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Abstract
Background—In the failing human heart, abnormalities of Ca2+ cycling have been described,
but there is scant knowledge about Ca2+ handling in the skeletal muscle of humans with HF. We
tested the hypothesis that in humans with HF, Ca2+ cycling proteins in skeletal muscle are
abnormal.

Methods and Results—Ten advanced HF patients (50.4±3.7 years), and 9 age matched
controls underwent vastus lateralis biopsy. Western blot analysis showed that sarco(endo)plasmic
reticulum Ca2+-ATPase (SERCA)2a, which is responsible for Ca2+ sequestration into the
sarcoplasmic reticulum(SR), was lower in HF vs controls (4.8±0.5vs7.5±0.8AU, p=0.01).
Although phospholamban (PLN), which inhibits SERCA2a, was not different in HF vs controls,
phosphorylation (SER16 site) of PLN, which relieves this inhibition, was reduced
(0.8±0.1vs3.9±0.9AU, p=0.004). Dihydropyridine receptors were reduced in HF,
(2.1±0.4vs3.6±0.5AU, p=0.04). We tested the hypothesis that these abnormalities of Ca2+
handling protein content and regulation were due to increased oxidative stress, but oxygen radical
scavenger proteins were not elevated in the skeletal muscle of HF patients.

Conclusion—In chronic HF, marked abnormalities of Ca2+ handling proteins are present in
skeletal muscle, which mirror those in failing heart tissue. This suggests a common mechanism,
such as chronic augmentation of sympathetic activity and autophosphorylation of Ca2+-
calmodulin-dependent-protein kinase II.
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Introduction
Heart failure (HF) from chronic systolic dysfunction is characterized by poor exercise
tolerance and early fatigue. Surprisingly, however, exercise intolerance in chronic HF is not
directly related to the degree of left ventricular impairment.(1-4) Rather, the major limitation
to exercise capacity in chronic HF appears to reside in the skeletal musculature.(4-6) In fact,
a skeletal myopathy has been described in both animal models and in humans with HF, and
is characterized by a fiber shift from type 1 aerobic fibers to type 2 anaerobic fibers,
capillary rarefaction, and decreased mitochondrial volume and metabolic function.(reviewed
in 6) Although abnormalities of excitation-contraction (E-C) coupling, specifically Ca2+

cycling, have been described in the failing heart (7-11), and in the skeletal muscles of animal
models of HF (12-15), almost nothing is known about Ca2+ cycling in the skeletal muscles
in humans with chronic HF.(16)

In the failing heart, abnormalities of Ca2+ cycling proteins include decreased
sarco(endo)plasmic reticulum Ca2+ ATPase (SERCA2a), a protein required for Ca2+

sequestration back into the sarcoplasmic reticulum (SR) following contraction.(7,8)
Phospholamban (PLN) constitutively inhibits SERCA and phosphorylation of PLN reverses
this inhibition. In the failing heart, phosphorylated (p)-PLN is decreased, largely due to
increased protein phosphatase 1 (PP1) activity in HF.(17) Ryanodine receptors (RyR), which
mediate Ca2+ release from the SR during systole, have been reported to become
hyperphosphorylated and leaky in HF, although the signaling mechanism is controversial.
(10,18) These abnormalities underlie decreased SR Ca2+ release and reuptake, and increased
Ca2+ leak following cardiac contraction, contributing to cardiac contractile dysfunction. In
fact, these cardiac abnormalities have been deemed so critical that both SERCA and PLN
have been targeted for gene therapy in patients with chronic HF. (19,20)

Ca2+ cycling has been studied in the skeletal muscle of animal models of HF. In one of the
first of such studies utilizing the infarct-model of HF in rats, Perreault and colleagues(15)
reported that skeletal muscle from rats with HF exhibited depressed tension during twitches
and maximal tetani, both of which were accompanied by decreased Ca2+ release and
prolonged intracellular Ca2+ transients. Skeletal muscle fatigability was also increased in
HF. Many, but not all, follow-up studies in animal models of HF have confirmed these
findings.(12-14) Findings in animal models of HF are dependent on the muscle fiber-type,
interval between primary cardiac damage and skeletal muscle testing, and the type of HF
model. In addition to these confounding factors, Ca2+ uptake in amphibians and rodents, but
not humans, depends in part on parvalbumin, a protein involved in cytosolic Ca2+ binding
that is absent in humans.(21) Thus, findings in animal models of HF are conflicting and may
have differing underlying physiology, and therefore are difficult to apply to humans with
chronic HF.

