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BACKGROUND: Heart failure (HF) is often associated with iron deficiency 
(ID). Skeletal muscle abnormalities are common in HF, but the potential 
role of ID in this phenomenon is unclear. In addition to hemopoiesis, iron 
is essential for muscle bioenergetics. We examined whether energetic 
abnormalities in skeletal muscle in HF are affected by ID and if they are 
responsive to intravenous iron.

METHODS AND RESULTS: Forty-four chronic HF subjects and 25 similar 
healthy volunteers underwent 31P magnetic resonance spectroscopy 
of calf muscle at rest and during exercise (plantar flexions). Results 
were compared between HF subjects with or without ID. In 13 ID-HF 
subjects, examinations were repeated 1 month after intravenous ferric 
carboxymaltose administration (1000 mg). As compared with controls, HF 
subjects displayed lower resting high-energy phosphate content, lower 
exercise pH, and slower postexercise PCr recovery. Compared with non-
ID HF, ID-HF subjects had lower muscle strength, larger PCr depletion, 
and more profound intracellular acidosis with exercise, consistent with an 
earlier metabolic shift to anaerobic glycolysis. The exercise-induced PCr 
drop strongly correlated with pH change in HF group (r=−0.71, P<0.001) 
but not in controls (r=0.13, P=0.61, interaction: P<0.0001). Short-term 
iron administration corrected the iron deficit but had no effect on muscle 
bioenergetics assessed 1 month later.

CONCLUSIONS: HF patients display skeletal muscle myopathy that is 
more severe in those with iron deficiency. The presence of ID is associated 
with greater acidosis with exercise, which may explain early muscle 
fatigue. Further study is warranted to identify the strategy to restore iron 
content in skeletal muscle.
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Approximately half of patients with chronic heart 
failure (HF) have iron deficiency (ID) as a result 
of inadequate nutritional intake, impaired iron 

absorption or increased blood loss.1,2 ID in HF patients 
is associated with greater symptom severity, worse ex-
ercise capacity, and increased mortality, independently 
of anemia.2–4 In addition to its necessity for hemopoi-
esis, iron is an essential cofactor for multiple intracel-
lular proteins that contain heme or iron-sulfur clusters, 
including complexes of the respiratory chain and myo-
globin,5–8 which are indispensable for normal function 
of cellular bioenergetic machinery.

In experimental animal models, severe ID itself, even in 
the absence of anemia or HF, causes skeletal myopathy,9,10 
although similar evidence in humans is less consistent.10–12 
Previous investigations established that patients with 
symptomatic HF often have impaired skeletal muscle per-
formance13–17; but iron status was not quantified in those 
patients. It is unknown whether ID can worsen muscle 
bioenergetics or contribute to the HF-related myopathy in 
humans.18 Because iron stimulates mitochondrial biogen-
esis and improves mitochondrial function,19 the correc-
tion of muscle iron deficit could improve muscle bioener-
getics20 and enhance exercise performance.21

The aim of this study was to determine whether HF 
is associated with disruption of energetic metabolism 
in skeletal muscle at rest and during exercise, whether 
these abnormalities are affected by the presence of ID, 
and if any ostensible abnormalities might be corrected 
by systemic iron repletion. To address these questions, 
we performed rest and dynamic 31P magnetic reso-
nance spectroscopy (MRS), an established noninvasive 

technique to study muscle bioenergetics,22,23 in healthy 
controls and in HF patients with or without ID, and 
repeated the examination in iron-deficient HF subjects 
after intravenous iron administration.

METHODS
Twenty-five healthy volunteers and 44 clinically stable subjects 
with chronic systolic HF of >6 months duration were recruited 
at the Institute for Clinical and Experimental Medicine (IKEM) 
in Prague. All subjects provided written informed consent, 
and this study was approved by the Ethics committee of the 
institution. HF subjects underwent blood sampling, physical 
examination, and Minnesota Living with HF Questionnaire 
assessment. B-type natriuretic peptide levels were measured 
(Abbott Architect, Chicago, IL). Routine clinical biochemistry 
was analyzed using automated Abbott Architect ci1600 ana-
lyzer (Abbott Laboratories). ID was defined as serum ferritin 
<100 µg·L−1 or ferritin 100 to 299 µg·L−1 and the transferrin 
saturation <20%.24 The data that support the findings of this 
study are available from the corresponding author on reason-
able request.

31P MRS
All subjects underwent 31P MRS of the gastrocnemius mus-
cle (3T MR tomograph Siemens Trio,1H/31P surface dual 
coil, Rapid, Germany) at rest and during low-level isotonic 
exercise using custom-built MR-compatible ergometer, 
as described previously.25 Maximal isometric strength of 
calf muscle was measured prior the study outside the MR 
machine using a compression pressure sensor, defined as 
the highest peak force achieved during 3 attempts in the 
supine position. During exercise, stroke length was con-
tinuously monitored via custom-build software. Work per-
formed during exercise was calculated as the total stroke 
length of chosen weight. The gastrocnemius muscle area 
was calculated from transverse proton-density MR images 
using manual segmentation of images in program ImageJ 
(Figure  1A). Gastrocnemius muscle provides better signal/
noise ratio while is still sensitive to changes of oxidative 
phosphorylation.26 Resting acquisitions were performed by 
free induction decay sequence with the following param-
eters: repetition time 15 seconds, 16 acquisitions, sequence 
length: 4 minutes, flip angle: 90°. Exercise acquisitions with 
6 minutes of plantar flexions each 2 seconds and fixed low-
level workload of 7 kg (corresponding to 21±9% of maximal 
isometric strength) had the following parameters: repetition 
time 2 seconds, an acquisition of 420 measurements (60 
spectra at rest, 180 during exercise, and 180 during recov-
ery), total time: 14 minutes, flip angle: 42°.

MRS Signal Analysis
Quantification of the MR spectra was accomplished by jMRUI 
software using the AMARES time domain fitting routine as 
described previously.25 After phasing the spectra, the peaks were 
fitted as single Lorentzians, except for the adenosine triphosphate 
(ATP) signals, where the γ- and α-ATP were fitted as Lorentzian 
doublets and β-ATP as a triplet. The β-ATP signal was used as a 
concentration reference.23 From resting 31P MR spectrum, relative 

WHAT IS NEW?
• Iron deficiency, common in heart failure, leads to 

muscle bioenergetic deficit and acidosis during 
exercise that is measurable by magnetic resonance 
spectroscopy.

• Iron-deficient heart failure subjects were more 
symptomatic, had lower peak muscle strength, 
larger energetic depletion, and more pronounced 
acidification of the muscle during exercise, con-
sistent with metabolic shift towards anaerobic 
glycolysis.

• This study provides evidence that iron deficiency 
contributes to skeletal myopathy and impaired 
muscle function in chronic heart failure.

