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Abstract: Objectives: (i) To investigate serum myostatin (absolute and normalized for total body lean mass
(TBLM)) and IGF-1 as biomarkers of frailty and low relative appendicular skeletal muscle mass (RASM) in
older adults, and; (ii) to examine gender differences in the association of serum myostatin and IGF-1 levels with
frailty and low RASM. Design: Cross-sectional study. Setting: The “Longitudinal Assessment of Biomarkers
for characterization of early Sarcopenia and predicting frailty and functional decline in community-dwelling
Asian older adults Study” (GERI-LABS) study in Singapore. Participants: 200 subjects aged 50 years and older
residing in the community. Measurements: Frailty was assessed using the modified Fried criteria. Low RASM
was defined using cutoffs for height-adjusted appendicular skeletal muscle mass measured by dual-energy X-ray
absorptiometry as recommended by the Asian Working Group for Sarcopenia. Comorbidities, cognitive and
functional performance, physical activity and nutritional status were assessed. Blood samples collected included
serum myostatin, insulin-like growth factor 1 (IGF-1) and markers of inflammation (total white cell count, CRP,
IL-6 and TNFaR1). Subjects were classified into 4 groups: Frail/Prefrail with low RASM (Frail/Low RASM),
Frail/Prefrail with normal RASM (Frail/Normal RASM), Robust with low RASM (Robust/Low RASM) and
Robust with normal RASM (Robust/Normal RASM). Results: 63 (32%) subjects were classified as Frail/Low
RASM, 53 (27%) Frail/Normal RASM, 28 (14%) Robust/Low RASM and 56 (28%) Robust/Normal RASM
respectively. Frail/Low RASM subjects were older and had lower BMI compared to Frail/Normal RASM and
robust subjects. Mean (SE) normalized myostatin levels were higher in Frail/Low RASM compared to Frail/
Normal RASM subjects (1.0 (0.04) versus 0.84 (0.05) ng/ml/kg, P=0.01). Median (IQR) IGF-1 level was lower
amongst Frail/Low RASM subjects compared to Frail/Normal RASM subjects (102.3, (77.7, 102.5) vs 119.7
(82.7, 146.0) ng/ml, P=0.046). No differences in myostatin or IGF-1 were observed among robust individuals
with or without low muscle mass. In adjusted multinomial logistic regression models with Robust/Normal RASM
as the reference group, myostatin (P=0.05) and IGF-1 (P=0.043) were associated with Frail/Low RASM status
in the whole cohort. When stratified by gender, myostatin was significantly associated with Frail/Low RASM
status in men only (P=0.03). In women, serum IGF-1 was associated with Frail/Low RASM status (P=0.046), but
not myostatin (P=0.53). Conclusion: Serum myostatin, normalized for TBLM in men and IGF-1 in women are
potential biomarkers for frail individuals with low RASM, and may identify a target group for intervention.
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Introduction

Advancing age is associated with striking changes in
body composition, with the progressive age-related decline
in skeletal muscle mass and function known as sarcopenia
(1). Sarcopenia is associated with a high risk of negative
health outcomes such as falls, physical disability and mortality,
and is a major contributor to healthcare costs (2, 3). On the
other hand, frailty refers to a multidimensional syndrome
characterized by reduced homeostatic reserves, increasing an
individual’s vulnerability to stressors and placing the individual
at risk of adverse outcomes akin to sarcopenia (4). While
multiple operational definitions of frailty exist, the phenotype
approach defines physical frailty as a syndrome with clinically
recognizable features of weight loss, decreased grip strength,
exhaustion, slowness and low physical activity (5). A decline
in strength attributed to sarcopenia is hypothesized to presage
frailty onset and falls into a self-perpetuating vicious cycle,
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leading to the notion of sarcopenia as being a biological
substrate for the initiation and progression of physical frailty
(6).

