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Abstract

Purpose—Identification of mechanisms that underlie lower extremity muscle quality (leg press
one repetition maximum/total lean mass; LP/Lean) may be important for individuals interested in
optimizing fitness and sport performance. The purpose of the current study was to provide
observational insight into mechanisms that may underlie muscle quality by characterizing the
association between 286 mass spectrometry metabolites and 17 chemistry screen analytes with LP/
Lean in young, healthy adults (A= 77 (49 women and 28 men); mean age, 24.4 + 4.2 yr; BMI,
23.5 + 2.6 kg-m2).

Methods—~Principal components analysis (PCA) was used to reduce the 286 metabolites into 73
metabolite-containing PCA factors. Sex-adjusted linear regression was used to examine the
association between PCA factors and chemistry screen analytes with LP/Lean. Q values were
computed to account for multiple comparison testing. Stepwise linear regression and leave-one-out
cross validation were used to identify a predictor set representative of LP/Lean and to assess
internal validity, respectively.

Results—Metabolites or analytes related to dietary protein intake (albumin, branched-chain
amino acids (BCAA)) and excitation-contraction coupling (calcium and magnesium) were
positively associated, whereas metabolites related to gut bacterial metabolism (cinnamoylglycine,
hydrocinnamate, hippurate, indolepropionate) and peroxisome proliferator—activated receptor-
alpha (PPAR-a) (methylglutarylcarnitine and cinnamoylglycine) activation were negatively
associated with LP/Lean. Use of leave-one-out cross validation identified magnesium, sex, and the
PCA factors containing BCAAs and methionine and methylglutarylcarnitine to be present in more
than 90% of the stepwise regression models, thereby explaining 26.7% of the variance (adjusted
R2) inherent in muscle quality.
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Conclusion—Collectively, these data suggest that mechanisms related to dietary protein intake,
excitation-contraction coupling, gut microbial metabolism, and PPAR-q activation may underlie
lower extremity muscle quality in young, healthy adults.
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Components of physical fitness include body composition, aerobic capacity, and muscle
strength, the sum of which is important for maintaining health and maximizing athletic and
sport performance. Recently, mass spectrometry (MS)-based metabolomics, which aims to
characterize and quantify all of the metabolites in a biological sample, thereby providing an
analytical description of complex metabolic processes (12), and the standard chemistry
screen (including electrolytes and circulating proteins that are not included in high-
throughput metabolomic screens) have been used with the goal of identifying novel
mechanisms that may underlie lean mass and aerobic capacity in young, healthy adults. For
example, based on associations between serum metabolites or analytes with aerobic capacity
(21), or with percent lean mass (22), mechanisms related to vitamin Bg, branched-chain
amino acids (BCAA), uremia, inflammation, oxidative stress, or gut microbial metabolism
have been suggested. To date, however, serum markers of muscle strength in young, healthy
adults have yet to be published. Furthermore, because gains in strength are related to
improvements in lean mass, muscle quality (leg press one repetition maximum/total lean
mass; LP/Lean) may be a better indicator of muscle function than muscle strength (10); and
therefore, identification of serum markers of muscle quality are of interest. To develop an
improved understanding about mechanisms that may underlie muscle quality, the goal of the
current study was to characterize the association between circulating MS metabolites and
chemistry screen analytes with LP/Lean in young, healthy adults.

METHODS

Subjects

Subjects were recruited from the Boston area through local newspaper and internet
advertisements and through postings at local area universities. Potential subjects were
initially screened by telephone and were considered eligible if they were between the ages of
18 and 35, took no prescribed medication (oral contraceptives excluded), and had a body
mass index (BMI) between 19 and 32 kg-m~2. Subjects who passed the initial telephone
screening completed a preadmission informed consent form and medical history
questionnaire, and underwent physical examination and medical screening by the study
physician. Exclusion criteria included the presence of acute or terminal illness, upper or
lower extremity fracture in the past 6 months, or an unwillingness to complete the study
requirements. All volunteers were made aware of the potential risks and benefits associated
with the procedures of the study before enrollment. Seventy-seven subjects, including 28
men and 49 women, were admitted into the study. All participants signed an informed
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consent. The Tufts University Health Sciences Campus Institutional Review Board reviewed
and approved the study protocol.

