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Sigma 1 receptor (Sigmar1) is a widely expressed, multitasking molecular chaperone protein that
plays functional roles in several cellular processes. Mutations in the Sigmar1 gene are associated with
several distal neuropathies with strong manifestation in skeletal muscle dysfunction with phenotypes
like muscle wasting and atrophy. However, the physiological function of Sigmar1 in skeletal muscle
remains unknown. Herein, the physiological role of Sigmar1 in skeletal muscle structure and function
in gastrocnemius, quadriceps, soleus, extensor digitorum longus, and tibialis anterior muscles was
determined. Quantification of myofiber cross-sectional area showed altered myofiber size distribution
and changes in myofiber type in the skeletal muscle of the Sigmar1�/� mice. Interestingly,
ultrastructural analysis by transmission electron microscopy showed the presence of abnormal
mitochondria, and immunostaining showed derangements in dystrophin localization in skeletal
muscles from Sigmar1�/� mice. In addition, myopathy in Sigmar1�/� mice was associated with an
increased number of central nuclei, increased collagen deposition, and fibrosis. Functional studies
also showed reduced endurance and exercise capacity in the Sigmar1�/� mice without any changes in
voluntary locomotion, markers for muscle denervation, and muscle atrophy. Overall, this study shows,
for the first time, a potential physiological function of Sigmar1 in maintaining healthy skeletal
muscle structure and function. (Am J Pathol 2022, 192: 160e177; https://doi.org/10.1016/
j.ajpath.2021.10.003)
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Sigma 1 receptor (Sigmar1) is a multifunctional chaperone
protein ubiquitously expressed in multiple organs.1e6

Extensive studies have demonstrated several molecular
functions for Sigmar1 in different cell types, including
regulation of ion channel function, calcium signaling,
mitochondrial function, autophagy, and lipid transport.7e10

Sigmar1 was discovered over 40 years ago.11,12 Since
then, several recessive mutations in Sigmar1 have been
associated with amyotrophic lateral sclerosis (ALS), distal
hereditary motor neuropathy (dHMN), frontotemporal lobe
degeneration, and Silver-like syndrome.

Genetic studies of Sigmar1 have demonstrated an as-
sociation between Sigmar1 mutations and ALS pathology.
The clinical hallmarks of ALS pathology include
stigative Pathology. Published by Elsevier Inc. All rights reserved.
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Sigmar1 in Skeletal Muscle Physiology
progressive muscle wasting, speech and swallowing diffi-
culties, fasciculation, altered reflexes, spasticity, and death
due to respiratory complications.13 Juvenile cases of ALS
have been associated with a missense mutation
(c.304G>C, p.E102Q)14 and a frameshift mutation
(c.283dupC, p.L95 fs)15 in Sigmar1. Progressive develop-
ment of skeletal muscle pathology was observed in pa-
tients with E102Q mutations, including weakness of the
hand and forearm muscles (at the age of 9 to 10 years),
leading to paralysis of the forearm extensors and triceps.
These patients had no respiratory or bulbar muscle weak-
ness and demonstrated normal sphincteric, sensory, and
cerebellar functions.14 Similarly, a patient with the L95 fs
mutation developed progressive muscle weakness, with
significant atrophy of distal muscles with development of
pes cavus and wasting of the calf muscles and intrinsic
muscles of the hands.15 Interestingly, examination of
vastus lateralis muscle biopsy revealed severe type II fiber
predominance, with scattered angular esterase-positive fi-
bers, and showed intense staining with NADH tetrazolium
reductase.15 Patients with these mutations show normal
brain and spinal cord magnetic resonance imaging.14,15

These clinical skeletal muscle phenotypes, all of which
were observed in Sigmar1 mutation-bearing patients, have
also been observed in patients with dHMN. In fact,
several of the truncations/deletions or point mutations that
occur in Sigmar1 have also been reported in association
with the development of dHMN.16e21 dHMN neuropa-
thies comprise a heterogeneous group of diseases
accompanied by the common features of slowly pro-
gressive, symmetrical, and distal-predominant neurogenic
weakness and amyotrophy. Patients with dHMN with the
Sigmar1 mutations manifest identical clinical features:
progressive muscle wasting/weakness in the lower and
upper limbs without sensory loss16e21 accompanied by
normal brain and spine as determined by magnetic reso-
nance imaging.17

Studies have also shown an association between Sig-
mar1 mutations in the 30-untranslated region and the
frontotemporal lobar degenerationemotor neuron
diseaseepathologic ubiquitinated inclusion bodies.
Although Sigmar1 normally localizes to cytoplasmic
membranes in healthy individuals, c.672*51G>T carriers
show intense Sigmar1 immunoreactivity in the nucleus
dentate granule and cornu ammonis 1 (CA1) pyramidal
cells. However, the details of the clinical features in these
patients remain unknown. Patients bearing a homozygous
missense variant (c.194T>A, p.Leu65Gln) of Sigmar1
have been associated with autosomal recessive Silver-like
syndrome.18 In a patient with this Sigmar1 mutation, the
clinical features include bilateral foot drop and frequent
falls (at approximately 3 years of age), with the develop-
ment of progressive muscle weakness and atrophy in the
lower limbs. By the age of 17 years, this patient had
developed clawed hands with no fixed contractures, bilat-
eral finger and foot drop, knee bobbing, marked muscle
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atrophy from the midforearms and knees down, and
weakness of wrist extension. However, the patient had a
normal intellect, no sensory symptoms, and no sphincter
problems, with normal brain and spinal cord as indicated
by magnetic resonance imaging.

Despite the evidence in these reports, proof of a direct
association between mutations in Sigmar1 and human
diseases remains elusive, as this association has only been
identified in small, isolated families with limited genetic
and functional studies. Functional studies performed to
determine the possible molecular mechanism showed that
ALS-associated Sigmar1 mutations (p.E102Q and p.L95
fs)14,15 were uniformly unstable and nonfunctional when
expressed in Neuro2a cells, suggesting that Sigmar1’s loss
of function plays a role in ALS.14,15 Moreover, expres-
sion of the Sigmar1E102Q in Drosophila lacking a Sig-
mar1 homolog alters locomotor activity and eye
development.22 Functional studies using two of dHMN-
associated mutations (p.E138Q and p.E150K) in several
neuronal cell lines (two human neuroblastoma cell lines,
SH-SY5Y and SK-N-BE, and the murine motor neuron-
like NSC-34 line) suggests that the pathogenicity of the
mutations may involve the alterations in endoplasmic
reticulumemitochondria tethering, calcium homeostasis,
and autophagy. The presence of the c.672*26C>T,
c.672*47G>A, and c.672*51G>T mutations within the
30-untranslated region of SIGMAR1 affects transcript sta-
bility, resulting in increased Sigmar1 transcript in human
neuroblastoma SK-N-MC and HEK293 cells.23 Although
studies using Sigmar1 global knockout mice (Sigmar1�/�)
have provided a molecular tool to aid in understanding
the physiological function of Sigmar1,8,24 these mice do
not show any pathologic phenotype associated with the
human diseases observed in patients with Sigmar1 muta-
tions. The neuronal dysfunctions reported in Sigmar1�/�

mice were locomotor defects,25 nerve denervation,8 loss
of motor neurons,8 age-dependent motor dysfunction,15

and development of depressive-like behavior.24,26

The most common clinical feature observed in patients
with Sigmar1 mutations is muscle weakness caused
possibly by upper or lower motor neuron injury, resulting
in denervation, or as the result of myofiber injury, resulting
in a primary myopathy process. However, the physiolog-
ical function of Sigmar1 in the skeletal muscle has not been
studied and remains elusive. This study evaluated the
physiological role of Sigmar1 in skeletal muscle physi-
ology and function using Sigmar1�/� mice. Extensive
evaluations were performed to determine the functional
consequences of Sigmar1 ablation in skeletal muscle
morphology, histology, ultrastructure, and function in
different muscle fibers using Sigmar1�/� mice. This study
demonstrated the altered myofiber cross-sectional area
(CSA), fibrotic remodeling, presence of abnormal mito-
chondria, and reduced endurance and exercise capacity in
Sigmar1�/� mice compared with wild-type (Wt) littermate
controls.
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Materials and Methods

