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Abstract

Background: β2-Microglobulin (B2M) has garnered considerable interest as a potential 

pro-aging factor, leading to speculation about its involvement in muscle metabolism 

and the development of sarcopenia, a key component of aging phenotypes. To 

explore this hypothesis, we conducted a comprehensive investigation into the impact 

of B2M on cellular and animal muscle biology, as well as its clinical implications 

concerning sarcopenia parameters in older individuals.

Methods: In vitro myogenesis was induced in mouse C2C12 myoblasts with 2% 

horse serum. For in vivo research, C57BL/6 mice aged 3 months were 

intraperitoneally given 250 μg of B2M daily, and muscular alterations were assessed 

one month later. Human blood samples were obtained from 158 participants who 

underwent assessments of muscle mass and function at an outpatient geriatric clinic 

affiliated with a teaching hospital. Sarcopenia and associated parameters were assessed 

using cutoff values specifically tailored for the Asian population. The concentration of 

serum B2M was quantified through an enzyme-linked immunosorbent assay.

Results: Treatment with recombinant B2M exhibited a dose-dependent inhibition of 

myogenesis from mouse C2C12 myoblasts and consistently lowered the expression of 

myogenic differentiation markers. Furthermore, B2M notably elevated intracellular 

levels of reactive oxygen species (ROS) in myotubes, and administration of N-acetyl 

cysteine, a potent biological thiol antioxidant, reversed the decrease of myotube area, 

myotube area per myotube, nucleus number per myotube, and fusion index by B2M 

through mitigating oxidative stress. Animal experiments showed that mice with 

systemic B2M treatment exhibited significantly smaller cross-sectional area of tibialis 

anterior and soleus muscle, weaker grip strength, shorter grid hanging time, and 

decreased latency time to fall off the rotating rod, compared to untreated controls. In 

a clinical study, serum B2M levels were inversely associated with grip strength, usual 

gait speed and short physical performance battery (SPPB) total score after adjustment 

for age, sex, and body mass index, whereas sarcopenia phenotype score showed a 
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positive association. Consistently, higher serum B2M levels were associated with 

higher risk for weak grip strength, slow gait speed, low SPPB total score, and poor 

physical performance. 

Conclusion: These results provide experimental evidence that B2M exerted detrimental 

effects on muscle metabolism mainly by increasing oxidative stress. Furthermore, we 

made an effort to translate the results of in vitro and animal research into clinical 

implication and found that circulating B2M could be one of blood-based biomarkers 

to assess poor muscle health in older adults. 

Keywords: β2-Microglobulin, sarcopenia, aging, biomarker, pro-aging factor
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Introduction

Aging is an intricate process that not only leads to biologically intrinsic changes within 

individuals but also imposes a substantial burden on social, medical, and welfare systems 

(1). As individuals age, they often experience a decline in sensory functions, cognitive 

abilities, and physical capacities, which may lead to increased dependency and a need for 

assistance in daily living activities. The personal challenges brought about by aging include 

a decline in the quality of life, a loss of independence, and the increased prevalence of 

chronic diseases, which can place a significant emotional and financial burden on the individual 

and their families (2). From a societal perspective, the aging population results in increased 

healthcare and welfare demands, with a higher prevalence of age-related illnesses requiring 

long-term care services and support. The shift in demographics toward an older population 

also presents challenges in terms of workforce composition, retirement funding, and the 

sustainability of pension systems. Healthcare systems worldwide are thus compelled to adapt, 

both structurally and financially, to the growing needs of this demographic (3).

An understanding of the biological mechanisms underlying aging is pivotal in addressing 

these challenges. Aging is a universal, progressive, and multi-step deterioration at cellular, 

tissue, and organismal levels, resulting in increased susceptibility to major debilitating diseases 

and death (4). Aging at a cellular level is characterized by a series of progressive deterioration: 

genomic instability due to DNA damage, reduced telomerase activity leading to telomere 

shortening, disruptions in mitochondrial function, and an increase in oxidative stress (4, 

5). Additionally, aging is associated with systemic changes such as chronic low-grade in-

flammation, known as 'inflammaging', hormonal dysregulation, and alterations in tissue homeo-

stasis (6-8). The growing number of individuals in the senior population and advancements 

in healthcare have sparked interest in finding efficient ways to reverse or slow this time-depend-

ent functional decline. Although a number of factors contribute to aging process (9), this 

process is uniquely experienced by each individual, manifesting at different rates and affecting 

physiological systems to varying extents (10). In other words, the heterogeneity of aging 

is such that chronological age alone is an inadequate measure of an individual’s biological 
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age or functional status, and biomarkers of aging, encompassing genetic, epigenetic, and 

physiological factors, are more accurate indicators of an individual’s aging process and 

health span (11, 12). 

As a clinical biomarker, frailty from geriatric assessment serves as a critical measure 

in the evaluation of aging, providing a more clinical perspective on the biological aging 

processes (13, 14). It is a distinct health state related to the aging process where multiple 

body systems gradually lose their in-built reserves. The necessity to assess frailty arises 

from its strong correlation with adverse health outcomes, including falls, hospitalization, 

disability, and mortality (13). Frailty is commonly evaluated through two primary methods: 

the frailty phenotype and the frailty index (13, 15, 16). The frailty phenotype assesses 

five physical components: unintentional weight loss, self-reported exhaustion, weakness (grip 

strength), slow walking speed, and low physical activity (17). Alternatively, the frailty index 

is a more comprehensive approach, considering a broader range of deficits across various 

domains (18). The frailty index has emerged as a highly precise method for assessing 

the degree of aging and predicting outcomes in the older adults. It quantifies frailty based 

on a comprehensive account of an individual’s health deficits, ranging from comorbidities 

and cognitive impairments to physical performance and psychosocial risk factors. The index's 

granularity allows for a detailed depiction of an individual's health status, making it an 

excellent predictor of mortality, hospitalization, and other adverse health outcomes (13). 

However, the complexity of conducting a comprehensive geriatric assessment to gather 

the necessary data for the frailty index means it is not always practical for every patient, 

particularly in clinical settings where time and resources are limited. This limitation underscores 

the need for a more selective indicator that can be used to identify high-risk patients efficiently 

(19). In essence, there is a pressing need for simpler biomarkers, akin to routine blood 

tests, which can be easily administered and interpreted (14). Such biomarkers would allow 

clinicians to quickly assess frailty without the exhaustive process currently required, thus 

streamlining the identification of patients who might benefit most from interventions.

Despite the extensive mechanistic research into aging, the quest to translate this complex 

knowledge into practical clinical applications, such as the development of new drugs and 

biomarkers, has been a significant challenge. The development of therapeutic strategies 
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that can slow down, halt, or reverse the aging process requires a nuanced understanding 

of aging's multifactorial nature. The pursuit of such pharmacological interventions has led 

to the identification of potential drug targets and the development of novel biomarkers 

that can predict the onset and progression of age-related diseases. These advancements 

hold the promise of personalized medicine, where interventions are tailored to the individual’s 

specific aging profile, potentially revolutionizing the management and treatment of aging 

and its associated conditions. However, pioneering studies, such as the heterochronic parabiosis 

models, which involve surgically joining two animals of different ages, have highlighted 

the importance of circulating pro-aging or pro-youthful factors in age-related physiological 

changes (20-22). In detail, an exchange with young blood rejuvenated aging phenotypes 

of old mice (23, 24), while exposing to old blood impaired neurogenesis, cognitive function, 

muscle strength of young mice (25). These experiments have revealed that factors present 

in the blood of young animals can actually rejuvenate aged tissues, suggesting that some 

aspects of aging may be modifiable. This research has opened new avenues for understanding 

the systemic nature of aging and holds potential for developing therapies that could counteract 

some of the effects of aging, thus offering a new vision for clinical application in age-related 

health management. Therefore, researchers around the world have been making tremendous 

endeavors to uncover specific blood-borne factors present in the systemic milieu for the 

purpose of further understanding aging process (26). 