Measurement of mass spectrometry metabolites and chemistry screen analytes

Ten milliliters of blood was collected under standardized conditions between 8:00 and 10:00
a.m. after an overnight fast. After collection, blood was allowed to clot for 1 h at room
temperature and was centrifuged at 2135g for 10 min at 4°C. Serum was derived by
removing the supernatant and was stored in 1-mL aliquots at —80°C before analysis. Serum
metabolomic data acquisition was performed by Metabolon Inc. (Research Triangle Park,
NC). Small molecule metabolites were extracted from serum, and the reconstituted extracts
were resolved using untargeted mass spectrometry platforms, including ultrahigh-
performance liquid chromatography/tandem mass spectrometry (UHPLC/MS/MS) and gas
chromatography/mass spectrometry (GC/MS). Chromatographic separation of all ions in
each sample was followed by full scan mass spectra to record retention time and molecular
weight (m/2) of all detectable ions present in the samples. The quant mass of the standard,
the associated retention time, and the MS/MS fragmentation of the quantion coupled with
the percent of the predominant peak are shown in the Supplemental Digital Content (SDC1,
Metabolites identified with use of GC/MS, http://links.lww.com/MSS/A472; SDC2,
Metabolites identified with use of UHPLC/MS/MS, http://links.lww.com/MSS/A473).
Library matching of these ions to Metabolon's reference library of standards (2000 authentic
standards plus thousands of additional library entries of unknown biochemicals based on
unique characteristics of retention time, nominal mass, and fragmentation pattern) was then
performed. The identity of metabolites was determined by matching the combination of
chromatographic retention index and mass spectra signatures compared to the reference
library entries (11). With the use of this technique, data for 350 metabolites were obtained,
with the full list reported by Evans et al. (2009) (11). The median relative standard deviation
(RSD) for the internal standards (measurement of instrument variability) was 6%, whereas
the RSD for endogenous biochemicals (measurement of the total process variability) was
12%.

After a compound is identified in a sample, one of the characteristic and stronger ions is
used to determine a relative concentration of that compound in each sample, thereby
assuring that the compound will be represented only once in statistical analyses. Relative
quantitation was based on peak integration and was expressed as scaled intensity. After peak
identification and quality control filtering, integrated peak ion counts for each compound in
each sample were normalized to correct for variation resulting from instrument interday
tuning differences. Normalized peak area counts were divided by the median value for each
run day, therefore setting the medians equal to 1 for each day's run. Median scaled data were
natural log transformed before statistical analysis. Use of this method removes the variation
that exists between each instrument run day, whereas the variation that exists across
experimental samples remains (23).

A clinical chemistry automated analyzer (Olympus AU400, Olympus America Inc, Melville,
NY) was used to measure 17 chemistry screen analytes using reagents, calibrators, and
standard operating procedures as specified by the manufacturer.
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Measurement of total lean mass and leg press one repetition maximum

Total lean mass and the bilateral leg press one-repetition maximum (LP 1 RM)
measurements were performed after blood sampling. Dual-energy x-ray absorptiometry
(DXA) was performed using a Hologic Discovery A densitometer (Hologic, Inc, Bedford,
MA) to measure whole body lean mass. Dual-energy x-ray absorptiometry scans were
analyzed with Hologic QDR software version 12.3 in array mode (22). The LP 1 RM (K400,
Keiser Sports Health Equipment Inc, Fresno, CA) was used to measure lower extremity
muscle strength. The 1 RM is defined as the maximum load that can be moved one time only
throughout the full range of motion (ROM) while maintaining proper form (25). The
examiner progressively increased the resistance for each repetition until the subject could no
longer move the lever arm one time through the full ROM, as previously reported (13). To
account for the strong correlation between the LP 1 RM with total lean mass (r= 0.82; P<
0.0001), the LP 1 RM was divided by total lean mass (LP/Lean) and has previously been
defined as muscle quality (9).

