
Mechanisms of physiological aging of an organism

and development of age-related pathologies remain key

problems in biology. Therefore, studying species with a

naturally reduced rate of aging is of particular interest.

Such studies provide new information on the mechanisms

of aging and, as a result, allow finding a way to control

these processes. The naked mole rat (Heterocephalus

glaber) belongs to this group of species. This miniature

(average body mass ~ 35 g) rodent lives in underground

burrows in arid and semi-arid areas of Kenya, Somalia,

and Ethiopia. Naked mole rat burrows are dark and poor-

ly ventilated with presumed low oxygen and high carbon

dioxide levels [1-7]. Heterocephalus glaber is a naked

rodent with a wide head, long incisors adapted for dig-

ging, and short but flexible legs which allow quick move-

ments both forward and backward [8]. This species is

characterized by some features unique for mammals: a

complex social organization of colonies, slow metabo-

lism, low sensitivity to certain pain types (thermal burns

and chemical burns caused by acids), and high resistance

to brain hypoxia [9-12]. Life expectancy is one of the

most interesting features of the naked mole rat. Currently,

the longevity record for naked mole rats living in captivi-

ty is over 31 years [13]. It has also been shown that up to

24 years of age, death rate rises only slightly across all age

groups [13]. The highest mortality rates are observed dur-

ing the first two months of life; adult animals rarely get

sick and die.

Currently, scientists actively search for an explana-

tion of the phenomenon of H. glaber’s longevity. The free

radical theory remains one of the most popular theories of

aging [14]. According to this theory, an aging organism is

damaged by reactive oxygen species (ROS) formed in

mitochondria [15-27]. Therefore, it seems very important

to study mitochondria from naked mole rat tissues.

According to certain data, the amounts of ROS produced

by tissues of the naked mole rat and short-lived species

(for example, mice) are comparable [28, 29]. The ultra-

structure of the naked mole rat mitochondria has not

been studied. There is evidence of the immutability of the
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mitochondrial mass during the entire lifespan of the

naked mole rat [30], but these data are based on the

assessment of the level of porin expression, and the

research was performed only for the heart muscle of ani-

mals not younger than 2 years. The described results were

not illustrated by imaging studies, even though the

method of electron microscopy remains the most effec-

tive in evaluation of the chondriome in the tissues of

organisms: it allows not only to see the structure of mito-

chondria, but also to perform morphometric evaluation

of several chondriome features based on the obtained

images [31].

It should be noted that there is one characteristic

sign of aging, sarcopenia, present in virtually all animals.

Sarcopenia is the age-dependent change in the structural

and functional state of skeletal muscles associated with

both decrease in muscle mass and frequency of contrac-

tions. It has been repeatedly noted that the condition of

the mitochondrial apparatus plays the leading role in

muscle aging. In addition, the significance of the age-

dependent mitochondrial dysfunction as well as the

depletion of chondriome structure is widely recognized

(for reviews, see [32, 33]).

However, there are no data available on ultrastruc-

tural studies of naked mole rat tissues except for the work

by Onyango et al. performed on the testicular tissue of the

naked mole rat [34]. Therefore, we decided to study the

chondriome structure in the skeletal and cardiac naked

mole rat muscular tissues. We used the method of mor-

phometric analysis to identify age-dependent changes in

the ultrastructure of the mitochondrial apparatus in

naked mole rat muscles compared to the same parameters

in short-lived rodents. Earlier we had already described

age-dependent changes in the ultrastructure of mito-

chondria from skeletal muscle fibers of short-lived ani-

mals such as Wistar rats [31]. Data obtained earlier and in

this study are analyzed and presented together in this arti-

cle.

MATERIALS AND METHODS

Animals. The study was carried out on two groups of

naked mole rats (6- and 60-month-old). Each group con-

tained four male workers. Naked mole rat colonies are

kept at the Leibniz-Institute for Zoo and Wildlife

Research (Berlin) in artificial plexiglass labyrinths. The

temperature in the system was maintained at 26-29°C,

and relative humidity was rather high, 60-80%. The boxes

contained wooden litter, small twigs, and pieces of paper.

