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The aim of our review article is related to the sperm mitochondrial biology during living cycle — sperma-
togenesis, when the sperm mitochondria are independent biomarkers of male germ cell differentiation,
sperm capacitation and motility, as well as of spermatozoa health and fertility. An increased understanding
of sperm mitochondrial structure, functions, bioenergetics, remodeling/plasticity and especially studies of
the own mitochondrial genome (mtDNA), may be useful in the routine andrological clinical practice and
assisted reproduction.
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Introduction

The mitochondrial morphology, functions, biodynamics, remodeling and plasticity have
been elucidated on cellular, biochemical and molecular levels in plants, animals and
humans, and could be characterized as species-specific features [4, 6, 18, 39,40, 43,57,72].
During the mitotic- and meiotic cell divisions, as well as in the process of fertilization, the
mitochondria form complexes with other cellular organelles (cytoskeleton, endoplasmic
reticulum, ribosomal components, etc.) [5, 41, 43, 56, 59, 74, 81].

The mitochondria contain their own genome with a modified genetic code [74].
The human mitochondrial DNA/mtDNA (double-stranded circular molecule in the
mitochondrial matrix) encodes two rRNAs, 22 tRNAs and many specific polypeptides [4,
74], related with normal cell development. In the last decades, new modern technologies
give possibilities to be examined and evaluated the influence of mtDNA-mutations/
polymorphism on human diseases (genetic cases of “mitochondrial diseases™) [16, 79],
as well as with ageing [19].

Mitochondrial structure, functions and plasticity are closely related to the cellular
oxidative metabolism and bio-energy production [46], but organelles also participate in
the processes of apoptosis, reactive oxygen species ROS-generation, Ca?" (calcium-)
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homeostasis [2, 3, 21, 39, 40, 68, 72]. Having in view this specific mitochondrial
functions the authors pointed out the significance of organelles as independent
biomarkers of different health disorders (“mitochondrial diseases” including) [6, 18,
26, 46,47, 50, 59, 60, 73, 78].

Sperm mitochondria differ from the same organelles of somatic cells participating
in important spermatozoon functions, such as sperm viability, motility, activation,
acrosomal reaction and fertilization. Further studies could be performed to determine the
role of mitochondrial functions in male fertility/infertility. Recent data [45] supported
idea that mitochondria during spermatogenesis affect sperm survival and preservation
for the purposes of assisted reproduction. The question arises whether or not there are
implications of spermatozoa damage due to the increasing ROS - simultaneously with
high mitochondrial activity [12, 17, 45, 77]. As additional criteria for stratification of
human sperm quality and fertility were proposed mitochondrial DNA amplification,
but also further studies are necessary to understand mtDNA- (mitochondrial genome-)
potential as a new independent biomarker for sperm health [2, 33, 39, 49]. The biological
reactions occurring inside mitochondria as changes in their proteome, metabolome,
respiratory functions, redox signaling and bioenergetics metabolism, cover their
principal role as biomarkers — in health and diseases [4, 5, 12, 41, 45, 52, 53, 74].

The aim of this review article is to present and compare data from various studies
focusing on mitochondria as special sperm organelles and independent biomarkers of
male germ sells/spermatozoa health during spermatogenesis and fertilization, as well
as to be used as new diagnostic tools of male fertility/infertility in clinical andrology.

Male germ cells mitochondrial morphology, functions, biodynamic and plasticity
during spermatogenesis

During spermatogenesis, the mitochondrial plasticity/dynamics is related to organelle
capability to change size, shape and number [58, 73]. Three different morphological
types of mitochondria have been described during spermatogenesis — “orthodox”,
“condensed” and “intermediate”, according to the states of expansion and/or contraction
of the mitochondrial matrix (according to earlier data of Hackenbrock, 1968) [22, 43].

The mitochondria of ”orthodox” type (characterized with a few cristae, contracted
and dispersed in electron-translucent matrix) have been found in the various types of
spermatogonia, in preleptotene and leptotene spermatocytes, as well as in the Sertoli
cells [74]. In this male germ cells the number of mitochondria is small, the organelles
are dispersed in the cytoplasm, and their shape is most often oval [13, 43, 53, 74].

In the early stages of meiosis — zygotene and early pachytene, the mitochondria
with “intermediate” configuration prevail in the spermatocytes [43, 53, 55].

