1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

(N

7
%)

"s», NIH Public Access

Author Manuscript

Published in final edited form as:
Circ Heart Fail. 2009 November 1; 2(6): 700—-706. doi:10.1161/CIRCHEARTFAILURE.109.876433.

MECHANISMS UNDERLYING SKELETAL MUSCLE WEAKNESS IN
HUMAN HEART FAILURE: ALTERATIONS IN SINGLE FIBER
MYOSIN PROTEIN CONTENT AND FUNCTION

Mark S. Miller, Pth, Peter VanBuren, MD1*2, Martin M. LeWinter, MD1’2, Stewart H. Lecker,
MD3, Donald E. Selby, PhD2, Bradley M. Palmer, PhDL, David W. Maughan, PhD1, Philip A.
Ades, MD2, and Michael J. Toth, PhD1:2

1 Department of Molecular Physiology and Biophysics, University of Vermont, College of Medicine,
Burlington, VT

2 Department of Medicine, University of Vermont, College of Medicine, Burlington, VT

3 Renal Division, Beth Israel Deaconess Medical Center and Harvard Medical School, Boston, MA

Abstract

Background—~Patients suffering from chronic heart failure frequently experience skeletal muscle
weakness, which limits physical function. The mechanisms underlying muscle weakness, however,
have not been clearly defined.

Methods and Results—The present study examined the hypothesis that heart failure promotes a
loss of myosin protein from single skeletal muscle fibers, which in turn reduces contractile
performance. Ten patients with chronic heart failure and 10 controls were studied. Muscle atrophy
was not evident in patients, and groups displayed similar physical activity levels, suggesting that
observed differences reflect the effects of heart failure, not muscle atrophy or disuse. In single muscle
fibers, heart failure patients showed reduced myosin heavy chain (MHC) protein content (P-values:
<0.05) that manifested as a reduction in functional myosin-actin cross-bridges (P<0.05). No evidence
was found for a generalized loss of myofilament protein, suggesting a selective loss of myosin.
Accordingly, single muscle fiber maximal Ca?*-activated tension was reduced in patients in MHC
| fibers (P<0.05). Tension was maintained in MHC I1A fibers in patients, however, because a greater
proportion of available myosin heads were bound to actin during Ca2*-activation (P<0.01).

Conclusions—Collectively, our results show that heart failure alters the quantity and functionality
of the myosin molecule in skeletal muscle, leading to reduced tension in MHC | fibers. Loss of single
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CLINICAL PERSPECTIVE

Patients suffering from chronic heart failure frequently experience skeletal muscle weakness, which limits physical function and
contributes to their high rates of physical disability. Our study evaluated the mechanisms underlying skeletal muscle weakness in human
heart failure by comparing myofilament protein content, function and sarcomeric structure in single skeletal muscle fibers isolated from
patients and non-diseased controls. Our results show that heart failure is characterized by a selective loss of the contractile protein myosin
from single muscle fibers, which contributed to reduced tension in slow-twitch muscle fibers. This functional impairment may be of
clinical significance since slow-twitch fibers are recruited for repetitive movements typically encountered in daily activities and are an
important determinant of exercise tolerance. In this context, loss of myosin protein from single muscle fibers represents a potential
molecular mechanism underlying physical disability and exercise intolerance in heart failure patients. Moreover, the fact that these
observations were made in well-treated patients with mild to moderate heart failure suggests that single muscle fiber myosin depletion
is not merely a manifestation of end-stage disease, but rather a distinct feature of the skeletal muscle myopathy of heart failure.
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fiber myosin protein content represents a potential molecular mechanism underlying muscle
weakness and exercise limitation in heart failure patients.
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INTRODUCTION

Patients suffering from chronic heart failure have a reduced capacity for physical work.
Although cardiac dysfunction is the primary pathological insult, the resulting syndrome of
heart failure alters numerous physiological systems to impair functional capacity. Alterations
in skeletal muscle are of particular importance, most notably atrophy,! weakness?:3 and
reduced endurance.* These peripheral skeletal muscle adaptations limit physical function
independent of cardiac impairment® and persist despite correction of cardiac dysfunction.®

Aerobic fitness is commonly assumed to be the primary determinant of physical function in
heart failure patients because exertional fatigue and dyspnea are predominant symptoms of the
disease. However, aerobic capacity is a relatively poor predictor of performance in activities
of daily living.” This is because most activities are limited instead by skeletal muscle strength.
8 Accordingly, functional capacity can be increased in heart failure patients in the absence of
alterations in aerobic capacity by improving muscle strength.? Despite its potential relevance
to physical disability in patients with heart failure, few studies have explored the mechanisms
underlying reduced skeletal muscle strength.