The process of understanding frailty necessitates the identification of various accelerated 

aging pathways. Despite this diversity, there is a shared characteristic amongst these pathways: 

they all contribute to a physiological decline that spans from cellular to organ levels, marking 

the early phases of the aging process (27, 28). While multiple organs and systems age 

at different rates and can be individually measured, most diagnoses based on societal consensus 

are recognized only after a certain extent of progression. However, muscle stands out due 

to its continuous and vigorous metabolic processes, and highly responsive and often present 

early symptomatic clues that can be readily observed, making them an ideal metric for 

detecting physiological decline (29, 30). Moreover, since muscle function directly impacts 

physical ability, the measurement of the muscle mass and strength can serve as an optimal 

gauge of the physiologic reservoir. Hence, sarcopenia, characterized by a gradual and general-
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ized loss of skeletal muscle mass and function, often considered an early hallmark of frailty, 

can be provided the significant value in evaluating physical frailty and, by extension, provides 

a window into the intricate capacity of individuals (31, 32).

Sarcopenia is mainly attributable to imbalance between muscle protein synthesis and 

breakdown during aging (33). This condition is closely linked to adverse outcomes, including 

frailty, falls, and functional decline, all of which make it impossible for older people to 

live independently (34, 35). As such, sarcopenia provides a tangible measure that extends 

beyond the prognostication of frailty; it serves as a pivotal tool for the early detection 

of frailty. (29) Sarcopenia is thus a crucial trait of aging and is regarded as a “geriatric 

giant” due to the explosively increased incidence in super-aged societies (36). Importantly, 

long thought to be an inevitable byproduct of aging, sarcopenia is now acknowledged as 

a disease to be overcome due to advances in knowledge about muscle homeostasis (37, 

38). Consequently, in order to lead a healthy old life, it is essential to identify various 

muscle-related contributors and to develop biomarkers and therapeutic targets for sarcopenia 

based on them.

Beta-2 microglobulin (B2M) constitutes the light chain of major histocompatibility complex 

class I (MHC-I) molecules, which dissociate from nucleated cells and the cell membrane 

in response to various stimuli, such as endoplasmic reticulum stress and inflammatory reaction 

(39, 40). Apart from its traditional immunological function (41), B2M plays a pivotal role 

in a multitude of physiological processes, encompassing protein homeostasis, cellular adhesion, 

tissue repair, oxidative stress, and cell signaling (42, 43), and serum B2M is considered 

an indicator of disease severity in cases of amyloidosis renal injury, infections, and lymphoproli-

ferative disorders (44, 45). Notably, a growing body of evidence suggests the potential 

involvement of B2M in age-related degeneration as well. When compared to age-matched 

young isochronic parabionts, plasma from young heterochronic parabionts exhibited increased 

B2M levels after exposure to aged blood (21, 46), and circulating B2M concentrations 

demonstrated a consistent rise with chronological age in both humans and mice (46). 

Furthermore, exogenous B2M injection disrupts cognitive function and neurogenesis in young 

mice, while the lack of inherent B2M expression or the blockade of B2M function counteract 

cognitive decline associated with aging and augments neurogenesis in aged mice (46, 47). 
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These findings have brought great attention to circulating B2M as a systemic factor with 

implications in the pro-aging process, and have raised the possibility that B2M may also 

be involved in the pathogenesis of sarcopenia, a key component of aging phenotypes. To 

clarify the potential role of B2M in muscle metabolism, we investigated the effects of 

B2M on in vitro and animal muscle biology and its clinical relevance for sarcopenia parameters 

in older adults.
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Materials and Methods

1. Cell culture and reagents

Mouse C2C12 myoblasts were obtained from the American Type Culture Collection 

(ATCC, Manassas, VA, USA) and cultured in Dulbecco's Modified Eagle's Medium 

(DMEM) supplemented with 15% fetal bovine serum (FBS), 20 mM hydroxyethyl 

piperazine ethane sulfonic acid (HEPES), 2 mM L-glutamine, 100 U/mL penicillin, 

and 0.1 mg/mL streptomycin (Life Technologies Corp., Carlsbad, CA, USA). The 

cells were maintained at 37°C in a humidified atmosphere with 5% CO2. To induce 

myogenesis, cells were grown to 90% confluence in the maintenance medium and 

subsequently switched to differentiation medium (DMEM with 2% horse serum) for a 

duration of 3 to 4 days. Recombinant B2M was procured from Lee Biosolutions 

(Cat. No. 126-11-10; Maryland Heights, MO).

2. Immunofluorescence

Differentiated C2C12 cells were first fixed with 4% paraformaldehyde (PFA) for 15 

min, followed by two washes with phosphate-buffered saline (PBS). Subsequently, 

they were permeabilized in a solution containing 0.01 M sodium citrate buffer and 

0.1% Triton X-100 for 10 min, and then washed twice with PBS. The cells were 

blocked for 1 h with 2% bovine serum albumin (BSA) in PBS and then incubated 

overnight at 4°C with an anti-myosin heavy chain (MyHC) antibody (MF20; 

Developmental Studies Hybridoma Bank, Iowa City, IA). After this primary antibody 

incubation, the cells were treated with Alexa Fluor 555-conjugated secondary 

antibodies (diluted 1:1000; Cell Signaling) for 1 h and washed with PBST (PBS 

containing 0.2% Tween-20). Following that, the cells were stained with 

4,6-diamidino-2-phenylindole (DAPI, diluted 1:10,000; Sigma-Aldrich, St. Louis, MO) 

for 2 min and washed with PBS. The prepared samples were then mounted using 

Fluoromount G (Southern Biotech, Birmingham, AL), and fluorescence images were 

captured using a Carl Zeiss fluorescence microscope (Jena, Germany). The area 
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occupied by MyHC-stained myotubes was quantified using ZEN 2 (blue edition) 

software (Carl Zeiss). The fusion index (%) was determined using the following 

formula: 100 × (number of nuclei in MyHC+myotubes) divided by the total number 

of nuclei in MyHC+ myocytes and myotubes (48).

3. Western blot analysis

Cell lysis was performed utilizing RIPA buffer (composed of 50 mM Tris-HCl [pH 

7.4], 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 0.1% SDS, 1% 

sodium deoxycholate, 1 mM Na3VO4, 1 mM NaF, 1 mM PMSF, and a protease 

inhibitor cocktail). Following a 30-min incubation on ice, the lysates were subjected 

to centrifugation at 14,000 rpm for 20 min at 4°C. The protein concentration was 

quantified using a BCA protein assay kit (Pierce Chemical Co., Rockford, IL). 

Protein samples were separated through sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis, transferred onto polyvinylidene fluoride membranes, and subsequently 

subjected to immunoblotting using the following antibodies: MyHC (MF20) and 

myogenin (sc-12732; Santa Cruz Biotechnology, Dallas, TX).