The “condensed” mitochondrial configuration could serve as biomarker of organelles
in active functional state. The round-shaped “condensed” mitochondria — with small size,
compressed matrix and dilated christae [43, 53, 55, 74], are localized in the male germ
cells (including middle- and late pachytene spermatocytes) during meiotic cell division,
as well as in the secondary spermatocytes and the early round spermatids [13, 43, 74].

The biological characteristics of mitochondria in male germ cells in the early
prophase-I of meiosis (increased number, round/elongated shape, aggregation of
mitochondria in clusters, located near to the nuclear membrane) [13, 43, 74], support
the idea for active participation of the organelles in the early spermatogenesis.

In male germ cells (zygotene and pachytene spermatocytes) mitochondria form clusters
and are associated with an amorphous electron-dense structure in the cytoplasm — without
limiting membrane, termed “nuage” or germinal granules [9, 16, 58, 79]. Germinal granules
are aggregates characterized as ribinucleoproteins (RNPs) — associated with RNA- and
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protein metabolism, and interplaying with mitochondria. Some germ cell-specific proteins,
including GASZ-, PIWI-, MIWI-families are associated with “nuage” [8, 9, 16, 19, 39,
58, 79]. Loss of function of these proteins usually leads to disrupted formation of “nuage”,
defective piRNA biosynthesis and male infertility [8, 9, 16, 19]. The role of “nuage” (first
described ultrastructurally by Eddy et al. [16] and called also inter-mitochondrial cement —
IMC or pi-body) in the small RNAs (SRNAs) biosynthesis and in the maintenance of genome
integrity, was largely examined during male germ cell differentiation [16, 58, 79]. IMC was
found in the embryonic gonocytes, in the post-natal spermatogonia and in spermatocytes
with clustered mitochondria [79].

In the secondary spermatocytes, no mitochondrial clusters have been established
near the cell nucleus, and the translocation of the organelles to the plasma membrane
has been observed [74]. During spermatids’ maturation (elongated spermatids) and
their moving to the lumens of the seminiferous tubules of testes, the appearance of
“intermediate” forms of mitochondria could be assessed [43, 74]. Some of the organelles
are localized in the developing sperm flagellum, whereas others form the “residual
bodies”, subsequently phagocyted by Sertoli cells [14, 23, 43].

At the end of spermiogenesis, the sperm mitochondrial are again transformed into
“orthodox” type, as well as could be “elongating” or “fusing” into larger organelles. They
are grouped and helically arranged in
the region of the sperm neck, as well
as “enveloped” into the mitochondrial
sheath, localized around the outer de-
nse fibers (ODFs) and axoneme in
the middle-piece (mid-piece) of fla-
gellum (sperm tail) (Fig.1) [24, 26,
45, 53]. In the mitochondrial sheath
the organelles are surrounded by
specific selenoproteins and attached
to the fibrose sheath. Additionally,
the mitochondrial sheath provides
structural support to the flagellum
[53]. In the scientific literature a dis-
cussion existed if the sperm mid-
piece tail is discarded outside the
ovum in fertilization or the paternal
mitochondria are degraded inside
the zygote, following male gamete
penetration [53]. The examination
of this phenomenon needs of future
investigations. (Fig. 1)

The male germ cells’ survival ‘
in the testis depends also of the car-
bohydrate metabolism — anaerobic
(glycolysis) and aerobic (OXPHOS)
pathways [53]. In the inner mito-

Fig. 1. Electron image showing the immature
human spermatozoa with mitochondrial
sheath in mid-piece of the sperm tail: longi-
tudinal section. TEM, x 20000 [24].
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chondrial membrane (IMM) are arranged the respiratory enzyme complexes including
NADH-dehydrogenase, succinate dehydrogenase, cytochrome oxidase, cytochrome C,
etc. [45]. One of the respiratory complexes is responsible for ATP synthesis. The IMM
and christae enclose a dense protein-rich mitochondrial matrix. Lactate dehydrogenase
(LDH) activity within the mitochondrial matrix is unique to sperm cells and is related to
the mitochondrial energy production too [70]. For energy production sperm mitochondrial
matrix needs lactate/pyruvate, aspartate/malate and glycerol-3 phosphate: addition of
lactate and pyruvate to the sperm media increases mitochondrial functions [12].