Skeletal muscle weakness in heart failure is not explained by muscle atrophy?:19 or reduced
motor activation,? suggesting defects in the intrinsic contractile properties of individual muscle
fibers. Recent studies in rats!! and humans?2 in chemically-skinned single muscle fibers have
shown reduced contractile function in heart failure, implicating impaired myofilament protein
function in muscle weakness. Because myosin is the most prevalent myofilament protein in
muscle!3 and is the primary determinant of single fiber contractile mechanics,14 alterations in
fiber function can be linked to variation in the quantity or function of the myosin molecule. In
this context, our previous work demonstrating a reduction in myosin heavy chain (MHC)
protein content in skeletal muscles of heart failure patientsl® suggests that contractile
dysfunction may result from a reduced quantity of myosin. Indeed, a recent study in rats with
heart failure has shown reduced MHC protein content and force production in single diaphragm
muscle fibers.11 Additionally, this study found alterations in myosin kinetic properties that
could diminish contractile function.11 Whether similar alterations in the quantity and
functionality of myosin occur in skeletal muscle of patients with heart failure, however, has
not been examined.

The goal of this study was to examine the effect of heart failure on single skeletal muscle fiber
myofilament protein composition, function and sarcomeric structure. To accomplish this
objective, we evaluated single muscle fibers from the vastus lateralis muscle of patients with
chronic heart failure and sedentary controls. Controls were recruited to match the low physical
activity levels typically observed in heart failure patients,8 which obviates the effects of
muscle activity level on single fiber structure and function.’

METHODS

Subjects

Ten patients (7 men, 3 women) with physician-diagnosed heart failure were recruited. The
population consisted of patients with both systolic dysfunction (left ventricular ejection fraction
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(EF) <40%; n=6; 26.0 + 2.7%; range: 17-35%) and preserved systolic function (EF>40%; n=4;
46.8 £ 1.8%; range: 45-52%). At the time of study, there were 1 NYHA class I, 5 class Il and
4 class 111 patients. The etiology of heart failure was ischemic in 3 volunteers and non-ischemic
in 7. Three patients had Type Il diabetes mellitus. All patients were clinically stable and had
not been hospitalized for at least 6 months prior to testing. None had evidence of hepatic, renal,
or peripheral vascular disease or an active neoplastic process. Patients were receiving
angiotensin-converting enzyme (ACE) inhibitors/receptor blockers (100%), B-blockers (90%),
diuretics (70%), HMG CoA reductase inhibitors (20%) and one female patient was receiving
levothyroxine. Plasma creatine kinase levels were normal in all patients and none were smokers
or taking sex steroid replacement therapy.

Controls (n=10; 6 men, 4 women) were recruited who were sedentary or minimally-active, as
defined by self-report of <2 sessions of >30 min of exercise/week and not participating in any
exercise training. Controls were non-smokers, had a stable body weight (2 kg during prior 6
months and not participating in a weight loss program), no signs or symptoms of heart failure,
coronary heart disease or diabetes (fasting blood glucose >112 mg/dL), normal left ventricular
ejection fraction (>55%), normal complete blood counts and routine biochemical values and
were not taking sex steroid replacement therapy. Four controls had a history of hypertension
and three were treated with diuretics and one with an ACE inhibitor. All were normotensive
at testing and showed no evidence of left ventricular hypertrophy or atrial enlargement by
echocardiography. Two controls were on stable doses of HMG CoA reductase inhibitors and
one female was on levothyroxine. Plasma creatine kinase levels were normal in all controls.
Informed consent was obtained from each volunteer and the protocol was approved by the
Committees on Human Research at the University of Vermont. Data showing reduced knee
extensor muscle strength in heart failure patients from this cohort have been published.3

