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Abstract

Background: Older adults exposed to periods of inactivity during hospitalization, illness, or injury lose muscle mass and strength. This, in
turn, predisposes poor recovery of physical function upon reambulation and represents a significant health risk for older adults. Bed rest (BR)
results in altered skeletal muscle fuel metabolism and loss of oxidative capacity that have recently been linked to the muscle atrophy program.
Our primary objective was to explore the effects of BR on mitochondrial energetics in muscle from older adults. A secondary objective was to
examine the effect of -hydroxy-f-methylbuturate (HMB) supplementation on mitochondrial energetics.

Methods: We studied 20 older adults before and after a 10-day BR intervention, who consumed a complete oral nutritional supplement (ONS)
with HMB (3.0 g/d HMB, 7z = 11) or without HMB (CON, 7 = 9). Percutaneous biopsies of the vastus lateralis were obtained to determine
mitochondrial respiration and H,O, emission in permeabilized muscle fibers along with markers of content. RNA sequencing and lipidomics
analyses were also conducted.

Results: We found a significant up-regulation of collagen synthesis and down-regulation of ribosome, oxidative metabolism and mitochondrial
gene transcripts following BR in the CON group. Alterations to these gene transcripts were significantly blunted in the HMB group.
Mitochondrial respiration and markers of content were both reduced and H,0O, emission was elevated in both groups following BR.
Conclusions: In summary, 10 days of BR in older adults causes a significant deterioration in mitochondrial energetics, while transcriptomic
profiling revealed that some of these negative effects may be attenuated by an ONS containing HMB.

Keywords: Mitochondria, Transcriptomics, Bed rest, Aging, HMB

Skeletal muscle atrophy is a clinically significant problem that occurs
during disuse or immobilization due to hospitalization, illness, and
injury, and leads to a loss of muscle strength and physical function
(1). This is a particular public health problem for older adults who
comprise the majority of hospital patients in the United States (2)
and who may lose more muscle mass during bed rest (BR) (3). Older
adults do not adequately recover following BR without adequate re-
habilitation (4), which likely contributes to their reduced functional
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status and ambulation upon discharge (5), a loss of independence,
nursing home placement (6), and an increased risk for falls and frac-
tures (7).

Muscle mass is maintained by a balance between protein synthesis
and degradation. Recent evidence from preclinical models indicates
a close link between mitochondrial energetics and control of muscle
mass. Mitochondrial oxidative stress has been reported to stimu-
late muscle protein breakdown by activating lysosome-autophagy
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and proteasome systems (8) and energetic stress due to reduced ATP
production, which may also activate the adenosine monophosphate-
activated protein kinase (AMPK)-FoxO3 pathways leading to
increased protein degradation (9). Promoting mitochondrial biogen-
esis by overexpression of PGC-1a protects muscle mass from acute
atrophy due to immobilization or disuse (10). Considered together,
this evidence suggests a central role for mitochondrial energetics in
regulating muscle mass.

Derangements in metabolism that contribute to muscle atrophy
include skeletal muscle insulin resistance (11), decreased fatty acid
oxidation and a shift to glucose oxidation (12), intramyocellular
lipid accumulation (13), and impaired protein synthesis (14). While
mitochondria have been implicated in the etiology of these metabolic
dysfunctions in the context of aging per se (15), the role of mito-
chondria in human muscle disuse atrophy and loss of function is
poorly understood, particularly in older adults. Recently, Dirks et al.
found that younger men had a reduction in mitochondrial OXPHOS
content after 10 days of BR; however, markers of oxidative stress
were unchanged (16). Kenny et al. showed that reductions in muscle
mitochondrial respiration occur concomitantly with insulin resist-
ance and loss of muscle mass during BR in healthy young men (17).
Further evidence linking mitochondrial energetics to muscle mass
and physical function could be critical to help determine whether
mitochondria are viable therapeutic targets for muscle health of
older adults during and following disuse.

The primary objective of this study was to examine changes
in skeletal muscle mitochondrial energetics during a period of
disuse in older men and women. Therapeutic strategies to pre-
serve muscle health during inactivity and facilitate effective
recovery upon reambulation have included nutritional supplemen-
tation with branched chain amino acids (BCAA), and B-hydroxy-
B-methylbuturate (HMB). We have previously shown that HMB
supplementation had a positive impact on OXPHOS content in older
adults following BR (18). Our findings are congruent with preclin-
ical studies that highlight a potential impact of HMB to promote
mitochondria and oxidative metabolism beyond its known impact
on protein metabolism (19,20). Our goal here was to further ex-
plore the impact of HMB on mitochondria and oxidative metab-
olism. A secondary objective was to take a comprehensive approach
to examine the effect of a complete oral nutritional supplement with
and without HMB on skeletal muscle mitochondria content, func-
tion, and gene regulatory networks related to mitochondrial bio-
genesis and energetics. We combined both targeted and unbiased
approaches to examine interrogate skeletal muscle transcriptome
and lipidome, skeletal muscle mitochondrial content, and function
in healthy older adults in response to disuse while consuming a com-
plete oral nutritional supplement.

