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Abstract: In COPD patients, non-anemic iron deficiency (NAID) is a common systemic manifestation.
We hypothesized that in COPD patients with NAID, iron therapy may improve systemic oxidative
stress. The FACE (Ferinject assessment in patients with COPD and iron deficiency to improve exercise
tolerance) study was a single-blind, unicentric, parallel-group, placebo-controlled clinical trial (trial
registry: 2016-001238-89). Sixty-six patients were enrolled (randomization 2:1): iron arm, n = 44
and placebo arm, n = 22, with similar clinical characteristics. Serum levels of 3-nitrotyrosine, MDA-
protein adducts, and reactive carbonyls, catalase, superoxide dismutase (SOD), glutathione, Trolox
equivalent antioxidant capacity (TEAC), and iron metabolism biomarkers were quantified in both
groups. In the iron-treated patients compared to placebo, MDA-protein adducts and 3-nitrotyrosine
serum levels significantly declined, while those of GSH increased and iron metabolism parameters
significantly improved. Hepcidin was associated with iron status parameters. This randomized
clinical trial evidenced that iron replacement elicited a decline in serum oxidative stress markers
along with an improvement in GSH levels in patients with stable severe COPD. Hepcidin may be
a surrogate biomarker of iron status and metabolism in patients with chronic respiratory diseases.
These findings have potential clinical implications in the management of patients with severe COPD.

Keywords: non-anemic iron deficient (NAID) COPD patients; pathophysiological mechanisms; iron
metabolism; redox balance; iron replacement as a therapeutic opportunity

1. Introduction

Chronic obstructive pulmonary disease (COPD) patients frequently experience acute
exacerbations that further deteriorate their lung function, as well as other systemic mani-
festations, which are very common in these patients, leading to poor exercise capacity and
quality of life [1-3]. The homeostasis of iron is a complex process tightly regulated by many
chemical reactions and molecules. Oxygen transport, mitochondrial respiration, DNA
synthesis, and cellular metabolism, are processes in which iron plays a crucial role [4,5].
Lung function, as well as other systemic manifestations, are very common in these pa-
tients [6]. In these patients, anemia and NAID were of prognosis value in clinical settings
during both acute exacerbations and in the stable disease [7-10]. Moreover, alterations
in iron metabolism also take place in other conditions during acute and chronic phases,
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particularly in hyperinflammatory states [11,12]. Hepcidin, a hormone involved in the
regulation of iron flow between plasma and reservoirs and from the gastrointestinal tract,
is also a marker of inflammation as an acute phase reactant [13-15] and can be regulated
by many other factors [16-19].

Oxidative stress, defined as the imbalance between oxidants and antioxidants, un-
derlies the pathophysiology of acute and chronic lung diseases, including COPD [20-22].
Systemic manifestations are also characterized by a rise in oxidative stress events both at
the systemic level and in specific organs, such as skeletal muscles in patients with severe
COPD [1,23,24]. Several cellular and non-cellular processes, such as the Fenton reaction,
characterized by the interaction between hydrogen peroxide and iron, contribute to the
synthesis of oxidants within the cells [25-27].

Indirect indices of oxidative stress are commonly used to assess the oxidative status
in tissues and fluids under different conditions [28-31]. As such, 3-nitrotyrosine, malon-
dialdehyde (MDA)-protein adducts and reactive carbonyls are counted among the most
frequently detected markers of oxidative stress [21,31,32]. Enzymatic and non-enzymatic
antioxidant molecules scavenge oxidant species in tissues in order to keep their levels
within the normal ranges [33,34]. Indirect markers of antioxidants are also commonly
explored in tissues and cells [27,28]. Oxidants that escape the action of antioxidants modify
key cellular structures that favor an oxidative environment.

In a recent study [35], treatment with iron for four weeks induced a significant im-
provement in clinical outcomes, including the endurance time of the maximal exercise
capacity. Iron replacement for several weeks also elicited beneficial effects in patients with
ID anemia, particularly in oxidative stress markers, characterized by a decline after the
treatment compared to baseline [36,37]. Whether levels of indirect oxidative stress markers
may also decline in patients with severe COPD following a protocol of iron replacement
remains to be answered. Likewise, whether levels of antioxidant markers may increase in
response to iron treatment still needs to be confirmed.

On this basis, we hypothesized that in COPD patients with NAID, treatment with iron
might improve systemic oxidative stress and antioxidant levels. Specifically, redox balance
as measured by the identification of prooxidant and antioxidant markers was thoroughly
assessed in the systemic compartment of the study patients. Hence, a clinical trial was
specifically designed to address this question. Accordingly, the study objectives were to an-
alyze the following markers in placebo and iron-treated groups of patients: (1) serum levels
of 3-nitrotyrosine, MDA-protein adducts, and reactive carbonyls, (2) antioxidants, such
as catalase, superoxide dismutase (SOD), glutathione, and Trolox equivalent antioxidant
capacity (TEAC), and (3) iron metabolism, including hepcidin.

2. Materials and Methods
2.1. Study Population, Design, and Ethics

The FACE (Ferinject assessment in patients with COPD and iron deficiency to improve
exercise tolerance) study was a single-blind, unicentric, parallel-group, placebo-controlled
clinical trial following the Consolidated Standards of Reporting Trials (CONSORT) guide-
lines [38]. FACE was registered in EudraCT with the number 2016-001238-89. As seen
in Figure 1, a total of 200 patients were consecutively screened to participate in this trial
from the COPD Clinics in the Department of Respiratory Medicine at Hospital del Mar
(Barcelona, Spain) from January 2018 to January 2020. The research followed the guide-
lines of the World Medical Association for Research in Humans (Seventh revision of the
Declaration of Helsinki, Fortaleza, Brazil, 2013). The study was approved by the local
Ethics Committee at Hospital del Mar (CEIm Parc de Salut Mar, registration # 2016/6730).
All the participating patients signed their written informed consent. For more detailed
information on the clinical and physiological results, see reference [35].
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Figure 1. Flowchart of the FACE trial according to CONSORT guidelines. Definition of abbreviations: COPD, chronic
obstructive pulmonary disease; ID, iron deficiency.

2.2. Inclusion Criteria

Eligible participants were Chronic obstructive pulmonary disease (COPD) patients
who were diagnosed according to the Global Strategy of Management of COPD patients
(GOLD) criteria [39] and with NAID (hemoglobin > 12 g/dL in women and >13 g/dL in
men, ferritin < 100 ng/mL or ferritin 100-299 ng/mL with a transferrin saturation < 20%) [40,41]
or with mild anemia (hemoglobin levels between 12 and 13 g/dL in men, and 11 and 12 g/dL
in women) [42]. From the initial 200 patients, only 37% (N = 74) fulfilled the required
criteria to participate in this trial: clinically stable for at least 8 weeks prior to study entry,
and the age range was from 40 to 80 years old. During the course of the study, five
patients were excluded due to a COPD exacerbation, one was lost in the follow-up, and
two did not respond to iron replacement. Sixty-six patients were finally enrolled and were
subsequently randomized to intravenous iron (N = 44) or placebo (N = 22) treatment in a
2:1 ratio (Figure 1). Out of the 44 patients in the treated group, four (9.1%) presented mild
anemia, while in the placebo group, only one patient exhibited mild anemia.