Fresh food was available daily without restrictions and

included sweet potatoes, carrots, apples, fennel, groats

with vitamins and minerals, and oat flakes. Experiments

were approved by the Ethics Committee of Landesamt für

Gesundheit und Soziales, Berlin, Germany (#ZH 156;

G 0221/12; T 0073/15).

Isolation of heart mitochondria. Mitochondrial frac-

tionation was performed by differential centrifugation

with our modifications. After anesthesia of the animal by

CO2 or isoflurane and cervical dislocation, hearts of fif-

teen 18.5-day-old mouse embryos or five adult 2.5-

month-old female mice of the C57BL/6 line or five 60-

month-old naked mole rats were collected. They were

placed on a concave surface of a frosted glass previously

cooled to 0°C, weighed, and transferred under an MBS10

binocular microscope (Lomo, Russia). The heart was

crushed by a cooled Teflon pestle and ground to a homog-

enous state. The suspension was scraped by an ocular

scalpel blade and was quantitatively transferred to a 1.5-

ml plastic tube. Isolation medium was added to the tube:

10 mM Tris, 0.25 M sucrose, 0.5 mM EDTA, 0.5 mM

EGTA, pH 7.5, with 0.1% bovine serum albumin at a

ratio of 10 ml/g of original heart weight. The suspension

was stirred by a single inversion, and the precipitate was

collected by centrifugation for 10 s at 10,000g on a high-

speed tabletop centrifuge (ScientificPlastic, USA). Then

it was homogenized twice in a microhomogenizer

(glass/Teflon) in 0.5 ml of the isolation medium at 4°C

and centrifuged for 10 min at 1000g and 4°C to precipitate

heavy fractions such as nuclei, Golgi apparatus, unbroken

cells, etc. The supernatant was collected and centrifuged

for 10 min at 10,000g and 4°C. The pellet was resuspend-

ed in the isolation medium without BSA with the same

ratio between the original tissue weight and volume. Then

it was centrifuged under the same conditions, the super-

natant was removed, and the pellet was resuspended in a

minimal volume of the isolation medium without BSA,

but with 5 µM EGTA. Mitochondrial protein concentra-

tion was determined using bicinchoninic acid in accor-

dance with the manufacturer’s recommendations

(Pierce, Waltham, USA).

Polarography. Respiration rate of isolated mitochon-

dria in various metabolic states was determined by meas-

uring the decrease in oxygen content in a closed-type cell

using a Clark electrode on a two-channel polarograph

(Oroboros, Innsbruck, Austria) at 25°C. Mitochondria

were energized by adding glutamate and malate (ratio

4 mM/1 mM) to the incubation medium (10 mM Tris,

0.25 M sucrose, 5 µM EGTA, pH 7.5). ADP (0.01-

0.5 mM) was used to stimulate respiration and to deter-

mine its rate in the phosphorylating state 3. Maximal rate

of coupled respiration was determined in the presence of

0.5 mM ADP, and in state 4 – in the presence of 1 µM

oligomycin. Maximal rate of uncoupled respiration was

determined during titration by aliquots of 1 µl FCCP

(10 µM) with a discrete increment of the final uncoupler

concentration of 10 nM in the cuvette.

