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Abstract Sarcopenia is associated with adverse health

outcomes. This study investigated whether skeletal muscle

gene expression was associated with lean mass and grip

strength in community-dwelling older men. Utilising a cross-

sectional study design, lean muscle mass and grip strength

were measured in 88 men aged 68–76 years. Expression

profiles of 44 genes implicated in the cellular regulation of

skeletal muscle were determined. Serum was analysed for

circulating cytokines TNF (tumour necrosis factor), IL-6

(interleukin 6, IFNG (interferon gamma), IL1R1 (interleukin-

1 receptor-1). Relationships between skeletal muscle gene

expression, circulating cytokines, lean mass and grip strength

were examined. Participant groups with higher and lower

values of lean muscle mass (n = 18) and strength (n = 20)

were used in the analysis of gene expression fold change.

Expression of VDR (vitamin D receptor) [fold change (FC)

0.52, standard error for fold change (SE) ± 0.08, p = 0.01]

and IFNG mRNA (FC 0.31; SE ± 0.19, p = 0.01) were

lower in those with higher lean mass. Expression of IL-6 (FC

0.43; SE ± 0.13, p = 0.02), TNF (FC 0.52; SE ± 0.10,

p = 0.02), IL1R1 (FC 0.63; SE ± 0.09, p = 0.04) and

MSTN (myostatin) (FC 0.64; SE ± 0.11, p = 0.04) were

lower in those with higher grip strength. No other significant

changes were observed. Significant negative correlations

between serum IL-6 (R = -0.29, p = 0.005), TNF (R =

-0.24, p = 0.017) and grip strength were demonstrated. This

novel skeletal muscle gene expression study carried out

within a well-characterized epidemiological birth cohort has

demonstrated that lower expression of VDR and IFNG is

associated with higher lean mass, and lower expression of IL-

6, TNF, IL1R1 and myostatin is associated with higher grip

strength. These findings are consistent with a role of proin-

flammatory factors in mediating lower muscle strength in

community-dwelling older men.
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Introduction

Sarcopenia, the loss of muscle mass and function with age,

is common in both men and women over the age of 65 with

the estimated UK prevalence being 4.6 and 7.9 %,

respectively [1]. There are a number of adverse physical

and metabolic outcomes associated with sarcopenia [2],

which are increasingly relevant in the context of global

population ageing. Skeletal muscle strength is partly

determined by muscle mass [3]. Several mechanisms have

been proposed for the age-related decline in muscle mass

and strength, including a decrease in physical activity,

impaired nutrition (in particular, decreased dietary intake

of protein), hormonal changes, oxidative stress and

denervation [4, 5]. However, the precise contribution of

each of these factors is uncertain. Attention is now focusing

on the cellular and molecular aetiology of the loss of

skeletal muscle mass and strength.

At a cellular level, multiple cell signalling pathways

execute environmental and cellular cues that determine

myofiber size through protein synthesis or degradation.

These include the IGF-I/AKT/mTOR and the AKT/GSK-3

signalling pathways that promote protein synthesis and the

maintenance of skeletal muscle mass [6]. Pathways asso-

ciated with protein catabolism mainly involve activation of

NFkB (nuclear factor kB) by the inflammatory mediators

TNF (tumour necrosis factor) and IL-6 (interleukin 6),

among others [7]. Downstream effects of NFkB include

regulation of the E3 ubiquitin ligases MAFbx (atrogin-1)

and MURF-1 that are involved in muscle atrophy [8].

Other proteins such as the VDR (vitamin D receptor)

and MSTN (myostatin) have been shown to influence

muscle development, growth as well as atrophy [9–11].