Animals

The 9- to 10-montheold global Sigmar1 knockout
(Sigmar1�/�) mice were used, as previously reported,8,9

along with their littermate controls, Wt mice on the
C57BL/6 background strain. The mice were accommodated
in a well-controlled environment in cages following a 12-
hour light-dark cycle and provided with water and a regu-
lar chow diet ad libitum. Equal numbers of both male and
female mice, consisting of Sigmar1�/� and Wt mice, were
used for the experiments. The animal handling procedures
were in accordance with the Guide for the Care and Use of
Laboratory Animals,27 with the protocols being approved
by the Animal Care and Use Committee of Louisiana State
University Health Sciences Center-Shreveport. The animals
were cared for according to the NIH Guide for the Care and
Use of the Laboratory Animals.

Muscle Isolation and Morphometry

Mice from both the groups (Wt and Sigmar1�/�) were
subjected to isoflurane-mediated anesthesia. Five different
muscles, gastrocnemius (Gastro), quadriceps (Quad), soleus
(Sol), tibialis anterior (TA), and extensor digitorum longus
(EDL), were isolated from both limbs of each group of mice
and were processed according to the experimental re-
quirements. For morphometric analysis, the isolated muscles
were washed with 1� phosphate-buffered saline (PBS) to
remove any fur and any fat or bloodstains. The tissues were
soaked using clean paper towels to remove any extra PBS,
and the wet tissue weights were taken using an OHAUS
electronic balance (OHAUS Corporation, Parsippany, NJ).

Protein Isolation and Western Blot Analysis

Total proteins were prepared from all five different muscles
isolated from both Wt and Sigmar1�/� mice. The isolated
muscles were lysed with Cell Lytic M (Sigma-Aldrich, St.
Louis, MO) lysis buffer supplemented with Complete Pro-
tease Inhibitor Cocktail (Roche, Basel, Switzerland), as
described previously.28,29 All the muscle sections were ho-
mogenized twice using bead homogenizer followed by
sonication. The muscle homogenates were then centrifuged
at 12,000 � g for 15 minutes to sediment the insoluble cell
debris. The protein concentration of the muscle homogenate
was measured using the Bradford protocol/reagent (Bio-
Rad, Hercules, CA) relative to a bovine serum albumin
standard curve (Bio-Rad). Protein samples were then sepa-
rated on SDS-PAGE using precast 5% to 12% Criterion gels
(Bio-Rad) and transferred to polyvinylidene difluoride
membranes (Bio-Rad). Membranes were blocked for 1 hour
in 5% nonfat dried milk and exposed to primary antibodies
overnight. The following primary antibodies were used for
immunoblotting: Sigmar1 (1:1000; 61994; Cell Signalling,
162
Danvers, MA), glyceraldehyde-3-phosphate dehydrogenase
(1:10,000; MAB374; EMD Millipore, Burlington, MA), b-
actin (1:1000; sc-47778; Santa Cruz Biotechnology, Dallas,
TX), muscle RING-finger protein-1 (MuRF1; 1:200; sc-
398608; Santa Cruz Biotechnology), and desmin (1:5000;
V2022; Biomeda, Foster City, CA). Subsequently, mem-
branes were washed, incubated with alkaline
phosphataseeconjugated secondary antibodies (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA),
developed with ECF reagent (Amersham, Amersham, UK),
and imaged using a Chemidoc Touch Imaging System (Bio-
Rad). Densitometric analysis of the protein bands on the
scanned image was performed using ImageJ software
version 1.53c (NIH, Bethesda, MD: https://imagej.nih.gov/ij).

RNA Isolation and Quantitative Real-Time PCR Analysis

Total RNA was isolated from all five different skeletal
muscles from Wt and Sigmar1�/� mice using TRI reagent
(RN-190; Molecular Research Center, Cincinnati, OH)
following manufacturer’s protocol, as previously
described.9,28 The concentration and purity of the isolated
RNA were measured using NanoDrop (DeNovix, Wil-
mington, DE; DS-11 FXþ) followed by first-strand cDNA
synthesis. Quantitative real-time PCR was done by the
CFX-96 instrument (Bio-Rad) to measure Sigmar1 and
acetylcholine receptor a (AchRa) abundance in all five
skeletal muscles using TaqMan probes (Applied
Biosystems, Foster City, CA) and SYBR Green master-
mixes (Applied Biosystems), respectively. All data were
normalized to b-actin content and expressed as fold change.
The primers used for AchRa and b-actin are as follows:
AchRa, 50-CCACAGACTCAGGGGAGAAG-30 (forward)
and 50-AACGGTGTGTGTTGATG-30 (reverse); and b-actin,
50-CTGTCGAGTCGCGTCCACC-30 (forward) and 50-
TCGTCATCCATGGCGAACTGG-30 (reverse).

WGA Staining

Wheat germ agglutinin (WGA) staining was used to mea-
sure the CSA of the myofibers of different muscles, as
described previously.9,29 Briefly, all five different muscles
isolated from Wt and Sigmar1�/� mice were fixed in 10%
buffered formalin and embedded in paraffin. These paraffin-
embedded blocks were cut into 5 mm serial sections,
deparaffinized, and hydrated, followed by antigen retrieval
by boiling at 100�C in 10 mmol/L sodium citrate buffer (pH
6.0). Subsequently, the sections were blocked for 1 hour
with blocking solution (1% bovine serum albumin, 0.1%
cold water fish skin gelatin, and 1% Tween 20 in PBS) at
room temperature. This was followed by incubation with
Alexa Fluor 488 wheat germ agglutinin (5 mg/mL; Invi-
trogen) for 1 hour at room temperature. The nuclei were
counterstained with DAPI (Invitrogen) for 5 minutes. The
stained slides were washed with 1� PBS and then mounted
using Vectashield Hardset antifade mounting media for
ajp.amjpathol.org - The American Journal of Pathology
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fluorescence (Vector Laboratories). The stained sections
were then subsequently observed using Nikon A1R high-
resolution confocal microscope (Nikon Instruments Inc.,
Melville, NY) and imaged with Nikon NIS elements soft-
ware version 4.13.04 with a 20� objective lens. All image
acquisition was performed in an investigator-blinded
manner. Calculations were performed using 3000 to 4000
myocytes from 4 to 28 images for each muscle from each
mice group; these were selected in a blinded manner and
used to calculate the average CSA of the muscle fiber using
ImageJ software. Central nuclei were quantified by counting
the number of DAPI-positive stains inside the myocyte
using ImageJ software version 1.53c.

