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associated with a decline in muscle fiber size and num-
ber, particularly type II muscle fibers, and an increase in 
fat infiltration within the muscle tissue [2].

Though the understanding of the etiology of sarcope-
nia is still limited, studies have proven that the etiology 
of sarcopenia is multifactorial, involving both intrinsic 
aging processes and extrinsic factors [3]. Previous studies 
have reported the roles of age, immune status, lifestyle, 
nutrition, and chronic diseases in the development of 
sarcopenia. In all these factors, advanced age is a signifi-
cant risk factor for sarcopenia [4].

Introduction
Sarcopenia refers to the progressive loss of skeletal mus-
cle mass and function that occurs with aging, character-
ized by a decrease in muscle strength, power, and physical 
performance, which can lead to reduced mobility and 
an increased risk of falls and fractures [1]. Sarcopenia is 
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Abstract
Background  In this study, we aim to explore the roles of IL-16 in sarcopenia based on older orthopedic patients and 
animal research.

Methods  This clinical research in this study was an observational investigation and included all the older patients 
with orthopedic trauma admitted to our department between January 2021 and January 2022. Patients were 
identified with sarcopenia if they have both low hand grip strength (HGS) and low appendicular skeletal muscle mass 
(ASM). Propensity score matching (PSM) was performed to reduce the bias caused by the co-factors and levels of 
IL-16 between normal patients and patients with sarcopenia were compared. In animal research, mice were treated 
with IL-16 to identify the effects of IL-16 on muscle function and muscle mass. Then the sarcopenia models were 
established and the anti-IL-16 was performed to identify the potential therapeutical effect of targeting IL-16.

Results  421 individuals were included in the clinical study, and 77 were identified as sarcopenia. In the matched 
populations, the serum levels of IL-16 of individuals with low HGS, ASM, and sarcopenia were significantly higher 
than normal individuals (all p < 0.001). The mice treated with IL-16 showed significantly impaired muscle function and 
physical performance and loss of muscle mass. Using anti-IL-16 antibodies may rescue the sarcopenia traits caused by 
botulinum toxin type A.

Conclusion  Individuals with high levels of IL-16 may have a significantly high risk of sarcopenia. IL-16 impairs muscle 
function and physical performance and leads to muscle atrophy in mice, and these effects could be reduced by 
targeting IL-16.
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In recent years, inflammaging, the chronic low-grade 
inflammation that occurs with aging, has attracted 
increasing interest from researchers around the world 
[5]. Inflammaging is associated with an increase in the 
systemic levels of pro-inflammatory molecules, such 
as tumor necrosis factor-alpha (TNF-α), interleukin-6 
(IL-6), interleukin-1 (IL-1), and chemokines [6]. These 
inflammatory molecules may contribute to tissue degen-
eration and the pathogenesis of age-related diseases, 
including sarcopenia [7].

Understanding the roles of inflammaging in sarcopenia 
is crucial for developing strategies to prevent and manage 
sarcopenia and provide novel insights for immune aging. 
Interleukin-16 (IL-16) is a pro-inflammatory cytokine 
that plays a significant role in immune regulation and 
inflammation, which may contribute to chronic inflam-
mation in older individuals [8]. Originally identified as a 
lymphocyte chemoattractant factor, IL-16 is chemotactic 
for CD4 + T lymphocytes, monocytes, and eosinophils, 
and it can upregulate IL-2 receptor and HLA-DR expres-
sion, inhibit T cell receptor (TcR)/CD3-dependent acti-
vation, and promote repression of HIV-1 transcription 
[9].

Previous studies have reported the potential role of 
IL-16 in sarcopenia, but most of them were based on 
estimation, with limited sample size and lack of strong 
evidence [10]. In this study, we aim to comprehensively 
explore the relationship between serum levels of IL-16 
and sarcopenia. We hypothesized that IL-16 may lead to 
muscle atrophy and a decline in muscle function. By inte-
grating the evidence from the population of older adults 
and experiments based on mice, we try to identify the 
correlation between serum levels of IL-16 and sarcope-
nia and explore the impact of IL-16 in the development 
of sarcopenia in mice. Specifically, the botulinum toxin 
type A (BoNT/A) model, a widely used sarcopenia model 
in preclinical studies [11], was established and treated by 
anti-IL-16 antibodies, which may potentially suggest the 
therapeutical effect of targeting IL-16. By understand-
ing the roles of IL-16 in sarcopenia, we may develop 
advanced strategies targeting IL-16 to prevent and man-
age sarcopenia, ultimately improving the quality of life 
and health outcomes in older adults.

Methods
Study population
This clinical research in this study was an observational 
investigation conducted at the Emergency Trauma Center 
of Nanyang Second People’s Hospital, Nanyang, Henan 
Province, China. The study was conducted in accordance 
with the tenets delineated in the Declaration of Helsinki 
and obtained approval from the Ethics Committee of 
Nanyang Second People’s Hospital (ID: 2020 Research 
Review No. 11). We included all the older patients with 

orthopedic trauma admitted to our department between 
January 2021 and January 2022. The inclusion criteria 
were: (a) age ≥ 60 years; (b) injury severity score (ISS) ≤ 8; 
(c) with informed consent; The exclusion criteria were: 
(a) pathological fractures; (b) with immune-related dis-
eases that prevent accurate IL-16 measurements; (c) 
with diseases or fractures that prevent accurate sarcope-
nia measurements. The patients who met the inclusion 
and exclusion criteria were finally enrolled in this study 
(Fig.  1). Stringent measures were implemented to safe-
guard patient confidentiality and explicit written consent 
was procured from all enrolled individuals.

