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Abstract

Background Ageing, chronic diseases, prolonged inactivity, and inadequate nutrition pose a severe threat to skeletal muscle

health and function. To date, experimental evidence suggests that ageing-related subclinical inflammation could be an impor-

tant causative factor in sarcopenia. Although inflammatory signalling has been implicated in the pathogenesis of experimental

animal models of sarcopenia, few studies have surveyed the clinical association between circulating factors and muscle mass in

patients before and after lifestyle interventions. In this study, we evaluated whether proinflammatory cytokines are associated

with the onset of sarcopenia, which circulating factors are associated with the severity of sarcopenia, and how these factors

change after lifestyle interventions in sarcopenic elderly persons.
Methods A total of 56 elderly subjects (age ≥ 60 years) with sarcopenia and 56 elderly non-sarcopenic subjects, who met

entry criteria and had given informed consent, were selected from the Peking Union Medical College Hospital multicentre pro-

spective longitudinal sarcopenia study for testing relevant circulating factors. Thirty-two elderly subjects from the sarcopenic

cohort completed a 12 week intensive lifestyle intervention programme with whey supplements (30 g/day) and a personalized

resistance training regimen. The levels of proinflammatory cytokines and metabolic hormones, pre-intensive and post-

intensive lifestyle interventions, were measured.
Results The sarcopenic group was significantly older (72.05 ± 6.54 years; P < 0.001), more likely to be inactive and fe-
male (57.1% of all sarcopenic patients), and had a higher prevalence of type 2 diabetes (16% higher risk). Compared with
non-sarcopenic subjects, serum interleukin (IL)-6, IL-18, tumour necrosis factor-α (TNF-α), TNF-like weak inducer of apopto-
sis (TWEAK), and leptin were significantly higher, while insulin growth factor 1, insulin, and adiponectin were significantly
lower in sarcopenic patients (all P < 0.05). Logistic regression analyses revealed that high levels of TNF-α (>11.15 pg/mL)
and TWEAK (>1276.48 pg/mL) were associated with a 7.6-fold and 14.3-fold increased risk of sarcopenia, respectively. Af-
ter adjustment for confounding variables, high levels of TWEAK were still associated with a 13.4-fold increased risk of
sarcopenia. Intensive lifestyle interventions led to significant improvements in sarcopenic patients’ muscle mass and serum
profiles of TWEAK, TNF-α, IL-18, insulin, and adiponectin (all P < 0.05).
Conclusions High levels of the inflammatory cytokines TWEAK and TNF-α are associated with an increased risk of sarcopenia,
while the metabolic hormones insulin growth factor 1, insulin, and adiponectin are associated with a decreased risk of sarcopenia
in our Chinese patient cohort. Intensive lifestyle interventions could significantly improve muscle mass, reduce inflammation, and
restore metabolic hormone levels in sarcopenic patients. This trial was registered at clinicaltrials.gov as NCT02873676.
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Introduction

Skeletal muscle is a multifunctional tissue. Besides

performing contractions to facilitate various physical

motions necessary for daily life, skeletal muscles also

activate multiple signalling pathways in response to circulat-

ing factors to regulate whole body metabolism and maintain

general physiological homeostasis.1 However, threats such

as ageing, chronic diseases, inflammation, prolonged inactiv-

ity, and inadequate nutrition can lead to progressive loss of

skeletal muscle mass and function.2 In particular, persistent

inflammation and increased levels of inflammatory cytokines

have been strongly implicated in the ageing-related loss of

skeletal muscle mass, that is, sarcopenia. Multiple

mechanisms have been proposed, such as the activation of

proteolytic systems, the inhibition of the anabolic effects

of various growth factors, and the suppression of skeletal

muscle regeneration.3 Many of these mechanisms function

downstream of inflammatory signalling.4

Sarcopenia is an ageing-related syndrome characterized
by decreased skeletal muscle mass, lower muscle strength,
and/or physical performance. Hence, it is also associated
with functional impairment and disability. Its aetiology
and mechanisms are complex and multifactorial.5 To date,
substantial evidence indicates that ageing-related chronic
low-grade inflammation could be an important causative
factor in sarcopenia.6 Both cross-sectional and longitudinal
studies have shown that the loss of total appendicular skel-
etal muscle and poor physical function, in both men and
women, were associated with high levels of proinflamma-
tory cytokines such as interleukin (IL)-6, tumour necrosis
factor-α (TNF-α), and acute phase protein C-reactive pro-
tein (CRP).7–10 However, most of the extant studies had
focused on IL-6, TNF-α, and CRP and had neglected the
role of other circulating factors, such as TNF-like weak in-
ducer of apoptosis (TWEAK), IL-18, leptin, insulin growth
factor 1 (IGF1), insulin, and adiponectin. Furthermore, ex-
perimental animal studies have demonstrated that TWEAK
is involved in mouse sarcopenia.11 Other studies also found
that IL-18 could be associated with type II muscle
atrophy.12,13

Given that the relationships between inflammation and
sarcopenia are still unclear in humans, the purpose of this
study is to evaluate (i) whether high levels of proinflamma-
tory cytokines are associated with the onset of sarcopenia
in patients; (ii) which circulating factors are associated with
the severity of sarcopenia; and (iii) how these circulating

factors change upon lifestyle interventions through diet and
exercise in sarcopenic elderly people.

