figure 2, and the propor-
tions of deleted mtDNAs were determined by the semi-quantita-
tive PCR method as previously described (Kao et al. 1998).
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a number of motility parameters, including pMOT,
BCF, LIN, and ALH, were also found to correlate
positively with the copy number of mtDNA in sperma-
tozoa (Kao 1998, Kao et al. 2000). We also noted
that spermatozoa from infertile or subfertile patients
had significantly lower copy humbers of mtDNA as
compared with fertile males.

In order to determine whether the decline in the
copy number of mtDNA is caused by a decrease in
the number of mitochondria, we used a transmission
electron microscope to examine the longitudinal ul-
trastructure of a small number of spermatozoa from
several patients with asthenospermia. The results
showed that the subcellular structures and mor-
phologies of intracellular organelles including acro-
somes, nuclei, mitochondria, and axonemes were
apparently normal. Upon electron microscopic ex-
amination of representative spermatozoa from sev-
eral patients with asthenospermia, we found that the
average copy humber of mtDNA was about 0.9 per
spermatozoon (close to the normal value of 1.0).
These findings suggest that depletion of mtDNA in
spermatozoa with poor motility and diminished fertil-
ity is not due to a paucity of mitochondria but is
caused by a lack of the mitochondrial genome per
se.

Although the mechanism of mtDNA depletion is
unclear, it is thought that mtDNA depletion is caused
by mutations in the mitochondrial replication ma-
chinery. However, no mutations have been found in
the D-loop region of mtDNA, which controls the repli-
cation of mtDNA, in patients with the mtDNA deple-
tion syndrome. In addition, mitochondrial transcrip-
tion factor A (mtTFA), mitochondrial single-strand
DNA-binding protein, endonuclease G, and DNA
polymerase y have been demonstrated to be in-
volved in the regulation of mtDNA replication. These
proteins or enzymes have been proposed to play a
role in controlling the copy number of mtDNA
(Spelbrink et al. 1998). Nuclear involvement in
MtDNA depletion was established by observations
that mtDNA populations can be restored in vitro by
fusion of p° cells (MtDNA-less cells) with enucleated
cultured cells from patients with mtDNA depletion
syndrome (Bentlage and Attardi 1996, Taanman et
al. 1997). Reduction in the level of mtTFA was ob-
served in muscle fibers of patients with mtDNA
depletion syndrome (Larsson et al. 1994, Poulton et
al. 1994). MtTFA has been suggested to play an im-
portant role in the regulation of replication and tran-
scription of mtDNA, affecting the tight coupling be-
tween DNA replication and gene expression in
mitochondria. Moreover, it was demonstrated that
the expression of mtTFA is down-regulated during

spermatogenesis in humans (Larsson et al. 1997).
Depletion of mtDNA may arise spontaneously under
genetic pressure during spermatogenesis by defec-
tive replication of mtDNA resulting from a paucity of
MtTFA or poor communication between the nuclear
and mitochondrial genomes.

OTHER ABERRATIONS OF MITOCHONDRIAL
DNA IN HUMAN SPERM

Since the reported mtDNA mutations in sperma-
tozoa are mostly, if not exclusively, those detected by
PCR using primers specifying a segment of mtDNA
encompassing only a small number of putative dele-
tions or point mutations, some other mutations may
exist that have been undetected. Recently, Reynier
et al. (1998) screened for large-scale deletions of
mMtDNA in 94 sperm samples with the long PCR tech-
nique followed by Southern hybridization. They
found that about 85% of sperm samples contained
large-scale mtDNA deletions of variable sizes, and
that most spermatozoa had 2 to 7 deletions of
mtDNA. Furthermore, they noted that these mtDNA
deletions are similar to those observed in skeletal
muscle, myocardium, and other tissues of aged
individuals. The mtDNA mutations detected so far
may just represent the “tip of the iceberg” of all pos-
sible mutations in spermatozoa. Interestingly, these
investigators detected a smaller number of distinc-
tive mtDNA deletions in mature oocytes. Moreover,
different oocytes from the same donor were found to
harbor different sets of mtDNA deletions. These
findings suggest that pre-existing mtDNA molecules
with large-scale deletions are preferentially retained
or selected after the reduction/amplification stage of
mtDNA in early oogenesis. They concluded that
mtDNA deletions occur more frequently in human
spermatozoa than in oocytes.