Reactive oxygen species (ROS) are generated during exercise, and are important modulators
of Ca2+ cycling protein activity and the development of fatigue during exercise.(21)
Evidence of increased ROS has been described in patients with HF, and the increased ROS
may underlie the abnormalities in Ca2+ cycling in the skeletal muscle of humans with HF.
(22) Similarly, heat shock proteins (HSPs) are increased during acute stress, including
oxidative stress, and may serve as another indicator of increased ROS. The purpose of these
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studies was to test the hypothesis that in humans with chronic HF, Ca2+ cycling proteins in
the skeletal muscle are abnormal, and to evaluate the role of oxidative damage.

Materials and Methods
Study population

Advanced HF patients, New York Heart Association class II-III who met the following
criteria were recruited from the Ahmanson-UCLA Cardiomyopathy Center: 1) age 21-65
years, 2) left ventricular ejection fraction ≤35%, 3) HF duration ≥ 6 months, 4) no active
ischemia or ischemic event within 3 months, 5) not involved in a formal exercise training
program, 6) on stable HF medications for ≥ 3 months, and 7) not taking warfarin. Age- and
sex-matched healthy, non-smoking controls, without chronic disease, drinking ≤ 2 alcoholic
drinks/day, and taking no medications, served as controls. The study was approved by the
UCLA Human Subjects Protection Committee, and the participants gave their written
informed consent. This trial was registered at http://www.clinicaltrials.gov (NCT00858845).

Skeletal muscle biopsy
In the UCLA Out-Patient Surgery Center, following sterile preparation and anesthesia with
1% lidocaine of the thigh, an incision was made into the right lateral thigh approximately 20
cm superior to the patella. Two to three samples of right vastus lateralis muscle measuring
approximately 1 by 4 cm were obtained, and the incision site was then closed and dressed.
Specimens were immediately delivered to the College of American Pathologists-accredited
UCLA Neuropathology Laboratory. One sample from HF patients, but not controls, was
oriented in OCT embedding media and immediately frozen in isopentane, cooled in liquid
nitrogen. The remaining tissue was frozen in liquid nitrogen and maintained at −80° C to
allow for analysis of Ca2+ cycling proteins. Morphometric analysis. (HF patients only)

Eight micron frozen sections in OCT were serially examined with modified Gomori
trichrome, adenosine triphosphatase (ATPase) at pH 9.4, 4.6 and 4.3, succinic
dehydrogenase and oil red O reactions according to standard techniques (23). Morphometric
analysis of the muscle biopsy findings following the selected histoenzymatic procedures
were performed on digital photo images analyzed in the Image Pro/Plus, version IV
computer program. From this data the percentage of fiber types and average of fiber
diameter were obtained. These parameters were obtained from the muscle fiber type
specificity (1, 2A, 2X) indicated by the ATPase reactions. There was inconsistency in the
reaction for the 2A and 2X, so these fiber populations were grouped and expressed as fiber
type 2. The density of type 1 and type 2 fibers were assessed visually at 10x on a grid field.
A total of 6–9 fields were assessed allowing for the enumeration and fiber typing from
240-550 fibers. Minimum fiber diameters were determined from the computer images under
standard calibration. A minimum of 60 fibers of each type were assessed and mean fiber
diameter determined.

Microvascular density was determined on 1 micron plastic sections. Three blocks were
selected for analysis and capillary counts performed at 40x on a standard grip. Contiguous
fields were counted in 2 blocks which allowed for a total of 20-35 grip fields to be evaluated
depending on section size. Capillary index was expressed as number of capillaries/mm2.