4. Quantitative reverse-transcription polymerase chain reaction

Total RNA was extracted following the manufacturer's protocol using TRIzol reagent 

(Invitrogen, Carlsbad, CA). Subsequently, the first-strand cDNA synthesis was carried 

out with the Superscript III First-Strand Synthesis System (Invitrogen), employing 

oligo dT primers. Quantitative reverse-transcription polymerase chain reaction 

(qRT-PCR) was conducted in triplicate using Light Cycler® 480 SYBR Green I 

Master (Roche, Mannheim, Germany). The primers for myogenin (NM_031189.2) and 

MyHC (NM_001013397.2) were sourced from Applied Biosystems (Foster City, CA). 

The threshold cycle (Ct) value for each target gene was normalized to the Ct value 

of 18S rRNA (NR_003278.3).
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5. Migration assay

The chemotaxis assay was conducted utilizing a Boyden chamber system, employing 

transwells with an 8-μm-pore size polycarbonate membrane (Corning, NY). Cells 

were seeded into the inner chamber at a density of 8 × 104 cells per transwell, with 

DMEM containing 0.2% FBS, and subsequently exposed to recombinant B2M in the 

outer chamber for a duration of 5 h. The cells located on the inner membrane were 

then thoroughly removed by gently wiping with a cotton swab. Meanwhile, the cells 

situated on the lower surface of the membrane were fixed using 4% PFA and 

subsequently stained with crystal violet. To quantify the number of C2C12 cells, 

images of the stained C2C12 cells were captured using cellSens Standard BX53 

software (Olympus, Tokyo, Japan) and analyzed using Image J software (NIH, 

Bethesda, MD).

6. Viability assay

Cell viability was assessed using the Cell Counting Kit-8 (CCK-8; Dojindo, 

Kumamoto, Japan) as per the manufacturer's instructions. In brief, 10 μL of WST-8 

dye [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, 

monosodium salt] was introduced into each well of a 96-well plate (49). The mixture 

was incubated for 1 h, and absorbance readings were subsequently taken at 450 nm 

with a reference wavelength of 650 nm using a microplate reader (SPECTRAmax 

340PC; Molecular Devices, Palo Alto, CA).

7. Measurement of intracellular reactive oxygen species levels

Intracellular ROS levels were quantified by employing the chloromethyl derivative of 

2′,7′-dichlorofluorescein diacetate (CM-H2DCFDA, C6827; Invitrogen). Initially, cells 

were rinsed with serum-free DMEM and then incubated with 10 μM CM-H2DCFDA 

at 37°C for 30 min, shielded from light, in a 5% CO2 environment. Following this 

incubation, cells were washed with PBS and visualized under a fluorescent 

microscope (Carl Zeiss, Jena, Germany). Fluorescence intensity was also measured 
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using a microplate reader (Infinite 200PRO; Tecan Life Sciences, Zürich, Switzerland) 

at an excitation wavelength of 490 nm and an emission wavelength of 520 nm.

8. Animals

Animal experimental procedures were approved by the Institutional Animal Care and 

Use Committee of the Asan Institute for Life Sciences (No. 2019-12-143). 

Three-month-old male C57BL/6 mice (Orientbio, Seongnam, South Korea) were used 

in this study. Recombinant B2M (250 μg/ 100 μL) or PBS (100 μL) was 

intraperitoneally injected with a 31-gage needle 5 times per week for 4 weeks (6 

mice per group). Mice were sacrificed at 16 weeks of age following treatment by 

cardiac puncture. All treatment groups were weight matched and randomized to 

treatment at the initiation of an experiment. The researcher conducting the treatment 

was not blinded to the experimental groups, but the researcher assessing muscle 

parameters was blinded to the analyses.

9. Immunofluorescence and muscle fiber size measurement

Muscle tissues that had been frozen in an optimal cutting temperature compound 

were sectioned to a thickness of 10 μm using a cryostat microtome (Leica 

Microsystems, Wetzlar, Germany) and were stained with laminin-DAPI to measure 

muscle fiber size. Specifically, the frozen muscle tissues were blocked for 1 h and 

then incubated with primary antibodies (laminin, 1:1000, Sigma-Aldrich) overnight at 

4°C. After washing with PBS, the sectioned tissue slides were incubated with 

secondary antibodies (Alexa Fluor 647 goat anti-rabbit IgG, 1:1000, Invitrogen) for 1 

h at room temperature. Subsequently, they were mounted using a mounting medium 

with DAPI aqueous fluoroshield. The cross-sectional area (CSA) of muscle fibers was 

determined by manually drawing contours around individual fibers using ZEN 2 (blue 

edition) software (Carl Zeiss).
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10. Skeletal muscle function exploration in mice

The grip strength test was conducted by securing all four limbs of the mouse on a 

metal grid and pulling them backward five times. From these trials, the three values 

were averaged after excluding the maximum and minimum values, and this average 

was used as the measured value, expressed in Newtons (N). Another method for 

assessing muscle strength was the Kondziella's inverted screen test (50). In this test, 

a weight equivalent to 8-10% of the mouse's body weight was attached to its tail, 

and the mouse was placed on a wire cage, which was then slowly inverted. The 

muscle strength of the mice was determined based on the duration they were able to 

hang onto the wire mesh. The rota-rod performance test involved placing the mouse 

on a rotating rod and measuring both the distance the mouse traveled before falling 

and the time it took for the mouse to fall (Jeungdo Bio & Plant Co., Seoul, South 

Korea). To ensure accurate measurements, the mice underwent acclimatization 

exercises the day before the actual testing. Each measurement was taken twice with a 

break in between, rather than continuously, for increased accuracy.

11. Study participants for clinical research

This cross-sectional study was conducted among a cohort of older adults aged 65 

years or older residing in the community in South Korea. These individuals 

underwent a comprehensive functional assessment at the outpatient geriatric clinic of 

Asan Medical Center, a teaching hospital in Seoul, between May 2020 and 

November 2020. Their visits to the clinic were primarily for the management of 

chronic conditions such as osteoporosis, osteoarthritis, hyperlipidemia, and 

hypertension, or for the evaluation of common nonspecific symptoms associated with 

aging, such as fatigue and loss of appetite. None of the participants were residing in 

hospitals or nursing homes; all of them had the capability to move around 

independently, either with or without walking aids. Individuals with a life expectancy 

of less than one year due to malignancy, advanced heart failure, or end-stage renal 

disease were not included in the study. All 158 eligible participants provided written 
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informed consent and agreed to have their blood samples collected for enrollment in 

the research. The study received approval from the Institutional Review Board (IRB 

no. 2020-0259) and adhered to the ethical guidelines for human experimentation 

outlined in the Declaration of Helsinki.“

12. Evaluation of sarcopenia in older adults

Experienced nurses conducted interviews and analyzed medical records to gather 

demographic information and medical histories. Body composition, including muscle 

mass, were assessed using bioelectrical impedance analysis (InBody S10; InBody, 

Seoul, South Korea) at frequencies of 1, 5, 50, 250, 500, and 1000 kHz. 

Appendicular skeletal muscle mass (ASM), representing the combined muscle mass of 

the upper and lower extremities, was calculated. Additionally, the skeletal muscle 

mass index (SMI) was computed by dividing ASM by the square of the individual's 

height (kg/m2). Handgrip strength of the dominant arm was measured with a hand 

dynamometer (Patterson Medical, Warrenville, IL, USA) (51). Participants were 

instructed to sit comfortably, bend their elbows at a 90-degree angle, and grasp the 

dynamometer as firmly as possible. Two measurements of grip strength were taken, 

with at least one minute between measurements, and the maximum value was 

recorded. Gait speed was determined over a 4-meter distance, and the time needed to 

complete five chair stands was documented (52). The short physical performance 

battery (SPPB) was administered, encompassing assessments of repeated chair stands, 

standing balance, and gait speed (53).

