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IgG4 are abundantly present in the skeletal muscle 
(vastus lateralis) of ~ 50% (11 out of 23) of older 
adults (> 65  years) examined. Skeletal muscle IgG1 
was inversely correlated with physical performance 
(400  m walk time: r = 0.74, p = 0.005; SPPB score: 
r =  − 0.73, p = 0.006) and muscle strength (r =  − 0.6, 
p = 0.05). In a murine model, IgG was found to be 
higher in both muscle and blood of older, versus 
younger, C57BL/6 mice. Older mice with a higher 
level of muscle IgG had lower motor activity. IgG 
in mouse muscle co-localized with cardiac troponin 
T (cTnT) and markers of complement activation and 
apoptosis/necroptosis. Skeletal muscle–inducible 

Abstract Age-related muscle mass and strength 
decline (sarcopenia) impairs the performance of 
daily living activities and can lead to mobility dis-
ability/limitation in older adults. Biological path-
ways in muscle that lead to mobility problems have 
not been fully elucidated. Immunoglobulin G (IgG) 
infiltration in muscle is a known marker of increased 
fiber membrane permeability and damage vulner-
ability, but whether this translates to impaired func-
tion is unknown. Here, we report that IgG1 and 
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cTnT knockin mice also showed elevated IgG in mus-
cle and an accelerated muscle degeneration and motor 
activity decline with age. Most importantly, anti-
cTnT autoantibodies were detected in the blood of 
cTnT knockin mice, old mice, and older humans. Our 
findings suggest a novel cTnT-mediated autoimmune 
response may be an indicator of sarcopenia.

Keywords Sarcopenia · Cardiac troponin T · 
Autoimmunity · Older adults · Mice · Transgenic 
mice

Introduction

Age-related muscle mass and strength decline (sar-
copenia) impairs the performance of daily living 
activities and can lead to debilitating declines in func-
tion. These are major contributors to morbidity and 
mortality in older adults, leading to decreased qual-
ity of life and increased health care costs [1, 2]. Cur-
rently, there are no accepted blood-based biomarkers 
of sarcopenia. Novel biomarkers can help increase 
our understanding of the mechanisms underlying 
decreased muscle mass and strength with age to drive 
intervention development.

Autoimmunity plays a critical role in several mus-
cular diseases [3–7] and immunoglobulin G (IgG) 
deposition/infiltration within skeletal muscle fiber has 
been found in some muscle diseases in rodents, non-
human primates, and humans [3–5, 7–16]. In some of 
these diseases, IgG targets key neuromuscular junc-
tion (NMJ) molecules and membrane receptors (e.g., 
muscle-specific kinase, acetylcholine receptor, and 
ryanodine receptor) and leads to impaired muscle 
innervation and muscle fiber membrane abnormali-
ties [6, 9, 11, 12, 17–21]. In other mouse muscle dis-
ease models (e.g., Duchenne muscular dystrophy [22] 
and dysferlin-deficient mouse [23]) and in aged mice 
[24], IgG infiltration in fiber has been recognized as 
a marker of increased fiber membrane permeability. 
In recent studies of Duchenne muscular dystrophy 
patients and mouse models, IgG was co-localized 
with necroptosis markers and macrophage markers 
[25], indicating a potential association of IgG with 
autoimmune-related muscle fiber damage [26].

Autoimmunity increases with age [27, 28] 
with some studies finding that circulating IgG 
also increases with age in humans [29–32]. This 

age-dependent increase of IgG in human serum 
occurs in an IgG subclass-specific manner, with IgG1 
increasing in both men and women [30]. A genome-
wide association study of 256,523 older adults 
(60  years and older) showed that HLA-DQ alleles 
involved in autoimmune disease were strongly asso-
ciated with muscle weakness [33]. Taken together, 
the literature raises the possibility that IgG may play 
a novel role in sarcopenia, potentially through an 
autoimmune response. However, important gaps in 
our understanding of the role of autoimmunity in sar-
copenia remain and the autoantigens in the skeletal 
muscle still need to be determined.

Skeletal muscle expressed cardiac troponin T 
(cTnT) may be an antigen relevant to sarcopenia 
development. TnT is a key component of contrac-
tile machinery essential for muscle contraction [34]. 
There are three expressed TnT isoforms. These iso-
forms are present in slow skeletal muscle (TnT1), fast 
skeletal muscle (TnT3), and cardiac muscle (cTnT). 
However, cTnT can be expressed in skeletal muscle 
under certain conditions (e.g., after sciatic nerve den-
ervation [35, 36]) and in certain neuromuscular dis-
eases [37, 38]. In some muscle disorders (e.g., Duch-
enne muscular dystrophy and dysferlin-deficiency/
mutation), where skeletal muscles are known to have 
elevated IgG deposition/infiltration [23, 25], cTnT 
mRNA levels were also found to be higher than that 
in the normal skeletal muscle, as was revealed by 
human gene microarray data (GSE3307, NCBI GEO 
dataset [39, 40]). In addition, cTnT mRNA levels 
in skeletal muscle are higher in older, compared to 
younger, adults in another cohort study (GSE28422, 
NCBI GEO dataset) [41], indicating an age-related 
increase of cTnT expression in human skeletal mus-
cle. This is consistent with our previous report that 
cTnT expression in skeletal muscle of C57BL/6 mice 
increases with age and plays a critical role in mediat-
ing NMJ denervation in skeletal muscle of old mice 
[42]. Notably, anti-cTnT autoantibodies have been 
found in blood from humans with no known muscular 
pathology [43, 44]. Although cTnT in skeletal mus-
cle increases with age [42], whether skeletal muscle 
cTnT is targeted by the anti-cTnT autoantibodies that 
subsequently lead to muscle damage and function 
decline is still unknown.

We present data intended to bridge some of 
the above gaps and to elucidate if an autoimmune 
response plays any role in skeletal muscle aging and, 
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if so, what underlying autoantigens in the skeletal 
muscle are targeted. Our results, for the first time, 
demonstrate that older adults’ skeletal muscle has 
IgG deposition and its levels are negatively associated 
with muscle strength and physical performance.