Vitamin D deficiency is associated with muscle weakness,

reduced physical performance and falls [12, 13]. VDR is

responsible for transmitting the effects of vitamin D into

cells, and evidence for the roles for the VDR have been

derived from VDR knockout mice that are characterised by

reductions in body size, impaired motor coordination,

metabolic abnormalities and smaller myofibers compared

with wild-type littermates [13–15]. Single nucleotide

polymorphisms (SNPs) in the VDR gene have been asso-

ciated with altered body composition. For example, Roth

et al [16] demonstrated that older men homozygous for the

FF allele of the FokI polymorphism in VDR were at risk of

having reduced fat-free mass, a marker of sarcopenia.

Myostatin is a critical negative regulator of skeletal

muscle growth [17] and mutations within the MSTN gene

leading to a lack of mature protein in mice as well as in

some species of cattle, sheep and dog, increases muscle

mass [18]. In humans, elevated myostatin has been asso-

ciated with muscle atrophy in critically ill patients [19],

and in chronic disease e.g. HIV [20]. Increased expression

of myostatin has been identified in glucocorticoid-induced

muscle atrophy [21]. In vitro studies suggest that myostatin

upregulates the E3 ubiquitin ligases and activity of the

proteasome pathway as well as NFkB activity, with con-

comitant down regulation of the growth promoting IGF-1/

PI3k/Akt pathway [22]. Despite the evidence presented

above, the functional roles of vitamin D and myostatin in

mediating skeletal muscle loss in human ageing are less

clear.

There is substantial evidence linking inflammation with

sarcopenia [23]. Whereas the acute inflammatory response

is beneficial to muscle repair and regeneration, persisting,

chronic, low grade elevation of inflammatory cytokines

appears to exert an adverse impact on muscle mass and

strength [7, 23–25].

Although the molecular mechanisms associated with

loss of skeletal muscle mass and function have been

described in rodents [26], and patterns of transcriptional

changes in younger vs older adults have been studied via

microarray [27], there are few studies of gene expression in

healthy community-dwelling older men or women who

have had detailed phenotypic characterisation. Our aim was

to investigate the association between the expression of

genes related to anabolism, signalling and inflammation

with lean mass and grip strength in a population-based

sample of community-dwelling older men participating in

the Hertfordshire Sarcopenia Study (HSS) [28]. The study

was restricted to men in the first instance to maximise

discovery power.

Methods

One hundred and five healthy community-dwelling older

men, 68–76 years old, who participated in the UK Hert-

fordshire Cohort Study (HCS) [29] were prospectively

recruited into this cross-sectional study (HSS) as previ-

ously described in detail [28].

The Hertfordshire Research Ethics Committee approved

the study (approval number 07/Q0204/68). Each partici-

pant gave written informed consent. Investigations on

participants were conducted in accordance with the prin-

ciples expressed in the Declaration of Helsinki.

Data Collection

Collection and Analyses of Serum

Blood was taken from participants, processed and stored as

previously described [28]. The Human Proinflammatory

Ultra-Sensitive Kit, K15009C-2 (Meso-Scale Discovery,

Gaithersburg, USA), an extensively validated multi-array
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sandwich immunoassay, was used to analyse the levels of

the cytokines tumour necrosis factor (TNF), interleukin 6

(IL-6) and interferon gamma (IFNG). Levels of interleukin

1 receptor 1 (IL1R1) were analysed separately by ELISA

(MBS263977, My Biosource, CA, USA). The samples

were analysed in batches; quality control samples were

analysed in each batch to monitor inter-assay and intra-

assay precision. The coefficients of variation (%) were 5.05

(IFNG), 7.83 (TNF), 12.22 (IL-6) and 12.81 (IL1R1).

Vastus Lateralis Muscle Biopsies and TaqMan-PCR

Arrays

Muscle biopsies were obtained from 99 out of 105 study

participants after an overnight fast, as previously described

[28]. A portion of the biopsy was snap frozen in liquid

nitrogen and stored at -80 �C until further analysis.

Total RNA was extracted from TRIzol homogenates

according to the manufacturer’s instructions (Invitrogen,

CA, USA), and 30 ng of total RNA was used per reaction.