Methods
Study Design

The study design was a prospective, randomized, double-blinded,
placebo-controlled trial. Eligible subjects were randomized into
one of the two groups, consuming twice daily complete oral nutri-
tional supplementation (ONS); either with 1.5 g calcium (Ca)-HMB
(HMB) or without HMB (Control; CON). The total dose of HMB
was 3 g/d. The randomization was stratified by gender and age (60—
69 years, 70-79 years). The composition of the control tetrapak was
identical to the HMB tetrapak with the exclusion of the Ca-HMB
and both supplements were packaged indistinguishably by Abbott

Nutrition. Treatment with ONS was initiated 5 days prior to BR and
continued until the end of BR. For diet stabilization over the 5 days
Pre-BR Period, subjects were fed a control diet providing the RDA
for protein intake (0.8 g protein/kg body weight/d). Total caloric
needs were estimated using the Harris-Benedict equation for resting
energy expenditure with an activity factor of 1.375 for the ambula-
tory Pre-BR and 1.1 for the BR periods. The remaining macronutri-
ents were distributed according to national dietary guidelines.

Following the 5 days diet stabilization (ambulatory period),
subjects remained in BR for 10 days. While confined to BR, pre-
ventative measures were taken to detect and prevent deep vein
thrombosis (DVT) including passive range of motion exercises, the
use of Thrombo-Embolism Deterrent hose (TED), and Sequential
Compression Device (SCD) throughout BR. If DVT was suspected,
subjects received a clinical exam and a bilateral lower extremity
venous ultrasound.

Subjects

A total of 21 subjects were randomized to HMB or CON and 1
subject (CON group) dropped from the study prior to BR. The
study was conducted at the AdventHealth Translational Research
Institute for Metabolism and Diabetes (TRI-MD) and approved by
the Institutional Review Board of AdventHealth. All study proced-
ures, risks, and benefits were explained to the subjects before giving
written consent to participate. The subjects recruited for this inves-
tigation were a subset of subjects who were part of a larger clinical
trial (NCT#02090387).

The following inclusion criteria were verified at screening: male
or female 260 to <79 years of age; body mass index (BMI) >20 but
<35 kg/m? ambulatory with a Short Physical Performance Battery
(SPPB) score of >29; LDL cholesterol <155 mg/dL, total cholesterol
<250 mg/dL, and total triglycerides <250 mg/dL, with or without
statin use or other blood lipid lowering agents; an ankle bra-
chial index between 1 and 1.4 as defined by the American Heart
Association Task Force on Practice Guidelines; a physical activity
score between 7.5 and 17.7 metabolic equivalents (METs) or above
by the CHAMPS Physical Activity Questionnaire for older adults;
and handgrip strength >29 kg for males and >18.5 kg for females.
Exclusion criteria ruled out subjects who have been diagnosed with
Type I or Type II diabetes mellitus; taking drugs known to impact
glucose metabolism; fasting blood glucose >115 mg/dL without use
of medications; undergone recent major surgery; has history of ul-
cers, DVT, or other hypercoagulation disorders, significant cardio-
vascular events or congestive heart failure, neurological or other
psychiatric disorders, and allergy to any of the ingredients in the
study products; had active malignancy (except basal of squamous
cell skin carcinoma or carcinoma in situ of the uterine cervix); es-
timated glomerular filtration rate <50 mL/min/1.73 m? current im-
paired liver function or hepatic enzymes >2.5 times normal limit;
untreated hypo- or hyper-thyroidism; had a chronic, contagious in-
fectious disease; chronic or acute gastrointestinal (GI) disease; an
amputee; and actively pursuing weight loss. Potential subjects were
also excluded if they were taking any medications known to affect
protein metabolism, and could not refrain from taking long chain
n-3 polyunsaturated fatty acids, or vitamin D above the established
Acceptable Macronutrient Distribution Range.

Skeletal Muscle Biopsy
Subjects underwent a muscle biopsy of the m. vastus lateralis
before and on the last day of BR. The biopsy sample was taken
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10-15 cm above the knee under local anesthesia (2% buffered lido-
caine) with a 5-mm Bergstrom needle with suction, as described
previously (21). Approximately 10-15 mg of muscle was placed in
biopsy-preserving solution (BIOPS media) for fresh tissue analysis
of mitochondrial respiration and H,O, emission. A separate por-
tion of the sample was prepared for immunohistochemistry, and
the remaining muscle sample was immediately frozen in liquid ni-
trogen (-190°C) until analysis.