It is possible that mtDNA mutations are elicited
during the process of spermatogenesis. During cell
division, mtDNA molecules must be amplified and
randomly segregated into daughter cells. As dis-
cussed above, during replication mtDNA exists tran-
siently as a three-strand intermediate that is prone
to large-scale deletions via slippage-mispairing
(Shoffner et al. 1989, Larsson and Clayton 1995). At
this stage, the mitochondrial genome is also ex-
posed to ROS, and mutation may be induced if intra-
cellular levels of antioxidants are insufficient for pro-
tection of spermatozoa from oxidative damage
(Cummins et al. 1994). Indeed, we found that the
intracellular content of 8-OH-dG in spermatozoa with
poor motility was significantly higher than that in mo-
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tile spermatozoa (Kao 1998). The ratios between 8-
OH-dG and dG (in units of 10°%) of DNA in sperma-
tozoa with matility scores of 0%-30%, 31%-60%, and
61%-90% were determined to be 9.60 + 0.01 (n =
12), 6.25 + 0.42 (n = 19), and 4.63 £ 0.49 (n = 7),
respectively. In addition, the level of 8-OH-dG in total
DNA (composed of mtDNA and nuclear DNA) was
found to correlate with lipid peroxide content in semi-
nal plasma or spermatozoa (Kao 1998). These find-
ings suggest that spermatozoa with poor motility
have been more severely damaged by ROS, free
radicals, or lipid peroxides before or after ejaculation.
This notion is supported by our recent finding that
concentrations of ascorbate in seminal plasma and
a-tocopherol in spermatozoa and seminal plasma
are positively correlated with sperm maotility and are
negatively correlated with 8-OH-dG content of sper-
matozoa (Kao 1998). On the other hand, we also
noted a positive correlation between the level of
mMtDNA with the 4977-bp deletion and the specific
content of 8-OH-dG in spermatozoa. This indicates
that ROS-elicited oxidative damage to DNA may be
fixed as large-scale deletions of mtDNA in sperm
mitochondria. This is consistent with our recent find-
ings that large-scale deletions of mtDNA occur much
more frequently in the hot regions with bent or anti-
bent DNA structures (Hou and Wei 1996 1998).
However, it remains to be elucidated how oxidative
damage to mtDNA in sperm leads to large-scale de-
letions of the mitochondrial genome in vivo.

DISCUSSION AND CONCLUSIONS

Since sperm require a substantial amount of en-
ergy to swim fast enough to reach the oviduct during
fertilization, the appropriate bioenergetic function of
mitochondria is critical for male fertility (Tombes and
Shapiro 1985, de Lamirande and Gagnon 1992). In
the active respiration state, as much as 5% of the
oxygen utilized by mitochondria is converted to su-
peroxide anions and other ROS. Upon enzymatic
action of superoxide dismutase, superoxide anions
are converted to hydrogen peroxide (H,05), which
cannot be further disposed of by spermatozoa due to
a lack of catalase and glutathione peroxidase (Aitken
et al. 1992). Thus, H,O, accumulates and is easily
converted to hydroxyl radicals in the presence of di-
valent metal ions via the Fenton reaction. MtDNA
molecules, which are transiently attached to the in-
ner membrane of mitochondria, are thus extremely
vulnerable to oxidative damage under active respira-
tion of spermatozoa (Fraga et al. 1996). Aitken and
coworkers (1989) showed that excess amounts of

ROS and free radicals in spermatozoa and seminal
plasma have adverse effects on sperm motility and
fertility. We have also demonstrated that oxidative
damage to lipids and DNA of spermatozoa is associ-
ated with declining motility and diminishing fertility of
human sperm (Chen et al. 1997, Kao 1998). Oxida-
tive damage to mtDNA has been shown to be much
higher than that to nuclear DNA in human and animal
tissues (Richter et al. 1988, Yakes and van Houten
1997). As mtDNA is extensively damaged by ROS
or free radicals, DNA strand breaks and large-scale
deletions may be induced (Nagley and Wei 1998, Lu
etal. 1999). Indeed, we detected the common 4977-
bp deletion and 2 novel deletions of 7345 bp and
7599 bp in mtDNA from spermatozoa with poor mo-
tility and diminished fertility (Kao et al. 1998). These
large-scale deletions result in complete removal or
truncation of some structural genes and tRNA genes
of mtDNA. The defective protein subunits encoded
by such kinds of mutated mtDNA are assembled with
nuclear DNA-encoded subunits to yield impaired res-
piratory enzymes. Spermatozoa containing defec-
tive mitochondria not only produce ATP less effi-
ciently but also generate more ROS and free
radicals, which may further damage mitochondria
and mtDNA leading to an ultimate energy crisis and
decline of motility and fertility (Fig. 5).

