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Background

Ageing is associated with changes in body composition including an overall reduction in
muscle mass and a proportionate increase in fat mass. Sarcopenia is characterised by
losses in both muscle mass and strength. Body composition and muscle strength are at
least in part genetically determined, consequently polymorphisms in pathways important in
muscle biology (e.g., the activin/myostatin signalling pathway) are hypothesised to contrib-
ute to the development of sarcopenia.

Methods

We compared regional body composition measured by DXA with genotypes for two poly-
morphisms (rs10783486, minor allele frequency (MAF) = 0.26 and rs2854464, MAF = 0.26)
in the activin 1B receptor (ACVR1B) determined by PCR in a cross-sectional analysis of
DNA from 110 older individuals with sarcopenia from the LACE trial.

Results

Neither muscle mass nor strength showed any significant associations with either genotype
in this cohort. Initial analysis of rs10783486 showed that males with the AA/AG genotype
were taller than GG males (174+7cm vs 170+5¢cm, p = 0.023) and had higher arm fat mass,
(median higher by 15%, p = 0.008), and leg fat mass (median higher by 14%, p = 0.042).
After correcting for height, arm fat mass remained significantly higher (median higher by 4%
Pag = 0.024). No associations (adjusted or unadjusted) were seen in females. Similar analy-
sis of the rs2854464 allele showed a similar pattern with the presence of the minor allele
(GG/AG) being associated with greater height (GG/AG = 174+7 cm vs AA=170+5¢cm, p =
0.017) and greater arm fat mass (median higher by 16%, p = 0.023). Again, the difference in
arm fat remained after correction for height. No similar associations were seen in females
analysed alone.

Conclusion

These data suggest that polymorphic variation in the ACVR1B locus could be associated
with body composition in older males. The activin/myostatin pathway might offer a novel
potential target to prevent fat accumulation in older individuals.

Introduction

The maintenance of a healthy muscle mass is important in giving individuals the strength to
perform the tasks of daily living. Muscle protein is continually turned over such that muscle
mass is maintained by balancing the rates of protein synthesis and degradation within rela-
tively tight windows [1]. After the age of approximately 50 in humans there is a gradual decline
in muscle mass as the rate of protein degradation exceeds that of protein synthesis (reviewed
in [2]). The rate at which the loss of muscle occurs is dependent upon a range of factors includ-
ing genetics, epigenetics, physical activity, nutrition, and co-morbidities, especially those with
a significant inflammatory component [1]. In some individuals the loss of muscle mass and
strength can lead to sarcopenia and is sufficient to limit their ability to perform tasks of daily
living [3, 4].
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Sarcopenia, is defined by the European Working Group on Sarcopenia in Older People
(EWGSOP) as the loss of both muscle mass and strength, leading to low muscle mass together
with a walking speed less than 0.8m/s or a reduced grip strength [5, 6]. Ultimately, it is the loss
of strength that limits the physical capacity of individuals. Loss of muscle mass is a major but
not the sole contributor to the loss of strength. Another factor that contributes to the loss of
strength is the reduction in “muscle quality” which has been defined in a number of ways
including by physiological measurement (e.g. force per unit cross-sectional area [7, 8]) and
radiologically (e.g., muscle density on CT or MRI [9]). One factor contributing to a loss of
muscle quality is the accumulation of fat in and around the muscle and it has been shown that
increased adiposity may increase muscle volume but reduce muscle quality measured by MRI
[10]. Furthermore, fat accumulation in muscle is associated with the loss of relative muscle
strength [11, 12]. This loss of relative strength is especially true in older women compared to
younger women so does not appear to be purely an effect of obesity [13, 14]. Other factors con-
tributing to a loss of strength can include metabolic changes such as mitochondrial dysfunc-
tion and insulin resistance [15], such factors may also contribute to fat accumulation.
Consequently, like factors that regulate muscle mass itself, factors that govern fat accumula-
tion, mitochondrial function, or insulin regulation, either during development or in response
to ageing or environmental factors, will contribute to the loss of muscle quality and thereby
strength and physical performance.

Myostatin, perhaps the best-known atrophic signalling protein, signals through a complex
of the activin type II B receptor (ACVR2B) and activin type I receptors to initiate a SMAD2/
3-dependent signalling cascade. In muscle, this activation increases the expression of the mus-
cle-specific ubiquitin ligases, MuRF and atrogin-1, to promote muscle protein catabolism [16].
Activin A also activates this pathway leading to muscle atrophy [17].