WHAT ARE THE CLINICAL  
IMPLICATIONS?

• Targeting iron deficiency can serve as a therapeutic 
target to improve exercise capacity in chronic heart 
failure patients, beyond the correction of hemo-
globin levels.
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concentrations of phosphocreatine (PCr), ATP, and inorganic 
phosphate (Pi) were determined in relation to the total phos-
phorus signal intensity (Figure 1B and 1C). The chemical shift of 
Pi relative to PCr was used to calculate the intracellular pH 
according to the Henderson-Hasselbalch equation.27

From exercise datasets, the exercise-induced drop of PCr 
(ΔPCr in % of rest) and end-exercise pH was calculated. The 
kinetics of restoration of PCr concentration in the recovery 
period reflects de novo ATP synthesis. The time course of PCr 
concentration in recovery was fitted to a monoexponential 
function characterized by τPCr (time constant of PCr recovery). 
The initial rate of PCr recovery (VPCr), representing the ATP 
turnover, was calculated as ΔPCr/τPCr. Absolute ADP concen-
tration at the end of exercise was calculated according to 
the method of Kemp.28 The maximal oxidative flux (Qmax), a 
measure of mitochondrial capacity, was calculated according 
to the Michaelis-Menten equation, taking into account free 
cytosolic ADP at the end of exercise.22,25 The details of the 
method and rest-retest repeatability in our MR facility were 
recently described in detail.25

Iron Intervention Protocol
In 13 consecutive subjects with HF and ID, who fulfilled indi-
cations for intravenous iron therapy (FAIR-HF trial [Ferric 
Carboxymaltose in Patients With Heart Failure and Iron Deficiency]  
criteria)24 and were willing to undergo MRS examination again, 

the study was repeated 1 month after intravenous administra-
tion of 2 doses of 500 mg intravenous ferric carboxymaltose 
(FCM, Ferinject 500 mg, Vifor, France). The first 500 mg FCM 
intravenous dose was applied immediately after the first visit, 
the second dose 2 weeks later. FCM is a stable polynuclear iron 
(III) hydroxide carbohydrate complex that prevents the partial 
release of free iron, allowing intravenous administration in 
high doses, because this iron is available only via reticuloendo-
thelial processing. Short and long-term safety of intravenous 
FCM administration are well established, even in population 
with high cardiovascular risk.29 We chose a higher FCM dose 
(but still within recommended limits30) but shorter course of 
therapy than in FAIR-HF trial24 because of ethical reasons. 
Most of the patients were candidates for primary preventive 
implantable cardioverter-defibrillator, and we did not want to 
defer implantable cardioverter-defibrillator implantation for 
the sake of extended follow-up MR study. We reasoned that 
biological effects of iron would be detectable after 1 month, 
since red cell uptake of radio-labeled iron reaches >90% 24 
days after single FCM dose.30 All examinations were again 
obtained at follow-up, including blood tests, clinical examina-
tion, and questionnaire. The medication was kept the same 
between the first and the second examinations.

Data were analyzed using JMP12.2 software. Normality of 
distribution was checked with the Shapiro-Wilk test. Groups were 
compared using paired or nonpaired Student's t test for continu-
ous, normally distributed data or using Wilcoxon and Wilcoxon 

Figure 1. The principle of 31P magnetic resonance spectroscopy (MRS) of calf muscle.  
A, Orientation MR image of transversal section of calf muscle used for image acquisition. Gastrocnemius muscle is manually traced. B, Example of MRS spectra 
collected during baseline rest (black), during plantar flections exercise (blue), and during postexercise recovery (red). Note constant size of adenosine triphosphate 
(ATP-α,-β,-γ) peaks, note prompt reduction of phosphocreatine (PCr) peak and increased of inorganic phosphate (Pi) peak during exercise. C, Postexercise recovery 
is characterized by instant restoration of PCr concentration. The time constant of PCr recovery (τPCr) derived by curve fitting (see the equation), characterizes muscle 
oxidative phosphorylation in controls (solid dots) and heart failure (HF) patients with (crosses) and without (squares) iron deficiency (ID).
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signed-rank test for non-normally distributed data, if not stated 
otherwise. Proportions were tested with χ2 test. Correlations 
were tested using Pearson correlation coefficient. Linear univari-
ate least squares regression model was used to identify determi-
nants of muscle bioenergetic parameters. Where indicated, the 
interaction between variables and groups was tested by enter-
ing an interaction term into the model. Values are reported as 
arithmetic means±SD or medians (interquartile range), if not 
stated otherwise. P value <0.05 was considered significant.

RESULTS
The HF group consisted of predominantly middle-aged 
males with history of severely symptomatic HF (59% New 
York Heart Association III-IV) with reduced ejection frac-
tion, mostly of nonischemic cause (Table 1). All HF subjects 
were treated with loop diuretics (mean furosemide dose 
95 mg/d), 77% were on β-blockers, and 68% were on 
an angiotensin-converting enzyme inhibitor or angioten-
sin II receptor blocker. Controls were similar to HF group 
in age, sex, and body mass index. Seventy-two percent of 
subjects with HF had ID, and 36% had anemia (Table 1).

Muscle Bioenergetics in HF Compared 
With Controls
Despite similar body mass, gastrocnemius muscle area 
was smaller in HF compared with controls, and peak 

isometric force was reduced, consistent with HF-related 
skeletal muscle atrophy (Table  2). Concentrations of 
high-energy phosphates were significantly reduced, 
and Pi was increased in HF subjects compared with 
controls, though these differences were attenuated 
after normalization to muscle area. The ratios of ATP/Pi 
or PCr/Pi were reduced in HF, consistent with impaired 
resting energetic charge. During dynamic 31P MR exam-
ination, subjects with HF performed less work, but PCr 
concentration dropped similarly to controls, so that PCr 
change per work unit was larger in HF than in controls 
(13±11 versus 6.4±3.1; P=0.003). Despite similar objec-
tive workload achieved, postexercise pH was lower in 
HF subjects compared with controls (Figure  2). The 
exercise-induced drop of PCr correlated with change of 
pH in HF group (r=−0.71; P<0.001) but not in controls 
(r=0.13, P=0.61; Figure  3). In the recovery phase, HF 
subjects displayed a longer PCr recovery time constant 
(τPCr), indicating slower replenishment of high-energy 
phosphates by oxidative phosphorylation after exercise.