Clinical data
The baseline data of the participants were collected from 
electronic medical records of our hospital, including age, 
sex, body mass index (BMI), fracture history, smoking 
and alcohol use history, comorbidities, electrocardiogram 
evaluations, and chest X-ray evaluations. The Charlson 
comorbidity index (CCI) was used to quantify the pres-
ence and impact of these comorbid conditions. The mea-
surement of serum IL-16, red blood cell count (RBC), 
hemoglobin levels (Hb), blood glucose levels (GLU), and 
albumin levels (ALB) were conducted in the department 
of laboratory when the patient was first admitted. The 
normal laboratory measurements were conducted by 
using the hospital’s routine laboratory equipment (Sys-
mex XE-2100, Kehua Bio-engineering Co., Ltd., Shang-
hai, China; TBA-120FR, Toshiba Co., Ltd., Tokyo, Japan), 
and the data were collected from the electronic medical 
record. Serum IL-16 was measured by using a human 
IL-16 ELISA kit (JL19254-96T, Jonlnbio).

Measurement of sarcopenia
In our study, the diagnosis of sarcopenia was conducted 
following the criteria established by the Asian Working 
Group for Sarcopenia (AWGS) [1]. Patients were iden-
tified with sarcopenia if they have both low hand grip 
strength (HGS) and low appendicular skeletal muscle 
mass (ASM). Specifically, HGS was considered low if it 
was below 28 kg for males and below 18 kg for females. 
ASM was deemed low if it was less than 7.00 kg/m3 for 
males and less than 5.70 kg/m3 for females.

HGS was assessed using a spring-loaded dynamometer. 
Given the compromised mobility of participants with 
hip fractures, HGS measurements were performed in a 
seated position. Each participant’s HGS was measured 
three times, and the maximum value was recorded for 
analysis. For the quantification ASM, bioimpedance anal-
ysis (BIA) was employed, utilizing the InBody BWA2.0 
device (InBody Co. Ltd., Shanghai, China). This meth-
odology involved the application of forty bioimpedance 
measurements across a range of eight distinct frequen-
cies (1 kHz, 5 kHz, 50 kHz, 250 kHz, 500 kHz, 1 MHz, 
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2  MHz, 3  MHz) to five segmental regions of the body: 
right upper limb, left upper limb, trunk, right lower limb, 
and left lower limb. The device’s integrated calculation 
model amalgamated these measurements to automati-
cally determine ASM, which was subsequently normal-
ized for height to account for variations in stature among 
participants.

Animals
The animal studies were reviewed and approved by the 
Animal Ethics Committee of Nanyang Second People’s 
Hospital (ID: 2021 Animal Research Review No. 2), and 
C57BL/6 N mice were purchased from Zhengzhou Antu 
Biological Engineering Co., LTD. All mice were housed in 

a controlled environment with a stable temperature rang-
ing from 68 °F to 76 °F, relative humidity levels between 
30% and 70%, within a pathogen-free area, and experi-
enced a consistent 12-hour cycle of light and darkness. 
Prior to euthanasia, animals were rendered fully uncon-
scious via intraperitoneal injection of sodium pentobar-
bital (60  mg/kg body weight). Following confirmation 
of deep anesthesia, cervical dislocation was applied to 
ensure death. Death was verified by absence of spontane-
ous breathing, pupil dilation, and palpable heartbeat for 
≥ 5 min.

Fig. 1  Flow chart of our study. A: Study design of population study; B: Study design of animal study
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Models and treatments
All animals were raised to an age of 14 months to emulate 
the characteristics of aging, after which the experiments 
were initiated. For the sarcopenia model [11], mice were 
administered an intramuscular injection of 1 unit (U) of 
Botulinum Toxin Type A (BoNT/A, 20200862; Hengli), 
evenly distributed into both limbs, with a total injection 
volume of 20 µL of physiological saline, administered 
biweekly. In the IL-16 blocking group, mice received 
intraperitoneal injections of either mouse IgG (400264, 
BioLegend) or anti-IL-16 (519108, BioLegend) antibody 
at a dosage of 10  mg/kg, administered every three days 
[12]. For the IL-16 supplementation group, mice were 
intraperitoneally injected with recombinant mouse IL-16 
protein (90152ES76; Yeasen) at a dosage of 50  µg/kg, 
administered every three days.

ELISA
The serum IL-16 levels of mice were measured using the 
IL-16 mouse ELISA kit (JL20249-96T, Jonlnbio) accord-
ing to the protocols of the kits. Briefly, serum samples 
from mice were collected and processed according to 
the kit’s instructions, ensuring that they were free from 
contaminants that could interfere with the assay. Samples 
were added to antibody-coated plates, and after incuba-
tion and washing, bound IL-16 was detected using HRP-
conjugated antibodies and a colorimetric substrate. The 
absorbance was measured, and IL-16 concentrations 
were determined from a standard curve constructed with 
known concentrations of IL-16. Using similar experimen-
tal protocols, we also measured serum IL-6 (JL20268-
96T, Jonlnbio) and TNFA (JL10484-96T, Jonlnbio) 
concentrations.