Materials and methods

Subjects

Study subjects for this study were selected from the Peking

Union Medical College Hospital (PUMC Hospital) multicentre

prospective longitudinal sarcopenia study (PPLSS), an ongoing

nationwide interdisciplinary cross-sectional, cohort, and in-

tervention study on evaluating changes in muscle mass, mus-

cle strength, and clinical outcomes among sarcopenic elderly

persons in China. The cohort population was recruited be-

tween September 2015 and October 2017, from hospitals,

communities, and nursing facilities in three medical centres

of Beijing, Tianjin, and Shijiazhuang. The PPLSS protocol was

approved by the Human Ethics Committee of the PUMC Hos-

pital (No. HS889), and all participants gave written informed

consent. This trial was registered at clinicaltrials.gov as

NCT02873676.
Before baseline examination, each subject had completed

medical screening for vital signs, body composition analysis,
and cognitive function evaluation. Anyone with evidence of
heart, kidney, or liver disease, communicable disease, walk-
ing disability, or any other disease that might influence the
results of the study was excluded. The subject selected had
to have independent physical ability, assessed with the ac-
tivities of daily living score, and normal cognitive function
or only mild cognitive disturbance as defined by a Mini-
Mental State Examination >20.14 All subjects admitted into
the sarcopenic cohort were eligible persons who were
aged ≥ 60 years, had a relative skeletal muscle mass index
that passed the Asian Working Group for Sarcopenia
(AWGS) cut-off points of 7.0 kg/m2 for men and 5.4 kg/
m2 for women, and had grip strength or walking speed that
passed the AWGS cut-off point.15

Body composition, handgrip strength, and physical
function

Body composition, including body weight, free-fat mass, fat
mass, muscle mass, fat distribution, and muscle distribu-
tion, was measured by multi-frequency bioelectrical
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impedance analysis (H-Key350, Beijing Seehigher Technol-
ogy Co., Ltd.) during the basal examination for all subjects,
and dual-X ray absorptiometry (site models included GE Lu-
nar Prodigy Advance; GE Lunar Prodigy Pro or Primo;
Hologic, Inc, Bedford, MA; version 8.8) was also used for
the sarcopenic cohort population. The in vivo coefficients
of variations were 0.89% and 0.48% for whole body fat
(fat mass) and free-fat mass, respectively. The relative skel-
etal muscle mass index was calculated by dividing the sum
of total appendicular skeletal muscle mass in kilograms by
height in metres squared.16 Height was measured to the
nearest 0.1 cm on a precision scale with inelastic tapeline,
without shoes, and with the use of a standardized
technique.17

Handgrip strength was measured by using an electronic
hand dynamometer (CAMRY MODEL EH101, HaNDCReW,
Guangdong, China). Two consecutive measures of grip
strength in both hands were recorded to the nearest
kilogram, with the participant placed in an upright posi-
tion and the arm of the measured hand parallel to the
body. Maximum grip strength was calculated by taking
the average of the highest measurement from both
hands.

Gait speed was measured by timing the participants’ ability
to walk 4 m at a normal pace.18 Each participant performed
the gait speed assessment twice, with the faster of the two
times used as the representative score. A score of ≤0.8 m/s
(5.0 s for 4 m) was used to identify participants with low gait
speed.5 Furthermore, the International Physical Activity
Questionnaire was used to evaluate the level of physical ac-
tivity level for all participants.19

Blood collection and analysis protocol

Blood samples taken from the antecubital vein were col-
lected in Vacutainers Tubes (5 mL Z Serum Sep Clot Activa-
tor, REF 456234, Greiner Bio-one). Participants were
informed to take water but not food overnight, before
blood sampling in the morning. Samples were centrifuged
(3000 r.p.m. using centrifuge J6-MC by Beckman), and the
serum was stored at �80 °C. All samples were analysed
using the same reagent lot.

Inflammatory markers and hormone
measurements

The serum levels of circulating factors, including high-
sensitivity CRP (HsCRP), IL-6, IL-18, TWEAK, TNF-α, leptin,
IGF1, insulin, adiponectin, and fibroblast growth factor-21
(FGF21) were assessed. IL-6, TNF-α, and HsCRP were mea-
sured using a sandwich immunoassay based on chemilumi-
nescence, the analyser Liaison XL, (Siemens Immulite 1000;

AU5800, Beckman Coulter, USA for usCRP), and fasting glu-
cose levels were tested using the glucose oxidase method
at the Department of Clinical Laboratory (PUMC Hospital,
China). IL-18, TWEAK, IGF1, insulin, leptin, and adiponectin
were measured using ELISA Quantikine and Duset HS Immu-
noassay Kit (R&D Systems, Minneapolis, MN, USA), and
FGF21 was measured using ELISA Quantikine Immunoassay
Kit (Abcam, Cambridge, MA, USA). Serum samples and assay
standards were all analysed in quadruplicate and analysed
double-blind with ELISA kits according to the manufacturer’s
instructions. The inter-assay coefficients of variations were
7.5–8.1%, 6.9–7.5%, 3.5–5.4%, 5.8–6.9%, 7.0–11.7%, 7.2%,
and less than 10.0% for IGF1, insulin, leptin, adiponectin, IL-
18, FGF21, and TWEAK, respectively. Results were expressed
as milligrams/litre (mg/L, HsCRP), picograms/millilitre (pg/mL;
IL-6, IL-18, TWEAK, TNF-α, and FGF21), microgram/mL (μg/
mL, adiponectin), nanogram/millilitre (ng/mL, leptin and
IGF1), and picomole/L (pmol/L, insulin). All values were mea-
sured in quadruplicate, with averages being used in statistical
analyses.

Interventions

After the baseline examination, elderly subjects with
sarcopenia accepted a 12 week intensive lifestyle interven-
tion programme, which consisted of intensive nutritional in-
tervention and personalized designed resistance exercise.

The nutritional interventions contained (i) total energy:
30 Kcal/kg/day; (ii) total protein: 1.5 g/kg/day with 75% of
high quality protein; (iii) protein supplement: 30 g of whey
protein (Lacprodan HYDRO Power, Aral food Ingredients
Group P/S, Denmark) per serving, combined with 3.84 g total
leucine, 2.55 g fat, 0.9 g lactose, and a mixture of vitamins,
minerals, and dietary fibres. The protein supplement formula
was reconstituted with 150–200 mL water and consumed
once daily with breakfast and once after resistance training.
Subjects were provided dietary education and instructions
on methods to increase and maintain their habitual protein
intake at a minimum of 1.5 g/kg/day and at least 25–30 g
of protein per meal. The 24 h diet recall method was used
to record the dietary intake for 3 days consecutively including
two weekdays and one weekend. Dietitians in our research
team used standard software to estimate the average daily
energy and protein intake based on the Database of Chinese
Food Composition to ensure the intensive nutritional targets
were reached.

