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Maria Pérez-Peiró, Mariela Alvarado, Clara Martı́n-Ontiyuelo, Xavier Duran, Diego A.

Rodrı́guez-Chiaradı́a and Esther Barreiro

Iron Depletion in Systemic and Muscle Compartments Defines a Specific Phenotype of Severe
COPD in Female and Male Patients: Implications in Exercise Tolerance
Reprinted from: Nutrients 2022, 14, 3929, doi:10.3390/nu14193929 . . . . . . . . . . . . . . . . . . 83

Vanessa Joy Timoteo, Kuang-Mao Chiang and Wen-Harn Pan

Positive or U-Shaped Association of Elevated Hemoglobin Concentration Levels with Metabolic
Syndrome and Metabolic Components: Findings from Taiwan Biobank and UK Biobank
Reprinted from: Nutrients 2022, 14, 4007, doi:10.3390/nu14194007 . . . . . . . . . . . . . . . . . . 105

Shasta A. McMillen, Richard Dean, Eileen Dihardja, Peng Ji and Bo Lönnerdal

Benefits and Risks of Early Life Iron Supplementation
Reprinted from: Nutrients 2022, 14, 4380, doi:10.3390/nu14204380 . . . . . . . . . . . . . . . . . . 125

v



Annachiara Mollace, Roberta Macrı̀, Rocco Mollace, Annamaria Tavernese, Micaela Gliozzi,

Vincenzo Musolino, et al.

Effect of Ferric Carboxymaltose Supplementation in Patients with Heart Failure with Preserved
Ejection Fraction: Role of Attenuated Oxidative Stress and Improved Endothelial Function
Reprinted from: Nutrients 2022, 14, 5057, doi:10.3390/nu14235057 . . . . . . . . . . . . . . . . . . 141

Michael Ceulemans, Joline Van de Vel, Dorine W. Swinkels, Coby M. M. Laarakkers, Jaak

Billen, Kristel Van Calsteren and Karel Allegaert

Hepcidin Status in Cord Blood: Observational Data from a Tertiary Institution in Belgium
Reprinted from: Nutrients 2023, 15, 546, doi:10.3390/nu15030546 . . . . . . . . . . . . . . . . . . . 153

Marcin Delijewski, Aleksandra Bartoń, Beata Maksym and Natalia Pawlas
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Abstract: We sought to investigate the effects of resistance training (RT) combined with erythropoietin
(EPO) and iron sulfate on the hemoglobin, hepcidin, ferritin, iron status, and inflammatory profile
in older individuals with end-stage renal disease (ESRD). ESRD patients (n: 157; age: 66.8 ± 3.6;
body mass: 73 ± 15; body mass index: 27 ± 3), were assigned to control (CTL; n: 76) and exercise
groups (RT; n: 81). The CTL group was divided according to the iron treatment received: without iron
treatment (CTL—none; n = 19), treated only with iron sulfate or EPO (CTL—EPO or IRON; n = 19),
and treated with both iron sulfate and EPO (CTL—EPO + IRON; n = 76). The RT group followed
the same pattern: (RT—none; n = 20), (RT—EPO or IRON; n = 18), and (RT—EPO + IRON; n = 86).
RT consisted of 24 weeks/3 days per week at moderate intensity of full-body resistance exercises
prior to the hemodialysis section. The RT group, regardless of the iron treatment, improved iron
metabolism in older individuals with ESRD. These results provide some clues on the effects of RT
and its combination with EPO and iron sulfate in this population, highlighting RT as an important
coadjutant in ESRD-iron deficiency.

Keywords: iron metabolism; chronic kidney disease; hepcidin; erythropoietin; exercise training;
anemia; nephrology

1. Introduction

End-stage renal disease (ESRD) patients often present impaired intestinal absorption
of dietary iron, blood losses, and low-grade chronic inflammation, which can lead to
difficulties in achieving adequate iron status [1,2]. This adverse condition is one of the
main causes of hyporesponsiveness to therapy involving erythropoiesis-stimulating agents
(ESA), e.g., erythropoietin [2,3]. However, this supplementation, besides being associated

Nutrients 2021, 13, 3250. https://doi.org/10.3390/nu13093250 https://www.mdpi.com/journal/nutrients
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with gastrointestinal discomfort, may impair the absorption of other medication, and alter
the gut microbiota and systemic metabolome [2–4]. Thus, in the majority of cases, the
patient requires an intravenous infusion of iron to treat this condition. Indeed, parenteral
administration of iron is safer and more efficient than oral therapy, but not free from
adverse events [4]. In this regard, patients with ESRD require oral iron supplementation to
manage hemoglobin levels [1–3,5].

