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Abstract

Background: Amyotrophic lateral sclerosis (ALS) is a progressivemultisystem disease characterized by limb and trunkmuscle weakness
that is attributed, in part, to abnormalities in mitochondrial ultrastructure and impaired mitochondrial functions. This study investigated
the time course of structural and functional rearrangements in skeletal muscle mitochondria in combination with motor impairments in
Tg (copper-zinc superoxide dismutase enzyme (SOD1) G93A) dl1/GurJ (referred to as SOD1-G93A/low) male mice, a familial ALS
model, as compared with non-transgenic littermates. Methods: The neurological status and motor functions were assessed weekly us-
ing the paw grip endurance method and the grid suspension test with two-limb and four-limb suspension tasks. Transmission electron
microscopy followed by quantitative analysis was performed to study ultrastructural alterations in the quadriceps femoris. Functional
analysis of skeletal muscle mitochondria was performed using high-resolution Oxygraph-2k (O2K) respirometry and methods for as-
sessing the calcium retention capacity index and the content of lipid peroxidation products in freshly isolated preparations. Results:
Based on the behavioral phenotyping data, specific age groups were identified: postnatal day 56 (P56) (n = 10–11), 84 (P84) (n = 10–
11), and 156 (P154) (n = 10–12), representing the pre-symptomatic, early-symptomatic and late-symptomatic stages of ALS progression
in SOD1-G93A/low mice, respectively. Electron microscopy showed mosaic destructive changes in subsarcolemmal mitochondria in
fibers of the quadriceps femoris from 84-day-old SOD1-G93A/low mice. Morphometric analysis revealed an elevation in the mean size
of the mitochondria in SOD1-G93A mice at P84 and P154. In addition, the P154 transgenic group demonstrated a decrease in sarcomere
width and the number of mitochondria per unit area. At the symptomatic stage, SOD1-G93A mice exhibited a decreased respiratory
control ratio, ADP-stimulated, and uncoupled respiration rates of mitochondria isolated from the quadriceps femoris muscle, as mea-
sured by high-resolution respirometry. In parallel, the mitochondria showed lower calcium retention capacity and increased levels of
lipid peroxidation products compared with the control. Conclusions: Taken together, these results indicate stage-dependent changes in
skeletal muscle mitochondrial ultrastructure and functions associated with defective oxidative phosphorylation, impaired calcium home-
ostasis, and oxidative damage in the SOD1-G93A/low mouse model, which appears to be a promising direction for the development of
combination therapies for ALS.
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1. Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive
motor neuron disease that causes extreme weakness and at-
rophy of trunk and limb muscles both in patients and trans-
genic animal models [1,2]. The pathology presents both
with spastic paralysis in the lower limbs and flaccid paraly-
sis in the upper limbs, suggesting the disruption of the upper
and lower motor pathways [2]. Beginning with focal mus-
cle weakness, the disease progresses to weakness of most
skeletal muscles without loss of sensation, and ultimately
leads to death.

ALS is a multifactorial disease associated with a ge-
netic predisposition (familial (f) form), with a large (12–

23%) subgroup carrying different variants in the gene
encoding the copper-zinc superoxide dismutase enzyme
(SOD1), and/or is provoked by a number of adverse envi-
ronmental factors (sporadic (s) form), including strenuous
physical activity, severe emotional stress, long-term expo-
sure to inorganic metalloids, etc., [1,3,4]. In both forms,
the pathological features and clinical symptoms of ALS
have been reported to be the same. The incidence rate for
ALS overall climbs steadily as age increases, and the preva-
lence according to the latest World Health Organization
(WHO) data is 3.9–5.0 per 100,000 population [5]. Patho-
genetic mechanisms, especially those that initiate degener-
ative events in muscle tissues, are unclear, and therefore
there are still no effective treatments for this disease.
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From a neurocentric perspective, skeletal muscle
weakness results from the degeneration of upper motor neu-
rons in the cerebral cortex and lower motor neurons in the
spinal cord and brainstem [6]. Recently, this point of view
has been challenged by the finding of early changes in
skeletal muscle function without concomitant motor neu-
ron axonal retraction in ALS patients and animal models,
indicating mechanisms of “dying back” or slowly evolving
neurodegeneration in a distal-to-proximal direction [7–9].
Accumulating evidence has shown that skeletal muscle is an
important target tissue in ALS, with dysfunction resulting
from intracellular disturbances at multiple levels, including
energy metabolism, RNA processing, satellite cell activity,
and mitochondrial function [9].

It is widely acknowledged that skeletal muscle is about
45% of body mass and provides approximately 30% of
resting energy expenditure [10]. Mitochondria are pivotal
organelles responsible for regulating the metabolic status,
guiding aerobic ATP synthesis, controlling muscle mass
and susceptibility to apoptosis, maintaining redox and ion
homeostasis in skeletal muscle. These organelles occupy
6–8% of muscle fiber volume and largely determine its
metabolic flexibility in order to meet the requirements un-
der ever changing pathophysiological conditions [10–12].
Of note, mitochondria are found to cluster between my-
ofibrils, near the nucleus, and underneath the sarcolemmal
membrane of skeletal myocytes. In the case of subsar-
colemmal location, mitochondria may be exposed to higher
calcium concentrations and display more pronounced func-
tional variations within affected muscle fibers [11,13]. In
pathological conditions, mitochondrial dysfunction may be
caused by ultrastructural alterations, defective oxidative
phosphorylation, ion dyshomeostasis, mainly disbalanced
calcium concentration, and redox imbalance [11].