Immunostaining

The serial cut sections (5 mm thick) were used from
paraffin-embedded blocks of all five skeletal muscles from
Wt and Sigmar1�/� mice to detect the presence of Sigmar1
and evaluate dystrophin expression in muscle sections, as
described previously.28,29 Briefly, the muscle sections
were deparaffinized, hydrated, and subjected to antigen
retrieval by boiling at 100�C in 10 mmol/L sodium citrate
buffer (pH 6.0) for 30 minutes. The sections were treated
with an enhancer for 30 minutes following 1� PBS wash.
The enhanced tissue sections were then washed and
blocked with a blocking buffer (1% bovine serum albumin,
0.1% cold water fish skin gelatin, and 1% Tween 20 in
PBS) for 1 hour at room temperature. The blocked sections
were then incubated with primary antibodies overnight at
4�C in a humidified chamber followed by Alexa Fluor
conjugated dyes (1:100) for 1 hour 30 minutes at room
temperature in a humidified chamber. Subsequently, the
sections were incubated with either second primary anti-
bodies (1 hour 30 minutes) or WGA (5 mg/mL; Invitrogen;
1 hour) at room temperature. Following second antibody
incubation, the sections were incubated with Alexa Fluor
conjugated secondary antibody (1:100) for 1 hour 30 mi-
nutes. All the stained sections were exposed to DAPI
(Invitrogen) for 5 minutes at room temperature and
mounted with Vectashield Hardset antifade mounting
media for fluorescence. The stained sections were then
observed using a Nikon A1R high-resolution confocal
microscope and imaged with Nikon NIS elements software
version 4.13.04 with a 20� objective lens. All image
acquisition was performed in an investigator-blinded
manner. The primary antibodies used were Sigmar1 N-
terminal antibody (1:100; OAAB01426; Aviva, San
Diego, CA), Sigmar1 C-terminal antibody (1:100; 61994;
Cell Signalling), dystrophin (1:100; D8168; Sigma-
Aldrich), a-sarcomeric actinin (skeletal muscle marker;
1:100; A7811; Sigma-Aldrich, San Diego, CA), and
OXPHOS (mitochondrial marker; 1:100; ab110413;
Abcam, Cambridge, UK). The secondary antibodies used
were Alexa Fluor 488 (A11034) and Alexa Fluor 568
(A11031) from Invitrogen.
The American Journal of Pathology - ajp.amjpathol.org
Muscle Preparation and Myosin Isotype Staining

Myosin isotype staining was done to evaluate the myo-
fiber types in skeletal muscles from Wt and Sigmar1�/�

mice, as described previously.30 Briefly, Gastro and Sol
isolated from Wt and Sigmar1�/� mice were embedded in
O.C.T. compound (Tissue-Tek, Torrance, CA). The
embedded blocks were frozen using liquid nitrogen and
stored at �80�C. The frozen blocks were cut in serial
sections of 20 mm using a cryostat (Leica, Wetzlar, Ger-
many; CM3050 S) maintained at �20�C. To stain for
myosin isotypes, the muscle sections were air dried for 10
minutes, followed by blocking with a blocking buffer
(10% goat serum in 1� PBS) for 1 hour at room tem-
perature. Subsequently, the blocked sections were incu-
bated with primary antibodies BA-F8 (Myosin Type I;
1:50; DSHB, Iowa City, IA), SC-71 (Myosin Type IIA;
1:600; DSHB), and BF-F3 (Myosin Type IIB; 1:200;
DSHB) for 2 hours at room temperature and 6H1 (Myosin
Type IIX; 1:50; DSHB) for overnight at 4�C in a hu-
midified chamber. Subsequently, these myosin types I,
IIA, IIB, and IIX stained sections were incubated with
Alexa Fluor 647, 568, and 555 conjugated goat anti-
mouse IgG2b (1:100), IgG (1:500), and IgM (1:700 for
Myosin IIB and 1:100 for Myosin IIX) secondary anti-
bodies for 1 hour 30 minutes at room temperature. Sub-
sequently, the stained sections were incubated with Alexa
Fluor 488 conjugated WGA (5 mg/mL; Invitrogen) for 1
hour at room temperature. The stained sections were then
mounted with Vectashield Hardset antifade mounting
media for fluorescence. The stained sections were
observed using a Leica TCS SP5 spectral confocal mi-
croscope using a 10� objective and imaged using Leica
LAS (AF 2.6.3) software. All image acquisition was
performed in an investigator-blinded manner.

The myofiber type content was calculated 800 to 900
myocytes for soleus and 3000 to 4000 myocytes for
gastrocnemius from each mice group. The images were
selected in a blinded manner and quantified using ImageJ
software version 1.53c.

Transmission Electron Microscopy

Both Wt and Sigmar1�/� mice were anesthetized with
isoflurane, and all five muscles (Gastro, Quad, Sol, TA,
and EDL) were collected and cut into small cubes (1
mm3). The cut sections were fixed overnight in 3%
glutaraldehyde in 0.1 mol/L sodium cacodylate buffer
followed by post-fixation with 1% OsO4 and counter-
stained with uranyl acetate and lead salts. The sections
were embedded using low-viscosity epoxy resins.
The thin cut sections were imaged in an investigator-
blinded manner using a JEOL JEM-1400 transmission
electron microscope (JEOL, Peabody, MA) with an
Advanced Microscopy Techniques digital camera
(Woburn, MA).
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Mitochondrial DNA Analysis

Mitochondrial DNA was measured to determine changes in
mitochondrial DNA copy number in all five skeletal mus-
cles from Wt and Sigmar1�/� mice, as described previ-
ously.31 Briefly, the total DNA was isolated from all five
skeletal muscles using the Quick-gDNA MiniPrep kit (11 to
317B; Zymo Research, Irvine, CA), according to the man-
ufacturer’s protocol. The mitochondrial DNA was measured
using PCR for cytochrome b (mitochondrial DNA marker)
and b-actin (genomic DNA marker). The primers used for
cytochrome b and b-actin are as follows: cytochrome b, 50-
CCACTTCATCTTACCATTTATTATCGC-30 (forward)
and 50-TTTTATCTGCATCTGAGTTTAA-30 (reverse); and
b-actin, 50-CTGCCTGACGGCCAGG-30 (forward) and 50-
CTATGGCCTCAGGAGTTTTGTC-30 (reverse).
Histologic Analysis

Paraffin-embedded blocks for all five different muscles
collected from Wt and Sigmar1�/� mice were cut into serial
sections (5 mm thick). The sections were deparaffinized,
hydrated, and stained with picro-sirius red and Masson
trichrome, as previously described,28,29,31 and hematoxylin
and eosin (H&E staining kit; H3502; Vector Laboratories)
following the manufacturer’s protocol. The stained sections
were imaged in an investigator-blinded manner using an
Olympus BX40 microscope (Tokyo, Japan) in bright-field
mode with a 20� objective. The collagen deposition and
fibrosis in the muscle sections were quantified using NIH
ImageJ software, as described previously.9 Briefly, the
quantification for collagen deposition was done by quanti-
fying the red-stained area and nonmyocyte area from each
section using color-based thresholding. Fibrosis quantifica-
tion was done by quantifying blue-stained area and non-
myocyte area from each section using color-based
thresholding. The amount of collagen deposition and total
fibrosis area was calculated as a percentage of the red-
stained area and blue-stained area, respectively, with
respect to the total area for each section. H&E staining was
used to show the presence of central nuclei in the histologic
sections of different muscles from Wt and Sigmar1�/�

mice. A total of 4 to 12 high-magnification �20 images
Figure 1 Expression and localization of Sigmar1 in the skeletal muscle. A: R
level in the gastrocnemius (Gastro), quadriceps (Quad), tibialis anterior (TA), soleu
montheold wild-type (Wt) mice. Cell lysates of Quad muscle isolated from Sigmar1
were used as a negative and positive control for Sigmar1 protein, respectively. b-A
graphs represent Sigmar1 protein and mRNA expression levels in the Gastro, Quad,
in the bar graphs represent individual values quantified for muscle. Data are exp
fluorescence staining for Sigmar1 using antibodies directed against N-terminal a
staining showed expression of Sigmar1 in skeletal muscle fibers in Quad muscle of W
(green) with OXPHOS (red) counterstaining showed Sigmar1 fluorescent intensity
Wt mouse, respectively. D and G: Quad muscles (D) and Sol muscles (G) isolated fr
representative of two biological replicates (10 to 12 microscopic fields). DAP
means � SEM (B and C). nZ 4 mice per skeletal muscle type (A); nZ 8 mice per m
(B and C). Scale bars Z 50 mm (DeG).
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were used for quantification per muscle in each group for
each mouse.
Muscle Exercise Tolerance and Endurance Capacity

