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Aims Skeletal muscle energetic augmentation might be a mechanism via which intravenous iron improves symptoms in heart
failure, but no direct measurement of intrinsic mitochondrial function has been performed to support this notion.
This molecular substudy of the FERRIC-HF Il trial tested the hypothesis that ferric derisomaltose (FDI) would improve
electron transport chain activity, given its high dependence on iron—sulfur clusters which facilitate electron transfer
during oxidative phosphorylation.

Methods Vastus lateralis skeletal muscle biopsies were taken before and 2 weeks after randomization. Mitochondrial complex

and results I, Il, and 1&Il respiration were quantified with respirometry of permeabilized fresh skeletal muscle biopsies. Net
respiratory capacities, reflecting respiration that is truly available for adenosine triphosphate generation, were
calculated by subtracting non-phosphorylating LEAK respiration. Complex 1-V and myoglobin protein levels, and
skeletal muscle fibre type composition were assayed. Patients randomised to FDI (n=21) or placebo (n=19) were
similar (age 66 + 13 years, 73% men, left ventricular ejection fraction 37 + 8%, 48% New York Heart Association
class Ill, 50% diabetic). After 2 weeks, total complex I-linked respiration (0.33 [interquartile range 0.24—0.37] vs. 0.19
[0.06—0.27] nmol/min/mg, p =0.03) and net complex I-linked respiration (0.21 [0.16—0.24] vs. 0.11 [0.04-0.16]
nmol/min/mg, p=0.01) were higher in patients allocated to FDI. There was no intergroup difference in other
respiratory states, in mitochondrial abundance as reflected by complex |-V protein levels, and in skeletal muscle
myoglobin and oxidative fibre type content.

Conclusions Iron repletion induces an early, selective, and potentially direct enhancement of mitochondrial complex I-dependent
respiration in the skeletal muscle of heart failure patients. This could be harnessed to optimize repletion protocols
to maximize patient benefits.
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Graphical Abstract

AIM of FERRIC-HF Il Molecular Substudy

To determine whether intravenous iron repletion with ferric derisomaltose
h intrinsic drial electron transport chain (ETC) activity.
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CONCLUSION

Iron repletion induces an early, selective, and potentially direct enhancement of
mitochondrial plex I-dependent respiration in the skeletal muscle of patients
with heart failure.

Keywords

Introduction

Intravenous (IV) iron repletion can improve symptoms and exercise
performance in chronic heart failure,”? but the underlying mech-
anisms are incompletely understood. Deeper elucidation of how
benefits accrue might facilitate the optimization of repletion pro-
tocols to maximize patient benefits. In the FERRIC-HF Il trial,
ferric derisomaltose (FDI; previously known as iron isomalto-
side) augmented skeletal muscle energetics, as evidenced by an
8s faster phosphocreatine (PCr) recovery halftime on phospho-
rous magnetic resonance spectroscopy (*'P MRS).} Frise et al*
reported similar magnitudes of treatment effect in otherwise

Heart failure ® Iron @ Muscle e Respirometry e Energetics @ Mitochondria

healthy iron-deficient individuals. However, because the kinetics of
PCr recovery is also influenced by factors extrinsic to mitochon-
dria, it is still unclear whether IV iron repletion enhances intrinsic
mitochondrial electron transport chain (ETC) activity.

Electron flux through the ETC is the molecular lynchpin of
oxidative phosphorylation which provides over 90% of skeletal
muscle adenosine triphosphate (ATP).> Substrate oxidation is the
initial source of electrons which enter the ETC via complex |,
complex |l, or fatty acid specific pathways. Convergent electron
flow to coenzyme Q is then linearly cascaded to molecular oxy-
gen via complex lll, cytochrome c and complex IV. As an exer-
gonic process, this sequential electron transfer powers proton
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translocation across the inner mitochondrial membrane which
contributes to the proton-motive force that drives ATP synthe-
sis. Iron sulphur (Fe-S) cluster and haem prosthetic groups are
implicated in electron transfer; for example, electrons are passed
along 7 low to high potential Fe-S clusters in complex I.%7 Conse-
quently, iron deficiency, even in the absence of anaemia, is linked
to suppressed energetics with impairments in varying ETC com-
plexes reported in observational studies.®~'° Because complex | is
the most rate-limiting enzyme of the ETC and has the highest con-
tent of [4Fe-4S] clusters that are more labile than [2Fe-2S] clusters
and haem,*'"'2 iron repletion might induce an early and selective
enhancement of complex I-linked respiration. Alternatively, IV iron
might globally boost the ETC by restoring the lower skeletal muscle
content of myoglobin (which contains haem) and oxidative fibres
observed in some murine iron deficiency models.”'® To date, no
study has directly quantified the effect of IV iron repletion on intrin-
sic ETC activity in humans.

Mitochondrial respirometry is the gold standard means of
analysing specific ETC complex activities in situ.’> With the use of
polarographic sensors, the rate of oxygen consumption due to tis-
sue metabolism is recorded in real-time. Saturating concentrations
of substrates, uncouplers, and inhibitors can be used to interrogate
multiple respiratory pathways to establish the functional capacity
and efficiency of mitochondria. In the FERRIC-HF Il trial, respirom-
etry was performed on permeabilized fresh skeletal muscle biop-
sies to test the hypothesis that FDI enhances intrinsic ETC activity
independently of skeletal muscle myoglobin levels and fibre type
composition.