Although ALS-related mitochondrial abnormalities
have been investigated in much greater detail for motor
neurons, they have also been identified in skeletal muscle
cells in various models and patients [14,15]. Accumulat-
ing evidence indicates impaired mitochondrial bioenerget-
ics in muscle biopsy specimens from affected individuals
both with fALS and sALS [16]. Studies using SOD1 trans-
genic mice, a classical fALS animal model, have reported
that skeletal muscle mitochondria exhibit altered structure
and calcium handling, reduced mitochondrial DNA and ox-
idative phosphorylation, and elevated pool of reactive oxy-
genmolecules [17]. Some in vitro studies have reported that
mutant forms of the SOD1 enzyme can accumulate directly
in the intermembrane space and matrix of these organelles,
causing disturbances in their ultrastructure and functions
[15,17,18]. In contrast, the overall loss of intact enzyme
activity in CuZnSOD knockout (Sod1−/−) mice, specific
to muscle tissue, does not lead to mitochondria dysfunction
and significant muscle atrophy, suggesting a direct signifi-
cance of the gained function of SOD1mutations at the onset
of ALS [4,17,19]. However, data on abnormalities in the

morphology and functions of mitochondria, taking into ac-
count their progression and topography in affected skeletal
muscle fibers upon SOD1-associated ALS, are still scarce
and controversial.

In this study, we comprehensively characterized struc-
tural and functional rearrangements in skeletal muscle mi-
tochondria in association with motor symptoms in trans-
genic male B6SJLTg (SOD1-G93A) dl1Gur/J (referred to
as SOD1-G93A/low) mice at three time points on the post-
natal (P) days P56, P84, and P154, in comparison with
those in non-transgenic age-matched animals. Specific age
groups of SOD1-G93A animals were established based on
the results of weekly measurements of neurological status
and motor function using two behavioral tests: the paw
grip endurance (string) test and grid suspension test with
two-limb and four-limb suspension tasks. The study re-
vealed the time course ofmitochondrial abnormalities in the
quadriceps femoris muscle of SOD1 transgenic mice from
the age groups P56, P84, and P154, which can be attributed
to the presymptomatic, early and late symptomatic stages
of ALS severity and progression.

2. Materials and Methods
2.1 SOD1-G93A Mouse Model

Specific pathogen-free mice (males) of the congenic
line B6SJLTg (SOD1-G93A) dl1Gur/J (SOD1-G93A) (The
Jackson Laboratory, Bar Harbor, ME, USA) expressing
a variant of the human SOD1 gene with a substitution
of glycine to alanine at position 93 (G93A) in all tissues
(n = 30) were used. The low expressor mutant SOD1-
G93A transgenic mice develop a delayed phenotype due
to a persistent reduction in the number of transgene copies
and are characterized by paralytic disorders and muscle
deficits, as in human ALS [20–22]. As a control pheno-
type, littermates of the same sex that did not inherit the mu-
tant SOD1 gene (non-transgenic mice) (n = 34) were em-
ployed. In total, 64 experimental mice at six weeks of age
were purchased from the accredited Institute of Bioorganic
Chemistry (IBCh) animal breeding facility (the Unique Re-
search Unit Bio-Model of the Branch of the Shemyakin
and Ovchinnikov Institute of Bioorganic Chemistry, Rus-
sian Academy of Sciences, Pushchino, Russia; agreement
#2850/22-T(UNU) dated 01/23/2023) and housed within
the animal facility at the Theoretical and Experimental Bio-
physics of RAS (Pushchino, Russia). SOD1-G93A and
non-transgenic male mice were maintained in a controlled
environment (24± 1 °C) under a normal 12/12-h dark/light
cycle with continuous access to drinking water and food.
The use of mice of one (male) sex in this study eliminates
the influence of hormonal cycles and ensures standardized
age-related responses.

All protocols with experimental mice were approved
by the Biosafety and Bioethics Committee (permission No.
02/2023 dated February 08, 2023) of the Institute of Theo-
retical and Experimental Biophysics of RAS. Experimental
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animals received humane care in accordance with the Rules
for Conducting Research with Experimental Animals (Or-
der of the Ministry of Health of Russia dated August 12,
1997 No. 755) and the Principles of Laboratory Animal
Care proclaimed by the Directive 2010/63/EC of the Eu-
ropean Parliament. At the end of the observation period,
the experimental animals were sacrificed by cervical dislo-
cation under anesthesia with a mixture of 40 mg/kg zoletil
(Valdepharm, Val-de-Reuil, France) and 10 mg/kg xylazine
(Bioveta, Ivanovice na Hane, Czech Republic).

2.2 Behavioral Phenotype Testing of Experimental Mice
Monitoring of the behavioral phenotype of mice was

carried out twice a week according to the phenotypic
screening protocol that includes a robust neurological scor-
ing system designed by the ALS Therapy Development In-
stitute (ALS TDI) [23]. This scoring system focuses pri-
marily on the assessment of hindlimb deficits as the earliest
documented neurological feature in SOD1-G93A animals.
According to this system, NS 1 and NS 2 indicate that the
mouse’s hind limbs are partially or completely paralyzed,
respectively. NS 0 is considered the “normal” phenotype.
At the start of behavioral phenotype testing, the age of mice
was 42 days (± 3 days). The dynamics of animal weight
were calculated as a percentage. The weight of experimen-
tal mice at P42 was taken as 100%, which was 19.2± 0.5 g
and 19.6 ± 0.3 g for the non-Tg and SOD1-G93A groups,
respectively.

Themotor performance of the experimental mice from
42nd to 154th day after birth was estimated once a week
using the string test (“paw grip endurance test” or “wire
hanging test”) and the grip strength test (IITC Life Science,
Woodland Hills, CA, USA). In the paw grip endurance test,
each animal was put on a 38 cm long 3 mm wire, located
50 cm above the covered surface to soften the mouse’s fall.
The time (s) that a mouse can hang for was recorded to as-
sess locomotor abnormalities. The grip strength measure-
ment test was used to evaluate forelimb (2 paws) and fore-
/hindlimb (4 paws) muscle strength as an indicator of over-
all neuromuscular function according to the manufacturer’s
instructions. Data were reported in grams, normalized to
mouse body weight. Each animal was tested three times,
and the average value was recorded.

2.3 Transmission Electron Microscopy Analysis
The quadriceps femoris muscle (vastus lateralis) of

the left hind limb of experimental mice (three samples per
age group) were isolated and placed in ice-cold saline.
Freshly harvested tissue fragments were stained with 2%
osmium tetroxide (201030, Sigma-Aldrich, St. Louis, MO,
USA), dehydrated through an ethanol series, infiltrated in
Epon 812 (21045, Serva Electrophoresis, Heidelberg, Ger-
many), and polymerized.