Materials and methods

Reagents and antibodies

Monoclonal rabbit anti-human IgG1 (SA5-10,202), 
IgG2 (SA5-10,203), IgG3 (SA5-10,204), and IgG4 
(SA5-102,025) recombinant antibodies are from 
ThermoFisher Scientific (Carlsbad, CA). Rabbit 
anti-Mouse IgG antibodies IgG470 (ab133470) and 
IgG475 (ab190475), human IgG-specific antibody 
IgG489 (ab109489), anti-CD68 antibody (ab125212), 
and anti-Dystrophin antibody (ab15277) are from 
Abcam (San Diego, CA). Rabbit anti-PKA RIα 
(D54D9) was purchased from Cell Signaling (Dan-
vers, MA). Albumin Antibody (clone 188,835) was 
purchased from NOVUS (Centennial, CO). Alexa 
Fluor® 680 AffiniPure Goat Anti-Mouse IgG, Fcγ 
subclass 1 specific (115–625-205), Fcγ subclass 2a 
specific (115–625-206), Fcγ subclass 2b specific 
(115–625-207), Fcγ subclass 3 specific (115–625-
209), and Alexa Fluor® 680 AffiniPure Fab Frag-
ment Goat Anti-Mouse IgG2c (115–627-188) are 
from Jackson Immuno Research Laboratories (West 
Grove, PA). Rabbit anti-cTnT polyclonal antibody 
(MBS767506) was purchased from MyBioSource 
(San Diego, CA), and mouse anti-cTnT antibody 
4B8 was generated in laboratory of Dr. Jian-Ping Jin 
(Wayne State University, Detroit, MI, USA), previ-
ously shown to be highly specific for cTnT in multiple 
species without cross-reaction to the fast or slow iso-
forms of TnT [45]. Fluorescein-Conjugated Goat IgG 
Fraction To Mouse Complement C3 (SKU0855500) 
was purchased from MP Biomedicals (Irvine, CA). 
Rabbit RIPK3 Antibody (ARP31513_T100) and 
rabbit TnT3 antibody (ARP51287_T100) are from 
AVIVA Systems Biology (San Diego, CA). Rabbit 
caspase-3 Antibody #9662 and caspase-9 Antibody 
#9504 were from Cell Signaling (Danvers, MA). 
Rabbit TnT1 antibody (GTX109585) was purchased 
from Genetex (Irvine, CA). Rabbit anti-Flag antibody 
(PA1-984B and 740,001) was from ThermoFisher 
Scientific. GAPDH antibody (AM4300); Alexa Fluor 

594-conjugated Wheat Germ Agglutinin (WGA, 
W11262); Alexa Fluor 488-, 594-, or 647-conju-
gated α-Bungarotoxin; and Alexa Fluor 488-, 680-, 
or 790-conjugated Goat anti-mouse and anti-rabbit 
IgG were all purchased from ThermoFisher Sci-
entific. CF™680-conjugated goat-anti-human IgG 
(SAB4600363) was purchased from Sigma-Aldrich 
(St. Louis, MO). VECTASHIELD HardSet Antifade 
Mounting Medium with DAPI was from Vector Lab-
oratories (Burlingame, CA).

Human study participants

Frozen muscle tissue collected from participants 
who were previously enrolled in two different clini-
cal studies were used for this study. All participants 
were non-smoking, not on hormone replacement 
therapy, sedentary (< 15  min of exercise, 2 times/
week), and weight stable (< 5% weight change) for 
at least 6 months prior to enrollment and the skeletal 
muscle biopsy. All had normal liver, kidney, pulmo-
nary, and thyroid function; no history of excessive 
alcohol intake; and no major chronic illness, ane-
mia, or orthopedic impairment as described [46]. 
Specifically, 11 subjects (8 men, 3 women, age: 
68 ± 4.6 years; BMI: 29.3 ± 2.0 kg/m2) were from the 
NIH-funded Improving Muscle for Functional Inde-
pendence Trial (IMFIT, NCT01049698) [47]), while 
another 12 (2 men, 10 women, age: 67 ± 4.5  years; 
BMI: 33.8 ± 4.9 kg/m2) were participants in the SIL-
VER study (NCT01298817) [48]. Both studies were 
approved by the Wake Forest Institutional Review 
Board and all participants signed informed consent to 
participate in the study.

Human skeletal muscle biopsy and plasma collection

Needle biopsies of the vastus lateralis were collected 
at baseline, prior to either study intervention, under 
local anesthesia with 1% lidocaine. All biopsies were 
performed in the early morning after an overnight 
fast. Subjects were asked to refrain from taking aspi-
rin, prescription, and over-the-counter non-steroidal 
anti-inflammatory drugs, or other compounds that 
may affect bleeding, platelets, or bruising for the 
week prior to the biopsy, and to refrain from any 
strenuous activity for at least 36 h prior to the biopsy. 
Visible blood and connective tissue were removed 
from the muscle specimen. A muscle portion (30 mg) 
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used for RNA and protein extraction was snap-frozen 
in liquid nitrogen under RNAse-free conditions, and 
stored at − 80 °C until analysis. Another portion with 
similar size was embedded in tissue-freezing medium 
(ThermoFisher Scientific, Carlsbad, CA), frozen 
in liquid nitrogen, and then stored at − 80  °C until 
sectioning. Whole blood from participants was col-
lected in sodium EDTA tubes before muscle collec-
tion. Centrifugation was then performed at 4 °C with 
an initial spin at 2000  g for 10  min to separate the 
plasma from the buffy coat and red blood cells and 
was stored at − 80 °C until analysis.

Physical function, mobility, and knee extensor 
strength

Mobility was measured by using a 400-m walk test 
for time. The participants were instructed to com-
plete the distance (10 laps on a flat indoor surface 
20  m in length) as quickly as possible without run-
ning [47]. Lower-extremity function was assessed 
with the Short Physical Performance Battery (SPPB) 
[49], which consisted of a standing balance test, usual 
gait speed over a 4-m course, and time to complete 5 
repeated chair rises with arms folded across the chest. 
Results from each of the 3 tests were scored from 0 
(inability to perform the task) to 4 and summed for 
the total SPPB score, which ranged from 0 (lowest 
function) to 12 (highest function). Maximal isokinetic 
knee extensor strength was assessed using an isoki-
netic dynamometer (Biodex) at a fixed speed (60° per 
second) with the participant sitting and the hips and 
knee flexed at 90°. This method is widely considered 
the gold standard of strength assessment [50]. The 
1-week test–retest reliability in our lab is very high 
(intra-class correlation coefficient > 0.97). We used 
the peak torque observed during this range of motion 
as the measure of strength for each knee extension 
movement.

Mice

Animal housing and procedures were approved by 
the Animal Care and Use Committee of Wake Forest 
University Health Sciences. Young and old C57BL/6 
mice (2–4 and 20–22 months old, respectively) were 
purchased from NIA and some of the old mice were 
maintained in our animal facilities until they reached 
very old age (26–28  months). We have previously 

determined that cTnT isoform g (NP_001123647) 
is the major isoform of cTnT elevated with aging in 
the mouse skeletal muscle by immunoprecipitation 
and mass spectrometry [42]. To further determine the 
causal relationship between cTnT and muscle struc-
ture and function, we generated the inducible skeletal 
muscle–specific cTnT knockin (ismcTnT-KI) mice 
by crossing human α-skeletal actin (HSA) promoter-
driven Cre mice (ACTA1-cre/Esr1, Stock No: 025750 
from Jackson Laboratory) with conditional cTnT 
knockin mice (cTnT-KI, generated by Cyagen). The 
specificity of this skeletal muscle α-actin (ACTA1) 
promoter-driven Cre transgenic mouse has been dem-
onstrated by another lab [51]. For cTnT-KI mice, 
the “CAG-loxP-Stop-loxP-kozak-mouse Tnnt2 CDS 
(NM_001130175.2, encoding cTnT protein isoform 
g, without stop codon)-3xFLAG-polyA” cassette was 
cloned into intron 1 of ROSA26 by CRISPR/Cas-
mediated genome engineering. To generate ismcTnT-
KI mice, cTnT-KI mice were bred together with 
ACTA1-Cre/Esr1 mice [51] to yield homozygous 
cTnT-KI mice either with (Cre-cTnT-KI) or with-
out (cTnT-KI controls) ACTA1-Cre. To induce Cre-
mediated knockin of cTnT-3xFLAG allele in skeletal 
muscles, 20  mg/ml tamoxifen (Sigma, T5648) stock 
solution in coin oil (Sigma, C8267) was intraperi-
toneally administered (75  mg/kg/day) [52, 53] for 5 
consecutive days for the 2-month-old ismcTnT-KI 
mice to activate Cre recombinase, which in turn led 
to cTnT-3xFLAG knockin overexpression exclusively 
in skeletal muscle cells. The wild-type siblings were 
used as matched controls that were injected with 
tamoxifen but where no recombination occurred due 
to the lack of the Cre recombinase.