2.3. Iron Replacement: Placebo and Treatment Arms

In the iron-treated patients, ferric carboxymaltose solution (Ferinject®, Vifor, St. Gallen,
Switzerland), 10 mL-injections containing either 500 mg ferric carboxymaltose (diluted
in 250 mL 0.9% normal saline) or 20 mL, depending on the patient’s body weight and
hemoglobin levels following the manufacturer’s product label of the Spanish Agency of
Drugs, were administered for 15 min while the patient was resting. In the placebo patients,
250 mL 0.9% normal saline was injected for 15 min while the patients were also resting
(Figure 1). In order to keep the blinding process to the patients, the clinical trial pharmacist
prepared both placebo and ferric carboxymaltose infusions using an opaque dark coverage
to avoid the potential identification by the patients of the treatment arm.
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2.4. Exclusion Criteria

Exclusion criteria for study patients included: (1) Cardiovascular (heart failure with
left ventricle fraction ejection below 60%), neurological, kidney, musculoskeletal alter-
ations, or uncontrolled psychiatric disorders; (2) other respiratory diseases (e.g., asthma,
bronchiectasis, long-term oxygen therapy, or obstructive sleep apnea syndrome); (3) obe-
sity (body mass index > 30 kg/m?); (4) history of potentially bleeding conditions, preg-
nancy or breast-feeding, chronic liver disease, or active oncologic disease; (5) allergy
or hypersensitivity to parenteral iron administration or any of the excipients; (6) poly-
cythemia, hemoglobin < 12 g/dL in men and <11 g/dL in women; (7) treatment in the
previous month with erythropoietin, iron (oral or intravenous), transfusions, or any kind
of sex-related hormones; (8) antibiotics intake and/or systemic corticosteroids in the previ-
ous three months, and (9) participation in another clinical trial simultaneously or in the
previous year.

2.5. Anthropometric and Lung Function Assessment

Body mass index (BMI) and determination of fat-free mass index (FFMI) were evalu-
ated using bioelectrical impedance [43,44]. Evaluation of lung function was determined
through spirometry, static lung volumes, diffusion capacity, and blood gases using well-
established procedures and reference values [45-47].

2.6. Blood Samples

Blood samples were obtained from the arm vein after an overnight fasting period
at baseline (before treatment administration) and four weeks after intravenous ferric car-
boxymaltose or the placebo administration. The following blood parameters: hemoglobin,
hematocrit, mean corpuscular (erythrocyte) volume (MCV), mean corpuscular hemoglobin
(MCH), mean corpuscular hemoglobin concentration (MCHC), serum iron, transferrin,
transferrin saturation, serum ferritin, and soluble transferrin receptor were evaluated.
In order to determine levels of the target redox balance markers, blood samples were
collected into vacuette® serum tubes (with clot activator). Blood samples were centrifuged
at 1600x g for 15 min to obtain the serum, which was preserved for the study purposes.
All the patient samples were immediately stored at —80 °C for further use.

2.7. Molecular Biology Analysis

Interleukin 6 (IL-6). Protein levels of IL-6 were quantified in serum from all of the
study subjects using a RayBio® Human IL-6 ELISA kit (RayBiotech, Norcross, GA, USA)
following the manufacturer’s instructions and previously described methodologies [30].
Once samples and reagents were equilibrated to room temperature, 100 pL of serum and
standards were added to each well. The plate was incubated at room temperature for 2.5 h.
The samples were washed four consecutive times to be incubated at room temperature
with the biotinylated antibody for one hour. After four more washes, streptavidin solution
was added to each well and samples were incubated at room temperature for 45 additional
minutes. Subsequently, after four washes, TMB substrate reagent was poured into each
well at room temperature in the dark for 30 min. Finally, the enzymatic reaction was
stopped upon the addition of the stop reaction. The absorbance was read at 450 nm in all
the samples. A standard curve was always generated with each assay run. Intra-assay
coefficients of variation for all the samples ranged from 0.12% to 9.56%.

Hepcidin-25. The determination of Hepcidin-25 concentration in serum samples was
analyzed using a Human hepcidin (Hepc) ELISA kit (Biorbyt, Cambridgeshire, UK) follow-
ing the manufacturer’s instructions. All reagents and samples needed to be equilibrated
to room temperature before being used. Briefly, 50 uL 5-fold diluted samples or standard
and 50 uL HRP-conjugate were added in each well of the hepcidin antibody pre-coated
microplate. Samples were incubated at 37 °C for one hour and were then washed 3 more
times. Subsequently, 50 pL substrate A and 50 pL substrate B were poured and incubated
at 37 °C for 15 min. Finally, the enzymatic reaction was terminated by adding 50 uL of the
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stop solution. Immediately afterward, the optical densities (absorbance) in each well were
determined at 450 nm wavelength. A standard curve was always generated with each assay
run. Intra-assay coefficients of variation for all the samples ranged from 0.10% to 10.57%.
No reference values for serum hepcidin concentration in patients have been reported so far.
Nonetheless, similar values to the ones shown in the current investigation were previously
published [48].

3-Nitrotyrosine (3-NT). The determination of 3-nitrotyrosine concentration in serum
samples was analyzed using an Elabscience® 3-NT(3-Nytrotyrosine) ELISA kit (Elabscience,
Houston, TX, USA) following the manufacturer’s instructions and previously described
methodologies [49]. All reagents needed to be equilibrated at room temperature before
the beginning of the ELISA procedures. Thus, 50 uL 7-fold diluted serum samples and
standards were added in the corresponding wells of the 3-nitrotyrosine antibody pre-coated
microplates. Subsequently, samples were incubated at 37 °C with the biotinylated antibody
for 45 min. After three consecutive washes, HRP conjugate working solution was added
to each well, and the samples were then incubated at 37 °C for 30 min. Finally, after five
additional washes, the samples were incubated at 37 °C with the substrate reagent for
15 more minutes. Following this incubation, the enzyme-substrate reaction was stopped by
adding the stop solution. The optical densities in each well were determined by reading the
absorbance of the samples at 450 nm wavelength. A standard curve was always generated
with each assay run. Intra-assay coefficients of variation for all the samples ranged from
0.02% to 9.48%.

Malondialdehyde-protein adducts. Levels of MDA-protein adducts were measured
in serum using the OxiSelect™ MDA Adduct Competitive ELISA Kit (Cell Biolabs, Inc.,
San Diego, CA, USA) following the specific manufacturer’s instructions and previously
described methodologies [29]. In brief, 50 uL serum and MDA-BSA standards were added
to the MDA conjugate preabsorbed ELISA plate. The samples were then incubated at room
temperature for 10 min. Subsequently, the primary antibody was added and incubated
at room temperature for one hour. After three washes, the samples were incubated with
the HRP conjugated secondary antibody at room temperature for an hour. Subsequently,
the plate was washed three more times, and the substrate solution was incubated at room
temperature for 20 min. Afterward, the enzyme reaction was stopped by adding 100 uL
of the stop solution to each well. The absorbances were read in each well at 450 nm
wavelength. A standard curve was always generated with each assay run. Intra-assay
coefficients of variation for all the samples ranged from 0.02% to 9.38%.

Protein carbonylation. Protein carbonyls levels in the serum samples were deter-
mined using an OxiSelect™ Protein Carbonyl ELISA kit (Cell Biolabs, Inc., San Diego,
CA, USA) following the manufacturer’s instructions and previously described methodolo-
gies [29,49]. The protein concentrations of serum samples were determined using Bradford
methodologies. Briefly, 10 pg/mL protein sample and BSA standards were added to the
corresponding wells. The samples were incubated at 37 °C for two hours. Following three
washes, dinitrophenylhydrazine (DNPH) was added to each well, and the samples were
incubated at room temperature in the dark for 45 min. After seven washes, the samples
were incubated with blocking solution for one hour and were also washed three more times.
Then, the primary anti-DNP antibody was poured into each well, and the samples were
then incubated at room temperature for one hour. Micro-plate wells were washed three
additional times to let the samples incubate with HRP conjugated secondary antibody at
room temperature for one hour. Finally, after five more washes, the samples were incubated
with substrate solution for 15 min. The enzymatic reaction was terminated by adding the
stop solution to each well. Absorbance was read at 450 nm. A standard curve was always
generated with each assay run. Intra-assay coefficients of variation for all the samples
ranged from 0.02% to 8.16%.