Statistical analysis

Given the large number (350) and potential collinearity of metabolites, principal components
analysis (PCA) was performed to decrease these multiple metabolites into a smaller set of
constructed latent variables (principal components or factors) and to control for type | error,
as previously reported in studies of metabolic intermediates (14). Principal components
analysis—obtained factors account for common variance in the original measurements, with
metabolites that correlate highly with one another, forming common factors. The total
number of metabolites was greater than the number of the subjects, and therefore, it was first
necessary to divide these multiple metabolites into groups smaller than the sample size (V=
77). For example, PCA has previously been performed separately for amino acids, fatty
acids, and acylcarnitines (20,32). However, the definition of what constitutes an amino acid
or fatty acid metabolite is not always clear, whereas the amino acid leucine is clearly defined
as an amino acid; its deamination product, 4-methyl-2-oxopentanoic acid, can be classified
as both an amino acid and as a branched-chain fatty acid. Therefore, before using PCA, we
separated metabolites based on their carbon chain length. Two hundred eighty-six
metabolites, including amino acids, fatty acids, acylcarnitines, lysolipids, bile acids, sugars,
purines, pyrimidines, and vitamins, were separated into five groups, including two separate
one to six carbons (C1-C6) groups (groups 1 and 2 containing 76 and 21 metabolites,
respectively), 7-11 carbons (C7-C11; 76 metabolites), 12-19 carbons (C12-C19; 53
metabolites), and 20-30 carbons (C20-C30; 60 metabolites). Sixty-four metabolites
including xenabiotics, steroids, fibrinogen, and bilirubin-related metabolites were not
included. With use of orthogonal varimax rotation (SAS Enterprise Guide 4.3, SAS Institute
Inc, Cary, NC), PCA was performed separately on each of these five metabolite groups,
resulting in 73 PCA factors (C1-C6, 26 factors; C7-C11, 21 factors; C12—-C19, 12 factors;
and C20-C30, 14 factors) with an eigenvalue greater than 1. Individual metabolites with
component loadings values 0.5 or greater or —0.5 or less were considered as being contained
within that factor. After PCA analysis, factor scores for each subject were computed using
SAS Enterprise Guide 4.3.

Med Sci Sports Exerc. Author manuscript; available in PMC 2016 May 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

LUSTGARTEN et al.

RESULTS

Page 5

Sex-adjusted linear regression was used to investigate the association between PCA factors
and chemistry screen analytes with LP/Lean. False discovery rates (2) were computed using
the g-value method (36) to account for multiple comparison testing. Principal components
analysis factors and analytes that were associated with LP/Lean at < 0.05 and ¢< 0.20
were considered statistically significant. A g value of 0.20 indicates that the result is likely to
be valid eight of 10 times, which we suggest is reasonable in the setting of exploratory
discovery.

To develop a LP/Lean predictive model, PCA factors and analytes that were significantly
associated with LP/Lean at A< 0.05 and g < 0.20 were entered, with sex as a candidate
variable for stepwise linear regression (SAS Enterprise Guide 4.3). Statistical significance to
be retained in the stepwise model was set at < 0.10 (4). Leave-one-out cross validation was
used to assess the internal validity of the stepwise model. Seventy-seven data sets were
created, each with one participant excluded, and the stepwise procedure was run on each
data set. The percent of models for which a given variable was retained was calculated for
each variable.

Characteristics of the 77 (49 women and 28 men) young (mean age, 24.4 + 4.2 yr), healthy
(mean BMI, 23.5 + 2.6 kg-m~2) adults of the current study including percent female, age, LP
1 RM, total lean mass, and LP/Lean are shown in Table 1.

PCA factors and analytes associated with LP/Lean

Use of sex-adjusted linear regression identified positive associations for C1-C6 factor 3
(BCAA: isoleucing, leucine, valine; and methionine), magnesium, calcium, and albumin;
whereas C12-C19 factor 12 (methylglutarylcarnitine) and C7-C11 factor 5 (gut bacteria-
related metabolites: hydrocinnamate, cinnamoylglycine, hippurate, and indolepropionate)
were negatively associated with LP/Lean (Table 2). Principal components analysis factors
and analytes that were significantly associated with LP/Lean after adjustment for sex were
additionally significantly associated with LP, after adjusting for sex and total lean mass (data
not shown). Nonsignificant associations between PCA factors and analytes with LP/Lean are
shown in the Supplemental Digital Content (SDC3, Table 1, Associations between PCA
Factors with LP/Lean, http://links.lww.com/MSS/A474; SDC4, Table 2, Associations
between analytes with LP/Lean, http://links.lww.com/MSS/AA4T75).

Sex and PCA factors and analytes that were significantly associated with LP/Lean were
considered as candidate variables for stepwise linear regression. Whereas sex explained
8.5% of the variability inherent in LP/Lean, the combination of magnesium, albumin, C7-
C11 factor 5 and C1-C6 factor 3 explained an additional 24%, for a model-adjusted A2 of
0.325 (P< 0.001; Table 3). With the use of leave-one-out cross validation, magnesium, sex,
C1-C6 factor 3, C12—C19 factor 12, calcium, C7-C11 factor 5, and albumin were found in
100%, 99%, 99%, 90%, 21%, 17%, and 10% of the stepwise models, respectively.
Covariates that entered in 90% or greater of the stepwise models including magnesium, sex,
C1-C6 factor 3 and C12-C19 factor 12 explained 26.7% of the variance inherent in LP/
Lean.
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DISCUSSION

The main findings of the current study are that electrolytes involved in excitation-contraction
coupling, metabolites or analytes previously related to gut bacterial metabolism, peroxisome
proliferator—activated receptor-alpha (PPAR-) activation, and dietary protein intake were
associated with muscle quality in young, healthy adults.