The resistance training programme, designed by our sports
physician based on the Otago Exercise Program,20 included
5 min of warm-up, 20 min of muscle strength training, and
5 min of slow walking. The resistance training was performed
three times a week and recorded in their logs. Resistance
training (20 min) involved a dumbbell and sandbags as
weights for the major muscles of the upper and lower limbs.
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Meanwhile, all participants were required to walk outdoors
and get exposure to sunshine three times a week. Relevant
education booklets and exercise CDs were given to all partic-
ipants. Subjects were contacted monthly to check on
whether they had read and watched the study materials,
and how well they had complied with the suggested diet
and exercise protocols.

Follow-up measurements were done every 2 weeks dur-
ing intervention, consisting of face-to-face interviews for
three times and telephone interviews for six times. The
face-to-face interview was followed by a medical interview,
muscle mass was assessed with bioelectrical impedance
analysis and dual-X ray absorptiometry for the final face-
to-face interviews, and muscle strength and physical func-
tion were evaluated with handgrip dynamometer and timer
respectively at the hospital or health care centre. Blood
samples were collected during pre-intervention and post-
intervention.

Statistical analysis

Data were analysed using the statistical software EPIDATA 3.0
by two investigators. Analyses were performed by using
SAS21.0.1 (SAS Institute, Cary, NC, USA). Continuous variables
were summarized as means ± standard deviation or medians
(25th, 75th percentiles), and categorical variables were sum-
marized as counts and percentages. Characteristics of partic-
ipants and their blood levels of circulating factors were
compared using the chi square test, Fisher’s exact test, Stu-
dent’s t-test, and Mann–Whitney U test, where appropriate.
All the circulating factor data were initially changed into
five-category histograms in order to present the frequency
distributions of circulating factors in the three European
Working Group on Sarcopenia in Older People (EWGSOP)
subgroups of subjects (healthy, pre-sarcopenic, and
sarcopenic). The P values for the frequency distributions were
calculated using Fisher’s exact test. Non-parametric analysis
of variance (Kruskal–Wallis H test) was also performed to ac-
count for skewed distributions.

Multivariate logistic regression was performed to investi-
gate the association between serum circulating factor levels
and the risk of sarcopenia. Most of the circulating factors
were categorized into two levels based on the median, while
IGF1 and adiponectin levels were subdivided into three levels
based on the upper and lower quartiles, to obtain the appro-
priate likelihood statistical power. The lowest level was
regarded as the reference group. In the first model, results
were not adjusted for any variable. In the second model, re-
sults were additionally adjusted for age, gender, levels of
physical activity, and diabetes status. Correlations between
serum levels of all inflammatory cytokines, leptin, FGF21,
adiponectin, insulin, and IGF1 vs. limb extremities’ muscle
mass and muscle strength were calculated by Pearson’s or

Spearman’s correlation, where appropriate. Differences were
considered significant at P < 0.05. Pearson’s or Spearman’s
correlation analysis was also performed to identify cross in-
teractions among the circulating factors. For these associa-
tions, the significance cut-off was set at 0.1.

For sample size calculations, we took limb extremities’
muscle mass as the outcome index and used the mean and
standard deviation values in Shahar et al.,21 with a fixed
power of 80% and an α level of 5% for the main variable. This
gave a sample size of 32 subjects for each group.

Results

Participant characteristics

The flowchart of participants in the study was shown in
Figure 1. In total, 3015 participants were registered in
PPLSS during the data collection between September 2015
and October 2017, from three medical centres in Beijing,
Tianjin, and Shijiazhuang. Of the 2911 participants who fin-
ished the baseline examination and body composition anal-
ysis, 906 participants were older than 60 years, of which
188 elderly persons (age ≥ 60 years) were diagnosed with
sarcopenia based on the AWGS and the EWGSOP diagnostic
pathway and cut-off points, and 68 of these sarcopenic par-
ticipants were enrolled into the sarcopenic cohort based on
the inclusion and exclusion criteria. Finally, blood samples
were collected from 56 elderly sarcopenic patients and 56
elderly non-sarcopenic subjects. Thirty-two sarcopenic
participants received the 12 week intensive lifestyle inter-
vention programme and completed the medical visits for
circulating factor measurements.

Univariate analysis revealed several baseline character-
istics that were different between sarcopenic and non-
sarcopenic elderly subjects (Table 1). The sarcopenic
group was significantly (P < 0.05) older, and significantly
enriched for inactive, female, and diabetic subjects. They
also had a lower body mass index, lower muscle mass,
and lower initial grip strength, as expected of sarcopenic
patients. Comparing their circulating factor levels with
non-sarcopenic subjects, sarcopenic subjects’ IL-6
(P = 0.006), IL-18, TNF-α, TWEAK, and leptin were all sig-
nificantly higher, while their levels of adiponectin, IGF1,
and insulin (P = 0.027) were all significantly lower (except
for IL-6 and insulin, all P < 0.001). Levels of HsCRP
trended higher in sarcopenic subjects (P = 0.067), while
levels of FGF21 trended lower in sarcopenic subjects
(P = 0.150).

Subjects were then further subdivided into three sub-
groups: sarcopenic, pre-sarcopenic, and non-sarcopenic sub-
jects, according to EWGSOP classification criteria. Each of
the circulating factors’ ranges were further subdivided into
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five equal categories, to form a frequency distribution for
preliminary analysis (Figure 2). Non-sarcopenic subjects
tended to manifest lower TWEAK levels, in the first two
categories of TWEAK levels, while pre-sarcopenic and
sarcopenic subjects tended to manifest high TWEAK levels
in the third to fifth categories. This non-uniform distribu-
tion was statistically significant (P < 0.001). Other proin-
flammatory factors such as IL-18 (P = 0.003) and IL-6
(P = 0.055) also presented significantly non-uniform distri-
butions, but HsCRP and TNF-α did not, likely because the
five-category histogram failed to fit the skewed distribu-
tions of these two proinflammatory factors (Figure 2). Anal-
yses of several metabolic hormones showed that sarcopenic
and pre-sarcopenic subjects tended to manifest lower levels

of adiponectin (P = 0.050), IGF1 (P < 0.001), insulin
(P = 0.205), and FGF21 (P = 0.640, Supporting Information,
Figure S1). In contrast, leptin’s distribution was more simi-
lar to the proinflammatory cytokines (P = 0.013).