Whether sarcopenia is a predominant process in the
pathogenesis of physical frailty may be influenced by various
pathways through which an equilibrium between catabolic
and anabolic processes in muscle homeostasis is maintained.
For instance, myostatin, a member of the transforming growth
factor 5 (TGF-B) superfamily is an endogenous inhibitor of
myogenesis, whereas insulin-like growth factor 1 (IGF-1) is a
circulating hormone with anabolic effects on muscle. However,
existing studies examining the relationship between myostatin
and IGF-1 with sarcopenia and frailty have yielded inconsistent
results. Some studies reported the “expected” association that
myostatin levels are inversely related to muscle mass (7, 8),
whereas others have reported opposite findings (9-11) or a
lack of association (12). Similarly, for IGF-1, results have
ranged from the association of low levels with sarcopenia,
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frailty and disability (13-15) to the lack of association (16).
While the exact mechanisms remain to be elucidated, several
possibilities have been proposed. From the measurement
perspective, inconsistent results in the association between
myostatin with muscle mass and function typically involve
studies which report absolute myostatin levels (7, 9) and may
reflect the confounding influence of age and total muscle mass
on circulating myostatin. To circumvent this, it is proposed that
myostatin levels should be adjusted for age and normalized
to total body lean mass (17). Furthermore, there is increasing
attention within the field about the gender-specific modulation
of sarcopenia risk by myostatin and IGF-1 signalling, such that
sarcopenia is driven by the catabolic influence of myostatin
in men and anabolic decline represented by reduced IGF-1 in
women. [t was recently reported that high myostatin levels
were associated with sarcopenia in men only whereas serum
IGF-1 level was significantly lower amongst female sarcopenic
subjects (18); similarly, low IGF-1 levels was associated with
impaired handgrip strength in women, but not in men (19).
Taken together, this suggests that different
pathophysiological mechanisms, some gender-specific, may
underlie the development of frailty and sarcopenia, such that
biomarkers may only relate to specific pathogenic pathways
or phenotypes of either condition (20). In this context, we aim
to examine the role of myostatin and IGF-1 as biomarkers of
frailty in the presence and absence of low skeletal muscle mass
in a cohort of fully independent, community-dwelling older
adults, and to examine if this association is modified by gender.

Methods

Study population

The “Longitudinal Assessment of Biomarkers for
characterization of early Sarcopenia and predicting frailty and
functional decline in community-dwelling Asian older adults
Study” (GERI-LABS) is a prospective cohort study involving
cognitively intact and functionally independent adults aged 50
years and older residing within the community. Two hundred
subjects were recruited between August 2013 and July 2014.
The current study involves cross-sectional analysis of myostatin
and IGF-1 levels with baseline clinical and blood biomarker
assessments.

Ethics approval for the study was obtained from by the
Domain Specific Review Board of the National Healthcare
Group and informed written consent was obtained from the
participant.

Inclusion and exclusion criteria

Subjects were included if they were (i) aged 50 to 99 years at
study enrolment, (ii) community-dwelling, and (iii) independent
in both activities of daily living (ADLs) and instrumental
ADLs (IADLs). We excluded subjects with a known history
of dementia or evidence of cognitive impairment using a
locally-validated modified Chinese version of mini-mental state

examination (CMMSE) cut-off score <21 (21) and subjects
who were unable to walk at least 4.5 m independently (those
with symptomatic heart disease, movement disorders, requiring
assistance in ambulation or inability to ambulate independently
with a walking aid). Residents of sheltered or nursing homes
were also excluded.

Measurements

Clinical assessments

We collected demographic data and comorbid vascular
risk factors, including hypertension, hyperlipidemia, diabetes
mellitus, atrial fibrillation, peripheral vascular disease, stroke
or transient ischemic attack and ischemic heart disease based
on self-report or the use of disease-specific medications. The
presence of chronic inflammatory disease and malignancy was
documented. Body mass index (BMI) was calculated from
measurements of standing height and body weight. Nutrition
was assessed using the locally-validated Mini Nutritional
Assessment (MNA) questionnaire (22). Functional performance
in basic activities of daily living (ADL) was evaluated using
Barthel’s index (23) and instrumental ADL using Lawton and
Brody’s (IADL) index (24).