RNA quality was tested using the ratio of absorbance at

260 and 280 nm (C1.8 for all samples). RNA of sufficient

abundance and quality was obtained from 88 participants.

TaqMan RNA gene expression assays were performed

using StepOnePlus systems (Applied Biosystems, Foster

City, CA, USA). TaqMan� RNA-to-CT
TM

1-Step Kit with

standard TaqMan cycling conditions was used according to

the manufacturer’s instructions (Applied Biosystems, Fos-

ter City, CA, USA). The PCR array was performed on pre-

prepared 96-well array plates (Applied Biosystems, Foster

City, CA, USA). Within each plate, two samples (corre-

sponding to two individual participants) were tested for 44

genes of interest. These genes were selected based on the

extensive literature pertaining to the molecular regulation

of skeletal muscle [6]. Amplified cDNA was detected using

SYBR green fluorescence (Applied Biosystems, Foster

City, CA, USA). Expression levels measured by TaqMan

RT-PCR were expressed as Ct (cycle threshold) with data

output based on delta–delta Ct analyses as described by

Livak et al [30]. All samples were analysed once. Duplicate

(GHR and ELF-1) genes were incorporated to ensure

consistency between assays. The coefficient of variation

(CV) was calculated for GHR and ELF-1. If the CV was

greater than 7.6 %, the values were not included in the

analysis. Therefore, the means of the duplicate samples

with CV of\7.6 % were used in subsequent analyses. The

44 genes and their corresponding accession numbers are

presented in Table 1.

Anthropometry, Lean Mass and Grip Strength

Height in centimetres (cm) and weight in kilogrammes (kg)

were measured once. Body composition was assessed by

dual-energy x-ray absorptiometry (DXA) (Hologic Dis-

covery, software version 12.5) and was performed on all

participants to quantify total lean mass in kilograms. Iso-

metric grip strength (kg) was measured three times in each

hand using a standardised protocol.