To account for skewed distributions, we also performed
non-parametric analysis of variance (Kruskal–Wallis H test)
on the three EWGSOP subgroups of patients for each cir-
culating factor (Supporting Information, Table S1). Our
analyses revealed that, except for IGF1, pre-sarcopenic
subjects are not significantly different from sarcopenic
subjects in their circulating factor profiles. All proinflam-
matory cytokines were significantly higher in both sub-
types of sarcopenic subjects compared with healthy
controls, except for IL-6. HsCRP was just not significantly

Figure 1 Flowchart for participants’ information and blood sampling in the study. Study samples for this study were enrolled from the Peking Union
Medical College Hospital (PUMCH) prospective longitudinal sarcopenia study (PPLSS). All sample selection was based on the defined inclusion and ex-
clusion criteria at every step.
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higher in any subtype of sarcopenic subjects. For the met-
abolic hormones, leptin was significantly higher only in
sarcopenic subjects, whereas IGF1 and adiponectin were
significantly lower in both pre-sarcopenic and sarcopenic
subjects (Supporting Information, Table S1). Insulin and
FGF21 were both not significantly different among any
subtype of subjects.

Taken together, our statistical analyses revealed that the
pre-sarcopenic and sarcopenic subjects presented very

similar circulating factor profiles. In particularly, pre-
sarcopenic subjects already display significantly higher levels
of certain proinflammatory cytokines and significantly lower
levels of certain metabolic hormones, compared with healthy
control subjects. This raises the possibility that changes in the
proinflammatory cytokines and certain metabolic hormones
might precede the onset of sarcopenia and that at least some
of them might play a causative role in the early stages of
sarcopenia pathogenesis.

Table 1. Univariate analysis of baseline characteristics in elderly sarcopenic vs. non-sarcopenic subjectsa

Characteristics Sarcopenic subjects Non-sarcopenic subjects P value

N 56 56 —

Age, year 72.05 ± 6.54 65.24 ± 4.05 <0.001*
Gender, F: M, n 32:24† 30:26 0.028
Education level, n (%)
Bachelor degree or above 2 (3.57) 3 (5.36) 0.118
Graduate 22 (39.29) 10 (17.86)
High or secondary school 29 (51.79) 38 (67.86)
Primary school 3 (5.36) 3 (5.36)

Living situation, n (%)
Together 50 (89.29) 52 (92.86) 0.743**
Alone 6 (10.71) 4 (7.14)

Smoking, n (%)
Never 49 (87.50) 40 (71.43) 0.170
Former 3 (5.36) 8 (14.29)
Current 4 (7.14) 6 (10.71)

Alcoholic drinks, n (%)
Never 45 (80.36) 39 (69.64) 0.342**
Former 1 (1.79) 4 (7.14)
Current 10 (17.86) 11 (19.64)

Protein intake, g/day
Total protein 46.74 ± 14.23 50.46 ± 16.94 0.266
Animal protein 19.71 ± 8.49 21.06 ± 9.57 0.474
Vegetable protein 27.06 ± 10.52 29.30 ± 11.74 0.334

Physical activityb, n (%)
High 5 (8.93) 6 (10.71) 0.012
Moderate 36 (64.29) 44 (78.57)
Light 15 (26.79) 3 (5.36)

Cognitive impairedc, n (%) 3 (5.36) 1 (1.79) 0.637
Diabetes mellitus, n (%) 9 (16.07) 2 (3.57) 0.031
Cancer, n (%) 4 (7.14) 0 (0) 0.136
Body mass index, kg/m2 21.44 ± 3.09 24.69 ± 3.02 <0.001*
Muscle mass, kg 36.50 ± 6.42 43.91 ± 6.99 <0.001*
Relative skeletal muscle index, kg/m2 5.78 ± 0.78 7.04 ± 0.85 <0.001*
Grip strength, kg 23.20 ± 7.34 29.53 ± 8.93 <0.001*
Gait speed, m/s 1.28 ± 0.68 1.15 ± 0.40 0.818
IL-6, pg/mL 2.8 (2.0–6.1) 2(2.0–2.8) 0.006
IL-18, pg/mL 893.61 ± 833.29 403.62 ± 250.89 <0.001
TNF-α, pg/mL 29.11 ± 22.67 11.87 ± 10.56 <0.001
TWEAK, pg/mL 1794.06 ± 639.13 1107.86 ± 303.65 <0.001*
HsCRP, mg/L 0.95(0.36–1.56) 1.19(0.54–2.45) 0.067
Adiponectin, μg/mL 3.53(1.63–7.39) 7.26(3.11–13.47) <0.001
Leptin, ng/mL 11.62(6.23–25.49) 4.66(2.71–8.46) <0.001
IGF1, ng/mL 62.13 ± 22.52 82.86 ± 32.84 <0.001*
Insulin, pmol/L 22.19 ± 17.36 31.26 ± 24.31 0.027*
FGF21, pg/ml 49.99 (46.4, 61.2) 58.00 (50.1, 68.9) 0.150

FGF21, fibroblast growth factor-21; HsCRP, high-sensitivity C-reactive protein; IGF1, insulin-like growth factor 1; IL, interleukin; TNF-α, tu-
mour necrosis factor α; TWEAK, tumour necrosis factor-like weak inducer of apoptosis.
aData are represented as mean ± SD, median (25–75th percentiles), or n (%). Other categorical variables were compared by chi square test,
while other continuous variables were compared by Mann–Whitney U test.
bInternational Physical Activity Questionnaire was used to evaluate activity level in all elder subjects.
cMini-Mental State Examination was used to evaluate cognitive function in all elder subjects.
*P values were calculated by Student’s t-test.
**P values were calculated by Fisher’s exact test.
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Association between circulating factors and the
severity of sarcopenia

We postulated that the circulating factors that play a caus-
ative role in the early pathogenesis of sarcopenia should
also show the strongest associations with sarcopenia sever-
ity, as measured by skeletal muscle mass and strength.
Among the proinflammatory cytokines, a statistically signif-
icant and negative correlation was found between TWEAK
levels and the limb extremities’ muscle mass (r = �0.372,
P < 0.001). A similar negative correlation was observed

between leptin levels and both the limb extremities’ muscle
mass (r = �0.248, P = 0.009) and muscle strength
(r = �0.261, P = 0.006). In contrast, a significantly positive
correlation was observed between IGF1 levels and both the
limb extremities’ muscle mass (r = 0.360, P < 0.001) and
muscle strength (r = 0.362, P < 0.001) (Figure 3). The other
circulating factors failed to show any significant associations
with muscle mass or muscle strength in our patient cohort,
although FGF21 did show a weak association with limb ex-
tremities’ muscle mass (r = 0.342, P = 0.042), but not mus-
cle strength (Supporting Information, Figure S2).