Consistent with a role in the development and maintenance of muscle, polymorphic varia-
tion in the activin receptors has been associated with muscle mass and strength. One polymor-
phism in the first intron of ACVR2B (rs2276541) has been shown to associate with lean body
mass [18] and haplotype analysis showed an association of a haplotype including the same
polymorphism with knee extensor strength in women [19]. However, this variant did not asso-
ciate with sarcopenia in individuals from the Tibetan plateau [20]. The activin type I receptor
ACVRIB has also been associated with body composition and strength. Chromosome fine
mapping initially identified two polymorphic variations in ACVRIB associated with strength
[21]. The AA genotype of rs2854464 associated with greater strength than carriers of the
minor G allele. This polymorphism has subsequently been found to be over-represented in
sprint/power athletes in a cohort of European athletes but not in Brazilian athletes [22].
Located in the 3-UTR of the ACVRIB transcript, this polymorphism is in a putative miR-24
binding site and it is hypothesised that the A allele may have a higher affinity for the miRNA
so may lead to reduced ACVRIB protein. The second polymorphism, rs10783486 located in
intron 1 of the ACVRIB gene, also identified by Windelinckx et al [21], has been associated
with limb muscle mass measured by ultrasound in older women [23], with individuals with
the minor allele having smaller biceps brachii. Furthermore, both polymorphisms have been
associated with change in size of the rectus femoris in cardiac patients following exercise train-
ing [24], although whether the major or minor alleles were associated with increased response
is not clear. However, not all studies show an association of the major allele with increased
strength or enrichment in elite athletes. One recent study of the GELAK cohort of Lithuanian
athletes and controls shows that the minor rs2854464 allele (G) was enriched in team and
power athletes over endurance athletes and controls as well as being enriched in all athlete
groups compared to controls [25]. The discrepancy was suggested to be due to study sizes or to
dissimilar representation of power sport athletes.
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Myostatin is expressed in other tissues including adipose tissue where it has been sug-
gested to contribute to the differentiation of adipocytes [26]. The precise role of myostatin
in adipocyte differentiation is controversial with studies indicating both pro- and anti-adi-
pogenic effects of myostatin. In committed adipocyte cell lines (e.g., 3T3-L1 pre-adipocytes)
myostatin inhibits cell differentiation [27], whereas in pluripotent stem cells (e.g., CH3
10T1/2, a mesenchymal progenitor) myostatin contributes to differentiation towards an
adipogenic phenotype suggesting that it plays a role in the early commitment to the adipo-
cyte cell lineage and away from the myocyte lineage [28, 29]. Consistent with this sugges-
tion, myostatin-null animals have markedly reduced fat mass alongside their increase in
muscle mass [30]. Activin also signals via the ACVR2B/ACVRI complex and similar conse-
quences of activin signalling have been described for muscle breakdown and lipid
accumulation.

The above studies suggest that variation in activin receptor function may contribute to
body composition in individuals with sarcopenia but a search for studies exploring these
polymorphisms in the sarcopenic population did not yield any results. We therefore deter-
mined the frequency of the activin type I receptor polymorphisms rs2854464 and
rs10783486 in individuals with sarcopenia in the LACE trial and compared these with body
mass determined by DXA scans and grip and quadriceps strength at enrolment to determine
whether these polymorphisms associated with body composition or strength in individuals
with sarcopenia.

Materials and methods
Participants and physiological analysis

Participants aged 70 years and over with sarcopenia, according to the EWGSOP definition
(2010) [5], were recruited between April 2016 and December 2019 to the LACE trial to inves-
tigate inhibition of sarcopenia using leucine and/or ACE inhibition as described (trial regis-
tration ISRCTN90094835) [31]. The trial was approved by the East of Scotland NHS research
ethics committee (approval 14/ES/1099) and the UK Medicines and Healthcare Regulatory
Authority (EudraCT number 2014-003455-61; Clinical Trial Authorisation number 36888/
0001/001-0001); the trial was performed in accordance with the ethical standards laid down
in the 1964 Declaration of Helsinki and its later amendments. The original study was a dou-
ble-blind randomised controlled trial and sample preparation and analysis for this work was
carried out without any access to information that could identify the individuals involved.
The full trial protocol, inclusion and exclusion criteria as well as the main outcomes have
been published [31, 32]. Height, weight, and age were recorded, and overall muscle mass was
initially estimated by bioimpedance to reduce the total number of DXA scans required as
part of the screening process. Individuals with low muscle mass and low muscle strength
were recruited to the trial; change in appendicular muscle mass was a key secondary outcome
and this was determined by DXA. Baseline data from these appendicular measures (both
lean mass and fat mass) were used in this analysis. Maximum grip strength was determined
by hand-held Jamar dynamometer and maximum leg strength was determined by measuring
isometric voluntary knee extension with a Lafayette 01165 dynamometer (Lafayette Instru-
ment, Lafayette, IN, USA). Measurements were taken with the participant seated, the knee
joint at 90 degrees, and with a non-elastic strap running between the chair and the ankle to
restrain the dynamometer. Physical performance was determined by measuring 6-minute
walk distance (6MW) and short physical performance battery (SPPB). The original study
was powered to show difference in SPPB but the study was terminated early due to poor
recruitment.