Methods

Study design

This is a prespecified substudy of FERRIC-HF Il (EudraCT
2012-005592-13) for which the design, methods, and primary
results have been reported. In brief, the trial enrolled 40 patients
with symptomatic chronic heart failure, an left ventricular ejection
fraction <45%, and iron deficiency as defined by the FERRIC-HF crite-
ria of ferritin <100 pg/L or 100—300 pg/L with transferrin saturation
(TSAT) <20%. Study participants were randomized to a double-blinded
total dose infusion of FDI (n=21) or saline placebo (n=19) with
treatments masked with opaque IV infusion sets. Endpoints were
assessed at baseline and at 2 weeks post-treatment to minimize the
influence of skeletal muscle exercise adaptation on results. Regulatory
approval was given by the South-Central Berkshire ethics committee,
the UK Medicines and Healthcare products Regulatory Agency, and
the local research governance board.

Skeletal muscle biopsies

A percutaneous biopsy of the distal region of the right vastus later-
alis (10 cm above the patella and ~2 cm from the fascia) was obtained
under local anaesthesia with 1% lignocaine using a Weil-Blakesley con-
chotome. A portion of the biopsy was immediately placed in an ice-cold
preservation medium (BIOPS) for respirometry. This solution con-
tained 10 mM Ca-EGTA buffer, 0.1 pM free calcium, 20 mM imidazole,
20 mM taurine, 50 mM K-MES, 0.5mM DTT, 6.56 mM MgCl,, 5.77 mM

ATP and 15 mM PCr (pH 7.1)."* The remaining biopsy was immediately
snap frozen in liquid nitrogen and stored at —80°C for later analyses.

Preparation of permeabilized myofibers

After 30—60 min on ice-cold BIOPS, skeletal muscle fibre bundles were
gently dissected free of all visible blood and connective tissue. Myofibre
bundles were then placed in 2ml of ice-cold BIOPS and permeabi-
lized by incubating with 50 pug/ml saponin with gentle agitation at 4°C
for 20 min. After permeabilization, fibre bundles were washed thrice
by transfer and agitation in 2ml of ice-cold MiR05, a mitochondrial
respiration buffer containing 110 mM sucrose, 60 mM potassium lacto-
bionate, 20 mM taurine, 20 mM HEPES, 10 mM KH,PO,, 3 mM MgCl,,
0.5mM EGTA, and 1g/L BSA (pH 7.1)." Bundles were then blotted
on filter paper and weighed on a precision micro-balance before place-
ment into a respirometry chamber (Hansatech Oxytherm+ system,
Hansatech instruments, Norfolk, UK) containing 2 ml of MiR0O5.

Respirometry

Duplicate mitochondrial respirometry runs were performed at
37°C using a substrate-uncoupler-inhibitor titration protocol.™ On
the morning of each experiment, a background calibration of each
polarographic (Clarke electrode) oxygen sensor was done to ensure
instrument stability. After baseline (non-mitochondrial) respiration
was recorded in the absence of substrates, this injection protocol
was followed: glutamate (2 mM) and malate (10 mM) to quantify LEAK
(non-phosphorylating) respiration supported by complex I, ADP
(saturating concentration 5mM) for complex I-linked respiration,
succinate (10mM) for complex |&ll-linked respiration, rotenone
(0.5uM) for complex ll-linked respiration, cytochrome ¢ (10puM)
to assess outer mitochondrial membrane integrity, and carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone (0.5pM stepwise titra-
tions) for maximal uncoupled electron transfer system capacity (ETS).
Respiration was recorded for 5—10 min after injections with oxygen
fluxes measured at steady state and corrected for skeletal muscle
wet mass (nmol/min/mg). Baseline respiration was subtracted from
each respiratory state. Net respiratory rates (complex lyer, complex
1&ll\eT, ETSNer, complex ll\er), reflecting ETC activity that is truly
available for ATP generation,'> were calculated by subtracting LEAK
respiration. Mitochondrial efficiency was assessed by calculating the
respiratory control ratio for ADP (RCR,pp =complex I/LEAK), and
the phosphorylation system control ratio (P/E=complex I&II/ETS).
Respirometry was performed by a single experienced blinded operator.

Protein immunoblots

Snap frozen skeletal muscle samples were homogenized in a buffer
containing 25 mM Tris—HCI, 150 mM NaCl, 2mM EGTA, 5mM EDTA,
0.5% NP-40 and protease/phosphatase-inhibitor cocktails (1:100 v/v;
Sigma-Aldrich). After quantification of total protein content with
Bradford reagent 80, 5x Laemmli buffer was added to each sample
which were then loaded onto 7.5%—15% SDS-polyacrylamide gels,
electrophoresed in a buffer containing 0.1% SDS v/v, transferred to
a nitrocellulose membrane, and stained with Ponceau S. Membranes
were incubated with a primary antibody cocktail that targeted complex
|-V (ab110411, Abcam), and a single monoclonal against myoglobin
(ab77232, Abcam). This was followed by anti-mouse or anti-rabbit
fluorochrome-conjugated secondary antibodies (IRDye 680RD and
800RD, Li-Cor). Images were acquired using the Odyssey® ClLx imager
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(Li-Cor). Image analysis and densitometric quantification of specific
protein bands were performed using Image Studio 2.1 (Li-Cor).

Indirect immunofluorescence staining
of myosin heavy chain isotypes

For skeletal muscle fibre typing, skeletal muscle biopsies were embed-
ded in optimal cutting temperature compound and cryosectioned
to 10pum thickness and mounted onto high quality polylysine or
superfrost slides. Sections were fixed by immersion in a Coplin jar in
pre-chilled 100% methanol at —20°C, permeabilized in 0.5% Nonident
P-40, washed, and then blocked with 3% donkey serum. Primary
antibodies targeting slow skeletal myosin heavy chain (ab11083,
Abcam) were applied and incubated overnight at 4°C. Specifically
bound antibodies were detected with a secondary anti-mouse
fluorophore-conjugated antibody (Li-Cor) and DAPI was added to
visualize DNA. Immunofluorescence was analysed using wide-field
fluorescence microscopy (IX81 microscope, Olympus) by an experi-
enced microscopist at 20x eye-lens magnification. Myofibres positive
for slow myosin heavy chain (oxidative fibres) were counted.