Reduced glutathione (GSH). GSH was measured in the serum samples using the Hu-
man Reduced Glutathione (GSH) ELISA Kit (MyBioSource, San Diego, CA, USA) following
the specific manufacturer’s instructions and previously described methodologies [49].
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All reagents and samples needed to be equilibrated to room temperature (18-25 °C) before
starting the procedure. Briefly, 50 uL samples and standards were added to each well
and incubated with horseradish (HRP)-conjugate reagent at 37 °C for 60 min. After four
washes, 50 uL chromogen solution A and 50 pL chromogen solution B were added to each
well. The samples were then incubated at 37 °C in the dark for 15 min. Finally, 50 uL of
the stop solution was incubated for five minutes, and the absorbance in each sample was
read at 450 nm wavelength. A standard curve was always generated with each assay run.
Intra-assay coefficients for all the samples ranged from 0.10% to 9.19%.

Catalase. The catalase activity of serum samples was determined using a Catalase
Assay kit (Cayman Chemical, Ann Arbor, MI, USA) following the manufacturer’s instruc-
tions and previously described methodologies [29,30,50]. All reagents were equilibrated
to room temperature before beginning the assay. Briefly, 20 uL samples, standards, and
positive control were diluted in 100 uL assay buffer, which was added to the corresponding
wells. Subsequently, 30 L methanol was poured into each well, and the reaction took
place by adding 20 puL hydrogen peroxide. Following a 20- minute incubation on a shaker
at room temperature, 30 uL potassium hydroxide was added to terminate the reaction.
Subsequently, 30 uL of catalase purpald (chromogen) was incubated with the samples for
ten minutes. Finally, 10 pL catalase potassium periodate was incubated with the samples
at room temperature for 5 min and the absorbances were read at 540 nm wavelength.
A standard curve was always generated with each assay run. Intra-assay coefficients of
variation for all the samples ranged from 0.02% to 9.78%.

Superoxide Dismutase (SOD). SOD activity in serum was analyzed using the Superox-
ide Dismutase Assay Kit (Cayman Chemical, Ann Arbor, MI, USA) following the manu-
facturer’s instructions and previously described methodologies [29,30,50]. The reagents
were equilibrated to room temperature before beginning the assay. Briefly, serum was
diluted 1:5 with sample buffer before assaying for SOD activity. Subsequently, 10 uL of the
diluted samples, standards, and 200 pL of the diluted Radical Detector was added to the
designated wells on the plates. To initiate the enzymatic reaction, 20 uL xanthine oxidase
was added to the wells. The samples were incubated at room temperature for 30 min, and
the absorbances were read at 440 nm. A standard curve was always generated with each
assay run. Intra-assay coefficients of variation for all the samples ranged from 0.06% to
9.57%.

Serum levels of Trolox Equivalent Antioxidant Capacity (TEAC). Total antioxidant
capacity within serum samples was analyzed, measuring the levels of TEAC using the
OxiSelect™ Trolox Equivalent Antioxidant Capacity TEAC Assay Kit (ABST) (Cell Biolabs,
Inc., San Diego, CA, USA) following the manufacturer’s instructions. Briefly, 25 uL of
the 20-fold diluted serum samples was added to each well. Subsequently, 150 uL of the
diluted 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) reagent was mixed
vigorously with the samples to be incubated for five minutes. Finally, the absorbances were
read at 405 nm wavelength. A standard curve was always generated with each assay run.
Antioxidant activity was determined by comparison with the Trolox standards. Intra-assay
coefficients of variation for all the samples ranged from 0.04% to 4.83%.

2.8. Statistical Analysis

The normality of all the variables was tested using the Shapiro-Wilk test and his-
tograms. Hepcidin, a key regulator of iron entry into circulation and a reliable indicator
of iron status in humans [48], was selected as the target variable to calculate the sample
size. To accept an alpha risk of 0.05 and a beta risk of 0.2 (80% power) in a two-sided test, a
minimum of 21 patients in the placebo arm and 42 patients in the iron arm were required
to detect a minimum difference of 150 ng/mL hepcidin levels. Statistical significance was
established at p < 0.05. Delta values were also calculated for all the clinical and biological
variables. Clinical parameters, iron status, and IL-6 are expressed as mean (standard devia-
tion), while the remainder of the variables are expressed as median and interquartile ranges.
The following comparisons in the two study groups were made: (1) at baseline between the
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two study groups using independent-sample Student’s T-tests, (2) post-treatment between
the two study groups using either parametric (independent-sample Student’s T-test) and
non-parametric (Mann-Whitney U test) tests as required, (3) delta changes between the
two study groups, using either parametric (independent-sample Student’s T-test) and
non-parametric (Mann-Whitney U test) tests as required, and (4) within each particular
group, post- and pre-treatment comparisons using either parametric (paired T-test) and
non-parametric (Wilcoxon signed-rank test) tests as required. Clinical data are shown
in two tables, while biological results are illustrated in violin plots: absolute values in A
panels and delta change values in B panels.

Pearson’s correlation coefficients were also determined between serum hepcidin-25 levels
and the other study variables, including those of iron metabolism. All the statistical analy-
ses were performed using the software SPSS (Version 23.0, SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Clinical Characteristics at Baseline

A total of 66 patients participated in the study (n = 44 in the iron-treated group).
No statistically significant differences were seen in any of the anthropometric, smoking
history, or lung function variables at baseline (Table 1). The number of female and male
patients did not significantly differ between the two study groups (Table 1).

Table 1. Clinical characteristics of the study patients at baseline.

Placebo (N = 22) Iron (N = 44)
Anthropometry
Age, years 69.2 (5.4) 66.8 (7.3)
Males/females 16/6 26/18
BMI, kg/m? 25.1(2.9) 24.4 (3.4)
FFMI, kg/m? 16.14 (1.8) 15.9 (2.1)
Smoking status
Ex-smoker, N (%) 13 (59.1) 20 (45.5)
Active, N (%) 9 (40.9) 24 (54.5)
Packs-year 56.3 (36.0) 51.5 (25.8)
Pulmonary Function
FEVy, L 1.3 (0.3) 1.4 (0.6)
FEV1, % predicted 47.0 (10.6) 51.6 (13.5)
FVC,L 3.0(0.7) 2.8 (0.8)
FVC, % 84.5 (13.1) 80.7 (12.6)
FEV,/FVC, % 43.5(9.1) 48.7 (10.4)
RV, % 175.9 (40.6) 176.3 (44.4)
RV/TLC, % 59.3 (7.1) 60.0 (12.8)
TLC, % 108.5 (15.1) 110.4 (16.1)
DLco, % 53.0 (16.7) 52.3 (12.6)
KCO, % 57.1 (16.2) 55.0 (12.4)
Arterial blood gas
PaO,, kPa 10.4 (0.9) 10.2 (1.1)
PaCO,, kPa 5.1 (0.6) 5.1 (0.5)

Data are presented as mean (SD). Abbreviations: BMI, body mass index; FFMI, fat-free mass index; N, number
of patients; FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; RV, residual volume; TLC, total
lung capacity; DLCO, carbon monoxide diffusion capacity corrected for hemoglobin concentration; KCO, Krough
transfer factor; PaO2, oxygen partial pressure; PaCO2, carbon dioxide partial pressure.