The 2019 Consensus Guidelines from the Asian Working Group for Sarcopenia 

were employed to establish the definition of sarcopenia (54). Sarcopenia was 

diagnosed when individuals presented with low muscle mass combined with weak 

muscle strength and/or poor physical performance. Low muscle mass was defined as 

having a SMI of < 7.0 kg/m² for men and < 5.7 kg/m² for women. Weak muscle 

strength was determined by handgrip strength measurements of less than 28 kg for 

men and less than 18 kg for women. Poor physical performance was identified by 
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slow gait speed (less than 1.0 m/s), prolonged completion time for the five-time 

chair stand test (12 seconds or more), or a low SPPB total score (9 points or less).

The sarcopenia phenotype score (SPS) for a continuous measure incorporating 

multiple features of sarcopenia, which ranged from 0 (best) to 3 (worst), was 

calculated as the numbers of abnormal parameters among the following three items: 

low muscle mass, weak muscle strength, and slow gait speed (55). 

13. Measurement of serum B2M

Blood samples were collected from the antecubital veins of all participants following 

an overnight fast. Subsequently, the samples underwent centrifugation at 3000 rpm 

for 5 min at 4°C, resulting in the careful separation of the supernatant to eliminate 

cellular components. Samples displaying indications of hemolysis or clotting were 

excluded from the analysis. The obtained serum samples were then stored at -80°C 

until the quantification of serum B2M concentrations was conducted using the 

Parameter immunoassay kit (Cat. No. KGE019; R&D Systems, Minneapolis, MN, 

USA) as per the manufacturer's guidelines. The ELISA kit possessed a lower limit of 

detection of 0.132 μg/mL, with both intra-assay and inter-assay coefficients of 

variation measuring below 7.5% and 18.4%, respectively.

14. Statistical analysis

The in vitro data are presented as the mean ± standard error of the mean (SEM) 

derived from a minimum of three independent experiments, each with triplicate 

measurements, unless stated otherwise. We assessed the significance of variations 

among three or more groups using analysis of variance (ANOVA) with subsequent 

post hoc analysis using Tukey's honest significance test, and we evaluated the 

differences between two groups using the Mann-Whitney U test."

The clinical data were presented as means ± standard deviation (SD), along 

with numbers and percentages. To compare the baseline characteristics of participants 
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with and without sarcopenia, we used the Student's t-test for continuous variables and 

the chi-square test for categorical variables. We assessed the association between age 

and serum B2M levels through Pearson correlation analyses. Analysis of covariance 

(ANCOVA) was employed to compare the estimated mean serum B2M levels with 

respect to sarcopenia status and related parameters, while adjusting for sex, age, and 

body mass index (BMI). Linear regression analysis was conducted to evaluate the 

relationship between serum B2M levels and specific muscle parameters relevant to 

sarcopenia, both before and after controlling for sex, age, and BMI. Logistic 

regression analysis was performed to calculate odds ratios (ORs) for the risk of 

sarcopenia and adverse muscle outcomes based on serum B2M increments. All 

statistical analyses were carried out using SPSS version 18.0 (SPSS Inc., Chicago, 

IL). A significance level of P < 0.05 was considered statistically significant.
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Results

1. Effects of recombinant B2M on in vitro myogenesis

Myoblasts from the C2C12 cell line were differentiated into mature myotube with 

and without recombinant B2M in order to examine the effects of B2M on in vitro 

muscle metabolism. Myotube number, myotube area, myotube area per myotube, 

nuclei number per myotube, and fusion index were all significantly reduced following 

recombinant B2M treatment in a dose-dependent manner (Fig. 1A). Furthermore, 

recombinant B2M treatment resulted in a decrease in the proportion of large myotube 

area and an increase in the proportion of small myotube area (Fig. 1A). Consistently, 

western blot and quantitative RT-PCR analyses revealed that recombinant B2M 

significantly reduced the protein and mRNA expression levels of myogenic 

differentiation markers, including myogenin and MyHC were markedly decreased by 

recombinant B2M (Fig. 1B and 1C, respectively). When we looked into the potential 

impacts of B2M on other muscle biology, recombinant B2M significantly suppressed 

the migration of C2C12 myoblasts (Fig. 1D) without affecting the viability (Fig. 1E). 

These findings provide in vitro proof that B2M plays a detrimental role in muscle 

metabolism primarily by inhibiting muscle differentiation.
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Figure 1. Recombinant B2M suppresses in vitro muscle differentiation. 

(A) Mouse C2C12 myoblasts were differentiated into myotubes with 2% horse serum 

after exposure to the indicated concentrations of recombinant B2M for 3 days. 

Myotubes were stained with anti-myosin heavy chain (MyHC) antibody while nuclei 

were counterstained with 4,6-diamidino-2-phenyindole. Quantitative results per field 

are presented (n = 4). (B) Westen blot and (C) quantitative reverse-transcription 

polymerase chain reaction analyses of myogenin and MyHC in C2C12 cells with 2% 

horse serum in the presence or absence of 10 μM B2M for 3 days (n = 3). (D) The 

directional migration and (E) viability of mouse C2C12 myoblasts were assessed by a 

Boyden chamber system and cell counting kit-8 assay after exposure to the indicated 

concentrations of recombinant B2M for 6 and 24 h, respectively (n = 5). Scale bars: 

100 μm (A) and 50 μm (D). B2M, β2-Microglobulin; OD, optical density. Data are 

expressed as mean ± standard error of the mean. *P < 0.05 vs. untreated control.

2. Increased intracellular reactive oxygen species (ROS) production underlies the inhibitory 

effects of B2M on myogenesis

To ascertain the extent of intracellular ROS production, we assessed CM-H2DCFDA 

intensity in the presence or absence of recombinant B2M treatment during 

myogenesis. The intracellular ROS levels in myotubes were enhanced by B2M in a 

dose-dependent manner with a 1.9-fold rise in CM-H2DCFDA content at 10 μM 

B2M (Fig. 2A). It was interesting to note that pretreatment with NAC, a strong 

biological thiol antioxidant, dramatically decreased the stimulation of intracellular ROS 

production caused by B2M in myotubes (Fig. 2B). NAC also significantly attenuated 

the effects of B2M on myotube area, myotube area per myotube, nucleus number per 

myotube, and fusion index (Fig. 2C). Consistently, decreased mRNA and protein 

expressions of myogenin and/or MyHC by B2M were markedly reversed by NAC 

pretreatment during myogenesis (Fig. 2D and 2E, respectively). These data 

demonstrated the significance of oxidative stress in the suppression of muscle 

differentiation brought on by treatment with recombinant B2M.
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Figure 2. The inhibitory effects of B2M on myogenesis are mediated by increased 

intracellular reactive oxygen species (ROS) generation. 

(A) Mouse C2C12 myoblasts were differentiated into myotubes with 2% horse serum 

after exposure to the indicated concentrations of recombinant B2M for 3 days. 