Laboratory assessments

Venous blood sample was obtained at baseline for
measurement of serum albumin, C-reactive protein and full
blood count, performed in the clinical laboratory of Tan Tock
Seng Hospital, Singapore.

Serum obtained following centrifugation at 3000 rpm
for 10 min was aliquoted and stored at -80 °C until analysis
for myostatin (Immundiagnostik AG, Bensheim), insulin-
like growth factor-1 (IGF-1) (BioVendor, Czech Republic),
interleukin-6 (IL-6) (eBioscience, San Diego, CA, USA) and
TNFa receptor-1 (TNFaR1) (R&D Systems, Minneapolis,
MN, USA). All assays were performed according to the
manufacturers’ recommendations and measured in duplicates,
with detection limits of 0.4 ng/ml for myostatin, 5 ng/ml for
IGF-1, 0.1 pg/ml for IL-6 and 15 pg/ml for TNFaR1. To
interpret myostatin concentrations within the context of an
individual’s lean mass, relative myostatin concentrations were
calculated by normalizing to total body lean mass (TBLM) (17).
The estimated marginal means of normalized myostatin levels
adjusted for age were analysed, due to the significant effect of
age on circulating myostatin levels (17, 25).

Assessment of frailty and muscle mass

Frailty was defined using the modified Fried criteria
(5). Grip strength was measured using the hydraulic hand
dynamometer (North Coast™ Hydraulic Hand Dynamometer).
Two trials of grip strength were obtained for each hand with all
4 trials averaged to yield a final strength score. Gait speed was
based on the time taken to walk 3 metres. Published Asian cut-
offs were used to define each frailty sub-item (grip strength <26
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Table 1
Clinical characteristics of all study participants (N=200)

Pre-frail/Frail N=116 (58 %)

Robust N=84 (42%)

Low RASM Normal RASM Low RASM Normal RASM
N=63 N=53 P N=28 N=56 P

Women, N (%) 40 (63.5) 36 (67.9) 0.62 17 (60.7) 44 (78.6) 0.08
Age in years, mean (SE) 71.7 (1.0)* 68.4 (1.0) 0.02 66.1 (1.5) 64.3(0.9) 0.28
Chinese ethnicity, N (%) 63 (100) 49 (92.5) 0.04 26 (92.9) 46 (82.1) 0.19
Education, mean (SE) 8.3(0.6) 8.9(0.7) 0.50 104 (1.0) 9.2(0.6) 0.30
Comorbidities, N (%)

Hypertension 32 (50.8) 28 (52.8) 0.83 8 (28.6) 28 (50.0) 0.06

Diabetes mellitus 12 (19.1) 14 (26 4) 0.34 6(214) 11 (19.6) 0.85

Hyperlipidemia 41 (65.1) 33 (62.3) 0.75 17 (60.7) 41 (73.2) 0.24

Ischemic heart disease 2(3.2) 1(1.9) 1.0 1(3.6) 0 0.33

Atrial fibrillation 2(3.2) 4(7.6) 041 2(7.1) 1(1.8) 0.26

Stroke or TIA 4(64) 0.12 1(3.6) 0 0.33

Malignancy 4(64) 4(7.6) 1.0 1(3.6) 3(54) 1.0

Inflammatory disease 2(32) 0.19 0 0 -
Anthropometric and body composition measures

BMI, mean (SE) 21.6 (0.3)* 256 (04) <0.001 212 (04) 26.5(0.5) <0.001

Total body lean mass (kg), mean (SE) 31.6 (0.8)* 36.0 (0.9) <0.001 32.8(1.3) 374 (1.0) 0.006

RASM (ASM/height2), mean (SE) 5.5(0.1)* 6.6 (0.1) <0.001 5.6 (0.1) 6.6 (0.1) <0.001

Total body fat mass (kg), mean (SE) 18.9 (0.6)* 23.5(0.8) <0.001 17.8 (0.7) 25.7(0.9) <0.001
Cognitive and physical functional measures