The determinants of PCr kinetics in the recovery phase 
in patients with HF are summarized in Table 3 and Fig-
ure 4. Time constant of PCr recovery (τPCr) was inversely 
proportional to maximal mitochondrial activity (Qmax). 
Qmax demonstrated a strong inverse relation with age and 
weaker relation to body mass index and to presence of 
diabetes mellitus. The initial rate of PCr recovery (VPCr) was 
also related to age. Maximal isometric strength was unre-

Table 1. Baseline Characteristics of HF Subjects and Controls

 
Controls 
(n=25) HF (n=44) P Value

HF, No ID 
(n=12)

HF With ID 
(n=32) P Value

Age, y 49±15 55±16 0.11 56±13 55±17 0.85

Male sex, % 60 75 0.19 83 72 0.43

BMI, kg·m−2 28±4 27±6 0.83 29±8 27±5 0.28

NYHA class … 2.7±0.7 … 2.8±1.0 2.6±0.7 0.68

Non-CAD HF cause, % … 68 … 67 68 0.89

LVEF, % … 27±10 … 29±11 26±9.1 0.48

HF duration, y … 5.8±7.0 … 7.0±7.9 5.3±6.8 0.51

HF hospitalizations, n … 1.5±1.5 … 1.2±1.3 1.7±1.6 0.27

MLHFQ sum score … 34±22 … 30±18 36±23 0.37

BNP,* ng·L-1 * … 407 (188–1399) … 161 (103–179) 543 (253–1592) 0.007

Creatinine, mg·dL-1 1.0±0.2 1.4±0.4 <0.001 1.4±0.3 1.4±0.4 0.71

Iron metabolism

        Hemoglobin, g·L-1 145±14 134±18 0.01 146±13 129±17 0.002

        Mean cell volume, fL 89±4 87±5 0.13 89±4 86±5 0.07

        Ferritin,* µg·L-1 … 90 (47–187) … 239 (167–297) 70 (39–94) 0.001

        Transferrin sat., % … 21±13 … 31±9 17±13 0.0004

        Transferrin, g·L-1 … 3.1±0.7 … 2.6±0.4 3.2±0.7 0.001

        Serum iron, µg·dL-1 … 84±43 … 112±25 75±44 0.001

Groups are compared by unpaired t test, χ2 test, or Wilcoxon test where appropriate. BMI indicates body mass index; BNP, B-type 
natriuretic peptide; CAD, coronary artery disease; HF, heart failure; ID, iron deficiency; IQR, interquartile range; LVEF, left ventricular 
ejection fraction; MLHFQ, Minnesota Living With Heart Failure Questionnaire; and NYHA, New York Heart Association.

*Values are medians (IQR); all other are means±SD.
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lated to bioenergetics parameters but correlated with 
both hemoglobin and ferritin in HF group (both r=0.51, 
P=0.002).

Muscle Bioenergetics in HF With or 
Without Iron Deficit
HF subjects with ID had higher B-type natriuretic peptide 
levels, lower hemoglobin concentration (Table  1), and 
similar muscle mass, but lower isometric force per mus-
cle area as compared with non-ID HF subjects (18±7 ver-
sus 22±6 N·cm−2, P=0.05). Iron status was not associated 
with alterations of resting muscle bioenergetics (Table 2).

Despite performing less work, iron-deficient HF sub-
jects displayed more pronounced end-exercise drop of 
PCr and pH as compared with HF subjects without ID 
(Figure  2). Exercise-induced change in PCr correlated 
with more profound muscle acidification (r=0.74, 
P<0.0001) in ID HF, while in non-ID HF, there was no 
relation between the change of PCr and pH, similar to 
the healthy controls (r=0.03, P=0.94; Figure 3B).

In HF subjects, acidification of the muscle in propor-
tion to change of PCr during exercise correlated with 
systemic iron stores estimated by circulating ferritin 
(Figure 3C).

Impact of Short-Term Iron Repletion on 
Muscle Bioenergetics
In 13 HF subjects with ID (age 60±15 years, 85% males, 
69% non-CAD HF cause), examinations were repeated 
1 month after the first examination after 2 doses of 500 
mg intravenous iron therapy using FCM. HF patients 
with ID who did not receive intravenous iron did not 
differ (P>0.05) in clinical characteristics or iron status 
from those who received it (data not shown). As shown 
in Table 4, the FCM administration improved iron sta-
tus, hemoglobin concentration, and maximal isometric 
force but produced no change in high-energy phos-
phates during rest, exercise, and recovery.

DISCUSSION
This study shows that the combination of HF and ID 
is associated with abnormalities in skeletal muscle 
metabolism and that ID may interact synergistically 
with HF to promote skeletal myopathy. Iron-deficient 
HF subjects were more symptomatic, had lower peak 
muscle strength, larger energetic depletion and more 
pronounced acidification of the muscle during exer-
cise, consistent with metabolic shift towards anaero-

Table 2. Muscle Characteristics and Bioenergetics in HF and Controls at Rest and Exercise

 Controls (n=25) HF (n=44) P Value HF, no ID (n=12) HF With ID (n=32) P Value

Calf muscle characteristics

        Muscle area, cm2 24±5 19±5 0.0002 21±6 19±5 0.36

        Peak isometric force, N 453±151 356±143 0.02 439±125 325±139 0.03

Resting bioenergetics

        PCr 0.51±0.02 0.50±0.04 0.09 0.51±0.04 0.50±0.03 0.84

        Pi 0.06±0.01 0.07±0.01 0.005 0.07±0.02 0.08±0.01 0.09

        ATP 0.09±0.01 0.08±0.01 0.0006 0.08±0.01 0.08±0.01 0.74

        PCr/Pi 8.2±1.5 7.1±1.8 0.01 8.1±2.3 6.8±1.4 0.09

        ATP/Pi 1.5±0.3 1.2±0.4 0.001 1.4±0.5 1.1±0.3 0.14

        pH rest 7.02±0.03 7.04±0.03 0.18 7.04±0.03 7.03±0.02 0.61

Exercise bioenergetics

        Work,* W 3.4 (3.1–4.7) 2.5 (1.6–3.6) 0.004 2.8 (1.9–3.6) 2.5 (1.6–3.9) 0.75

        PCr drop, % 24±13 28±16 0.24 19±8 31±17 0.01

        PCr drop/work,* W−1 5.6 (4.3–8.1) 9.1 (4.6–19.8) 0.03 6.2 (3.6–18.3) 9.4 (5.0–19.7) 0.27

        pH end 7.02±0.03 6.97±0.15 0.05 7.04±0.06 6.95±0.17 0.03

        ADP end, µmol·L−1 27±9 30±9 0.23 24±7 32±9 0.01

Recovery bioenergetics

        τPCr,* ms 41 (34–48) 55 (38–74) 0.01 45 (36–65) 59 (38–83) 0.32

        VPCr,* mmol·s−1 0.22 (0.16–0.38) 0.23 (0.17–0.28) 0.68 0.18 (0.16–0.24) 0.24 (0.17–0.31) 0.18

        Qmax,* mmol·s−1 0.51 (0.38–0.77) 0.47 (0.36–0.56) 0.22 0.47 (0.40–0.49) 0.47 (0.32–0.63) 0.79

PCr, Pi, and ATP are expressed in relative units (fraction of the total spectral intensity), ADP in absolute units. Groups are compared by 
unpaired t test or Wilcoxon test where appropriate. ADP indicates adenosine diphosphate; ATP, adenosine triphosphate; HF, heart failure; ID, 
iron deficiency; PCr, phosphocreatine; Pi, inorganic phosphate; Qmax, maximal oxidative flux; τPCr, time constant of PCr recovery; and VPCr, initial 
rate of PCr recovery.