This adverse scenario motivates physicians and researchers to seek alternative and non-
pharmacological treatments to counteract the adverse events related to ESA therapy and
iron supplementation. A recent study from our laboratory outlined the positive effects of
resistance training (RT) on iron deficiency in ESRD patients, suggesting this training model
as an adjunct treatment for anemia [6]. In our study, 72.61% of the patients underwent EPO
treatment (control group (CTL) = 69.73%; resistance training group (RT) = 75.30%) and
54.14% underwent oral iron supplementation (CTL = 55.26%; RT = 53.08%). Given that both
treatments may influence multifactorial pathways related to inflammation and iron status,
and RT is an important regulator of both aforementioned factors [6–9], two fundamental
questions are raised here: (I) Does RT enhance the treatment with EPO and iron sulfate in
ESRD older individuals? (II) Is RT an effective treatment on its own to improve iron status?

Attempting to answer this question, we sought to investigate the effects of RT com-
bined with EPO and iron sulfate on the hemoglobin, hepcidin, ferritin, iron status, and
inflammatory profile in older individuals with ESRD. We hypothesized that RT would
enhance the effects of EPO and iron sulfate in this population. If confirmed, such findings
might point to RT as an important adjunct therapy for iron deficiency that may work
together with therapy involving erythropoiesis-stimulating agents.

2. Materials and Methods

2.1. Procedures

This study is part of a large trial [6]. Briefly, all participants involved in the study
read and agreed with the written informed consent. The experimental protocols were
approved by the Local Ethics Committee. All procedures were carried out conforming
to the principles outlined in the declaration of Helsinki (1975). The participants were
randomized into two groups by simple randomization: the control group (CTL; n = 76) and
the resistance training group (RT; n = 81).

Here, we stratified the patients into six subgroups according to the iron treatment
received. The CTL group was divided as follows: without iron treatment (CTL—none;
n = 19), treated only with iron sulfate or EPO (CTL—EPO or IRON; n = 19), and treated
with both iron sulfate and EPO (CTL—EPO + IRON; n = 38). The RT groups followed the
same pattern (RT—none; n = 20), (RT—EPO or IRON; n = 18), (RT—EPO + IRON; n = 43),
as described in Figure 1. The protocol of RT occurred before the hemodialysis section and
was described in detail by Moura et al. [6].

2.2. Iron and ESA Treatments

The protocols of iron and ESA agents were performed according to the parameters
established by the Ministry of Health in Brazil for ESRD [10]. Briefly, patients on hemodial-
ysis are initially treated with one of the following options, later adjusted according to the
therapeutic response: −50–100 UI/Kg, subcutaneously, divided into 1 to 3 applications
per week; 50–100 UI/Kg, intravenously, divided into 3 applications per week. If after four
weeks of treatment, the hemoglobin elevation is less than 0.3 g/dL per week: increase the
dose by 25%, respecting the maximum dose limit, which is 300 IU/Kg/week per route
subcutaneously and 450 IU/kg/week intravenously. If, after four weeks of treatment, the
hemoglobin elevation is in the range of 0.3–0.5 g/dL per week: keep the dose in use. If, after
four weeks, the hemoglobin elevation is greater than 0.5 g/dL per week or the hemoglobin
level is between 12 and 13 g/dL: reduce the dose by 25% to 50%, respecting the minimum
dose limit recommended, which is 50 UI/Kg/week subcutaneously. Temporarily suspend
treatment if the hemoglobin level is above 13 g/dL.
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Figure 1. Experimental design. CTL: control group; RT: resistance training group; EPO: Erythropoietin; TNF: tumor necrosis
factor; IL: interleukin.

Treatment should be continuous, targeting the hemoglobin at 11 g/dL. Temporary
interruption of treatment is recommended if the hemoglobin level is above 13 g/dL,
with resumption when hemoglobin levels are below 11 g/dL. Discontinuation should be
considered in the event of a serious adverse event.

Iron III hydroxide saccharate is for intravenous use and is presented in 5 ml ampoules
containing 100 mg of iron III (20 mg/mL). It must be diluted in 100 mL of saline solution
and infused within 15 min, according to the manufacturer. A study demonstrates its safe
use in shorter administration times, up to 5 min, without increasing adverse reactions.

2.3. Biochemical Analysis

Venous blood samples were obtained at baseline, and after 24 weeks of training, to
measure the iron metabolism status and inflammatory profile. All analyses were described
elsewhere [6].

2.4. Statistical Analysis

Initially, normality and homogeneity of data were verified using the Shapiro–Wilk and
Levene tests, respectively. A three-way ANOVA 2 × 2 × 3 (Group × Time × iron treatment)
was performed to compare groups. Deltas (post-pre) were obtained from all groups and
compared using a two-way mixed ANOVA 2 × 3 (group × iron treatment) followed by
Tukey’s post-hoc. Results were considered significant at p < 0.05. All statistical analyses
were performed using SPSS Statistics for Windows, version 22.0 (released 2013) (IBM Corp.,
Armonk, NY, USA), and GraphPad Prism for Windows, version 8.0.0 (GraphPad Software,
San Diego, CA, USA).
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3. Results

Subjects that completed the RT protocol did not present adverse effects. Baseline
characteristics are displayed in Table 1.