Quantitative real-time polymerase chain reaction (qRT-
PCR)
Total RNA was extracted from skeletal muscle samples 
using TRIzol reagent (Ambion, Thermo Fisher, Ger-
many). The concentration and purity of the RNA were 
quantified using a NanoVue spectrophotometer (GE 
Healthcare, Germany). Subsequently, cDNA was syn-
thesized from the RNA samples using the PrimeScript™ 
RT reagent kit (Takara, Otsu, Shiga, Japan) according to 
the manufacturer’s instructions. Quantitative real-time 
PCR (qRT-PCR) was performed on a 7900HT Fast Real-
Time PCR System (Applied Biosystems, Foster City, CA, 
USA) with TB Green Premix Ex Taq™ II (Takara, Otsu, 
Shiga, Japan). The relative mRNA expression levels were 
calculated using the 2 − ΔΔCT method and normalized to 
GAPDH expression. The sequences of the PCR primers 
used in this study are as follows: GAPDH (Forward, ​C​C​
A​T​T​C​T​T​C​C​A​C​C​T​T​T​G​A​T​G​C​T-3; Reverse, ​G​T​T​G​C​T​G​
T​A​G​C​C​A​T​A​T​T​C​A​T​T​G​T), MHC-I (Forward, ​A​G​A​T​G​A​
A​T​G​C​C​G​A​G​C​T​C​A​C​T; Reverse, ​C​T​C​A​T​C​C​A​A​A​C​C​A​G​

C​C​A​T​C​T); MHC-IIa (Forward, GAGCAA ​A​G​A​T​G​C​A​G​
G​G​A​A​A​G; Reverse, ​T​A​A​G​G​G​T​T​G​A​C​G​G​T​G​A​C​A​C​A); 
MHC-IIb: (Forward, ​G​G​G​G​C​T​G​T​A​C​C​A​G​A​A​A​T​C​C​G; 
Reverse, ​C​C​T​G​A​A​G​A​G​A​G​C​T​G​A​C​A CGG); MHC-IIx 
(Forward, ​A​G​A​A​G​C​T​C​C​T​G​G​G​A​T​C​C​A​T​T; Reverse, ​C​T​
C​T​C​G​C​C​A​A​G​T​A​C​C​C​T​C​T​G).

Physical performance evaluation
Animals were subjected to a 10° inclined treadmill 
(SansBio) with an initial speed set at 6 cm/s, which was 
incremented by 1  cm/s every 1  min. Exhaustion was 
determined when a mouse’s hindlimbs remained in con-
tact with the electric grid for over 15 s, and the measure-
ment of time paused during the period when a mouse 
made electric grid contact. The distance and time to 
exhaustion were calculated according to the treadmill 
data. 24 h after the test of exhaustion, mice were exposed 
to a treadmill exercise regimen at varying speeds—6, 
8, 10, 12, 14, and 16  m/min—for 3-minute intervals 
to assess their recovery capacity following muscle 
exhaustion.

Ectopic lipid content
Total lipids were extracted from the quadriceps using the 
Folch method, as previously described [13]. Briefly, tissue 
samples were homogenized in a 2:1 chloroform-metha-
nol mixture to facilitate lipid extraction. The homogenate 
was incubated at 4  °C for 1  h to allow for optimal lipid 
solubilization. Following incubation, the mixture was 
centrifuged at 2400× g for 10 min to separate the phases. 
Subsequently, 0.2 volumes of 0.88% sodium chloride were 
added to the homogenate to further aid phase separation. 
After centrifugation, the lower phase containing the lipid 
fraction was collected, washed, and dried under ambient 
conditions to obtain the lipid extract.

Histological analysis and Immunofluorescence staining
Skeletal muscle samples were embedded in an optimal 
cutting temperature compound and rapidly frozen in 
isopentane pre-chilled with liquid nitrogen, followed by 
storage at -80  °C until further use. Cryosections were 
generated using a Leica CM3054 cryostat. Hematoxylin 
and eosin (H&E) staining was performed on 10-microm-
eter-thick transverse sections taken at the mid-belly of 
the muscle. The cross-sectional area (CSA) of muscle 
fibers was evaluated using a high-magnification field on a 
Nikon Eclipse TS100 optical microscope, which was cou-
pled with a Nikon D5100 digital camera for image acqui-
sition. The quantitative analysis was performed using 
ImageJ software version 1.53.

For immunofluorescence staining, 10-micrometer-
thick frozen tissue sections were fixed with a 4% parafor-
maldehyde solution for 10  min at ambient temperature. 
Following PBS rinsing, slides were blocked with a 5% 
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bovine serum albumin (BSA) in PBS solution for 1 h. The 
slides were then incubated with primary antibodies (Rab-
bit polyclonal to Laminin, ab11575, abcam) at 4 °C for an 
extended period. After thorough PBS washing, the slides 
were incubated with the corresponding secondary anti-
bodies diluted at 1:400 (Goat Anti-Rabbit IgG H&L Alexa 
Fluor® 488, ab150077, abcam) for 1 h at room tempera-
ture. Images were obtained using a Zeiss Axio Imager 2, 
and the quantitative analysis was performed using ImageJ 
software version 1.53.

Statistical analyses
Continuous variables were reported as mean ± standard 
deviation and categorical variables were expressed as 
counts with percentages. For two-group comparisons, 
independent student’s t-tests were used for data exhib-
iting normal distribution, and Wilcoxon rank-sum tests 
were used for non-normally distributed data. For multi-
ple group comparisons, ANOVA with Turkey’s post-tests 
was conducted. Categorical variables were evaluated with 
Chi-squared tests or Fisher’s exact test, as appropriate.

For clinical studies, the baseline characteristics and lev-
els of IL-16 between normal patients and patients with 
sarcopenia were compared and then propensity score 
matching (PSM) was performed to reduce the bias caused 
by the co-factors. Spearman’s rank correlation coeffi-
cient was employed to assess the degree of association 
between serum IL-16 and sarcopenia traits. The receiver 
operating characteristic (ROC) curves were established 
to evaluate the roles of IL-16 in sarcopenia and to iden-
tify the most suitable cutoff values of IL-16 based on the 
Youden index. Then the populations were divided into 
two groups (with normal IL-16 and high IL-16) according 
to the cutoff values of IL-16. The sarcopenia traits were 
compared between the populations grouped by IL-16. 