Statistics

Statistical analyses were prespecified and followed the intention-
to-treat principle. Data are presented as mean =+ standard deviation,
median (25th—75th percentile), or frequencies (%). Normality was
checked with the Shapiro—Wilk test. Pearson’s or Spearman rank
coefficients were determined to assess correlations. Intragroup com-
parisons were made with a paired Student’s t-test or a Wilcoxon
signed-rank test. Intergroup comparisons at 2 weeks were conducted
with an analysis of covariance (ANCOVA) with baseline variable val-
ues as covariate. The treatment effect (change in FDI arm — change
in placebo arm) was calculated. Missing data were imputed using the
mean value for the treatment group. Sensitivity analyses without impu-
tation and with a post hoc Markov chain-Monte Carlo imputation with
10 iterations were performed and showed consistent results unless
otherwise stated. All statistical tests were two-sided and we judged
a p-value <0.05 significant. All analyses were carried out using SPSS
version 27 (IBM SPSS, New York, NY, USA).

Results

Baseline skeletal muscle mitochondrial
respiration

The baseline characteristics of the 40 patients were broadly similar
in the treatment arms (Table 7). Of the 40 randomized patients,
one in the FDI arm did not attend a week 2 visit because of
hospitalization, and four in the FDI arm and two in the placebo
arm declined a week 2 skeletal muscle biopsy. Baseline values for
all respirometry indices in the total population are summarized in
Table 2. These were broadly similar between the treatment groups
(Figure 7).

Ferric derisomaltose and skeletal muscle
mitochondrial respiration

From baseline to week 2, complex Iz activity, which reflects
respiration above non-phosphorylating LEAK respiration that

Table 1 Baseline characteristics

Placebo Ferric
(n=19) derisomaltose
(n=217)
Age, years 62+13 70+12
Men 13 (68) 16 (76)
Caucasian ethnicity 14 (74) 17 (81)
Body mass index, kg/m? 30+7 29+4
Ischaemic aetiology 10 (53) 11 (52)
Hypertension 13 (64) 13 (62)
Diabetes mellitus 10 (53) 10 (48)
Atrial fibrillation/flutter 4(21) 6 (29)
Left ventricular ejection 37+8 37+8
fraction, %
NYHA class I 10 (53) 9 (43)
Systolic blood pressure, 122+17 124+ 16
mmHg
Diastolic blood pressure, 71+ 14 73+10
mmHg
Heart rate, bpm 71+11 72+10
6-min walking distance, m 313+ 67 324+79
Resting skeletal muscle pH 7.01+0.04 7.02+0.03
PCr recovery halftime, s 33+9 35+12
Ferritin, ng/ml 59 (39-79) 34 (18-50)
<30 4(21) 6 (29)
<100 19 (100) 21 (100)
Serum iron, pmol/L 11+6 13+4
<13 14 (74) 11 (52)
Transferrin saturation, % 18+10 21+8
<20 13 (68) 10 (48)
Soluble transferrin receptor, 40+1.5 3.6+0.8
mg/L
Haemoglobin, g/L 128 +£20 130+£15
Creatinine, pmol/L 108 + 34 121 +39
C-reactive protein, mg/L 5(1-10) 6 (3-9)
Medications
Diuretics 12 (63) 14 (67)
ACE-inhibitor, ARB, or 17 (89) 16 (76)
ARNI
Beta-blockers 16 (84) 18 (86)
Mineralocorticoid 12 (63) 12 (57)
receptor antagonists
Digoxin 4(21) 6 (29)
Anticoagulants 3(16) 6 (29)
Antiplatelets 13 (68) 13 (62)

Data are mean + standard deviation, n (%), or median (25th—75th percentile).
ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; ARNI,
angiotensin receptor—neprilysin inhibitor; NYHA, New York Heart Association;
PCr, phosphocreatine.

generates ATP with electron provision via complex |, increased by
12% (0.02 nmol/min/mg) in the FDI group and decreased by 22%
(0.03 nmol/min/mg) in the placebo arm. The primary comparison of
complex |t respiration at 2 weeks was higher in patients random-
ized to FDI with a treatment effect of 0.05 nmol/min/mg (p =0.01).
This result persisted after post hoc adjustment for both baseline
complex lygr and week 2 systolic blood pressure (p=0.01) or
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Table 2 Baseline skeletal muscle respiration

Variable

LEAK 0.06 +0.06
Complex | 0.20 (0.13-0.36)
Complex I 0.36 (0.23-0.54)
Complex 1&ll 0.52+0.29

ETS 0.45+0.27
Complex Igr 0.15 (0.08-0.29)
Complex I\t 0.31+0.22
Complex 1&ll\et 0.45+0.26
ETSNET 0.39+£0.25
RCRApp 2.98 (2.08-5.80)
PE 1.18+0.38

Complex l/Complex I&l 0.46 (0.34-0.64)

Variables are expressed in nmol/min/mg except for RCR,pp, PE, and complex
I/complex &Il which are dimensionless ratios. Data are mean =+ standard devia-
tion or median (25th—75th percentile).