The positive associations identified between serum levels of calcium (Ca2*) and magnesium
(Mg2*) with LP/Lean suggests disruptions in excitation-contraction coupling in subjects
with reduced muscle quality. Ca2* ions bind to troponin in the actin-containing filaments of
the muscle sarcomere, producing a change in the structure of actin that allows a force-
generating interaction with adjacent myosin-containing filaments. Furthermore, cross-bridge
formation and metabolism (i.e., NADH-dehydrogenase) are Ca2*-dependent processes that
can affect skeletal muscle function (34). Similarly, myosin conformational changes are
induced by Mg2* bound to ATP, an effect that mimics the molecular motion in a muscle's
force generation process (37), and Mg2* is involved in various physiological processes
involved in muscle function, including energy production and Ca2* balance (29). In support
of our findings that levels of calcium and magnesium are related to muscle quality, reduced
intramuscular levels of calcium and magnesium are associated with reduced contractile force
production (8). Collectively, these data suggest a link between serum levels of calcium and
magnesium, skeletal muscle excitation-contraction coupling, and muscle quality in young,
healthy adults.

Cinnamoylglycine, hydrocinnamate, and indolepropionate (C7—C11 factor 5) are found in
the serum (where hippurate is 17-fold elevated) or colonic lumen from conventional but not
germ-free mice (24,38), evidence that suggests a negative role for gut bacterial metabolism
on the maintenance of muscle quality. In support of this, the PCA factor containing
cinnamoylglycine and hydrocinnamate was recently reported to be significantly negatively
associated with LP/Lean in older adults (20). Alternatively, cinnamoylglycine, hippurate,
and methylglutarylcarnitine (C12—-C19 factor 12) increase during the progression from
healthy to mild to chronic kidney disease (3), evidence that suggests decreased kidney
function in subjects with reduced LP/Lean. In disagreement with this hypothesis, serum
creatine (as a marker of kidney function; (19)) was not significantly associated with C7-C11
factor 5 or C12—C19 factor 12 (data not shown). Similarly, although dietary polyphenols
including chlorogenic acid and catechin are degraded by gut bacteria to yield cinnamic acid,
hydrocinnamate, and benzoic acid (18) (glycine conjugation of cinnamic and benzoic acids
produces cinnamoylglycine and hippurate [5]), catechin supplementation is positively
associated with physical function (17), evidence that argues against the hypothesis of
increased catechin degradation in subjects with reduced muscle quality. Therefore, we
suggest that an altered gut microflora may be responsible for the presence of these
metabolites in serum. For example, phenylalanine and tryptophan degradation by the gut
bacterium Clostridium sporogenes produces cinnamic acid and hydrocinnamate, and
indolepropionate, respectively (1). Accordingly, future studies aimed at identifying the
association between gut bacteria with circulating metabolites and with physical function in
young, healthy adults are of interest.
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Findings for methylglutarylcarnitine, cinnamoylglycine, valine, and methionine suggest
decreased PPAR-q activation in subjects with reduced muscle quality. Peroxisome
proliferator—activated receptor-a is a nuclear hormone receptor family transcription factor
(15) that is involved in the transcriptional activation of genes that regulate energy
metabolism (26), a potentially important finding because PPAR-a ™/~ mice have decreased
muscle function when compared with wild type mice (27). Methylglutarylcarnitine
accumulates when HMG-CoA lyase is deficient (33). Hmgcl, the gene that encodes HMG-
CoA lyase, is increased when PPAR-a is activated (31), evidence that suggests that subjects
with elevated methylglutarylcarnitine have reduced PPAR-q activation. Furthermore,
cinnamoylglycine is elevated in PPAR-a ™/~ mice (39), and plasma levels of valine and
methionine are elevated in response to PPAR-a activation (30), findings that collectively
suggest a role for PPAR-a activation on influencing muscle quality in young, healthy adults.