To assess skeletal muscles’ endurance capacity and exercise
tolerance, mice were subjected to a grip strength test and
treadmill exercise, respectively. Endurance of the skeletal
muscle was assessed by measuring forelimb grip strength,
as described previously,32,33 using an equal number of mice
(n Z 9) from both Wt and Sigmar1�/� groups. Briefly,
before the tests, mice were acclimated to the experiment
room for at least 10 minutes. They were then placed on the
mesh grid attached to the grip strength meter (1027SM;
Columbus Instruments, Columbus, OH) for the force mea-
surement, and were allowed to hold the grid using their
forelimbs. The mice were placed parallel to the grid, held by
the tails, and slowly pulled away from the grid. The gauge
recorded the tension generated by the mice at the release of
the grid. The mice were allowed to rest for 1 minute and
were subjected to another trial. Each mouse was subjected to
five trials. The data were recorded and analyzed using the
grip strength meter software provided by the manufacturer.

An equal number of mice (n Z 9) from both Wt and
Sigmar1�/� groups were subjected to graded maximal ex-
ercise testing, as described previously.34 Briefly, the mice
were acclimated to the treadmill (OxyletPro, Panlab; Har-
vard Apparatus, Holliston, MA), which included three
training sessions with 60 hours of recovery time followed by
rest for 1 week. During the acclimation period, mice were
placed on the motionless treadmill for 3 minutes, followed
by activation of the shock grid (1.5 mA). Thereafter, the
treadmill was engaged to a walking speed of 6 m/minute for
5 minutes and progressively increased up to 12 m/minute for
a total duration of 12 minutes of exercise. After 1 week of
rest from acclimation training, mice were placed on the
treadmill at 0-degree incline, and the shock grid was acti-
vated. The treadmill speeds were then increased until
exhaustion, as previously described34: speed, duration, and
grade: 0 m/minute, 3 minutes, 0 degrees; 6 m/minute, 2
minutes, 0 degrees; 9 m/minute, 2 minutes, 5 degrees; 12 m/
minute, 2 minutes, 10 degrees; 15 m/minute, 2 minutes, 15
degrees; 18, 21, 23, and 24 m/minute, 1 minute, 15 degrees;
epresentative Western blot analysis images demonstrating Sigmar1 protein
s (Sol), and extensor digitorum longus (EDL) muscles isolated from 9- to 10-
global knockout (Sigmar1�/�) and Sigmar1-overexpressing transgenic mice
ctin was used to verify equal protein loading across the lanes. B and C: Bar
TA, Sol, and EDL muscles extracted from 9- to 10-montheold Wt mice. Dots
ressed as fold change of Gastro muscle. D and E: Representative immuno-
nd C-terminal of Sigmar1 (green), and a-sarcomeric actinin (red) counter-
t mouse. F and G: Representative immunofluorescence staining for Sigmar1
relatively higher in mitochondria-rich myofibers in Quad and Sol muscles of
om 9- to 10-montheold Wt mice were used for immunostaining. Images are
I staining was used to counterstain the nucleus. Data are expressed as
uscle for Western blot analyses (B and C); nZ 3 mice per muscle for mRNA
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Figure 2 Morphometric analyses of skeletal
muscles in wild-type (Wt) and Sigmar1�/� mice.
AeE: Left panels: Gross morphologic microscopic
images of gastrocnemius (Gastro), quadriceps
(Quad), tibialis anterior (TA), soleus (Sol), and
extensor digitorum longus (EDL) muscles isolated
from 9- to 10-montheold Wt and Sigmar1�/�

mice. Right panels: Bar graphs representing
muscle weight/tibia length (TL) ratio of Gastro,
Quad, TA, Sol, and EDL muscles. Dots in the bar
graphs represent individual values quantified for
each Wt and Sigmar1�/� mouse. P values were
determined by unpaired t-test. F: Representative
Western blot analysis images of Sigmar1 protein
in muscle tissue lysates isolated from Wt and
Sigmar1�/� mice showing the absence of Sigmar1
in the muscles isolated from Sigmar1�/� mice.
Data are expressed as means � SEM (AeE). n Z 6
mice for each muscle per genotype isolated from
both of the limbs (AeE); n Z 6 mice for each
muscle per genotype (F). Scale bars (shown by
each small bar across x and y axes) Z 1 mm (A
eE). GAPDH, glyceraldehyde-3-phosphate dehy-
drogenase.

Aishwarya et al
and þ1 m/minute, each 1 minute thereafter, 15 degrees.
Exhaustion criteria were defined as mice spending >5 sec-
onds on the shock grid or getting >10 shocks. The data
were analyzed for exercise tolerance using Metabolism
version 3.0 software (Harvard Apparatus).

Voluntary Locomotion

Total distance was measured to assess the voluntary loco-
motion of Wt and Sigmar1�/� mice using an open field
Plexiglass chamber, as previously described.35 Briefly, the
mice were allowed to acclimate in the testing room for 30
166
minutes before the test. The mice were then individually
placed in a testing chamber (length � width � height: 45 �
45 � 30 cm) and were allowed to freely move for 30 mi-
nutes. The movement of the mice was recorded as a video
using a camcorder. The recorded video was then analyzed
for total locomotor activity using TopScan Lite Software 2.0
(CleverSys Behavior Recognition, Reston, VA).

Statistical Analysis and Reproducibility

All in vivo studies were performed with the investigators
blinded to the mouse groups. A numerical ear tagging
ajp.amjpathol.org - The American Journal of Pathology
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system was used for unbiased data collection. For all im-
aging studies, paraffin blocks, slides, and acquired micro-
scopic images were labeled alphanumerically. Following the
completion of the study, individual mouse identifier and
image identifier numbers were cross-referenced with treat-
ment to permit analysis. All statistical analyses were con-
ducted in GraphPad Prism software version 8.4.1 (La Jolla,
CA). Data are presented in graphs showing median and
interquartile ranges. A two-tailed, unpaired t-test (for two
groups) was used, followed by the Tukey multiple-
comparisons post hoc test. P < 0.05 (95% CI) were
considered significant.
Figure 3 Altered myofiber size, presence of central nuclei, and fiber size di
Representative immunofluorescence images of wheat germ agglutinin (WGA) stain
(TA; I), soleus (Sol; M), and extensor digitorum longus (EDL; Q) muscle cross-se
boundaries, and DAPI was used to counterstain nuclei. Rectangle (white boxed are
respective myocyte types, demonstrating the increased presence of central nuc
average myocyte cross-sectional areas (CSAs; mm2) for Gastro (B), Quad (F), TA (J)
Bar graphs represent myofiber cross-sectional area distribution frequency in Gastro
mice. Cross-sectional areas were measured in 3000 to 4000 myocytes per muscle
counts per microscopic field in Gastro (D), Quad (H), TA (L), Sol (P), and EDL (T
counted in 4 to 28 high-magnification (depending on the muscle size) microscop
ranges, lines represent medians, and whiskers represent ranges. P values were det
months. *P < 0.05, **P < 0.01, and ***P < 0.001. Scale bars Z 50 mm (A, E,
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Results