ADP, adenosine diphosphate; ETS, electron transport system capacity; PE,
phosphorylation system control ratio; RCR, respiratory control ratio.

week 2 resting skeletal muscle pH (p=0.01), and in the absence
of imputation (treatment effect 0.09 nmol/min/mg, p =0.03). Indi-
vidual patient values at baseline and week 2 for each group are
shown in online supplementary Figure S71. No significant corre-
lations were observed between changes in total and net com-
plex | activities with baseline iron indices (TSAT, ferritin, serum
iron, soluble transferrin receptor) or the deviation of haemoglobin
from World Health Organization criteria (online supplementary
Figure S17).

Similarly, from baseline to week 2, total complex I-linked res-
piration increased by 51% (0.11 nmol/min/mg) in the FDI group
but also increased by 27% (0.04 nmol/min/mg) in the placebo arm.
At 2 weeks, complex I-linked respiration was higher in patients
randomized to FDI with a treatment effect of 0.07 nmol/min/mg
(p=0.02). This result persisted after post hoc adjustment for
both baseline complex I-linked respiration and week 2 systolic
blood pressure (p=0.02) or week 2 resting skeletal muscle pH
(p=0.02) but not in the absence of imputation (treatment effect
0.01 nmol/min/mg, p =0.12). FDI had no impact on other indices
of mitochondrial respiration and efficiency although there was a
trend for increased P/E (p =0.06) and complex I/complex I&Il ratio
(p=0.10) with FDI.

Ferric derisomaltose and skeletal muscle
complex I-1V protein levels

Expression of mitochondrial complex |-V protein levels not only
determine the activity of these enzymes but are also surrogates
of mitochondrial abundance. From baseline to week 2, skeletal
muscle complex | expression increased by 126% (p=0.15) in
the FDI group and by 98% (p=0.008) in placebo patients with
no intergroup difference at week 2 (Figure 2A,B). There were no
differences in complex II-V expression.

Ferric derisomaltose and skeletal muscle
myoglobin and oxidative fibre type
content

Skeletal muscle myoglobin levels (Figure 2C,D) and the proportion
of slow twitch oxidative muscle fibres were not different between
the treatment groups at week 2 (Figure 3).

Discussion

Skeletal muscle energetic augmentation might be a mechanism via
which IV iron confers benefits in heart failure, but this notion
has yet to be substantiated by direct measurement of intrinsic
mitochondrial function, and the specific bioenergetic pathway(s)
involved are unclear. To the best of our knowledge, this is the first
study to show that iron repletion with FDI induces an early and
selective enhancement of complex |-dependent respiration in the
skeletal muscle of heart failure patients. This is despite no change
in mitochondrial abundance as reflected by unaltered complex
I-V protein levels, and despite no change in skeletal muscle fibre
type composition and myoglobin levels (Graphical Abstract). Taken
together, these data support the notion that IV iron repletion
enhances intrinsic skeletal muscle mitochondrial function in heart
failure, and that the complex I-dependent pathway is a site where
early enhancements may occur.

Dynamic 3'P MRS is the only methodology that has so far been
used to probe the impact of iron repletion on human skeletal
muscle energetics. In FERRIC-HF IlI, patients assigned to FDI
(n=21) had faster PCr recovery halftimes on 3'P MRS at 2 weeks
compared to those given placebo (n=19): the treatment effect
was 8s.3 Subsequently, Frise et al.* randomized an iron-deficient
subgroup of healthy individuals to ferric carboxymaltose (n=7)
or placebo (n=6). At the lowest exercise workload (3 W), which
is optimal for assessing oxidative phosphorylation and broadly
similar to the workload applied in FERRIC-HF IlI, PCr recovery
after 1 week was also faster in the IV iron group, with a similar 8s
treatment effect on the recovery halftime (calculated by multiplying
the reported recovery time-constants [t] by 0.693). While this was
not statistically significant, likely due to the small sample size, the
consistency in the direction and magnitude of the treatment effect
in both trials supports an energetic basis for some of the benefits of
IV iron. However, because 3'P MRS assesses mitochondrial capacity
to generate ATP after muscle contraction in vivo, and integrates
not only aspects of mitochondrial content and function per se
but also extra-mitochondrial factors (e.g. skeletal muscle perfusion
and capillary-myocyte oxygen diffusion), additional methods are
needed to resolve the energetic effects of IV iron with greater
granularity.

Respirometry is the gold standard means of directly measur-
ing specific ETC complex activities in whole tissue and careful
appraisal of our data suggests that our patients harboured exag-
gerated bioenergetic deficits at baseline. During respirometry, the
decline in chamber oxygen levels after the addition of substrates
in the absence of ADP is due to background LEAK respiration
which compensates for proton leak and slippage and does not
contribute to ATP synthesis.’® As the main feedback regulator of
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Figure 1 Skeletal muscle respiration. Fresh muscle bundles obtained from vastus lateralis biopsies (A) were subjected to respirometry on a
Hansatech instrument (B) with the activity of the electron transport chain (C) compared between the ferric derisomaltose (FDI) and placebo
groups (D). Substrate oxidation releases energy-rich electrons to the reducing equivalents, nicotinamide adenine dinucleotide (NADH) and flavin
adenine dinucleotide (FADH?2). NADH receives electrons for complex | (Cl)-linked respiration while FADH?2 receives electrons for complex Il
(Cl)-linked respiration. Iron—sulfur (Fe-s) cluster and haem prosthetic groups in ETC proteins Cl, Cll, coenzyme Q (CoQ), complex Il (CllI),
and cytochrome C (Cyt C) facilitate electron transfer which releases redox energy that fuels the generation of the proton gradient that drives
ATP synthesis. Box plots show the median (line), 25th and 75th percentiles (box), and the range (whiskers). ADP, adenosine diphosphate; CI&lI,
complex I&ll; ETS, electron transport system capacity; FDI, ferric derisomaltose; JO,, oxygen consumption; RCR, respiratory control ratio;