From the obtained Epon blocks, serial semi-thin sec-
tions (7 µm) were prepared on a Pyramitome LKB 11800

microtome (LKBAB, Bromma, Sweden). The longitudinal
orientation of muscle fibers was controlled using an NU-2E
microscope (Carl Zeiss, Germany, E25x Planachromat ob-
jective) using a Nikon digital camera (D5100, Nikon Corp.,
Tokyo, Japan) , and the identification of the mid-belly re-
gion of the quadriceps femoris was performed [24].

Histological sections were glued onto clean Epon
blocks. The ultrathin sections (70–75 nm) were obtained
from the blocks using a Leica EMUC6 ultramicrotome (Le-
ica, Wetzlar, Germany), which were then counterstained
with lead citrate (15326, Sigma-Aldrich, St. Louis, MO,
USA) and uranyl acetate (22400, Electron Microscopy Ser-
vices, Hatfield, PA, USA). Ultrastructural examination of
the specimens was accomplished using a JEM-1400 elec-
tron microscope (JEOL, Tokyo, Japan) at the Electron Mi-
croscopy Facility at the Belozersky Institute of of Physico-
Chemical Biology (MSU, Moscow, Russia).

The quantitative morphometric analysis of electron
micrographs was executed using Fiji Image J2 software
(National Institutes of Health, Bethesda, MD, USA) as de-
scribed earlier [25]. Skeletal muscle tissue ultrastructure,
including mitochondrial morphology, mitochondrial size
(perimeter), and mean organelle number per unit area were
analyzed in thirty non-overlapping fields of view in each
age group. Mitochondria were considered intact if they
had continuous outer and inner membranes, thin intermem-
brane spaces, and regular cristae membranes folded into a
compact mitochondrial matrix. Organelles with enlarged
intermembrane spaces and swollen cristae were defined as
swollen. A total of approximately 100 mitochondrial cross-
sectional profiles were collected per sample for each age
group of animals.

2.4 Isolation and Analysis of Mitochondria from Mouse
Skeletal Muscle

After the experimental mice were sacrificed, quadri-
ceps muscle samples from both hind limbs were placed
rapidly in ice-cold saline and processed for further differen-
tial centrifugation using a T25 digital Ultra Turrax disperser
(IKA-Werke GmbH and Co. KG, Staufen, BW, Germany).
The preparation of muscle mitochondria was fulfilled at 4
°C as reported previously [26,27]. The protein concentra-
tion of the final mitochondrial suspension was determined
by the Bradford method using defatted BSA as a standard.
Typically, the assay showed 30–40 mg protein/mL.

2.5 High-Resolution Respirometry

The respiration of freshly isolated mitochondria was
analized using a high-resolution Oroboros Oxygraph-2k
respirometer (Oroboros Instruments GmbH, Innsbruck, AT,
Austria) in an incubationmedium containing 2.5mMpotas-
sium glutamate, 2.5 mM potassium malate, 100 mM KCl,
5 mM KH2PO4, 75 mM mannitol, 25 mM sucrose, 0.5
mM EGTA, and 10 mM HEPES/KOH (pH 7.4). The func-
tional activity and oxidative phosphorylation efficiency of
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Fig. 1. Phenotypic observations and motor performance assessment of SOD1-G93A/low male mice (n = 30) compared with non-
transgenic (non-Tg) littermates (n = 34). (A) Dynamic changes in body weight normalized to 100% the 42nd day of the postnatal period
(P). (B) The neurological score (NS) data for experimental mice according to the neurological scoring system developed by the Institute
for Advancement in ALS Therapy. (C) Tail suspension test used to assign neurological scores. The SOD1 transgenic mouse (right)
exhibits prolonged hind limb clasping (onset of paresis) compared to the non-transgenic animal (left) at the end of the observation period
(P154). The phenotype of the SOD1-G93A animal corresponds to NS 2. (D) Time course of the string test (paw grip endurance test) to
assess general muscle function and coordination, with particular attention to limb grip strength. The time until the mouse falls (latency)
was recorded in seconds after the animal grasped the wire with its forepaws. Values are mean ± SEM. *p < 0.05 significantly different
from the non-Tg group, two-way analysis of variance with Bonferroni’s post hoc test. Tg, transgenic; SOD1, copper-zinc superoxide
dismutase; ALS, amyotrophic lateral sclerosis.

mouse skeletal muscle mitochondria (0.25 mg/mL) in dif-
ferent metabolic states were examined by calculating the
rates of O2 uptake (nmol/min/mg protein) in the presence
of ADP at a concentration of 200 µM (phosphorylation or
State 3 respiration), after its conversion into ATP (resting or
State 4 respiration), and in the presence of 2,4-dinitrophenol
at a concentration of 50 µM (uncoupled or State 3UDNP res-
piration). Oxidative phosphorylation was assessed from the
State 3/State 4 index, called the respiratory control ratio
(RCR), and the time spent for the phosphorylation of 200
µM ADP (Tph) [28].

2.6 Assays of the Mitochondrial Calcium Retention
Capacity Index and the Content of Lipoperoxidation
Products

To assess the calcium retention capacity (CRC) index,
mouse skeletal muscle mitochondria (0.2 mg protein/mL)
were resuspended in an incubation medium containing 210
mM mannitol, 1 mM KH2PO4, 70 mM sucrose, 10 µM
EGTA, and 10 mM HEPES-KOH buffer (pH 7.4.), and
supplemented with the ion-sensitive indicator Arsenazo III
(50 µM) (A92775, Sigma-Aldrich, St. Louis, MO, USA)
[27]. The absorbance of the indicator was assessed using

4

https://www.imrpress.com


a Spark 10M multimode microplate reader at 675 and 685
nm (Tecan, Männedorf, Switzerland). To induce the mPTP-
related permeabilization of mitochondrial membranes, cal-
cium chloride solution was added in 20 µM pulses until
massive efflux of the ion from the matrix occurred. The
final amount of added ion (nmol Ca2+/mg mitochondrial
protein) was used to calculate the CRC.