Sigmar1 Expression and Localization in Myofibers

Sigmar1 is a molecular protein widely expressed in
mammalian cell systems. In this study, Sigmar1 expression
level was first confirmed in five different skeletal muscles,
including Gastro, Quad, TA, Sol, and EDL isolated from Wt
mice. Sigmar1 protein levels quantified by Western blot
analysis (Figure 1, A and B) and mRNA expression levels
(Figure 1C) determined using real-time quantitative PCR
showed differential expression of Sigmar1 in all fivemuscles.
stribution in Sigmar1�/� muscles compared with wild-type (Wt) muscles.
ed (green) gastrocnemius (Gastro; A), quadriceps (Quad; E), tibialis anterior
ctions from Wt and Sigmar1�/� mice. WGA was used to delineate myofiber
as) enclosed areas are presented to the right as digitally magnified areas to
lei (white arrows) in Sigmar1�/� mice myocytes. Box plots representing
, Sol (N), and EDL (R) muscle cross-sections from Wt and Sigmar1�/� mice.
(C), Quad (G), TA (K), Sol (O), and EDL (S) muscles of Wt and Sigmar1�/�

type in each mouse. Box plots representing the number of central nuclei
) muscle cross-sections from Wt and Sigmar1�/� mice. Central nuclei were
ic fields (�20) per genotype for each mouse. Boxes represent interquartile
ermined by unpaired t-test. n Z 3 mice per genotype at the age of 9 to 10
I, M, and Q).

167

http://ajp.amjpathol.org


Figure 4 Altered myofiber isotypes in Sigmar1�/� mice muscles. A and C: Representative immunofluorescence images for anti-myosin types (types I, IIA,
IIB, and IIX; left to right in red) and wheat germ agglutinin (in green) stained gastrocnemius (Gastro) and soleus (Sol) muscle sections from wild-type (Wt)
and Sigmar1�/� mice. B and D: Bar graphs represent the percentage of the myofibers positive for myosin types I, IIA, IIB, and IIX in Gastro and Sol muscle
sections isolated from 9- to 10-montheold Wt and Sigmar1�/� mice. The absolute number of myofibers positive for each myosin type was quantified and
expressed as a percentage of total myofibers per microscopic field. The percentage numbers of myosin types I, IIA, IIB, and IIX positive myofibers were
quantified from 3000 to 4000 myocytes for Gastro and from 800 to 900 myocytes for Sol muscles for each group. Dots in the bar graphs represent individual
values for each Wt and Sigmar1�/� mouse. P values were determined using a two-tailed unpaired t-test. Data are expressed as means � SEM (B and D). n Z 3
mice per genotype. *P < 0.05, **P < 0.01. Scale bars Z 200 mm (A and C).

Aishwarya et al
Next, immunofluorescence was used to visualize Sigmar1
localization and expression pattern in myofibers from quad
muscle sections with anti-Sigmar1 antibody targeting the N-
terminal (Figure 1D) and C-terminal (Figure 1E) of Sigmar1.
Sarcomere-associated antiea-sarcomeric actinin co-
immunostaining was used as a marker for myofibers. Anti-
Sigmar1 staining revealed differential expression of Sig-
mar1 across the myofibers, and some fibers showed a
comparatively intense anti-Sigmar1 fluorescence staining (in
green). Skeletal muscle fibers consist of slow-twitch, oxida-
tive myofibers (type I) and fast-twitch, glycolytic myofibers
(type II).36,37 To confirm the expression of Sigmar1 in
mitochondria-rich myofibers, Quad and Sol muscles were
stained with N-terminal targeted anti-Sigmar1 antibody and
counterstained with an anti-OXPHOS (Figure 1, F and G)
antibody. Interestingly, anti-Sigmar1 immunostaining
appeared at higher fluorescence intensity (in green) in
mitochondria-rich (in red) myofibers (Figure 1, F and G).
These data confirmed the expression of Sigmar1 across
different types of skeletal muscles and indicated the higher
expression of Sigmar1 in mitochondria-rich myofibers.

Myofibers from Sigmar1�/� Mice Exhibit Altered
Myofiber Areas in Skeletal Muscles

Mammalian skeletal muscle is composed of remarkably
heterogeneous myofibers in terms of major contractile
168
motor units, metabolic enzyme activity, and mitochondrial
abundance to support a wide variety of physical demands
by generating force and movement needed to maintain
posture, respiration, locomotion, and intense activities. To
investigate whether Sigmar1 plays physiologically essen-
tial functions in maintaining normal muscle morphology,
histology, or functions in adulthood, genetic Sigmar1
global knockout (Sigmar1�/�) mice were used with
respective age-matched littermate Wt mice. Gross and
microscopic morphometry of Gastro, Quad, TA, Sol, and
EDL muscles, isolated from Wt and Sigmar1�/� mice, was
assessed (Figure 2, AeE). Morphologically, the isolated
muscles showed no visible difference and had
similar weights. Measurements of muscle weight/tibia
length ratio by gravimetric studies in freshly isolated
skeletal muscles from Wt and Sigmar1�/� mice showed
similar muscle mass (Figure 2, AeE). The ablation of
Sigmar1 protein in all skeletal muscles isolated from
Sigmar1�/� mice was confirmed by Western blot analysis
(Figure 2F).
Myofiber CSAs were measured using WGA staining of

the histologic sections of skeletal muscles isolated from
Wt and Sigmar1�/� mice (Figure 3). Interestingly, the
quantified myofibers’ CSA in Sigmar1�/� mice showed
differential changes, depending on the anatomically
distinct muscle types compared with Wt mice. Gastro
(Figure 3, AeC) and Quad (Figure 3, EeG) myofibers in
ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


Sigmar1 in Skeletal Muscle Physiology
Sigmar1�/� mice showed a significant increase in myo-
fiber CSA with a clear shift toward larger size, as shown
by their respective size distribution in muscle sections.
However, TA (Figure 3, IeK), Sol (Figure 3, MeO), and
Figure 5 Transmission electron microscopy (TEM) showing increased abnorma
TEM images of gastrocnemius (Gastro; A), quadriceps (Quad; B), tibialis anterio
sections from wild-type (Wt) and Sigmar1�/� mice. All muscles examined were iso
mice. F: Bar graphs represent relative mitochondrial DNA (mtDNA)/nuclear DNA (
(nDNA) in Gastro, Quad, TA, Sol, and EDL muscles from 9- to 10-montheold Wt
quantified for each muscle. Data are expressed as fold change with respect to Wt
(AeE); n Z 4 mice per muscle per group (F). Scale bars Z 5 mm (AeE).