PLOS ONE | https://doi.org/10.1371/journal.pone.0294330 November 14, 2023 4/18


https://doi.org/10.1371/journal.pone.0294330

PLOS ONE

Activin type | receptor polymorphisms in sarcopenia

DNA analysis

Whole blood samples were taken at the first study visit and frozen. DNA was extracted from
the first 110 whole blood samples received using the QIAamp DNA blood mini kit according
to the manufacturer’s instructions. This set of samples were the first batches received from the
various trial sites by the laboratory, and analysis was restricted to this group for purely logisti-
cal reasons relating to the COVID pandemic and subsequent funding. DNA genotyping was
performed by Tagman qPCR using assays C2022135-10 and C15826314-10 on an ABI 7500
fast thermocycler according to the manufacturer’s instructions. Two samples did not amplify
for rs2854464 and 3 samples did not amplify for rs10783486. Data from these individuals were
not included in the analysis.

Statistical analysis

All of the data used in this analysis is available in S1 File. Statistical analysis was performed in
Aabel 3.0 with the exception of ANCOVA (SPSS) and the Chi squared test. Due to the low
minor allele frequency for both alleles, groups were analysed using a recessive model in which
individuals homozygous for the minor allele were combined with heterozygous individuals.
Furthermore, given the known sex differences in muscle size and strength and limb fat content
all associations with body composition or strength were analysed in males and females sepa-
rately. Normality was assessed by Shapiro-Wilk test, with differences between groups deter-
mined by Mann-Whitney U test for data that did not show a normal distribution and students
T-test for normally distributed data. ANCOVA was performed using the General Linear
Model in SPSS with height as the co-variate on log, transformed data for limb fat mass. The
log, transformation was performed to ensure that the associations between limb fat mass and
height in each genotype were parallel. Performing the same analysis on untransformed data
did not affect the outcome. Summary statistical output from SPSS is provided in the S2 File.

Whether the alleles were in Hardy-Weinberg equilibrium was determined by Chi squared
test using allele frequencies published for the European Caucasian population (rs10783486,
MAEF = 0.26 and rs2854464, MAF = 0.26) [21].

The threshold for statistical significance (alpha) was taken as 0.05. All available data were
used for each comparison and no manipulations were performed to include missing values for
individual tests. As this analysis is exploratory no adjustments were made for multiple testing.

GTEX data. The Genotype-Tissue Expression (GTEx) Project was supported by the Com-
mon Fund of the Office of the Director of the National Institutes of Health, and by NCI, NHGRI,
NHLBI, NIDA, NIMH, and NINDS. The data used for the GTEx analyses described in this man-
uscript were obtained from: the GTEx Portal (https://gtexportal.org/home/) on 24/07/2023.

Results

The demographics of participants included in this analysis are given in Table 1. All individuals
were sarcopenic, as described in the Methods, and the population almost entirely identified as
belonging to the White British ethnic group (>99%). In the population as a whole and in both
sexes considered separately, the alleles were in Hardy-Weinberg equilibrium. The genotypes and
allele frequencies are given in S1 Table. The data analysed are the baseline data from the trial.

rs10783486

Given population differences in body composition and strength between males and females,
the sexes were analysed separately. There were no associations of genotype with strength, total
body muscle mass (quantified by bioimpedance) or limb muscle mass (quantified by DXA) in
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Table 1. Baseline demographics of the study population.

female

n 56 52

Age (years) 78 (73.5, 84.5) 0.08 77 (74, 81) 0.07
Weight (kg) 62.8 (57.4,71.0) 0.17 81.3(75.1, 90.35) 0.15
Height (cm) 1576 0.04 1716 0.04
BMI (kg/mz) 26.1(22.9, 28.8) 0.14 27.8 (25.5, 30.6) 0.13
SARC-F 4(3,5) 0.34 3.5(3,4) 0.34
Total body muscle mass (kg/mz) 5.78 (5.33, 6.03) 0.09 7.34 (6.96, 7.70) 0.08
Arm fat mass (kg) 3.20 (2.58, 3.73) 0.32 2.66 (2.06, 3.27) 0.37
Arm muscle mass (kg) 3.42 (2.95,3.81) 0.18 6.04 (5.19, 6.53) 0.15
Leg fat mass (kg) 9.24 (7.36, 11.81) 0.32 7.08 (5.85, 8.71) 0.44
Leg muscle mass (kg) 10.9 + 1.64 0.15 16.2+2.33 0.14
SPPB 7(6,9) 0.36 8(6,9) 0.29
Grip strength (kg) 13.65 £+ 3.40 0.24 24.01 £5.34 0.22
QMVC (kg) 10.5 (7.6, 14.4) 0.44 15.9 (12.6, 21.4) 0.42