Genotyping of Cre-cTnT-KI and cTnT-KI mice

Genotyping for cTnT-KI mice was performed from 
genomic DNA extracted from 21-day-old mouse 
tail, approximately 3 mm (up to 5 mm), using KAPA 
Mouse Genotyping Kit (KR0385–v3.16) followed by 
PCR. LongAmp® Taq DNA Polymerase-M0323L 
(New England Biolabs, Ipswich, MA) and GoTaq ® 
Master Mixes M7122 (Promega, Madison, WI) were 
used for PCR reactions. Specifically, PCR primers 
with the following oligos 5′-CAC TTG CTC TCC CAA 
AGT CGCTC-3′, 5′-ATA CTC CGA GGC GGA TCA 
CAA-3′, and 5′-GCA TCT GAC TTC TGG CTA ATA 
AAG -3′ were used to determine conditional cTnT-KI 
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and wild-type allele. The amplicons generated were 
453  bp for the wild-type allele, and 644  bp for the 
homozygotes with floxed allele, and were visualized 
by agarose gel electrophoresis. PCR was also used to 
detect the presence or absence of the Cre allele with 
oligos 5′-CAT ATT GGC AGA ACG AAA ACGC-3′ 
and 5′-CCT GTT TCA CTA TCC AGG TTA CGG -3′ for 
a 413  bp amplicon. The muscle tissue-specific gene 
deletion was confirmed by additional PCR assay with 
the following oligos: 5′-GGC AAC GTG CTG GTT ATT 
GTG-3′, 5′-AGC TTC TTC CTG TTC CTC CTC GTA -3′, 
and 5′-AGA TCT GCA AGC TAA TTC CTGC-3′. The 
amplicons generated were 1214 and/or 249 bp for the 
conditional cTnT-KI allele, and 337  bp for the con-
stitutive cTnT-KI allele (after tamoxifen induced Cre 
recombination).

RNA extraction, PCR, and real-time PCR

Total RNA was extracted from muscle tissues using 
TRIZOL reagent (ThermoFisher Scientifics) accord-
ing to the manufacturer’s instructions. To quantita-
tively analyze mRNA expression level, 23.5  ng of 
total RNA was reverse transcribed into cDNA and 
amplified with the appropriate primers using a one-
step kit (Lo-Rox Bio-78005 Bioline) and a thermo 
cycler (7500 Fast real-time PCR system, Applied 
Biosystems) for real-time RT–PCR quantitation. 
Analysis was performed by the comparative threshold 
cycle (Ct) method under the following cycling condi-
tions: 30 min at 45 °C, 5 min at 95 °C, 40 cycles of 
10 s at 95 °C, and 1 min at 60 °C. Relative abundance 
of each mRNA was determined from the Ct values 
using the  2−∆∆Ct method [54] after normalization to 
GAPDH. All experiments were performed in tripli-
cate. TaqMan probe-based primers (ThermoFisher 
Scientifics) were used in all reactions. Accession 
numbers are listed following each gene: Mouse Tnnt2, 
Mm01290256_m1; chrng, Mm00437419_m1; Runx1, 
Mm01213404_m1; GAPDH, Mm03302249_g1.

Protein extraction, electrophoresis, and 
immunoblotting

For immunoblotting, muscles were homogenized 
using a bead blender (BBX24B Bullet Blue Blender, 
Next Advance) in Eppendorf tubes containing stain-
less steel beads (0.9–2.0  mm, Next Advance) and 
2 × Laemmli Sample Buffer (1,610,737, Bio-Rad), 

and then cleared by centrifugation as described pre-
viously [42, 55]. Protein concentrations were deter-
mined using a Bio-Rad DC protein assay kit (Her-
cules, CA, USA). SDS-PAGE was conducted using 
MINI-PROTEAN TGX, 4–20% gradient gels from 
Bio-Rad. Gels were transferred to nitrocellulose 
membranes (Amersham Health, Little Chalfont, 
Buckinghamshire, UK) at 4 °C overnight. Blots were 
blocked in 5% nonfat dry milk with 0.1% Tween-20 
in TBS for primary antibody incubation. Specific 
proteins were detected with individual primary anti-
bodies at 4  °C overnight, and Alexa 680-conjugated 
secondary antibodies were used at a 1:10,000 dilu-
tion at room temperature for 1 h. Band intensity was 
measured using an Odyssey imaging system (LI-COR 
Biotechnology, Cambridge, UK). Data are representa-
tive of three independent experiments. Western blot 
densitometry was carried out using Image J software 
(National Institutes of Health, Bethesda, MD, USA).

Hematoxylin and eosin staining, immunofluorescence 
staining, and microscopy

Inverted Tissue Culture Microscope with 1.3MP 
USB Camera (SKU: IN200TA-M) and AmScope 
software were used to collect the color hematoxy-
lin and eosin (H&E) staining image. For immuno-
fluorescent staining, 12-µm cross-sectional cryosec-
tions from human or mouse muscles were mounted 
onto glass slides, which were fixed with 2% PFA in 
PBS for 10  min and permeabilized with 0.5% Tri-
ton X-100 in PBS for 5  min at room temperature. 
After three washes with PBS, they were incubated 
for 1  h in blocking buffer (PBS with 10% normal 
goat serum (Vector Labs, Burlingame, CA)), and 
labeled with primary and secondary antibodies 
overnight at 4 °C and 1 h at room temperature in a 
wet box, respectively. To allow the even staining of 
tissue, the blocking buffer and diluted primary and 
secondary antibodies were all covered with a piece 
of parafilm during incubation for even distribution 
of antibodies. Alexa Fluor 594- or 647-conjugated 
α-bungarotoxin were incubated together with the 
secondary antibody. They were then mounted in 
HardSet Antifade Mounting Medium with DAPI 
(H-1500, Vector Lab). Wide-field immunofluores-
cence images were taken on an inverted motorized 
fluorescent microscope (Olympus, IX81, Tokyo, 
Japan) and an Orca-R2 Hamamatsu CCD camera 
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(Hamamatsu, Japan). The camera driver and image 
acquisition were controlled with a MetaMorph 

Imaging System (Olympus) under the same param-
eters for each sample on the same slide. Digital 
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image files were transferred to Photoshop 7.0 to 
assemble montages.