The American Journal of Pathology - ajp.amjpathol.org
EDL (Figure 3, QeS) myofibers showed a significant
decrease in mean myofiber CSA with a shift toward
smaller size, as shown by their respective size distribution
in muscle sections from Sigmar1�/� mice compared with
l mitochondria in Sigmar1�/� mice skeletal muscles. AeE: Representative
r (TA; C), soleus (Sol; D), and extensor digitorum longus (EDL; E) muscle
lated from age-matched 9- to 10-montheold littermate Wt and Sigmar1�/�

nDNA) ratio measured by comparing mtDNA content to total genomic DNA
and Sigmar1�/� mice. Dots in the bar graphs represent individual values
mice. Data are expressed as means � SEM (F). n Z 3 mice per genotype
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Figure 6 Derangement of dystrophin localization in myofibers from Sigmar1�/� mice. Representative immunofluorescence images of wheat germ
agglutinin (WGA; green) with dystrophin (red) counterstained gastrocnemius (Gastro; A), quadriceps (Quad; B), tibialis anterior (TA; C), soleus (Sol; D), and
extensor digitorum longus (EDL; E) muscle sections from wild-type (Wt) and Sigmar1�/� mice. WGA staining was used to delineate myofiber boundaries. Anti-
dystrophin staining (red) was conducted to delineate dystrophin localization in skeletal muscles. Dystrophin (red) localization appeared in sarcolemma as
evident in colocalization with WGA (green) staining on myocyte membrane in Wt mice skeletal muscles. In contrast, aberrant dystrophin aggregates (in red)
were detected intracellularly in Gastro, Quad, and TA muscles of Sigmar1�/� mice. Representative images are from 3 to 10 high-magnification microscopic
fields (�20). n Z 3 mice per genotype at the age of 9 to 10 months (AeE). Scale bars Z 50 mm (AeE).

Aishwarya et al
Wt mice. Central nuclei in skeletal muscles are associated
with different myopathies, developmental abnormalities,
or muscle regeneration.38e41 Sigmar1�/� mice showed
increased myofiber central nuclei in Gastro (Figure 3D),
Quad (Figure 3H), and TA (Figure 3L) muscles compared
with the Wt mice. However, the central nuclei number did
not change significantly across groups in the Sol
(Figure 3P) and EDL (Figure 3T) (although it showed an
increasing pattern in EDL). Overall, the Sigmar1�/� mice
showed hypertrophied myofibers in the Gastro and Quad
muscle sections and an increased number of myofiber
central nuclei in Gastro, Quad, and TA muscle sections
compared with Wt mice muscles.
170
Changes in Myofiber Type of Sigmar1�/� Mice Muscles

Under different pathologic conditions, myofiber types
switch from slow-to-fast or fast-to-slow fiber types.42,43 As
Sigmar1 showed higher expression in mitochondria-rich
myofibers, histologic sections of the Gastro (type II-rich
muscle fiber) and Sol (type I-rich muscle fiber) muscles
isolated from Wt and Sigmar1�/� mice were immunostained
with antibodies for myosin types I, IIA, IIB, and IIX (red)
and WGA (green) (Figure 4). Quantification of the myo-
fibers showed a significant reduction in type IIA myofibers
and a substantial increase in type IIB myofibers per
microscopic field in Gastro muscles of Sigmar1�/� mice
ajp.amjpathol.org - The American Journal of Pathology
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Figure 7 Increased collagen deposition in the skeletal muscles of
Sigmar1�/� mice. AeE: Left panels: Representative images of picro-
sirius red (PSR) stained histologic cross-sections of gastrocnemius
(Gastro; A), quadriceps (Quad; B), tibialis anterior (TA; C), soleus (Sol;
D), and extensor digitorum longus (EDL; E) muscle sections from wild-
type (Wt) and Sigmar1�/� mice. Representative images are from 12
high-magnification microscopic fields (�20) per mice muscle sections for
Gastro, Quad, and TA muscles, and 5 high-magnification microscopic
fields (�20) for Sol and EDL muscles per mice. AeE: Right panels: Box
plots represent percentage collagen content measured in respect to PSR
stained whole muscle cross-section areas in Wt and Sigmar1�/� mice
skeletal muscles. Quantifications of percentage collagen areas were
performed on 12 high-magnification microscopic fields (�20) per
mice muscle sections for Gastro, Quad, and TA muscles, and on 5 high-
magnification microscopic fields (�20) for Sol and EDL muscles
per mice. P values indicate statistical significance between Wt and
Sigmar1�/� mice. Boxes represent interquartile ranges, lines represent
medians, and whiskers represent ranges. P values were determined by
unpaired t-test. n Z 4 to 5 individual mice at the age of 9 to 10 months
per genotype per muscle (AeE). **P < 0.01, ***P < 0.001. Scale bars Z
50 mm (AeE).

Sigmar1 in Skeletal Muscle Physiology
(Figure 4, A and B). Similarly, Sol muscle showed a sig-
nificant reduction in type I myofibers and a substantial in-
crease in type IIB and IIX myofibers per microscopic field
in Sigmar1�/� mice compared with Wt mice (Figure 4, C
and D). Overall, these data suggest a significantly reduced
number of mitochondria-rich fibers (I and IIA) and an
increased number of mitochondria-deficient fibers in the
Sigmar1�/� mice compared with Wt mice.

Sigmar1�/� Mice Skeletal Muscles Exhibit Abnormal
Mitochondria and Aberrant Dystrophin Localization

Mutations in the SIGMAR1 gene are associated with
several neuropathies with severe pathologic manifestations
in skeletal muscles.14,20,23,44e48 Moreover, ultrastructural
examination by transmission electron microscopy also
showed altered mitochondrial organization in motor neu-
rons8 and cardiac muscles.9 Therefore, the ultrastructure of
the Gastro, Quad, TA, Sol, and EDL muscles, isolated
from Wt and Sigmar1�/� mice, were examined (Figure 5,
AeE). Transmission electron microscopy examination of
skeletal muscles from WT mice showed normal ultra-
structure, sarcomere organization, and normal mitochon-
dria organization in the subsarcolemmal and
intermyofibrillar spaces in all five muscles. Interestingly,
Sigmar1�/� mice muscles showed abnormal, amorphously
shaped mitochondria accumulation in the subsarcolemmal
and intermyofibrillar spaces (Figure 5, AeE). Mitochon-
drial DNA content, measured by determining mitochon-
drial DNA/nuclear DNA ratio, showed no significant
changes in the five skeletal muscles from Wt and
Sigmar1�/� mice (Figure 5F).

In addition, the sarcolemmal integrity of these muscles
was examined using dystrophin immunostaining. In healthy
muscle cells, dystrophin is localized between the sarco-
lemma and the outermost layer of myofilaments in the
myofibers. Immunostaining of dystrophin (red) and coun-
terstaining with WGA (green) showed normal sarcolemmal
organization in Gastro, Quad, TA, Sol, and EDL muscles
isolated from Wt mice (Figure 6). Interestingly, Gastro,
Quad, and TA muscles of Sigmar1�/� mice showed the
dislocation of dystrophin from sarcolemma and aberrant
anti-dystrophin stained aggregates in skeletal muscles
(Figure 6, AeC). Sol and EDL muscles showed normal
dystrophin localization in both Sigmar1�/� and Wt mice
(Figure 6, D and E). Overall, skeletal muscles from
Sigmar1�/� mice showed abnormal mitochondria accumu-
lation, and aberrant dystrophin aggregates in the muscles.