Table 1 Genes and corresponding accession numbers

Target genea Accessionb Target gene Accession

ACE NM_000789 IRS-1 NM_005544

AKT1 NM_005163 JUN NM_002228

AR NM_000044.3 LPL NM_000237

EIF2B NM_001414 MAPK1 NM_002745

ELF-1 NM_001145353.1 MAPK14 NM_001315

FBXO32 NM_058229 MAPK8 NM_002750

FOXO1 NM_002015 MSTN NM_005259

FRAP1 NM_004958.3 NFKB1 NM_003998

GSK3a NM_019884.2 NOS3 NM_000603

GHR NM_000163.4 NR3C1 NM_000176

HRAS NM_005343 PIK3CA NM_006218

IFNG NM_000619 PPARGC1a NM_013261.3

IGF1R NM_000875 RPS6K NM_003161

IGFBP3 NM_000598 RXRA NM_000964

IGFBP5 NM_000599 SIRT 1 NM_012238

IL-1a NM_000575 SIRT 2 NM_012237

IL1R1 NM_000877 SOD1 NM_000454

IL-4 NM_000589 TNF NM_000594

IL-6 NM_000600 TNFRSF1a NM_001065.3

IL-6R NM_000565 TRIM63 NM_032588

IL-6ST NM_002184.3 VEGFA NM_001025366.2

IL-15 NM_000585 VDR NM_000376

a ACE angiotensin converting enzyme, AKT1 PKB/protein kinase B

signalling molecule, AR androgen receptor, EIF2B eukaryotic initia-

tion factor 2B, ELF-1 E26 transformation-specific related transcrip-

tion factor, FRAP-1 mTOR mammalian target of rapamycin, FBXO32

F-box protein 32, FOXO1 forkhead box-containing protein O-sub-

class, GHR growth hormone receptor, GSK3a glycogen synthase

kinase 3 alpha, HRAS v-Ha-ras Harvey rat sarcoma viral oncogene

homolog, IFNG interferon gamma, IGFBP3 insulin-like growth factor

binding protein 3, IGF-1R insulin-like growth factor 1, IRS-1 insulin-

like substrate 1, IL-1a interleukin 1 alpha, IL1R1 interleukin 1

receptor, IL-4 interleukin 4, IL-6 interleukin 6, IL-6R interleukin 6

receptor, IL-6S IL-6 signal transducer, IL-15 interleukin 15, JUN

proto-oncogene, LPL lipoprotein lipase, MAPK14 map kinase 14,

MSTN myostatin, NFKB nuclear factor kappa beta, NR3C1 gluco-

corticoid receptor, PIK3CA phosphoinositide-3-kinase, catalytic,

alpha polypeptide, PPARGC1a peroxisome proliferator-activated

receptor gamma, coactivator 1 alpha, RPs6K ribosomal protein s6

kinase, RXRA retinoic acid receptor A, SIRT 1&2 sirtuin 1&2, SOD2

superoxide dismutase, TNF tumour necrosis factor, TNFRSF1a

tumour necrosis factor receptor superfamily, member 1a, TRIM 63

tripartite motif containing 63, VEGFA vascular endothelial growth

factor A, VDR vitamin D receptor
b RefSeq database
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Statistical Analysis

Raw data files (.txt) were visually inspected for com-

pleteness of data. Out of the genes studied, GSK3a as

opposed to the usual assay standard 18s RNA, was asso-

ciated with a stable expression profile with least variability

and was, therefore, used as the reference gene. Raw cycle

threshold (Ct) values obtained from the PCR array were

normalised against GSK3a to obtain values of gene

expression [delta Ct (DCt)]. Higher positive DCt values

indicated lower gene expression relative to GSK3a. Nor-

malisation of the Ct values enabled the use of the Livak

method (2-DDCt) [30] to calculate fold changes in gene

expression in those individuals with high lean mass or

muscle strength, relative to those with low lean mass or

muscle strength. Higher and lower values of lean mass and

grip strength were used in the subsequent analysis to cal-

culate gene expression fold change. Smaller participant

groups with extreme values of lean mass (8 participants

with total lean mass B49.5 kg compared to 10 participants

with total lean mass C64.2 kg) and muscle strength (8

participants with muscle strength B28 kg compared to 12

participants with muscle strength C49 kg) values were

used in analyses to maximize participant contrast. Signifi-

cant differences in the median delta Ct value of the two

groups were determined by Mann–Whitney U tests.

Univariate linear regression was then used on 88 par-

ticipants to investigate associations between gene expres-

sion and muscle mass or grip strength. Genes used in the

linear regression were standardized to a normal distribution

with mean 0 and variance (1) and interpreted as z-scores.

Robust variance estimators were used to account for het-

eroskedasticity. We also performed regression analysis

adjusting for height. Principal component cluster analysis

(PCCA) was used to group genes that had similar levels of

gene expression [31]. Further, to identify functional themes

in the gene clusters, the Database For Annotation, Visu-

alization And Integrated Discovery (DAVID) [32] was

used to identify enriched Gene Ontology terms and KEGG

pathways in each cluster relative to the complete gene set

background. Enriched terms and pathways were associated

with both a p value and a Benjamini-corrected p value.

Data were analysed using the statistical packages STATA

(STATA release 11, StataCorp, Texas, USA) and SAS

(version 9.1.3, SAS Institute Inc. NC, USA).

Results

Participant Characteristics

Age, height, weight, lean mass and grip strength for 88 par-

ticipants in whom gene expression data were available are

presented in Table 2. Mean (standard deviation, SD) partic-

ipant age was 72.3 years (2.4 years), height was 174.8 cm

(6.2 cm), weight 83.6 kg (12.6 kg), lean mass 57.2 kg

(6.1 kg) and grip strength 39.1 kg (8.2 kg). When stratifying

by lean mass, two subgroups were formed at the extremes of

the data, with relatively higher [68.5 kg (4.27 kg); n = 10]

or lower [47.7 kg (2.35 kg); n = 8] mean lean mass. Simi-

larly, when stratifying by grip strength, two subgroups were

identified with higher [52.9 kg (4.78 kg); n = 12] and lower

[24.3 kg (2.49 kg); n = 8] mean grip strength (Table 3).