Circulating autoantibody screening by immunoblot or 
dot blot

Recombinant proteins used for immunoblot and dot 
blot were either custom ordered or purchased from 
companies. Mouse TnT3 isoform 8 protein with a 
fusion His-SUMO (Small Ubiquitin-like Modifier) 
tag and SUMO tag control protein were from Gen-
Script. Human cTnT isoform 11 protein ab86685 
was purchased from Abcam, NBP2-61,383 was from 
NOVUS, and J34510 from BiosPacific, the same one 
used in the literature for circulating cTnT autoanti-
body detection in human blood [44]. Recombinant 
human TnT3 protein MBS2011217 was purchased 
from MyBiosource, and recombinant human TnT1 
protein GTX109585 was from from GeneTex. For 
immunoblot, 20  ng recombinant protein denatured 
in 10  µl 2 × Laemmli Sample Buffer was load each 
lane. For dot blot, 20–100  ng native recombinant 
protein (2–10  µl) was loaded directly onto nitrocel-
lulose membrane (Amersham Health, Little Chalfont, 
Buckinghamshire, UK) and incubated 1  h at room 
temperature until the membrane was dry. The rest of 
the steps just followed regular immunoblotting pro-
cedures, except that pooled serum or plasma from 
mice or older adults (1:100–500 dilution) was used 
as primary antibodies. For dot blot assay with anti-
gen blocking, the pooled plasma (300 µl) was firstly 

incubated with 0.5 ml 5% non-fat milk/TBST with or 
without an overdose (100  ng/µl × 10  µl) of recombi-
nant cTnT protein (J34510, Biospacific) for 30 min at 
room temperature. An additional 4 ml 5% milk/TBST 
was further added to each plasma mix with or with-
out antigen blocking. Then both of them were fur-
ther used for immunoblotting assay of two identical 
NC membrane samples loaded with the same 200 ng 
recombinant cTnT protein.

Wire hang test

Motor activity was evaluated by using a Wire Hang-
ing Test which is indicator of abdominal and limb 
muscle fatigability [25, 56]. Briefly, mice were placed 
on a grid which was then gently inverted so that mice 
were hanging under the grid. The latency to fall was 
recorded and normalized to the body weight of each 
mouse, cage top, which were then inverted and sus-
pended above the home cage. Two measurements 
were performed per mouse and the maximum hang-
ing time (in seconds) was used for statistical evalua-
tion. These experiments were conducted in a blinded 
fashion.

Statistical analysis

Data analysis was performed with SigmaPlot 11.0 
(Systat Software, San José, CA) and Prism 7.0 
(Graphpad, La Jolla, CA). All data are presented as 
means ± SEM. An α-value of P < 0.05 was considered 
significant. The Pearson Product Moment Correlation 
was used to measure the strength of the association 
between pairs of variables.

Results

Skeletal muscle IgG1 is negatively associated with 
physical function in older adults. There are 4 human 
IgG subclasses (IgG1, IgG2, IgG3, and IgG4). Using 
immunofluorescence staining, we found that IgG1 
and IgG4 are the predominant IgG subclasses localiz-
ing in some muscle fibers of older adults. In contrast, 
IgG2 and IgG3 were barely detectable in the muscle 
of older adults (Fig. 1A). Consistently, immunoblot-
ting detected mainly IgG1 and IgG4 protein expres-
sion in the skeletal muscle of old adults (Fig. 1B, C), 
with IgG2 and IgG3 barely detected (data not shown). 

Fig. 1  Protein levels of skeletal muscle IgG1 but not IgG4 are 
negatively associated with muscle strength and physical perfor-
mance. (A) Representative immunofluorescence staining image 
of different IgG subclasses in vastus lateralis skeletal muscle 
fibers of older adults. Unconjugated Rabbit anti-Human IgG1, 
2, 3, and 4 antibodies were used as primary antibodies, and 
Alexa488 conjugated Goat-anti-Rabbit secondary antibody 
(GaR) was used to detect IgG subclasses (green) in the muscle. 
Alexa Fluor 488-conjugated GaR alone was used as a negative 
staining control. Fiber membrane was stained with Alexa Fluor 
594-conjugated Wheat Germ Agglutinin in red and nuclei were 
stained with DAPI in blue. Scale bar, 100 µm. Immunoblot of 
IgG1 and IgG4 in the limb muscle of 12 SILVER study sub-
jects (B) and 11 IM FIT study subjects (C). GAPDH was used 
as an internal loading control. (D) Pearson correlation assay 
revealed a positive correlation between IgG1 and 400 m walk 
time in SILVER subjects. A similar trend observed in IMFIT 
subjects (E). IgG1 is negatively correlated with SPPB score 
in SILVER subjects (F) and with knee extensor strength in 
IMFIT subjects (G)

◂
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The relative abundance of IgG1 and IgG4 in the skel-
etal muscle was further determined by normaliza-
tion with GAPDH in each sample and quantitation 
with ImageJ. The association between the GAPDH 
normalized relative abundance of skeletal muscle 
IgG1, IgG4, or IgG1 and IgG4 combined and physi-
cal function, mobility, and knee extensor strength 
was then analyzed. Strikingly, in SILVER study 
participants, IgG1 protein levels in skeletal mus-
cle showed a strong negative correlation with SPPB 
score (r =  − 0.73, p = 0.006) and a positive correlation 
with 400 m walk time (r = 0.74, p = 0.005) (Fig. 1D, 
E). When expressed in seconds to complete the 400 m 
walk, each SD increment in IgG1 protein relative 
abundance is associated with a 29-s-longer 400-m 
walk time, or each SD increment in IgG1 protein was 
associated with a − 0.13  m/s slower walking speed. 
Similarly, in IMFIT study participants, IgG1 protein 
levels in skeletal muscle showed a positive correla-
tion with 400-m walk time that did not reach statis-
tical significance (r = 0.46, p = 0.16) and a negative 
correlation with knee extensor strength (r =  − 0.60, 
p = 0.05) (Fig.  1F, G). Notably, a significant differ-
ence in the knee extensor strength was observed 
between the IgG1 low and IgG1 high groups (Supple-
mentary Fig. 1). In contrast, skeletal muscle IgG4, or 
IgG1 and IgG4 combined, did not show any signifi-
cant correlation with physical function, mobility, and 
knee extensor strength in IMFIT or SILVER study 
subjects (data not shown).