High-Resolution Respirometry and ROS Emission
Permeabilized fiber bundles (1-3 mg) were prepared immediately
following the muscle biopsy, as previously described (22). Briefly,
individual myofibers were gently teased apart in a petri dish con-
taining ice-cold BIOPS media. The fiber bundles were then perme-
abilized in saponin (2 mL of 50 pg/mL) for 20 minutes and washed
twice (10 minutes each) in Buffer Z (105 mM K-MES, 30 mM
KCl, 10 mM KH,PO,, 5 mM MgCl,-6H,0, 5 mg/mL BSA, 1 mM
EGTA, pH 7.4 with KOH). Mitochondrial respiration was evalu-
ated by high-resolution respirometry (Oxygraph-2k, Oroboros
Instruments, Innsbruck, Austria). Measurements were performed
at 37°C, in the range of 200-400 nmol O,/mL, in duplicate using
Buffer Z with blebbistatin (25 pm). The assay protocol was as fol-
lows: Complex I supported LEAK (L)) respiration was determined
through the addition of glutamate (5 mM) and malate (2 mM).
ADP (4 mM) was added to elicit complex I-supported OXPHOS
(P,) respiration. Succinate (10 mM) was added to elicit complex I&II
-supported OXPHOS (P, ). Cytochrome ¢ (10 pM) was added to
assess the integrity of the outer mitochondrial membrane. Finally,
FCCP (1 uM steps) was added to determine maximal complex I&II-
supported electron transfer system capacity (E) or maximal un-
coupled respiration.

Measurement of H,O, emission by mitochondria was measured
in permeabilized muscle fiber bundles by real-time monitoring of
amplex red oxidation using a SPEX Fluoromax 4 (Horiba Scientific,
Edison, NJ) spectrofluorometer with temperature control (37°C)
and magnetic stirring as preciously described (23). Briefly, the assay
was run with buffer Z containing 5,000U/mL CuZn-SOD, 25 pM
blebbistatin, 50 pM amplex ultra-red, and 6U/mL horseradish per-
oxidase in the presence of 10 pg/mL oligmycin, 10 mM glutmate,
2 mM malate, and 10 mM succinate. The rate of emission of H,O,
(pmol) was calculated from previously established fluorescence in-
tensity standard curves with known concentrations of H,O,, after
correcting for the rate of change in background fluorescence. The
rate of H,O, emission was expressed as pmol/min/mg dry weight

of fiber bundle.

Immunohistochemistry

Histochemical analyses were performed on serial sections using
methods previously described (24). Briefly, muscle was placed verti-
cally in mounting medium on cork and frozen in isopentane cooled
with liquid nitrogen until thoroughly frozen. Biopsy samples were
sectioned (10 pwm) using a cryotome and fixed prior staining. Sections
were incubated in primary antibody cocktail at 4°C overnight (in
10% goat serum), which includes BA-F8 (type I): I[gG2b (1:50); 6H1
(type IIx): IgM (1:50); and sc-71 (type Ila): IgG1 (1:50). All anti-
bodies were obtained from the University of lowa Hybridoma Bank.
Following primary antibody incubation, slides were incubated in
secondary antibody cocktail consisting of DyLight 405 (IgG2b) goat
anti-mouse (1:500), Alexa Fluor 555 (IgM) goat anti-mouse (1:500),
and Alexa Fluor 488 (IgG1) goat anti-mouse (1:500). In addition,

Alexa Fluor 647-conjugated wheat germ agglutinin (WGA) (50 mg/
mL for 30 minutes in dark at RT) was used to stain glycoconjugates
(N-acetylglucosamine and N-acetylneuraminic acid) residues.
Digital images (4x magnification) of one section per skeletal muscle
biopsy were captured using a Nikon eclipse Ti microscope (Nikon
Technologies, California) and image analysis was performed using

NIS elements software 4.20.01.

Western Blot

Muscle homogenates were prepared as previously described
(18,25). Protein was loaded on a 4%-20% gel (Bio-Rad, Mini-
PROTEAN TGX Precast Gel) and transferred onto a nitrocellulose
membrane overnight at 30 mA at 4°C. Membranes were blocked
with 5% non-fat milk for 1 hour and then incubated with primary
antibody overnight at 4°C (anti-polyubiquitin, Enzo Life Sciences,
Farmingdale, NY, 1:1,000; OXPHOS, MitoSciences, Eugene, OR;
a-tubulin, Cell Signaling, Danvers, MA). Membranes were then in-
cubated with secondary antibody for 1 hour (IRDye 800CW anti-
Rabbit IgG and IRDye 680RD anti-Mouse IgG; Li-Cor Biosciences,
Lincoln, NE). Protein bands were visualized as described above.
The amount of poly-ub proteins was normalized to tubulin. Gel-
to-gel variation was controlled for by using a standardized sample
on each gel.