3.2. Clinical Characteristics Following Iron Replacement

In iron-treated COPD patients, the following parameters were modified after iron
replacement compared to baseline: MCV, MCH, serum iron, ferritin, transferrin saturation,
transferrin, and soluble transferrin receptor (Table 2). At the post-treatment time-point,
the following markers were also modified in the iron-treated patients compared to the
placebo group: MCH, serum iron, ferritin, transferrin saturation, and transferrin (Table 2).
Moreover, deltas obtained from the difference between post-iron and baseline values were
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statistically different between iron-treated and placebo groups for the following variables:
MCV, MCH, serum iron, ferritin, transferrin saturation, transferrin, and soluble transferrin
receptor (Table 2). Interestingly, in the iron-treated patients, absolute serum hepcidin
levels were significantly higher after iron replacement than baseline levels (Figure 2A).
Furthermore, the delta of hepcidin levels between baseline and post-iron replacement was
also significantly greater in the iron-treated than in the placebo COPD patients (Figure 2B).
Absolute serum hepcidin post-treatment levels significantly and positively correlated
with ferritin serum levels (r = 0.699, p = 0.000), while negatively correlated with soluble
transferrin receptors and almost significantly with transferrin levels (r = —0.332, p = 0.048
and r = —0.273, p = 0.08, respectively). Levels of the cytokine IL-6 did not differ between
the study groups for any of the time-points (Table 2).

Table 2. Iron metabolism and inflammatory parameters of the study patients at baseline and after treatment.

Placebo (N = 22) Iron (N =44)
Pre Post A Pre Post A
Iron status
Hemoglobin, g/dL 14.9 (1.2) 15.0 (1.2) +0.1(0.7) 14.5 (1.2) 15.7 (4.8) +1.3 (4.8)
Hematocrit, % 45.0 (3.5) 455 (3.6) +0.5 (2.8) 43.6 (3.7) 45.1 (4.0) *** +1.6 (2.3)
MCV, fl 90.3 (4.7) 89.8 (5.7) —0.5(2.2) 90.6 (3.7) 91.9 (3.8) *** +1.4 (1.8) *##
MCH, pg 29.8 (2.1) 29.6 (2.3) —0.3(0.7) 30.1(1.7) 30.6 (1.5) #**$ +0.5 (0.8) ###
MCHC, g/dL 33.0 (1.1) 329 (1.2) —0.2(1.1) 33.2 (1.0) 33.3(1.1) +0.1(0.8)
Serum iron, ug/dL 83.8 (36.4) 89.3 (26.0) +5.4 (37.1) 82.5 (32.5) 108.7 (31.2) ***$ +26.2 (36.4) *
Ferritin, ng/mL 69.0 (42.4) 64.3 (41.6) —4.6(184)  61.9(362)  3422(176.0) =55 1280.3 (178.9) ###
Transferrin saturation, %  22.6 (10.1) 23.2 (7.4) +0.5 (9.6) 22.5(11.1) 34.8 (11.1) #*+55% +12.2 (11.0) ##
Transferrin, g/dL 271.3(36.9)  277.0(29.2)  +8.6(23.7)  277.0(41.9)  227.5(33.5) ***555 —49.5 (38.0) ###
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3.2.1. Oxidative Stress Markers

Absolute serum levels of both 3-nitrotyrosine and MDA-protein adducts were not
significantly modified either at baseline or following iron replacement in any of the two
study groups (Figures 3A and 4A, respectively). Nonetheless, a significant decline in both
serum 3-nitrotyrosine and MDA-protein adduct levels were detected in the iron-treated
group compared to the placebo when delta values were calculated (Figures 3B and 4B,
respectively). Interestingly, in the iron-treated patients, absolute serum levels of reactive
carbonyls significantly increased following treatment compared to baseline, while no
significant differences were seen in the placebo group of patients (Figure 5A). Furthermore,
the delta values were also significantly increased in the iron-treated group compared to the
placebo patients (Figure 5B).

A B
_ ns. .
% 150 m 40 #
n.s. °
3 ns 3
£ 100 ns. . g 20
oI T a
S E \ g
235 2
°@ s 0
£L5 g £ —
& )
e | A
S 5 20
@ 0 H
Pre Post Pre Post <
: : —40
Placebo Iron + Placebo Iron +

Figure 3. Violin plots of absolute 3-nitrotyrosine levels in serum of all COPD patient groups (A) and delta (post-pre) of
serum 3-nitrotyrosine levels in placebo and iron-treated groups (B). The dashed line represents the median and the dotted
lines the interquartile ranges. Statistical significance: n.s., no significance; # p < 0.05 between iron and placebo treatment.
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Figure 4. Violin plots of absolute MDA-protein adduct levels in serum of all COPD patient groups (A) and delta (post-pre)
of serum MDA-protein adduct levels in placebo and iron-treated groups (B). The dashed line represents the median and
the dotted lines the interquartile ranges. Statistical significance: n.s., no significance; # p < 0.05 between iron and placebo
treatment. Definition of abbreviations: MDA, malondialdehyde.
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dotted lines the interquartile ranges. Statistical significance: n.s., no significance; * p < 0.05 between post-iron and pre-iron

treatment; # p < 0.05between iron and placebo treatments.

Serum GSH levels (umoliL)

-9
(=]

(2]
[=]

)
o

—
(=]

o

3.2.2. Antioxidant Markers

In the iron-treated patients, absolute serum levels of the antioxidant GSH increased
following iron replacement compared to baseline, whereas no differences were detected
in the placebo patients (Figure 6A). The delta values did not differ between placebo and
iron-treated COPD patients (Figure 6B).
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Figure 6. Violin plots of absolute GSH levels in serum of all COPD patient groups (A) and delta (post-pre) of serum GSH

levels in placebo and iron-treated groups (B). The dashed line represents the median and the dotted lines the interquartile

ranges. Statistical significance: n.s., no significance; * p < 0.05 between post-iron and pre-iron treatment. Definition of

abbreviations: GSH, reduced glutathione.

No statistically significant differences were seen in absolute serum catalase or SOD
levels between time-points in the treated group of patients (p = 0.110 for catalase levels,
Figures 7 and 8, respectively). Delta values did not differ between placebo and treated
patients for either catalase or SOD serum levels (Figures 7 and 8). Absolute serum Trolox
levels significantly declined following iron replacement in the treated patients compared to
baseline, while no differences were seen in the placebo group (Figure 9A). No differences
between placebo and iron-treated patients were detected in delta values of Trolox serum
levels (Figure 9B).
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Figure 7. Violin plots of absolute catalase activity in serum of all COPD patient groups (A) and delta (post-pre) of serum
catalase activity levels in placebo and iron-treated groups (B). The dashed line represents the median and the dotted lines
the interquartile ranges. Statistical significance: n.s., no significance.
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Figure 8. Violin plots of absolute SOD activity in serum of all COPD patient groups (A) and delta (post-pre) of serum
SOD activity levels in placebo and iron-treated groups (B). The dashed line represents the median and the dotted lines the
interquartile ranges. Statistical significance: n.s., no significance. Definition of abbreviations: SOD, superoxide dismutase.
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Figure 9. Violin plots of absolute Trolox equivalents levels in serum of all COPD patient groups (A) and delta (post-pre)
of serum Trolox equivalents levels in placebo and iron-treated groups (B). The dashed line represents the median and
the dotted lines the interquartile ranges. Statistical significance: n.s., no significance; ** p < 0.01 between post-iron and
pre-iron treatment.
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4. Discussion

In the current investigation, the most relevant findings were that iron replacement
induced a series of modifications in markers of iron metabolism as well as in red blood
cell features. These results evidenced that treatment was effectively administered in the
patients. Importantly, a significant decline in the markers of oxidative stress along with an
increase in the antioxidant GSH was detected in the patients treated with iron compared to
the placebo control group. A discussion of the most relevant results follows.