IgG level increases with age in skeletal muscle of 
C57BL/6 mice and is associated with muscle func-
tional and structural abnormality in the aged mice. 
To better understand the implications of our human 
findings, we used a murine model to understand age-
related and mechanistic questions. We examined IgG 
protein levels in the skeletal muscle of young, old, 
and very old C57BL/6 mice. We found that IgG pro-
tein levels increase with age in both skeletal muscle 
and in blood (Fig.  2A, B). In addition, mice with 
higher level of skeletal muscle IgG deposition dem-
onstrated a lower level of motor activity compared to 
the mice with lower or no skeletal muscle IgG deposi-
tion (Fig.  2C, D), a finding similar to that observed 
in older adults (Supplementary Fig.  1). By immu-
nofluorescence staining, the subcellular localization 
of IgG in muscle was found to be mainly at neuro-
muscular junction (NMJ) or within myofibers of the 
aged mice and is co-localized with markers of C3 

complement activation and necroptosis (RIPK3 [25]), 
and IgG-infiltrated myofibers also showed reduced 
level of dystrophin on the fiber membrane (Fig.  3). 
Interestingly, the IgG infiltration/deposition in mus-
cle of aged mice is also subclass specific, with IgG3 
subclass mainly found at the NMJ while IgG2b and 
IgG2c mainly in myofibers and interstitial area of old 
and very old mice (Supplementary Fig. 2).

cTnT could be one of the autoantigens that are tar-
geted by IgG autoantibodies in the skeletal muscle of 
aged mice. We have previously reported that cTnT 
in skeletal muscle of old mice increases with aging 
and is enriched at NMJ of aged mice muscle [57]. In 
this study, we further found that cTnT was co-stained 
with IgG (Fig. 4(A)), which was found to co-localize 
with C3 complement, and the markers of necroptosis 
in the skeletal muscle of aged mice (Fig. 3). Markers 
of activated apoptosis (caspase-3 or caspase-9) were 
also detected at cTnT and IgG positive areas, mainly 
at the NMJ area in aged mice (Supplementary Fig. 3). 
Given that cTnT autoantibodies have previously been 
found in human blood [44], the co-presence cTnT 
and IgG in the skeletal muscle indicated a potential 
autoimmune response in the muscle. To determine if 
there are anti-cTnT autoantibodies in the blood of the 
aged mice, we performed an immunoblot assay using 
various recombiant TnT proteins as antigens to screen 
their respective autoantibodies in the serum of young 
and aged mice. We found that recombinant cTnT pro-
tein was detected by the anti-serum from aged mice 
or by a rabbit anti-cTnT antibody (MBS767506), 
but not by anti-serum from young mice (Fig.  4(B)), 
indicating the presence of anti-cTnT autoantibodies 
in the blood of aged mice. In contrast, recombinant 
mouse TnT1 or TnT3 proteins were not detected by 
the serum of aged mice, although TnT1- and TnT3-
specific antibodies detected their respective recombi-
nant TnT proteins and endogenous TnT isoforms in 
the mouse muscle with high specificity (Supplemen-
tary Fig. 4).

Newly generated tamoxifen-inducible skeletal 
muscle–specific cTnT knockin (ismcTnT-KI) mice 
showed an impact of cTnT overexpression on mus-
cle structure and function. We have previously deter-
mined that cTnT isoform g (NP_001123647) is the 
major isoform of cTnT elevated with aging in the 
mouse skeletal muscle [57]. Given our detection of 
anti-cTnT autoantibodies in the serum of aged but not 
young mice, and co-localization of IgG, cTnT, and 
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other markers of complement activation or apopto-
sis/necroptosis within skeletal muscle of aged mice, 
we hypothesized that overexpressed cTnT in the 
skeletal muscle may cause muscle degeneration and 
function decline through activation of autoimmune 
response. To test this with highly specific cTnT over-
expression in skeletal muscle of the mice, we have 
generated tamoxifen-inducible skeletal muscle cTnT 

knockin mice (ismcTnT-KI) by crossing skeletal 
muscle α-actin promoter-driven Cre transgenic mice 
[51] with conditional cTnT knockin mice (cTnT-KI) 
(generated by Cyagen, see construction and geno-
typing details in the “Materials and methods” sec-
tion). All mice are in C57BL/6 background and were 
genotype confirmed with PCR following Cyagen 
protocols (data not shown). After 14  days of cTnT 

Fig. 2  IgG levels in blood and in skeletal muscle increases 
with age in C57BL/6 mice and mice with lowest level of motor 
activity had highest level of muscle IgG deposition at NMJ 
or within myofiber. (A) Blood total IgG detected by immu-
noblot with mouse IgG-specific antibody IgG470 (ab133470) 
and IgG475 (ab190475), respectively. (B) Tibialis anterior 
muscle total IgG detected by immunoblot with ab133470 and 
ab190475. Data is representative of 11 young (Y) and 19 old 
(O, 20–22  months) and very old (VO, 26–28  months) mice. 
Albumin was evenly detected among young and old mice skel-
etal muscles. GAPDH was used as internal loading control in 
both blood and muscle. Goat-anti-mouse IgG? antibody (GaM) 
alone also detected IgG protein in both blood and muscle. 

(C) Wire hanging performance (expressed in ratio: maximum 
hanging time in seconds/body weight in gram) comparison. 
Mice are with mixed sex with 11 young mice and two groups 
of old mice grouped based on ratio: O > 4 (old and very old 
mice with wire hanging performance ratio > 4, 22  months, 
n = 1; 27  months, n = 2) or O < 4 (old and very old mice 
with wire hanging performance ratio < 4, 22  months, n = 3; 
27  months, n = 13). (D) Representative IgG immunofluores-
cence staining patterns in tibialis anterior muscles of mice 
examined in (C). IgG infiltration or deposition (green) in mus-
cle is mainly enriched at NMJ (11 out of 16) (red, stained with 
Alexa Fluor 594-conjugated α-bungarotoxin) or within myofib-
ers (10 out of 16) of old and very old mice. Scale bar, 50 µm
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overexpression in 2–3-month-old young mice, immu-
noblotting already detected elevated 3 × Flag tagged 
cTnT protein overexpression in all skeletal muscles 
of ismcTnT-KI mice but not in their brain or heart or 
in the control cTnT-KI mice treated also with tamox-
ifen (Fig. 5A). This data confirmed the highly specific 
knockin cTnT overexpression is highly specific to all 
skeletal muscles in the ismcTnT-KI mice. To further 
determine the age-dependent effects of cTnT overex-
pression on skeletal muscle structure and function, we 
next monitored their motor activity changes monthly 
after tamoxifen treatment for a total of 4 months and 
compared between ismcTnT-KI and control cTnT-
KI mice. Strikingly, in great contrast to the control 

cTnT-KI mice that showed age-dependent increase 
in motor activity, all ismcTnT-KI mice showed accel-
erated decline in motor activity despite both groups 
tested were at a similar adulthood age, which was 
about 4–8  months during their tests (Fig.  5B, C). 
Here we used percent changes in motor activity anal-
ysis for each individual mouse since it is known that 
there exists wide variation in physical performance 
within each age group (young, old, and very old) in 
C57BL/6 mice [58]. Importantly, compared to age-
matched control cTnT-KI mice, these ismcTnT-KI 
mice showed increased level of muscle degeneration 
[59] (e.g., smaller fibers with irregular outline shape, 
vacuoles, and fiber lesions) (Fig. 6A, F). The knockin 

Fig. 3  IgG in skeletal muscle of aged mice muscle are asso-
ciated with decreased myofiber membrane integrity and 
increased necroptosis, and complement activation. (A) IgG-
infiltrated myofibers have less membrane integrity as revealed 
by reduced level or absence of membrane dystrophin (arrows). 
(B) IgG-enriched myofibers (asterisks) and NMJs (arrow-

heads) have elevated RIPK3, a marker of necroptosis. (C) IgG 
deposition within fibers (asterisks) and at NMJ (arrowheads) 
are co-localized with activated C3 complement. Immunofluo-
rescence staining images are representative of 5 old and very 
old mice. Scale bars, 50 µm
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Fig. 4  IgG anti-cTnT autoantibodies may target cTnT in the 
skeletal muscle of old mice. (A) Representative immuno-
fluorescence staining image showing co-localization of IgG 
(stained with Alexa Fluor-488 conjugated Goat-anti-Mouse 
IgG) and cTnT (stained with MBS767506 and Alexa Fluor-568 
conjugated Goat-anti-Rabbit) in skeletal muscle of old mice 
within myofibers (asterisks), at NMJs (arrowheads), and along 
blood vessel wall (arrow). Similar to findings in Fig.  3B and 
C, all most all IgG positive areas were also positive with cTnT 
staining. We did Goat-anti-Rabbit secondary antibody alone 
or with Goat-anti-Mouse secondary antibody, which did not 
show any signal in red (data not shown). Scale bar, 50 µm. (B) 