To determine the intensity of mitochondrial lipid
peroxidation, the contents of thiobarbituric acid (TBA)-
reactive substances in mouse skeletal muscle mitochondria
from the age groups were estimated as described previously
[29]. The transmission density was recorded on a Shimadzu
Double BeamUV-2401PCUV-Vis spectrophotometer (Ky-
oto, Japan) at 650 and 532 nm vs. blank samples.

2.7 Statistical Data Processing
The results were processed using the GraphPadPrism

8.0.1 software (GraphPad Software, Inc., San Diego, CA,
USA); data are given as the mean ± standard error of the
mean (SEM). The Shapiro-Wilk test was applied to check
the normality of data distribution. If the data were within
the normal distribution, the statistical processing was per-
formed using a two-way analysis of variance unless oth-
erwise noted. The Bonferroni test was further applied as
a post hoc analysis to compare the means of the dispersion
complex. The statistical analysis of the electronmicroscopy
data was based on the Mann-Whitney test. p values of less
than 0.05 were considered significant.

3. Results
3.1 Phenotypic Observations and Assessment of Motor
Abilities of Experimental Mice

To establish the pre-symptomatic and subsequent
symptomatic stages of ALS progression in our cohort
of male mice of the congenic line B6SJLTg(SOD1-
G93A)dl1Gur/J, phenotypic analysis and assessment of
motor activity of experimental animals were performed
weekly in a preliminary series of experiments. The trans-
genic mouse model of ALS is characterized by ubiquitous
expression of the low-copy-number SOD1-G93A transgene
and develops pathological changes most similar to those
seen in human fALS [20–22]. Littermates of the same sex
who did not inherit the mutant gene were used as control
(non-transgenic (non-Tg)) animals.

Fig. 1A shows a change in the body weight of experi-
mental animals from the 42nd to the 154th day of the post-
natal period (P). Non-Tg mice can be seen to show a sta-
ble increase in body weight, whereas SOD1-G93A animals
stopped gaining weight at P126, after which a tendency to-
wards a decrease in this indicator was observed compared
to the maximum value. The difference in this integral index
between SOD1 transgenic mice and control littermates be-
came statistically significant at twenty weeks of age (P140).

By the end of the observation period (P154), all SOD1
transgenic animals showed signs of partial or complete

paralysis of the hind limbs, consistent with abnormal neu-
rological scores (NS >0) according to [23]. It is worth
noting that non-transgenic animals demonstrated a normal
phenotype (NS 0) from P42 to P154 (Fig. 1B). In the tail
suspension test, SOD1-G93A mice at P154 spent 1 min
or more with hind limbs clasped together, whereas age-
matched non-transgenic controls exhibited no similar clasp-
ing phenotype during the observation time (Fig. 1C).

The string test (also known as the “paw grip endurance
test” or “wire hanging test”) was performed to assess the
functional performance of skeletal muscle and overall co-
ordination, with an increased focus on limb grip strength
(Fig. 1D). SOD1 transgenic mice were found to have a 19%
reduction in the latency to fall at twelve weeks of age (P84)
compared to their peak value (P63). The difference in this
parameter between the two study groups became significant
at P84. At P154, the latency timewas 268.4± 20.3 and 79.4
± 26.5 s for the non-Tg and SOD1-G93A groups, respec-
tively.

In addition, the grip strength test was used to deter-
mine motor ability and fatigue resistance as maximal mus-
cle strength of hindlimbs (Fig. 2A), forelimbs (Fig. 2B), and
combined hindlimbs and forelimbs (Fig. 2C) of experimen-
tal mice. At eight weeks of age (P56), the normalized grip
strength (g (force)/g (weight)) displayed by mice using all
four limbs did not differ between the two groups. Beginning
at P84, SOD1-G93A mice showed a decline in maximal
muscle strength of hindlimbs and combined hindlimbs and
forelimbs, which became more pronounced as the pathol-
ogy progressed. Regarding forelimb grip strength, a statis-
tically significant difference between the two groups was
found at P91.

Thus, detailed behavioral monitoring revealed three
specific phenotypes (age groups): postnatal (P) days 56
(P56), 84 (P84) and 156 (P154), considered as the pre-
symptomatic, early symptomatic (or late pre-symptomatic)
and symptomatic (advanced) stages of disease progression
and severity in SOD1-G93A/low mice, respectively. Ani-
mals from these three age groups, 10 mice each, were used
to study the successive stages of ALS development further.

3.2 Stage-Dependent Alterations in Mitochondrial
Ultrastructure in the Quadriceps Femoris Muscle of
SOD1-G93A/Low Mice

Skeletal muscle fibers heavily rely on mitochondria
as a metabolic hub and an important contributor to en-
ergy production to maintain their high activity [11]. There-
fore, we further studied the changes in the ultrastructure
of mitochondria in muscle fibers of identical tissue sam-
ples (quadriceps femoris) in non-transgenic and SOD1-
G93A/low animals as they aged and the disease progressed.

Figs. 3,4,5 show typical transmission electron mi-
croscopy (TEM)micrographs of longitudinal sections of the
quadriceps femoris from mice of three age groups: P56,
P84, and P154. Ultrastructural examination showed that
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Fig. 2. Dynamics of the functional performance of skeletal muscles as maximal muscle strength of hindlimbs (A), forelimbs (B),
and combined hindlimbs and forelimbs (C) in mice of experimental groups, as assessed by the grip strength test. Values are mean
± SEM (n = 30–34). p < 0.05, two-way analysis of variance with Bonferroni’s post hoc test.

at the pre-symptomatic stage (P56), the contractile appara-
tus (sarcomeres and myofibrils) and mitochondria in SOD1
transgenic animals had a classical architecture and did not
differ from the control non-transgenic group (Fig. 3; Sup-
plementary Fig. 1). Of particular interest was the sub-
sarcolemmal region, positioned at the periphery of the my-
ofiber, directly beneath the sarcolemma. In this fiber re-
gion, mitochondria were clustered and had spherical or
elongated regular shapes. Mitochondria had predominantly
dark condensed matrix and tightly packed cristae, indicat-
ing a functionally active (high-energy) metabolic state.