Gene Expression and Lean Mass

The vitamin D receptor (VDR) and IFNG showed lower

relative gene expression in those with high lean mass

(n = 10) compared with those with low lean mass (n = 8),

with fold changes of 0.52 (SE ± 0.08); p = 0.01 and

0.31(SE ± 0.19); p = 0.01, respectively (Fig. 1). Using

univariate regression analyses, lean mass in kg showed

decreases of 1.52 kg, p = 0.005, [95 % confidence interval

(CI) 0.46, 2.60] and 1.57 kg, p = 0.022, (95 % CI 0.23,

2.90) for each SD increase in IFNG and VDR expression,

respectively (Table 4). Adjusting for height only margin-

ally attenuated the associations between lean mass and both

IFNG p = 0.02 (95 % CI 0.20, 2.52) and VDR p = 0.06

(95 % CI -0.06, 2.21) (Table 5).

Gene expression and grip strength

The genes for IL-6 [fold change 0.43 (SE ± 0.13),

p = 0.02], TNF [fold change 0.52 (SE ± 0.10), p = 0.02],

IL1R1 [fold change 0.63 (SE ± 0.09), p = 0.04] and

MSTN [fold change 0.63 (SE ± 0.11), p = 0.04] showed

lower relative expression in those men who were stronger

(n = 12) compared with those who were weaker (n = 8)

(Fig. 2). In regression analyses, grip strength in kg

decreased by 1.63 kg, p = 0.06 (95 % CI -0.05, 3.31),

1.86 kg, p = 0.06 (95 % CI -0.04, 3.76) and 1.40 kg,

p = 0.09 (95 %CI -0.20, 3.00) for every SD increase in

IL1R1, IL-6 and MSTN gene expression, respectively, but

these were not found to be statistically significant

(Table 4). Similarly, there were no significant associations

between grip strength SD scores and TNF (Table 4).

Table 2 Characteristics of participants

n = 88 Mean (SD)

Age (years) 72.3 (2.41)

Height (cm) 174.8 (6.21)

Weight (kg) 83.6 (12.60)

Lean mass (kg) 57.2 (6.10)

Grip strength (kg) 39.1 (8.20)
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Adjusting for height did not substantially alter these non-

significant associations (Table 5).

Gene Expression and Serum Cytokine Levels

Cycle threshold values for the genes IL1R1, IFNG, IL-6

and TNF negatively correlated with their corresponding

serum levels suggesting higher Ct values associated with

lower serum cytokine levels; however, these correlations

were weak and not statistically significant (Table 6).

Serum Cytokine Levels, Lean Mass and Grip Strength

Serum cytokine, lean mass and grip strength measurements

were available for 96 participants. Spearman correlation

analyses revealed a significant negative correlation

between serum IL-6 (R = -0.29, p = 0.005), TNF

(R = -0.24, p = 0.017) and grip strength (Table 6). The

association between these cytokines and lean mass was not

statistically significant (Table 7).

PCCA and Gene Function Enrichment

PCCA analyses identified three clusters of genes that

accounted for approximately 53 % of the total variation

within the sample (Fig. 1 and Table 1 in the supplementary

file). These clusters could be broadly interpreted biologi-

cally as genes involved in anabolism (Cluster I), intracel-

lular signalling (Cluster 2) and inflammation (Cluster 3).