The clinical characteristics of the patients were similar in both groups. Following iron
replacement, markers of iron metabolism significantly improved compared to baseline in
the treated patients. Moreover, the delta change of the iron metabolism variables between
the iron-treated and the placebo groups of patients also significantly improved in the former
patients compared to the latter. These findings are consistent with previous investigations
conducted in patients with liver surgery and anemic diseases [28,51-53]. Collectively, these
results suggest that iron replacement favored the optimization of iron metabolism even in
non-anemic patients. Interestingly, no significant differences were seen in IL-6 levels after
treatment with iron, findings that had also been previously reported [51].

NAID is very prevalent among patients with COPD [54,55]. NAID can also be under-
diagnosed in these patients as a result of an increase in ferritin levels related to inflammatory
processes, which would enhance its prevalence even more in actual clinical settings [11,56].
Among the potential therapeutic strategies, intravenous iron therapy was shown to exert
beneficial effects in terms of clinical symptoms and quality of life in patients with chronic
heart failure with and without anemia [57]. In the current clinical investigation, intravenous
iron therapy was well tolerated in the treated patients, and their clinical symptoms also
improved after the trial [35].

Significant associations among indicators of iron metabolism status were detected in
the study. As such, hepcidin significantly correlated with ferritin and the soluble transferrin
receptor in patients treated with iron. These findings are similar to those encountered
previously [58-60], in which hepcidin levels also correlated with several iron parameters.
Collectively, these results point towards the potential value of hepcidin as an indicator
of iron status in patients with chronic respiratory diseases. Future studies should target
hepcidin as a biomarker of iron metabolism and prognosis in chronic disease.

In the present study, in the iron-treated group, serum oxidative stress levels sig-
nificantly declined as measured by 3-nitrotyrosine and MDA-protein adduct markers.
Furthermore, the serum levels of the powerful antioxidant GSH increased in the iron-
treated group. Similar results were found in iron-deficient anemic patients, in whom
MDA-protein adducts also decreased following iron replacement [37]. Collectively, these
findings suggest that iron replacement may have contributed to lowering the levels of
oxidative stress in COPD patients in as low as four weeks (duration of the study protocol).
As redox signaling and oxidative stress are related to iron availability [61], restoration of
the iron deposits following iron replacement may have contributed to a reduction in serum
oxidative stress levels in COPD patients [62]. The results obtained in the study are also
consistent with those previously reported [36], in which several oxidative stress markers
were reduced in response to iron replacement.

A rise in serum reactive carbonyl levels, however, was detected in the iron-treated
group following intravenous iron administration for four weeks. These findings are
consistent with previously reported studies in which protein carbonylation levels also
increased following iron replacement in patients with renal failure [63] and anemic pa-
tients [64]. The fact that more elemental free iron becomes available in response to iron
treatment may account for the rise in reactive carbonyls detected in the iron-treated patients.
Further research should focus on the elucidation of the mechanisms that underlie increased
reactive carbonyls in the serum compartment of patients receiving iron therapy.
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Study Limitations

One of the limitations is related to the fact that the clinical trial was single-blind
and was only conducted in one center. Nonetheless, evidence has been obtained from
a randomized clinical trial in which severe COPD patients with NAID were carefully
selected. Another limitation may be related to the fact almost half of the patients in each
group were active smokers. Nonetheless, as smoking history did not significantly differ
between the two study groups, this issue may not have had any substantial implications in
the study results. Moreover, the target population represents a realistic cohort of COPD
patients. Interestingly, the proportions of male and female patients were similar in both
study groups. Thus, gender differences probably did not play a significant role in the study.
In summary, the results reported herein may serve as the basis for the design of future
research at a multicentric level.

5. Conclusions

This randomized clinical trial evidenced that iron replacement elicited a decline in
serum oxidative stress markers along with an improvement in serum GSH levels in patients
with stable severe COPD. Hepcidin may be a surrogate biomarker of iron status and
metabolism in patients with chronic respiratory diseases. These findings have potential
clinical implications in the management of patients with severe COPD, as NAID is a
prevalent systemic manifestation in these patients.

Author Contributions: Study conception and design: D.A.R.-C., E.B., and C.M-O.; patient assess-
ment, recruitment, and iron administration: C.M.-O., D.A.R.-C., AR.-P,, L.P,, and M.A_; laboratory
experiments and analysis: M.P.-P. and E.B.; statistical analyses and data interpretation: X.D., M.P-P.,,
D.AR.-C.,,CM.-O,, and E.B.; manuscript drafting and intellectual input: E.B., M.P.-P., D.A.R.-C., and
C.M.-O.; manuscript writing final version: E.B. All authors have read and agreed to the published
version of the manuscript.

Funding: This study has been funded by Instituto de Salud Carlos-III: contract grants FIS 17/00649
and 18/00075 [FEDER]), BA 17/00025, CIBERES; Spanish Respiratory Society (SEPAR) 409/2017;
Catalan Foundation of Pulmonology (FUCAP) 2017; and an unrestricted grant from Vifor Pharma
2018. Vifor Pharma did not have any role in the study or statistical analyses.

Institutional Review Board Statement: The research followed the guidelines of the World Medical
Association for Research in Humans (Seventh revision of the Declaration of Helsinki, Fortaleza,
Brazil, 2013). The study was approved on 14 June, 2016 by the local Ethics Committee at Hospital del
Mar (CEIm Parc de Salut Mar, registration # 2016/6730). All the participating patients signed their
written informed consent.

Informed Consent Statement: All patients signed the informed written consent to participate in the
registry. The information remained confidential at all times and no personal information related to
any of the participants was introduced in the database.

Data Availability Statement: The datasets are available from the corresponding authors upon
reasonable request.

Conflicts of Interest: The authors have none to disclose regarding this study.

1. Jaitovich, A.; Barreiro, E. Skeletal Muscle Dysfunction in Chronic Obstructive Pulmonary Disease. What We Know and Can Do
for Our Patients. Am. J. Respir. Crit. Care Med. 2018, 198, 175-186. [CrossRef]

2. Kwan, H.Y.;; Maddocks, M.; Nolan, C.M.; Jones, S.E.; Patel, S.; Barker, R.E.; Kon, S.5.C.; Polkey, M.I,; Cullinan, P.; Man, W.D.-C.
The prognostic significance of weight loss in chronic obstructive pulmonary disease-related cachexia: A prospective cohort study.
J. Cachexia Sarcopenia Muscle 2019, 10, 1330-1338. [CrossRef]

3. Shrikrishna, D.; Patel, M.; Tanner, R.J.; Seymour, ].M.; Connolly, B.A.; Puthucheary, Z.A.; Walsh, S.L.F,; Bloch, S.A; Sidhu, P.S.;
Hart, N.; et al. Quadriceps wasting and physical inactivity in patients with COPD. Eur. Respir. J. 2012, 40, 1115-1122. [CrossRef]

4. Volani, C.; Paglia, G.; Smarason, S.; Pramstaller, P.; Demetz, E.; Pfeifhofer-Obermair, C.; Weiss, G. Metabolic Signature of Dietary
Iron Overload in a Mouse Model. Cells 2018, 7, 264. [CrossRef] [PubMed]

5. Muckenthaler, M.; Rivella, S.; Hentze, M.; Galy, B. A Red Carpet for Iron Metabolism. Cell 2017, 168, 344-361. [CrossRef]


http://doi.org/10.1164/rccm.201710-2140CI
http://doi.org/10.1002/jcsm.12463
http://doi.org/10.1183/09031936.00170111
http://doi.org/10.3390/cells7120264
http://www.ncbi.nlm.nih.gov/pubmed/30544931
http://doi.org/10.1016/j.cell.2016.12.034