BMI: body mass index, cv: coefficient of variation, SARC-F: Strength, assistance with walking, rising from a chair, climbing stairs, and falls questionnaire score, SPPB:

Short Physical Performance Battery score: QMVC: Quadriceps Maximal Voluntary contraction. For normally distributed data values are given as mean + SD and for

data that did not show a normal distribution are median (interquartile range).

Body composition measurements were not available for 1 male. QMVC measurements were not available for 1 female and 6 males.

https://doi.org/10.1371/journal.pone

.0294330.t001

either sex (Table 2, S1 Fig). However, males with the rs10783486 AA/AG genotype were taller
than GG males (174+7cm vs 170+5cm, p = 0.023) (Fig 1A). They also had higher arm fat mass,
(AA/AG median = 2.97kg (IQR 2.60, 3.49), vs GG: 2.51kg (1.76, 2.91) p = 0.008), and leg fat
mass (AA/AG 7.25kg (6.29, 9.73) vs GG: 6.37kg (5.27, 7.95), p = 0.042) (Fig 1B and 1C).

Table 2. Effect of the minor allele of rs10783846 on body composition and strength in females and males at baseline.

rs10783486
female male
GG AA/AG P value GG AA/AG P value
n 24 31 25 27

Weight 62.3£11.2 65.8+10.6 0.240 79.5 (73.5, 85.9) 85.3(77.9, 95.3) 0.059
BMI (kg/mz) 25.3£3.4 26.5+3.9 0.258 27.5(25.4, 30.0) 28.3 (25.6,30.9) 0.273
Height (m) 156+£5 158+7 0.455 170+5 174+7 0.023
Total muscle mass kg) 13.88 (12.19, 15.18) 13.98 (13.24, 15.26) >0.5 21.22+1.75 21.95+2.51 0.234
Arm fat mass (kg) 3.16 (2.38, 3.62) 3.21 (2.63,3.78) >0.5 2.51(1.76,2.91) 2.97 (2.60, 3.49) 0.008
Leg fat mass (kg) 9.12 (6.95, 12.01) 9.25(7.98,11.41) >0.5 6.37 (5.27,7.95) 7.25 (6.29,9.73) 0.042
Arm muscle mass (kg) 3.36+0.65 3.49+0.62 0.469 5.65 (5.14, 6.32) 6.19 (5.56, 6.35) 0.083
Leg muscle mass (kg) 10.83£1.65 10.96+1.62 >0.5 15.80+1.82 16.56+2.69 0.250

6MW 304 £ 129 310 £ 108 >0.5 364 (285, 413) 340 (277, 400) >0.5
SPPB 8(6,9) 7 (6, 8.5) 0.440 8 (6, 8) 8(6,9) 0.220
Grip strength (kg) 13.69 £ 3.76 13.41 £2.99 >0.5 24.78 £ 6.61 23.29+£3.81 0.319

QMVC (kg) 12.20 (7.15, 15.30) 10.20 (8.70, 14.40) >0.5 17.30 (12.45, 20.88) 15.40 (13.08, 21.50) >0.5

BMI: body mass index, SARC-F: Strength, assistance with walking, rising from a chair, climbing stairs, and falls questionnaire score, SPPB: Short Physical Performance

Battery score: QMVC: Quadriceps Maximal Voluntary contraction. For normally distributed data values are given as mean + SD and for data that did not show a

normal distribution values are median (interquartile range). Body composition measurements were not available for 1 male. QMVC measurements were not available

for 1 female and 6 males. 6MW distance was not available for 1 male.

https://doi.org/10.1371/journal.pone.