Homogenization for Ca2+ handling protein studies and Western blotting.

Small aliquots of frozen biopsy material were homogenized using glass on glass at 10:1
dilution in ice cold buffer (pH 7.5) containing 250 mM sucrose, 5 mM HEPES, 0.2mM
phenylmethylsulfonyl fluoride (PMSF), and 0.2% sodium azide. Homogenates were then
frozen in liquid N2, and stored at -80° C for later analysis.
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Western blot analysis. (Table 1)

The expression levels of Ca2+ cycling proteins, heat shock proteins, oxygen scavenger
proteins, and oxidatively modified proteins (nitrosylation and carbonylation) were
determined by Western blotting (see Table 1 for sources of primary antibodies). Protein
carbonyls were determined by derivatizing skeletal muscle homogenate with 10 mM 2,4-
dinitrophenylhydrazine dissolved in 2 M HCl. All phospholamban blots were
electrophoresed as per the methods of Schagger J (24) on 13% Tris-Tricine gels. All other
proteins were separated by standard electrophoresis protocols. All proteins were transferred
semi-dry to 0.2 m polyvinylidene difluroride (PVDF) membranes at 23V for 50 minutes, and
then blocked for 1 hour in 5% non-fat milk powder dissolved in TBS-T at room temperature.
Primary antibodies were diluted in 2.5% milk and incubated for 1 hour at room temperature,
then washed with TBS-T for 30 minutes, after which the membranes were incubated for 1
hour with horseradish peroxidase-conjugated secondary antibodies, and then washed for 30
minutes with TBS-T. Images were enhanced with an enhanced chemical luminescence kit
(American Biosciences) and captured with GeneSnap software (SynGene). The optical
density of protein bands were measured using GeneTools (SynGene). Ca2+-ATPase activity.

Measurements of Ca2+-dependent Ca2+-ATPase activity were made at 37°C using a
spectrophotometric assay developed by Simonides and Van Hardeveld (1990) adapted to a
96-well plate reader. (25) The assay buffer contained 20 mM HEPES pH 7.0, 200 mM KCl,
15 mM MgCl2, 1 mM EGTA, 10 mM NaN3, 10 mM PEP and 5 mM ATP. For each sample,
a solution containing 5 mL assay buffer, 18 U/mL LDH, 18 U/mL PK, 1 M Ca2+ ionophore
(A23187, Sigma) and 40 L of homogenate were combined in a test tube on ice. The solution
was subdivided (300 L) into 16 microcentrifuge tubes with varying concentrations of CaCl2.
Next, aliquots from each of the sixteen subdivisions were loaded in duplicate onto a clear
bottom 96-well plate. The reaction was initiated by the addition of ~4 L of 33 mM NADH to
each well. The decrease in NADH absorbance at 340 nm represents ATPase activity. To
distinguish Ca2+-ATPase activity from background ATPase activity, 40 M of the specific
SERCA inhibitor, cyclopiazonic acid (CPA) was used.(26) The difference between the total
activity and the basal activity (activity in the presence of CPA) represents the Ca2+-ATPase
activity. The [Ca2+]f corresponding to each CaCl2 addition was assessed separately by use of
dual-wavelength spectrofluorometry and the Ca2+-fluorescent dye Indo-1. The range of
calcium additions translated into a pCa range of ~7.0-5.0. The data were analyzed using
nonlinear regression with computer software (Graph Pad Software), and a sigmoidal dose-
response curve was used to calculate the Hill coefficient (nH), with pCa50 defined as the
pCa required to elicit 50% SERCA activity.

Statistics
The p values for comparing continuous outcomes between controls versus heart failure were
computed using t tests. However, since it was difficult to confirm if the data followed the
normal distribution with a sample size of 10 or less per group, p values were also computed
using the corresponding non parametric Wilcoxon rank sum test. Both methods gave similar
results. Dichotomous variables were compared using Chi square tests. Significance was
defined as p ≤ 0.05. Data are presented as mean±SE.