CMMSE, mean (SE) 26.3(0.2) 25.7(0.3) 0.08 26.3(0.3) 26.5(0.2) 0.70

ADL, mean (SE) 98.8 (0.4) 98.6 (0.4) 0.69 99.3(04) 99.3 (0.3) 1.0

IADL, mean (SE) 8.97 (0.01) 9.00 (0) 0.19 8.96 (0.04) 8.98 (0.02) 0.62
Nutritional status

Albumin (g/1), mean (SE) 38.8 (0.3) 39.2(04) 0.38 39.3(0.5) 393(04) 0.98

Total MNA, mean (SE) 259 (0.3)* 27.6(0.2) <0.001 26.8 (0.3) 27.8(0.2) 0.03

* Statistically different from Robust/Normal RASM group (P<0.05); SE: standard error; BMI: Body mass index; TIA: transient ischemic attack; RASM: relative appendicular skeletal
muscle mass (ASM/height?); CMMSE: modified version of the Chinese Mini-Mental State Examination; ADL: Activities of Daily Living; IADL: Instrumental Activities of Daily Living;

MNA: Mini-Nutritional Assessment

kg for men and <18 kg for women scored as 1; and gait speed
<0.8 m/s scored as 1) (26). Low physical activity was defined
using the pentile cutoff of <29 on the Frenchay Activities
Index (27). Lastly, we modified 2 questions from the Center
for Epidemiologic Studies-Depression Scale (CES-D) to assess
fatigue. Participants answered yes/no to the following: (a) I
felt that everything I did was an effort, and (b) I could not get
“going”. The frailty sub-item of fatigue was considered positive
if either question was endorsed. The 5 items were summated to
yield a total score (range 0-5), which corresponded respectively
to frail (3-5), pre-frail (1-2), and robust (0) health status.

Lean mass measures were obtained via a dual-energy X-ray
absorptiometry (DXA) system (Discovery™ APEX 13.3;
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Hologic, Bedford, MA, USA). Appendicular skeletal mass
was derived from the summation of fat-free lean body mass
in the four limbs. Relative appendicular skeletal muscle mass
(RASM) was calculated using the Asian Working Group for
Sarcopenia (AWGS) recommended gender specific cut-off
values for height-adjusted appendicular skeletal muscle mass
(ASM/height2) (26). As the AWGS definition of sarcopenia
includes low muscle strength and physical performance, we
only used muscle mass criteria in our study to avoid overlap
with components of the modified Fried criteria (9).

Using the aforementioned criteria for frailty and low muscle
mass, we classified subjects into 4 groups: Frail/Prefrail with
low RASM (Frail/Low RASM), Frail/Prefrail with normal
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RASM (Frail/Normal RASM), Robust with low RASM
(Robust/Low RASM) and Robust with normal RASM (Robust/
Normal RASM). Frail (N=11) and prefrail (N=105) subjects
were considered together due to small numbers of frail subjects
(5.5%) in this relatively healthy community-dwelling cohort.

Statistical analysis

Continuous variables were expressed as means (standard
error) or as medians (interquartile range). Categorical variables
were expressed as counts and percentages. Univariate analyses
were performed comparing between frailty subgroups
(Frail/Low RASM versus Frail/Normal RASM and Robust/
Low RASM versus Robust/Normal RASM) in baseline
demographics, clinical measures of cognitive, functional and
physical performance, nutritional status, comorbidities and
laboratory assessments, including serum myostatin and IGF-1.
Independent sample t-tests were used for parametric data and
Mann-Whitney U test for non-parametric continuous variables.
Chi-square tests were used for categorical variables.

Multinomial logistic regression was used to identify
normalized serum myostatin, IGF-1 and clinical characteristics
as independent predictors for individuals classified as Frail/
Low RASM, Frail/Normal RASM and Robust/Low RASM
with Robust/Normal RASM as the reference group. We then
performed the regression analyses according to gender in order
to further elucidate gender-specific predictors of frailty and low
muscle mass. Two-sided tests with a significance level of P <
0.05 were applied. Statistical analysis was carried out using
Stata Statistical Software: Release 15. College Station, TX:
StataCorp LLC.