Table 3 Characteristics of participants within grip strength and lean mass groups

High grip strength

(n = 12)

Low grip strength

(n = 8)

p value High lean

mass (n = 10)

Low lean

mass (n = 8)

p value

Age (years) 70.9 (1.81) 73.5 (2.56) 0.018 71.2 (1.37) 73.1 (2.65) 0.071

Height (cm) 177.8 (3.87) 173.1 (4.98) 0.028 177.2 (3.97) 169.0 (6.46) 0.004

Weight (kg) 87.5 (14.1) 87.3 (5.00) 0.97 104.8 (8.12) 65.3 (3.75) \0.001

Lean mass (kg) 59.9 (6.94) 58.1 (4.42) 0.52 68.5 (4.27) 47.7 (2.35) \0.001

Grip strength (kg) 52.9 (4.78) 24.3 (2.49) \0.001 42.2 (9.31) 36.9 (4.64) 0.16

All values presented as mean (SD)

Fig. 1 Lean muscle mass and skeletal muscle gene expression.

Lower fold change in muscle mRNA expression of the vitamin D

receptor (VDR) and interferon gamma (IFNG) in men with high lean

mass (n = 10) compared to those with low lean mass (n = 8). Values

are expressed as 2-DDCt normalised to GSK3a. Bars represent

standard error (SE) for fold change. **Significantly different from

those with lower lean mass, p = 0.01

Table 4 Univariate regression analysis of the association between

lean mass, grip strength and skeletal muscle gene expression

Gene b coefficienta 95 % confidence

interval

p value

Lean mass (kg)

IFNG 1.52 0.46,2.58 0.005

VDR 1.57 0.23, 2.90 0.02

Grip strength (kg)

IL-6 1.86 -0.04, 3.76 0.06

IL1R1 1.63 -0.05, 3.31 0.06

MSTN 1.40 -0.20, 3.00 0.09

TNF 0.73 -1.08, 2.53 0.43

a Beta-coefficients represent decreases in lean mass and grip strength

for a SD increase in gene expression

Table 5 Multivariate regression analysis of the association between

lean mass, grip strength and skeletal muscle gene expression adjusted

for height

Gene b coefficient 95 % confidence

interval

p value

Lean mass (kg)

IFNG 1.36 0.20, 2.52 0.02

VDR 1.07 -0.06, 2.21 0.06

Grip strength (kg)

IL-6 1.71 -0.04, 3.46 0.06

IL1R1 1.31 -0.28, 2.91 0.11

MSTN 1.04 -0.54, 2.61 0.19

TNF 0.61 -1.16, 2.37 0.50

a Beta-coefficients represent decreases in lean mass and grip strength

for a SD increase in gene expression
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Genes in Cluster 3 were over-expressed in men with low

lean mass (IFNG and VDR) and low grip strength (IL-6,

TNF and IL1R1) (Fig. 1 and Table 1 in the supplementary

file). There were no significantly enriched functions asso-

ciated with the genes in Cluster 1 for any of the three Gene

Ontology (GO) classes, Biological Process (BP), Cellular

Content (CC) and Molecular Function (MF) compared to

the total list of tested genes. Cluster 2 contained a number

of significant GO terms for the Biological Process and

Molecular Function categories. These terms generally

related to transcription factors and responses to stimuli.

Cluster 3 was characterised by several Gene Ontology

terms and KEGG pathway terms relating to immune

response. None of the terms were significant after correc-

tion of p values for multiple testing using the Benjamini

method (data not shown). However, the analysis generally

supports the differing functional assignments for the genes

in two of the clusters.

Discussion

In this novel study, we investigated the relationship

between skeletal muscle gene expression and lean mass or

grip strength, in community-dwelling older men. The genes

for IFNG and VDR showed significantly lower relative

expression levels in men with higher lean mass, but not in

men who were stronger while the genes IL-6, TNF, IL1R1

(responsible for transmitting the inflammatory effects of

IL-1) and MSTN showed significantly lower relative

expression levels in men who were stronger, but not in

those with high lean mass.