Real-Time Quantitative-PCR

Total RNA was isolated from ~20 to 30 mg of skeletal muscle
tissue using the RNeasy Fibrous Tissue kit (Qiagen, Valencia,
CA) and transcribed to ¢cDNA using the AffinityScript qPCR
c¢DNA synthesis kit (Agilent Technologies, Santa Clara, CA).
Specific oligonucleotide primers for target gene sequences are
listed in Supplementary Table 1. Gene expression was measured
with the Roche LightCycler 480 Real-time PCR system (Roche,
Indianapolis, IN). Arbitrary units of target mRNA were corrected
to the expression of expression of 36b4 (Rplp0).

RNA Sequencing and Informatics

The quality of total RNA was assessed by the Agilent Bioanalyzer
Nano chip (Agilent Technologies). One microgram of total RNA
was used as starting material to construct RNA Seq library using
Illumina’s Truseq Stranded total RNA Library preparation kit. First,
the total RNA was Ribo depleted to remove rRNA from total RNA.
The remaining non-rRNA was fragmented into small pieces using
divalent cations under elevated temperature. Following fragmenta-
tion, the first-strand cDNA was synthesized using random primers
and followed by second strand synthesis using DNA Polymerase
I. The cDNA was then ligated with index adapters for each sample
followed by purification and then enriched with PCR to create the
final library. The quality and quantity of the libraries were detected
by Agilent Bioanalyzer and Kapa Biosystems qPCR. Multiplexed li-
braries are pooled and single-end 50-bp sequencing was performed
on one flow-cell of an Illumina Hiseq 2500. Mapped reads were fil-
tered based on the mapping quality. The overall mapping rates were
about 90%. mRNA quantification and normalization were done
using Partek Genomics Suite 6.6, annotation database using RefSeq
Transcript 77 July 2016. R package DeSeq (http:/bioconductor.
org/packages/release/bioc/html/DESeq.html) was used to analyze
the differential expression of mRNAs. Heat maps were created
with Morpheus (Broad Institute). The database for annotation,
visualization, and integrated discovery (DAVID v6.8) was used for
gene ontology (GO) annotation. Upstream regulator analysis was
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performed with Ingenuity Pathway Analysis (Qiagen). The gene ex-
pression data discussed in this publication have been deposited in
NCBI’s Gene Expression Omnibus and are accessible through GEO
Series accession number GSE130722 (https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE130722).

Lipidomics
Muscle tissue was thawed in 10 times diluted PBS and homogenized
in Omni bead tubes with 2.8-mm ceramic beads in the Omni Bead
Ruptor 24 with Cryo Cooling Unit (Omni International) at 4°C for 2
minutes. Protein concentration was determined by the bicinchoninic
acid assay. One milligram of protein from each sample was ali-
quoted, and a cocktail of deuterium-labeled and odd chain phospho-
lipid standards from diverse lipid classes was added. Standards were
chosen so that they represented each lipid class and were at desig-
nated concentrations chosen to provide the most accurate quanti-
tation and dynamic range for each lipid species. Four milliliters of
chloroform:methanol (1:1, by volume) were added to each sample,
and lipidomic extractions were performed as previously described
(26). Lipid extraction was automated using a customized sequence on
a Hamilton Robotics STARIet system (Hamilton). Lipid extracts were
dried under nitrogen and reconstituted in chloroform:methanol (1:1,
by volume). Samples were flushed with nitrogen and stored at -20°C.
The concentrated sample was diluted 50x in isopropanol:methanol:
acetonitrile:H,O (3:3:3:1, by volume) with 2 mM ammonium acetate.
The delivery of the solution to the SCIEX TripleTOF 5600+ (Sciex,
Framingham, MA) was carried out using an Ekspert MicroL.C 200 system
with a flow rate at 6 pl/min on a customized loop. The parameters of
the mass spectrometer were optimized, and the samples were analyzed
automatically using a data independent analysis strategy, allowing for MS/
MSALL high-resolution and high-mass accuracy (27).

Statistical Analysis

All data are reported as means = standard error unless otherwise
stated. Statistical analysis was performed using SAS (SAS, Cary, NC)
and Graphpad Prism v6 (GraphPad Software, Inc, La Jolla, CA). The
differences between groups were examined using a two-way analysis
of variance (Group x Time) with Bonferroni multiple comparisons
when appropriate. Skeletal muscle fiber cross-sectional area was ana-
lyzed using a two-way analysis of covariance controlling for baseline
differences between the groups. Significance was set at p < .05.