*Values are medians (IQR); all other are means±SD.

D
ow

nloaded from
 http://ahajournals.org by on Septem

ber 18, 2018



Melenovsky et al; Muscle Bioenergetics and Iron Deficiency in HF

Circ Heart Fail. 2018;11:e004800. DOI: 10.1161/CIRCHEARTFAILURE.117.004800 September 2018 6

bic glycolysis. Because exercise muscle acidification is 
known to be related to early fatigue,17,31 the results 
support mechanistic link between ID and exercise 
intolerance in HF. However, although 1 month of 
therapy with intravenous iron administration correct-
ed iron levels, improved erythropoiesis response, and 
enhanced muscle strength, it did not change muscle 
bioenergetics. Collectively, these data reinforce the 
importance of skeletal myopathy in HF, particularly in 
the presence of ID, and they suggest that ID-induced 
changes in skeletal muscle bioenergetics may require 
more intensive, more sustained or more muscle-
targeting iron therapy. Alternative metrics, beyond 
conventional measures of systemic iron homeostasis, 
might be needed to optimally reflect muscle tissue 
iron stores.

Skeletal Myopathy in HF
Patients with chronic HF often complain of dimin-
ished skeletal muscle performance. Multiple mech-
anisms, such as hypoperfusion, deconditioning, 
inflammation and increased oxidative stress lead 
to muscle atrophy and weakness, contributing to 
HF symptoms.13,15 Here we provide an evidence for 
intrinsic, muscle mass independent, bioenergetic 
basis of HF-related myopathy. The time constant 
of PCr recovery (τPCr), an indicator ATP synthesis by 
oxidative phosphorylation, was more impaired in HF 
subjects than in controls, confirming previous stud-
ies.15,32,33 The reasons for slower PCr recovery could 
be inherent mitochondrial dysfunction or inadequate 
delivery of substrates and oxygen to the mitochon-
dria.33–35 We observed a strong correlation between 
age and Qmax, which may be explained by mitochon-
drial senescence36 or microvascular dysfunction.37 
These changes were restricted to the HF group, 
identifying unique adverse effects of HF and aging 
on skeletal muscle, and they suggest that greater 
therapeutic attention ought to be paid to changes in 
skeletal muscle in older adults with HF.38,39

Synergistic Action of ID and HF on 
Skeletal Muscle
In recent clinical trials, iron repletion improved quality 
of life in patients with HF and ID24,40 spurring greater 
interest in the role of iron in the skeletal myopathy of 
HF. However, to date, there have been no human data 
linking HF-related disorders of iron homeostasis to skel-
etal muscle dysfunction.18 In our study, iron-deficient HF 
subjects displayed more profound decline of energetic 
reserve (PCr) and more severe muscle acidification at 
low-level exercise when compared with nonsiderope-
nic HF. These alterations may contribute to premature 
muscle fatigue and decreased exercise tolerance, even if 
net muscle oxidative phosphorylation (reflected by Qmax) 
is preserved.41 Previously, Wilson et al42 and Massie et 
al43 used a similar approach and identified a subgroup 
of HF patients with more profound drop of pH for giv-
en workload. Although iron status was not assessed in 
these reports, it is possible that those HF patients were 
in fact iron deficient and ID accounted for their greater 
myopathy. In summary, presented data support the idea 
that ID and HF act in synergistically deleterious fashion 
on skeletal muscle, resulting in metabolic myopathy. 
Nevertheless, the causality still needs to be verified by 
further interventional studies.

ID and Muscle Metabolism
The biological explanations for the observed abnormali-
ties are not established but may involve greater expres-
sion of lactate-generating IIb type fibers16 or biochemi-
cal adjustments in muscle to the presence of ID and 
HF that lead to impaired mitochondrial function. In a 
rodent model of nutritional sideropenia, ID led to pro-
found anemia, decreased skeletal muscle mitochondrial 
enzyme activities, and diminished exercise capacity.6,9,44 
Impaired exercise capacity of ID rats persisted even 
after transfusion, suggesting effects that were anemia 
independent.9 Iron-deficient animals developed more 
rapid elevation of muscle lactate44 and lower intracel-
lular pH45, which may be indicative of a switch towards 

Table 3. Determinants of Muscle Bioenergetics in HF Group in the Recovery Phase (n=44)

Qmax VPCr τPCr

β (SE) r2 P Value β (SE) r2 P Value β (SE) r2 P Value

Age (per 10 y) −0.07 (0.02) 0.32 0.0003 −0.03 (0.01) 0.21 0.0005 7.5 (4.6) 0.07 0.11

Sex (F) 0.04 (0.03) 0.03 0.27 0.01 (0.02) 0.01 0.60 −3.7 (8.7) 0.01 0.67

No diabetes mellitus 0.07 (0.04) 0.10 0.05 0.03 (0.02) 0.06 0.13 −12 (8.8) 0.05 0.19

No iron deficiency −0.02 (0.04) 0.01 0.59 −0.03 (0.02) 0.05 0.18 −11 (9.2) 0.03 0.24

BMI (per 5 kg·m-2) −0.08 (0.17) 0.15 0.02 −0.04 (0.01) 0.14 0.02 6.6 (7.7) 0.02 0.40

Cause of HF (CAD) −0.05 (0.03) 0.05 0.18 −0.03 (0.02) 0.04 0.04 −4.1 (8.4) 0.01 0.62

Qmax (per 0.1 mmol·s−1) … … … 0.05 (0.003) 0.88 <0.0001 −10.4 (3.4) 0.21 0.004

Univariate model. β indicates least squares linear regression coefficient; BMI, body mass index; CAD, coronary artery disease; Qmax, maximal oxidative 
flux; τPCr, time constant of PCr recovery; and VPCr, initial rate of PCr recovery.
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anaerobic glycolysis due to diminished oxidative phos-
phorylation in muscle tissue.7,46 In these ID animal mod-
els, iron administration quickly restored hemoglobin 
levels, but recovery of muscle metabolism had slower 
kinetics and did not completely reverse.6,45

In humans, the iron deficit is usually less profound 
than in animal experiments,45 and the relations between 
ID and muscle dysfunction are less consistent. In a mus-
cle biopsy study performed in volunteers with endemic 
sideropenia, muscle myoglobin content, and mito-
chondrial enzyme concentrations were preserved.12 In 
healthy volunteers who underwent repeated venesec-

tions to induce severe ID over the course of 9 weeks, 
muscle biopsies did not show diminished capacity of 
glycolytic, oxidative, and iron-dependent enzymes.11 
Females with normal cardiac function but severe ID 
because of chronic blood loss, displayed preserved 
mitochondrial ATP synthesis and normal postexercise 
PCr recovery time constant in skeletal muscle.10 These 
human studies indicate that ID alone (though not as 
extreme as in experimental animals) may be insufficient 
to induce changes in muscle bioenergetics.