Results
Study Population Characteristics. (Table 2)

Ten advanced HF patients and 9 healthy controls participated in these studies. Study
population characteristics are displayed on Table 2. Patients and controls did not differ in
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age, sex, or body mass index. Of note, patients had chronic HF (mean duration 9.5±1.9
years) and had severe exercise limitation as estimated by peak VO2 of 11.6±1.0 ml/kg/min.

Morphometric analysis. (Figure 1)

Individual mean type 1 fiber percentage is shown in Figure 1a. Mean type 1 fiber type
percentage in our HF patients was 30.6±2.8%, which is below the percentage of type 1
fibers in healthy humans published from our laboratory (27) and reported in the literature.
(23,28) The type 1 fiber percentage was below the normal cutoff in our laboratory in 9 of the
10 HF patients (Figure 1a), consistent with a fiber shift from type 1 to type 2 fibers.
Although overall mean fiber 1 and 2 diameter was within the normal range, 30% of HF
patients had smaller type 1 fiber diameter, and 50% had smaller type 2 diameters compared
to the normal values established in the UCLA Neuropathology laboratory, and in the
literature (23,29)(Figure 1b), consistent with some degree of muscle atrophy. Vascular
index, estimated as number of capillaries per mm2 tissue was 369±33 capillaries/mm2, well
within the published normal range (325±109 capillaries/mm2) in our laboratory (27).

Ca2+ cycling protein content.(Figure 2)

Ca2+ cycling protein content is shown in Figure 2. SERCA1a (fast-twitch isoform), RyR,
and calsequestrin (CSQ) content were not different in vastus lateralis muscle in HF patients
compared with healthy controls. PLN monomer (2.4±0.5 vs 4.1±0.7AU, p=0.07) tended to
be lower, and p-PLN (SER16; 0.8±0.1 vs 3.9±0.9AU, p=0.004) protein content was
significantly lower in HF patients compared with controls. SERCA2a (slow twitch isoform),
dihydropyridine receptor (DHPR), and the ratio of p-PLN/PLN were markedly lower in HF
patients compared to healthy controls (Figure 2). Consistent with our hypothesis, these
findings demonstrate significant alterations of Ca2+ cycling protein content in the skeletal
muscle of advanced HF patients.

Evidence for oxidative damage. (Figures 3 and 4)

To determine if the abnormalities in Ca2+ cycling protein content were due to increased
oxidative damage, ROS scavenger and heat shock protein content were measured, and are
displayed in Figures 3 and 4. ROS scavengers were not increased, and in fact, were
significantly decreased in HF patients compared with controls. Nitrotyrosine residues and
carbonyl groups, additional markers of increased oxidative stress, were not increased in HF
patients compared with healthy controls (Figure 3). Similarly, HSPs which are increased in
response to stress, including oxidative stress, were not elevated in HF patients compared to
controls (Figure 4).

Ca2+-ATPase activity.(Figure 5)

Functional studies of Ca2+ cycling are shown in Figure 5. Although there were no
differences in maximal Ca2+ATPase activity between HF patients and healthy controls
(160.1±15.1 vs168.6±14.1 mol/g protein/min, p=0.69), the Hill coefficient (1.8±0.2 vs
2.4±0.2, p=0.10) tended to be lower in HF patients compared to healthy controls. The pCa50
was not different between HF and controls (5.7±0.08 vs 5.7±0.007nM, p=0.96).

Discussion
The major, novel findings in this study of chronic, advanced HF patients on optimal medical
therapy with severely limited exercise tolerance are: 1) SERCA2a and DHPR protein
content in skeletal muscle are significantly decreased in HF patients compared to healthy
controls, 2) p-PLN content and the p-PLN/PLN ratio in skeletal muscle are markedly
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decreased in HF patients compared to healthy controls, and 3) the lack of increase, and in
fact significant decrease, in HSP and ROS scavenger proteins, and the absence of excessive
nitrotyrosine residues and carbonyl groups on skeletal muscle proteins, do not support the
hypothesis that these abnormalities of Ca2+ cycling protein content are attributable to
increased resting oxidative stress.