Results

Subject Characteristics
Subject characteristics are presented in Table 1. The HMB group
had more females compared to the CON group, which led to group

Table 1. Subject Characteristics

differences in height and BMI (Table 1). Due to these baseline differ-
ences, we used gender and BMI as covariates in the statistical models
when examining changes in muscle fiber cross-sectional area (CSA)
following BR.

Markers of Skeletal Muscle Atrophy

Skeletal muscle CSA determined by immunohistology are pre-
sented in Figure 1A and B. Type I and type Ila skeletal muscle CSA
(Figure 1A) and frequency histograms (Figure 1B) indicate a reduc-
tion in type Ila muscle fiber CSA following BR (Time Effect: p = .03).
There were no significant changes in type I muscle fiber CSA fol-
lowing BR. Representative images of immunostained muscle cross
sections are presented in Supplementary Figure 1. We then meas-
ured the levels of gene transcripts and proteins that govern the skel-
etal muscle atrophy program. Gene expression levels of atrogin-1
(FBX032) tended to increase following BR (Time Effect: p = .069).
There were no significant changes in the level of MuRF1 (TRIM63)
expression (Figure 1C). Total poly-ubiquinated proteins tended to
increase (Group Effect: p = .078, Interaction: 0.10) following BR in
the HMB group (Figure 1D).

Skeletal Muscle Transcriptomics

RNA sequencing (RNA-seq) was next performed to determine the
transcriptomic changes that occur during BR. Principal compo-
nent analysis demonstrates a separation in the control and HMB
groups, as well as a significant change for both groups following
BR (Figure 2A). GO enrichment analysis demonstrated a reduc-
tion in transcripts associated with the ribosome consistent with
decreased protein synthesis known to occur during disuse atrophy
(Supplementary Figures 2 and 3). In addition, GO terms for fibrosis-
related processes such as extracellular matrix and collagen were
enriched when up-regulated transcripts were used (Supplementary
Figures 2 and 3). Examination of transcripts in both ribosome and
collagen trimer pathways confirmed these findings (Figure 2B and C,
Supplementary Tables 2 and 3). Interestingly, the changes induced by
BR were less pronounced in the HMB group.

RNA-seq also revealed marked reduction of transcripts associated
with mitochondria and mitochondrial energy metabolic pathways
(Supplementary Figures 2 and 3). These included the mitochondrial
inner membrane and oxidative phosphorylation. Given the marked
inhibition of pathways associated with mitochondrial energy metab-
olism, we further examined the RNA-seq data for changes in mito-
chondrial energy metabolic genes. Transcripts encoding proteins in
fatty acid degradation, TCA cycle, and the electron transport chain
were comprehensively down-regulated (Figure 3A, Supplementary
Tables 4 and 5). Moreover, using upstream regulator analysis, genes
controlling mitochondrial biogenesis and energy metabolism such

Control HMB 2 x 2 ANOVA (p value)
Subject Characteristics Pre Post Pre Post Group Time Interaction
N (M/F) 9 (6/3) 12 (5/7)
Age (years) 67 £2 66 =1 0.21 0.88 0.88
Height (cm) 170.9 = 2.4 162.8 = 3.6 0.02 0.95 0.95
Weight (kg) 77.7 5.1 76.1 5.4 81.7 3.9 79.8 £4.0 0.41 0.71 0.98
BMI (kg/m?) 264 =14 25.7+1.4 30.8 £0.9 30.0 0.9 0.001 0.54 0.98

Note: Data are mean = SE. Bold p values indicate statistical significance (p < .05). ANOVA = Analysis of variance; BMI = Body mass index; HMB = 3-hydroxy-

B-methylbutyrate.
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Figure 1. Older adults display reductions in type lla skeletal muscle fiber
cross-sectional area (CSA) and elevations in skeletal muscle markers of
atrophy following 10 days of bed rest (BR). (A) Type | and type lla, and (B)
frequency histograms of skeletal muscle fiber CSA depicting sampled vastus
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as PGCl-a (PPARGC1A), ERRa (ESRRA), and PPARa (PPARA)
were all predicted to be inhibited (Figure 3B). The expression of both
PGC-1a and ERRa as well as direct target genes as determined by
RT-qPCR were down-regulated with BR (Figure 3C). These data
suggest that direct down-regulation of these key transcriptional
regulators is, at least in part, responsible for the inhibition of mito-
chondrial energy metabolic pathways.