Previous studies have shown that mtDNA and
mitochondria are more abundant in tissues with
higher energy demand, such as heart and skeletal
muscle (Robin and Wong 1990, Veltri et al. 1990).
The change of sperm mtDNA copy number is a very
important event throughout spermatogenesis, fertili-
zation, and embryogenesis. Recently, it was demon-
strated that expression of mtTFA is reduced in male
germ cells during spermatogenesis in human, and
sperm mtDNA is subsequently reduced (Larsson et
al. 1997). However, over-reduction in the number of
sperm mtDNA during or after spermatogenesis may
be detrimental to spermatozoa. We have demon-
strated for the first time that depletion of sperm
mtDNA is an important contributory factor in dimin-
ished sperm motility and fertility. However, the num-
ber of mitochondria per se was found to be main-
tained within a normal range in spermatozoa with re-
duced mtDNA copy number (Kao et al. 2000). This
finding indicates that mtDNA depletion is not caused
by a defect in mitochondrial biogenesis. This is in
agreement with the observation that the number of
mitochondria remains constant but the number of
mtDNA molecules per mitochondrion is altered un-
der different pathophysiological conditions (Larsson
et al. 1994, Bentlage and Attardi 1996).

A number of studies have demonstrated that
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MtDNA mutations (deletions and rearrangements)
occur frequently in sperm with poor moatility (Kao et
al. 1995, Lestienne et al. 1997, Kao et al. 1998). This
may possibly be related to changes of the microenvi-
ronment (e.g., free radical levels, oxygen pressure,
and toxic metabolites of xenobiotics or cigarette
smoke) of the germ cells during or after spermato-
genesis. It is noteworthy that exogenous sources of
ROS and free radicals can aggravate oxidative dam-
age and mutations of mtDNA in human tissues (Yang
et al. 1995, Fahn et al. 1998). On the other hand,
mutated mtDNA molecules may be propagated by

Cellular functions

Mitochondria ATP
FADH, /Z(H*+1/202

Reactive oxygen species
(+O2,*OH, H20, etc. ..)
Mn-SOD
—— and other
antioxidants,

Vicious cycle

encoded
ubunits

Defective mtDNA-
encoded subunits

\MtDNA mutations

nuclear DNA-
encoded subunits

Energy crisis

l

Impaired sperm motility
and diminished fertility

Nucleus

Fig. 5. A vicious cycle of mitochondrial DNA mutations and its
ultimate effect on sperm motility and fertility. The electron trans-
port chain (ETC), which is composed of mtDNA-encoded and
nuclear DNA-encoded protein subunits, is actively involved in
oxidative phosphorylation during fast movement of spermatozoa.
About 1%-5% of the oxygen consumed in this process is con-
verted to ROS, which are usually disposed of by Mn-SOD and
other antioxidant systems. However, a certain fraction of the
ROS may escape the defense system, a result which is more
pronounced in defective spermatozoa, and cause oxidative dam-
age to lipids, proteins, and nucleic acids in mitochondria. The
oxidatively modified and/or mutated mtDNAs are transcribed and
translated to produce defective protein subunits that may as-
semble to form defective respiratory enzymes. The impaired
ETC system not only produces ATP less efficiently but also gen-
erates more ROS, which further enhance the oxidative stress and
elicit damage to mitochondria. This vicious cycle is accelerated
when oxygen consumption is increased, and if the ROS are not
efficiently disposed of during active respiration, mutations and
oxidative damages may accumulate to a point that the energy
metabolism of mitochondria is insufficient to maintain normal
functioning of spermatozoa. Under such conditions, sperm motil-
ity will significantly decline and fertility will diminish.

defective nuclear factors from paternal or maternal
germ cells, be clonally expanded during the matura-
tion of oocytes, and be localized in primordial germ
cytoplasm during embryogenesis (Jenuth et al.
1996, Poulton et al. 1998). It is also possible that
mtDNA molecules with oxidative damage or muta-
tion are unstable, and are quickly degraded resulting
in a decrease of mtDNA copy number in spermato-
zoa with poor motility. This notion is supported by
recent findings that the relative content of mtDNA in
lung tissue is significantly reduced in heavy smokers
(Lee et al. 1998). In conclusion, recent studies from
this and other laboratories have clearly demon-
strated that mutation and depletion of mtDNA do play
important roles in the diminution of fertility and de-
cline of various motility parameters that are impor-
tant determinants of male fertility.
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