Results

Demographic and clinical characteristics

We enrolled 200 subjects with a mean age of 67.9 (7.9)
years. Table 1 summarizes the demographic characteristics.
One hundred and eighty-four (92%) subjects were of Chinese
ethnicity and 137 (68.5%) were women. Eighty-four (42%)
were robust, 105 (52.5%) pre-frail and 11 (5.5%) frail.
The distribution of the four groups was 63 (31.5%) Frail/
Low RASM, 53 (26.5%) Frail/Normal RASM, 28 (14.0%)
Robust/Low RASM and 56 (28%) Robust/Normal RASM
respectively. The proportion of frail individuals with normal
RASM was 45.7%. The mean age of Frail/Low RASM
subjects was older (71.7 (1.0) years) compared to Frail/Normal
RASM (68.4 (1.0) years), Robust/Low RASM (66.1 (1.5)
years) and Robust/Normal RASM subjects (64.3 (0.9)) (P
for trend < 0.001). There were no significant differences in
the medical comorbidities of hypertension, diabetes mellitus,
hyperlipidemia and ischemic heart disease between the three
groups. Frail/Low RASM subjects had the lowest BMI and
total body lean mass along with the lowest total body fat mass
and percentage body fat. Subjects with low RASM had poorer
nutritional status based on MNA scores compared to subjects

with normal RASM, regardless of frailty status.

Laboratory assessments

Laboratory assessments between the four groups are shown
in Table 2. There were no significant differences in absolute
serum myostatin between the groups. However, for a given
amount of total body lean mass (TBLM), mean (SE) age-
adjusted myostatin levels were higher for Frail/Low RASM
subjects compared to Frail/Normal RASM subjects (1.0 (0.04)
versus 0.84 (0.05) ng/ml/kg, P=0.01). Normalized myostatin
levels did not differ between robust individuals regardless of
muscle mass. Median (IQR) IGF-1 levels were significantly
lower amongst Frail/Low RASM subjects compared to Frail/
Normal RASM subjects (102.3, (77.7, 102.5) versus 119.7
(82.7, 146.0) ng/ml, P=0.046). There were no differences
in IGF-1 levels between robust subjects with low or normal
RASM. Levels of inflammatory markers (Total white cell
count, CRP, IL-6 and TNFaR1) did not differ between the
groups.

Association of myostatin and IGF-1 with frailty and muscle
mass stratified by gender

In both men and women, there were no differences
in absolute myostatin levels between the groups. However,
normalized myostatin levels were higher in frail men and
women with low muscle mass compared to frail individuals
with normal muscle mass (Men: 0.81 (0.05) versus 0.65 (0.06)
ng/ml/kg, P=0.01, Women: 1.09 (0.05) versus 0.93 (0.05) ng/
ml/kg, P=0.01). Frail/Low RASM men also had significantly
higher myostatin levels compared to Robust/Normal RASM
men (0.81 (0.05) versus 0.59 (0.06) ng/ml/kg, P=0.001). There
were no differences in normalized myostatin levels observed
in robust subjects regardless of muscle mass status. Overall,
normalized myostatin levels were higher in women compared to
men. (Table 2).

IGF-1 levels were lower in Frail/Low RASM compared
to Frail/Normal RASM women (100.1 (76.0, 119.2) versus
114.5 (86.6, 136.4) ng/ml, P=0.07). Frail/Low RASM women
also had significantly lower IGF-1 levels compared to Robust/
Normal RASM women (100.1 (76.0, 119.2) versus 117.6 (97.5,
146.0) ng/ml, P=0.02). In men, no differences were observed in
IGF-1 levels between the groups (Table 2).