The apparent uncoupling of gene expression between

the mass and strength groups in our study is somewhat

surprising but not entirely unexpected. Although muscle

mass determines muscle strength, the relationship is not

linear. Both cross sectional and longitudinal studies show

that younger as well as older individuals can be stronger

than would be predicted by their muscle mass alone [33].

This may be explained by changes in muscle quality, where

differential gene expression could be a key underlying

mechanism.

Ageing is associated with a chronic low grade inflam-

matory profile characterised by an increase in proinflam-

matory cytokines [23]. Leger et al [34] showed that in older

men, compared to younger counterparts, TNF mRNA lev-

els were increased by almost threefold, while IGF-1

mRNA was decreased by 45 % in tissue obtained from the

vastus lateralis. There is extensive evidence both from

animal and human studies for the association of inflam-

matory cytokines (e.g. TNF, IL-6, IL-1) with muscle

catabolism and muscle atrophy. Rieu et al [35] showed that

controlling low grade inflammatory response with anti-

inflammatory treatment in older rats was associated with

better postprandial protein anabolism and prevented the

loss of muscle mass. A study by Schapp et al [24] showed

that higher serum levels of TNF and IL-6 soluble receptor

were associated with greater declines in grip strength in

men over the course of 5 years. A recent longitudinal study

by Bartali et al [36] suggested that in men and women aged

65 or over, low protein intake was associated with greater

Fig. 2 Muscle strength and skeletal muscle gene expression. Lower

fold change in muscle mRNA expression of interleukin 6 (IL-6),

tumour necrosis factor (TNF), interleukin 1 receptor (IL1R1 and

myostatin (MSTN) in men who were stronger (n = 12) compared to

those who were weaker (n = 8). Values are expressed as 2-DDCt

normalised to GSK3a. Bars represent standard error (SE) for fold

change. *Significantly different from those who were weaker,

p \ 0.05

Table 6 Correlation between gene expression delta Ct values and

serum cytokine levels

N Spearman’s q p value

IL1R1 88 -0.11 0.33

IFNG 76a -0.03 0.81

IL-6 87a -0.18 0.11

TNF 87a -0.16 0.14

a Unavailable expression data for IFNG (n = 12), IL-6 (n = 1), TNF

(n = 1)

Table 7 Correlation between serum cytokine levels and both grip

strength and lean mass

n Lean mass Grip strength

Spearman’s q p value Spearman’s q p value

IL1R1 96 0.04 0.70 0.11 0.26

IFNG 96 0.12 0.26 0.11 0.28

IL-6 96 -0.06 0.58 -0.29 0.01

TNF 96 -0.12 0.25 -0.24 0.02
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declines in muscle strength in those with high levels of

systemic inflammatory markers. In our study in muscle, we

demonstrated lower levels of the proinflammatory genes

IL-6, TNF, IL1R1 in men who were stronger, but interest-

ingly not in those who had higher lean mass. Using

regression analysis, there were also trends suggesting

increased expression of these proinflammatory genes was

associated with lower grip strength. Although we did not

determine protein levels in skeletal muscle, we were able to

measure serum levels of IL-6, TNF and IL1R1. There were

non-significant trends suggesting lower serum levels of

these cytokines in men with corresponding higher delta Ct

values of these genes (indicating lower gene expression

relative to control). Furthermore, there were significant

negative correlations between serum levels of IL-6, TNF

and grip strength in support of our regression analyses as

well as previous observations pertaining to the adverse

influence of these inflammatory cytokines on muscle

strength [23, 24].

Interferon gamma (IFNG) is a pleiotropic cytokine that

regulates muscle homeostasis and repair [37–39]. Few

studies of IFNG in relation to muscle mass are available in

adult humans. One study of patients with chronic obstruc-

tive airways disease (COPD), a disease characterized by

muscle weakness, found no difference in muscle levels of

IFNG, between patients and controls [40]. Conversely,

studies of the inflammatory myopathies suggest that IFNG

as well as TNF are central in their pathogenesis [41, 42]. A

study in rodents, whose hind limbs were damaged after

exposure to cardiotoxin, a mechanism known to induce an

inflammatory response, interferon blocking antibodies

reduced muscle cell proliferation and the formation of

regenerating fibres. [39]. We speculate that in our study,

men with high lean mass have a lower inflammatory burden.