P/E, phosphorylation system control ratio.

oxidative phosphorylation rates in vivo, ADP titrated to saturat-
ing concentrations then ramps up electron flux via the complex |
pathway. The responsiveness of the ETC to respiratory control
by ADP is measured by the RCR,p, (ratio of respiration sup-
porting ATP synthesis via complex | to that required to offset
the proton leak) which is a marker of mitochondrial efficiency
that is independent of mitochondrial content. In our cohort, the
baseline RCR,p, (2.98) was ~35% lower than that reported in
an average heart failure cohort (4.8),'® and ~50% lower than that
observed in aged healthy individuals (5.00, 6.13, 6.25).75""8 The
ratio of complex I-linked respiration to maximal coupled respi-
ration (0.45) was also ~25% lower than that reported in both
general heart failure patients (0.60)'® and aged healthy controls
(0.54, 0.56, 0.65, 0.70)."6~"? Thus, at baseline, skeletal muscle mito-
chondria in our cohort appeared to be inefficient and dysfunc-
tional with a lower proportion of electron flow through com-
plex |, i.e. a presumed lower contribution of complex |-dependent
respiration to ATP generation. This is likely due to iron defi-
ciency which, when mild, has been linked to selective reductions
in complex I-dependent respiration in murine cardiac and skeletal

muscle. 202!

Iron repletion with FDI only augmented complex | and complex
I\t activity at 2 weeks implying an early and selective enhancement
of complex I-linked respiration. In the in-vivo setting, this could have
occurred at any site along the complex | pathway. First, FDI might
have improved energetic cascades upstream of complex | (e.g.
glycolysis, Krebs cycle, FA p-oxidation) leading to a greater delivery
of electrons by nicotinamide adenine dinucleotide to complex I.
However, as most of these pathways also supply electrons to
flavin adenine dinucleotide in complex Il, it seems unlikely that
FDI would primarily act at these sites and improve complex |-
but not complex ll-dependent respiration. Second, FDI might have
improved components of oxidative phosphorylation downstream
of complex | (e.g. coenzyme Q, complex lll, complex IV, and
phosphorylating system). However, this is unlikely as complex
ll-linked respiration also depends on these constituents and did
not increase. Thirdly, FDI might have improved skeletal muscle
oxygenation by upregulating myoglobin, or increased mitochondrial
numbers by inducing a greater proportion of oxidative skeletal
muscle fibres that have a higher mitochondrial content. However,
the lack of change in the level of myoglobin, oxidative fibres, and
complex |-V proteins (which reflect mitochondrial abundance) with
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Figure 2 Levels of mitochondrial complex proteins and myoglobin. Complex | to V protein levels normalized to f-actin are shown at baseline
and at week 2 for the ferric derisomaltose (FDI) and placebo groups (A), with representative western blots (B). Similarly, myoglobin protein
levels normalized to f-actin are also shown at baseline and at week 2 for the randomized treatment groups (C) with representative western
blots (D). *p = 0.008 against baseline. Box plots show the median (line), 25th and 75th percentiles (box), and the range (whiskers).

FDI argues against both suggestions. By elimination, therefore, the
likeliest explanation is that FDI might have mediated its main effect
via complex .

Iron repletion could have modulated complex | protein activ-
ity despite not altering complex | protein content. This is because
complex | activity is highly vulnerable to the microenvironment.
This vulnerability is conferred by the fact that complex | is the
largest of the ETC complexes and has a high number of accessory
subunits and Fe-S clusters. Specifically, complex | has the highest
amount of [4Fe-4S] clusters that are more susceptible to oxidative,
nitrosative and inflammatory damage due to their higher redox
potential and greater proximity to reactive species.”'"1222 Addi-
tionally, they are more abundant and play more crucial roles in
electron transfer than [2Fe-2S] clusters or haem, making them bet-
ter targets for regulation and disruption. Attrition of Fe-S clusters
has been reported in mice rendered anaemic from iron deficiency.?
Thus, FDI might have augmented complex | activity by replenish-
ing damaged Fe-S clusters in complex |. Alternatively, FDI might
have replenished Fe-S clusters in the accessory subunits of com-
plex | or induced a conformational shift in complex | from an
inactive to an active form.'” While our substudy cannot answer
these deeper mechanistic questions, the findings are of clinical
relevance.

Our study has potential clinical ramifications. First, it should fur-
ther reassure clinicians that the benefits of IV iron in heart failure,
such as improved symptoms and exercise capacity, have a sound

mechanistic underpinning which should aid clinical uptake of IV
iron repletion. Second, our data imply that the improvements in
post-exercise PCr recovery observed with FDI in FERRIC-HF I
might, in part, be explained by improvements in ETC activity which
could be further targeted to maximise patient outcomes. Addi-
tional strategies to enhance ETC activity could include the use of
coenzyme Q supplements or exercise training.2?> Although only
complex I-linked respiration was enhanced early by FDI, this is still
clinically meaningful as complex | sets the pace for oxidative phos-
phorylation and an increase in its protein content and/or activity is
one of the mechanisms via which other beneficial therapies in heart
failure, such as exercise, work.?® Indeed, only complex | protein lev-
els increased from baseline to week 2 in the placebo group, which
likely reflects an adaptive mitochondrial response to the repeated
exercise testing incorporated into the study protocol. Participants
underwent two 6-min walk tests, two cardiopulmonary exercise
tests, and two in-magnet 3'P MRS exercise bouts, representing a
substantial cumulative skeletal muscle stimulus. Third, our study
reinforces the importance of clinicians actively seeking, investi-
gating, and promptly correcting, systemic iron deficiency in this
cohort. Fourth, it suggests that the presence of energetic deficits
could be used to identify heart failure patients with iron deficiency
who may benefit the most from IV iron. In the absence of dedicated
biomarkers (e.g. 3'P MRS, skeletal muscle ETC assays), such deficits
may be approximated clinically through functional assessments. A
reduced peak oxygen consumption on cardiopulmonary exercise
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Figure 3 Skeletal muscle fibre type composition. The percentage of skeletal muscle fibres expressing slow myosin heavy chain (MHC) isoforms
are shown at baseline and at 2 weeks for the ferric derisomaltose (FDI) and placebo groups. Representative images of immunostained skeletal
muscles are shown above with fibres positive (+) and negative (—) for slow MHC isoforms (= oxidative fibres) marked in the merged image.
Scale bar: 100 pm. Box plots show the median (line), 25th and 75th percentiles (box), and the range (whiskers).