Multinomial logistic regression for frailty and muscle mass
outcomes stratified by gender

In adjusted multinomial logistic regression models,
myostatin normalized for total body lean mass and IGF-1 were
significantly associated with Frail/Low RASM status (3: 1.7,
95% CI 0.001 — 3.5, P=0.05 and B: -0.014, 95% CI -0.027
— -0.0004, P=0.043; Table 3). These associations were not
observed for subjects who were robust or with normal muscle
mass. When stratified by gender, normalized serum myostatin
was significantly associated with Frail/Low RASM status in
men only (B: 7.2, 95% CI 0.70 — 13.7, P=0.03). In contrast,
serum IGF-1 was significantly associated with Frail/Low
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Table 2
Laboratory assessments according to frailty and muscle mass status

Pre-frail/Frail N=116 (58 %) Robust N=84 (42%)
Low RASM Normal RASM Low RASM Normal RASM
N=63 N=53 P N=28 N=56 P

‘Whole cohort

Myostatin (ng/ml), mean (SE)f 30.7 (1.5) 294 (1.5) 0.53 274 2.1) 29.0 (1.5) 0.56

Myostatin per unit lean mass (ng/ml/kg), mean (SE)T 1.0 (0.04)* 0.84 (0.05) 0.01 0.90 (0.06) 0.78 (0.05) 0.12

IGF-1 (ng/ml), median (IQR) 102.3 (77.7,102.5)* 119.7 (82.7, 146.0) 0.046 114.5 (86.6,119.7) 117.6 (109.3,139.7) 040
Inflammatory markers

White blood cell count, x109/L, mean (SE) 57(02) 59(0.2) 0.29 58(0.3) 58(0.2) 0.82

CRP (mg/l), mean (SE) 15(0.2) 1904) 0.35 13(04) 22(0.5) 0.22

TNFaR1 (pg/ml), median (IQR) 4308 (2812, 5830) 3726 (2550, 5000) 0.24 3721 (2794, 4380) 4068 (3179, 5105) 0.37

IL-6 (pg/ml), median (IQR) 1.1(0.6,1.8) 1.2(06,1.7) 0.58 0.8(0.5,1.8) 0.95(0.7,1.7) 0.33
Men

Myostatin (ng/ml), mean (SE) 30.9 (1.40) 29.6 (1.5) 0.54 27522) 292 (1.6) 051

Myostatin per unit lean mass (ng/ml/kg), mean (SE)f 0.81 (0.05)* 0.65 (0.06) 0.01 0.71 (0.07) 0.59 (0.06) 0.12

IGF-1 (ng/ml), median (IQR) 103.8 (88.2, 126) 134.4 (78.8,166.8) 0.28 119.7 (110.8, 147) 120.1 (104.0,157.0) 095
Women

Myostatin (ng/ml), mean (SE)f 30.9 (1.6) 29.7 (1.6) 0.54 27722) 29.2 (1.6) 0.56

Myostatin per unit lean mass (ng/ml/kg) mean (SE)f 1.09 (0.05)* 0.93 (0.05) 0.01 0.99 (0.07) 0.87 (0.05) 0.12

IGF-1 (ng/ml), median (IQR) 100.1 (76.0, 119.2)* 114.5 (86.6,136.4) 0.07 109.2 (74.0, 146.9) 117.6 (97.5, 146.0) 0.19

*Statistically different from Robust/Normal RASM group (P<0.05); TAge-adjusted means; RASM: relative appendicular skeletal mass; IQR: interquartile range; SE: standard error; IGF-
1: Insulin-like growth factor 1; CRP: C-reactive protein; TNFaR 1: tumor-necrosis factor-alpha receptor 1; IL-6: interleukin-6

Table 3
Multinomial logistic regression analysis of the association between clinical and biochemical characteristics with frailty and
muscle mass status in the entire cohort (N=200)}

B coefficient (95% confidence interval)

Variable Prefrail/Frail with low RASM Prefrail/Frail with normal RASM Robust with low RASM
Age in years 0.13 (0.06 — 0.21)*** 0.08 (0.01 —0.14)** 0.044 (-0.041 - 0.13)
Female gender -1.5(-2.8--0.17)** -0.46 (-1.5-0.56) -1.6 (-3.1 —-0.08)**
BMI -0.77 (-1.01 — -0.52)*** -0.083 (-0.21 - 0.04) -0.83 (-1.1 — -0.55)***
Myostatin per unit lean mass 1.7 (0.001 —3.5)* 041(-12-20) 0.73(-1.2-3.0)
IGF-1 -0.014 (-0.027 — -0.0004)** -0.004 (-0.013 — 0.005) -0.007 (-0.022 — 0.007)

FReference: Robust/Normal RASM group; *P=0.05, **<.05, ***<.001

RASM status in women (B: -0.016, 95% CI -0.033 — -0.0003,
P=0.046), but not myostatin (P=0.53) (Table 4).