Adenine nucleotides were determined in tissue sam-

ples by measuring luminescence in the luciferin–

luciferase system and the system of coupled enzymes by

Ugarova’s method on a chemiluminometer (Protego,

Russia) [35].
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Electron microscopy. Tissues from thigh muscles

(musculus vastus lateralis, -medius, -intermedius) were

taken for the experiment. Material was fixed by 3% glu-

taraldehyde solution in phosphate buffer, pH 7.4, for 2 h

at 4°C; then it was additionally fixed in 1% osmium

tetroxide solution in the buffer for 1.5 h and was dehy-

drated in alcohol solutions with increasing ethanol con-

centrations (70% ethanol was saturated with uranyl

acetate). The material was put into Epon-812 epoxy

resin. Serial ultrathin sections were cut using a Leica

ultramicrotome and stained with lead (Reynolds method

[36]). The preparations were viewed and photographed

on a JEOL JEM-1400 (JEOL, Tokyo, Japan) electron

microscope with a QUEMESA digital camera.

Morphometry and statistical analysis. Twenty elec-

tron microscopic photographs (magnification ×1500) for

each group of animals were selected for morphometric

analysis. In these photos, mitochondria of muscle fibers

were marked using the Adobe Photoshop (Adobe®, San

Jose, USA) graphical editor, and the number of mito-

chondrial cross-sections was estimated using the Count

tool. The data and the photograph scaling allowed calcu-

lation of the following parameters using the Photoshop

analysis package: (i) the number of mitochondrial cross-

sections per square micrometer of muscle fibers; (ii) the

average area of mitochondrial cross-sections; (iii) the ratio

of the total area of mitochondrial cross-sections in one cut

to the total area of the muscle fiber, which determines the

volume fraction of mitochondria in the fiber volume.

STATISTICA 8.0 (StatSoft Inc., Tulsa, USA) soft-

ware was used for statistical analysis of the data. The

Student and Mann–Whitney criteria were used to evalu-

ate the reliability of the results.

RESULTS

Figure 1a shows a cross section of a skeletal muscle

of a 6-month-old naked mole rat. The ultrastructure of

the muscle fibers corresponds to the norm. The chondri-

ome in the muscle fibers is represented by individual

mitochondria located mainly in isotropic areas (Fig. 1a;

mitochondria are shown by arrows).

Figure 1b shows an electron micrograph of a skeletal

muscle cross section of a 60-month-old naked mole rat.

Numerous individual mitochondria seen in the picture do

not form the structure of a mitochondrial reticulum. To

compare the data on the age-dependent chondriome

changes with previously published results on studies of

mitochondria of short-lived rodents, Fig. 1c shows an

electron micrograph of a cross section of a diaphragm

muscle fiber of a 2-day-old Wistar rat. The distribution of

Fig. 1. Ultrastructure of the cross section of a skeletal muscle fiber: a) of a 6-month-old naked mole rat; b) of a 60-month-old naked mole

rat; c) of a 2-day-old Wistar rat; d) of a 30-month-old Wistar rat ((c) and (d) taken from the article by Bakeeva et al. [37]). Arrows indicate

mitochondria.

a                                              b

c                                              d

5 µm5 µm

5 µm 5 µm



1432 HOLTZE et al.

BIOCHEMISTRY  (Moscow)   Vol.  81   No.  12   2016

individual mitochondria located in the isotropic zone is

similar to the image seen in Fig. 1a for a 6-month-old

naked mole rat. However, the cross section of the skeletal

muscle of a 30-month-old Wistar rat clearly shows a com-

plex system of mitochondrial reticulum (Fig. 1d).

However, mitochondria remain individual organelles and

do not form reticular structures in the skeletal muscle of

an adult naked mole rat (Fig. 1b).

Figure 2a shows the ultrastructure of cardiomyocyte

mitochondria from a 6-month-old naked mole rat. We see

an abundantly expressed matrix and few randomly locat-

ed cristae. At the same time, in the case of adult naked

mole rats, the electron micrographs of cardiomyocytes

clearly show that mitochondrial cristae are convoluted,

twisted and assembled in stacks (Fig. 2b). Bakeeva et al.