Increased Collagen Deposition and Fibrosis in
Sigmar1�/� Mice Skeletal Muscles

Skeletal muscles from Sigmar1�/� mice showed pathologic
features with myocyte hypertrophy, and muscle fiber type
The American Journal of Pathology - ajp.amjpathol.org 171
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Figure 8 Increased fibrosis in the skeletal muscles of Sigmar1�/�

mice compared with wild-type (Wt) mice. AeE: Masson trichrome
staining was conducted to assess interstitial fibrosis in muscle sections
from Wt and Sigmar1�/� mice. AeE: Left panels: Representative mi-
crographs of trichrome-stained histologic cross-sections of gastrocne-
mius (Gastro; A), quadriceps (Quad; B), tibialis anterior (TA; C), soleus
(Sol; D), and extensor digitorum longus (EDL; E) muscle sections
from Wt and Sigmar1�/� mice. Images represent 8 to 12 high-
magnification microscopic fields (�20) per mice muscle sections for
Gastro, Quad, and TA muscles, and from 2 to 6 high-magnification
microscopic fields (�20) for Sol and EDL muscles per mice. AeE:
Right panels: Box plots represent quantifications of percentage fibrosis
area corresponding to total muscle section areas in trichrome-stained
whole muscle areas in Wt and Sigmar1�/� mice skeletal muscles.
Fibrosis areas (percentages) were quantified on 8 to 12 high-
magnification microscopic fields (�20) per mice muscle sections for
Gastro, Quad, and TA muscles, and on 2 to 6 high-magnification
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switching. Fibrotic remodeling in the histologic sections of
skeletal muscles (Gastro, Quad, TA, Sol, and EDL muscles)
isolated from Wt and Sigmar1�/� mice was evaluated using
picro-sirius red (Figure 7) staining and Masson trichrome
staining (Figure 8). All five skeletal muscles from
Sigmar1�/� mice exhibited significantly increased collagen
deposition in the interstitial and perivascular region
compared with those in Wt mice (Figure 7). Similarly,
Masson trichrome staining showed increased fibrosis areas
in all five skeletal muscles of Sigmar1�/� mice compared
with those in Wt mice (Figure 8). Moreover, H&E staining
(Figure 9), and WGA staining (Figure 3) of Sigmar1�/�

mice muscles indicated increased central nuclei (black ar-
rows) in myofibers as compared with those in Wt mice.
Moreover, H&E staining also indicated an increased inter-
stitial eosinophilic collagen deposition (bright pink fibers) in
Sigmar1�/� mice muscle sections compared to that in Wt
muscle sections.

Sigmar1�/� Mice Exhibit Reduced Endurance and
Exercise Capacity

As the myofibers of Sigmar1�/� mice exhibited an array of
histopathologic phenotypes, a functional assessment of the
skeletal muscle was performed using grip strength mea-
surement and graded maximal exercise testing following
acclimatization. Grip strength measurements showed lower
values for both absolute values (Figure 10A) and normal-
ized values (Figure 10A) in the Sigmar1�/� mice compared
with their littermate control Wt mice, indicating reduced
physical endurance in Sigmar1�/� mice. Similarly, forced
treadmill running showed that Sigmar1�/� mice had a
compromised ability to run on a treadmill, indicated by
exhaustion time, maximum distance run, maximal speed,
and average speed, compared with littermate Wt mice
(Figure 10B). Voluntary locomotion, assessed by measuring
the total distance, showed no significant difference between
Wt and Sigmar1�/� mice (Figure 10C). Furthermore, the
expression of AChRa (subunit of nicotinic acetylcholine
receptor), which is rapidly overexpressed after muscle
denervation or when muscle electrical activity is absent, was
assessed. No significant difference in AChRa expression
was seen across all the five muscles (Figure 10D). Western
blot analysis of muscle atrophy marker MuRF1 did not
show any significant changes across all the five muscle fi-
bers in these mice (Figure 10E). Overall, Sigmar1�/� mice
showed reduced muscle strength, corroborating with atten-
uation in endurance and tolerance to exercise without
changes in voluntary locomotion and any sign of muscle
denervation and atrophy.
microscopic fields (�20) for Sol and EDL muscles per mice. P values
indicate statistical significance between Wt and Sigmar1�/� mice.
Boxes represent interquartile ranges, lines represent medians, and
whiskers represent ranges. P values were determined by unpaired t-test.
n Z 5 individual mice at the age of 9 to 10 months per genotype per
muscle (AeE). *P < 0.05, **P < 0.01, and ***P < 0.001. Scale
bars Z 50 mm (AeE).
Discussion

This study aimed to extensively characterize the skeletal
muscle morphology, histology, ultrastructure, and
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Figure 9 Histologic hematoxylin and eosin (H&E) staining in wild-type
(Wt) and Sigmar1�/� mice skeletal muscle sections. Representative mi-
crographs of H&E-stained cross-sections of gastrocnemius (Gastro; A),
quadriceps (Quad; B), tibialis anterior (TA; C), soleus (Sol; D), and extensor
digitorum longus (EDL; E) muscle sections from Wt and Sigmar1�/� mice.
Sigmar1�/� mice muscles exhibit central nuclei (black arrows) in myofibers
compared with peripheral nuclei in Wt mice muscle sections. Representative
images are from 8 to 12 high-magnification microscopic fields (�20) per
mice muscle sections for Gastro, Quad, and TA muscles, and from 2 to 6
high-magnification microscopic fields (�20) for Sol and EDL muscles per
mice. n Z 5 individual mice at the age of 9 to 10 months per genotype per
muscle (AeE). Scale bars Z 50 mm (AeE).

Sigmar1 in Skeletal Muscle Physiology
function in Sigmar1�/� mice to demonstrate the physio-
logical function of Sigmar1 in the skeletal muscles
(Gastro, Quad, TA, Sol, and EDL). Several intriguing
findings emerged from the study and are as follows: i)
Sigmar1 was differentially expressed in skeletal muscles
with higher expression in mitochondria-rich muscle fi-
bers; ii) quantification of myofiber CSA showed altered
The American Journal of Pathology - ajp.amjpathol.org
muscle mass and a slow-to-fast fiber-type switch in the
skeletal muscle fibers from the Sigmar1�/� mice; iii) ul-
trastructural analysis by transmission electron micro-
scopy showed the presence of abnormal mitochondria in
Sigmar1�/� mice; iv) immunostaining showed a
derangement of dystrophin localization in muscles
(Gastro, Quad, and TA) of Sigmar1�/� mice; v)
Sigmar1�/� mice had an increased number of central
nuclei (WGA and H&E staining), increased collagen
deposition (picro-sirius red staining), and fibrosis (Mas-
son trichrome staining); and finally vi) functional studies
showed that Sigmar1�/� mice had reduced endurance and
exercise capacity compared with Wt mice with no
changes in voluntary locomotion, markers for muscle
denervation, and muscle atrophy. Overall, these studies
demonstrated, for the first time, that Sigmar1 has a po-
tential physiological function in the skeletal muscle to
maintain healthy muscle structure and function.

Extensive studies of Sigmar1 biology to date have
demonstrated an array of beneficial cellular functions in
multiple organs, including the brain, heart, liver, and
bladder. The most frequently reported neurologic dysfunc-
tions in Sigmar1�/� mice are locomotor defects,25 signifi-
cant nerve denervation,8 loss of motor neurons,8 age-
dependent motor phenotype,15 and a depressive-like
behavior.24,26 In addition, the lack of Sigmar1 in the liver
show increased oxidative and metabolic stress with
increased anaerobic metabolism.49,50 Extensive studies of
the cardiac muscles from Sigmar1�/� mice show mito-
chondrial dysfunction, abnormal mitochondrial architecture,
adverse cardiac pathologic remodeling, and development of
cardiac contractile dysfunction.9 In addition, Sigmar1 acti-
vation by treatment with ligands is responsible for car-
dioprotective effects that reduce cardiac hypertrophy in an
animal model of cardiac injury.1,51e55 Although there are
similarities among the major intracellular components of
both cardiac and skeletal muscle cells (ie, mitochondria,
sarcoplasmic reticulum, and the myofibrils), the skeletal
muscle differs substantially in its structure, regulation, and
function. This study explored, for the first time, the effects
of Sigmar1 ablation in muscle histochemical and ultra-
structural alteration using the Sigmar1�/� mice.