Biomedicines 2021, 9, 1191 14 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

Pizzini, A.; Aichner, M.; Sonnweber, T.; Tancevski, I.; Weiss, G.; Loffler-Ragg, J. The Significance of iron deficiency and anemia in
a real-life COPD cohort. Int. J. Med. Sci. 2020, 17, 2232. [CrossRef]

Cloonan, S.M.; Mumby, S.; Adcock, LM.; Choi, A.M.K.; Chung, K.E; Quinlan, G.J. The iron-y of iron overload and iron deficiency
in chronic obstructive pulmonary disease. Am. J. Respir. Crit. Care Med. 2017, 196, 1103-1112. [CrossRef]

Boutou, A K.; Karrar, S.; Hopkinson, N.S.; Polkey, M.I. Anemia and Survival in Chronic Obstructive Pulmonary Disease:
A Dichotomous rather than a Continuous Predictor. Respiration 2013, 85, 126-131. [CrossRef]

Martinez-Rivera, C.; Portillo, K.; Mufioz-Ferrer, A.; Martinez-Ortiz, M.L.; Molins, E.; Serra, P.; Ruiz-Manzano, J.; Morera, J.
Anemia is a Mortality Predictor in Hospitalized Patients for COPD Exacerbation. COPD |. Chronic Obstr. Pulm. Dis. 2012, 9,
243-250. [CrossRef] [PubMed]

Portillo, K.; Martinez-Rivera, C.; Ruiz-Manzano, J. Anaemia in chronic obstructive pulmonary disease. Does it really matter?
Int. J. Clin. Pract. 2013, 67, 558-565. [CrossRef] [PubMed]

Cappellini, M.D.; Comin-Colet, J.; de Francisco, A.; Dignass, A.; Doehner, W.; Lam, C.S.; Macdougall, I.C.; Rogler, G.; Camaschella,
C.; Kadir, R; et al. Iron deficiency across chronic inflammatory conditions: International expert opinion on definition, diagnosis,
and management. Am. J. Hematol. 2017, 92, 1068-1078. [CrossRef] [PubMed]

Weiss, G. Iron and anemia of chronic disease. Kidney Int. 1999, 55, S12-S17. [CrossRef]

Duruy, S.; Bilgin, E.; Ardig, S. Hepcidin: A useful marker in chronic obstructive pulmonary disease. Ann. Thorac. Med. 2012, 7, 31.
[CrossRef] [PubMed]

Kossiva, L.; Soldatou, A.; Gourgiotis, D.I.; Stamati, L.; Tsentidis, C. Serum hepcidin: Indication of its role as an “acute phase’
marker in febrile children. Ifal. . Pediatr. 2013, 39, 25. [CrossRef] [PubMed]

Roy, J.E.; Shanthi, B.; Selvi, V.S.K. Serum Hepcidin as an Inflammatory Marker in Chronic Kidney Disease. J. Pharm. Res. Int. 2020,
32, 40-45. [CrossRef]

Chen, L.; Ma, B.; Liu, X,; Hao, Y.; Yang, X.; Liu, M. HyO, induces oxidative stress damage through the BMP-6/SMAD /hepcidin
axis. Dev. Growth Differ. 2020, 62, 139-146. [CrossRef] [PubMed]

Imam, M.U.; Zhang, S.; Ma, J.; Wang, H.; Wang, F. Antioxidants Mediate Both Iron Homeostasis and Oxidative Stress. Nutrients
2017, 9, 671. [CrossRef] [PubMed]

Schmidt, PJ. Regulation of Iron Metabolism by Hepcidin under Conditions of Inflammation *. J. Biol. Chem. 2015, 290, 18975-18983.
[CrossRef]

Trinder, D.; Ayonrinde, O.T.; Olynyk, ].K. HCV, Iron, and Oxidative Stress: The New Choreography of Hepcidin. Gastroenterology
2008, 134, 348-351. [CrossRef]

Hecker, L. Mechanisms and consequences of oxidative stress in lung disease: Therapeutic implications for an aging populace.
Am. ]. Physiol. Cell. Mol. Physiol. 2018, 314, L642-L653. [CrossRef]

Thimmulappa, R K.; Chattopadhyay, I.; Rajasekaran, S. Oxidative Stress Mechanisms in the Pathogenesis of Environmental Lung
Diseases. Oxidative Stress Lung Dis. 2020, 2, 103-137. [CrossRef]

Van der Vliet, A ; Janssen-Heininger, YM.W.; Anathy, V. Oxidative stress in chronic lung disease: From mitochondrial dysfunction
to dysregulated redox signaling. Mol. Asp. Med. 2018, 63, 59-69. [CrossRef]

Barreiro, E.; Peinado, V.I; Galdiz, ].B.; Ferrer, E.; Marin-Corral, J.; Sanchez, F; Gea, ].; Barbera, ].A. Cigarette Smoke-induced
Oxidative Stress. Am. J. Respir. Crit. Care Med. 2012, 182, 477-488. [CrossRef]

Barnes, P.J. Oxidative stress-based therapeutics in COPD. Redox Biol. 2020, 33, 101544. [CrossRef]

Emerit, J.; Beaumont, C.; Trivin, F. Iron metabolism, free radicals, and oxidative injury. Biomed. Pharmacother. 2001, 55, 333-339.
[CrossRef]

Papanikolao, G.; Pantopoulos, K. Iron metabolism and toxicity. Toxicol. Appl. Pharmacol. 2005, 202, 199-211. [CrossRef]

Prats, M.; Font, R.; Garcia, C.; Mufioz-Cortés, M.; Cabré, C.; Jariod, M.; Romeu, M.; Giralt, M.; Martinez-Vea, A. Oxidative
stress markers in predicting response to treatment with ferric carboxymaltose in nondialysis chronic kidney disease patients.
Clin. Nephrol. 2014, 81, 419-426. [CrossRef]

Altun, D.; Kurekci, A.E.; Gursel, O.; Hacthamdioglu, D.O.; Kurt, I.; Aydin, A.; Ozcan, O. Malondialdehyde, Antioxidant Enzymes,
and Renal Tubular Functions in Children with Iron Deficiency or Iron-Deficiency Anemia. Biol. Trace Elem. Res. 2014, 161, 48-56.
[CrossRef]

Barreiro, E.; Fermoselle, C.; Mateu-Jimenez, M.; Sdnchez-Font, A.; Pijuan, L.; Gea, J.; Curull, V. Oxidative stress and inflammation
in the normal airways and blood of patients with lung cancer and COPD. Free Radic. Biol. Med. 2013, 65, 859-871. [CrossRef]
Puig-Vilanova, E.; Rodriguez, D.A.; Lloreta, J.; Ausin, P.; Pascual-Guardia, S.; Broquetas, J.; Roca, J.; Gea, J.; Barreiro, E.
Oxidative stress, redox signaling pathways, and autophagy in cachectic muscles of male patients with advanced COPD and lung
cancer. Free Radic. Biol. Med. 2015, 79, 91-108. [CrossRef] [PubMed]

Zinellu, E.; Zinellu, A.; Fois, A.; Carru, C.; Pirina, P. Circulating biomarkers of oxidative stress in chronic obstructive pulmonary
disease: A systematic review. Respir. Res. 2016, 17, 150. [CrossRef]

Marrocco, I.; Altieri, F; Peluso, I. Measurement and Clinical Significance of Biomarkers of Oxidative Stress in Humans.
Oxid. Med. Cell. Longev. 2017, 2017, 6501046. [CrossRef]

Ighodaro, O.M.; Akinloye, O.A. First line defence antioxidants-superoxide dismutase (SOD), catalase (CAT) and glutathione
peroxidase (GPX): Their fundamental role in the entire antioxidant defence grid. Alex. J. Med. 2018, 54, 287-293. [CrossRef]