[38] showed earlier that cardiomyocyte cristae of 2.5-

month-old Wistar rats have a classic ultrastructure with

tightly packed parallel cristae (Fig. 2c), while in the case

of 30-month-old Wistar rat cardiomyocyte mitochondria

(Fig. 2d) the cristae display a mild wave shape and are

assembled in stacks [38], similar in their morphology to

those of a 60-month-old naked mole rat (Fig. 2b).

Morphometric analysis of electron micrographs of

longitudinal sections was carried out to evaluate age-

dependent dynamics of the chondriome of skeletal mus-

cle fibers. Figure 3a shows the results of the measure-

ments of the average sectional area of muscle fiber mito-

chondria. This parameter was 0.21 ± 0.01 µm2 for 6-

month-old naked mole rats. With age, the average area of

a single mitochondrion increases, reaching 0.29 ±

0.03 µm2 in 60-month-old animals. These results are sig-

nificant at the level of p < 0.05.

Fig. 2. Inner ultrastructure of cardiomyocyte mitochondria: a) of a 6-month-old naked mole rat; b) of a 60-month-old naked mole rat; c) of

a 2.5-month-old Wistar rat; d) of a 30-month-old Wistar rat.

a                                              b

c                                              d

1 µm1 µm

1 µm 1 µm

Animal, age

Mouse, 2.5 months (n = 5)

Mouse embryo, 18.5 days (n = 15)

Naked mole rat, 60 months (n = 5)

Respiratory
control, V3/V4

9.3

3.0

3.3

Content of adenine nucleotides and respiration rates in cardiac mitochondria of naked mole rats and of mice

Respiration rate in
state 4 (V4),
nmol/min

per mg protein

2.6 ± 0.3

3.1 ± 0.2

7.6 ± 0.4

Respiration rate in
state 3 (V3),
nmol/min

per mg protein

24.1 ± 3.8

9.4 ± 0.6

25.1 ± 1.1

ATP, ADP,
and AMP content,

mM

8.6 ± 0.8

1.6 ± 0.2

4.3 ± 0.4
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The number of mitochondrial sections per 1 µm2 of a

muscle fiber is the second parameter characterizing the

changes in the mitochondrial apparatus of the naked

mole rat with age (Fig. 3b). The average number of mito-

chondria in a skeletal muscle was shown to be 0.23 ± 0.02

per µm2 in 6-month-old animals. With age, we observed a

more than twofold increase in the number of skeletal

muscle mitochondria, reaching up to 0.47 ± 0.03 per µm2

in 60-month-old animals. This difference is significant at

the level of p < 0.05.

Furthermore, we calculated the ratio of the chondri-

ome area to the total area of the muscle fiber (in %;

Fig. 3c). At the age of 6 months, the share of mitochon-

dria was 4.8 ± 0.4%. With age, it significantly increased;

for 60-month-old animals, the parameter was almost

three times as high: 12.7 ± 1.8%, p < 0.05.

To compare age-related changes in the functional

state of the chondriome of naked mole rats and short-

lived rodents, we determined parameters of respiration

and content of adenine nucleotides in mitochondria iso-

lated from cardiac tissue. We found the content of ade-

nine nucleotides in cardiac muscle mitochondria of a 60-

month-old naked mole rat to be two times below that of

adult mice; its value was closer to that of a mouse embryo

(table).

In addition, measurements of respiration rate in iso-

lated mitochondria in different states demonstrated that

there is no significant difference between naked mole rats

and adult mice in terms of absolute values of respiration

rate in heart mitochondria energized by a glutamate/

malate mixture in the absence of added ADP (2.3 ± 0.5

and 2.5 ± 0.7 nmol O2/min per mg protein, respectively).

However, the respiration rate of cardiac mitochondria of

a 18.5-day-old mouse embryo was substantially lower

(1.4 nmol O2/min per mg protein; Fig. 4). Addition of

0.1 mM ADP to the incubation medium caused a sharp

acceleration of respiration. After the depletion of added

ADP, the respiration rate significantly dropped in adult

mouse mitochondria (transition to state 4; Fig. 4, a and

d). In contrast, in cardiac mitochondria from the naked

mole rat (Fig. 4, c and f) and mouse embryos (Fig. 4, b

and e) the decrease in respiration rate during transition

from state 3 to state 4 is not as significant, which leads to

a considerable reduction of respiratory control values

(table).

