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Abstract—For many years, investigators have attempted to identify unique ultrastructural conditions of mitochondria relat-
ed to aging. However, this did not result in definitive results. At present, this issue has again become of topical interest due
to development of the mitochondrial theory of aging and of engineering of a novel antioxidant class known as mitochon-
dria-targeted antioxidants. The review briefly discusses experimental results that, from our perspective, allow the most
objective understanding regarding age-related changes in mitochondrial ultrastructure.
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Aging is a biological topic that constantly sparks
great interest. As early as in the 1960s, when cell ultra-
structural investigations began to develop, various subcel-
lular factors were considered to play an important role in
aging. The viewpoint arose that aging was a manifestation
of events taking place directly inside the cell cytoplasm
[1].

This idea marked the beginning for investigating
ultrastructure of cells and their organelles during aging.
Among all cell organelles, mitochondria turned out to
undergo the most ultrastructural changes upon aging. It
seemed extremely important to reveal ultrastructural fea-
tures in mitochondria pointing to the aging process based
on the crucial role mitochondria play in metabolism as
well as taking into consideration highly dynamic and
function-dependent parameters such as position of mito-
chondria inside cells and their internal organization. By
now, quite a large number of publications have appeared
investigating changes in cell ultrastructure, but common-
ly accepted ultrastructural signs unequivocally pointing to
aging include accumulation of lipofuscin granules and
appearance of myelin-like formations (electron-dense
multilayered concentric structures).

According to numerous publications, age-related
changes in mitochondrial ultrastructure within various
body tissues (including myocardium and skeletal muscle)
turned out to be the same: mitochondrial swelling,

* To whom correspondence should be addressed.

reduced cristae, lucent matrix, and damaged mitochon-
drial matrix membranes [2-7]. Using morphometric
ultrastructural assays, it was also shown that upon aging
the ratio of area of the inner mitochondrial membrane to
mitochondrial volume in hamster myocardium was
decreased [8], whereas mice of C57BL/6 strain were
observed to have shortened long axis and elongated short
axis of mitochondria [9]. Analysis of biopsy samples from
skeletal muscle of elderly persons (69-70-year-old)
revealed that the number of subsarcolemmal [10] and
interfibrillar [11] mitochondria was decreased. Tomanek
and Karlsson [12] conducted a thorough investigation of
myocardial ultrastructure from young (3-6 months) and
aged (27-28 months) rats, and they did not find these age-
related changes in mitochondria such as cristae fragmen-
tation and lowered density of mitochondrial matrix.
However, they described the appearance of large clusters
of mitochondria within the subsarcolemmal region that
differed in ultrastructure from the major mitochondrial
population. Riva et al. [13] also reveal no destructive
changes in cristae using scanning electron microscopy for
examining mitochondrial ultrastructure in rat myocardi-
um upon aging.

Examination of aging at the level of cellular and
organellar ultrastructure in insect flight muscles is con-
sidered a promising approach. In 1943, Williams et al. for
the first time experimentally demonstrated [14] that flight
activity of insects significantly decreases with age. A clas-
sic study by Sacktor and Shimada [15] regarding age-
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related changes in mitochondrial morphology in flight
muscle of the blowfly Phormia regina demonstrated that
the mitochondria underwent degeneration characterized
by regions of inner mitochondrial membrane locally reor-
ganized into myelin-like structures. Later, myelin-like
changes extended to the entire space of mitochondria,
resulting in destruction of mitochondrial structure [16]
(Fig. 1). Such changes in mitochondria were not related
to lysosomal activity and were characterized by lacking
oxidase activity in altered regions of the mitochondria,
whereas intact areas were shown to have preserved
cytochrome-oxidase activity.

Such features of mitochondrial ultrastructure devel-
oping in the majority of mitochondria of insect flight
muscles upon aging reflect partial mitochondrial dys-
function supposedly affecting flight activity of insects.
However, for long time the mechanism of age-related
mitochondrial injury in flight muscles remained without
explanation.

Oxidative stress is now considered as the main com-
ponent in development of aging. According to this idea,
oxidative stress and upregulated production of reactive
oxygen species (ROS) underlie age-related tissue damage
and aging. Mitochondria are considered as the major
source of ROS, and their functional and structural char-
acteristics are related to the mitochondrial theory of aging
(a special case of the free-radical theory) [17].

According to current understanding regarding
mechanisms of aging, Walker and Benzer [18] investigat-
ed the impact of oxidative stress on Drosophila strain
white'"'8. Tt turned out that exposure of 3-4-day-old the
Drosophila to hyperoxia for 4 days resulted in appearance
of changes in mitochondrial ultrastructure in 35% of
mitochondria from flight muscles that were typical of
aging. Moreover, 7 days later after exposure, such
destructive changes were found in 62% of mitochondria,
whereas no/isolated changes were observed in insects
from the control group.