Furthermore, logistics models were established to further 
identify the relationships between IL-16 and sarcopenia 
by reducing the impact caused by co-variables.

A P value < 0.05 was considered to be significant. All 
statistical analyses were performed by using R software 
version 4.2.2 (R Foundation for Statistical Comput-
ing, Vienna, Austria) and GraphPad Prism version 8.0.1 
(GraphPad Software, San Diego, CA).

Results
General features of participants and PSM
Finally, a total of 421 individuals were included in the 
clinical study. The detailed numbers of exclusion are 
summarized in Fig.  1. In all individuals, the mean age 
is 75.80 ± 8.55 years old, and 288 (68.41%) of them were 
females. In all populations, 77 individuals were identified 
as sarcopenia, and the mean age of them was 79.13 ± 9.25 
years old, while the mean age of those without sarcopenia 
was 75.05 ± 8.21 years old. The populations with sarcope-
nia were significantly older than normal adults (p < 0.001). 
Except the age, there were no significant differences in 
other baseline variables (all p > 0.05). The baseline char-
acteristics are summarized in Table  1. Therefore, we 
conducted the PSM with a caliper of 0.2 to reduce the 
potential bias caused by different ages between groups. 
After PSM, the dataset was reduced from 421 individu-
als to 144 (72 sarcopenia cases and 72 matched controls), 
representing a 65.8% loss of cases. Specifically, the nor-
mal group decreased from 344 to 72 individuals, a reduc-
tion of 79.1%. This substantial loss of cases is attributed to 
the strict matching criteria necessary to ensure covariate 
balance and minimize bias. Despite the reduced sample 
size, the matched groups exhibited no significant differ-
ences in baseline characteristics, ensuring comparability 

Table 1  Baseline characteristics of unmatched populations
Variables All individuals

 (n = 421)
Normal
(n = 344)

Sarcopenia
(n = 77)

p value
Normal vs. Sarcopenia

Sex(female) 288 (68.41%) 234 (68.02%) 54 (70.13%) 0.823
Age(years) 75.80 ± 8.55 75.05 ± 8.21 79.13 ± 9.25 < 0.001
BMI (kg/m2) 21.72 ± 4.33 21.62 ± 4.28 22.20 ± 4.58 0.276
Fractures history (yes) 71 (16.86%) 59 (17.15%) 12 (15.58%) 0.87
Smoking history (yes) 46 (10.93%) 41 (11.92%) 5 (6.49%) 0.239
Alcoholism history(yes) 21 (4.99%) 17 (4.94%) 4 (5.19%) > 0.999
CCI score (> 4) 119 (28.27%) 95 (27.62%) 24 (31.17%) 0.627
Electrocardiogram (abnormal) 248 (58.91%) 196 (56.98%) 52 (67.53%) 0.116
Chest radiograph (abnormal) 224 (53.21%) 178 (51.74%) 46 (59.74%) 0.252
Hypertension(yes) 223 (52.97%) 185 (53.78%) 38 (49.35%) 0.564
RBC (10^12/L) 4.54 ± 0.60 4.52 ± 0.58 4.62 ± 0.65 0.438
Hb (g/L) 94.58 ± 13.82 94.29 ± 13.66 95.86 ± 14.57 0.288
ALB (g/L) 38.63 ± 9.05 38.51 ± 8.97 39.17 ± 9.44 0.624
GLU (mmol/L) 6.18 ± 1.49 6.17 ± 1.50 6.25 ± 1.48 0.839
Note: P-values indicate comparisons between the Normal and Sarcopenia groups. Continuous variables were expressed as mean ± standard deviation and 
categorical variables were presented as count (percent). BMI, body mass index; Hb, Hemoglobin; RBC, red blood count; GLU, blood glucose; ALB, albumin
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between the sarcopenia and non-sarcopenia groups. 
(Table 2).

Relationships between IL-16 and sarcopenia
In the raw populations, the serum levels of IL-16 were 
significantly correlated with HGS negatively (Spearman 
r: -0.107, p = 0.028, Fig.  2A) while not significantly with 
ASM (Spearman r: -0.045, p = 0.357, Fig.  2B). Then, we 
compared the serum levels of IL-16 between patients 
with different sarcopenia status. The individuals with low 
HGS (p < 0.001, Fig.  2C) or with sarcopenia (p < 0.001, 
Fig. 2E) may have high levels of IL-16. The levels of IL-16 
between individuals with normal or low ASM were not 
significantly different (p = 0.093, Fig.  2D). Similarly in 
ROC curves, the area under the receiver operating char-
acteristic (AUROC) of IL-16 for low HGS, low ASM, and 
sarcopenia were 0.610, 0.549, and 0.662 (Fig. 2F and H).

In the matched populations, the correlation between 
IL-16 and HGS, as well as ASM was both significant (for 
HGS: Spearman r: -0.271, p = 0.001; Spearman r: -0.265, 
p = 0.001, Fig. 2I and J). The serum levels of IL-16 of indi-
viduals with low HGS, ASM, and sarcopenia were sig-
nificantly higher than normal individuals (all p < 0.001, 
Fig. 2K and M). In the ROC curves, the AUROC of IL-16 
for low HGS, low ASM, and sarcopenia were 0.709, 0.697, 
and 0.701 (Fig. 2N and P).