Experimental protocol

Eligibility was determined during screening visits, at which time medical history, physical
examination, blood samples, whole muscle strength testing, a treadmill test and
echocardiography were performed. At least 1 week later, eligible volunteers underwent an
inpatient visit. Prior to admission, medications were maintained per normal dosing regimens,
except coumadin (n=3), which was stopped 5 days before this visit. On the following morning,
in the fasted state, body composition and mid-thigh muscle cross-sectional area was measured,
and muscle tissue was obtained via percutaneous biopsy (Bergstrom needle, 5 mm OD) of the
vastus lateralis.

Total and regional body compaosition

Total and regional fat mass and fat-free mass were measured by dual energy x-ray
absorptiometry, as described.1> Bone mass data are not reported. Mid-thigh muscle area was
measured by computed tomography, as described.18

Peak oxygen consumption (peak VO,)

Peak VO, was determined using the Naughton protocol. 1

Accelerometry

Free-living physical activity was measured using a single-plane accelerometer, as described
previously.20

Muscle tissue processing

Approximately two-thirds of the biopsy material was placed immediately into cold (4°C)
dissecting solution (see on-line supplement for composition of solutions). Remaining tissue
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was frozen in liquid nitrogen and stored at —80°C. Muscle fibers were dissected into bundles
and tied to glass rods at 4°C, and then placed in skinning solution for 24 h at 4°C, storage
solution with 50% (v/v) glycerol for 16 hr at 4°C and finally stored at —20°C until study (within
4 wks).

Tissue homogenate MHC protein content and isoform distribution

Tissue MHC protein content and isoform distribution were determined on frozen muscle tissue,
as described previously,2! with minor modifications (see on-line supplement).

Single muscle fiber morphology and MHC protein content

Segments (~3 mm) of single muscle fibers were measured in relaxing solution (20°C) to
estimate fiber volume (see on-line supplement for details). Aliquots (1.5 um? fiber volume) of
sample were analyzed for MHC and actin protein content in triplicate, according to previously
published methods,17-22 with modifications (see on-line supplement). Thereafter, each fiber
was analyzed for fiber type via MHC isoform expression (see on-line supplement).

Single fiber mechanical measurements

Segments (~2.5 mm) of single fibers were isolated and their ends fixed with glutaraldehyde,
as elsewhere,23 with modifications (see on-line supplement). Top and side diameter
measurements were made in relaxing solution (pCa 8) at 3 positions to calculate cross-sectional
area and the fiber was incubated in dissecting solution containing 1% Triton X-100 (v/v) for
30 min. Fibers were attached to a piezoelectric motor and a strain gauge in relaxing solution,
the sarcomere length set to 2.65 pm and unfixed fiber length (~ 1 mm) measured. All
mechanical measurements were performed at 15°C. The fiber was transferred to pre-activating
solution for 30 s and then to activating solution (pCa 4.5) and tension recorded at plateau. At
plateau, sinusoidal length oscillations (10 cycles of 0.125% fiber length at 250 Hz) were
imposed to measure fiber dynamic stiffness. Duplicate measurements of maximal Ca2*-
activated tension and stiffness were obtained for each fiber. Thereafter, the fiber was placed
in rigor solution and, at the plateau of tension, dynamic stiffness was measured. The amplitude
of dynamic stiffness in the rigor state is proportional to the total number of available myosin
heads that can bind actin (ie, total cross-bridge number), assuming all myosin heads bind to
actin in rigor. The ratio of pCa 4.5 to rigor dynamic stiffness, therefore, provided an estimate
of the fraction of available myosin heads that bind actin during CaZ*-activation. Following
mechanical measurements, single fibers were analyzed for MHC isoform composition to
identify fiber type.

Ultrastructural measurements

Electron microscopy measurements were conducted on intact skeletal muscle fiber bundles,
as described?* (see on-line supplement for details).