Intracellular ROS levels were measured using a fluorescent probe, chloromethyl 

derivative of 2′,7′-dichlorofluorescein diacetate (CM-H2DCFDA;n = 5). (B and C) 

Mouse C2C12 myoblasts were differentiated into myotubes with 2% horse serum in 

the presence or absence of 10 μM B2M and/or 1 mM N-acetyl cysteine (NAC) for 

3 days. (B) Intracellular ROS levels were measured using H2DCFDA(n = 3). (C) 

Myotubes were stained with anti-myosin heavy chain (MyHC) antibody while nuclei 
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were counterstained with 4,6-diamidino-2-phenyindole. Quantitative results per field 

are presented (n = 3). (D) Quantitative reverse-transcription polymerase chain reaction 

and (E) westen blot analyses of MyHC and/or myogenin in C2C12 cells with 2% 

horse serum in the presence or absence of 10 μM B2M and/or 1 mM NAC for 3 

days (n = 3). Scale bars: 100 μm (B) and 100 μm (C). B2M, β2-Microglobulin. *P 

< 0.05 vs. untreated control; #P < 0.05 vs. 10 μM B2M.

3. Decrease muscle size, muscle strength, and physical performance by systemic B2M treatment 

in mice

To investigate the in vivo effects of B2M on muscle phenotypes, 3-month-old male 

mice were intraperitoneally injected with 250 μg of B2M for 4 weeks. Untreated 

controls and B2M-injected mice were matched for body weight at baseline, and there 

was no difference in body weight after 4 weeks of treatment as well (Fig. 3A). 

Compared to the controls, B2M treatment reduced the cross-sectional area (CSA) of 

TA and soleus muscles by 28.5% and 16.1%, respectively (Fig. 3B and Fig. 3C, 

respectively), and increased the number of small fibers while decreasing the number 

of large fibers in both muscle types. Furthermore, the grip strength, grid hanging 

time, and latency time to fall from the rotating rod in mice treated with B2M 

decreased by 21.2%, 45.4%, and 41.5%, respectively, compared to untreated controls 

(Fig. 3D, Fig. 3E, and Fig. 3F, respectively). Next, changes in muscle functions were 

evaluated before and after 4 weeks of treatment in each of the control mice and 

B2M-injected mice. In both groups, body weight significantly increased to a similar 

extent after 4 weeks. However, grip strength, grid hanging time, and latency time to 

fall from the rotating rod decreased by 29.9%, 51.9%, and 40.7%, respectively, after 

4 weeks of B2M treatment, whereas there was no change in the untreated controls 

(Fig. 3H, Fig. 3I, and Fig. 3J, respectively). Consistent with these results, western 

blot analyses of TA and soleus muscles showed that B2M treatment markedly 

inhibited the expression of MyHC, a myogenesis marker (Fig. 3K).
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Figure 3. Systemic B2M treatment reduces muscle strength as well as the size of 

muscle fiber in mice. 

Three-month-old male mice were intraperitoneally injected with PBS (100 μL) or 

recombinant B2M (250 μg/ 100 μL) for 4 weeks (n = 6 per group). (AￚF) Muscle 

phenotypes were compared between untreated controls and B2M-injected mice after 4 

weeks. (A) Body weight, (B) tibialis anterior size, (C) soleus size, (D) grip strength, 

(E) grid hanging time, and (F) latency time to fall from the rotating rod. (GￚJ) 

Muscle phenotypes were compared before and after 4 weeks of treatment in each of 

the control mice and B2M-injected mice. (G) Body weight, (H) grip strength, (I) grid 

hanging time, and (J) latency time to fall from the rotating rod. (K) Westen blot 

analyses in tibialis anterior and soleus muscles after 4 weeks of treatment. Scale 

bars: 100 μm (B) and 100 μm (C). B2M, β2-Microglobulin; PBS, phosphate-buffered 
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saline. *P < 0.05 vs. untreated control or before treatment.

4. Differences in serum B2M level according to the status of sarcopenia and muscle phenotypes 

in older adults

To ascertain the clinical relevance of B2M’s effects on muscle homeostasis in in 

vitro and animal experiments, circulating B2M concentrations were measured in 158 

older adults aged 65 and older and their baseline characteristics are presented in 

Table 1. Among the 118 controls without sarcopenia and 40 cases with sarcopenia, 

97 (82.2%) and 29 (72.5%) were women, respectively. The mean age of controls 

was 75.3 ± 5.2 years, whereas that of cases was 79.7 ± 4.6 years (P <0.001). 

Compared to the control group, participants with sarcopenia exhibited lower weight, 

BMI, ASM, SMI, grip strength, gait speed, and SPPB total score (P = 0.023 to 

<0.001). On the other hand, their chair stand test time and SPS score were 

significantly higher (P = 0.003 and <0.001, respectively).

Table 1. Basic clinical characteristics of the study participants

No sarcopenia
(n = 118)

Sarcopenia
(n = 40)

p

  
Age, y

  
75.3 ± 5.2

  
79.7 ± 4.6

  
<0.001

  
Female

  
97 (82.2)

  
29 (72.5)

  
0.254

  
Body weight, kg

  
59.4 ± 9.6

  
53.6 ± 5.5

  
<0.001

  
Height, cm

  
155.0 ± 6.5

  
153.2 ± 6.9

  
0.157

  
Body mass index, kg/m2

  
25.4 ± 5.5

  
22.9 ± 2.5

  
0.007

  
Diabetes mellitus

  
46 (39.0)

  
13 (32.5)

  
0.571
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Data are presented as mean ± standard deviation or n (%). Differences between the 

two groups were assessed using Student’s t-tests for continuous variables and χ2 test 

for categorical variables. B2M, β2-microglobulin; SPS, sarcopenia phenotype score; 

SPPB, short physical performance battery.

Pearson correlation analyses with scatter plots revealed that serum B2M 

concentrations increased with age, which in consistent with previous reports (γ = 

0.446, P <0.001; Supplemental Fig. 1) (46).

Polypharmacy 59 (50.0) 24 (60.0) 0.360
  
Fall in previous year

  
21 (17.8)

  
8 (20.0)

  
0.814

  
Appendicular skeletal muscle 

mass, kg

  
15.2 ± 2.9

  
13.2 ± 2.3

  
<0.001

  
Skeletal muscle mass index, 

kg/m2

  
6.30 ± 0.79

  
5.56 ± 0.52

  
<0.001

  
Grip strength, kg

  
25.9 ± 6.3

  
19.9 ± 5.1

  
<0.001

  
Usual gait speed, m/s

  
1.04 ± 0.24

  
0.77 ± 0.26

  
<0.001

  
Chair stand test time, s

  
10.4 ± 5.5

  
17.3 ± 13.5

  
0.003

  
SPPB total score (ranges, 0-12)

  
10.9 ± 1.6

  
8.7 ± 3.1

  
<0.001

  
SPS score (range, 0-3)

  
0.73 ± 0.57

  
2.40 ± 0.50

  
<0.001

  
Serum B2M, μg/mL

  
2.26 ± 0.87

  
2.62 ± 0.86

  
0.023
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Supplemental Figure 1. Pearson correlation coefficient with scatter plots for the 

association of age with serum B2M level. 

* indicates a statistically significant value. B2M, β2-microglobulin.

Differences in serum B2M levels according to status of sarcopenia and related 

specific component were evaluated using ANCOVA before and after adjustment for 

confounding factors. In a crude analysis, serum B2M levels were higher in 

participants with sarcopenia, weak grip strength, slow gait speed, prolonged chair 

stand test time, low SPPB total score, and poor physical performance (P = 0.023 to 

<0.001), although there was no significant difference of serum B2M between those 

with and without low muscle mass (Fig. 4A). After adjustment for sex, age, and 

BMI, the statistical significance of serum B2M levels in relation to the status of 

weak grip strength, slow gait speed, low SPPB total score, and poor physical 

performance persisted (P = 0.006 to 0.048; Fig. 4B). However, in this multivariable 

adjustment model, serum B2M concentrations were no longer different between those 

with and without sarcopenia or prolonged chair stand test time.
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Figure 4. Serum B2M level by sarcopenia and muscle-related parameters before (A) 

and after (B) adjusting for age, sex, and body mass index. 