Mosaic destructive alterations in subsarcolemmal mi-
tochondria in the fibers of the quadriceps femoris mus-
cle were detected in SOD1-G93A/low animals at the early
symptomatic stage of ALS progression (age group P84)
(Fig. 4; Supplementary Fig. 2). Some organelles were
swollen, had fragmented crista membranes and areas of
sharp enlightenment of the mitochondrial matrix. These
findings are in line with the results of some studies showing

accumulation of mutant protein aggregates into mitochon-
dria, leading to disruption of mitochondrial membrane in-
tegrity and mitochondria-associated endoplasmic reticulum
membranes [17,18].

At the age of 154 days, the structure of the fibers of
the quadriceps femoris from non-transgenic animals did not
change, and mitochondria in the subsarcolemmal region
had a typical morphology and disposition (Fig. 5A,B). In
this group, no abnormalities in the internal organization of
the cristae or perturbations of the mitochondrial membranes
were observed. In contrast, SOD1-G93A/low mice at P154
exhibited pronounced pathological changes in mitochon-
dria, sarcoplasmic reticulum, and sarcomeres (Fig. 5C,D).
This group showed a disruption of the regular organization
of the sarcomere, along with a reduction in the width of
this basic contractile unit, an expansion of the sarcoplas-
mic regions betweenmyofibrils, and fiber splitting. In these
muscle fibers, the Z-lines of adjacent myofibrils tended to
lose contact with each other and became curved. Under-
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Fig. 3. Representative TEM micrographs of mitochondria of the subsarcolemmal fiber region of the quadriceps femoris from
non-transgenic (A) and SOD1-G93A (B) male mice at P56, established as the pre-symptomatic stage of ALS progression. High
magnification images (×5000). In both groups, the mitochondria had a typical morphology; no abnormalities in crista membranes were
observed. The scale bar is 1 µm. TEM, Transmission electron microscopy.

Fig. 4. Representative TEM micrographs of subsarcolemmal mitochondria of the quadriceps femoris from non-transgenic (A)
and SOD1-G93A (B) male mice at P84, established as the early symptomatic stage of ALS progression. In muscle fibers from
SOD1 transgenic animals, peripheral (subsarcolemmal) mitochondrial clusters are larger and contain damaged (vacuolated) organelles.
Red asterisks indicate vacuolated mitochondria. High magnification images (×5000). The scale bar is 1 µm.

neath the sarcolemma, swollen mitochondria with enlarged
intermembrane spaces and deformed crista lumens predom-
inated; ruptures were observed in the outer membrane of
many mitochondria. Also worth noting is the appearance
of giant interfibrillar mitochondria, which are grouped in
longitudinal rows between the myofibrils (Supplementary
Fig. 3). These mitochondria are damaged (vacuolated) and
have an edematous matrix with disrupted or missing outer
and cristae membranes. It is known that the morphology
and disposition of mitochondria in muscle cells may influ-
ence myofilament interactions and sarcomere structure. In-

terestingly, similar abnormalities in mitochondria and con-
tractile apparatus organization have been reported in skele-
tal muscle biopsies from ALS-affected individuals [30].

Quantitative morphometric analysis was performed to
identify the alterations in the number and mean size of mi-
tochondria, as well as the length and width of the sarcom-
ere in the investigated animal groups (Fig. 6). Analysis of
themorphometric characteristics in the SOD1-G93Amouse
group at P154 revealed a decrease in the number of subsar-
colemmal mitochondria normalized to the area of the an-
alyzed micrographs. In addition, a compensatory increase
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Fig. 5. Representative TEMmicrographs of longitudinal sections of the quadriceps femoris from non-transgenic (A,B) and SOD1-
G93A transgenic (C,D) male mice at P154 (late symptomatic stage) at low (×1500) and high (× 5000) magnification. Red arrows
point to the interfibrillar subpopulation of mitochondria (IFM) and the subsarcolemmal subpopulation of mitochondria (SSM). The same
organelles are indicated by an asterisk in the low- and high-magnification micrographs. In the SOD1-G93A group, the mitochondria
demonstrated vacuolization and abnormal or missing internal cristae due to their local lysis (shown by arrows). The scale bar is 1 µm.

in this parameter was observed in SOD1-G93A animals at
P84. Along with this, the mean size of subsarcolemmal mi-
tochondria in SOD1 transgenic mice at P84 and P154 in-
creased compared to that in the control group.

The results confirm the pronounced swollen state of
skeletal muscle mitochondria in these two age groups of
transgenic animals.

It should be pointed out that the sarcomere length did
not change significantly between the experimental groups.
Notably, the sarcomere width in the quadriceps femoris
muscle of SOD1-G93A transgenic mice decreased at P154,
which may indirectly indicate disorganization of the con-
tractile apparatus (myofibrils).

3.3 Functional Assessment of Mitochondria in the
Quadriceps Femoris of SOD1-G93A/low Animals of the
Age Groups P56, P84, and P154

The structure of mitochondria is inextricably linked
with their multiple functions in skeletal muscle fibers. In
the next part of the study, we investigated the main func-
tional parameters of these organelles isolated from the
quadriceps femoris of the groups of animals under study.

One of the key criteria for skeletal muscle mito-
chondrial functionality is the efficiency of oxidative phos-
phorylation, conventionally analyzed using high-resolution
respirometry (Oroboros Oxygraph-2k). Study has shown
that the the first enzyme complex NADH: ubiquinone ox-
idoreductase of the mitochondrial respiratory chain (com-
plex I) is the least resistant to damage in muscle patholo-
gies [11], so we measured the respiration rates of mitochon-
dria in three metabolic states (States 3, 4, and 3UDNP) us-
ing the NAD-related substrates malate and glutamate (Ta-
ble 1). Typical Oxygraph-2k records for respiration of
mouse skeletal muscle mitochondria are presented in Sup-
plementary Fig. 4.