DISCUSSION

Studying morphological changes in muscle tissues

requires, along with electron microscopy methods, mor-

phometric evaluation of various tissue parameters that

supplement visual electron microscopy data with impor-

tant numerical parameters characterizing the changes in

the functional state of the tissue. The state of the chon-

driome is one of the most significant determinants for

Fig. 3. a) Average values of a sectional area of muscle fiber mito-

chondria in 6- and 60-month-old naked mole rats. b) Average

values of the number of mitochondria per 1 µm2 of muscle fiber

in 6- and 60-month-old naked mole rats. c) Average values of the

ratio of chondriome area to the total area of muscle fiber in 6-

and 60-month-old naked mole rats (in %). * The difference is

significant at p < 0.05. Error bars on all the graphs correspond to

the standard error of the mean.
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muscle tissues. Depending on the purpose of the

research, its assessment can be based on parameters such

as the number of mitochondria per cell unit, average size,

ratio of greater diameter to smaller, circularity, area of the

inner membrane per volume unit, etc. According to the

literature, the so-called point count method is mainly

used to measure various morphometric parameters in

both muscle and other tissues. This method, originally

proposed by A. A. Glagolev [39], became widespread

after a series of studies by McCallister [40-42] and was

later summarized by Weibel in the handbook on practical

methods of morphometry [43]. With this method, a test

system consisting of points or segments is applied to a

section; the number of points or intersections of the seg-

ments that fall on the profiles of various cell structures are

counted [43]. This method was used to obtain a large

amount of data on changes in heart structure, in particu-

lar, age-related changes in the size of ventricles and mito-

chondrial apparatus [44, 45], hypertrophy [40], thyroxine

treatment [41], and other pathologies. Many studies on

the morphometry of lung tissues and blood vessels of var-

ious mammal and bird species also used the point count

method, which, however, cannot provide an accurate,

objective, and statistically reliable assessment of the state

of mitochondrial ultrastructure [46-50].

In our work, we tried to completely abandon the con-

ventional use of the point and segment system, choosing

digital data processing with the Adobe Photoshop graphi-

cal editor. The results obtained in preliminary studies ded-

icated to the development of this method [31] showed the

efficiency of our approach. The method used in this study

significantly simplifies the process of morphometric meas-

urements and offers good opportunities for its further opti-

mization using image recognition technologies. For exam-

ple, in this study the electron microscopic examination

revealed a significant age-related increase in the mitochon-

drial apparatus of skeletal muscle fibers of the naked mole

rat. Morphometric analysis of electron micrographs of the

naked mole rat muscle tissues showed the degree of chon-

driome increase and the nature of the changes in mito-

chondrial ultrastructure. An almost three-fold increase in

the ratio of chondriome area to the total area of the muscle

fiber is observed in the aging skeletal muscles of the naked

mole rat (between 6-60 months of age; this parameter

changes from 4.8 ± 0.4 to 12.7 ± 1.8%; Fig. 3c). The

increase in chondriome volume is largely due to the

increase in the number of organelles – the number of mito-

chondrial sections per µm2 of the muscle fiber increases

from 0.23 to 0.47 (Fig. 3b). At the same time, mitochon-

dria also increase in volume: the mean sectional area of a

single mitochondrion from muscle fibers increases from

0.21 to 0.29 µm2 (between 6-60 months of age; Fig. 3a).