Protein and gene expression

Statistics

Immunoblotting techniques were used to assess MHC degradation products, according to the
method of Ball et al.,2° and the quantity of ubiquitinated MHC (see on-line supplement). MHC
isoforms, actin, muscle ring finger-1 (MuRF-1) and atrogin-1 mRNA levels were determined
by real-time PCR (see on-line supplement).

All data are reported as mean + SE. Unpaired Student t tests were used to compare groups.
Analysis of covariance was used to compare peak VO, data between groups after adjusting for
differences in fat-free tissue mass.

Circ Heart Fail. Author manuscript; available in PMC 2010 November 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

RESULTS

Page 5

The authors had full access to and take full responsibility for the integrity of the data. All
authors have read and agree to the manuscript as written.

Groups were similar for age, body size, body mass and total and regional body composition.
Peak VO, adjusted for fat-free mass was lower (P<0.01) in patients (Table 1). Daily physical
activity level measured by accelerometry over 7.6 + 0.4 d was similar between groups.

Heart failure patients had lower MHC protein content in tissue homogenates compared to
controls (Figure 1A; P<0.01), with no group differences in the relative distribution of MHC
isoforms (Figure 1B).

Fibers from patients had greater average cross-sectional area compared to controls (P<0.01;
Table 2) when all fibers were pooled, with or without inclusion of those fibers with MHC band
densities less than or equal to background. When partitioned into fiber types, patients had
greater cross-sectional area in MHC I1A and 11A/X fibers (P<0.01 for both), but not in MHC
| fibers.

Heart failure patients showed lower MHC protein content in single fibers whether fibers with
MHC band densities less than or equal to background (n=39 fibers from patient group; n=25
fibers from control group) were/were not included (P<0.01; Figure 2A). Actin was detected in
all fibers examined (see on-line supplement). In fibers with detectable MHC bands, heart failure
patients had lower MHC content in MHC | (P<0.05), MHC IIA (P<0.01) and MHC I1A/X
(P<0.01) fibers (Figure 2B). There were too few MHC 11X and MHC I/l1A fibers to permit
comparisons.

No group differences were evident for myofibrillar volume fraction, A-band length or thick to
thin filament ratio (Figure 3A-I). Average sarcomere length also did not differ (C: 2.06 + 0.09
vs. HF: 2.20 + 0.13 um) and no relationship between sarcomere length and the thick to thin
filament ratio was found (r=0.022; P=0.94).

Single muscle fiber Ca2*-activated tension and dynamic stiffness data are shown in Figure 4.
Patients showed lower tension in MHC I fibers (P<0.05), while MHC Il A fibers remained
similar to controls (Figure 4A). pCa 4.5 stiffness was decreased in MHC | fibers (P<0.01) and
unchanged in MHC 1A fibers (Figure 4B), while rigor stiffness was decreased in patients in
both MHC | and MHC 1A (both P<0.05; Figure 4C) fibers. The pCa 4.5/rigor stiffness ratio
did not differ between groups in MHC I fibers, but was increased in patients in MHC 1A fibers
(P<0.01; Figure 4D). Finally, there were a sub-set of fibers in controls (n=7) and patients (n=20)
that failed catastrophically (ie, tore) upon Ca%*-activation.

No differences were found between patients (n=7) and controls (n=5) in mRNA abundance for
MHC I (C: 1.00 £ 0.19 vs. HF: 1.10 £ 0.33 relative expression), MHC I1A (C: 1.00 £ 0.14 vs.
HF: 0.87 £ 0.09), MHC 11X (C: 1.00 + 0.37 vs. HF: 1.68 £ 0.54) or actin (C: 1.00 + 0.12 vs.
HF: 0.96 + 0.10). Similarly, no group differences were noted for mRNA of any of these genes
when data were analyzed using 18S RNA as the housekeeping gene (see on-line supplement).
Additionally, no differences between patients and controls in the amount of MHC | breakdown
fragments (Figure 5A,C), ubiquitinated protein corresponding to MHC (Figure 5B,D) or
expression of E3 ubiquitin ligases (Figure 5E,F) was found (see on-line supplement for further
details).
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DISCUSSION