The relations between iron content and mitochondrial 
function were recently analyzed in cardiac muscle speci-

Figure 2. The impact of heart failure (HF) and iron deficiency (ID) on exercising calf muscle bioenergetics.  
A, The effect on exercise-induced drop of phosphocreatine (PCr). B, The effect on calf muscle intracellular pH at the end of exercise. C, The effect on PCr recovery 
time constant (τPCr). Plots show group means±SD compared by unpaired t test (A, B) or median (interquartile range) compared by Wilcoxon test (C).

Figure 3. The relations between exercise-induced muscle energetic depletion (% drop of baseline phosphocreatine [PCr]), acidification (drop of pH), 
and iron status.  
A, In patients with heart failure (HF) and in controls. B, In patients with HF with or without iron deficiency (ID). C, Relation between pH at the end of exercise nor-
malized to exercise-induced energetic depletion and total iron stores, measured by ferritin. Lines are regression lines and 95% CIs, r=Pearson correlation coefficient.
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mens from HF patients or controls.7 Patients with HF and 
myocardial ID had diminished enzymatic activities in the 
citric acid cycle, whereas enzyme activities of the respira-
tory chain were not affected. The results indicate that the 

rate of ATP formation from acetyl-coenzyme A process-
ing by the citric acid cycle may be reduced by ID, whereas 
ATP formation from glycolysis may not. Increased gly-
colysis and lactate formation during increased demand 

Figure 4. The determinants of maximal oxidative flux (Qmax) in heart failure subjects.  
Qmax was significantly affected by age (A) and body mass index (BMI, B). Qmax significantly impacted PCr recovery time constant (τPCr), the time constant of phos-
phocreatine (PCr) recovery (C). Lines are regression lines and 95% CIs, r=Pearson correlation coefficient.

Table 4. Effect of Intravenous Iron Administration in HF Patients (n=13)

 
Before Intravenous 

Iron
After Intravenous 

Iron Change P Value

LV ejection fraction, % 28±11 29±13 0.5 (−2.4, 3.6) 0.72

BNP,* ng·L−1 993 (638, 1945) 877 (627, 1683) −9% (−28%, 18%) 0.77

Iron metabolism

        Hemoglobin, g·L−1 125±13 133±15 8.1 (2.0, 14.3) 0.013

        Mean cell volume, fL 87±5.5 90±3.7 3.0 (1.1, 4.8) 0.005

        Ferritin,* μg·L−1 68 (50, 117) 317 (207, 600) 403% (236%, 717%) <0.001

        Transferrin, g·L−1 3.1±0.5 2.7±0.4 −0.5 (−0.8, −0.2) 0.001

        Transferrin sat,* % 10 (7, 23) 18 (15, 31) 87% (42%, 155%) <0.001

        Serum iron,* µg·dL−1 48 (40, 85) 75 (58, 112) 66% (30%, 102%) 0.001

Rest bioenergetics

        PCr 0.50±0.03 0.50±0.02 −0.01 (−0.02, 0.01) 0.55

        Pi 0.08±0.01 0.08±0.01 −0.01 (−0.01, 0.01) 0.51

        ATP 0.08±0.01 0.08±0.01 −0.01 (−0.01, 0.01) 0.64

        ATP/Pi 1.03±0.24 1.00±0.27 −0.03 (−0.24, 0.18) 0.51

        pH rest 7.03±0.02 7.03±0.03 0.01 (−0.02, 0.03) 0.78

Exercise and recovery bioenergetics

        Work, W 2.4±1.1 2.4±1.4 0.1 (−0.6, 0.8) 0.95

        Peak isometric force,* N 349 (272, 460) 384 (293, 518) 5% (2%, 25%) 0.048

        PCr drop, % 31±22 31±17 −1.8 (−8.7, 3.2) 0.94

        τPCr,* ms 63 (38, 125) 65 (49, 101) 0.1% (−0.1%, 0.3%) 0.49

        VPCr,* mmol·s−1 0.25 (0.19, 0.38) 0.24 (0.18, 0.38) 0.0% (−0.2%, 0.3%) 0.77

        Qmax, mmol·s−1 0.47 (0.36, 0.70) 0.46 (0.35, 0.67) 0.0% (−0.2%, 0.2%) 0.73

        pH end 6.90±0.20 6.92±0.17 0.02 (−0.04, 0.10) 0.41

        ADP end, µmol·L−1 36±11 34±12 −0.8 (−8.1, 6.5) 0.98

PCr, Pi, and ATP are expressed in relative units (fraction of the total spectral intensity). P value of paired t test on log-
transformed data. ADP indicates adenosine diphosphate; ATP, adenosine triphosphate; BNP, B-type natriuretic peptide; HF, 
heart failure; ID, iron deficiency; LV, left ventricular; PCr, phosphocreatine; Pi, inorganic phosphate; Qmax, maximal oxidative 
flux; τPCr, time constant of PCr recovery; and VPCr, initial rate of PCr recovery.

*Values are geometric means (95%CI) with relative % change (95%CI); all other are arithmetic means (±SD) with 
absolute change (95%CI).
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may compensate for slower ATP production via oxidative 
phosphorylation.46 This mechanism may also operate in 
skeletal muscle and contribute to greater muscle acidosis 
in ID-HF patients, as observed in present study.