The vastus lateralis muscle is a mixed muscle, composed of both type 1 oxidative fibers and
type 2 glycolytic fibers; SERCA2a is the main SERCA isoform present in type 1 fibers.
During activities of daily living such as walking, the type 1, oxidative fibers are the principal
fiber type engaged, therefore abnormalities of this isoform are expected to be the most
clinically relevant. Not only is the SERCA2a protein content decreased in the vastus lateralis
muscle in HF patients, but its inhibitor PLN, is relatively increased. Both of these findings
may contribute to the decreased muscle performance and early fatigue characteristic of HF.

Reactive oxygen species were not directly measured in this study, but ROS damage is
inferred when ROS scavengers are upregulated and increased, and oxidative damage such as
nitrosylation and carbonylation of skeletal muscle proteins, is increased. Such evidence of
increased ROS was not present in our HF patients. Similar to our findings, Linke and
colleagues also reported that radical scavengers SOD, CAT and GPX were significantly
decreased in the vastus lateralis skeletal muscle from a small group of advanced HF patients.
(22) Interestingly, they found that 6 months of training significantly increased radical
scavengers in skeletal muscle in HF patients. Evidence is accumulating that acute increases
in ROS, as occurs during exercise, promotes gene expression and induces synthesis of
protective enzymes, as well as skeletal muscle proteins.(22,30,31) In this way, skeletal
muscle proteins, including protective ROS scavengers, are matched to activity. (31) The
details of how changes in muscle redox status can influence signaling pathways and gene
expression are not fully known. Nonetheless, this observation may explain why ROS
scavengers are decreased in our very sedentary HF population. The low levels of protective
ROS scavengers in the HF patients likely leave them more vulnerable to oxidative stress.
Nonetheless, the absence of increased oxidatively damaged proteins (nitroslylated and
carbonylated protein content was not increased), does not support this mechanism as
underlying the abnormal Ca2+ protein content in these HF patients. Therefore, the fact
remains that, despite being medically optimized, and without evidence of increased
oxidative damage, our HF patients have severely impaired exercise capacity, and significant
abnormalities of Ca2+ cycling protein content. Thus potential mechanisms, other than
oxidative stress, as potential mediators of this finding, must be considered.

Disuse and deconditioning attributable to the drastically decreased daily activity in patients
with HF has been suggested as an important mechanism underlying the abnormalities in the
skeletal muscle in HF, and could be important contributors to the abnormalities of Ca2+

cycling protein content as well.(32,33) We found that DHPR protein content was
significantly decreased in skeletal muscle of HF patients compared with age-matched
healthy controls, and it has recently been reported in animal models that decreased muscle
activity is associated with decreased DHPR content.(34) DHPR is a voltage-gated L-type
Ca2+ channel located in the t-tubular sarcolemma, physically and functionally coupled to the
RyR. DHPR plays a critical role in Ca2+ cycling in skeletal muscle. Depolarization triggers a
DHPR conformational change, which induces RyR in the SR to open and release Ca2+.
Consistent with this important role for DHPR in exercise capacity, a decreased DHPR
number per RyR has been described in aging, and this decrease in DHPR has been
hypothesized to be an important cause of the age-related decline in endurance and muscle
strength.(35) Interestingly, DHPR gene expression may be particularly susceptible to
changes in muscle activity; specifically, decreased muscle activity, or disuse, has been
shown to result in decreased DHPR mRNA content in a mouse model of disuse. (34)
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Following limb immobilization, DHPR subunit α1S mRNA was significantly decreased in
the extensor digitorum longus and tibialis anterior muscles. (34)

The decrease in DHPR subunit α1S also may play a role in cell signaling and transcriptional
activity, thereby further perpetuating the muscle atrophy in disuse.(36) In a mouse model in
which DHPR subunit α1S had been genetically down-regulated, the skeletal muscle of the
adult mice exhibited profound atrophy. Thus, not only does DHPR content reflect muscle
activation history, but its decline in the setting of decreased muscle activity may also trigger
further muscle catabolism. It is tempting to speculate that decreased DHPR content may
have contributed to the atrophy of vastus lateralis muscle fibers in HF observed in this study.