In the present study, we found reduced single fiber MHC protein content in heart failure
patients, which was manifest as a decreased number of functional myosin-actin cross-bridges.
No evidence was found, however, for a generalized loss of myofibrillar proteins, suggesting a
selective loss of myosin protein. In keeping with reduced MHC protein/cross-bridge number,
single fiber maximal Ca?*-activated tension (force per cross-sectional area) was reduced in
MHC I fibers from patients. Interestingly, tension was maintained in MHC 1A fibers from
patients because a greater proportion of myosin heads bound actin during Ca2*-activation,
implying altered myosin kinetic properties. Our results represent the first demonstration of an
effect of heart failure on the quantity and kinetic properties of the myosin molecule in single
skeletal muscle fibers in human heart failure.

Heart failure patients are profoundly inactive relative to age-matched, healthy controls,16
which complicates group comparisons because inactivity modulates muscle structure and
function.26 To mitigate the effect of inactivity, we recruited sedentary controls to match patients
for muscle use and confirmed that their activity levels were similar to patients. Additionally,
patients were tested >6 months following inpatient admissions to eliminate any acute effects
of muscle disuse on single fiber structure or function. An interesting observation that highlights
the importance of these experimental considerations is the similar MHC isoform distribution
(ie, fiber type) in patients and controls (Figure 1B). Our fiber type results agree with studies
that have similarly controlled the activity status of controls,?27 but differ from those that have
not.19:28:29 |n these latter studies, a shift in fiber type towards a fast-twitch phenotype was
observed.1%:28:29 As muscle disuse increases the number of fast-twitch fibers,30 these results
collectively suggest that one of the presumed hallmark muscle adaptations to heart failure--a
switch to a fast-twitch phenotype--may simply be a repercussion of the muscle disuse imposed
by the disease state. Thus, experimental control for physical activity patterns is necessary to
identify alterations in myofilament protein content and function that are specific to heart failure.

At the single fiber level, MHC loss was evident in all fiber types examined from heart failure
patients (Figure 2B). These results extend evidence from rat models!! to demonstrate, for the
first time, that myosin is lost from single muscle fibers as a consequence of human heart failure.
Further reinforcing our MHC content data, we found a decrease in single fiber dynamic stiffness
in patients at the plateau of rigor tension (Figure 4C), suggesting a loss of functional myosin
heads that can bind actin to form cross-bridges. Because myosin comprises 25% of total skeletal
muscle protein and 40% of myofilament protein,13 this reduction may simply reflect a loss of
myofilament protein secondary to muscle atrophy. The fact that we found no evidence for
muscle atrophy in patients, and no group differences in single fiber actin protein content (see
on-line supplement) or myofibrillar volume fraction, however, argues against this conclusion
and implies a selective loss of myosin protein. This type of selective myosin depletion is not
unique to heart failure and has been observed in acute quadriplegic myopathy patients3! and
a rat model of cancer,32 suggesting that this phenotype may be common to a variety of acute
and chronic disease states.

From a structural standpoint, loss of myosin could result from a decreased number of thick
filaments, shortening of the thick filaments and/or loss of myosin at random points along the
thick filament. We found no evidence for a loss of thick filaments (thick-to-thin filament ratio)
or shortening of the A-band (ie, thick filament) length in patients, implying a loss of myosin
along the entire length of the thick filament. This structural phenotype of myosin depletion
agrees with the fact that the thick filament is remodeled by replacing myosin at random points
along the length of the filament.33
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Single fiber tension is directly related to the number of functional myosin heads, the proportion
of these heads bound to actin during Ca%*-activation and the force generated per cross-bridge.
34,35 Thus, a loss of MHC protein would result in reduced single fiber tension. Correspondingly,
tension was reduced in MHC I fibers from patients (Figure 4A). This reduction in tension is
less than the decrement in MHC protein content/cross-bridge number, which may be explained
by the fact that the relationship between MHC protein content and tension appears to be non-
linear.31 The non-linear nature of this relationship may relate to alterations in cross-bridge
kinetics which accompany MHC protein depletion.11 Additionally, variance between single
fiber MHC protein content and tension in our study may simply relate to the fact that
measurements were preformed on two separate populations of fibers. Regardless of the
underlying mechanisms, the diminution of function in MHC I fibers may be relevant to physical
disability in heart failure patients in light of the fact that MHC | fibers are recruited for repetitive
movements typically encountered in daily activities.36:37 Moreover, diminished function in
MHC | fibers may contribute to reduced exercise capacity as these fibers are important
determinants of aerobic fitness in heart failure patients.38 In this context, loss of myosin protein
represents a potential molecular mechanism underlying physical disability and exercise
intolerance in heart failure.