testing offers the most specific correlation with mitochondrial
dysfunction, while a diminished 6-min walking distance is less
specific but provides a pragmatic alternative in resource-limited
settings.?*?’ Additionally, delayed oxygen uptake during submaxi-
mal exertion (on-kinetics) and slower recovery following exercise
(off-kinetics) are considered dynamic, non-invasive markers of sys-
temic mitochondrial impairment.282°

Our study’s strength is the use of the gold standard respirom-
etry method to assess intrinsic skeletal muscle mitochondrial
function within the rigour of a randomized, double-blind,
placebo-controlled trial. The study also had limitations. First,
we chose a short trial duration to minimize attribution of results
to skeletal muscle exercise adaptation, so the effect of FDI
on ETC activity might have been greater with a longer trial.
Second, skeletal muscle iron levels were not quantified due to
the larger tissue sample requirements, the complexity of the
measurements, and the poor correlation between tissue and
systemic iron levels. Third, no adjustments were made for multiple
statistical testing as this was a substudy within a clinical trial
intended to produce hypothesis-generating findings rather than
definitive conclusions. Fourth, the effect of FDI on total complex

| activity was sensitive to imputation likely due to sample size
attrition from some of the patients refusing a second skeletal
muscle biopsy. However, FDI improved complex l\gr respiration
with and without imputation. This is crucial as complex gt
reflects complex I-linked respiration that is truly available for ATP
generation.'®

In conclusion, this is the first study to show that iron repletion
with FDI induces an early and selective enhancement of complex
I-linked respiration in the skeletal muscle of heart failure patients.
This is despite no change in mitochondrial abundance as reflected
by unaltered complex I-V protein levels, and despite no change
in skeletal muscle myoglobin content and fibre type composition.
Taken together, these data support the notion that FDI enhances
intrinsic skeletal muscle mitochondrial function and that the com-
plex I-dependent pathway is a site where early enhancements may
occeur.
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Supporting Information section at the end of the article.

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.



Iron repletion and electron transport in HF

Acknowledgements

We thank the patients who participated in FERRIC-HF Il and
dedicate this work to Professor Mark Monaghan who died on 15th
June 2023.

Funding

FERRIC-HF Il was funded by the British Heart Foundation (FS/14/77/30913)
who had no role in the study beyond financing. D.O.O. and N.A.
(FS/14/77/30913) and A.M.S. (CH/1999001/11735) have received support
from the British Heart Foundation.

Conflict of interest: D.O.O. has received speakers fees and research sup-
port from Pharmacosmos, speakers fees from Vifor, and is a named inven-
tor on a granted patent on the use of intravenous iron in cardiovascular

patients. All other authors have nothing to disclose.

References

1.

Okonko DO, Grzeslo A, Witkowski T, Mandal AK, Slater RM, Roughton M,
et al. Effect of intravenous iron sucrose on exercise tolerance in anemic and
nonanemic patients with symptomatic chronic heart failure and iron deficiency:
FERRIC-HF: A randomized, controlled, observer-blinded trial. | Am Coll Cardiol
2008;51:103—112. https://doi.org/10.1016/j.jacc.2007.09.036

. Anker SD, Comin Colet }, Filippatos G, Willenheimer R, Dickstein K, Drexler H,

et al. FAIR-HF Trial Investigators. Ferric carboxymaltose in patients with heart
failure and iron deficiency. N Engl | Med 2009;361:2436—2448. https://doi.org/10
.1056/NEJM0a0908355

. Charles-Edwards G, Amaral N, Sleigh A, Ayis S, Catibog N, McDonagh T, et al.

Effect of iron isomaltoside on skeletal muscle energetics in patients with chronic
heart failure and iron deficiency. Circulation 2019;139:2386—2398. https://doi.org
/10.1161/CIRCULATIONAHA.118.038516

. Frise MC, Holdsworth DA, Johnson AW, Chung YJ, Curtis MK, Cox P), et al.

Abnormal whole-body energy metabolism in iron-deficient humans despite pre-
served skeletal muscle oxidative phosphorylation. Sci Rep 2022;12:998. https://doi
.org/10.1038/s41598-021-03968-4

. Wilson DF. Oxidative phosphorylation: Regulation and role in cellular and tissue

metabolism. | Physiol 2017;595:7023—7038. https://doi.org/10.1113/JP273839

. Baradaran R, Berrisford JM, Minhas GS, Sazanov LA. Crystal structure of the

entire respiratory complex I. Nature 2013;494:443—-448. https://doi.org/10.1038
/nature11871

. Gnandt E, Dérner K, Strampraad MF), de Vries S, Friedrich T. The mul-

titude of iron-sulfur clusters in respiratory complex I. Biochim Biophys Acta
2016;1857:1068—1072. https://doi.org/10.1016/j.bbabio.2016.02.018

. Xu W, Barrientos T, Mao L, Rockman HA, Sauve AA, Andrews NC. Lethal

cardiomyopathy in mice lacking transferrin receptor in the heart. Cell Rep
2015;13:533-545. https://doi.org/10.1016/j.celrep.2015.09.023

. Barrientos T, Laothamatas |, Koves TR, Soderblom EJ, Bryan M, Moseley MA, et al.