Unlike the impact of disuse on DHPR protein content, which is actively being investigated,
the impact of disuse on SERCA and PLN content is not well defined. Nonetheless, we found
that protein content of SERCA2a, PLN, and most notably p-PLN were significantly
decreased in the resting skeletal muscle in our patients with HF compared with age-matched
controls. Most surprisingly, these findings recapitulate the abnormalities of Ca2+ cycling
protein content found in the failing heart in humans and in animal models of HF.(7,8,37) In
the healthy heart, and healthy skeletal muscle, Ca2+ cycling is tightly regulated by a balance
of protein phosphorylation and de-phosphorylation to facilitate efficient E-C coupling,
contractile force development, and exercise. (9,38-40) During exercise, sympathetic nerve
activity is acutely increased, leading to activation of protein kinase A (PKA), and
phosphorylation of PLN at the SER16 site. PLN constitutively inhibits SERCA activity in
the presence of sub-maximal cytosolic Ca2+ levels, but phosphorylation of PLN relieves this
inhibition, and thus SERCA activity is increased during exercise. The final ratio of p-PLN to
PLN reflects a balance of opposing kinase and phosphatase activity. (17) In the failing heart,
this balance goes awry. (41)

In the failing heart, sympathetic nerve activity directed to the heart is chronically increased.
This cardiac sympathetic activation leads to increased expression and activation of Ca2+-
calmodulin-dependent-protein kinase II (CaMKII) and PKA in the failing heart. (37,42-45)
CaMKII and PKA then initiate abnormal post-translational modification and long term
regulation in gene expression of cardiac Ca2+ cycling proteins, termed “excitation-
transcription coupling.” SERCA mRNA expression and protein content is decreased, and
PP1 activity is increased.(17,39,41,44) Thus, in the failing heart, content of SERCA2a and
p-PLN are both decreased, which is largely attributable to chronically elevated sympathetic
nerve activity and CaMKII activation. Since sympathetic nerve activity directed to skeletal
muscle is known to be markedly and chronically increased in HF(46), we speculate that this
same mechanism which underlies the abnormalities in Ca2+ cycling proteins in the heart
may also be responsible for the similar pattern of abnormalities in Ca2+ cycling proteins in
the skeletal muscle. It remains to be determined whether CaMKII levels and activity in the
skeletal muscle of humans with HF are increased, as predicted by this model.

Limitations
We recognize several limitations in our study. First, it is surprising that we did not find a
significant decrease in maximal Ca2+ ATPase activity in HF versus controls, reflecting
impaired Ca2+ cycling in the skeletal muscle of humans with HF. However, our
morphological analysis revealed a shift from type 1 to type 2 fibers in our HF patients;
SERCA1a is the predominant isoform in type 2 muscle fibers, and the density of SERCA1a
in type 2 fibers is ~5fold higher than the density of SERCA2a in type 1 fibers.(47) Thus one
explanation for the relatively preserved maximal Ca2+ATPase activity despite decreased
SERCA2a would be that this reduction is obscured by the preserved and more abundant
SERCA1a. To definitively assess SR function, ideally we would have measured Ca2+ uptake
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in our muscle biopsies, but these measurements are exquisitely sensitive to tissue muscle
collection techniques(48), which had not yet been optimized for these studies. Follow-up
studies with the necessary protocols in place have been initiated to address this limitation.