0294330.t002
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Fig 1. Associations of rs10783846 with height and limb fat mass in individuals in the LACE study. Height and limb
fat were compared in males and females possessing the minor allele for rs10783846 with those homozygous for the
major allele. Median height (A, p = 0.023), arm fat mass (B, p = 0.008) and leg fat mass (C, p = 0.046) were higher in
males with the minor allele than their counterparts homozygous for the major allele. However, in females there were
no differences.

https://doi.org/10.1371/journal.pone.0294330.g001

Given the difference in height between the genotypes, we investigated the associations of
limb muscle and fat mass with height. In males, leg and limb fat mass were weakly associated
with height (r = 0.31, p = 0.025 and r = 0.30, p = 0.032 respectively) but there was no significant
association between arm fat mass and height (r = 0.21, p = 0.145) nor were leg or arm fat
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Fig 2. Association of height with limb fat mass in individuals in the LACE study. Height was compared with limb fat mass in
males and females from the LACE study. In males there was a weak association of leg fat mass with height (r = 0.31, p = 0.025)
but not in females. Arm fat mass was not associated with height in males or females.

https://doi.org/10.1371/journal.pone.0294330.9002

associated with height in females (Fig 2). Height was directly proportional to leg muscle mass
and arm muscle mass in both males (height vs leg muscle mass, r = 0.57, p<0.001, vs arm mus-
cle mass r = 0.51, p<0.001, Fig 3A and 3B) and females (height vs leg muscle mass, r = 0.62,
P<0.001, vs arm muscle mass r = 0.52, p<0.001, Fig 3C and 3D) but there was no association
between height and either grip or leg strength in either sex.

After correction for height, arm fat mass remained significantly higher in AA/AG males
than in GG males (mean,q; = 2.98kg (95%CI 2.60-3.41) vs 2.33kg (95% CI 2.01-2.69) respec-
tively, p = 0.019, Table 3). While mean adjusted leg fat mass remained higher in AA/AG males
than GG males this did not reach statistical significance (Table 3).

rs2854464

Analysis of the rs2854464 allele showed a similar pattern to that described for rs10783486 both
with no associations with total muscle mass or limb muscle mass (Table 4 and S2 Fig) but with
the males carrying the minor allele (rs2854464 AG/GG) being taller than males homozygous
for the major allele (rs2854464 AG/GG: 1747 cm vs AA: 170+5cm, p = 0.017, Fig 4A). AG/
GG males also had higher arm fat mass (median = 2.97kg (2.60, 3.46) vs 2.55kg (1.82, 2.95)),
but although median leg fat mass was higher in AG/GG individuals this did not reach statisti-
cal significance (Fig 4B and 4C). Again, the difference in arm fat mass was retained after
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Fig 3. Association of height with limb muscle mass in individuals in the LACE study. Height was compared with limb
muscle mass in males and females from the LACE study. In both males (r = 0.57 p<0.001) and females (r = 0.61, p<0.001)
there was a strong association of leg muscle mass with height. Arm muscle mass was also associated with height in both males
(r=0.51, p<0.001) and females (r = 0.52, p<0.001).

https://doi.org/10.1371/journal.pone.0294330.9003

Table 3. Arm and leg fat mass in LACE males adjusted for height.

rs10783846 (males)
Adjusted values GG AA/AG P value
Arm fat mass,q; (kg) 2.33 (95%CI 2.01-2.69) 2.98 (95%CI 2.60-3.41) .019
Leg fat mass gj (kg) 6.65 (95%CI 5.81-7.61) 7.76 (95%CI 6.84-8.80) 0.109
rs2854464 (males)
AA AG/GG P value
Arm fat mass,q; (kg) 2.39 (95%CI 2.07-2.75) 2.95 (95%CI 2.56-3.41) 0.045
Leg fat mass, 4; (kg) 6.91 (95%CI 6.06-7.89) 7.54 (95%CI 6.59-8.63) 0.366

Limb fat mass was log, transformed and corrected for height using the General Linear Model in SPSS, mean values
and 95% CI were calculated in SPSS. Values presented were calculated as 2! “™**d, See S2 File for summary

statistical output.

https://doi.org/10.1371/journal.pone.0294330.t003
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Table 4. Effect of the minor allele of rs2854464 on body composition and strength in females and males at baseline.

rs2854464
female male
AA AG/GG P value AA AG/GG P value
n 27 29 27 25

Weight 62.3£10.9 66.0+10.6 0.194 80.2 (74.2, 86.0) 85.3(77.2, 96.0) 0.107

BMI (kg/mz) 25.4£3.6 26.6+3.8 0.286 27.7 (25.5,30.1) 28.3(25.5,31.4) >0.5
Height (m) 156 (152, 161) 155 (153, 161) >0.5 170+£5 174+7 0.017

Total muscle mass (kg) 13.87 (12.37, 15.23) 13.98 (13.32, 15.45) 0.441 21.41+1.80 21.81£2.56 >0.5
Arm fat mass (kg) 3.19 (2.33, 3.56) 3.21 (2.64, 3.82) >0.5 2.55(1.82,2.95) 2.97 (2.60, 3.46) 0.023
Leg fat mass (kg) 9.16 £ 2.82 10.05 + 3.27 0.308 6.55 (5.31, 8.40) 7.18 (6.20, 9.58) 0.158
Arm muscle mass (kg) 3.42 +0.64 3.42 +£0.63 >0.5 5.72 (5.15, 6.42) 6.18 (5.49, 6.64) 0.132
Leg muscle mass (kg) 10.83 £ 1.63 10.88 + 1.68 >0.5 15.85+1.88 16.57 £2.72 0.271
6MW 322 (240, 384) 308 (258, 350) 0.496 372 (293, 414) 325 (266, 400) 0.360