In the analysis of other covariates in the model, increasing
age was also associated with increased risk of frailty regardless
of muscle mass, but not with subjects who were robust. Higher
BMI was associated with decreased risk of low muscle mass in
both frail and robust subjects.

Discussion

In the present study, we identified the gender-specific
association between serum myostatin and IGF-1 with coexistent
frailty and low muscle mass in a group of healthy, community-
dwelling older adults. While older age and lower BMI are
associated with being both frail and having low muscle mass
in both sexes, higher levels of myostatin normalized for total
body lean mass were associated with co-existent frailty and
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Table 4
Multinomial logistic regression analysis of the association between clinical and biochemical characteristics with frailty and mus-
cle mass status, stratified by gendert

B coefficient (95% confidence interval)

Men Women
Variable Prefrail/Frail with low Prefrail/Frail with Robust with low Prefrail/Frail with low  Prefrail/Frail with Robust with low
RASM normal RASM RASM RASM normal RASM RASM
Age in years 0.28 0.17 0.24 0.10 0.040 -0.006
(0.063 - 0.49)* (-0.002 - 0.33) (0.15-0.46)* (0.02-0.19)* (-0.04-0.12) (-0.11 -0.10)
BMI, kg/m? -1.6 -0.43 -1.6 ( -0.67 -0.02 -0.80
(-2.4 —-0.7)%* (-0.82 —-0.03)* -2.5—-0.73)%* (-0.95 — -0.40)** (-0.16 - 0.12) (-1.1 —-0.46)**
Myostatin per unit lean mass 72 3.6 32 0.63 0.41 0.24
(0.70 - 13.7)* (-24-9.6) (-4.1 - 10.6) (-14-26) (-142-22) (-2.1-2.7)
IGF-1 -0.0008 0.004 0.013 -0.016 -0.006 -0.012
(-0.035-0.033) (-0.025 - 0.032) (-0.024 - 0.05) (-0.033 —-0.0003)* (-0.02 - 0.005) (-0.03 - 0.005)

fReference: Robust/Normal RASM group; *P<.05, ** <.001

low muscle mass only in men whereas this association was
not observed in women. Conversely, lower IGF-1 levels were
associated with co-existent frailty and low muscle mass only in
women. These findings suggest gender-specific pathways in the
development of frailty, whereby myostatin regulation of muscle
mass may contribute to frailty development through sarcopenia
in men. In contrast, the IGF-1-dependent anabolic pathway may
predominate in women.

We adopted the approach by Bergen et al (17), analysing
serum myostatin normalized for total body lean mass. This
approach accounts for the age-associated decline in muscle
mass, with the resultant relationship between high myostatin
levels and low muscle mass concordant with the role of
myostatin as a negative regulator of muscle growth. In the
aforementioned study, circulating myostatin is modestly
correlated with skeletal muscle mass (r = 0.24) (17). A failure
to adjust myostatin levels for muscle mass may thus explain,
in part, previous contradictory findings (9). Other possible
explanations may include the lack of data on the biological
relevance of circulating versus muscle expression of myostatin,
as myostatin abundance may not reflect myostatin activity (28).
Even when myostatin levels can be quantified, the activity of
myostatin precursor forms may not be accounted for (29). In
addition, the complex regulation of myostatin by interacting
proteins such as follistatin, follistatin-related gene (FLRG)
and GDF-associated serum protein-1 (GDF-1) remains to be
clarified (30).

Age and gender also confounds the association of circulating
myostatin with muscle mass. Our study corroborates previous
findings, where higher myostatin levels are observed in older,
sarcopenic women compared to younger women, whereas
in men, the opposite is observed, suggesting the role of
myostatin as a homeostatic regulator of muscle mass in men
with aging (17). While mechanisms underlying the sexually
dimorphic actions of myostatin have yet to be elucidated, lower
myostatin levels are hypothesized to be protective against the

loss of skeletal muscle mass and strength, possibly mediated
through inflammation (31), although markers of inflammation
were not associated with frailty and low muscle mass in our
cohort. Other possible reasons for the age-associated decrease
in myostatin in men include an adaptive response to an
unfavourable metabolic state (32) or changes in sex hormones,
which may regulate skeletal muscle growth mediated by the
adipomyokine irisin (33).