7


http://doi.org/10.7150/ijms.46163
http://doi.org/10.1164/rccm.201702-0311PP
http://doi.org/10.1159/000338792
http://doi.org/10.3109/15412555.2011.647131
http://www.ncbi.nlm.nih.gov/pubmed/22360381
http://doi.org/10.1111/ijcp.12125
http://www.ncbi.nlm.nih.gov/pubmed/23679907
http://doi.org/10.1002/ajh.24820
http://www.ncbi.nlm.nih.gov/pubmed/28612425
http://doi.org/10.1046/j.1523-1755.1999.055Suppl.69012.x
http://doi.org/10.4103/1817-1737.91562
http://www.ncbi.nlm.nih.gov/pubmed/22347348
http://doi.org/10.1186/1824-7288-39-25
http://www.ncbi.nlm.nih.gov/pubmed/23618075
http://doi.org/10.9734/jpri/2020/v32i1230558
http://doi.org/10.1111/dgd.12650
http://www.ncbi.nlm.nih.gov/pubmed/32012242
http://doi.org/10.3390/nu9070671
http://www.ncbi.nlm.nih.gov/pubmed/28657578
http://doi.org/10.1074/jbc.R115.650150
http://doi.org/10.1053/j.gastro.2007.11.048
http://doi.org/10.1152/ajplung.00275.2017
http://doi.org/10.1007/978-981-32-9366-3_5
http://doi.org/10.1016/j.mam.2018.08.001
http://doi.org/10.1164/rccm.200908-1220OC
http://doi.org/10.1016/j.redox.2020.101544
http://doi.org/10.1016/S0753-3322(01)00068-3
http://doi.org/10.1016/j.taap.2004.06.021
http://doi.org/10.5414/CN108166
http://doi.org/10.1007/s12011-014-0084-7
http://doi.org/10.1016/j.freeradbiomed.2013.08.006
http://doi.org/10.1016/j.freeradbiomed.2014.11.006
http://www.ncbi.nlm.nih.gov/pubmed/25464271
http://doi.org/10.1186/s12931-016-0471-z
http://doi.org/10.1155/2017/6501046
http://doi.org/10.1016/j.ajme.2017.09.001

Biomedicines 2021, 9, 1191 15 of 16

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.
57.

58.

Kasapoglu, M.; Ozben, T. Alterations of antioxidant enzymes and oxidative stress markers in aging. Exp. Gerontol. 2001, 36,
209-220. [CrossRef]

Martin, C.; Rodd, A.; Echeverria, D.; Admetlls, M.; Duran, X.; Alvarado, M.; Gea, ].; Barreiro, E.; Rodriguez, D. Intravenous iron
replacement improves exercise tolerance in COPD: A randomised trial. Arch. Bronconeumol. 2021. [CrossRef]

Kurtoglu, E.; Ugur, A,; Baltaci, A.K.,; Undar, L. Effect of iron supplementation on oxidative stress and antioxidant status in
iron-deficiency anemia. Biol. Trace Elem. Res. 2003, 96, 117-123. [CrossRef]

Sundaram, R.; Selvaraj, N.; Vijayan, G.; Bobby, Z.; Hamide, A.; Rattina Dasse, N. Increased plasma malondialdehyde and
fructosamine in iron deficiency anemia: Effect of treatment. Biomed. Pharmacother. 2007, 61, 682—-685. [CrossRef] [PubMed]
Moher, D.; Hopewell, S.; Schulz, K.F; Montori, V.; Getzsche, P.C.; Devereaux, PJ.; Elbourne, D.; Egger, M.; Altman, D.G.
CONSORT 2010 explanation and elaboration: Updated guidelines for reporting parallel group randomised trials. BM] 2010, 340,
869. [CrossRef] [PubMed]

Global Initiative for Chronic Obstructive Lung Disease. GOLD 2021. 2021. Available online: www.goldcopd.org (accessed on
7 September 2021).

Barberan-Garcia, A.; Rodriguez, D.A.; Blanco, I; Gea, J.; Torralba, Y.; Arbillaga-Etxarri, A.; Barbera, J.A.; Vilaro, J.; Roca, J.;
Orozco-Levi, M. Non-anaemic iron deficiency impairs response to pulmonary rehabilitation in COPD. Respirology 2015, 20,
1089-1095. [CrossRef]

Anker, S.D.; Comin Colet, J.; Filippatos, G.; Willenheimer, R.; Dickstein, K.; Drexler, H.; Liischer, T.F,; Bart, B.; Banasiak, W.;
Niegowska, J.; et al. Ferric Carboxymaltose in Patients with Heart Failure and Iron Deficiency. N. Engl. ]. Med. 2009, 361,
2436-2448. [CrossRef] [PubMed]

World Health Organization. Haemoglobin Concentrations for the Diagnosis of Anaemia and Assessment of Severity; WHO: Geneva,
Switzerland, 2011.

Barreiro, E.; Salazar-Degracia, A.; Sancho-Mufioz, A.; Gea, ]. Endoplasmic reticulum stress and unfolded protein response profile
in quadriceps of sarcopenic patients with respiratory diseases. J. Cell. Physiol. 2019, 234, 11315-11329. [CrossRef]
Puig-Vilanova, E.; Martinez-Llorens, J.; Ausin, P; Roca, J.; Gea, J.; Barreiro, E. Quadriceps muscle weakness and atrophy are
associated with a differential epigenetic profile in advanced COPD. Clin. Sci. 2015, 128, 905-921. [CrossRef]

Roca, J.; Burgos, F.; Barbera, ].A.; Sunyer, J.; Rodriguez-Roisin, R.; Castellsagué, J.; Sanchis, J.; Antoo, ].M.; Casan, P.; Clausen, J.L.
Prediction equations for plethysmographic lung volumes. Respir. Med. 1998, 92, 454—460. [CrossRef]

Roca, J.; Burgos, E; Sunyer, |.; Saez, M.; Chinn, S.; Anto, J.; Rodriguez-Roisin, R.; Quanjer, P.; Nowak, D.; Burney, P. References
values for forced spirometry. Group of the European Community Respiratory Health Survey. Eur. Respir. J. 1998, 11, 1354-1362.
[CrossRef] [PubMed]

Roca, J.; Vargas, C.; Cano, I; Selivanov, V.; Barreiro, E.; Maier, D.; Falciani, F.; Wagner, P.; Cascante, M.; Garcia-Aymerich, J.; et al.
Chronic Obstructive Pulmonary Disease heterogeneity: Challenges for health risk assessment, stratification and management.
J. Transl. Med. 2014, 12, S3. [CrossRef] [PubMed]

Taheri, N.; Mojerloo, M.; Hadad, M.; Mirkarimi, H.; Nejad, R.; Joshaghani, H. Comparison of serum levels of hepcidin and
pro-hepcidin in hemodialysis patients and healthy subjects. Saudi J. Kidney Dis. Transpl. 2015, 26, 34-38. [CrossRef] [PubMed]
Mateu-Jiménez, M.; Sanchez-Font, A.; Rodriguez-Fuster, A.; Aguild, R; Pijuan, L.; Fermoselle, C.; Gea, J.; Curull, V.; Barreiro, E.
Redox imbalance in lung cancer of patients with underlying chronic respiratory conditions. Mol. Med. 2016, 22, 85-98. [CrossRef]
Barreiro, E.; Rabinovich, R.; Marin-Corral, J.; Barbera, J.A.; Gea, J.; Roca, J. Chronic endurance exercise induces quadriceps
nitrosative stress in patients with severe COPD. Thorax 2009, 64, 13-19. [CrossRef]