SPPB 8 (6, 10) 7 (6, 8) 0.298 8 (6, 8) 8(6,9) >0.5
Grip strength (kg) 14.4 (11.8, 16.0) 12.7 (11.3,16.7) 0.422 24.6+6.3 23.4+42 0.425
QMVC (kg) 124 £6.0 10.6 + 4.0 0.217 15.6 (12.3, 19.9) 17.4 (13.5,22.3) 0.322

BMI: body mass index, SARC-F: Strength, assistance with walking, rising from a chair, climbing stairs, and falls questionnaire score, SPPB: Short Physical Performance

Battery score: QMVC: Quadriceps Maximal Voluntary contraction. For normally distributed data values are given as mean + SD and for data that did not show a

normal distribution values are median (interquartile range). Body composition measurements were not available for 1 male. QMVC measurements were not available

for 1 female and 6 males. 6MW distance was not available for 1 male.

https://doi.org/10.1371/journal.pone.0294330.t004

correction for height (AG/GG, mean,4; 2.95kg (95%CI 2.56-3.41) vs GG, mean,j 2.39kg (95%
CI2.07-2.75), p = 0.045, Table 3). No differences were seen in females analysed as a group
alone.

In the UK biobank neither polymorphism associated with height or with arm fat mass at
a significance that exceeded p = 107> (S3 Fig). Similarly in the GIANT consortium analysis
as a whole there was no association of either polymorphism with height. Limiting the
GIANT consortium data set to individuals of European ancestry increased the likelihood
of these polymorphisms associating with height (p = 2.7%107°) but did not reach the thresh-
old of 107® usually used in GWAS studies to suggest significance. These analyses were not
however, separated by sex or by age so it is not possible to directly compare the analyses.
Widening the search of the GIANT European subset to polymorphisms within the
ACVRI1B locus (Chromosome 12: 52,345,451-52,390,862 using GRCh37.p13) identified
rs10783484 (at Chromosome 12: 52331681), and a small cluster of polymorphisms from
rs10747626 at Chromosome 12:52460424 to rs11521 at Chromosome 12:52471159 that
show stronger associations (p = 107°~1077) with height in individuals of European
ancestry.

Expression of different alleles in skeletal muscle

Previous data have suggested that the rs2854464 polymorphism is located in a miR-24
binding site and that the major A allele has greater affinity for miR-24 leading to a reduc-
tion in ACVR1B mRNA. If this hypothesis was correct, it might be expected that there
would be differential expression of the two ACVR1B alleles with the minor allele being
expressed at higher levels. We therefore examined the GTEx dataset for single tissue eQTLs
for rs2854464. Consistent with the hypothesis the expression of the minor allele was higher
in skeletal muscle than expression of the major allele (54 Fig). In a multi-tissue
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Fig 4. Associations of rs2854464 with height and limb fat mass in males and females in the LACE study. Height
and limb fat were compared in males and females possessing the minor allele for rs2854464 with those homozygous for
the major allele. Median height (A, p = 0.023), arm fat mass (B, p = 0.008) and leg fat mass (C, p = 0.046) were higher
in males with the minor allele than their counterparts homozygous for the major allele. However, in females there were
no differences.

https://doi.org/10.1371/journal.pone.0294330.9004

comparison, expression of the minor allele was also higher in the lung, heart, and regions
of the central nervous system (S5 Fig). rs10783486 showed a similar pattern with higher
expression of the minor allele. Given the linkage of these two alleles, a shared relative
expression is expected.
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Discussion

These data show that males in the LACE cohort with at least one minor allele for either
rs10783486 or rs2854464 were taller than those homozygous for the major allele and had more
arm fat but we did not see any associations of these alleles with body composition in females.
Previous studies have shown that polymorphisms in ACVRIB associate with physical strength
and with muscle mass [21-23]. We were not able to replicate these findings in our cohort of
individuals with sarcopenia even though the alleles were in Hardy Weinberg equilibrium
within our sample set, with allele frequencies similar to those published for athletic popula-
tions and for the general population [21-23]. These observations may be a consequence of the
size of the effect of the polymorphisms in the context of age-related wasting and our small
sample size. Thus, confirmation of the findings both positive and negative in a much larger
study is required. It is also possible that the lack of association with muscle mass and strength
are a consequence of the selection process itself. All individuals in the study were selected
based on being sarcopenic. As muscle mass and strength are components of the diagnosis and
we did not have a control group with normal muscle mass or strength, any association between
an SNP and muscle strength may be lost as a consequence of collider bias [33]. The similarity
between the allele frequencies in our study and the populations where an association has been
observed reduces the likelihood of this possibility. We did find that the alleles previously asso-
ciated with increased muscle strength in the majority of studies reported to date, were associ-
ated with a smaller limb fat compartment measured by DXA in male individuals with
sarcopenia, consistent with these alleles associating with body composition.