Metabolic catastrophe in mice lacking transferrin receptor in muscle. EBioMedicine
2015;2:1705-1717. https://doi.org/10.1016/j.ebiom.2015.09.041

. Davies KJ, Donovan CM, Refino CJ, Brooks GA, Packer L, Dallman PR. Distin-

guishing effects of anemia and muscle iron deficiency on exercise bioenergetics in
the rat. Am J Physiol 1984;246:E535—E543. https://doi.org/10.1152/ajpendo.1984
.246.6.E535

. Imlay JA. Iron-sulphur clusters and the problem with oxygen. Mol Microbiol

2006;59:1073-1082. https://doi.org/10.1111/j.1365-2958.2006.05028.x

. Johnson DC, Dean DR, Smith AD, Johnson MK. Structure, function, and for-

mation of biological iron-sulfur clusters. Annu Rev Biochem 2005;74:247-281.
https://doi.org/10.1146/annurev.biochem.74.082803.133518

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

. Gnaiger E. Capacity of oxidative phosphorylation in human skeletal mus-

cle: New perspectives of mitochondrial physiology. Int | Biochem Cell Biol
2009;41:1837—-1845. https://doi.org/10.1016/j.biocel.2009.03.013

. Kuznetsov AV, Veksler V, Gellerich FN, Saks V, Margreiter R, Kunz WS. Analaysis

of mitochondrial function in situ in permeabilized muscle fibers, tissues and cells.
Nat Protoc 2008;3:965—976. https://doi.org/10.1038/nprot.2008.61

. Gnaiger E. Mitochondrial pathways and respiratory control. An introduction

to OXPHOS analysis. Bioenerg Commun 2020;2:1—-112. https://doi.org/10.26124
/bec:2020-0002

. Caspi T, Straw S, Cheng C, Garnham JO, Scragg JL, Smith ], et al. Unique

transcriptome signature distinguishes patients with heart failure with myopathy.
J Am Heart Assoc 2020;9:017091. https://doi.org/10.1161/JAHA.120.017091

. Ringholm S, Gudiksen A, Frey Halling J, Qoqaj A, Meizner Rasmussen P, Prats C,

et al. Impact of aging and lifelong exercise training on mitochondrial function
and network connectivity in human skeletal muscle. | Gerontol A Biol Sci Med Sci
2023;78:373-383. https://doi.org/10.1093/gerona/glac164

. Hinkley JM, Yu GX, Standley RA, Distefano G, Tolstikov V, Narain NR, et al.

Exercise and ageing impact the kynurenine/tryptophan pathway and acylcarnitine
metabolite pools in skeletal muscle of older adults. | Physiol 2023;601:2165-2188.
https://doi.org/10.1113/JP284142

. Scandalis L, Kitzman DW, Nicklas BJ, Lyles M, Brubaker P, Nelson MB, et al.

Skeletal muscle mitochondrial respiration and exercise intolerance in patients
with heart failure with preserved ejection fraction. JAMA Cardiol 2023;8:575—-584.
https://doi.org/10.1001/jamacardio.2023.0957

Rineau E, Gueguen N, Procaccio V, Geneviéve F, Reynier P, Henrion D, et al. Iron
deficiency without anemia decreases physical endurance and mitochondrial com-
plex | activity of oxidative skeletal muscle in the mouse. Nutrients 2021;13:1056.
https://doi.org/10.3390/nu13041056

Chung B, Wang Y, Thiel M, Rostami F, Rogoll A, Hirsch VG, et al. Preemptive
iron supplementation prevents myocardial iron deficiency and attenuates adverse
remodelling after myocardial infarction. Cardiovasc Res 2023;119:1969-1980.
https://doi.org/10.1093/cvr/cvad092

Vernis L, El Banna N, Baille D, Hatem E, Heneman A, Huang ME. Fe-S
clusters emerging as targets of therapeutic drugs. Oxid Med Cell Longev
2017;2017:3647657. https://doi.org/10.1155/2017/3647657

Maguire J), Davies K|, Dallman PR, Packer L. Effects of dietary iron deficiency
of iron-sulfur proteins and bioenergetic functions of skeletal muscle mito-
chondria. Biochim Biophys Acta 1982;679:210-220. https://doi.org/10.1016/0005
-2728(82)90292-4

Mortensen SA, Rosenfeldt F, Kumar A, Dolliner P, Filipiak K], Pella D, et al;
Q-SYMBIO Study Investigators. The effect of coenzyme Q10 on morbidity
and mortality in chronic heart failure: Results from Q-SYMBIO: A randomized
double-blind trial. JACC Heart Fail 2014;2:641—649. https://doi.org/10.1016/j.jchf
.2014.06.008

Gusdon AM, Callio |, Distefano G, O’Doherty RM, Goodpaster BH, Coen PM,
et al. Exercise increases mitochondrial complex | activity and DRP1 expression
in the brains of aged mice. Exp Gerontol 2017;90:1—13. https://doi.org/10.1016/j
.exger.2017.01.013

Mau T, Lui LY, Distefano G, Kramer PA, Ramos SV, Toledo FGS, et al. Mitochon-
drial energetics in skeletal muscle are associated with leg power and cardiorespi-
ratory fitness in the study of muscle, mobility and aging. | Gerontol A Biol Sci Med
Sci 2023;78:1367—1375. https://doi.org/10.1093/geronalglac238