Based on the Youden index based on ROC curves of 
IL-16 for sarcopenia in the matched populations, the 
10.90 pg/mL was calculated as the cutoff value of IL-16: 
the individuals with IL-16 > 10.90 pg/mL were identi-
fied as high levels of IL-16. In all populations, 34 of them 
were identified with high levels of IL-16. Then, we com-
pared the sarcopenia traits of participants with different 
IL-16 levels. The adults with high levels of IL-16 may 
have significantly low HSG and ASM and may have high 

proportions of low HSG, low ASM, and sarcopenia (all 
p < 0.001, Table 3).

Lastly, the univariate and multivariate logistics models 
were established to reduce the potential bias caused by 
co-variables. The multivariate models 1 were adjusted for 
age, and the multivariate models 2 were adjusted for the 
variables selected by stepwise methods (age and electro-
cardiogram). As shown in Table 4, all models prove that 
individuals with high levels of IL-16 may have a signifi-
cantly higher risk of sarcopenia (all p < 0.001, Table 4).

IL-16 impairs muscle function and physical performance
Based on the results from the population study, we fur-
ther conducted animal research to identify the roles of 
IL-16 in sarcopenia. Starting from the age of 14 months, 
mice were administered IL-16 via systemic injection until 
they reached 20 months of age. To assess the efficacy of 
IL-16 administration, we measured the serum levels of 
IL-16 in mice at the ages of 17 and 20 months. As shown 
in Fig.  3A, the serum IL-16 levels in the IL-16 treated 
group (17 months: 220.10 ± 23.94 pg/mL; 20 months: 
214.1 ± 47.59 pg/mL) were significantly higher com-
pared to the control group (17 months: 103.3 ± 24.17 pg/
mL; 20 months: 102.5 ± 24.34 pg/mL), indicating a suc-
cessful delivery and systemic presence of IL-16. During 
this period, we continuously monitored the body weight 
of the mice, measuring it once a month as depicted 
in Fig.  3B. The control group mice exhibited a steady 
increase in body weight, while the IL-16 treated group 
showed a sustained decrease in body weight. The body 
weight of the treated group was significantly lower than 
that of the control group from month 17 onward.

At the ages of 17 and 20 months, we conducted muscle 
function tests and assessments of locomotor ability in the 
mice. Specifically, at 17 months of age, the IL-16 treated 

Table 2  Baseline characteristics of matched populations
Variables All individuals

 (n = 144)
Normal
(n = 72)

Sarcopenia
(n = 72)

p value
Normal vs. Sarcopenia

Sex(female) 103 (71.53%) 51 (70.83%) 52 (72.22%) > 0.999
Age(years) 78.02 ± 8.17 77.88 ± 7.62 78.17 ± 8.75 0.793
BMI (kg/m2) 22.33 ± 4.34 22.64 ± 4.12 22.03 ± 4.56 0.477
Fractures history (yes) 24 (16.67%) 13 (18.06%) 11 (15.28%) 0.823
Smoking history (yes) 7 (4.86%) 2 (2.78%) 5 (6.94%) 0.438
Alcoholism history(yes) 10 (6.94%) 6 (8.33%) 4 (5.56%) 0.743
CCI score (> 4) 43 (29.86%) 22 (30.56%) 21 (29.17%) > 0.999
Electrocardiogram (abnormal) 98 (68.06%) 51 (70.83%) 47 (65.28%) 0.592
Chest radiograph (abnormal) 83 (57.64%) 42 (58.33%) 41 (56.94%) > 0.999
Hypertension(yes) 76 (52.78%) 38 (52.78%) 38 (52.78%) > 0.999
RBC (10^12/L) 4.55 ± 0.64 4.48 ± 0.62 4.62 ± 0.66 0.393
Hb (g/L) 95.19 ± 14.13 95.05 ± 13.64 95.33 ± 14.71 0.868
ALB (g/L) 38.92 ± 9.19 38.67 ± 9.04 39.17 ± 9.40 0.739
GLU (mmol/L) 6.28 ± 1.50 6.32 ± 1.49 6.25 ± 1.51 0.603
Note: P-values indicate comparisons between the Normal and Sarcopenia groups. Continuous variables were expressed as mean ± standard deviation and 
categorical variables were presented as count (percent). BMI, body mass index; Hb, Hemoglobin; RBC, red blood count; GLU, blood glucose; ALB, albumin
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Fig. 2  Relationships between IL-16 and sarcopenia. A: correlations between IL-16 and HGS based on raw populations; B: correlations between IL-16 and 
ASM based on raw populations; C: comparison of IL-16 between normal groups and low HGS groups based on raw populations; D: comparison of IL-16 
between normal groups and low ASM groups based on raw populations; E: comparison of IL-16 between normal groups and sarcopenia groups based 
on raw populations; F: ROC curves of IL-16 for low HGS based on raw populations; G: ROC curves of IL-16 for low ASM based on raw populations; H: ROC 
curves of IL-16 for sarcopenia based on raw populations; I: correlations between IL-16 and HGS based on matched populations; J: correlations between 
IL-16 and ASM based on matched populations; K: comparison of IL-16 between normal groups and low HGS groups based on matched populations; L: 
comparison of IL-16 between normal groups and low ASM groups based on matched populations; M: comparison of IL-16 between normal groups and 
sarcopenia groups based on matched populations; N: ROC curves of IL-16 for low HGS based on matched populations; O: ROC curves of IL-16 for low ASM 
based on matched populations; P: ROC curves of IL-16 for sarcopenia based on matched populations
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mice demonstrated a significant reduction in exhaustion 
distance compared to the control group during exercise. 
At 20 months of age, the IL-16 treated mice showed a 
significant decrease in both the distance and time to 
exhaustion compared to the control group (Fig. 3C). The 
insignificant reduction in exhaustion time at 17 months 
may be caused by the distribution of distance change. In 
our study, exhaustion was determined when a mouse’s 
hindlimbs remained in contact with the electric grid for 
over 15 s. The different contact times may cause uncor-
related results.