The estimated mean values with 95% confidence intervals were calculated and 

compared using analysis of covariance. * indicates a statistically significant difference 

from control. B2M, β2-microglobulin.
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5. Association between serum B2M level and sarcopenia-related parameters in older adults

Linear regression analyses were conducted to explore the relationship of serum B2M 

levels with specific muscle parameters relevant to sarcopenia (Table 2). Regardless of 

adjustment models, circulating B2M levels were positively associated with SPS and 

inversely associated with grip strength, gait speed, and SPPB total score (P <0.001 to 

0.024), but not with SMI and chair stand test time. 

Table 2. Associations of serum B2M level with muscle-related parameters by linear 

regression analysis

  
The Enter method is applied to this model with serum B2M level as an independent 

variable. Bold numbers indicate statistically significant values. B, standardized 

regression coefficient; B2M, β2-microglobulin; SPPB, short physical performance 

battery.

The risk of sarcopenia and poor muscle outcomes according to serum B2M levels 

in older adults was assessed by logistic regression analyses (Table 3). Prior to 

Dependent variable
Unadjusted

Age, sex, and 
BMI adjusted

B P
   

B P

  
Sarcopenia phenotype score

  
0.300

  
<0.001

     
0.178

  
0.024

  
Skeletal muscle mass index

  
−0.013

  
0.868

     
0.053

  
0.396

  
Grip strength

  
−0.291

  
<0.001

     
−0.216

  
0.001

  
Usual gait speed

  
−0.364

  
<0.001

     
−0.249

  
0.002

  
Chair rise test time

  
0.154

  
0.054

     
0.060

  
0.472

  
SPPB total score

  
−0.316

  
<0.001

     
−0.212

  
0.008
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adjustment for confounding variables, the ORs for weak grip strength, slow gait 

speed, low SPPB total score, and poor physical performance per 1 μg/mL increase in 

serum B2M level were 2.23, 2.18, 2.16, and 1.95, respectively (P <0.001 to 0.002), 

and increased risk of these conditions with elevated serum B2M levels was still 

significant even after accounting for age, sex, and BMI (P = 0.019 to 0.046). 

However, higher ORs for sarcopenia and prolonged chair stand test time by serum 

B2M increase were only evident in the univariate model (P = 0.027 and 0.015, 

respectively), with statistical significance diminishing upon adjustment for potential 

confounding factors. Furthermore, the risk of low muscle mass per 1 μg/mL increase 

in serum B2M level was insignificant in either unadjusted or adjusted analyses.

Table 3. Association of presence of sarcopenia or abnormalities in sarcopenia 

parameters with serum B2M level by logistic regression analysis

Dependent variable
Unadjusted Age, sex, and BMI adjusted

OR (95% CI) per 
serum B2M increment

P
OR (95% CI) per 

serum B2M increment
P

  
Sarcopenia

  
1.57 (1.05–2.35)

  
0.027

  
1.22 (0.78–1.93)

  
0.382

  
Low muscle mass

  
1.18 (0.82–1.69)

  
0.370

  
1.03 (0.66–1.16)

  
0.898

  
Weak grip strength

  
2.23 (1.40–3.55)

  
0.001

  
1.85 (1.11–3.10)

  
0.019

  
Slow gait speed

  
2.18 (1.42–3.36)

  
<0.001

  
1.72 (1.08–2.72)

  
0.021

  
Prolonged time for 

chair rise

  
1.62 (1.10–2.40)

  
0.015

  
1.47 (0.96–2.23)

  
0.075

  
Low SPPB total 

score

  
2.16 (1.38–3.37)

  
0.001

  
1.74 (1.06–2.85)

  
0.029

  
Poor physical 

performance

  
1.95 (1.27–2.99)

  
0.002

  
1.60 (1.01–2.52)

  
0.046



- 25 -

Bold numbers indicate statistically significant values. B2M, β2-microglobulin; OR, 

odds ration; CI, confidence interval; SPPB, short physical performance battery.
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Discussion

Given the backgrounds implicating B2M in various age-related diseases, we conducted 

in vitro and animal research, which demonstrated that recombinant B2M treatment 

suppresses myogenesis by triggering the generation of intracellular ROS. Moreover, 

our subsequent investigation to understand its clinical implications revealed that 

higher serum B2M levels were associated with a higher risk of weak grip strength, 

slow gait speed, a low SPPB total score, and poor physical performance in older 

adults. These results provide experimental evidence that B2M, which exerts 

detrimental effects on muscle metabolism, could be a potential therapeutic target for 

sarcopenia. Additionally, they suggest that circulating B2M could serve as one of the 

blood-based biomarkers for assessing poor muscle health in humans.

Blood, often referred to as the lifeline of our body, plays a pivotal role in 

transporting oxygen, nutrients, hormones, inflammatory markers, various signaling 

molecules, and even genetic material such as microRNAs to all organs and tissues. 

Consequently, it holds a wealth of information about an individual's comprehensive 

pathophysiological condition. One prominent feature of aging phenotypes is the 

simultaneous deterioration of multiple organs. For instance, older adults with cognitive 

impairment are known to be more susceptible to cardiovascular diseases, osteoporosis, 

and sarcopenia (56-58). Therefore, to elucidate these concurrent functional declines 

associated with aging, researchers have increasingly focused on age-related changes in 

the blood, which courses through every corner of our body (12, 59-61). The 

significance of employing the circulatory system in aging research is strongly 

underscored by the results from parabiosis, an experimental technique where two 

animals, typically a young and an old individual, are surgically connected, allowing 

their circulatory systems to intermingle. The key findings in this model are that 

exposure to young blood rejuvenates the physiological status of the heart, pancreas, 

brain, skeletal muscle, and bone in old mice (20, 21, 23, 62, 63), whereas exchange 

with old blood markedly reduces the functional and cognitive reserve of young mice 

(25). Subsequently, through the efforts of many researchers, specific circulating 
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factors that either exacerbate or ameliorate the aging phenotypes have been reported 

(26). In more detail, apelin, cadrerin13, extracellular nicotinamide 

phosphoribosyltransferase (eNAMPT), and oxytocin have been proposed as systemic 

rejuvenating factors that extend murine lifespan, reverse muscle wasting, inhibit 

cellular senescence, and prevent bone loss (64-68). On the contrary, C-C motif 

chemokine ligand 11 (CCL11) and growth differentiation factor 11 (GDF11) have 

been suggested as pro-aging factors in blood, impairing cognitive function, liver 

regeneration, and muscle regeneration (21, 69). However, since aging process is not 

as simple as can be explained by one key molecule, continuous efforts to discover 

various circulating factors that regulate aging and to elucidate their interrelationships 

are necessary to extend the healthy lifespan in old age.

Sarcopenia, characterized by the loss of muscle mass and function, is becoming 

increasingly important from a public health perspective in the era of extreme aging, 

as it is associated with various adverse outcomes in the elderly population (34, 37). 