Studying the functional state of mitochondria isolat-

ed from the cardiac tissue of 60-month-old naked mole

Fig. 4. Respiration in mitochondria of C57BL/6 mice and naked mole rats. a, d) 3-month-old adult mouse; b, e) 18.5-day-old embryo of

C57BL/6 mouse; c, f) 60-month-old naked mole rat. a-c) Typical polarograms (dependence of oxygen consumption on time); d-f) rate of

oxygen consumption by mitochondria in various metabolic conditions. All additions are as described in the “Materials and Methods” section.

State 3 on the charts corresponds to the rate of oxygen consumption after the first addition of 0.1 mM ADP, and state 4 – after the depletion

of added ADP.
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rats and mice of various ages revealed a feature specific for

mitochondria from the naked mole rat: a relatively high

respiration rate was observed after the depletion of added

ADP (Fig. 4). Interestingly, a similar effect was observed

in mitochondria isolated from the cardiac muscle of

rodent embryos [51]. This coupled respiration is sensitive

to both oligomycin and carboxyatractylate, inhibitors of

H+-ATP-synthase and ATP/ADP antiporter, respectively.

If a high respiration rate after the depletion of ADP leads

to the reduction of mitochondrial membrane potential, it

can be interpreted as a mechanism of reducing ROS pro-

duction during reverse electron transfer in the mitochon-

drial respiratory chain. This phenomenon was found in

both, adult naked mole rats, as well as in embryos and

newborns of short-lived rodents. This observation is in

good agreement with the previously demonstrated fact of

a strict dependence of ROS generation on mitochondrial

membrane potential [52]. Furthermore, we can assume

that embryos of most mammals and of naked mole rats of

all ages possess an ATPase that hydrolyzes the ATP syn-

thesized by the H+-ATP-synthase in the mitochondrial

matrix and transferred into mitochondrial intermem-

brane space by the adenine nucleotide translocator. Such

an enzyme may be responsible for the “mild uncoupling”

of phosphorylating respiration.

The hypothetical ATPase responsible for this “mild

uncoupling” will be inhibited by increasing ADP levels,

thus ATP hydrolysis by this ATPase will cease in metabol-

ic state 3 in case of ADP excess. Consequently, this

ATPase does not compete with other ATPases, for exam-

ple, actomyosin ATPase, which is active during muscle

contraction. However, this ATPase will be activated in the

state of rest, when the ADP level is close to depletion.

Thus, by comparing the levels of adenine nucleotides

in cardiac mitochondria of 60-month-old naked mole

rats, adult mice, and 18.5-day-old mouse embryos, we

found unusually low levels in the naked mole rat. It

should be noted that Aprille and Asimakis [51] reported

in 1980 that mitochondria from neonatal rat liver con-

tained significantly less adenine nucleotides than mito-

chondria from the liver of adult animals, and that this dif-

ference quickly disappeared after birth.

All data – those from visual observations, morpho-

metric ultrastructural analysis, as well as that on the func-

tional state of mitochondria, show that the chondriome,

being very poorly developed in 6-month-old naked mole

rats, powerfully increases in ones that have reached the

age of 60 months. We can also observe functional neoteny

of the most important mitochondrial parameter – the

rate of phosphorylating respiration.

This result is of special interest since it contrasts with

data on age-related changes in the ultrastructure of the

mitochondrial apparatus in skeletal muscles of short-lived

rodents. It has already been noted that the commonly

accepted view is that the degree of sarcopenia and its con-

sequences for the state of skeletal muscles increase with

age [53]. Our studies [31] have shown that 24-30-month-

old rats demonstrate degradation of a unified system of

mitochondrial reticulum in skeletal muscles, and the ratio

of the total mitochondrial area to the total area of the

muscle fiber isotropic zone is reduced. However, in the

case of naked mole rats, 60-month-old animals not only

lack pathological changes in the mitochondrial apparatus

of skeletal muscles, but on the contrary, their chondriome

undergoes significant growth and development, which

corresponds to the phenotype of a young animal.

Mitochondria do not join to form a reticulum, which is

yet another feature of neoteny in the naked mole rat.
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