Interestingly, despite the reduction in MHC content, no group differences in tension were found
in MHC 1A fibers. The reason for this disparity was revealed when fiber stiffness was
evaluated under maximal Ca2*-activated and rigor conditions, which demonstrated a greater
proportion of myosin heads bound during Ca2*-activation in MHC I1A fibers in patients (Figure
4D). As detailed above, a greater proportion of myosin heads bound to actin would increase
tension. This adaptation could be explained by a change in myosin kinetic parameters,11 which
either increases the amount of time myosin is bound to actin and/or decreases the amount of
time myosin is detached from actin. Thus, our results suggest that heart failure alters both the
quantity and kinetic properties of the myosin molecule in skeletal muscle, with functional
consequences that are fiber-type specific.

Our current results in single fibers differ from our previous findings in isolated myosin and
thin filaments evaluated using the in vitro motility assay, which showed no effect of heart
failure on force production or contractile velocity.3® These differences between studies are
likely due to differences in the two assays of myofilament function. In the in vitro motility
assay, the quantity of myosin and thin filament proteins used is standardized, which negates
the functional effect of MHC protein depletion evident in skinned fibers from heart failure
patients. Moreover, in the mixed fiber preparations used in the motility assay in our prior study,
39 myosin kinetic properties are dominated by MHC | molecules.*? Hence, alterations in MHC
I1A Kinetics evident in skinned fibers (Figure 4D) would be masked in the motility assay.
Additionally, our results differ somewhat from prior studies that showed large reductions
(>30%) in single fiber tension in MHC | and IIA fibers from heart failure patients.12 Here
again, direct comparisons between studies are difficult since controls in this prior study were
12 yrs younger than patients and groups were not matched for physical activity level. Thus,
the large tension reductions may have been related to aging and/or muscle disuse.” In contrast,
patients and controls in our study were well-matched for age and physical activity, making our
findings more reflective of the direct effects of the heart failure syndrome.

In light of the potential relevance of MHC protein depletion, we sought to identify the
mechanisms whereby heart failure promotes a loss of skeletal muscle myosin by measuring
MHC mRNA abundance and indices of MHC protein degradation. No group differences in
MHC mRNA abundance were found, suggesting no alteration in MHC gene transcription.
These results differ from our prior work, where we observed a trend towards reduced MHC
mRNA in patients.10 This prior finding is likely explained by the fact that we did not match
controls and patients for physical activity. Consequently, reduced MHC mRNA was explained
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entirely by decreased MHC | mRNA, 10 which is likely due to inactivity-induced reductions in
MHC I gene expression.3C This further emphasizes the importance of considering the activity
status of controls. Additionally, using multiple techniques, we found no evidence for elevated
MHC protein degradation in patients (Figure 5). These results contrast with recent work in a
rat model of heart failure showing that pharmacological treatment with an inhibitor of protein
breakdown can prevent the loss of MHC from single diaphragm fibers.41 Reasons for differing
results are not clear, but may relate to the fact that we expect the heart failure syndrome to be
more severe and rapidly progressive in this animal model compared to well-treated, clinically-
stable patients. These differences in disease status between animal models and patients
highlight a potential explanation for the MHC protein content depletion observed in our study;
specifically, that reduced MHC gene expression and increased proteolysis occur in patients
and precipitate MHC protein loss during periods of acute disease exacerbation and
hospitalization. These episodes are characterized by neurohumoral/immune activation2+43 and
physical inactivity, both of which could contribute to the depletion of MHC protein.17:32