Assouline, B.; Benoliel, A.; Zamberg, I.; Legouis, D.; Delhumeau, C.; Favre, M.; Andres, A.; Toso, C.; Samii, K.; Schiffer, E.
Intravenous iron supplementation after liver surgery: Impact on anemia, iron, and hepcidin levels—a randomized controlled
trial. Surgery 2021, 170, 813-821. [CrossRef]

Onken, J.E.; Bregman, D.B.; Harrington, R.A.; Morris, D.; Acs, P.; Akright, B.; Barish, C.; Bhaskar, B.S.; Smith-Nguyen, G.N.;
Butcher, A.; et al. A multicenter, randomized, active-controlled study to investigate the efficacy and safety of intravenous ferric
carboxymaltose in patients with iron deficiency anemia. Transfusion 2014, 54, 306-315. [CrossRef]

Soppi, E. Intravenous iron—Personal experience of 1000 consecutive infusions. Clin. Case Rep. Rev. 2020, 6. [CrossRef]

Nickol, A.H.; Frise, M.C.; Cheng, H.-Y.; McGahey, A.; McFadyen, B.M.; Harris-Wright, T.; Bart, N.K.; Curtis, M.K.; Khandwala,
S.; O'Neill, D.P; et al. A cross-sectional study of the prevalence and associations of iron deficiency in a cohort of patients with
chronic obstructive pulmonary disease. BMJ Open 2015, 5, e007911. [CrossRef]

Silverberg, D.S.; Mor, R.;; Weu, M.T.; Schwartz, D.; Schwartz, I.LE; Chernin, G. Anemia and iron deficiency in COPD patients: Preva-
lence and the effects of correction of the anemia with erythropoiesis stimulating agents and intravenous iron. BMC Pulm. Med.
2014, 14, 24. [CrossRef]

Weiss, G.; Goodnough, L.T. Anemia of Chronic Disease. N. Engl. ]. Med. 2009, 352, 1011-1023. [CrossRef] [PubMed]
Ponikowski, P; van Veldhuisen, D.].; Comin-Colet, J.; Ertl, G.; Komajda, M.; Mareev, V.; McDonagh, T.; Parkhomenko, A.; Tavazzi,
L.; Levesque, V.; et al. Beneficial effects of long-term intravenous iron therapy with ferric carboxymaltose in patients with
symptomatic heart failure and iron deficiency. Eur. Heart . 2015, 36, 657-668. [CrossRef] [PubMed]

Choi, H.S.; Song, S.H.; Lee, ].H.; Kim, H.-J.; Yang, H.R. Serum hepcidin levels and iron parameters in children with iron deficiency.
Korean ]. Hematol. 2012, 47, 286-292. [CrossRef]


http://doi.org/10.1016/S0531-5565(00)00198-4
http://doi.org/10.1016/j.arbres.2021.08.011
http://doi.org/10.1385/BTER:96:1-3:117
http://doi.org/10.1016/j.biopha.2007.06.013
http://www.ncbi.nlm.nih.gov/pubmed/17698317
http://doi.org/10.1136/bmj.c869
http://www.ncbi.nlm.nih.gov/pubmed/20332511
www.goldcopd.org
http://doi.org/10.1111/resp.12591
http://doi.org/10.1056/NEJMoa0908355
http://www.ncbi.nlm.nih.gov/pubmed/19920054
http://doi.org/10.1002/jcp.27789
http://doi.org/10.1042/CS20140428
http://doi.org/10.1016/S0954-6111(98)90291-8
http://doi.org/10.1183/09031936.98.11061354
http://www.ncbi.nlm.nih.gov/pubmed/9657579
http://doi.org/10.1186/1479-5876-12-S2-S3
http://www.ncbi.nlm.nih.gov/pubmed/25472887
http://doi.org/10.4103/1319-2442.148730
http://www.ncbi.nlm.nih.gov/pubmed/25579713
http://doi.org/10.2119/molmed.2015.00199
http://doi.org/10.1136/thx.2008.105163
http://doi.org/10.1016/j.surg.2021.03.020
http://doi.org/10.1111/trf.12289
http://doi.org/10.15761/CCRR.1000492
http://doi.org/10.1136/bmjopen-2015-007911
http://doi.org/10.1186/1471-2466-14-24
http://doi.org/10.1056/NEJMra041809
http://www.ncbi.nlm.nih.gov/pubmed/15758012
http://doi.org/10.1093/eurheartj/ehu385
http://www.ncbi.nlm.nih.gov/pubmed/25176939
http://doi.org/10.5045/kjh.2012.47.4.286

Biomedicines 2021, 9, 1191 16 of 16

59.

60.

61.

62.

63.

64.

Cherian, S.; Forbes, D.; Cook, A.; Sanfilippo, E.; Kemna, E.; Swinkels, D.; Burgner, D. An insight into the relationships between
hepcidin, anemia, infections and inflammatory cytokines in pediatric refugees: A cross-sectional study. PLoS ONE 2008, 3, e4030.
[CrossRef]

Sanad, M.; Gharib, A. Urinary hepcidin level as an early predictor of iron deficiency in children: A case control study. Ital. ]. Pediatr.
2011, 37, 37. [CrossRef] [PubMed]

Zhou, D.R; Eid, R.; Miller, K.A ; Boucher, E.; Mandato, C.A.; Greenwood, M.T. Intracellular second messengers mediate stress
inducible hormesis and Programmed Cell Death: A review. Biochim. Biophys. Acta Mol. Cell Res. 2019, 1866, 773-792. [CrossRef]
[PubMed]

Galaris, D.; Barbouti, A.; Pantopoulos, K. Iron homeostasis and oxidative stress: An intimate relationship. Biochim. Biophys. Acta
Mol. Cell Res. 2019, 1866, 118535. [CrossRef] [PubMed]

Mimi¢-OkKa, J.; Savié-Radojevié, A.; Pljesa-Ercegovac, M.; Opaci¢, M.; Simi¢, T.; Dimkovi¢, N.; Simi¢, D. Evaluation of oxidative
stress after repeated intravenous iron supplementation. Ren. Fail. 2005, 27, 345-351. [CrossRef] [PubMed]

Tiwari, A.; Mahdi, A.; Chandyan, S.; Zahra, F; Godbole, M.; Jaiswar, S.; Srivastava, V.; Negi, M. Oral iron supplementation leads
to oxidative imbalance in anemic women: A prospective study. Clin. Nutr. 2011, 30, 188-193. [CrossRef] [PubMed]


http://doi.org/10.1371/journal.pone.0004030
http://doi.org/10.1186/1824-7288-37-37
http://www.ncbi.nlm.nih.gov/pubmed/21834952
http://doi.org/10.1016/j.bbamcr.2019.01.016
http://www.ncbi.nlm.nih.gov/pubmed/30716408
http://doi.org/10.1016/j.bbamcr.2019.118535
http://www.ncbi.nlm.nih.gov/pubmed/31446062
http://doi.org/10.1081/JDI-56599
http://www.ncbi.nlm.nih.gov/pubmed/15957553
http://doi.org/10.1016/j.clnu.2010.08.001
http://www.ncbi.nlm.nih.gov/pubmed/20888091

	Introduction 
	Materials and Methods 
	Study Population, Design, and Ethics 
	Inclusion Criteria 
	Iron Replacement: Placebo and Treatment Arms 
	Exclusion Criteria 
	Anthropometric and Lung Function Assessment 
	Blood Samples 
	Molecular Biology Analysis 
	Statistical Analysis 

	Results 
	Clinical Characteristics at Baseline 
	Clinical Characteristics following Iron Replacement 
	Oxidative Stress Markers 
	Antioxidant Markers 


	Discussion 
	Conclusions 
	References