In addition, mitochondrial areas with abnormal
ultrastructure (myelin-like clusters) developed in experi-
mental setting were shown to contain no cytochrome oxi-
dase activity, whereas native regions of mitochondria were
characterized by positive signal for oxidase activity. It was
concluded that development of myelin-like clusters in
mitochondria in response to oxidative stress was related to
appearing defects in the mitochondrial respiratory chain,
local loss of cytochrome ¢ oxidase activity, and conforma-
tional changes in cytochrome c.

Thus, for the first time in flight muscle it was exper-
imentally shown that oxidative stress had a determining
influence on development of age-related changes in mito-
chondrial ultrastructure.

In connection with investigating the role of oxidative
stress in development of body aging, great attention rose for
creating specific mitochondrial antioxidants selectively tar-
geting mitochondria and preventing toxic effects of ROS.
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V. P. Skulachev proposed to use antioxidants conju-
gated to cations able to permeate through cell membranes
and effectively neutralize ROS inside mitochondria — a
novel type of antioxidants (SkQ). Experimentally, deriva-
tives of SkQ having the highest permeating capacity were
selected, in particular, SkQI [19, 20].

Experiments with Drosophila melanogaster [21-23]
demonstrated that SkQ1 increased the lifespan of the flies
without accompanying age-related lowered body activity,
and the mitochondria from flight muscles had more
native ultrastructure. By comparing the state of mito-
chondrial ultrastructure in flight muscle in insects aged
1.5 days every 10 days over the entire lifespan (65-70 days)
of insects treated or not with SkQ1 (over the entire life-
span), it was found that number of destructive changes
and their intensity were lower in the flies treated with
SkQ1 (Fig. 2).

It is known that brain and muscle tissue suffer most
from oxidative injury [4], and experimental studies on
these tissues are of great interest. Experiments done with
Wistar rats in in vivo heart ischemia/reperfusion (a model
of cardiac infarction) revealed that the area of myocardial
ischemia was significantly decreased after feeding animals

Fig. 1. Mitochondrial ultrastructure in flight muscle of 52-day-old
D. melanogaster.
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Fig. 2. Effect of SKQI on ultrastructural changes in mitochondria.

with SkQI-supplemented food for three weeks.
Mitochondrial ultrastructure in this area matched that in
animals from the control group, whereas rats not treated
with SkQ1 were shown to have profound injury of all
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structural elements of cardiomyocytes and significantly
altered mitochondrial ultrastructure [23].

In in vivo models (rat strains Wistar and OXYS, aged
two years, and treated with SkQ1 over the lifespan start-
ing from age three months), it was shown that develop-
ment of age-related changes in mitochondrial ultrastruc-
ture both in cardiomyocytes and skeletal muscle was not
prevented.

The OXYS rat strain has a genetically engineered
metabolic deficiency, in particular, reduced resistance to
oxidative stress resulting in progeria. It is assumed that
disturbed structure and function of mitochondria under-
lie the pathogenesis of premature aging in the OXYS rat
strain, and their maximum lifespan is decreased by 28%
[24].

It was demonstrated that age-related changes in car-
diomyocyte mitochondrial ultrastructure in the Wistar
and OXYS rats differ from such changes published in the
available literature as well as changes observed under var-
ious pathological myocardial states such as hypoxia,
ischemia, hypertrophy, and cardiomyopathies [25]. Such

Fig. 3. Clustering of atypical mitochondria in the subsarcolemmal region of red muscle fibers from 24-month-old OXYS rats. a) Panoramic
image; the arrow points to clustered mitochondria depicted in (b) with higher magnification.
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Fig. 4. Mitochondrial ultrastructure in subsarcolemmal region of red muscle fibers from 24-month-old OXYS rats. a) Panoramic image,
arrows point at enlarged regions of intermembrane space; b) ultrastructure of solitary mitochondrion, higher magnification.

changes were observed to affect both general morphology
of the entire mitochondrial population as well as ultra-
structure of single mitochondria. Changes in the entire
mitochondrial population were only revealed in single
cardiomyocytes — very tiny mitochondria, electron-
transparent matrix, and small number of cristae clustered
among myofibrils. No such changes were found in adja-
cent cardiomyocytes. In addition, these changes were
detected at higher rate with more pronounced intensity in
the OXYS than in the Wistar rat strain.

No destructive changes in ultrastructure of mito-
chondria observed in insect flight muscle were found in
cardiomyocytes from aged Wistar and OXYS rats. Mainly,
subsarcolemmal mitochondria succumbed to such alter-
ations. Mitochondria from cardiomyocytes of aged rats
were shown to lose proper mutually parallel arrangement
of cristae in the inner mitochondrial membrane, and
local myelin-like concentric formations or solitary mem-
brane stacks occurred. The mitochondrial matrix space
was substantially extended and filled with granular con-
tent [25].
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In skeletal muscle from aging Wistar and OXYS rats,
changes in mitochondrial ultrastructure were found as
well. The morphological organization of mitochondria
did not match the well-known ultrastructure of mito-
chondria from skeletal muscles (Fig. 3). As a result,
abnormal extended snake-like structures with local dila-
tions occur. Such structures were formed by two-to-three
orthogonally positioned elongated cristae intermitting
with local dilations. The latter represent a markedly
enlarged intermembrane space containing concentric
layers of cristae and filled with homogenous matter.
Usually, mitochondria have electron-transparent inter-
membrane space. At the same time, interfibrillar mito-
chondria contain no such changes in their ultrastructure.
Such atypical mitochondria were found only in the sub-
sarcolemmal region of solitary red muscle fibers mainly in
the OXYS rats. In both Wistar and OXYS rats, the major-
ity of red muscle fibers also contained subsarcolemmal
mitochondria with marked yet not so striking changes. In
all mitochondria, extended areas of intermembrane space
lacking cristae and filled with content of lower than
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matrix electron density were developed. Cristae were doc-
umented to partially lose mutually parallel arrangement
and form stellar structures (Fig. 4).