Effect of Short-Term Iron Therapy on 
Muscle Bioenergetics
The lack of change of muscle bioenergetics after iron 
supplementation with FCM in HF subjects with ID indi-
cates that if an improvement of muscle bioenergetics 
occurs, it requires more time than the correction of 
anemia, and certainly >1 month. In animal experiments 
with radio-labeled iron FCM formulation, delivered iron 
is immediately taken up by macrophages in the bone 
marrow and in the reticuloendothelial system, where it 
is stored or incorporated into rapidly dividing hemopoi-
etic cells.47 The kinetics of iron incorporation into human 
muscles is unknown, but there may be considerable time 
lag needed for secondary internal redistribution of iron 
from liver stores into skeletal muscle, with greater time 
needed for metabolic reprogramming. Correspondingly, 
in the CONFIRM-HF trial (Ferric Carboxymaltose Evalu-
ation on Performance in Patients With Iron Deficiency 
in Combination With Chronic Heart Failure), the first 
significant improvement in fatigue was not detectable 
until after 12 weeks of FCM therapy.40 Perhaps other 
iron formulations may display different kinetics of iron 
incorporation into the skeletal muscle. Small observed 
improvements of symptoms and muscle strength after 
iron therapy in our study may be related to correction of 
anemia, similar to what is seen in darbepoetin-treated 
HF patients.48

Limitations
Workload was not adjusted to body size but fixed. Man-
datory low-level load was used in all subjects in a previ-
ously validated protocol.25 Differences in body size can 
confound the results; however, the groups were selected 
in such a way that both HF and control subjects had simi-
lar BMI. We measured only peak muscle isometric force, 
which is a crude parameter of muscle function. More 
detailed dynamic analysis of muscle performance and 
use of individually adjusted workloads may provide more 
accurate characterization of muscle bioenergetics. Due to 
a lack of preexisting human studies, and given the safety 
concerns of HF patients without defibrillators, we selected 
a short observation period of 1 month, assuming that 
muscle iron metabolism will respond to intravenous iron 
in a similar time frame as the bone marrow. It is possible 
that a longer observation period or other iron preparation 
might have shown significant improvements in the muscle 
metabolism in patients with HF and ID. The small sample 
size of the intervention study prevented analysis of rela-
tions of biochemical improvements to functional/clinical 

improvements. The effect of iron on muscle bioenerget-
ics was not tested compared with placebo group, but our 
results do not indicate relevant change after 1 month.

Conclusions
In conclusion, ID may contribute to skeletal muscle 
abnormalities that are often observed in patients with 
chronic HF. Although maximal mitochondrial activity 
was not impaired, HF patients with ID demonstrated 
more profound drops in PCr and pH than non-ID HF 
patients, consistent with more pronounced anaerobic 
glycolysis. This acidification of the muscle at the peak 
of exercise may contribute to fatigue and impaired 
muscle performance. Maximal mitochondrial respira-
tion declined markedly with aging in HF subjects, but 
not controls, emphasizing that HF patients may stand 
to benefit more from interventions targeted to skeletal 
muscle with aging. Improvements in skeletal muscle 
bioenergetic abnormalities in HF patients with ID may 
require longer durations of FCM treatment as com-
pared with repletion of internal iron stores or red blood 
counts, and novel markers of tissue iron content may 
be needed to judge the adequacy of iron repletion as it 
affects skeletal muscle.

ARTICLE INFORMATION
Received May 11, 2017; accepted July 30, 2018.

Correspondence
Vojtech Melenovsky, MD, PhD, Department of Cardiology, Institute for Clinical 
and Experimental Medicine, IKEM, Videnska 1958/9, Prague 4, 140 28, Czech 
Republic. Email vojtech.melenovsky@ikem.cz

Affiliations
Department of Cardiology (V.M., K.H., J.K.) and Diagnostic and Interventional Ra-
diology (P.S., M.D., M.H.), Institute for Clinical and Experimental Medicine, IKEM, 
Prague, Czech Republic. Department of Cardiovascular Disease, Mayo Clinic, 
Rochester, MN (B.A.B.). BIOCEV, First Faculty of Medicine, Charles University, 
Vestec, Czech Republic (J.P.).

Sources of Funding
This work was supported by the Ministry of Health (MH CR-DRO IKEM-IN 
00023001 and grants 15-27682A, 16-27496A, 17-28784A) and by the Czech 
Science Foundation (project GA15-14200S). Dr Petrak is additionally support-
ed by the Ministry of Education of the Czech Republic (Progress Q26, NPU II 
–LQ1604 and UNDCE/MED/016). Dr Borlaug is supported by R01 HL128526, 
R01 HL 126638, U01 HL125205, and U10 HL110262.

Disclosures
None.

REFERENCES
 1. Jankowska EA, von Haehling S, Anker SD, Macdougall IC, Ponikowski P. 

Iron deficiency and heart failure: diagnostic dilemmas and therapeutic per-
spectives. Eur Heart J. 2013;34:816–829. doi: 10.1093/eurheartj/ehs224

 2. Cleland JG, Zhang J, Pellicori P, Dicken B, Dierckx R, Shoaib A, Wong K, 
Rigby A, Goode K, Clark AL. Prevalence and outcomes of anemia and he-

D
ow

nloaded from
 http://ahajournals.org by on Septem

ber 18, 2018

mailto:vojtech.melenovsky@ikem.cz


Melenovsky et al; Muscle Bioenergetics and Iron Deficiency in HF

Circ Heart Fail. 2018;11:e004800. DOI: 10.1161/CIRCHEARTFAILURE.117.004800 September 2018 10

matinic deficiencies in patients with chronic heart failure. JAMA Cardiol. 
2016;1:539–547. doi: 10.1001/jamacardio.2016.1161

 3. Jankowska EA, Rozentryt P, Witkowska A, Nowak J, Hartmann O, Poni-
kowska B, Borodulin-Nadzieja L, Banasiak W, Polonski L, Filippatos G, Mc-
Murray JJ, Anker SD, Ponikowski P. Iron deficiency: an ominous sign in pa-
tients with systolic chronic heart failure. Eur Heart J. 2010;31:1872–1880. 
doi: 10.1093/eurheartj/ehq158

 4. Okonko DO, Mandal AK, Missouris CG, Poole-Wilson PA. Disordered 
iron homeostasis in chronic heart failure: prevalence, predictors, and 
relation to anemia, exercise capacity, and survival. J Am Coll Cardiol. 
2011;58:1241–1251. doi: 10.1016/j.jacc.2011.04.040

 5. Blayney L, Bailey-Wood R, Jacobs A, Henderson A, Muir J. The effects of 
iron deficiency on the respiratory function and cytochrome content of rat 
heart mitochondria. Circ Res. 1976;39:744–748.

 6. Finch CA, Miller LR, Inamdar AR, Person R, Seiler K, Mackler B. Iron defi-
ciency in the rat. Physiological and biochemical studies of muscle dysfunc-
tion. J Clin Invest. 1976;58:447–453. doi: 10.1172/JCI108489

 7. Melenovsky V, Petrak J, Mracek T, Benes J, Borlaug BA, Nuskova H, Pluhacek T, 
Spatenka J, Kovalcikova J, Drahota Z, Kautzner J, Pirk J, Houstek J. Myocar-
dial iron content and mitochondrial function in human heart failure: a direct 
tissue analysis. Eur J Heart Fail. 2017;19:522–530. doi: 10.1002/ejhf.640

 8. Xu W, Barrientos T, Andrews NC. Iron and copper in mitochondrial dis-
eases. Cell Metab. 2013;17:319–328. doi: 10.1016/j.cmet.2013.02.004

 9. Davies KJ, Donovan CM, Refino CJ, Brooks GA, Packer L, Dallman PR. 
Distinguishing effects of anemia and muscle iron deficiency on exercise 
bioenergetics in the rat. Am J Physiol. 1984;246(6 pt 1):E535–E543. doi: 
10.1152/ajpendo.1984.246.6.E535

 10. Thompson CH, Kemp GJ, Taylor DJ, Radda GK, Rajagopalan B. No evi-
dence of mitochondrial abnormality in skeletal muscle of patients with 
iron-deficient anaemia. J Intern Med. 1993;234:149–154.