Kestenbaum B, Gamboa J, Liu S, Ali AS, Shankland E, Jue T, et al. Impaired skeletal
muscle mitochondrial bioenergetics and physical performance in chronic kidney
disease. JCl Insight 2020;5:e133289. https://doi.org/10.1172/jci.insight.133289
Santana J, Enzner T, Blunderfield B, Mendelson A, Villar R. Development of a stan-
dardized single-session cardiopulmonary exercise test for combined assessment
of peak oxygen uptake and on/off-kinetics. Exp Physiol 2025;110:1271-1282.
https://doi.org/10.1113/EP092337 Published online ahead of print 20/03/25.
Cohen-Solal A, Laperche T, Morvan D, Geneves M, Caviezel B, Gourgon R. Pro-
longed kinetics of recovery of oxygen consumption after maximal graded exercise
in patients with chronic heart failure. Analysis with gas exchange measurements
and NMR spectroscopy. Circulation 1995;91:2924-2932. https://doi.org/10.1161
/01.¢ir.91.12.2924

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.


https://doi.org/10.1016/j.jacc.2007.09.036
https://doi.org/10.1016/j.jacc.2007.09.036
https://doi.org/10.1056/NEJMoa0908355
https://doi.org/10.1056/NEJMoa0908355
https://doi.org/10.1056/NEJMoa0908355
https://doi.org/10.1161/CIRCULATIONAHA.118.038516
https://doi.org/10.1161/CIRCULATIONAHA.118.038516
https://doi.org/10.1161/CIRCULATIONAHA.118.038516
https://doi.org/10.1038/s41598-021-03968-4
https://doi.org/10.1038/s41598-021-03968-4
https://doi.org/10.1038/s41598-021-03968-4
https://doi.org/10.1113/JP273839
https://doi.org/10.1113/JP273839
https://doi.org/10.1038/nature11871
https://doi.org/10.1038/nature11871
https://doi.org/10.1038/nature11871
https://doi.org/10.1016/j.bbabio.2016.02.018
https://doi.org/10.1016/j.bbabio.2016.02.018
https://doi.org/10.1016/j.celrep.2015.09.023
https://doi.org/10.1016/j.celrep.2015.09.023
https://doi.org/10.1016/j.ebiom.2015.09.041
https://doi.org/10.1016/j.ebiom.2015.09.041
https://doi.org/10.1152/ajpendo.1984.246.6.E535
https://doi.org/10.1152/ajpendo.1984.246.6.E535
https://doi.org/10.1152/ajpendo.1984.246.6.E535
https://doi.org/10.1111/j.1365-2958.2006.05028.x
https://doi.org/10.1111/j.1365-2958.2006.05028.x
https://doi.org/10.1146/annurev.biochem.74.082803.133518
https://doi.org/10.1146/annurev.biochem.74.082803.133518
https://doi.org/10.1016/j.biocel.2009.03.013
https://doi.org/10.1016/j.biocel.2009.03.013
https://doi.org/10.1038/nprot.2008.61
https://doi.org/10.1038/nprot.2008.61
https://doi.org/10.26124/bec:2020-0002
https://doi.org/10.26124/bec:2020-0002
https://doi.org/10.26124/bec:2020-0002
https://doi.org/10.1161/JAHA.120.017091
https://doi.org/10.1161/JAHA.120.017091
https://doi.org/10.1093/gerona/glac164
https://doi.org/10.1093/gerona/glac164
https://doi.org/10.1113/JP284142
https://doi.org/10.1113/JP284142
https://doi.org/10.1001/jamacardio.2023.0957
https://doi.org/10.1001/jamacardio.2023.0957
https://doi.org/10.3390/nu13041056
https://doi.org/10.3390/nu13041056
https://doi.org/10.1093/cvr/cvad092
https://doi.org/10.1093/cvr/cvad092
https://doi.org/10.1155/2017/3647657
https://doi.org/10.1155/2017/3647657
https://doi.org/10.1016/0005-2728(82)90292-4
https://doi.org/10.1016/0005-2728(82)90292-4
https://doi.org/10.1016/0005-2728(82)90292-4
https://doi.org/10.1016/j.jchf.2014.06.008
https://doi.org/10.1016/j.jchf.2014.06.008
https://doi.org/10.1016/j.jchf.2014.06.008
https://doi.org/10.1016/j.exger.2017.01.013
https://doi.org/10.1016/j.exger.2017.01.013
https://doi.org/10.1016/j.exger.2017.01.013
https://doi.org/10.1093/gerona/glac238
https://doi.org/10.1093/gerona/glac238
https://doi.org/10.1172/jci.insight.133289
https://doi.org/10.1172/jci.insight.133289
https://doi.org/10.1113/EP092337
https://doi.org/10.1113/EP092337
https://doi.org/10.1161/01.cir.91.12.2924
https://doi.org/10.1161/01.cir.91.12.2924
https://doi.org/10.1161/01.cir.91.12.2924

	Ferric derisomaltose augments intrinsic skeletal muscle electron transport chain activity in heart failure: A FERRIC-HF II molecular substudy
	Introduction
	Methods
	Study design
	Skeletal muscle biopsies
	Preparation of permeabilized myofibers
	Respirometry
	Protein immunoblots
	Indirect immunofluorescence staining of myosin heavy chain isotypes
	Statistics
	Results
	Baseline skeletal muscle mitochondrial respiration
	Ferric derisomaltose and skeletal muscle mitochondrial respiration
	Ferric derisomaltose and skeletal muscle complex I-IV protein levels
	Ferric derisomaltose and skeletal muscle myoglobin and oxidative fibre type content
	Discussion
	Supplementary Information
	Acknowledgements
	Funding
	References