Skeletal muscle mitochondria from SOD1-G93A an-
imals at P154 (symptomatic stage) were found to demon-
strate a decrease in the rates of ADP-stimulated (phospho-
rylating) (V3) and uncoupled (V3UDNP) respiration. More-
over, a decline in the respiration control ratio (State 3/State
4, RCR) and an increase in the time of ADP phosphory-
lation (Tph), as compared to the control values, were re-
vealed. Taken together, this suggests a decrease in the
maximum efficiency of the mitochondrial electron trans-
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Fig. 6. Morphometric analysis of subsarcolemmal mitochondria and sarcomeres from skeletal muscle (quadriceps femoris) of
male non-transgenic (non-Tg) and SOD1-G93Amice from three age groups: P56, P84, and P154. Histograms summarizing (A) the
number of the organelles per unit area, (B) mitochondrial size (perimeter), (C) the length of the sarcomere (µm), and (D) the width of the
sarcomere (µm) in the animal groups. Analyses were performed on at least three animal tissue samples (thirty non-overlapping fields of
view) per group. Values are mean values ± SEM. * p < 0.05, ** p < 0.01, compared with the non-Tg group.

port chain for ATP synthesis. It should be pointed out that
the respiration rates of mitochondria from the quadriceps
femoris of SOD1 transgenic animals at P56 and P84 did not
significantly differ from those in the age-matched non-Tg
groups.

As is known, abnormal accumulation of calcium ions
in mitochondria can lead to organelle damage via the per-
meability transition pore (PTP) opening and ROS overpro-
duction, ultimately leading to the activation of cell death
processes [31]. Given the important role of mitochondria
in maintaining calcium and redox homeostasis, we deter-
mined the calcium retention capacity index to predict sus-
ceptibility to the PTP formation and the content of lipid per-
oxidation products (malondialdehyde and other minor alde-
hydes), assessed by the 2-thiobarbituric acid (TBA) method
(Fig. 7).

One can see that SOD1-G93A mice at P154 demon-
strated a lower capacity of skeletal muscle mitochondria to
retain calcium cations and increased levels of mitochondrial
TBA-reactive substances compared with those in the con-
trol non-Tg group. The latter may indicate increased ox-
idative injury to muscle mitochondria from SOD1-G93A
animals in disease progression.

4. Discussion
ALS is associated with an age-dependent decline in

the mass and functional performance of the body’s skele-
tal muscles; the key pathological changes in affected mus-
cle fibers remain poorly understood [2]. Accumulating evi-
dence suggests that skeletal myocyte mitochondria are cru-
cial targets in ALS pathogenesis, and their dysfunction and
associated oxidative stress affect the progression of ALS
[32,33]. Despite some progress in understanding the ge-
netic basis of the pathology, in particular the role of SOD1
mutations [4,34], there is still no unified hypothesis that
combines mitochondria-related mechanisms with other in-
tracellular events implicated in ALS, taking into account
their time course and localization [35,36]. The latter may
significantly complicate the development of effective ap-
proaches to target molecular pathways through combined
therapy for ALS at its different stages.

In this study, we analyzed the dynamics of structural
and functional rearrangements in mitochondria from the
quadriceps femoris muscle of SOD1-G93A/low transgenic
animals and related these rearrangements with motor im-
pairment and skeletal muscle weakness at three time points
corresponding to pre-symptomatic (P56), early symp-
tomatic (P84), and late symptomatic (advanced) stages
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Table 1. Indices of respiration and oxidative phosphorylation of mouse skeletal muscle mitochondria from the age groups under
study.

Stage Group
V respiration, nmol O2 × min–1 × mg–1 protein RCR Tph

State 3 State 4 State 3UDNP

P56
Non-Tg 183.3 ± 10.4 40.3 ± 1.4 325.3 ± 6.4 4.55 ± 0.22 32.5 ± 2.0

SOD1-G93A 180.9 ± 5.3 43.5 ± 1.5 300.1 ± 20.8 4.16 ± 0.19 34.0 ± 4.1

P84
Non-Tg 169.3 ± 4.2 37.8 ± 1.4 252.3 ± 8.2 4.73 ± 0.34 43.3 ± 3.4

SOD1-G93A 165.9 ± 5.3 36.5 ± 3.0 240.4 ± 17.6 4.64 ± 0.31 43.4 ± 2.9

P154
Non-Tg 144.6 ± 4.2 32.0 ± 1.2 230.9 ± 10.4 4.57 ± 0.20 50.3 ± 3.0

SOD1-G93A 127.8 ± 2.8 ** 31.0 ± 0.8 177.7 ± 10.0 ** 4.08 ± 0.10 * 67.2 ± 5.9 *

The experimental conditions are described in detail in the Materials and Methods section. Values are
means ± SEM (n = 6). * p < 0.05, ** p < 0.01, compared with the non-Tg group, two-way analysis of
variance with Bonferroni’s post hoc test. RCR, respiratory control ratio; SOD1, copper-zinc superoxide dis-
mutase; Non-Tg, non-transgenic.

Fig. 7. Functional analysis of mitochondria from the quadriceps femoris of non-transgenic (non-Tg) and SOD1-G93A male mice
from three age groups, established as pre-symptomatic (P54), early symptomatic (P84), and advanced symptomatic (P154) stages.
(A) Calcium retention capacity, an index of susceptibility to the mPTP opening and (B) the level of 2-thiobarbituric acid (TBA)-reactive
substances (byproducts of lipid peroxidation) in skeletal muscle mitochondria from the age groups under study. Values are mean± SEM
(n = 5–6). ** p < 0.01, compared with the non-Tg group, two-way analysis of variance with Bonferroni’s post hoc test.

(P154) of ALS. This mouse line is the most widely rec-
ognized transgenic model for studying fALS and is well
characterized genotypically, with accumulation of the ALS-
causing mutant SOD1-G93A in skeletal muscle tissue
shown to be associated with muscle degeneration [37].
The data obtained suggest that in the SOD1-G93A mouse
model, mitochondrial abnormalities and energymetabolism
disorders at the level of skeletal muscle fibers appear with
the onset of motor symptoms at P84 and progress with the
animal’s age.