 11. Celsing F, Blomstrand E, Werner B, Pihlstedt P, Ekblom B. Effects of iron 
deficiency on endurance and muscle enzyme activity in man. Med Sci 
Sports Exerc. 1986;18:156–161.

 12. Celsing F, Ekblom B, Sylvén C, Everett J, Astrand PO. Effects of chronic iron 
deficiency anaemia on myoglobin content, enzyme activity, and capillary 
density in the human skeletal muscle. Acta Med Scand. 1988;223:451–457.

 13. Harrington D, Anker SD, Chua TP, Webb-Peploe KM, Ponikowski PP, Poole-
Wilson PA, Coats AJ. Skeletal muscle function and its relation to exercise 
tolerance in chronic heart failure. J Am Coll Cardiol. 1997;30:1758–1764.

 14. Drexler H, Riede U, Münzel T, König H, Funke E, Just H. Alterations of 
skeletal muscle in chronic heart failure. Circulation. 1992;85:1751–1759.

 15. Mancini DM, Walter G, Reichek N, Lenkinski R, McCully KK, Mullen 
JL, Wilson JR. Contribution of skeletal muscle atrophy to exercise in-
tolerance and altered muscle metabolism in heart failure. Circulation. 
1992;85:1364–1373.

 16. Mancini DM, Coyle E, Coggan A, Beltz J, Ferraro N, Montain S, Wilson 
JR. Contribution of intrinsic skeletal muscle changes to 31P NMR skeletal 
muscle metabolic abnormalities in patients with chronic heart failure. Cir-
culation. 1989;80:1338–1346.

 17. Harrington D, Coats AJ. Skeletal muscle abnormalities and evidence for 
their role in symptom generation in chronic heart failure. Eur Heart J. 
1997;18:1865–1872.

 18. Stugiewicz M, Tkaczyszyn M, Kasztura M, Banasiak W, Ponikowski P, 
Jankowska EA. The influence of iron deficiency on the functioning of skel-
etal muscles: experimental evidence and clinical implications. Eur J Heart 
Fail. 2016;18:762–773. doi: 10.1002/ejhf.467

 19. Rensvold JW, Ong SE, Jeevananthan A, Carr SA, Mootha VK, Pagliarini 
DJ. Complementary RNA and protein profiling identifies iron as a key 
regulator of mitochondrial biogenesis. Cell Rep. 2013;3:237–245. doi: 
10.1016/j.celrep.2012.11.029

 20. van Veldhuisen DJ, Ponikowski P, van der Meer P, Metra M, Böhm M, Do-
letsky A, Voors AA, Macdougall IC, Anker SD, Roubert B, Zakin L, Cohen-
Solal A; EFFECT-HF Investigators. Effect of ferric carboxymaltose on exercise 
capacity in patients with chronic heart failure and iron deficiency. Circula-
tion. 2017;136:1374–1383. doi: 10.1161/CIRCULATIONAHA.117.027497

 21. Nagai T, Okita K, Yonezawa K, Yamada Y, Hanada A, Ohtsubo M, Morita 
N, Murakami T, Nishijima H, Kitabatake A. Comparisons of the skeletal 
muscle metabolic abnormalities in the arm and leg muscles of patients 
with chronic heart failure. Circ J. 2004;68:573–579.

 22. Kemp GJ. Interactions of mitochondrial ATP synthesis and the creatine 
kinase equilibrium in skeletal muscle. J Theor Biol. 1994;170:239–246. 
doi: 10.1006/jtbi.1994.1184

 23. Kemp GJ, Meyerspeer M, Moser E. Absolute quantification of phosphorus 
metabolite concentrations in human muscle in vivo by 31P MRS: a quan-
titative review. NMR Biomed. 2007;20:555–565. doi: 10.1002/nbm.1192

 24. Anker SD, Comin Colet J, Filippatos G, Willenheimer R, Dickstein K, Drexler H, 
Lüscher TF, Bart B, Banasiak W, Niegowska J, Kirwan BA, Mori C, von Eisen-
hart Rothe B, Pocock SJ, Poole-Wilson PA, Ponikowski P; FAIR-HF Trial Inves-
tigators. Ferric carboxymaltose in patients with heart failure and iron defi-
ciency. N Engl J Med. 2009;361:2436–2448. doi: 10.1056/NEJMoa0908355

 25. Šedivý P, Kipfelsberger MC, Dezortová M, Krššák M, Drobný M, Chmelík 
M, Rydlo J, Trattnig S, Hájek M, Valkovič L. Dynamic 31P MR spectroscopy 
of plantar flexion: influence of ergometer design, magnetic field strength 
(3 and 7 T), and RF-coil design. Med Phys. 2015;42:1678–1689. doi: 
10.1118/1.4914448

 26. Fiedler GB, Schmid AI, Goluch S, Schewzow K, Laistler E, Niess F, Unger E, Wolzt 
M, Mirzahosseini A, Kemp GJ, Moser E, Meyerspeer M. Skeletal muscle ATP 
synthesis and cellular H(+) handling measured by localized (31)P-MRS during 
exercise and recovery. Sci Rep. 2016;6:32037. doi: 10.1038/srep32037

 27. Moon RB, Richards JH. Determination of intracellular pH by 31P magnetic 
resonance. J Biol Chem. 1973;248:7276–7278.

 28. Kemp GJ, Taylor DJ, Radda GK. Control of phosphocreatine resynthesis 
during recovery from exercise in human skeletal muscle. NMR Biomed. 
1993;6:66–72.

 29. Roger SD, Gaillard CA, Bock AH, Carrera F, Eckardt KU, Van Wyck DB, Cro-
nin M, Meier Y, Larroque S, Macdougall IC; FIND-CKD Study Investigators. 
Safety of intravenous ferric carboxymaltose versus oral iron in patients 
with nondialysis-dependent CKD: an analysis of the 1-year FIND-CKD trial. 
Nephrol Dial Transplant. 2017;32:1530–1539. doi: 10.1093/ndt/gfw264

 30. American Regent Inc. Injectafer full prescribing information. http://www.
injectafer.com/pdf/pi.pdf. Accessed August 13, 2018.