Despite its growing significance, there is currently no approved treatment for this 

condition. This underscores the fact that sarcopenia remains a hot topic in aging 

research, highlighting the urgent need for innovative approaches to address this 

complex syndrome and improve the quality of life for older individuals. As part of 

our efforts to uncover potential factors contributing to the development of sarcopenia, 

we have been particularly focused on exploring the role of B2M in muscle 

metabolism. B2M is a nonglycosylated protein consisting of 119 amino acid residues, 

with a secreted form comprising 99 amino acids and a molecular weight of 12 kDa 

(70). The circulating B2M concentration consistently showed elevation not only in 

young partners within heterochronic parabiosis experiments and aged mice but also in 

older humans (21, 46), and our clinical study, which included older adults, confirmed 

a positive correlation between age and serum B2M level (Supplemental Figure 1). 

Importantly, the administration of recombinant B2M resulted in impaired neurogenesis, 

synaptic dysfunction, and memory deficits in mice, whereas the use of B2M 

antagonists or genetic ablation of B2M effectively mitigated these detrimental 

phenotypes in aged mice (46, 47). These discoveries have garnered significant interest 
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in circulating B2M as a systemic factor with relevance to the aging process. Given 

that sarcopenia is a key phenotype of aging, we conducted current experiments and 

found that recombinant B2M inhibited in vitro myogenesis in a dose-dependent 

manner and decreased muscle size, muscle strength, and physical performance in 

mice. Collectively, manipulations mitigating the effects of various pro-aging factors 

have been proposed as potentially effective approaches for slowing or reversing the 

aging process, and B2M may be one of these therapeutic targets for age-related 

diseases, including sarcopenia and dementia.

What sets this study apart from previous research is that we conduced translation 

research to elucidate the role of B2M in human muscle health by expanding upon 

the findings from an experimental study that confirmed its detrimental impact on 

muscle metabolism. Due to the impossibility of conducting interventional trials in 

humans without prior safety verification from preclinical data, the roles of candidate 

factors in humans must be extrapolated from observational results, which has led us 

to undertake current clinical study. Consequently, in line with results from in vitro 

and animal experiments, high serum B2M concentrations were associated with poor 

muscle phenotypes in older adults. A particularly intriguing finding in our clinical 

study is that serum B2M levels were primarily associated with muscle strength and 

physical performance, showing limited correlation with muscle mass, among the 

diagnostic criteria for sarcopenia. Indeed, muscle mass, muscle strength, and physical 

performance each offer unique insights into different aspects of muscle health. Muscle 

mass primarily reflects the quantity or size of muscle tissue in the body, signifying 

its structural composition (71). Muscle strength represents how much force a muscle 

or group of muscles can generate during contraction (72), while physical performance 

encompasses a range of abilities such as coordination, endurance, and power, 

reflecting the integrated efficiency of muscle groups during activities (73). 

Importantly, various factors, such as neural control, coordination, and the quality of 

muscle tissue, can impact muscle strength and physical performance independently 

(56, 74) of muscle mass (75, 76). Therefore, we speculate that B2M may directly 

affect the functional aspects of muscles, such as their contractile properties, 
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neuromuscular efficiency, or energy utilization, rather than causing a significant 

change in muscle size in humans. All these findings emphasize the complexity and 

multifaceted nature of muscular physiology.

Since Dr. Rosenberg first described sarcopenia as the age-associated loss of 

skeletal muscle mass in 1989 (77), there have been updates and refinements to this 

definition over the years as our understanding of sarcopenia has grown. One 

significant change was the introduction of the concept that muscle mass alone does 

not fully capture the functional consequences of sarcopenia and that muscle strength 

and physical performance are important aspects when assessing muscle health (37, 

78). Despite this continued emphasis on muscle function, most existing guidelines 

still consider muscle mass as a crucial parameter for defining sarcopenia (34, 54, 79, 

80). To maintain consistency with our previous study, this research adopts the 

AWGS guideline (54), which necessarily includes the criterion of low muscle mass, 

among the various operational definitions of sarcopenia proposed by different working 

groups. As a result, we could not find a significant association between circulating 

B2M levels and the risk of sarcopenia before and after adjustment for confounders. 

However, recent evidence-based analyses conducted by the Sarcopenia Definition and 

Outcomes Consortium (SDOC) have highlighted that muscle weakness and slow gait 

speed independently predict falls, self-reported mobility limitations, hip fractures, and 

mortality among community-dwelling older adults, whereas appendicular lean mass 

was not associated with these adverse health-related outcomes, regardless of 

adjustments for body size (72). Consequently, SDOC opted not to include muscle 

mass as part of their sarcopenia definition. Furthermore, the Korean Working Group 

on Sarcopenia (KWGS) recognized the clinical significance of weak muscle strength 

combined with poor physical performance and coined the term 'functional sarcopenia' 

to describe this condition, even in the absence of low muscle mass (81). In this 

context, if this study applies a definition of sarcopenia that prioritizes muscle 

function over one based on muscle mass, there is a 1.5-fold increase in the risk of 

sarcopenia for every 1 μg/mL increase in serum B2M concentration. The fact that 

research results can be interpreted differently depending on which guidelines are used 
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underscores the necessity for establishing an international consensus on the definition 

and diagnosis of sarcopenia (32, 80).

In order to explore the potential mechanisms that underlie the adverse impact of 

B2M on muscle metabolism, our research has centered on examining alterations in 

redox signaling. Within a well-functioning skeletal muscle system, the generation of 

oxidative species is carefully balanced by their elimination through both exogenous 

and endogenous antioxidant molecules (82, 83). Nonetheless, an imbalance between 

these processes under specific pathological conditions disrupts the usual redox 

equilibrium, a phenomenon commonly described as "oxidative stress" (84). Several 

research findings have consistently suggested that oxidative stress can result in a 

range of detrimental effects within skeletal muscle. These effects encompass a 

triggered inflammatory response, excitation-contraction uncoupling, an increase in 

myonuclear apoptosis, dysregulated autophagy, heightened ubiquitin proteasome 

activity, disruptions in mineral homeostasis, and mitochondrial dysfunction (82, 85, 

86). These multifaceted processes collectively contribute to muscle fatigue, impaired 

recovery after exercise or injury, and muscle atrophy due to increased protein 

breakdown, ultimately compromising the strength, endurance, and overall performance 

of skeletal muscle. Notably, experimental research has revealed that B2M induces 

cellular damage by augmenting the ROS production (87). Moreover, a correlation 

between B2M and oxidative stress has been observed in the elderly population (88), 

suggesting that oxidative stress could potentially mediate the role of B2M as a 

pro-aging factor. Building upon this background, our study delved into the 

investigation of whether recombinant B2M leads to an increase in intracellular ROS 

production within muscle cells and whether antioxidants reverse the detrimental 

impact of B2M on myogenesis. As a result, our findings underscore the pivotal role 

of oxidative stress as a key regulator in mediating the influence of B2M on muscle 

metabolism.

This study presents a significant advantage as it incorporates comprehensive 

investigations at the cellular, animal, and clinical levels, collectively providing robust 
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evidence to elucidate the influence of B2M on muscle metabolism. The other major 

strength is our clinical assessment of all re-quired parameters to define sarcopenia, 

including muscle mass, handgrip strength, gait speed, SPPB score, and 5-time 

chair-stand test, thereby enhancing the reliability of our findings (34, 54). 

Furthermore, we utilized Asian-specific cutoff values for the diagnosis of sarcopenia 

in older adults, recognizing that muscle phenotypes can exhibit variations based on 

lifestyles, ethnicities, cultural backgrounds, and body sizes (54).