Figure 2 The frequency distributions of circulating factors among three EWGSOP subtypes of subjects. The sarcopenic subjects were subdivided based
on the EWGSOP criteria. All the circulating factors’ data were changed into five-category histograms, by dividing their ranges into five equal parts, in
order to present their frequency distributions. There were no samples for the fourth frequency interval for three circulating factors (IL6, HsCRP, and
adiponectin), so only four categories were presented for their histograms. HsCRP, high-sensitivity C-reactive protein; IGF1, insulin-like growth factor 1;
IL, interleukin; TNF-α, tumour necrosis factor α; TWEAK, tumour necrosis factor-like weak inducer of apoptosis. The graphs were created by SPSS.
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We also assessed whether the circulating factors were
associated with the risk for sarcopenia. Multivariate logistic
regression model analyses showed that higher levels of the
proinflammatory cytokines TNF-α and TWEAK were posi-
tively and significantly associated with an increased risk
for sarcopenia. In contrast, higher levels of adiponectin, in-
sulin, and IGF1 (>87.46 ng/mL) were associated with a de-
creased risk for sarcopenia (Table 2). In fact, higher levels
of TNF-α (>11.15 pg/mL) and TWEAK (>1276.48 pg/mL)
were associated with 7.6-fold and 14.3-fold increased risk
of sarcopenia (both P < 0.01), compared with lower levels
of TNF-α [odds ratio = 7.59, 95% confidence interval (CI)
(1.760, 32.762)] and TWEAK [odds ratio = 14.35, 95% CI
(3.597, 57.243)] levels, respectively. When we accounted
for confounding factors such as age, gender, physical activ-
ity, and diabetes status in a second regression model, we
found that TWEAK, leptin, insulin, and adiponectin were
still independently associated with the risk of sarcopenia
(Table 2). In fact, after adjusting for confounding variables,
TWEAK was still associated with 13.4-fold increased risk of
sarcopenia [95% CI (2.107, 85.357)], strongly suggesting

that TWEAK is implicated in the mechanism of sarcopenia
progression. In addition, age is also associated with 1.53-
fold increased risk of sarcopenia [95% CI (1.185, 1.965)],
consistent with our understanding of the demographics
and epidemiology of sarcopenia.

Cross interactions between the proinflammatory
cytokines and metabolic hormones

To test if the circulating factors show any cross interactions
among themselves, we also tested for associations between
each circulating factor. Among the proinflammatory cyto-
kines and metabolic hormones, a weak but significant interac-
tion was observed between IL-6 and IL-18 (r = 0.275,
P = 0.040), HsCRP (r = 0.467, P < 0.001), and TNF-α
(r = 0.298, P = 0.026), all of which are related to inflamma-
tion. A weak but significant interaction was also observed be-
tween the proinflammatory TNF-α and IL-18 (r = 0.265,
P = 0.049). Given these findings, an emerging model is that
the proinflammatory cytokines work together to promote

Figure 3 Correlation analysis of circulating factor levels vs. limb extremities’ muscle mass and muscle strength across all subjects. Correlation value r is
adjusted for age, gender, and body mass index. HsCRP, high-sensitivity C-reactive protein; IGF1, insulin-like growth factor 1; IL, interleukin; TNF-α, tu-
mour necrosis factor α; TWEAK, tumour necrosis factor-like weak inducer of apoptosis. The graphs were created by photograph.
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sarcopenia progression. Surprisingly, weak interactions that
trended towards significance were also observed between
the proinflammatory IL-18 and the anabolic IGF1 (r = 0.256,
P = 0.057), between IGF1 and HsCRP (r = �0.247,
P = 0.066), and between the hormones adiponectin and insu-
lin (r = �0.229, P = 0.090) (Table 3). These counter-intuitive
interactions suggest that complex feedback loops and com-
pensatory responses are in play for these circulating factors
in the elderly human body. Further studies will be required
to understand the reasons underlying these counter-intuitive
interactions. In contrast, interactions between other circulat-
ing factor pairs were not statistically significant.

Changes in circulating factors after intensive
lifestyle interventions in human subjects

Thirty-two participants who completed the 12 week intensive
lifestyle intervention programme demonstrated small but sig-
nificant improvements in muscle mass (Figure 4A), and also a
trend towards increased muscle strength (Figure 4B). Gait
speed showed a small but insignificant drop (Figure 4C), and
the high variance in our gait speed data suggested that this

functional measure is not as reliable for our patient cohort.
Comparing pre-intervention and post-intervention, there
were significant changes in TWEAK, TNF-α, IL-18, adiponectin,
and insulin (Table 4). In particular, the proinflammatory cyto-
kines TWEAK (P < 0.001), TNF-α (P < 0.001), and IL-18
(P = 0.017) significantly decreased post-intervention and
were nearly restored back to normal healthy levels (Figure
4D and F).