To ascertain the post-exhaustion muscle repair capac-
ity in mice, dropout experiments were initiated after 
the mice had a full 24-hour rest period. Each instance 
where a mouse made contact with the electric grid was 
recorded as a dropout. The control group mice exhibited 
minimal dropouts only at speeds reaching 12  m/s, with 
data at 17 months and 20 months of age being largely 
consistent. In contrast, the IL-16 treated mice began to 
dropout at 10 m/s, and the number of dropouts increased 
with higher speeds. At 20 months of age, the number of 
dropouts in the IL-16 group was higher compared to the 
17-month age mark (Fig. 3D).

IL-16 leads to muscle atrophy
Next, we explored the roles of IL-16 in muscle mass 
and muscle atrophy [14]. At 20 months of age, the IL-16 
treated mice showed a significantly low mass of quadri-
ceps (QU) and gastrocnemius (GA) compared with the 
control group, while at 17 months of age, only GA was 
significantly decreased (Supplementary Fig.  1A). To 
reduce the bias caused by whole body mass, we further 
adjusted the mass of QU and GA for body mass. After 
adjustment, at both the ages of 17 and 20 months, the 
proportions of mass of QU and GA in the IL-16 treated 
group were significantly lower than the control group 

(Fig. 3E). Significant increases in the total lipid percent-
age of the treated group were observed at both 17 and 20 
months, indicating that IL-16 also promotes intermus-
cular lipid deposition (Fig. 3F). We also investigated the 
effects of IL-16 administration on related inflammatory 
factors. It was found that while IL-16 treatment induced 
a modest increase in serum IL-6 and TNFα levels, these 
increases were not statistically significant (Supplemen-
tary Fig.  1B). In the H&E staining and immunofluores-
cence staining of muscles, the fiber sizes of IL-16 treated 
mice were smaller than normal mice (Fig. 3G). The quan-
tification analysis showed that the IL-16 treated groups 
may have significantly lower mean CSA compared to 
control groups. Similarly, we examined the gene expres-
sion levels of myosin heavy chain (MHC) subtypes and 
found that IL-16 administration significantly reduced the 
gene expression of MHC-IIb, while no significant effects 
were observed on the other subtypes, including MHC-I, 
MHC-IIa, and MHC-IIx (Fig. 3H).

Anti-IL-16 inhibits the development of muscle atrophy 
caused by BoNT/A
We next established the sarcopenia models using 
BoNT/A and all the tests were conducted at 20 months 
of age. Mice were administered an intramuscular injec-
tion of 1 unit (U) of BoNT/A, evenly distributed into 
both limbs, with a total injection volume of 20 µL of 
physiological saline, administered biweekly. In the mean-
time, the BoNT/A mice were treated with mouse IgG or 
anti-IL-16 antibody to identify the potential therapeu-
tical effect of anti-IL-16. The measurements of serum 
IL-16 levels are depicted in Fig.  4A. Interestingly, while 
we observed a trend towards increased IL-16 levels in the 
BoNT/A + IgG treated group, this elevation did not reach 
statistical significance (p > 0.05) compared to the control 
group. Previous studies have indicated that botulinum 

Table 3  Sarcopenia traits of individuals grouped by IL-16 levels
Variables Normal levels IL-16 

(n = 387)
High levels of IL-16
(n = 34)

Effect size p value

HSG (kg) 26.49 ± 12.09 18.62 ± 9.88 Cohen’s d = 0.660 < 0.001
ASM (kg/m2) 9.39 ± 5.22 6.05 ± 3.80 Cohen’s d = 0.652 < 0.001
Low HSG (yes) 134 (34.63%) 26 (76.47%) Odd ratio = 6.136 < 0.001
Low ASM (yes) 130 (33.59%) 28 (82.35%) Odd ratio = 9.226 < 0.001
Sarcopenia (yes) 52 (13.44%) 25 (73.53%) Odd ratio = 17.895 < 0.001
Note: Continuous variables were expressed as mean ± standard deviation and categorical variables were presented as count (percent). Effect sizes for continuous 
variables are reported as Cohen’s d, and for categorical variables as odds ratios. HGS: hand grip strength; ASM: appendicular skeletal muscle mass

Table 4  Results of logistics analysis
Variables Univariate models Multivariate models 1 Multivariate models 2

OR (95% CI) p OR (95% CI) p OR (95% CI) p
IL-16 (continuous) 1.036 [1.021, 1.054] < 0.001 1.034 [1.019, 1.052] < 0.001 1.034 [1.019, 1.053] < 0.001
IL-16 (> 10.90 pg/mL) 17.895 [8.181, 42.556] < 0.001 19.527 [8.675, 47.886] < 0.001 19.846 [8.790, 48.782] < 0.001
Note: OR: odd ratio; CI: confidence interval. Multivariate models 1 were adjusted for age; Multivariate models 2 were adjusted for age and electrocardiogram 
(variables selected by stepwise selection methods)
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toxin may lead to increased transcription of IL-6 and 
TNFα [15]. The cascade effect of these pro-inflammatory 
cytokines may contribute to the elevation of IL-16 levels. 
Compared with the control group and BoNT/A + IgG 
treated group, the BoNT/A + anti-IL-16 mice showed 

significantly lower IL-16 levels, which indicated the effec-
tiveness of targeting IL-16. Moreover, the anti-IL-16 
treatment resulted in a significant decrease in IL-16 lev-
els below those of the control group, which suggested 
that the primary effect of our treatment is to reduce 