Despite these strengths, it is essential to acknowledge several limitations that 

should be taken into account when interpreting the data. Most importantly, due to the 

cross-sectional design of our clinical study, we can ascertain the association between 

serum B2M concentration and muscle phenotypes in older adults, but we cannot 

confirm whether the current circulating B2M level can predict the future occurrence 

of sarcopenia. Secondly, the inclusion of participants from a single medical center 

may limit the generalizability of our findings. Thirdly, the use of bioelectrical 

impedance analysis represents an indirect approach to assess muscle mass, which 

could potentially affect measurement accuracy (89). In fact, recent studies have 

indicated that newer methods, like the D3 creatinine dilution method, offer superior 

reliability in assessing muscle mass when compared to other techniques, such as 

dual-energy X-ray absorptiometry (90). Future studies adopting these advanced 

methods may yield results that differ from those of the present study. Lastly, while 

we made efforts to consider various confounding factors in our analyses, we cannot 

rule out the possibility that the observed association may have been influenced by 

uncontrolled factors affecting B2M and/or muscle variables.
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Conclusion

In conclusion, recombinant B2M dose-dependently inhibited in vitro myogenesis by 

increasing oxidative stress and reduced muscle size, muscle strength, and physical 

performance in mice. Furthermore, higher serum B2M levels, which increased with 

age, were significantly associated with poor muscle phenotypes in older adults. These 

consistent experimental and clinical findings support the detrimental impact of B2M 

on muscle homeostasis, suggesting that B2M may be a therapeutic target for 

sarcopenia and raising the possibility that measuring serum B2M levels could offer 

additional insights for evaluating muscle health in old age. Further meticulously 

designed large-scale longitudinal studies are imperative to confirm the role of 

circulating B2M as a blood-based biomarker for predicting the risk of sarcopenia.
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Korean Abstract

근육 대사에서 β2-Microglobulin 의 작용기전 및 효과 검증에 관한 연구
Detrimental Effects of β2-Microglobulin on Muscle Metabolism: 

Evidence from In Vitro, Animal, and Human Research

장 일 영

울산대학교 대학원 
의 학 과

1. 연구 배경 및 목적

사람의 세포들은 나이가 들면서 일련의 노화의 과정들을 겪으며 근감소증으로 진행
하게 된다. 임상적으로 근감소증은 근육의 양과 기능의 저하로 정의하지만, 노쇠, 삶의 
질, 조기 사망 등 다양한 부정적 예후들과 밀접히 연관되어 있다. 노화를 이해하고 
제어하기 위해 근육 대사의 바이오마커를 발굴하고 검증하는 것은 사람에게 근감소증의 
가능성 및 예후 예측뿐만 아니라 신약 후보물질 개발에도 적용될 수 있어 그 가치가 
크다. 혈액에서 노화를 제어하는 circulating factor 가 존재한다는 점은 선행연구에서 
잘 알려진바, 아직까지 근감소증의 확실한 바이오마커가 없는 현시점에서 근육 대사에 
관여하는 강력한 circulating factor 를 in vitro 부터 clinical evidence 까지 확보하는 것은 
그 가치가 매우 클 것이다. 

본 연구에서는 pro-aging factor 로 알려지기 시작한 β2-Microglobulin (B2M) 에 대하여 
muscle metabolism 에 대한 영향을 확인하고 검증하는 것을 목표로 한다. 

2. 연구대상자 및 연구 방법

In vitro setting 에서 muscle metabolism 에 대한 B2M 의 역할과 기전을 이해하고, 

animal muscle 에서 B2M 의 근육에 대한 영향을 검증하며, clinical human aging cohort 에서 
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sarcopenia phenotype 및 parameter 와 비교하여 muscle 에 대한 detrimental effect 를 검증한
다. 

(1) In vitro 에서 B2M 의 myogenesis 영향 확인 
Mouse 의 myoblasts 에서 myogenesis 를 유도한 후 B2M 을 처리하여 dose 별 myo-

genesis 의 suppression 여부 및 수준을 확인한다.

(2) Anti-myogenesis 의 기전 확인
In vitro myoblasts 에 B2M 처리 후 dose 별 intracellular reactive oxygen species (ROS) 

생성의 증가를 확인하며, 알려진 antioxidant 인 N-acetyl cysteine 을 전처리한 cell 과 
그 효과를 함께 비교하여 myoblast 에 대한 효과 (myotube area, nucleus number, fusion 

index 감소 등)을 확인하고 muscle 에 대한 B2M 의 inhibitory mechanism 을 확인한다.

(3) In vivo 에서 muscle phenotype 에 대한 B2M 의 영향 확인
3 개월령 mice 복강에 B2M 을 4 주간 매일 주입하고, 대조군과 주요 횡문근(skeletal 

muscle)들에 대한 단면적, 근력 및 근 기능을 비교한다. 

(4) Human aging cohort 에서 circulating B2M level 과 근감소증 phenotype 및 parameter 의 
비교

1) 노인으로 구성된 human cohort 에서 근감소증 진단 기준에 의거 근감소증 유무를 
구분하고, serum B2M level 을 근감소증 유무에 따라 비교한다. 

2) 근육량, 근력, 근 기능 등 근감소증 주요 parameter 들에 대해서도 serum B2M 

level 을 비교하여 muscle function 에 대한 negative effect 를 확인한다. 

3) Serum B2M level 과 muscle 관련 parameter 들에 대한 회귀분석을 통해 human 

muscle 에 대한 B2M 의 inhibitory effect 를 확인한다.

3. 연구 결과 및 고찰
Mouse C2C12 myoblast 에 recombinant B2M 처리 시 myogenesis 가 용량 의존적으로 

억제됨을 확인하였고 근육 분화(생성) 표지자들의 발현도 일관되게 감소하였다. B2M 은 
myotube 내부에서 활성 산소(ROS) 생성을 상당히 증가시켰으며, 반대로 강력한 항산화
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제인 N-아세틸시스테인을 투여했을 경우 B2M 에 의해 감소한 근세포 면적, 근 세포당 
면적, 근 세포당 핵수, 융합 지수는 역행함을 확인하였다. 

동물 실험에서도, B2M 을 투여받은 mouse 는 주요 골격근의 면적 및 근육량뿐만 
아니라 근력, 활동력 등이 유의하게 감소하였다. 

사람을 대상으로 한 임상 코호트 연구에서는, 혈청 B2M 수준이 근감소증 주요 
지표들인 근력(grip strength), 보행속도(gait speed) 및 신체 기능(Short Physical Performance 

Battery, SPPB)과 reverse correlation 을 보였으며 근감소증 주요 지표들을 합산한 sarcope-

nia phenotype score 와는 positive correlation 을 보였다. 이 결과는 나이, 성별 및 체질량 
지수를 보정하여도 일관된 결과를 보였으며, 특히 사람에서 혈청 B2M 수준이 높은 
경우 근감소증의 주요 지표들(근력, 보행속도, 신체 기능)은 일관되게 낮아 근감소증 
위험이 높음을 확인할 수 있었다. 

이 연구는 B2M 이 주로 산화 스트레스를 증가시킴으로써 근육 대사에 해로운 영향을 
미친다는 실험적 증거를 제공한다. 특히 우리 연구는 그 방법론적으로서 B2M 의 근육에 
대한 효과를 in vitro 및 animal 연구에서부터 확인한 후, 사람(노인)의 혈액과 임상 
정보들을 통해 실제 검증함으로써, B2M 이 노인의 근육 건강을 평가하는 혈액 바이오마
커가 될 수 있고, 잠재적으로 pro-aging marker 가 될 수 있다는 중요한 근거를 제공한다. 
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