Immunoblot assay using recombinant TnT proteins detected 
anti-cTnT autoantibodies in serum from old mice. Pooled sera 
(1:100 dilution) from young or old mice (n = 3 in each age 
group) and anti-cTnT antibody (MBS767506, Mybiosource) 
were used as anti-sera or primary antibody, respectively. 
Recombinant cTnT was only detected by the anti-sera from 
old mice and anti-cTnT antibody, but not anti-sera from young 
mice. Recombinant proteins used for the immunoblot (20  ng 
per lane): a, human TnT1 protein (GTX109585-pro, GeneTex); 
b, mouse TnT3 isoform 8 protein with a fusion His-SUMO 
(Small Ubiquitin-like Modifier) tag; c, SUMO tag (GenScript); 
d, human cTnT isoform 11 protein (ab86685, Abcam)
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overexpression in skeletal muscle was confirmed with 
immunofluorescence staining (Fig. 6B) and the skel-
etal muscles of ismcTnT-KI mice were found to have 
increased levels of IgG and complement C3 deposi-
tion at NMJ (Fig.  6C) and/or within muscle fibers 
(data not shown), similar to findings in the muscle of 
the aged mice. In addition, the NMJs in ismcTnT-KI 
mice are largely smaller (Fig.  6D, G) with reduced 
level or absence of PKA-RIα compared to the control 
mice (Fig. 6E, H). Level of muscle denervation deter-
mined by qRT-PCR of chrng [60, 61] and Runx1 [62, 
63] was also found to be higher in ismcTnT-KI mice 
(Supplementary Fig. 5). CD68 + macrophage infiltra-
tion [64] in ismcTnT-KI mice skeletal muscle was 
also higher than that in the control mice (Supplemen-
tary Fig.  6). Importantly, similar to the aged mice, 
anti-cTnT autoantibodies were detected by immunob-
lot assay in the serum of these ismcTnT-KI mice, but 
not the control cTnT-KI mice (data not shown).

Detection of anti‑cTnT and anti‑TnT3 autoantibodies 
in plasma of older adults The prevalence of circu-
lating anti-cTnT autoantibodies in 467 healthy human 
subjects (18–72 years of age) was reported to be 9.9% 
[44]. We also detected anti-cTnT autoantibodies in 
the pooled plasma of 6 older adults from IMFIT study 
using dot blot assay with two different recombinant 
human cTnT proteins as antigen proteins (NBP2-
61,383 from NOVUS and J34510 from BiosPacific); 

the latter is the same one used in the literature for 
circulating cTnT autoantibody detection in human 
blood [44]) (Fig. 7). To confirm the specificity of the 
detected plasma autoantibodies by the dot blot assay, 
we further performed antigen blocking. We showed 
that after incubating the plasma with an overdose of 
the recombinant cTnT protein (antigen blocking), 
the plasma failed to detect the specific cTnT dot on 
the NC membrane (Supplementary Fig.  7). We fur-
ther found that the recombinant human TnT3 pro-
tein (rhTnT3, MBS2011217 from Mybiosource), but 
not the recombinant human TnT1 protein (rhTnT1, 
GTX109585 from GeneTex), was also detected by 
dot blot assay using the pooled plasma of the same 6 
older adults as primary antibody (Fig. 7).

Discussion

In this study, we showed for the first time that auto-
immunity in skeletal muscle may play a critical role 
in age-related mobility decline and muscle structure 
and function changes, which may be mediated by 
cTnT. However, it is possible that other skeletal mus-
cle autoantigens are also involved. Our conclusion is 
supported by the following evidence: (1) IgG1 and 
IgG4 were found to be deposited in skeletal muscle 
fibers of older adults, and GAPDH-normalized rela-
tive abundance of skeletal muscle IgG1 was found 

Fig. 5  Transgenic skeletal muscle cTnT knockin mice showed 
accelerated motor activity decline with age. (A) Representa-
tive immunoblot shows that cTnT-3xFlag is only expressed in 
skeletal muscle, but not in the brain or heart of ismcTnT-KI 
mice. Both anti-flag and 4B8 (anti-cTnT) antibodies detected 
the specific cTnT-3xFlag bands. (B–C) Motor activity (cage 

hanging assay) was measured at 1, 2, 3, and 4 months after the 
last tamoxifen (TMX) ip injection. Month 1 was set at 100%, 
and the following months were normalized to month 1 respec-
tively. Both ismcTnT-KI mice (B) and control mice (C) are 
about 4–8 months old during the time for test. ****p < 0.0001; 
**p < 0.01



2037GeroScience (2022) 44:2025–2045 

1 3
Vol.: (0123456789)

to be inversely associated with muscle strength 
(knee extensor strength) and physical performance 
(400-m walk time and SPPB, which is highly pre-
dictive of future disability and death [49]); (2) IgG 

protein levels increased with aging in C57BL/6 mice 
in both blood and skeletal muscle, and aged (old and 
very old) mice with a higher level of IgG deposi-
tion in skeletal muscle have a lower level of motor 

Fig. 6  Transgenic skeletal muscle cTnT knockin mice showed 
signs of muscle degeneration and denervation. (A) H&E stain-
ing of tibialis anterior muscle show ismcTnT-KI mice have 
many smaller fibers with irregular shape, vacuoles (arrow 
heads), and lesions (arrows). (B) Majority of myofibers in 
ismcTnT-KI mice have elevated cTnT knockin overexpression 
(green) with irregular fiber membrane shape labeled in red 
with WGA (wheat germ agglutinin). (C)  IgG and C3 (green) 

are found at NMJ (red) of ismcTnT-KI mice. (D) ismcTnT-KI 
mice have smaller NMJ size than the control cTnT-KI mice. 
(E) Compared to control cTnT-KI mice, the ismcTnT-KI mice 
have lower level of PKA-RIα (green) present at their NMJs 
(red). Images shown are representative of 4 ismcTnT-KI mice 
and 3 control mice analyzed. Scale bars, 50 µm. (F–H) Quan-
titation of (A), (D), (E), respectively. For PKA-RIα, at least 20 
NMJs were counted in each mouse
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activity, similar to that observed in older adults; (3) 
IgG positive muscle area in aged mice showed ele-
vated necroptosis/apoptosis, complement activation, 
and cTnT, with anti-cTnT autoantibodies detected in 
the blood of aged mice; (4) ismcTnT-KI mice with 
inducible skeletal muscle cTnT knockin overex-
pression showed accelerated motor activity decline 
with age, together with signs of muscle degenera-
tion and denervation, elevated IgG and complement 
deposition in muscle, and appearance of anti-cTnT 
autoantibodies in blood; and (5) Both anti-cTnT and 
anti-TnT3 autoantibodies were detected in the blood 
of older adults. Although we do not have a younger 
control group in the human study, based on our find-
ings in young and aged mice, it is highly possible that 
IgG proteins in younger adults skeletal muscle will 
be either absent or at a much lower level. In addition, 
even if we found some IgG in the muscle of younger 
adults, this will still be expected to fit in to our newly 
discovered association relationship between mus-
cle IgG levels and the muscle strength or physical 
function.