Previous studies have shown that muscle strength measured as grip strength or leg strength
are proportional to height [34-36]. It is perhaps surprising therefore that males with the minor
alleles were taller than those who were homozygous for the major alleles given that minor
alleles have previously been associated with higher muscle mass. However, in our cohort whilst
height is positively associated with both arm and leg muscle mass, it was not associated with
grip or quadriceps strength. It is also interesting to note that in the GELAK cohort, the pres-
ence of the minor allele was enriched in athletes participating in team sports who were also the
tallest group [25].

The associations that we identify with height were not identified in the previous studies of
these alleles and are not apparent in the GIANT consortium at p<10~%. However, SNPs in the
ACVRIB locus were associated with height in their recent study [37]. Furthermore, SNPs in
loci containing other important components of the activin/myostatin signalling system were
also associated with height including both ACVR2A and ACVR2B, as well as SMAD3,
SMADG6 and SMAD?7. Other studies support a role for ACVRI1B signalling in the determina-
tion of body height. For examples exonic polymorphisms in MAGI2, a protein involved in the
assembly of the activin receptor complex, have been shown to associate with early childhood
height in Vietnamese and Korean children [38]. In animals, polymorphisms in myostatin have
been associated with height as well as with increased muscle mass [39]. However, it is also pos-
sible that the association we see is due to linkage with adjacent loci as we identified stronger
associations with polymorphic variants in a region encompassing NRF4A1 and ATG101.

Although our data cannot demonstrate causality, they raise the possibility that the accumu-
lation of extramuscular limb fat may be influenced by activin receptor signalling—a hypothesis
consistent with known effects of both myostatin and activin. Previous studies have shown that
activin A signalling increases the proliferation of adipocyte progenitors but reduces adipocyte
differentiation [40, 41] and myostatin increases the commitment of pluripotent mesenchymal
cells to the adipocyte lineage and away from the myogenic lineage [28, 29]. By increasing the
pool of adipocyte progenitors therefore, increased activin signalling may increase fat mass
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over time in an analogous manner to the effect of bone morphogenetic proteins (BMPs) on
muscle formation and hypertrophy. In myoblasts, BMP signalling promotes proliferation but
inhibits differentiation [42, 43]. The consequent increase in the pool of cells capable of differ-
entiation into muscle leads to hypertrophy. Our data (increased extramuscular fat in individu-
als carrying the minor alleles) would be consistent with the minor alleles associating with
increased myostatin/activin signalling. This observation would also be consistent with the sug-
gestion that in athletes and other non-sarcopenic individuals the minor allele associates with
reduced muscle mass and most likely therefore increased myostatin/activin signalling. Mecha-
nistically other studies have hypothesised that the rs2854464 polymorphism is located in a
miR-24 binding site and that the major A allele has a greater affinity for miR-24 leading to a
reduction in ACVR1B mRNA and targeting of ACVR1B has been demonstrated in erythro-
cytes [44]. Consistent with a role for this polymorphism in ACVR1B mRNA levels, GTEx
eQTL data indicate that in human skeletal muscle expression of the minor allele is higher than
expression of the major allele.

Small numbers in our analysis limit our ability to draw strong conclusions about differences
between males and females, but it is possible that the difference in fat accumulation may be
either more detectable in males due to differences in relative fat proportions, or may be larger
in males than in females. It is possible that the increase in fat is a consequence of reduced rela-
tive strength and activity, or is due to a difference in muscle metabolism that contributes to the
difference in strength but leads to a greater resistance to insulin over time and therefore an
increase in the accumulation of fat that accompanies this. However, even though the median
strength of the rs10783486 GG individuals was higher than that of the AA/AG individuals,
consistent with the known associations of this polymorphism [21], we did not identify any sig-
nificant differences in strength or muscle mass in this cohort. It is therefore less likely that the
increase in fat is a consequence of such changes in muscle mass or metabolism. It is also possi-
ble that the difference is a consequence of a tendency towards adipocyte formation, prolifera-
tion or hypertrophy in the presence of higher activin receptor signalling. This effect of activin,
coupled to any effect of myostatin altering the balance of differentiation towards adipocytes, is
consistent with the associations we observe.