In contrast, adiponectin and insulin dramatically increased
post-intervention, increasing beyond even the levels in non-
sarcopenic elderly subjects (P < 0.001, Table 4).
Hyperinsulinemia could be associated with either improved in-
sulin secretion or insulin resistance. In order to definitively de-
termine if the post-intervention subjects developed insulin
resistance, we closely examined their fasting glucose, fasting
insulin, and homeostasis model assessment-insulin resistance
(HOMA-IR) indices (Table 5). As expected, non-sarcopenic sub-
jects showed significantly higher fasting glucose, higher fasting
insulin, and higher HOMA-IR indices when they were diabetic.
Sarcopenic subjects showed a mild ~6% increase in fasting glu-
cose after intervention (5.44 ± 1.22 vs. 5.78 ± 1.26 mmol/L,
P = 0.004), but which was still well within the normal bound-
aries (<6.10 mmol/L). Thus, we observed no evidence for

Table 2. Multivariate logistic regression analysis of circulating factor levels vs. sarcopenia riska

Parameter N Model 1b Model 2c

B (SE) P value B (SE) P value

IL-6, pg/mL
<2.25 56 Reference Reference
>2.25 56 0.16 (0.68) 0.811 0.38 (0.93) 0.681

IL-18, pg/mL
<511.15 56 Reference Reference
>511.15 56 0.57 (0.67) 0.398 0.23 (0.87) 0.795

TNF-α, pg/mL
<11.15 56 Reference Reference
>11.5 56 2.03 (0.75) 0.007 1.66 (0.92) 0.071

TWEAK, pg/mL
<1276.48 56 Reference Reference
>1276.48 56 2.66 (0.71) <0.001 2.60 (0.94) 0.006

Leptin, ng/mL
<11.62 56 Reference Reference
>11.62 56 0.76 (0.62) 0.224 1.77 (0.89) 0.047

Adiponectin, μg/mL
<2.07 27 Reference Reference
2.07–9.86 56 �2.03 (0.84) 0.015 �3.20 (1.15) 0.006
>9.86 28 �3.58 (1.15) 0.002 �3.23 (1.32) 0.015

IGF1, ng/mL
<50.10 27 Reference Reference
50.10–87.46 56 �0.96 (0.73) 0.188 �1.08 (0.97) 0.262
>87.46 28 �1.73 (0.88) 0.048 �1.34 (1.19) 0.262

Insulin, pmol/L
<21.41 56 Reference Reference
>21.41 56 �1.59 (0.67) 0.017 �3.30 (1.13) 0.003

B, regression coefficient; HsCRP, high-sensitivity C-reactive protein; IGF1, insulin-like growth factor 1; IL, interleukin; SE, standard error;
TNF-α, tumour necrosis factor α; TWEAK, tumour necrosis factor-like weak inducer of apoptosis.
aHsCRP and FGF21 were omitted from the multivariate logistic regression model because they showed no significant changes in the uni-
variate analysis.
bLogistic regression model 1: not adjusted for any variable.
cLogistic regression model 2: adjusted for age, gender, the level of physical activity, and diabetes status, according to the differences in
baseline characteristics between sarcopenic and healthy controls.
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Figure 4 Changes in key muscle parameters and proinflammatory cytokines after lifestyle intervention. To assess the effects of our intensive lifestyle
intervention regimen, we measured (A) limb extremities’ muscle mass, (B) grip strength, (C) gait speed, (D) serum TWEAK levels, (E) serum TNF-α
levels, and (F) serum IL-18 levels. Data are expressed as mean ± standard error of the mean. *P < 0.05, **P < 0.001 (Mann–Whitney U test). IL, inter-
leukin; TNF-α, tumour necrosis factor α; TWEAK, tumour necrosis factor-like weak inducer of apoptosis. The graphs were created by photograph.

Table 3. Cross interactions between proinflammatory cytokines and metabolic hormones

IL-6 IL-18 Adiponectin HsCRP Leptin TWEAK IGF1 TNF-α Insulin FGF21

IL-6 (pg/mL), r 1.000 0.275 0.016 0.467 0.193 �0.153 0.020 0.298 �0.083 �0.021
P value* 0.040 0.907 <0.001 0.155 0.261 0.884 0.026 0.541 0.923
IL-18 (pg/mL), r 0.275 1.000 0.075 �0.023 0.183 �0.103 0.256 0.265 �0.019 0.339
P value 0.040 0.583 0.866 0.178 0.449 0.057 0.049 0.890 0.123
Adiponectin (μg/mL), r 0.016 0.075 1.000 0.048 �0.216 0.148 0.048 �0.149 �0.229 0.085
P value 0.907 0.583 0.727 0.110 0.276 0.726 0.274 0.090 0.707
HsCRP (mg/L), r 0.467 �0.023 0.048 1.000 �0.092 �0.089 �0.247 0.044 0.053 �0.191
P value <0.001 0.866 0.727 0.501 0.513 0.066 0.748 0.697 0.395
Leptin (ng/mL), r 0.193 0.183 �0.216 �0.092 1.000 0.087 0.121 �0.072 0.214 0.139
P value 0.155 0.178 0.110 0.501 0.526 0.373 0.599 0.113 0.537
TWEAK (pg/mL), r �0.153 �0.103 0.148 �0.089 0.087 1.000 0.155 �0.009 0.089 �0.021
P value 0.261 0.449 0.276 0.513 0.526 0.253 0.948 0.512 0.925
IGF1, ng/mL 0.020 0.256 0.048 �0.247 0.121 0.155 1.000 �0.046 0.133 0.186
P value 0.884 0.057 0.726 0.066 0.373 0.253 0.736 0.328 0.406
TNF-α (pg/mL), r 0.298 0.265 �0.149 0.044 �0.072 �0.009 �0.046 1.000 �0.160 0.330
P value 0.026 0.049 0.274 0.748 0.599 0.948 0.736 0.238 0.134
Insulin (pmol/L), r �0.083 �0.019 �0.229 0.053 0.214 0.089 0.133 �0.160 1.000 �0.311
P value 0.541 0.890 0.090 0.697 0.113 0.512 0.328 0.238 0.160
FGF21 (pg/mL), r �0.021 0.339 0.085 �0.191 0.139 �0.021 0.186 0.330 �0.311 1.000
P value 0.923 0.123 0.707 0.395 0.537 0.925 0.406 0.134 0.160

FGF21, fibrolast growth factor 21; HsCRP, high-sensitivity C-reactive protein; IGF1, insulin-like growth factor 1; IL, interleukin; TNF-α, tu-
mour necrosis factor α; TWEAK, tumour necrosis factor-like weak inducer of apoptosis.
*P value < 0.1 was considered to be statistically significantPearson’s or Spearman’s correlation r was performed using pre-intervention
measurements.
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pre-diabetic hyperglycaemia in post-intervention subjects. The
HOMA-IR indices also indicated no insulin resistance in all sub-
jects (Table 5), except for non-sarcopenic subjects that were
already diabetic.22 We also examined the levels of FGF21, an-
other growth factor associated with insulin resistance and type
2 diabetes, but found no significant differences in the post-
intervention subjects (Supporting Information, Table S2). Thus,
it seems likely that the high insulin level post-intervention is
not because of insulin resistance but because of improved in-
sulin secretion, possibly because of the high levels of
insulinogenic amino acids derived from whey protein. More
clinical studies are necessary to confirm these observations.
No significant treatment effects were observed for the other
circulating factors, although IGF1 (P = 0.075) did trend towards
an increase, nearing the normal healthy levels of IGF1 in non-
sarcopenic elderly subjects (Table 4).