Second, although one of the greatest strengths of these studies is that they are done in tissue
from humans with HF, and thus have direct clinical relevance, it is unavoidable that these
patients were taking medications. Thus we are not examining the skeletal muscle
abnormalities that exist in the untreated, natural history of HF, but the sequelae of chronic
HF on medications for months or years. These medications potentially have confounding
effects in our studies. For example, ß-adrenergic blockers could block sympathetic
activation of PKA and CaMKII, and thus decrease phosphorylation of PLN. If this
mechanism of medication-induced inhibition of PKA- and CaMKII-driven phosphorylation
were paramount, however, we would anticipate that phosphorylation of other proteins, such
as RyR would also be inhibited. In the explanted heart of patients on ß-blockers,
phosphorylation of PLN is similarly decreased, but phosphorylation of the RyR is not, and
in fact the RyR has been reported to be hyperphosphorylated (10), thereby diminishing the
likelihood that ß-blockers are an important factor in this setting.

One explanation for the marked similarities in the pattern of abnormalities in the Ca2+

handling proteins in the failing heart and skeletal muscle in HF is that the etiology of the
cardiomyopathy, and the skeletal myopathy, could be genetic. Genetic testing was not
performed in our HF patients, but none of our patients had a family history of
cardiomyopathy, rendering a shared genetic etiology as the cause of the abnormalities of
Ca2+ handling proteins in the heart and skeletal muscle less likely.

Although we did not find evidence of increased ROS in our HF patients (oxygen scavengers
and HSPs were not up-regulated, and levels of oxidatively damaged proteins were not
increased), we did not directly measure ROS, and thus cannot exclude a role for ROS in
mediating these abnormalities in Ca2+ handling proteins.

Finally, the impact of acute exercise, and chronic exercise training, on the Ca2+ cycling
proteins and their phosphorylation state was not studied; protocols have been developed to
study these interventions.

In summary, Ca2+ handling protein content is abnormal in the skeletal muscle of patients
with chronic, treated HF. Studies of ROS scavengers and HSP do not support the hypothesis
that these abnormalities are attributable to increased resting oxidative stress. Decreased
DHPR content could implicate chronic deconditioning and disuse as an important
mechanism underlying these abnormalities. In fact, in an animal model of HF (13) in which
abnormalities of Ca2+ handling proteins were reported, exercise training restored these
abnormalities towards normal. It is well known that exercise training in HF patients
increases their exercise capacity; the impact of exercise training on the abnormalities of
Ca2+ handling proteins in humans with heart failure remains to be explored. Interestingly,
the findings of decreased SERCA2 and p-PLN content recapitulate the abnormalities of
Ca2+ cycling proteins described in the failing heart, and are suggestive of a shared
mechanism. Abnormalities of Ca2+ handling proteins in the failing heart have been
attributed to chronic cardiac sympathetic activation present in HF, leading to increased
CaMKII levels and activity, and thus abnormal excitation-contraction and excitation-
transcription coupling. It is intriguing to speculate that the chronically elevated sympathetic
activity directed to muscle that has been described in HF instigates the same process in
skeletal muscle in humans with HF.
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Figure 1.
Panel A. Individual fiber type percentage for HF patients. The normal range for type 1 fiber
type percentage in the vastus lateralis muscle in the UCLA Neuropathy Laboratory is
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36-52%, represented on the graph by the hatched area. In 9 of our 10 HF patients, the type 1
fiber percentage was below this normal range, consistent with a fiber shift from type 1 to
type 2 fibers. The overall mean type 1 fiber percentage was 30.6±2.8%. HF=heart failure.
Panel B. Individual fiber type 1 and 2 diameters, according to sex. The normal range for
fiber type 1 and 2 diameter according to sex is represented on the graph by the hatched area.
Although mean fiber type 1 and 2 diameters largely fell within the normal range, 30% of HF
patients had smaller type1 fiber diameters, and 50% had small type 2 diameters, compared
to the normal cut-off values, consistent with muscle atrophy.
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Figure 2.
Sarcoplasmic reticulum Ca2+ handling protein content. Panels A-C. SERCA1a (fast twitch
isoform), CSQ, and RyR content were not different in human vastus lateralis muscle from
healthy controls (black bars) and patients with heart failure (white bars). Panels D-F.
SERCA2a (slow twitch isoform), DHPR, and the ratio of p-PLN to PLN were all
significantly lower in HF patients compared to healthy controls. * p<0.05, SERCA=
sarco(endo)plasmic reticulum Ca2+ ATPase , CSQ= calsequestrin , DHPR= dihydropyridine
receptor, RyR=ryanodine receptor.
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Figure 3.
Anti-oxidant protein content. Panels A-D. Anti-oxidant scavengers were not increased, and
in fact MnSOD, CuZnSOD and CAT were significantly decreased in HF patients (white
bars) compared to healthy controls (black bars). Panel E,F. Prominent bands for
carbonylation data revealed no differences in carbonyl groups between controls (black bars)
and HF patients (white bars), and protein nitrosylation (prominent bands) was actually lower
in HF patients (white bars) versus controls (black bars). *p<0.05, CAT=catalase,
GPx=glutathione peroxidase, SOD=superoxide dismutase
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Figure 4.
Heat shock protein content. Panels A-C. Heat shock proteins (Hsp27, Hsp70, Hsp90) were
not increased, and in fact Hsp70 tended to be lower in HF (white bars) vs controls (black
bars).
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Figure 5.
Ca2+-dependent ATPase activity. There was no difference in maximal Ca2+ATPase activity
between HF patients and healthy controls (160.1±15.1 vs168.6±14.1 mol/g protein/min,
p=0.69). The pCa50, a measure of Ca2+ sensitivity, was not different between HF and
controls (5.7±0.08 vs 5.7±0.007nM, p=0.96). However, the Hill coefficient (1.8±0.2 vs
2.4±0.2, p=0.10), an indicator of Ca2+ co-operativity, tended to be lower in HF patients
compared to healthy controls.
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Table 1