IgG and complement proteins in skeletal muscle 
aging

IgG deposition/infiltration in muscle fiber is found 
in skeletal muscle diseases in rodents, non-human 
primates, and humans [3–5, 7–16] and is a known 
marker of increased fiber membrane permeability 
and damage vulnerability, for instance, in Duchenne 

muscular dystrophy [22], dysferlin-deficient myopa-
thy [23], and muscle of aged mice [24]. Apart from 
age-dependent increase of muscle fiber membrane 
damage [24] that may lead to increased IgG deposi-
tion in muscle, the accumulation of IgG in aged mus-
cle could also have been resulted from increased B 
cell immunosenescence, which is commonly found 
in older adults and in centenarians [65] and has been 
found to be associated with serum IgG levels in the 
elderly persons [30]. Yet, whether IgG in skeletal 
muscle increase with age and play a role in age-
related muscle damage through immune response 
activation is still unknown. We showed for the first 
time that IgG1 and IgG4 are the two main IgG sub-
classes that are abundantly present in the skeletal 
muscle fibers of ~ 50% older adults examined. Data in 
aging mice model further revealed that IgG levels in 
the skeletal muscle increase with age and may lead 
to muscle damage through activation of complement 
system and cell death pathways. In addition, IgG dep-
osition in skeletal muscle of aged mice is in an IgG 
subclass specific way, with IgG3 found to be enriched 
at NMJ while IgG2b, 2c mainly found in muscle fib-
ers. The subclass-specific IgG deposition in muscle 
strongly indicates that different autoantigens could 
be targeted by different IgG subclasses in the skele-
tal muscle. This is supported by previous findings in 
some muscle disorders. For instance, it is known that 
human IgG1 is capable of activating the complement 
system and leads to the post-synaptic membrane dam-
age and reduced number of acetylcholine receptors at 

Fig. 7  Dot blot assay 
detected cTnT and TnT3 
autoantibodies in plasma 
of older adults. Different 
amount (20–100 ng) of 
recombinant TnT3, cTnT, 
or TnT1 were used for dot 
blot assay with pooled 
plasma from 6 IMFIT study 
subjects as primary antibod-
ies. CF™680 Goat-anti-
Human IgG (H + L) was 
used as secondary antibody 
only negative control, 
which failed to detect any 
recombinant TnT pro-
teins. Elevation of cardiac 
troponin T
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the NMJ, leading to muscle weakness and fatigue [66, 
67]. Specifically, in myasthenia gravis (MG), close 
to 90% of patients have IgG1 antibodies to the ace-
tylcholine receptors. In contrast, approximately 10% 
of MG patients have MuSK autoantibodies, which 
are predominantly IgG4 that do not activate comple-
ment [68, 69]. We did not see a significant association 
between muscle IgG4 and muscle strength or function 
in the older adults; this could be limited by the small 
sample size in our human study. Although IgG4 bind-
ing to its autoantigen does not activate complement 
system, it could still potentially lead to muscle dam-
age through other well-known autoantibody-induced 
pathology pathways [70]. For instance, MuSK IgG4 
autoantibodies are known to cause MG by inhibiting 
binding between MuSK and Lrp4 [12, 71]. Future 
larger cohort studies will help further understand 
the roles of both IgG1 and IgG4 and determine their 
respective targeting autoantigens in skeletal muscle of 
older adults. Our finding that IgG1, but not IgG4, in 
the skeletal muscle is inversely associated with physi-
cal performance and knee extensor strength strongly 
indicated a possible involvement of complement acti-
vation underlying skeletal muscle changes in older 
adults. Consistently, serum C1q concentration was 
reported to increase with age, promoting aging-asso-
ciated decline in skeletal muscle regeneration, and 
aging-associated impairment of muscle regeneration 
is restored by C1qa gene disruption [72]. In addition, 
a recent cross-sectional study identified complement 
C1q as a potential sarcopenia biomarker, and serum 
C1q levels were found to be negatively correlated 
with muscle mass and strength in older adults [73]. 
Our finding of the co-localization of IgG deposi-
tion with C3 in skeletal muscle of aged mice further 
indicated the involvement of C3 in skeletal muscle 
aging. C3 plays a central role in complement activa-
tion [74], with all three complement activation path-
ways intersect at the C3 level [75–77]. Complement 
C3 deficiency has been found to ameliorate aging-
related changes in kidney [78] and in hippocampal 
degeneration [79]. In addition, C3-targeted genetic 
ablation has been proved to be effective in treating 
dysferlin-deficient muscle disease in a mouse model 
[80] and in other age-related structural and functional 
decline in other tissues, e.g., age-related hippocampal 
decline [79]. Our finding provided the first evidence 
that, in addition to C1q, C3 may also be a useful bio-
marker of sarcopenia and C3 targeting could possibly 

be effective in prevention of age-related changes in 
skeletal muscle. Recent findings also have linked 
IgG deposition in skeletal muscle to necroptosis [25]. 
In addition, both caspase-3 and -9 were found to be 
associated with altered NMJ structure and increased 
denervation [81, 82]. In addition to cell apoptosis/
necroptosis, complement activation also plays a wide 
range of roles in inflammation, membrane integrity, 
vascular endothelial cell damage, and metabolism 
[26, 83–89], all of which are key players in muscle 
aging. Our findings further suggest that IgG-mediated 
complement and cell death activation may underlie 
age-related changes in skeletal muscle.

Mechanisms of autoantibody-induced pathol-
ogy have be classified into at least 7 categories [70]. 
Given our findings in aging mice model, the comple-
ment activation and subsequent cell lysis induced by 
apoptosis is one of the most possible pathway that 
underlies autoimmunity-related sarcopenia. In addi-
tion, altered signaling at NMJ or within muscle cells 
and induction of inflammation could also be involved 
in this process that mediates autoimmunity-induced 
muscle damage, which may involve mitochondria 
oxidative damage [90] and/or skeletal muscle protein 
degradation. For instance, autoantibodies to acetyl-
choline receptor on postsynaptic membrane activates 
complement cascade and leads to membrane attack 
complex assembly and destruction of postsynaptic 
membrane protein and structure [91].