In conclusion, our results suggest selective myosin protein depletion from individual muscle
fibers as a potential molecular mechanism contributing to skeletal muscle weakness in heart
failure patients. Because controls and patients were similar for age and physical activity level
and there was no evidence for muscle atrophy in patients, we believe that this phenotype is
reflective of the effects of the heart failure syndrome on skeletal muscle, rather than the effects
of aging, muscle atrophy or physical inactivity. Moreover, the fact that these observations were
made in well-treated patients with mild to moderate heart failure suggests that single muscle
fiber myosin depletion is not merely a manifestation of end-stage disease, but rather a distinct
feature of the skeletal muscle myopathy of heart failure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Tissue homogenate MHC protein content (A; arbitrary densitometry units (AU) per pg of
protein) and relative isoform distribution (B; % of total) in controls (C; n=10) and heart failure
patients (HF; n=9) with representative sections of gels. Bar graphs represent mean + SE. **,
P<0.01.
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Single fiber MHC (n=10/group) protein content from controls (C) and heart failure patients

(HF) and representative gel images of MHC bands. Data are shown including all fibers

measured and only those fibers that contained a measurable MHC band (density > background).
The number of fibers is indicated at the base of each bar. Bar graphs represent mean + SE. *,

P<0.05; **, P<0.01.
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76 25
**
76 25
MHC | MHC 1A

Single skeletal muscle fiber Ca*-activated (pCa 4.5) tension (A) and dynamic stiffness data
(B, C, D) in controls (n=5) and heart failure patients (n=9). The number of fibers is indicated
at the base of each bar. Bar graphs represent mean + SE. *, P<0.05; **, P<0.01.
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Figure 5.

MHC I protein breakdown fragments (A,C) and ubiquitinated MHC (B,D) in controls (C; n=4)
and heart failure patients (HF; n=4) and E3 ubiquitin ligase expression (E,F; n=6 controls and
4 heart failure). Representative western blots are shown for MHC | breakdown fragments (A)
and ubiquitinated MHC (B), including a Simple Blue-stained gel to indicate total MHC protein
content. Bar graphs represent mean * SE.
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Clinical characteristics and physical activity levels of controls and heart failure patients.

Controls Heart failure n (control/heart failure)

Age (yrs) 69.3+4.4 722+44 10/10
Height (cm) 168.1+3.3 170.4 £ 3.0 10/10
Body mass (kg) 81.9+4.0 92.4+99 10/10
Fat mass (kg) 299+23 32753 10/9
Fat-free mass (kg) 49.1+33 51.8+5.1 10/9
Arm fat-free mass (kg) 5.32+0.50 5.27+0.61 10/9
Leg fat-free mass (kg) 154+1.8 148+2.2 10/9
Mid-thigh muscle cross-sectional area (cm?) 108.8+8.8 100.9+11.2 8/9

Peak oxygen consumption (L/min)T 1.93+0.12 1.24£0.12 9/9

Physical activity level (kcal/d) 215+ 32 251 + 45 9/10

Data are mean + SE.

Tpeak oxygen consumption data were adjusted for fat-free mass using analysis of covariance.

*
P<0.01.
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Table 2

Average cross-sectional area of single skeletal muscle fibers from controls and heart failure patients.

# of fibers (control/

Controls Heart failure heart failure)
All fibers (um?) 5880 + 145 6824 + 160 194/200
Fibers with detectable MHC content (pmz) 5916 + 159 6748 + 169 * 169/161
MHC I fibers (um?) 6613 + 242 6538 + 247 88/75
MHC IIA fibers (pmz) 5422 + 210 7419 + 305 * 50/46
MHC HA/X fibers (um?) 4450 + 193 6091 + 347 22/29

Data are mean + SE and reflect the average cross-sectional area from top and side diameter measurements every 250 um along the length of each fiber.
Fibers with detectable MHC include only those with band densities greater than background, whereas the All fibers includes those with band densities
equal to or less than background. There were too few MHC [1X and I/I1A fibers to permit comparisons between groups.

, P<0.01.
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