To establish the specific time points in the progres-
sion of the disease, age-dependent changes in motor func-
tions and neurological status of SOD1-G93A male mice,
as compared to non-transgenic animals, were determined
weekly using two behavioral tests: the paw grip endurance
test and the grip strength test. Previous studies have iden-
tified pathological events in muscle function in the mutant

SOD1 mouse models; however, subtle phenotypic differ-
ences between the genotypes have been observed [20–22,
38]. It should be noted that the Tg(SOD1G93A)dl1/GurJ
mouse substrain (referred to as SOD1-G93A/low mice)
has a lower (20–25) copy number of human SOD1 cDNA
compared with other mutant SOD1 mouse models [39].
Moreover, study in SOD1-G93A mouse models and ALS-
affected individuals suggests that males have more pro-
nounced changes in some disease-related molecular path-
ways compared to females [40]. In our animal cohorts, 12-
week-old (P84) SOD1 transgenic male mice demonstrated
a significant decrease in the tightrope hang time compared
to their maximal values at P56 and those of non-transgenic
littermates, and then showed a progressive decline in the
test results until the final week of observation (P154). Fur-
thermore, normalized grip strength in SOD1-G93A mice
began to decline at 12 weeks of age (P84), and by P154 it
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was reduced 2-fold compared to non-transgenic mice, as as-
sessed by the grip strength test. In parallel, it was found that
SOD1-G93A mice began to lose body weight at the age of
16 weeks (P112), and by the end of the experiment (P154)
had a significant difference in weight gain as comparedwith
control animals.

It is worth mentioning that progressive muscle weak-
ness and functional disorders of skeletal muscle fibers have
been reported in many transgenic mouse models and pa-
tients with sALS and fALS [14,17], but muscle abnormali-
ties were historically interpreted as secondary to motor neu-
ron disease [6,9]. Recent studies have shown that trans-
genic mice expressing the pathogenic G93A variant of the
SOD1 gene only in skeletal muscle, but not specifically in
motor neurons, develop a fatal ALS-like phenotype, sug-
gesting that skeletal muscle is a crucial target tissue in dis-
ease progression and severity [31,32]. Few studies have
systematically examined the pathogenesis of ALS in the
context of the development of mitochondrial damage in the
peripheral components of the neuromuscular system, in-
cluding skeletal muscle [37–41].

Our study identified the dynamics of ultrastructural al-
terations in myocytes and mitochondria in the quadriceps
femoris of SOD1 animals at P56, P84, and P154 – the stages
that had been established as pre-symptomatic, early and
late symptomatic when monitoring the behavioral pheno-
type in the study cohort of animals. Ultrastructural exami-
nation showed earlymosaic destructive changes in themito-
chondria located underneath the sarcolemma of quadriceps
femoris fibers from SOD1-G93A/low mice at P84. At this
stage, individual swollen mitochondria had a matrix with
low electron density and fragmented cristae. These findings
could represent early markers for the onset of the pathology.

At P154, ALS-related abnormalities in subsarcolem-
mal mitochondria include extensive swelling of the ma-
trix, leading to crista depletion and outer membrane rup-
ture. In addition, we observed giant intrafibrillar mitochon-
dria, which are grouped in longitudinal rows between the
myofibrils. These mitochondria are vacuolated and have
an edematous matrix with disrupted or missing outer and
cristae membranes. The appearance of these mitochondria
within muscle cells can disrupt the structure and function of
the basic contractile unit of muscle, the sarcomere. Further-
more, pathological morphological features of muscle dis-
ease were identified, including Z-line curvature, sarcomere
disorganization, an expansion of the sarcoplasmic regions
between myofibrils, and fiber splitting in the quadriceps
femoris from SOD1-G93A mice at the late symptomatic
stages of ALS progression.

Morphometric analysis revealed an increase in the
mean size (perimeter) of subsarcolemmal mitochondria in
the quadriceps femoris of SOD1-G93A mice at the early
and late symptomatic stages of the pathology, indicating
a swollen state of the organelles. It is noteworthy that at
the early stage (P84), an increase in the number of mus-

cle mitochondria under the sarcolemma was observed, and
then as motor symptoms intensified at P154, their count de-
creased. One can suggest that the increase in the number of
mitochondria at the early symptomatic stage indicates the
activation of compensatory mechanisms to maintain mito-
chondrial homeostasis in skeletal muscle. Several studies
have identified abnormal activation of AMP-activated pro-
tein kinase (AMPK), a key sensor of cellular energy status,
in various ALS models and patients, which may be accom-
panied by increasedmitochondrial biogenesis, imbalance in
their turnover, and contribute to ALS pathogenesis [42,43].
Furthermore, the P154 transgenic group demonstrated a de-
crease in the mitochondrial number, suggesting the preva-
lence of maladaptive processes, including those leading to
mitochondria-mediated cell death in affected muscle fibers.
Since the subsarcolemmal mitochondrial subpopulation is
responsible for membrane-related processes [11,13], this
may contribute to a bioenergetic crisis in substrate trans-
port, ion exchange, and signal transduction – steps that are
clearly relevant to skeletal muscle function and are impaired
in ALS [1,14]. Several studies using in vitro and in vivo
models for ALS have demonstrated that mutant forms of the
SOD1 protein can accumulate inside mitochondria, mainly
in the intramembrane mitochondrial space, and thus cause
disturbances in their ultrastructure [18,37,38]. This may
lead to the formation of giant mitochondria and the appear-
ance of mitochondrial paracrystalline inclusions, as shown
in skeletal muscle from ALS patients [30]. Unfortunately,
we did not detect these inclusions in the mitochondria of
the quadriceps femoris from of SOD1-G93A mice. Other
pathological structural alterations, including mitochondrial
vacuolization and the appearance of giant organelles be-
tween myofibrils, were similar.