The greater height in those carrying the minor allele is more difficult to rationalise if the
minor alleles are associated with higher ACVRI1B protein levels as both activin and myostatin
inhibit bone growth [45, 46]. However, this interpretation assumes that the effect of ACVR1B
signalling on height is direct rather than an indirect effect on other systems controlling growth
and development or through linkage with other genes in the same region.

Limitations of the study

This analysis is limited by the size of the study populations and by the lack of a control group
of individuals of similar age who did not have sarcopenia. Both these limitations arise from the
samples coming from the LACE clinical trial. Firstly, the trial was placebo-controlled trial
within the sarcopenia population, as a result there was no recruitment of individuals without
sarcopenia. Secondly, recruitment of individuals to the trial proved difficult [47] leading the
sponsor to stop recruitment, thereby restricting the number of samples available. The results
therefore require verification in larger studies. The study differs from other studies of these
alleles by selecting individuals who are already sarcopenic. Whilst the information is therefore
restricted to this demographic and may not be transferable to other groups of individuals, the
population studied is relevant to finding treatments in the clinical setting where individuals
present with sarcopenia.
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Our analysis of total muscle mass is limited by being derived from bioimpedance rather
than DXA. The bioimpedance was conducted as a screening tool to limit the number of DXA
scans and the analysis of the DXA data was carried out to identify changes in appendicular
muscle mass specifically. However, within our data set the bioimpedance measurements of
total muscle mass are tightly correlated with the limb muscle measurements [(r = 0.815,
Pp<0.001 arm and r = 0.830, p<0.001 leg muscle), associations that are similar to the associa-
tion between arm and leg muscle measurements, both by DXA (r = 0.864, p<0.001 arm vs leg
muscle)]. As we did not see any differences in muscle mass based on DXA measurements, it is
unlikely that the lower reliability of the bioimpedance measurements affected the outcome.

A further limitation is that, as a cross-sectional observational study, data demonstrate asso-
ciation only, and not causation. Indeed, it is not currently clear whether the changes in recep-
tor mRNA observed in the GTEx are present in all tissues and are sufficient to significantly
modify activin receptor signalling.

Conclusions

Our data suggest that polymorphisms in the activin I B receptor locus are associated with
height and limb fat mass rather than muscle mass and strength in older men with sarcopenia.
These findings are potentially of clinical significance; interventions that target the activin/
myostatin pathway could potentially exert beneficial effects on extramuscular fat, at least in the
limbs, with consequent amelioration of the deleterious effects of such fat on skeletal muscle
physiology. Such mechanisms may be of particular interest in improving muscle function in
individuals who have both obesity and sarcopenia (‘sarcopenic obesity’). If functional studies
validate our findings, the obese and sarcopenic population would be a key target for future
intervention studies using myostatin/activin pathway modulators.
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S1 Fig. Associations of rs10783846 with limb muscle mass in individuals in the LACE
study. Arm and leg muscle masses were compared in males and females possessing the minor
allele for rs10783846 with those homozygous for the major allele. Median arm muscle mass
and leg muscle mass did not differ based on possession of the minor allele of rs10783846 in
either gender.

(TIF)

S2 Fig. Associations of rs2854464 with limb muscle mass in individuals in the LACE study.
Arm and leg muscle masses were compared in males and females possessing the minor allele
for rs2854464 with those homozygous for the major allele. Median arm muscle mass and leg
muscle mass did not differ based on possession of the minor allele of rs2854464in either gen-
der.

(TIF)

S3 Fig. Association of polymorphisms in the ACVR1B locus with height and arm fat in the
UK biobank study. The UK biobank data set (http://geneatlas.roslin.ed.ac.uk/) was
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investigated for associations between polymorphisms in the ACVR1B locus (+/- 50kbp) and
either standing height (A) or left arm fat mass (B). No polymorphisms showed associations
with significance p<10~> with either physiological trait in the whole cohort.

(TIF)

S4 Fig. eQTL analysis of rs2854464 and rs10783846 in skeletal muscle. The GTEx data set
was analysed to determine whether either polymorphism showed differential expression. In
skeletal muscle both minor alleles of rs2854464 and rs10783846 were more highly expressed
than the major alleles. The data are shown in violin plot form taken from the GTEx portal.
(TIF)

S5 Fig. Tissue eQTL analysis of rs2854464. The GTEx data set was analysed for eQTL associ-
ations with rs2854464. The strongest effects of the polymorphism on expression were observed
in the lung and in skeletal muscle.

(TIF)
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