Dynamics and variations in mitochondrial morphology during spermatogenesis
could be influenced by OXPHOS and respiration mitochondrial activity: in conditions
of active respiration and functionality, most of the mitochondria rest in “condensed”
state [41]. The changes in the mitochondrial dynamics are closely dependent to the
metabolic and energetic status of cells and have shown a transition from slow to
intensive male gamete metabolism [21, 43, 49]. The morphological mitochondrial
transformations (orthodox configuration) in both spermatogonia and spermatocytes’
in prophase stages (preleptotene, leptotene) include predominantly the glycolysis as a
main source of ATP [21, 43, 49]. Condensed and intermediate mitochondria in the male
germ cells during spermatogenesis are preliminary involved in the production of ATP
by OXPHOS mechanism [7, 44, 47, 54]. Enhanced OXPHOS leads also to increased
number and size (hypertrophy) of organelles [1, 5, 13].

A hypothesis about changes in the mitochondria architecture as a result of osmotic
changes in the local cell tissue environment, has been also proposed [40]. The localization
of many mitochondria in the mid-piece of the flagellum at the end of spermiogenesis is
related to diffusion of more oxygen and mitochondrial energy (ATP) to the flagellum -
of importance for spermatozoa motility [23, 27, 74].

Additionally to energy production, the mitochondria are also engaged in the
processes of calcium homeostasis and apoptosis or “apoptotic-like” events in male germ
cells during spermatogenesis [45]. All biological reactions occurring inside mitochondria
lead to changes in their proteome-, metabolome-redox signaling, respiratory functions
and bioenergetics [5, 40, 74].

Mitochondrial genome (mtDNA, RNAs and proteins) during spermatogenesis and
fertilization

In the scientific literature was indicated the significance of mitochondrial DNA (mtDNA)
as a non-invasive biomarker of sperm quality and fertility, but it is not clear whether
mtDNA has a functional role in sperm when in cases of completed spermatogenesis
[42, 64, 67].

Mitochondrial DNA copy number of sperm has been examined in human and
mammalian and data demonstrated an increase in mtDNA copy number simultaneously
with reduced sperm motility and quality [42, 64, 68]. Fragmented sperm genomes were
also described within mitochondria [1]. The cellular and molecular mechanisms of
epiphenomenon has not been elucidated but authors hypothesized that the mitochondrial
transcription factor A (TFAM) is a key regulator of the mtDNA copy number in
mammalian and human: the down-regulation of TFAM correlated to the lower mtDNA
copy number — examined at the level of the round and elongated spermatides during
spermatogenesis [2, 33, 34, 54]. Recently, as additional criteria for sperm quality
were proposed mtDNA amplification and mtDNA/beta-globin ratio, which could be
biomarkers for male infertility [41, 47].

Some types of mtDNA damages as specific point mutations and deletions in the
mitochondrial genome (containing in mammalian 37 genes, which encode 13 peptides,
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22 tRNAs and 2 rRNAs [50]) could affect synthesis of RNAs, proteins and respiratory
enzymes also participating in the regulation of spermatogenesis in mammalians and
humans [11, 20, 44, 46, 48]. Microarray analysis suggested that sperm from astheno-
zoospermic patients has altered levels of specific mtRNAs, as well as of nuclear
transcripts, encoding several sperm mitochondrial proteins [28, 62, 80].

Nakada et al. [48] evaluated induction of mitochondrial dysfunction in the human
spermatogenic cells due to accumulation of the pathogenic mutant DNAS in the testes —
leading to the “meiotic arrest” in male germ cells during spermatogenesis. Accumulated
mtDNA mutations in the spermatocytes and early spermatids during spermatogenesis in
mammalians and humans suppress the respiratory functions of the sperm mitochondria,
increase the number of apoptotic spermatogenic cells, induce respiration deficiency
and spermatocyte degeneration and thus, male infertility [26, 46, 48, 55, 58, 78]. The
presence of mutant mtDNA has been also evaluated in animal models [15, 46]. During
spermatogenesis the mutant mtDNA accumulate preliminary in the early spermatids with
induced mitochondrial dysfunction [26, 46, 48]. Deletions and other types of mutations
in the mtDNA occur at a frequency of less than 1% in men and increase with aging [44].
However, few studies on the special role of mtDNA mutations/polymorphism in male
fertility/infertility (disorders as oligozoospermia and asthenozoospermia) have been
performed [31, 42, 48, 73, 78]. mtDNA-amplification was proposed as an additional
criterion for human sperm quality and male fertility by WHO (1999) [42, 48].