Our results showing an association between lower IGF-1
levels with frailty and low muscle mass in older women
parallel previous findings of a similar association of IGF-1
with grip strength (19) and disability (15) among women,
but not in men. Lower IGF-1 levels are associated with
impaired muscle strength and function, with IGF-1 mediating
muscle growth and regeneration through inhibition of muscle
atrophy pathways (34). In the present study, while we show a
statistically significant association between IGF-1 and frailty
with coexistent sarcopenia in women, the magnitude of this
association is small, suggesting that that other mechanisms may
be relevant in the pathogenesis pathway from sarcopenia to
frailty in women.

In our cohort, the gender-specific association of myostatin
and IGF-1 was observed in frail adults with low muscle mass
only. This association was not present in robust adults even
with low muscle mass, which may reflect either a systemic
frailty-associated physiological dysregulation of skeletal
muscle protein metabolism independent of age, or a later, more
severe stage of sarcopenia where muscle mass, strength and
performance measures are impaired, a concept which parallels
contemporary definitions of sarcopenia (35). Our study thus
adds to the body of knowledge on biomarkers of sarcopenia
and frailty, as previous studies have only examined biomarkers
related to muscle mass or physical performance in isolation.

Given the paucity of data in healthy community-dwelling
older adults, further longitudinal studies are required to
elucidate causal relationships between serum myostatin and
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sarcopenia in the pathogenesis of frailty, and to investigate the
influence of inflammation, metabolic disease and sex hormones
on this relationship. Understanding this relationship will have
therapeutic implications in terms of the potential role of using
myostatin as a blood biomarker to select the target population
who will best respond to myostatin inhibitor therapy (36), for
instance, pre-frail older men with dynapenia (or ‘probable
sarcopenia’ based on the recent EWGSOP?2 criteria (35)) who
are at increased risk of adverse health outcomes without early
intervention.

The strengths of this present study include a well-
characterized community-based population and comprehensive
evaluation with well-established definitions of frailty
and sarcopenia specific to an Asian population. The use of
normalized levels of myostatin also enabled us to elucidate the
gender-specific association with co-existent frailty/low muscle
mass despite the relatively small sample size.

Nonetheless, there are several limitations. Firstly, the
cross-sectional design of the study limits the determination of
causality between the clinical and biomarker characteristics
with sarcopenia and frailty status. Secondly, the sample size
precludes more elaborate subgroup analysis, and a type II error
cannot be excluded. The small sample size also resulted in large
confidence intervals if estimates of relative risk were used, thus
the multinomial logit coefficient was reported as a measure of
association. Thirdly, the selection of healthier cognitively intact
community-dwelling adults enrolled in this study may limit the
generalizability of the current results to a more heterogeneous
population of frailer older adults. Fourthly, we used DXA
measurements of lean mass as an estimate of appendicular
skeletal muscle mass; studies suggest that DXA-derived lean
mass do not correlate well with measures of muscle function
such as physical performance and mobility (37). Nevertheless,
the use of DXA is in line with recommendations by the
International Clinical Practice Guidelines for Sarcopenia (38).

In summary, the present study showed that myostatin in men
and IGF-1 in women are potential biomarkers for coexistent
sarcopenia and frailty in community-dwelling older adults. Our
results suggest the putative role of gender-specific catabolic
and anabolic pathways in co-existent sarcopenia and frailty,
and possibly pathophysiological mechanisms independent of
sarcopenia in the pathogenesis of frailty. Further longitudinal
studies to disentangle the underlying mechanisms of sarcopenia
and frailty will be crucial in identifying appropriate biomarkers,
treatment targets and developing therapeutic interventions to
ameliorate frailty in older adults.
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