HMB markedly  blunted the
transcriptomic responses to BR. This is particularly evident in the

supplementation muscle
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Figure 2. Bed rest (BR) results in a marked inhibition of skeletal muscle
metabolism, ribosome, and collagen pathways. (A) Principal component
analysis plot of the samples used in the transcriptomic analysis. (B) The heat
map represents the log, fold change of all transcripts in the KEGG Ribosome
pathway during BR in either the CON or f-hydroxy-p-methylbuturate (HMB)
group. (C) The heat map represents the log, fold change of all transcripts in
the GO CC Collagen Trimer pathway during BR in either the CON or HVIB
group. n=5 per group for transcriptomic analysis. Full color version is
available within the online issue.

pathway analysis in which the degree of changes on the indicated
pathways was diminished in the HMB (Supplementary Figures 2 and
3). The targeted gene expression analyses confirmed these unbiased
transcriptomic profiling; although there is still a decrease in the ex-
pression of mitochondrial energy metabolic genes, the number of
genes and degree of change is smaller in the HMB group (Figure 3A).
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Figure 3. Gene regulatory networks involved in skeletal muscle oxidative
metabolism are down-regulated following 10 days of bed rest (BR). (A)The heat
map represents the log, fold change of all transcripts in the indicated KEGG
pathway that are significantly regulated (p < .05) during BR in either the CON
or B-hydroxy-B-methylbuturate (HMB) groups. (B) IPA Upstream Regulator
Analysis was used to identify transcription regulators and ligand activated
transcription factors significantly regulated (Z-score >2 or <-2) in either CON
or HMB groups. The heat map represents the Z-score for the top 25 inhibited
(left) or activated (right) factors in the CON group and the corresponding
Z-score in the HMB group. n = 5 per group for transcriptomic analysis.
OXPHOS = oxidative phosphorylation. (C) RT-gPCR assay for expression of key
nuclear transcription factors, and genes involved in fuel metabolism pre- and
post- 10 days of BR. n = 7-8 per group. * Significant time effect for reductions
following BR: ERRa (ESRRA) (Time Effect: p = .01, Interaction: p =.19), PGC1-a
(PPARGC1A) (Time Effect: p=.003, Interaction: p=.25), MCAD (ACADM) (Time
Effect: p = .001, Interaction: p = .19), COX4I1 (COX4I1) (Time Effect: p = .002,
Interaction: p = .30), COX6A2 (COX6A2) (Time Effect: p = .03, Interaction:
p = .23), ATP synthase (ATP5G3) (Time Effect: p = .03, Interaction: p = .06) and
MDH1 (MDH?1) (Time Effect: p=.005, Interaction: p=.19). T trend for time effect
for CPT1 (CPT1B) (Time Effect: p = .058, Interaction: p = .20) to be reduced
following BR. Full color version is available within the online issue.

Skeletal Muscle Mitochondrial Function and

Content, and H,0, Emission

Skeletal muscle mitochondrial respiration and content, and H,O,
emission are presented in Figure 4A-C. The HMB group had a
slightly lower, but significant, LI respiration before BR compared to
CON (Group Effect: p =.008, Interaction: p = .44; Figure 4A). There
was a significant time effect for PI (Time Effect: p = .03, Interaction:
0.91) and EI+II (Time Effect: p = .01, Interaction: p = .96), and
trend for PI+II (Time Effect: p = .059, Interaction: p = .71) to be
reduced in both groups following BR (Figure 4A). Mitochondrial
H,0, emission tended to increase in both groups following BR (Time
Effect p = .056, Interaction: p = .61; Figure 4B). Total mitochondrial
OXPHOS content (Time Effect: p = .002, Interaction: p = .34) and all
individual complexes: complex I (Time Effect: p = .005, Interaction:
p = .31), complex II (Time Effect: p = .008, Interaction: p = .32),
complex III (Time Effect: p = .004, Interaction: p = .28), complex IV
(Time Effect: p = .017, Interaction: p = .76) and complex V (Time
Effect: p = .03, Interaction: p = .64), were reduced in both groups
following BR (Figure 4C).

Skeletal Muscle Lipidomics

Lipidomics analysis was next performed to measure changes of
lipids critical to mitochondrial energy metabolism. Total levels
of cardiolipin, the major phospholipid component in mitochon-
drial membranes, are significantly decreased with BR (Time Effect:
p = .04, Interaction: p = .42) while levels of the ETC component
coenzyme Q10 (Time Effect: p = .0577, Interaction: p = .92) tended
to decrease following BR (Figure 4D). Cardiolipin species can be
categorized based on acyl chain length and degree of saturation,
into: immature, mature, and remodeled species (28). The heat map
and table of individual species show reduced levels of virtually all
cardiolipin species in the CON group and a slight preservation ef-
fect of HMB following BR (Figure 4D, Supplementary Table 6).
There were no significant changes in total phosphatidylcholine
(PC), phosphatidylethanolamine (PE), PC:PE ratio, sphingomyelin,
triacylglycerol (TAG), diacylglycerol, ceramides, and acylcarnitines
following BR (p > .05, Supplementary Figure 4).