 31. Massie B, Conway M, Yonge R, Frostick S, Ledingham J, Sleight P, Radda 
G, Rajagopalan B. Skeletal muscle metabolism in patients with conges-
tive heart failure: relation to clinical severity and blood flow. Circulation. 
1987;76:1009–1019.

 32. Kemp GJ, Thompson CH, Stratton JR, Brunotte F, Conway M, Adamopou-
los S, Arnolda L, Radda GK, Rajagopalan B. Abnormalities in exercising 
skeletal muscle in congestive heart failure can be explained in terms of 
decreased mitochondrial ATP synthesis, reduced metabolic efficiency, and 
increased glycogenolysis. Heart. 1996;76:35–41.

 33. Hanada A, Okita K, Yonezawa K, Ohtsubo M, Kohya T, Murakami T, Nishi-
jima H, Tamura M, Kitabatake A. Dissociation between muscle metabo-
lism and oxygen kinetics during recovery from exercise in patients with 
chronic heart failure. Heart. 2000;83:161–166.

 34. Mancini DM, Wilson JR, Bolinger L, Li H, Kendrick K, Chance B, Leigh JS. In vivo 
magnetic resonance spectroscopy measurement of deoxymyoglobin during 
exercise in patients with heart failure. Demonstration of abnormal muscle 
metabolism despite adequate oxygenation. Circulation. 1994;90:500–508.

 35. Wiener DH, Fink LI, Maris J, Jones RA, Chance B, Wilson JR. Abnormal 
skeletal muscle bioenergetics during exercise in patients with heart failure: 
role of reduced muscle blood flow. Circulation. 1986;73:1127–1136.

 36. Gonzalez-Freire M, de Cabo R, Bernier M, Sollott SJ, Fabbri E, Navas P, 
Ferrucci L. Reconsidering the role of mitochondria in aging. J Gerontol A 
Biol Sci Med Sci. 2015;70:1334–1342. doi: 10.1093/gerona/glv070

 37. Layec G, Trinity JD, Hart CR, Le Fur Y, Sorensen JR, Jeong EK, Richard-
son RS. Evidence of a metabolic reserve in the skeletal muscle of elderly 
people. Aging (Albany NY). 2016;9:52–67. doi: 10.18632/aging.101079

 38. Forman DE, Arena R, Boxer R, Dolansky MA, Eng JJ, Fleg JL, Haykowsky M, 
Jahangir A, Kaminsky LA, Kitzman DW, Lewis EF, Myers J, Reeves GR, Shen 
WK; American Heart Association Council on Clinical Cardiology; Council 
on Cardiovascular and Stroke Nursing; Council on Quality of Care and 
Outcomes Research; and Stroke Council. Prioritizing functional capacity 
as a principal end point for therapies oriented to older adults with cardio-
vascular disease: a scientific statement for healthcare professionals from 
the American Heart Association. Circulation. 2017;135:e894–e918. doi: 
10.1161/CIR.0000000000000483

 39. Haykowsky MJ, Tomczak CR, Scott JM, Paterson DI, Kitzman DW. Deter-
minants of exercise intolerance in patients with heart failure and reduced 
or preserved ejection fraction. J Appl Physiol (1985). 2015;119:739–744. 
doi: 10.1152/japplphysiol.00049.2015

 40. Ponikowski P, van Veldhuisen DJ, Comin-Colet J, Ertl G, Komajda 
M, Mareev V, McDonagh T, Parkhomenko A, Tavazzi L, Levesque V, 
Mori C, Roubert B, Filippatos G, Ruschitzka F, Anker SD; CONFIRM-
HF Investigators. Beneficial effects of long-term intravenous iron 
therapy with ferric carboxymaltose in patients with symptomatic 
heart failure and iron deficiency†. Eur Heart J. 2015;36:657–668. doi: 
10.1093/eurheartj/ehu385

 41. Martens P, Verbrugge FH, Nijst P, Dupont M, Mullens W. Limited contrac-
tile reserve contributes to poor peak exercise capacity in iron-deficient 
heart failure. Eur J Heart Fail. 2018;20:806–808. doi: 10.1002/ejhf.938

D
ow

nloaded from
 http://ahajournals.org by on Septem

ber 18, 2018



Melenovsky et al; Muscle Bioenergetics and Iron Deficiency in HF

Circ Heart Fail. 2018;11:e004800. DOI: 10.1161/CIRCHEARTFAILURE.117.004800 September 2018 11

 42. Wilson JR, Fink L, Maris J, Ferraro N, Power-Vanwart J, Eleff S, Chance B. 
Evaluation of energy metabolism in skeletal muscle of patients with heart 
failure with gated phosphorus-31 nuclear magnetic resonance. Circula-
tion. 1985;71:57–62.

 43. Massie BM, Conway M, Yonge R, Frostick S, Sleight P, Ledingham J, Radda 
G, Rajagopalan B. 31P nuclear magnetic resonance evidence of abnormal 
skeletal muscle metabolism in patients with congestive heart failure. Am J 
Cardiol. 1987;60:309–315.

 44. McLane JA, Fell RD, McKay RH, Winder WW, Brown EB, Holloszy JO. 
Physiological and biochemical effects of iron deficiency on rat skeletal 
muscle. Am J Physiol. 1981;241:C47–C54. doi: 10.1152/ajpcell.1981. 
241.1.C47

 45. Thompson CH, Green YS, Ledingham JG, Radda GK, Rajagopalan B. 
The effect of iron deficiency on skeletal muscle metabolism of the 

rat. Acta Physiol Scand. 1993;147:85–90. doi: 10.1111/j.1748-1716. 
1993.tb09475.x

 46. Oexle H, Gnaiger E, Weiss G. Iron-dependent changes in cellular energy 
metabolism: influence on citric acid cycle and oxidative phosphorylation. 
Biochim Biophys Acta. 1999;1413:99–107.

 47. Funk F, Ryle P, Canclini C, Neiser S, Geisser P. The new generation of 
intravenous iron: chemistry, pharmacology, and toxicology of ferric 
carboxymaltose. Arzneimittelforschung. 2010;60(6a):345–353. doi: 
10.1055/s-0031-1296299

 48. Swedberg K, Young JB, Anand IS, Cheng S, Desai AS, Diaz R, Maggioni 
AP, McMurray JJ, O’Connor C, Pfeffer MA, Solomon SD, Sun Y, Tendera 
M, van Veldhuisen DJ; RED-HF Committees; RED-HF Investigators. Treat-
ment of anemia with darbepoetin alfa in systolic heart failure. N Engl J 
Med. 2013;368:1210–1219. doi: 10.1056/NEJMoa1214865

D
ow

nloaded from
 http://ahajournals.org by on Septem

ber 18, 2018