List of Antibodies Used and Supplier

Protein Target Supplier Clone

SERCA1a (49)

SERCA2a Pierce 2A7-A1

RyR Pierce 34C

DHPR Pierce 1A

CSQ Pierce VIIID12

PLN Pierce 2D12

Hsp27 Enzo Life Sciences G3.1

Hsp70 Enzo Life Sciences C92F3A-5

Hsp90 Enzo Life Sciences 16F1

MnSOD Enzo Life Sciences N/L

CuZnSOD Enzo Life Sciences N/L

p-PLN (SER16) Santa Cruz N/L

GPx Santa Cruz B-6

Catalase Millipore N/L

Anti-DNP (Carbonylation) Sigma SPE-7

Anti-nitrotyrosine Cayman Chemicals N/L

N/L = not listed with supplier

Anti-DNP=dinitrophenol, CSQ= calsequestrin , DHPR=dihydropyridine receptor, GPx=glutathione peroxidase, Hsp=heat shock protein,

PLN=phospholamban, p-PLN=phosphorylated-PLN, SERCA= sarco(endo)plasmic reticulum Ca2+ ATPase, RyR=ryanodine receptor,
SOD=superoxide dismutase
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Table 2

Study Population Characteristics

Heart Failure
N=10

Healthy Controls
N=9

Age (years) 50.4±3.7 50.6±4.2

BMI (kg/m2) 28.7±1.7 25±1.3

Female 3 3

Duration of HF (years) 9.5±1.9

Peak VO2 (ml/kg/min) 11.6±1.0

LVEF (%) 23.3±2.2

Diabetes mellitus 5

Hypertension 4

Etiology of HF

  CAD 3

  Idiopathic 5

  Alcohol 1

  Noncompaction 1

  Familial 0

Medications

  Beta-blockers 9

  ACEI 9

  ARB 1

  Statin 6

  Aldosterone antagonist 8

  Aspirin 6

  Clopidogrel 1

  Furosemide 8

  Digoxin 5

  Amiodarone 2

ACEI= angiotensin inhibitor, ARB= angiotensin receptor blocker, BMI=body mass index, CAD=coronary artery disease, HF=heart failure,
LVEF=left ventricular ejection fraction, peak VO2=peak oxygen consumption. Values are means±SE.
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