Discussion

The effect of short-term BR on skeletal muscle mitochondria has
not been studied in older adults, and only a few studies have exam-
ined mitochondrial adaptation to BR in young healthy volunteers
(11,16,18,29). The goal of this investigation was to examine mito-
chondrial energetics in human skeletal muscle following 10 days of
BR in older adults, using a combination of targeted and unbiased
approaches. The principal novel findings were that BR induced a sig-
nificant decrease in mitochondrial respiration and content, and ele-
vated mitochondrial reactive oxygen species (ROS) emission. These
findings were supported by unbiased transcriptomic profiling that
revealed down-regulation of transcripts involved in skeletal muscle
ribosome and fuel metabolism pathways (fatty acid degradation,
TCA cycle, OXPHOS), along with up-regulation of transcripts in-
volved in collagen synthesis.

Utilizing unbiased transcriptomics, we identified down- and
up-regulated GO cellular components and KEGG pathways that
were impacted by 10 days of BR that likely have implications for
skeletal muscle health. We found a significant down regulation of
skeletal muscle oxidative metabolism and mitochondria, and HMB
mitigated this response. These findings are supported by our recent
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findings in a preclinical animal model of disuse atrophy in which sev-
eral upstream regulators, for example, PGC-1a and ERRa, of mito-
chondrial biogenesis and energetics were significantly affected (30).
Mahmassani et al. also found mitochondrial dysfunction and oxida-
tive phosphorylation pathways were significantly regulated in both
young and old individuals following 5 days of BR (31). Collectively,
these studies highlight the potent effect of short-term disuse on skel-
etal muscle oxidative metabolism and mitochondrial transcriptome.

Down-regulation of transcripts associated with skeletal muscle
metabolism and mitochondria were concomitant with an impact
on ex vivo mitochondrial respiration, markers of content, and ROS
emission. The reductions in mitochondrial respiration with BR in
these older subjects are consistent with studies in younger adults (17)
as well as in our recent findings in older mice following 10 days of
hindlimb (HL) unloading (30). The reductions in mitochondrial res-
piration following BR could have significant ramifications for older
adults during disuse atrophy and also when they become ambulatory
during recovery from illness or injury. Several studies have found that
lower mitochondrial oxidative capacity and efficiency are associated

ap represents the log, fold change of all cardiolipin species during BR in the CON
ration status of each species. n =5 per group. Red (up-regulated) and blue (down
color version is available within the online issue.

with lower muscle quality (32), slower walking speed (33,34), and
higher fatigability (35). Collectively, our study, supported by these
previous findings, suggests that reductions in mitochondrial function
during a short period of disuse may be associated with a reduction
in physical function of older adults. The reductions in mitochondrial
respiration were likely driven by the reductions in mitochondrial
content (OXPHOS proteins and cardiolipin). Other investigations
have described reductions in mitochondrial content following 7 days
BR in young men (16) and 10 days of HL unloading in mice (30).
Indeed, the reduction in total cardiolipin content, respiration, and
expression of mitochondrial biogenic transcription factors together
demonstrate a profound reduction in mitochondrial content and
function following BR.

Mitochondrial dysfunction during inactivity or immobilization
manifests through the release of proapoptotic factors (36,37), mor-
phological alterations (fission, swelling), and energy stress (9) leading
to ROS production. ROS stimulates muscle atrophy by increasing
proteins involved in the proteasome system (38). We found older
adults had higher ROS emission with no significant changes in skeletal
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muscle lipids following 10 days of BR (Figures 4B and Supplementary
Figure 4). Dirks et al. found no changes in markers of oxidative stress
and skeletal muscle lipids following 7 days BR in young men (16).
Collectively, these findings suggest that younger individuals may not
be as susceptible as older adults to disuse induced oxidative stress.
Indeed, upon reloading after 10 days of HL unloading, older mice
still had elevated ROS emission while the ROS emission in younger
mice returned to baseline (30). Older muscle may be more suscep-
tible to disuse induced ROS emission compared to younger adults
and may persist into recovery. These are similar findings to our pre-
vious investigation after 10 days of BR in older adults (18) and in
young individuals (16). Further investigations could focus on earlier
time points during BR to assess temporal sequence of changes that
occur in mitochondria and with the transcriptome prior to significant
muscle atrophy. Finally, although we previously reported an increase
in TAG levels in older adults consuming HMB during BR (18); in the
current investigation, we did not see any significant changes in TAG
with BR or HMB supplementation.