Pathological accumulation of ALS-associated mutant
proteins insidemitochondria could impair the functional ac-
tivity of mitochondria and cells [41]. This study found that,
as the SOD1-G93A animals aged, the efficiency of the mi-
tochondrial respiratory chain gradually declined, which led
to a decrease in the rate of State 3 (ADP-stimulated) and
State 3UDNP (uncoupled) respiration driven by the NAD-
dependent substrates malate and glutamate. It is known
that disturbances in the functioning of the respiratory chain
complex-I activity can be accompanied by a deficiency of
ATP and excessive production of ROS by mitochondria
[44,45], which can ultimately result in a disruption of mus-
cle contraction. These findings are consistent with emerg-
ing data indicating a bioenergetic deficit in ALS, with one-
half of patients demonstrating hypermetabolic energy ex-
penditure at rest [46,47]. Interestingly, littermate controls
did not show a similar trend in bioenergetic parameters of
skeletal muscle mitochondria with age.

Some studies have shown that mitochondrial
bioenergetics in ALS-affected cells can be regulated by
PINK1/Parkin-dependent and -independent mitophagy
pathways [48,49] and the transcription regulator PGC-1α
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(peroxisome proliferator-activated receptor-1-alpha-
coactivator) [50], as well as mitochondrial fission and
fusion mediated mainly by dynamin-related protein 1
and mitofusin 2, respectively [37,51]. In addition, the
expression of the Nfe2l2 gene, encoding the transcrip-
tion factor NRF2 that regulates the expression of more
than a hundred cytoprotective genes, including those of
antioxidant defense, has been found to undergo dramatic
changes in ALS [52]. NRF2 has been shown to play a key
role in mitochondrial quality control and regulation of key
mitochondrial functions, including ATP synthesis, ROS
production, and calcium ion transport [51,52]. Notably,
levels of the alpha subunit of AMPK, a key regulator of
cellular energy and catabolism, are also altered in various
ALS models [53,54].

The generation of ROS in mitochondria depends on
their metabolic state and the membrane potential [55]. Our
experiments showed a sharp increase in the level of the
arachidonate by-product malondialdehyde (and other mi-
nor aldehydes that react with thiobarbituric acid) in skeletal
muscle mitochondria of SOD1-G93A mice at P154 com-
pared to that in control age-matched animals, suggesting
increased lipid peroxidation and oxidative damage to the
organelles.

In addition to their classical roles as the sites of en-
ergy production and the formation of harmful ROS, mi-
tochondria are also known to be involved in other skele-
tal myocyte functions that are impaired in ALS, including
the maintenance of calcium ion homeostasis [11,31]. Mi-
tochondrial calcium uptake, sequestration, and release play
pivotal roles in orchestrating cellular ion homeostasis and
responses, while a dyshomeostasis of calcium can result in
mitochondrial injury through the calcium-dependent per-
meability transition pore (PTP) opening [31]. The forma-
tion of the PTP in mitochondria is associated with a sharp
increase in ROS production, which leads to damage to key
cellular components, including membrane lipids, and trig-
gers cell death in ALS [55,56]. Notably, skeletal musclemi-
tochondria of transgenic mice at P154 showed a decreased
ability to retain calcium ions (referred to as the calcium re-
tention capacity index), indicating an increased susceptibil-
ity of the organelle to the mitochondrial permeability transi-
tion pore opening. The mPTP represents itself as a highly-
reproducible, calcium-dependent increase in permeability
of the inner membrane to ions and proapoptotic proteins
(cytochrome c, apoptosis-induced factor, etc.) [31,56].
Study has shown that transient overexpression of mutated
SOD1 in skeletal muscle of wild type mice could promote
an increased expression of cyclophilin D, the main regula-
tory component of the mPTP [33]. Recent findings have
also revealed that treatment with highly selective blockers
of the mPTP can delay the onset of motor deficit in trans-
genic ALS mice [57], indicating an important role of this
phenomenon in the progression of mitochondrial dysfunc-
tion and muscle atrophy.

Taken together, the data obtained suggest that abnor-
malities in the morphology and distribution of the mito-
chondria, associated with their complex dysfunction and
oxidative damage in the skeletal muscle of SOD1-G93A
mice, underlie the occurrence of muscle weakness and con-
tribute to the progression of ALS with age. It is known
that in muscular dystrophic diseases, the subsarcomeric re-
gions of muscles are mainly affected. It can be assumed that
the loss of grip strength in SOD1-G93A mice is closely re-
lated to subsarcomeric alterations, since the anchoring of
actin and other contractile proteins to this area of the my-
ofibers is what allows the muscle force to be exerted. At
the late stage, irreversible structural and functional abnor-
malities in mitochondria both beneath the sarcolemma and
between myofibrils may ultimately lead to tissue damage
and muscle fiber death. It can be concluded that the dynam-
ics of the mitochondrial defects in skeletal muscle in SOD1
mouse model may further form the basis for the develop-
ment of methods for early diagnosis and therapy or symp-
tomatic correction of motor symptoms in ALS. It should be
noted that several studies have shown that modulation of
skeletal muscle metabolic pathways in SOD1-G93A mice
reduces motor neuron death [58].

5. Conclusions
Using the SOD1-G93A/low transgenic mouse model,

we demonstrated in this study stage-dependent changes
in skeletal muscle mitochondrial ultrastructure and func-
tions attributable to defective oxidative phosphorylation,
impaired calcium homeostasis, and oxidative damage. Mo-
saic destructive alterations in subsarcolemmal mitochon-
dria in quadriceps femoris fibers could precede the appear-
ance of motor deficits and contribute to the progression of
ALS with age. Thus, targeting these mechanisms of mi-
tochondrial dysfunction in skeletal muscle, which repre-
sents the largest tissue mass in the body, appears to be a
promising avenue for the development of combination ther-
apies in the future. Our results also confirm that the SOD1-
G93A/low mouse model is a suitable platform for study-
ing long-term motor symptoms and associated mitochon-
drial alterations. However, changes in the main functional
parameters of skeletal tissue mitochondria do not precede
early impairments in muscle strength and functional activ-
ity in vivo. Further studies are required to explore the un-
derlying effect of SOD1 mutations on skeletal muscle mi-
tochondria through modulation of the turnover of affected
mitochondria and the redox imbalance-related mechanisms
involved.

Abbreviations
ALS, amyotrophic lateral sclerosis; mPTP, mitochon-

drial permeability transition pore; SOD1, superoxide dis-
mutase [Cu-Zn]; TBA, thiobarbituric acid.
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