Recent studies [1, 29, 46, 49, 50, 64, 66, 69] showed that pathological changes
in the mtDNA during spermatogenesis affect male spermatogenic cell homeostasis
and induce their degeneration and apoptosis. Degeneration of germ cells affects the
quantitative and qualitative aspects of spermatogenesis [29, 30]. A significant male
germ cells loss (36—45%) by degeneration occurs during the meiotic cell division [30].
The mitochondria thereby assuring that good quality meiotic products enter the process
of spermatogenesis to yield good quality mature sperm [52]. MtDNA mutations in the
etiopathogenesis of male infertility have been recently reviewed [1, 41, 59, 62, 73]. Data
existed that remained in the egg cytoplasm paternal mitochondria after fertilization are
eliminated, for example by ubiquitinization [68, 71].

The morphological and functional development of male germ cells is a reflection of
the changes in the testicular microenvironment during spermatogenesis when expression
of specific mitochondrial marker proteins was evaluated: with attention to hsp60,
hsp70, protamin-1, Lon-protease, sulthydryl-oxidase, cytochrome C, cytochrome Ct,
endopeptidases, chaperonin 60, transition proteins 1, 2, etc. [32, 43]. The expression
of several sperm mitochondrial proteins may be altered in asthenozoospermic patients
[62]. The synthesis of the sperm mitochondrial fusion and fission factors — mitofusins
1,2 (Mfnl and Mfn2) and dynamin-related protein 1 (Drpl) was examined at the levels
of the round and elongated spermatids (steps 8 - 12) of spermatogenesis [24].

Mitochondrial functions are preliminary related to the oxidative metabolism of
cells and free oxidative radicals (ROS-) generation. To meet their energy demands,
sperm utilize both pathways — oxidative and/or glycolytic energy metabolism. For
example, bull sperm utilizes both OXPHOS and glycolysis with high efficiency [38].
The question arises if the stimulated and increased sperm mitochondrial function prior
to sperm use in assisted reproduction may improve male fertility [12]. In this sense, mild
oxidative stress (produced by ROS) is considered necessary for some sperm functions
as motility, acrosome reaction and fertility [1]. On the other hand, high ROS activity/
oxidative stress are related to the respiration defects in mitochondria — including to the
mitochondrial genome (mtDNA-) mutations and low male fertility: ROS production is
necessary for normal sperm function [45], but in excess it could damage spermatozoa —
with negative influence on fertility.
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Evidence that human sperm mitochondria have the potential to generate ROS
was obtained using a peroxide-based hemiluminescent system to detect the release of
H,O, into the extracellular space. Fluorescent probes (flow-cytometry) and ApoAllert
mitochondrial membrane sensor kits — JC-1, TMRM and Mito Tracker Green (MT-
G), were employed to assess mitochondrial membrane potential [12, 25, 45, 65]. The
authors showed that MT-G-positive sperm has better fertilization potential: green-
stained mid-pieces of spermatozoa could be biomarkers for the presence of high
functional mitochondria, successfully participating in the processes of fertilization
and early embryonic development. By this way MT-G test gives new possibilities to
determine whether sperm would constitute a better - (MT-G-positive-) functional sperm
subpopulation, or MT-G-negative non-functional male gametes - with low quality/
fertility parameters.

According to many studies, the changes in the mitochondrial morphology are
dependent on the protein synthesis in the Sertoli cells (actively synthesizing paracrine
mitochondrial maturation factors/PMMFs) [14, 43, 60]. These data have pointed out the
protein activin A as a major paracrine modulator in the early male spermatogenesis. In
addition, the Sertoli cells are the main lactate/pyruvate source required for OXPHOS
and ATP-synthesis of mitochondria during meiosis and post-meiosis phases of
spermatogenesis [13, 21, 43].