TnT and other proteins as skeletal muscle 
autoantigens in older adults

Although our finding strongly indicates an IgG-
mediated activation of complement and cell death 
pathways underlying skeletal muscle aging, whether 
an autoimmune response is involved and what are the 
autoantigens in the skeletal muscle still need to be 
eludicated. We and others have previously reported 
a critical role of TnT proteins in regulating apoptosis 
[92, 93]. The co-localization of IgG with cTnT, com-
plement C3, and markers of apoptosis/necroptosis 
in the muscle of aged mice, together with detection 
of anti-cTnT autoantibodies in blood of ismcTnT-KI 
mice, aged mice, and older humans, strongly sug-
gested that cTnT could be one of the autoantigens that 
mediate autoimmune response in skeletal muscle sar-
copenic changes with age. TnT is a key component of 
contractile machinery essential for muscle contraction 
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[34]. There are three TnT isoforms that are expressed 
in slow skeletal muscle (TnT1), fast skeletal muscle 
(TnT3), and cardiac muscle (cTnT). Yet, cTnT is 
also expressed in skeletal muscle under certain con-
ditions (e.g., after sciatic nerve denervation [35, 36]) 
and in certain neuromuscular diseases [37, 38]. We 
previously reported that cTnT expression in skeletal 
muscle of C57BL/6 mice increases with age and, 
as a known A-kinase anchoring protein [94], plays 
a critical role in mediating NMJ denervation in fast 
skeletal muscle of old mice through reducing protein 
kinase A regulatory subunit RIα (PKA-RIα) relative 
abundance at NMJ [42]. Our finding in this study fur-
ther revealed that in the skeletal muscle of old mice, 
cTnT could possibly be targeted by its IgG autoanti-
bodies. The consequently activated immune response 
and complement system may lead to apoptosis and 
necroptosis at the NMJ or within muscle fibers. Simi-
lar to other autoimmune muscle diseases (e.g., MG) 
where skeletal muscle protein–specific autoantibod-
ies were detected in circulation in the patients, anti-
cTnT autoantibodies were also detected in the serum 
of aged mice, but not in the young mice. Using our 
newly generated inducible skeletal muscle-specific 
cTnT knockin mice model, we have further confirmed 
that anti-cTnT autoantibodies are present in the serum 
of these transgenic mice, with increased muscle IgG 
and complement deposition, increased muscle degen-
eration/denervation, macrophage infiltration, and 
accelerated motor activity decline with age in adult-
hood mice. In mice, muscle mass and force produc-
tion slowly decreases from adulthood (6–9 months of 
age) to old age (22–24 months), with a rapid deterio-
ration present once mice reach oldest-old ages, geri-
atric stage (> 26–28 months) [58, 95–97]. Mice at the 
adulthood age (6–9 months) usually do not have any 
apparent age-related decline in their muscle mass and 
force [58]. Our finding in ismcTnT-KI mice strongly 
indicated a causal effect of cTnT overexpression in 
skeletal muscle on muscle degeneration and function 
decline, which is mainly mediated through an acti-
vated autoimmune response. The smaller NMJ size 
with reduced PKA-RIα at NMJ and increased dener-
vation are also consistent with our previous findings 
in the skeletal muscle of aging mice [42].

While these experiments focused on cTnT, it is 
not the only skeletal muscle autoantigen to exist in 
the aged muscle, as we have also detected anti-TnT3 
autoantibodies in the plasma of older adults. Given 

TnT3 is fast muscle fiber specific, this TnT3-targeted 
autoimmune response may underlie fast skeletal mus-
cle fiber degeneration with aging, which are known 
to be more affected (e.g., susceptible to atrophy and 
denervation) with age across species [98–101]. The 
aging-related myofiber membrane stability decline is 
muscle type, and potentially fiber type specific [24]. 
It is possible that cTnT is mainly upregulated in fast 
fibers with aging as we found out earlier [42], which 
may interfere with membrane stability potentially 
through its reported interaction with dystrophin [94], 
and thus leads to increased membrane permeability in 
TnT3-positive fast myofibers. Consistently, we have 
noticed that some of the cTnT and IgG-infiltrated 
myofibers in aged mice showed dramatically reduced 
dystrophin on their membrane. In addition, altered 
myofiber shape and membrane morphology with 
smaller fiber size were also observed in the ismcTnT-
KI mice. Other skeletal muscle proteins could also 
be the autoantigens that are targeted in the skeletal 
muscle of older adults. For instance, titin and ryan-
odine receptor antibodies are mainly present in MG 
patients over the age of 50–60 years and anti-titin and 
anti-ryanodine receptor consist mostly of the IgG1 
subclass, which is capable of complement activation 
[102]. Whether these anti-titin and anti-ryanodine 
receptor and other autoantibodies also exist in normal 
older adults and contribute to age-related declines in 
muscle size and function still need to be determined. 
Autoantibodies against other extracellular matrix pro-
tein essential for NMJ formation and maintenance, 
e.g., agrin and LRP4 autoantibodies, have been found 
in MG patients [103]. Given that skeletal NMJ degra-
dation increases with age [24, 104, 105], and C-ter-
minal fragments of agrin have been found in blood of 
older adults with sarcopenia [106–108], it is also pos-
sible that agrin and other NMJ associated protein tar-
geting autoantibodies could exist in older adults and 
serve as specific biomarkers of a subset of sarcopenia 
patients [108].

Translational significance and future directions

Our detection of anti-cTnT autoantibodies in the 
plasma of older adults is consistent with previ-
ous findings [43, 44]. An age-dependent increase of 
cTnT gene expression in human skeletal muscle has 
been observed in a cohort study (GSE28422, NCBI 
GEO dataset) [41]. In addition, a study on 4986 



2041GeroScience (2022) 44:2025–2045 

1 3
Vol.: (0123456789)

MESA subjects further revealed an age-dependent 
increase of circulating cTnT in both sexes [109] and 
cTnT in blood is detectable in elderly patients with-
out clinical diagnosed cardiovascular disease [110]. 
TnT1 and TnT3 were also reported to be present in 
circulation of older adults, which are leaked from 
muscle fibers with increased fiber membrane perme-
ability [111]. Our finding showed the first evidence 
supporting an important role of autoimmunity in 
age-related decreases in strength and physical per-
formance. Future cohort studies on larger popula-
tion will help further determine the prevalence of 
autoimmunity underlying sarcopenia, and determine 
if autoimmune-related muscle and blood biomarkers 
are useful for diagnostics and prediction of changes 
in strength and performance over time. More skeletal 
muscle autoantigens could be determined by expres-
sion library screening [112, 113] or SEREX technol-
ogy [114, 115]. Previous studies indicated that mouse 
heart muscle is spared by recombinant cTnT from 
an induced autoimmune reaction [116]. This could 
be related to specificity of epitope and IgG subclass 
[117] and of conformational epitopes formed by cTnI 
and cTnT, which exist in heart but not skeletal muscle 
[118]. It is also possible that cTnT in skeletal mus-
cle is a different alternative splicing form [119–122] 
(and/or with different post-translational modifications 
[123]) from that in heart muscle. IgG can activate C3 
but it can also activate CDCC or ADCC through mac-
rophages and NK cells or can bind to its antigen and 
alter function directly [124], which could also be in 
a IgG subclass specific manner [125]. Further defin-
ing these detailed mechanisms in human and mice 
models will help developing personalized interven-
tion, including but not limited to complement targeted 
therapy [126, 127], B cell–targeted therapy [128], and 
epitope mapping [129–131] to inform the discovery 
and development of new therapeutics to prevent or 
delay age-related declines in strength and physical 
performance.
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