Ultrastructural signs of developing abnormal mito-
chondrial changes were already observed in three-month-
old OXYS rats [25], which are in good agreement with the
idea that disturbed structure and function of mitochon-
dria occur as early as at age of two-three months and then
aggravate, and they play a key role in premature aging of
OXYS rats [26]. It can be assumed that SkQI does not
prevent development of age-related abnormal changes in
mitochondrial ultrastructure of muscle tissue, as changes
in mitochondrial ultrastructure occur much earlier than
in animals that were fed with SkQ1-supplemented food.
At the same time, SkQ1 influences functional and struc-
tural changes in internal ultrastructure of skeletal muscle
interfibrillar mitochondria upon aging of both Wistar and
OXYS rats [27]. Animals (aged 24 months) receiving
SkQ1 with food were shown to have ultrastructure of
interfibrillar mitochondria that matched the energized
state, compared to the de-energized ultrastructure of
interfibrillar mitochondria observed in the control group.

The OXYS rat strain undergoing premature aging
represents a unique model for investigating the aging
process in the eye [26]. In 11-month-old OXYS rats
(under developing verified retinopathy), mitochondrial
ultrastructure of pigment epithelium did not undergo
changes. Age-matched animals treated with SkQ1 ame-
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liorating manifestations of retinopathy were shown to
develop a potent system of mitochondrial reticulum,
wherein no changes in mitochondrial ultrastructure were
observed [28].

In aging animals, mitochondrial ultrastructure in
acinar cells from the lacrimal gland responsible for devel-
opment of the condition typical for “dry eye” syndrome
remains unchanged until acinar cells are fully destroyed,
despite significant age-related changes in lacrimal gland
tissue [29].

Thus, ultrastructural examination of various tissues
in the same individual animal revealed that the mito-
chondrial response to aging in different tissues was not
the same. In particular, upon aging, Wistar and OXYS rats
underwent significant alterations of mitochondrial ultra-
structure in cardiomyocytes and skeletal muscle, but not
in eye tissues responsible for development of age-related
pathologies (pigment epithelium, lacrimal gland). By
comparing age-related changes in mitochondria [30]
from various body tissues in the same individual animal,
it was noted that such changes were more common in
skeletal muscle than in lymphocytes.

Nevertheless, rats of the Sprague-Dawley strain
(aged 25.5 months) were found to have profound changes
in mitochondrial ultrastructure in solitary acini of the
lacrimal gland: the space of all acinar cells was entirely
filled with enlarged densely spaced mitochondria.
Usually, irrespective of age, it was observed that acinar

Fig. 5. Mitochondrial ultrastructure of acini of 25.5-month-old Sprague-Dawley rats.
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cells in Sprague-Dawley (akin to Wistar and OXYS) rats
contained a small number of tiny mitochondria having
single cristae (Fig. 5).

Formation of marked mitochondrial clusters upon
aging has been mainly observed in myocardium and
skeletal muscle [12, 31]. Such changes were interpreted as
proliferative and structural responses of these body tissues
to mitochondrial dysfunction occurring upon aging. In
addition, profound ultrastructural changes in mitochon-
drial proliferation upon aging, which differed from the
well-known hypertrophy or hyperplasia of mitochondria
during various cardiomyopathies and other pathological
settings, were also noted [30-36].

To some degree, age-related changes in ultrastruc-
tural organization of mitochondria in various body tissues
occurring upon aging and discussed in our paper are con-
ditional. Among a great body of literature dedicated to
structural and functional organization of mitochondria
upon aging, it is always possible to come across papers
providing results differing from our idea regarding age-
related changes in mitochondrial ultrastructure.
Ultrastructural versus functional changes in mitochon-
dria developing upon aging were less investigated, under-
lying the fact that many reports convincingly demonstrat-
ing age-related changes in mitochondria often contained
untenable ultrastructural data [37-39]. In addition, non-
native biological samples are often used while analyzing
mitochondrial ultrastructure in age-mediated diseases
[40].

By analyzing the data of the above-mentioned stud-
ies, it can be unequivocally concluded that there is no
universal unifying ultrastructural state of mitochondria
typical to aging. However, at the same time special func-
tion-related ultrastructural states in mitochondria point-
ing to aging were found in each particular body tissue.
The data on ultrastructural studies regarding age-related
mitochondrial changes are of great importance for ana-
lyzing the efficacy of mitochondria-targeted antioxidants.
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