The positive associations identified between albumin and C1-C6 factor 3 (BCAA and
methionine) with LP/Lean suggests an increased dietary protein intake in subjects with
elevated muscle quality. In support of this, dietary protein intake is positively associated with
serum albumin (16) and with plasma BCAAs (28,35). Furthermore, in support of the
hypothesis that elevated serum BCAA may be related to an increased dietary protein intake,
serum urea nitrogen, as a marker of dietary protein intake (6), was positively associated with
C1-Cé6 factor 3 (5 + SE, 1.2 + 0.5; P=0.02). Although a meta-analysis of 10 studies in
young adults found that protein supplementation significantly improved the gain in mean 1
RM leg press strength during prolonged resistance exercise training (7). However,
independent of gains in muscle mass, mechanisms underlying dietary protein-induced
strength increases are currently unknown.

Limitations of the current study include use of PCA on the five separate metabolite groups
(instead of performing PCA on all metabolites together in one group), use of a relatively
small sample size (V= 77), unmeasured associations between circulating metabolites with
muscle-specific metabolites, and the absence of diet standardization. First, because the total
number of metabolites was larger than the sample size, PCA was performed separately on
five metabolite-containing groups, potentially missing clustering between metabolites in
different groups. In contrast, in the presence of a sample size that is greater than the number
of measured metabolites, PCA can be performed on all metabolites together as one group,
thereby maximizing metabolite clustering and potentially discovering additional associations
with LP/Lean. Second, although use of leave-one-out cross validation identified magnesium,
sex, C1-C6 factor 3, and C12-C19 factor 12 to be present in more than 90% of the stepwise
regression models, we acknowledge that because of our relatively small sample size,
validation of these results in a larger cohort is necessary. Alternatively, challenge
experiments that measure differential metabolism before and after a leg press 1 RM test may
provide a better way to discover markers of muscle quality that may be appropriate for
smaller cohorts due to increased statistical power. Third, it is important to note that
circulating metabolites reflect not only muscle status but also metabolism by all other organs
and tissues in the body. Therefore, future studies aimed at identifying associations between
muscle and serum metabolites with muscle quality are of interest. Fourth, although we
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obtained blood samples under standardized conditions, inclusion of meals with a defined
nutrient composition for a period of time before performing metabolomic measurements
may reduce biologic variability, thereby potentially increasing the number of metabolites
significantly associated with muscle quality.

CONCLUSIONS

In summary, we report serum analytes and metabolites that are significantly associated with
muscle quality in young, healthy adults. Collectively, our results suggest that future studies
aimed at testing the causative role of electrolytes involved in excitation-contraction coupling,
metabolites related to gut bacterial metabolism and PPAR-« activation, and dietary protein
on influencing muscle quality are of interest.
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TABLE 1

Subjects’ demographics.

N 77
% female 64
Age, yr 24442
LP 1 RM, kN 20+0.7

Total lean mass, kg 49.7 +11.5
LP/Lean, N-kg™* 40.0+£7.3

Values shown represent mean + SD.
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TABLE 2

Principal components analysis factors and analytes significantly associated with LP/Lean.
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Component Loadings B+SE PValue qValue
PCA factors
C12-C19 F12: Methylglutarylcarnitine 0.94 -2.0+08 0.01 0.20
C7-C11 F5: Gut bacterial metabolites (hydrocinnamate, cinnamoylglycine, 0.92,0.85,0.60,0.58 -1.9+0.8 0.02 0.20
hippurate, and indolepropionate)
C1-C6 F3: BCAA (isoleucine, leucine, valine), methionine 0.93, 0.89, 0.85, 0.63 19+08 0.02 0.20
Chemistry screen analytes
Magnesium - 184+4.6 0.0002 0.01
Calcium - 6.2+22 0.007 0.15
Albumin - 79+28 0.007 0.15

Significant (P< 0.05 and g < 0.20) sex-adjusted associations between metabolite-containing PCA factors and chemistry screen analytes with LP/
Lean are shown with component loadings =0.5, with parameter estimates and standard errors (5 + SE), P values, and g values (false discovery

rates).
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TABLE 3
LP/Lean stepwise linear regression model.
P+SE P Value

LP/Lean: Adjusted /2 = 0.325; P< 0.0001

Magnesium 13.9+48 0.005

C7-C11 F5: Gut bacterial metabolites -15+07 0.04

Sex 32+16 0.05

C1-C6 F3: BCAA, methionine 14+0.7 0.06

Albumin 47+28 0.09
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Covariates significantly associated with LP/Lean are shown with parameter estimates and standard errors (# + SE) in order of significance (P

value).
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