Discussion

This is the first prospective cross-sectional cohort study that
shows a significant association between the levels of various
circulating factors, including proinflammatory cytokines and
relevant metabolic hormones, and sarcopenia in elderly per-
sons in China, based on the diagnostic criteria of AWGS. In
this study, our main finding is that proinflammatory cytokines
are generally higher in sarcopenic subjects, whereas anabolic
hormones are generally lower in sarcopenic subjects, com-
pared with non-sarcopenic elderly subjects. Higher levels of
TWEAK were especially associated with a higher risk of
sarcopenia and more severe muscle loss in sarcopenic sub-
jects. Moreover, sarcopenic subjects’ levels of TWEAK, TNF-
α, and IL-18 were almost restored back to normal levels after
an intensive lifestyle intervention programme for 12 weeks,
in tandem with a significant recovery in muscle mass.

TWEAK is a proinflammatory cytokine belonging to the TNF
super family with multiple biological functions, including stim-
ulation of apoptosis and induction of muscle injury and atro-
phy.23 A novel finding in our study was that higher levels of
TWEAK could independently and significantly increase the risk
of sarcopenia by 13.4-fold and predict the severity of
sarcopenia, suggesting that TWEAK levels are closely con-
nected to the pathogenic mechanism of sarcopenia. Under
pathological conditions, TWEAK becomes overexpressed
(high concentrations, 500 ng/mL) and activates the NF-kB24

pathway via the FGF-inducible 14 receptor, leading to in-
creased expression of MuRF1 and activation of the
ubiquitin-proteasome pathway.4 In fact, the other proinflam-
matory cytokines associated with sarcopenia in this study,
TNF-α and IL-18, are also known to activate NF-κB. NF-κB is
a major proinflammatory transcription factor that not only
mediates the effects of proinflammatory cytokines but also
further increases their expression in a vicious cycle.1 Taken
together, these studies and our clinical data suggest that
the TWEAK/TNF-α/IL-18/NF-κB proinflammatory signalling
pathway plays a dominant role in the mechanism for
sarcopenia. Muscle IL-18 may be expressed as a consequence
of physical inactivity or chronic hypoxemia,12 which is consis-
tent with the risk of sarcopenia and the change of serum level
IL-18 in sarcopenic persons. Immunohistochemistry demon-
strated that TNF-α and IL-18 were solely expressed by Type
II fibres, whereas the expression of IL-6 was more prominent
in type I compared with type II fibres,25 which could partly ex-
plain why the levels of IL-6 do not correlate with the risk of
sarcopenia. Although the effect of CRP on skeletal muscle
mass is well-known, our data showed that CRP is not tightly
associated with sarcopenia in our patients. Indeed, studies
have shown that it could be easily influenced by other fac-
tors, such as IL-6, IGF1, physical activity, and lifestyle,26 which
could confound the effects of CRP in the elderly body.

Ageing-related changes in hormones also play a major
role in the development of sarcopenia. In our study, we

Table 4. Changes in circulating factors after intensive lifestyle interventiona

Parameter

Pre-intervention sarcopenic subjects
(n = 32)

Mean ± SD/M (P25, P75)

Post-intervention sarcopenic subjects
(n = 32)

Mean ± SD/M (P25, P75) P value*

IL-6, pg/mL 2.9 (2.0–5.9) 2.8 (2.0–3.1) 0.061
IL-18, pg/mL 961.82 ± 884.72 492.87 ± 300.39 0.017
TNF-α, pg/mL 34.43 ± 36.05 10.14 ± 4.80 <0.001
TWEAK, pg/mL 1878.46 ± 554.24 1290.74 ± 455.49 <0.001
HsCRP, mg/L 0.68 (0.32–1.49) 0.78 (0.33–2.20) 0.842
Adiponectin, μg/mL 2.43 (1.05–6.47) 16.61 (7.11–25.67) <0.001
Leptin, ng/mL 11.07 (5.65–30.25) 12.37 (5.30–20.21) 0.700
IGF1, ng/mL 62.17 ± 20.78 76.73 ± 32.54 0.075
Insulin, pmol/L 23.15 ± 18.20 80.47 ± 99.75 <0.001
FGF21, pg/mL 49.99 (46.20, 57.05) 53.80 (46.1, 59.3) 0.610

HsCRP, high-sensitivity C-reactive protein; IGF1, insulin-like growth factor 1; IL, interleukin; SD, standard deviation; M, median; Q1–3, 1st
and 3rd quartile values; TNF-α, tumour necrosis factor α; TWEAK, tumour necrosis factor-like weak inducer of apoptosis.
aSarcopenic subjects accepted a 12 week intensive lifestyle intervention programme consisting of nutritional supplementation and resis-
tance exercise.
*P values calculated by paired-sample Wilcoxon test.
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found that the levels of several metabolic hormones were
associated with muscle mass and strength in sarcopenic el-
derly subjects. Our data indicated that serum leptin is sig-
nificantly correlated with the severity of sarcopenia, and
sarcopenia risk, after adjusting for potentially confounding
variables. Leptin is an appetite-suppressive adipokine that
links food intake with energy expenditure and body compo-
sition.27 Leptin is known to increase muscle mass by de-
creasing the expression of atrophy-related factors such as
myostatin, MuRF1, and muscle atrophy F-box in muscles,28

possibly by regulating IGF1 levels,29 although we found no
significant correlation between serum leptin and IGF1 levels
in our cohort (Table 3). Changes in leptin sensitivity with
ageing could contribute to the age-related degeneration of
multiple organs, including skeletal muscles.28 Serum leptin
is also correlated with sarcopenic obesity in osteoarthritis pa-
tients, consistent with our data.30 In hamsters, leptin levels
in the serum and adipose tissues are increased in response
to proinflammatory stimuli, including TNF-α and lipopolysac-
charide endotoxin, to simulate post-infection anorexia.31 This
is consistent with our findings that both proinflammatory cy-
tokines and leptin are positively correlated with sarcopenia,
and suggests that subclinical inflammation increased leptin
levels in presarcopenic and sarcopenic subjects.