Skeletal muscles consist of a heterogeneous mixture of
type I (oxidative) and type II (glycolytic) myofibers. The
proportions of these myofibers in skeletal muscle vary
depending on the nature, location, and function of skeletal
muscle. For instance, the fast-twitch muscles, like Gastro and
Quad, consist of a large proportion of type II myofibers,
whereas the slow-twitch muscle, like Sol, is composed pri-
marily of type I myofibers. Type I or oxidative myofibers are
mitochondria-rich myofibers relying mostly on b-oxidation
for energy production, whereas type IIB or glycolytic myo-
fibers have a higher dependency on glycolytic pathways for
energy production.36,37 Therefore, the fast-twitch fibers (type
II) have a low aerobic potential and are easily fatigued. Type
IIA/X fibers have hybrid characteristics between type I and
173
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Figure 10 Sigmar1�/� mice showed reduced grip strength and exercise capacity compared with wild-type (Wt) mice. A: Bar graphs represent summary
data showing absolute forelimb grip strength (N) and forelimb grip strength normalized to body weight (force/body weight) in Wt and Sigmar1�/� mice. B:
Parameters derived from exercise tolerance tests showing time to exhaustion (minutes), maximum running distance (m), maximum speed attained (m/
minute), and average speed (m/minute) in Wt and Sigmar1�/� mice. C: Bar graphs represent summary data showing voluntary locomotion as total distance
covered during a 30-minute trial in an open field chamber. Dots in the bar graphs represent individual values for each Wt and Sigmar1�/� mice. D: Bar graphs
representing acetylcholine receptor a (AchRa) mRNA expression levels in gastrocnemius (Gastro), quadriceps (Quad), tibialis anterior (TA), soleus (Sol), and
extensor digitorum longus (EDL) muscles isolated from 9- to 10-montheold Wt and Sigmar1�/� mice. E: Left panel: Representative Western blot analysis
images showing MuRF1 protein level in Gastro, Quad, TA, Sol, and EDL muscles isolated from Wt and Sigmar1�/� mice. Desmin was used to verify equal protein
loading across the lanes. Right panels: Bar graphs showing the quantification for protein levels of MuRF1 in Gastro, Quad, TA, Sol, and EDL muscles isolated
from Wt and Sigmar1�/� mice. Dots in the bar graphs represent individual values quantified for each Wt and Sigmar1�/� mice. Data are expressed as per-
centage change to Wt. P values were determined by unpaired t-test. Data are expressed as means � SEM (AeE). n Z 7 to 9 mice per genotype at the age of 9
to 10 months (B); n Z 5 to 6 mice per genotype at the age of 9 to 10 months (C); n Z 6 mice per genotype at the age of 9 to 10 months (D); nZ 3 mice per
genotype at the age of 9 to 10 months (E). *P < 0.05, **P < 0.01, and ***P < 0.001.
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type IIB fibers with intermediate numbers of mitochondria
and oxidative potential. Increased Sigmar1 expression was
observed in mitochondria-rich myofibers. Gastro muscles of
Sigmar1�/� mice showed a significant reduction in type IIA
myofibers and a substantial increase in type IIB myofibers.
Similarly, Sol muscle of Sigmar1�/� mice showed a signif-
icant reduction in type I myofibers and a substantial increase
in type IIB and IIX myofibers compared with that in Wt
mice. Interestingly, the muscle ultrastructure of Sigmar1�/�

mice also showed an increase in abnormal mitochondria,
suggesting the inability of efficient energy production in
these muscles. In fact, mitochondria isolated from the
174
Sigmar1�/� hearts have decreased mitochondrial respiration
and function.9 Therefore, the decreased exercise capacity in
Sigmar1�/� mice may be attributed to the decreased level of
mitochondrial-rich fibers as well as increased levels of
dysfunctional mitochondria.
Current literature indicates that all patients with Sigmar1

mutations develop manifestations of skeletal muscle
dysfunction. Among these Sigmar1 mutations, a patient
with the L95 fs developed muscle weakness with signifi-
cant atrophy and wasting of the calf muscles and intrinsic
muscles of the hands.15 This patient showed severe type II
fiber predominance with scattered angular esterase-positive
ajp.amjpathol.org - The American Journal of Pathology
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fibers in a vastus lateralis muscle biopsy, a type 1
myofiber-rich quadriceps muscle in healthy humans.56

Myofibers switching from type I to type II or from type
II to type I have also been reported under pathologic
conditions.42,43 Interestingly, the p.L95 fs Sigmar1 mutant
was unstable and nonfunctional when expressed in Neu-
ro2a cells, suggesting that the loss of Sigmar1 plays a role
in the development of pathology. Therefore, changes in
myofiber types in muscles from the Sigmar1�/� mice
suggest that Sigmar1 may have a role in maintaining
myofiber function. The molecular mechanisms of changes
in myofiber type in the muscles of Sigmar1e/e mice
remain unknown and require further studies.

The most intriguing phenotype observed in the skeletal
muscles (Gastro, Quad, and TA) from Sigmar1�/� mice was
abnormal mitochondria accumulation and derangement in
dystrophin localization. Interestingly, the skeletal muscle
pathology observed in Sigmar1�/� skeletal muscles is
similar to that observed in tubular aggregate myopathy,56e66

and muscular dystrophy associated with mutations in dys-
trophin.67e73 Tubular aggregate myopathy is a rare myop-
athy characterized by a progressive decline in skeletal
muscle function with increased weakness, cramps, and
pain.57 Structural abnormalities of mitochondria58e61 and
defects in mitochondrial function60,62,63 have been reported
in myopathies with tubular aggregates.58e66 Mitochondrial
dysfunction including aberrant mitochondrial morphology,
reduced cristae number, and large mitochondrial vacuoles
are well-known pathological features reported prior to the
onset of muscle damage in patients with Duchenne and
Becker muscular dystrophy67e70 with mutation(s) in the
dystrophin gene, resulting in the expression of an unstable
truncated dystrophin protein.71e73 However, Sigmar1’s
direct role and mechanisms associated with mitochondrial
morphology, dynamics, and function remained unknown.

In conclusion, this study reported, for the first time, the
physiological function of Sigmar1 in skeletal muscles using
Sigmar1�/� mice and showed interesting phenotypes,
including increased central nuclei number, derangement in
dystrophin localization, changes in myofiber isotype
composition, and reduced endurance and exercise tolerance
without changes in voluntary locomotion, markers for
muscle denervation, and muscle atrophy. A significant
limitation of this study is the use of global knockout mice,
where a possible contribution of cellular signaling due to
Sigmar1 ablation in other organs could affect skeletal
muscle pathology. For instance, the possible contribution of
cardiac contractile dysfunction reported in these Sigmar1�/�

mice9 to reduce endurance and exercise tolerance remains
unknown. Therefore, future studies using indicate that
skeletal muscle fiber-specific knockout mice are required to
determine the direct contribution of Sigmar1 in mediating
skeletal muscle function under pathophysiological condi-
tions. However, findings from this study explain the phys-
iological function of Sigmar1 in the skeletal muscle, and
indicate that skeletal muscle pathology observed in patients
The American Journal of Pathology - ajp.amjpathol.org
with Sigmar1 mutations could be the result of direct effects
of dysfunctional Sigmar1 in myofibers.
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