Sperm mitochondria during fertilization (male pronucleus development)

In this review we try to summarize insufficient literature data on the role of sperm
mitochondria in the biology of fertilization [37]. Having in view our own in vitro studies
in this field, we pointed out especially on data for sperm mitochondria participation in
the development of the male pronucleus (breakdown of the sperm nuclear envelope;
dispersion of the condensed sperm nuclear chromatin preliminary at the perinuclear
regions; development of the male pronuclear envelope (Fig. 2).

Following fusion of male and female gametes and subsequent breakdown of the
sperm nuclear envelope, the male nuclear chromatin is associated directly — without
membranous boundary, with components of the egg cytoplasm. The conical sperm
nucleus changes into spherical MP with decondensed (dispersed) nuclear chromatin.
In the literature exists a hypothesis [37] related to the probable “agents” responsible
for sperm nuclear chromatin dispersion — a process starting at the periphery of the
nucleus (Fig. 2D). The authors concluded that events related to the MP formation are
similar to those occurring in prophase and telophase of mitotically-active cells. There
are lack of accurate data on the fate of incorporated sperm mitochondria, flagellum and
perinuclear structures — well visualized on Fig. 2. For example data existed that after
sperm incorporation in the egg the mitochondria are displaced from the sperm mid-
piece and destruction of mitochondrial sheath occurs [71]. An aggregate of clustered
unstained sperm mitochondria (as mitochondrial “crown”) could be visualized around
the sperm nucleus in the early stages of sperm penetration (Fig. 2B). These mitochondria
are of very small size — probably result of fission [24]. Organelles are probably in
active functional state — fusing in the MP and thus, participating in the chromatin
activation/decondensation. Similar results were obtained in highly proliferated somatic
cells [82, 84]. According to data of other authors about the fate of organelles - the
mitochondrial clusters of this type remain in the vicinity of the MP and can later be seen
at one of the poles of the metaphase spindle, as well as in one blastomer of the four-
cell embryo, and are no longer detected in early embryogenesis [37]. Finally, a zygote
nucleus formation is a result of fusion of the outer and inner membranes of the two
pronuclear (MP-, FP-) envelopes.
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Fig 2. In vitro fertilization in mice. Remodeling of sperm nucleus into a male pronucleus during
fertilization. A, B — The spermatozoon enters the cytoplasm of oocyte through the cone of fertilization
(B — empty arrow). Desoxyribonucleoproteins (DNP) are blue-violet stained (with methylene blue) in
both pronuclei (female — FP and male — MP). Decondenzation of the sperm nuclear chromatin could be
visualized. Basic proteins in sperm head, neck and tail (asterisks) are green-stained (with fast green). C,
D — DNP in the FP, MP and mitochondrial genome (mitochondria localized in the mid-piece of sperm
tail — arrows), are blue-violet stained and one could see condensed chromosomal chromatin in FP and
perinuclear chromatin decondensation in MP. Staining with methylene blue — fast green, after cold acid
hydrolysis with SN HCL for RNP-extraction (Zvetkova and Zvetkov [83]); x 200, 450.

Images have been originally made by assoc. prof. Elissaveta Zvetkova and prof. Pascale Debay — Institut
de Biologie Physico-Chimique — INSERM, Paris — France, 1991.

One question remains - related to confusions still persisting in the literature:
evaluation that the paternal sperm-born mitochondria of most mammalian species
are targeted for lysosomal degradation by ubiquitin system (ubiquitination) during
fertilization. Other authors supported the thesis that such widely disputed evidence
warrants further investigations. The problem is also related to the major paradox in the
developmental biology - for maternal inheritance of mtDNA and subsequent paternal
genome elimination in the zygote, by unknown degradation mechanisms [71]. New
methods for cytological/cytochemical in situ studies on sperm mitochondria could be
recommended for better understanding of the sperm mitochondrial biology - in health
and diseases.

177



Conclusion

Nowadays it is possible to evaluate sperm mitochondrial biology (structure, functions,
biochemistry, biodynamics, remodeling, plasticity, etc.) during spermatogenesis/sper-
miogenesis. Biological characteristics of sperm mitochondria could serve as biomarkers
and diagnostic tools for spermatozoa health and fertility in the clinical practice.

In conclusion, we could point out that morphological, biochemical, physiological
and bioenergy parameters of sperm mitochondria correlate with sperm quality, health,
functionality and fertilization properties. From epigenetic’s point of view, it is important
that a cross-talk between mitochondrial metabolism, functionality and genome activities
could also exist.
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