Fig. 3  IL-16 impairs muscle function and physical performance and leads to muscle atrophy in mice. A: measurement of serum IL-16 levels of mice with 
(n = 7) or without (n = 7) IL-16 treatment; B: changes of weight of mice with (n = 14) or without (n = 14) IL-16 treatment; C: comparison of distance and time 
to exhaustion between mice with (n = 7) or without (n = 7) IL-16 treatment; D: comparison of numbers of drop out between mice with or (n = 7) without 
(n = 7) IL-16 treatment; E: comparison of QU/body mass and GA/body mass between mice with (n = 7) or without (n = 7) IL-16 treatment; F: comparison 
of total lipid percentage of QU from mice with (n = 6) or without (n = 6) IL-16 treatment; G:H&E staining, immunofluorescence staining, and quantification 
of fiber distribution and mean CSA of mice with (n = 7) or without (n = 7) IL-16 treatment; H: qRT-PCR results of mice with (n = 4) or without (n = 4) IL-16 
treatment
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IL-16 levels below the baseline, rather than simply coun-
teracting an increase. The BoNT/A + IgG mice showed 
significantly impaired muscle functions and low muscle 
mass compared with control mice. The BoNT/A + IgG 
mice showed a significant decrease in both the dis-
tance and time to exhaustion and these effects could be 
reduced by using anti-IL-16 antibody (Fig.  4B). Simi-
larly in the dropout tests, the BoNT/A + anti-IL-16 mice 
showed fewer numbers of dropout than BoNT/A + IgG 
mice (Fig. 4C). However, the effects of anti-IL-16 on the 
absolute QU and GA mass were not significant (Supple-
mentary Fig.  1C), while after adjusting for whole body 
mass, the effects showed significance (Fig.  4D). Com-
pared to the control group, BoNT/A + IgG mice exhibited 

increased total muscle lipid deposition, an effect attenu-
ated by anti-IL-16 treatment (Fig. 4E). In terms of inflam-
matory cytokines, BoNT/A + IgG elevated IL-6 and 
TNFα levels; however, while anti-IL-16 slightly reduced 
these effects, the differences were non-significant (Sup-
plementary Fig. 1D). Similarly, in MHC expression, only 
MHC-IIb showed a statistically significant difference 
(Fig. 4F). Lastly, based on H&E and Laminin staining, the 
BoNT/A + IgG mice may have significantly lower mean 
CSA compared with BoNT/A + anti-IL-16 mice (Fig. 4G 
and Supplementary Fig. 1E).

Fig. 4  Anti-IL-16 inhibits the development of muscle atrophy caused by BoNT/A. A: measurement of serum IL-16 levels of the control group (n = 8), 
BoNT/A + IgG group (n = 8), and BoNT/A + anti-IL-16 group (n = 8); B: comparison of distance and time to exhaustion between the control group (n = 8), 
BoNT/A + IgG group (n = 8), and BoNT/A + anti-IL-16 group (n = 8); C: comparison of numbers of drop out between control group (n = 8), BoNT/A + IgG 
group (n = 8), and BoNT/A + anti-IL-16 group (n = 8); D: comparison of QU/body mass and GA/body between the control group (n = 8), BoNT/A + IgG 
group (n = 8), and BoNT/A + anti-IL-16 group (n = 8); E: comparison of total lipid percentage of QU from mice the control group (n = 6), BoNT/A + IgG group 
(n = 6), and BoNT/A + anti-IL-16 group (n = 6); F: qRT-PCR results of the control group (n = 4), BoNT/A + IgG group (n = 4), and BoNT/A + anti-IL-16 group 
(n = 4); G: H&E staining, immunofluorescence staining, and quantification of fiber distribution of the control group (n = 8), BoNT/A + IgG group (n = 8), and 
BoNT/A + anti-IL-16 group (n = 8)
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Discussion
In this study, by integrating the evidence from patients 
and animals, we comprehensively explored the roles of 
IL-16 in the development of sarcopenia. In the clinical 
study, we enrolled the geriatric orthopedic patients in 
our department to primarily identify the relationships 
between serum IL-16 and sarcopenia: the patients with 
high levels of serum IL-16 may have a significantly higher 
risk of sarcopenia. In the relationships between IL-16 and 
the meta-traits of sarcopenia, the results also indicated 
that high levels of IL-16 may relate to low HGS and ASM. 
To address the potential impact caused by co-variables, 
such as age and sex, we conducted PSM and established 
multivariate logistics models, and all results suggested 
the roles of IL-16 in sarcopenia.

The roles of IL-16 in sarcopenia have been reported in 
recent studies. In an observational study including 225 
patients with gastric cancer, the individuals with sarco-
penia had significantly high IL-16 expression, and both 
sarcopenia and IL-16 were identified as independent risk 
factors for overall survival and relapse-free survival [16]. 
A study conducted in Germany with 80 older participants 
also reported a similar conclusion: high levels of serum 
IL-16 were proven to be the risk factor for sarcopenia in 
females while being the protective factor in males [17]. 
However, in our study, there are no significant differences 
in the factor of sex (Tables 1 and 2). We believe this may 
be attributed to our larger sample size. In the subgroup 
analysis based on our cohorts, the patients with sarcope-
nia may have significantly high levels of serum IL-16 in 
both males (4.00 ± 21.18 pg/mL vs. 26.07 ± 48.37 pg/mL, 
p = 0.006) and females (2.41 ± 8.42 pg/mL vs. 15.19 ± 27.60 
pg/mL, p < 0.001).