Although no effect on skeletal muscle fiber CSA was observed,
HMB supplementation abrogated many of the transcriptomic
changes during BR. This was particularly apparent with transcripts
associated with mitochondrial energy metabolism, ribosome, and
extracellular matrix. In spite of the effects on the mitochondrial tran-
scripts, respiration rates did not significantly differ between CON
and HMB, suggesting other mechanisms such as posttranslational
modifications may also contribute to the mitochondrial dysfunc-
tion observed with BR. The observation that HMB counteracted
the effect of BR on the ribosome transcripts is consistent with its
effects to stimulate protein synthesis (39-41). Lastly, we found
the extracellular matrix and collagen pathways to be significantly
up-regulated in the CON group with BR, which was attenuated in
the HMB group. A recent investigation also found fibrotic pathways
to be significantly up-regulated in older adults after 5 days of BR
(31). Up-regulation of the extracellular matrix and collagen proteins
may have important implications for skeletal muscle function. Rats
who were HL unloaded for 14 and 28 days had collagen remodeling
that resulted in muscle stiffness, which can impact muscle fatigability
(42). Taken together, these findings suggest that HMB has a major
impact on skeletal muscle at the gene transcript level, which may
prove beneficial for the recovery following short-term disuse. A pre-
vious study has shown older adults receiving HMB supplementation
during an 8-week exercise recovery program following 10 days of
BR resulted in additional muscle mass and strength gains compared
to a control group (43). Combining HMB with an exercise regimen
following a period of disuse or hospitalization may have significant
impact on clinical outcomes in sedentary older adults. Collectively,
these data have important clinical implications as muscle mass and
function are impacted not only in natural aging but also conditions
such as sarcopenia and cancer cachexia. Future investigations are
needed to explore the effect of HMB supplementation combined
with exercise in these clinical populations.

The goal of the present study was to take an unbiased and
in-depth approach to understanding the effects of BR on skeletal
muscle metabolism, so we did not perform a biopsy following re-
covery from BR. This limits our interpretation of the effects of
HMB?’s effect on skeletal muscle recovery. Additionally, comparing
these effects between older adults and younger subjects was also not
our objective. Moreover, while men have higher muscle mass and
strength than women, we observed no trends for gender-specific re-
sponses, and our study was not designed or powered to determine
gender differences. During BR, subjects underwent passive range of

motion exercises to help prevent DVT. While there is evidence that
stretching may activate mechanotransduction signaling pathways,
we do not believe the passive exercises would impact our results
as they were conducted one time a day lasting ~10 minutes. We ac-
knowledge the small number of subjects in this study and the subse-
quent impact of smaller sample sizes for some of the analyses limits
our interpretation of our findings. Additional studies are needed to
confirm the findings presented in this study.

In summary, our data implicate derangements in skeletal muscle
metabolism and mitochondria during BR-induced muscle atrophy
in older adults. HMB significantly attenuated or prevented some of
the negative consequences of disuse on expression of skeletal muscle
genes involved in mitochondrial biogenesis and energetics, fatty acid
metabolism, ribosome pathways (protein synthesis), and collagen ac-
cumulation. Future investigations are needed to determine whether
these effects are important for better recovery of muscle mass and
function following periods of disuse.

Supplementary Material

Supplementary data is available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.

Supplemental Figure 1. Representative histology images for both
CON and HMB groups at pre-BR and post-BR.

Supplemental Figure 2. Gene ontology enrichment analysis using
DAVID. (A) All significantly (p < .05) down regulated transcripts
during BR in the CON and HMB groups. (B) All significantly (p
< .05) up regulated transcripts during BR in the CON and HMB
groups. The bars represent -log (p-value) of the top 10 most signifi-
cant gene ontology cellular component terms in each group; n = 5
per group.

Supplemental Figure 3. Pathway enrichment analysis using
DAVID. (A) All significantly (p < .05) down regulated transcripts
during BR in the CON and HMB groups. (B) All significantly (p
< .05) up regulated transcripts during BR in the CON and HMB
groups. The bars represent -log (p-value) of the top 10 most signifi-
cant KEGG terms in each group; 7 = 5 per group.

Supplemental Figure 4. Skeletal muscle lipids following 10 days
of BR in the CON and HMB groups. Phosphatidylcholine (PC),
phosphatidylethanolamine (PE), PC:PE ratio, sphingomyelin
(SM), triacylglycerol (TAG), diacylglycerol (DAG), ceramides, and
acylcarnitines (AC). n = 6-7 per group.
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