This is supported by analyses showing lack of expression of

the proinflammatory genes e.g. TNF, and IL-6 in men with

high lean mass.

The absence of the vitamin D receptor in mice is char-

acterised by reductions in body size, in part mediated by

reductions in myofiber size. Conversely, selective deletion

of VDR in rodent cardiomyocytes, resulted in larger

cardiomyocytes and left ventricular hypertrophy [43]. In

humans, polymorphisms of VDR have been associated with

reductions in fat-free mass. In our study, a decrease in

expression of VDR was present in men with higher lean

mass while regression analyses suggested that increased

VDR expression was associated with decreases in lean

mass. This finding is surprising and opposite to the existing

evidence pertaining to the effects of the VDR. We speculate

that a similar mechanism to that seen in cardiomyocytes of

VDR knockout mice, where lower VDR expression was

associated with cardiomyocyte hypertrophy, may be

occurring in myofibers in our skeletal muscle samples [43].

Clearly, more investigation is required to address this

specific point.

Myostatin (MSTN) is a negative regulator of skeletal

muscle growth. In the current study, lower expression of

MSTN was present in men who were stronger but not in

those with higher lean mass. Consistent with these results,

a recent human study showed that the risk of low grip

strength was almost 8-fold higher in patients aged 35–85

with higher serum levels of myostatin [44]. In mice,

pharmacological treatment with a myostatin blocking

antibody increased muscle mass and strength [45]. How-

ever, conflicting data exist. For example, although muscle

mass was increased in mice depleted of myostatin, force

generation was impaired and these mice were weaker than

their wild-type littermates [46]. Recent evidence from

ageing humans suggests that although myostatin deficiency

positively impacts on the production of maximum force

and power in the short term, this effect is not prolonged

[47].

Despite the compelling data provided here, there are

acknowledged limitations with the current study. Firstly, it

was designed to be ‘pathway focused’ and we analysed a

limited number of genes previously implicated in the reg-

ulation of skeletal muscle structure and function. This

strategy has the potential of missing other relevant and

important genes. We did consider applying a correction for

multiple testing in addition to the Benjamini method we

used for PCCA. Correction for multiple testing as seen in

large scale studies such as microarrays accounts for false

discovery rates when thousands of individual tests are

investigated. Given the limitation of the cohort size as well

as the fact that we studied 44 genes selected on the basis of

strong pre-existing evidence for roles in muscle function,

we did not pursue correction for multiple testing. Secondly,

the study was conducted on relatively small sample of male

participants, as a cohort as well as within lean mass and

grip strength groups. Although we adjusted our regression

analysis for height, measures of body size and function as

well as other unmeasured confounding variables could

have an impact on our results. However, we were limited

by sample size and therefore statistical power to detect

significant differences. Future studies will require valida-

tion of the current results in a substantially larger cohort.

To our knowledge, this discovery study is the largest

ever undertaken to investigate gene transcript changes

associated with sarcopenia in humans set within the context

of a well characterized epidemiological cohort. The study

has utilised comparison of the extremes of lean mass and

grip strength as a discovery tool and identified a number of

genes for further investigation. Larger studies that also

include women are now needed to enable the influence of

factors such as physical activity as well as gender to be

explored and muscle protein levels ascertained.
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Conclusions

This novel skeletal muscle gene expression study carried

out within a well-characterized epidemiological birth

cohort has demonstrated that lower expression of VDR and

IFNG is associated with higher lean mass and lower

expression of IL-6, TNF, IL1R1 and myostatin is associated

with higher grip strength. These findings are consistent

with a role of proinflammatory factors in mediating lower

muscle strength in community-dwelling older men.
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