However, the mentioned clinical studies may be lim-
ited to a small sample size and lack evidence of causal-
ity. Some researchers tried to estimate the causal roles of 
IL-16 in sarcopenia by using Mendelian randomization 
methods and the roles of IL-16 in sarcopenia were still 
controversial: the high levels of IL-16 were estimated to 
low risk of low HGS but to high risk of low ASM [10]. 
Therefore, we continually conducted animal studies to 
further complement the evidence of the roles of IL-16 in 
sarcopenia.

Compared to the control group, the mice treated with 
IL-16 showed a decrease in body weight, muscle func-
tion, and muscle mass. The functional decline in muscle 
performance, as evidenced by the dropout experiment, 
is a critical finding of our study. The IL-16 treated mice 
exhibited an earlier onset of exhaustion and a reduced 
capacity to tolerate high-intensity exercise, indicating 
compromised muscle endurance. For the muscle mass, 
the sustained muscle loss in the IL-16 group suggests a 
potential role for IL-16 in the regulation of body com-
position, particularly in the context of muscle protein 

balance. Furthermore, the sarcopenia models were estab-
lished and treated by anti-IL-16 antibodies, which may 
potentially suggest the therapeutical effect of targeting 
IL-16. We also observed similar phenotypes in MHC-
IIb expression and intramuscular total lipid deposition. 
Inflammatory cytokine levels showed that anti-IL-16 
slightly reduced IL-6 and TNFα levels, but this effect 
was not significant and requires further research. The 
results indicated that anti-IL-16 may significantly res-
cue impaired muscle function and muscle atrophy in 
mice, despite the non-significant effects on inflammatory 
cytokines.

The potential mechanism of IL-16 in the development 
of sarcopenia can be discussed from an immunological 
perspective, considering its role as a cytokine involved in 
inflammatory responses [18]. IL-16 is known to modulate 
T-cell activation and chemotaxis, which may influence 
muscle homeostasis [19]. In the context of sarcopenia, 
chronic low-grade inflammation, or “inflammaging,” is 
characterized by an increase in pro-inflammatory cyto-
kines such as IL-6 and TNF-α, which can lead to muscle 
wasting [20]. It is plausible that IL-16, through its effects 
on immune cell function, may contribute to this inflam-
matory milieu, potentially exacerbating muscle atrophy 
[21]. Furthermore, IL-16 expression has been associ-
ated with the activation of catabolic pathways in muscle 
cells by influencing the NF-κB signaling pathway, which 
is known to regulate the expression of atrophy-related 
genes such as MuRF-1 and MAFbx [22, 23]. These genes 
are involved in the ubiquitin-proteasome pathway, lead-
ing to muscle protein degradation and contributing to 
sarcopenia [24]. Therefore, IL-16 could be a link between 
immune system activation and muscle wasting, high-
lighting its potential as a therapeutic target for interven-
tions aimed at preventing or treating sarcopenia.

Though few studies reported the mechanism of IL-16 
in skeletal muscles, many understandings of IL-16 in vas-
cular smooth muscle and heart muscle. The mice with 
enhanced expression of IL-16 may have cardiac fibrosis 
and LV myocardial stiffening accompanied by increased 
macrophage infiltration [25]. The mice treated with IL-16 
may also have increased vascular smooth muscle cell 
migration and invasion and increased MMP-9 expression 
in vascular smooth muscle cells, which was induced by 
IL-16 via regulating the activity of NF-κB, AP-1, and Sp-1 
motifs [26]. IL-16 may also contribute to cardiac injury 
via the Nrf2 pathway [27].

This study is subject to several limitations that must 
be recognized. First, this study included the patients in 
the department of orthopedics and all the individuals 
may face the impact of fracture or trauma, which may 
compromise the results of our findings. However, we set 
strict inclusion and exclusion criteria and controlled the 
differences in the baseline features by PSM, which may 
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thoroughly reduce the bias caused by co-factors. Sec-
ondly, the assessment of sarcopenia was conducted upon 
the patients’ initial hospital admission, often under lim-
ited physical conditions due to their fractures. Despite 
this, a uniform measurement protocol was applied to all 
participants, which helped to reduce any bias that could 
be attributed to the patients’ postures. Thirdly, the clini-
cal study’s observational nature limits our ability to infer 
causality between sarcopenia indicators and outcomes 
related to fractures, but in the animal study, we further 
proved that IL-16 may contribute to the development 
of sarcopenia. Fourthly, the use of 1:1 propensity score 
matching (PSM) resulted in a reduction of the sample 
size. Although we attempted higher matching ratios, 
these approaches led to incomplete matching for several 
key covariates. Therefore, we opted for 1:1 PSM to ensure 
covariate balance. Moreover, it is important to note that 
the sample sizes in our study were constrained by the 
high mortality rate observed in aged mice, which may 
impact the statistical power of our findings. Another lim-
itation of animal study was the absence of grip strength 
measurements. While our assessments of time to exhaus-
tion, distance traveled, and dropout counts were well-
established metrics of muscle endurance and fatigue, 
grip strength testing is recognized as a valuable comple-
mentary measure. Lastly, we did not further explore the 
mechanism of IL-16 in sarcopenia in animal research. 
Future studies should aim to elucidate the intracellular 
signaling cascades activated by IL-16 in skeletal muscle 
to better understand its role in muscle atrophy.

In conclusion, our integrated study provides novel 
insights into the role of IL-16 in age-related skeletal mus-
cle atrophy. The findings suggest that IL-16 may be a key 
player in the muscle-wasting process, with potential ther-
apeutic implications for mitigating sarcopenia.
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