Our data also indicated that serum insulin and IGF1 levels
were inversely correlated with sarcopenia risk after adjusting
for potentially confounding variables and that serum IGF1
levels were inversely correlated with the severity of
sarcopenia. The phosphatidylinositol 30-kinase-AKT pathway
is the major effector kinase of both insulin and IGF1 in
muscles,32 which is known to increase protein synthesis by
inducing mammalian target of rapamycin and reduce muscle
degradation by suppressing the FoxO-ubiquitin ligase
pathway,33 in opposition to NF-κB-induced degradation in
skeletal muscles.

Our results indicate that serum adiponectin levels were in-
versely correlated with sarcopenia risk, thus supporting other
studies that suggest that serum adiponectin is protective
against sarcopenia.34–36 However, there are also studies
which show that adiponectin is higher in sarcopenic patients,
possibly because of the confounding effect of adiponectin re-
sistance and the resultant rise of adiponectin with age-
ing.37,38 It has been reported that adiponectin up-regulates
the phosphatidylinositol 30-kinase-AKT pathway, which pro-
motes muscle protein synthesis and prevents muscle protein
degradation.33,39 Interestingly, adiponectin is also an anti-
inflammatory agent, and the production of adiponectin by
adipocytes is inhibited by proinflammatory factors, such as
TNF-α and IL-6.40 Although adiponectin mainly originates
from adipose tissue, other studies have shown that
adiponectin can also be produced by other cells, including
skeletal muscle myocytes and cardiomyocytes.41,42 In skeletal
muscle myocytes, adiponectin can locally regulate energy ho-
meostasis and muscle function via adiponectin receptor 1,Ta
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AMP-activated protein kinase, and peroxisome proliferator-
activated receptor-α.43,44

Intensive lifestyle intervention via nutritional
supplementation and exercise can attenuate the subclinical
proinflammatory state, as seen by the significant declines in
IL-18, TNF-α, and TWEAK levels. Two special components of
whey protein, a-lactalbumin45 and lactoferrin,46 have recently
been shown to inhibit the production of proinflammatory
cytokines such as TNF-α and IL-6 in rat or human monocytes.
Whey protein also contains a high proportion of branched
chain amino acids, which can stimulate skeletal muscle protein
synthesis via mammalian target of rapamycin signalling and
also stimulate the release of IGF1.47 In addition, whey
protein-derived amino acids have important insulinogenic
properties, which promote pancreatic β-cell insulin secretion
without an additional effect on C-peptide or insulin
clearance.48 Coupled with the slower clearance of whey
protein and amino acids in the elderly digestive system, this
could partially explain why the levels of insulin and adiponectin
increased so significantly post-intervention in sarcopenic
subjects.

There were several limitations in our study that need to be
acknowledged. Firstly, given the cross-sectional nature of this
study, it is difficult to capture the dynamic changes in circulat-
ing factors during sarcopenia pathogenesis and after inter-
vention. Future studies will aim to address these limitations,
especially by analysing the long-term effects of intensive life-
style intervention in sarcopenic subjects. Secondly, although
we examined several proinflammatory cytokines, it is inevita-
ble that we might have missed other relevant proinflamma-
tory factors in sarcopenia. Here, it should still be noted that
the limited proinflammatory cytokine profile we observed
for sarcopenia appears to be somewhat different from inclu-
sion body myositis (IBM), a muscle disease that also involves
chronic inflammation. While TWEAK appears to be a proin-
flammatory cytokine biomarker that is shared by both
sarcopenia and IBM,49 another study that profiled 48 inflam-
matory cytokines to identify a list of reliable IBM biomarkers
(TRAIL, IL-8, MIF, MCP-1, LIF, IP-10, IFN-α2, MIG, bNGF, and
IL-3) did not overlap with our list of proinflammatory cyto-
kines, not even IL-6 and TNF-α.50 These differences are likely
because of the complex pathogenic aetiologies surrounding
both IBM51,52 and sarcopenia.

In conclusion, human ageing is accompanied by a chronic
subclinical proinflammatory state, which leads to a variety of
complex immune and hormonal changes in the elderly. Proin-
flammatory cytokines, particularly TWEAK and TNF-α, exert
detrimental effects onmuscle mass and strength during the de-
velopment of sarcopenia in the elderly. Our PPLSS found that in
sarcopenic elderly subjects, the serum proinflammatory cyto-
kines and leptin levels are significantly higher compared with
non-sarcopenic elderly persons, while several metabolic hor-
mones were lower. Importantly, our results support the idea
that intensive lifestyle intervention, consisting of whey

supplementation and resistance exercise training, can reduce
the subclinical proinflammatory state and ameliorate
sarcopenia.
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Figure S1. The frequency distribution of FGF21 among 3
EWGSOP subtypes of subjects. The FGF21 data was changed
into a 5-category histogram, by dividing the range into 5
equal parts, in order to present the frequency distributions.
There were no samples for the fourth frequency interval, so
only 4 categories were presented for this histogram.
FGF21 = Fibroblast growth factor 21.
Figure S2. Correlation analysis of FGF21 vs. limb extremities’
muscle mass and muscle strength across all subjects Correla-
tion r is adjusted for age, gender and BMI. FGF21 = Fibroblast
growth factor 21. The graphs were created by Photograph.
Table S1. Non-parametric ANOVA for all circulating factors
across 3 EWGSOP subtypes of patients (α’ = 0.017)
Table S2. FGF21 levels across subjects according to
sarcopenia and type 2 diabetes mellitus (DM) status
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