Table 1. Baseline characteristics for each group according to iron treatment.

Variables
CTL RT

p Value Eta2

None EPO or IRON EPO + IRON None EPO or IRON EPO + IRON

Age (years) 66.16 ± 4 66 ± 4.14 66.58 ± 3.77 66.75 ± 3.34 67.83 ± 3.33 67.28 ± 3.19 0.687 0.005
Body mass (kg) 71.47 ± 14.72 72.33 ± 15.46 73.61 ± 14.38 71.38 ± 16.76 77.03 ± 17.31 73.78 ± 16.41 0.740 0.004

Body mass index (kg/m2) 26.54 ± 2.85 26.78 ± 3.12 26.98 ± 2.88 26.66 ± 3.75 27.95 ± 3.86 27.32 ± 3.78 0.769 0.003
Waist circumference (cm) 94.54 ± 12.84 94.91 ± 12.12 96.27 ± 11.87 93.9 ± 12.24 98.12 ± 12.13 95.47 ± 11.41 0.680 0.005

Data expressed as means and standard deviation. CTL: control; RT: resistance training; EPO: erythropoietin.

Patients from the CTL group did not display changes in iron, hemoglobin, ferritin, and
hepcidin after this six-month assessment in all iron treatment groups (p > 0.05). RT increased
hemoglobin from baseline in all groups. Only the RT group treated with EPO + IRON
presented higher hemoglobin in relation to the CTL group treated with EPO + IRON.
Serum iron increased in relation to baseline and the CTL groups. Ferritin only decreased
from baseline. The RT group presented a decrease in hepcidin in relation to baseline and in
relation to the CTL group that received the same iron therapy, as described in Figure 2.

Figure 2. RT modulated iron, hemoglobin, ferritin and hepcidin levels in hemodialysis patients regardless of iron treatment.
RT: resistance training; EPO: erythropoietin. Data expressed by mean ± SD. a p < 0.05 in relation to pre (within group and
treatment). b p < 0.05 in relation to CTL post (between group and within treatment).

4
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Patients from the RT groups displayed an improvement in the inflammatory profile,
presenting a decrease in TNF and IL6 and an increase in IL10 when compared to baseline
and to the CTL groups, as described in Figure 3.

Figure 3. Cytokine modulation following RT in hemodialysis patients. RT: resistance training; EPO: erythropoietin; TNF:
tumor necrosis factor; IL: interleukin. Data expressed by mean ± SD. a p < 0.05 in relation to pre (within group and
treatment). b p < 0.05 in relation to CTL post (between group and within treatment).

As displayed in Figure 4, regardless of the treatment, the RT group showed modulated
hemoglobin, iron, ferritin, hepcidin, and cytokine levels. However, RT—IRON + EPO
presented a lower decrease in hepcidin in relation to RT—none.

5
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Figure 4. Deltas (post/pre) of hemoglobin, iron, ferritin, hepcidin, and cytokine response to RT following different iron
treatments. CTL: control group; RT: resistance training group. a p < 0.05 in relation to the corresponding treatment in CTL.
b p < 0.05 in relation to RT—none.

4. Discussion

The aim of the present study was to investigate the effects of RT combined with EPO
and iron sulfate on the hemoglobin, hepcidin, ferritin, iron status, and inflammatory profile
in older individuals with ESRD. Here, we found that regardless of iron treatment, RT
appeared to improve serum iron homeostasis parameters in older subjects with chronic
kidney disease. These results may point to two important insights: (1) that RT is an

6
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effective treatment for improving serum iron parameters in elderly patients with ESRD and
(2) that conventional use of ESA + iron in this population is more effective in combination
with RT. Interestingly, as RT alone improved serum iron availability, it may provide the
opportunity to remove ferrous sulfate and its associated disturbances from the treatment in
this population. This would limit iron accumulation and, in theory, further reduce hepcidin,
as suggested by the greater reduction in hepcidin in the RT—none group compared to
the RT—IRON + EPO group. Furthermore, although the small sample size did not allow
us to perform this analysis, the combination of RT + ESA is probably the most promising
treatment for lowering hepcidin levels. This combination would reduce the activation
of the two main pathways of hepcidin synthesis: the JAK/STAT3 pathway, by lowering
inflammation (RT effects), and the BMP/SMAD pathway, by increasing erythropoiesis
activity and sequestering erythroferrone BMP2/6 ligands [11,12].

According to the results found by Agarwal et al. [5], non-hemodialysis CKD patients
on oral iron therapy have improved hemoglobin, TIBC, transferrin saturation and ferritin.
However, although our participants received oral iron supplementation, they were also
on hemodialysis treatment, which is known to increase iron losses. It was estimated that
CKD patients on hemodialysis lose 1 to 3 g of iron per year, which, coupled with the fact
that hemodialysis patients have particularly impaired dietary iron absorption, appears to
make oral iron supplementation poorly effective in improving iron markers [13]. In fact,
oral iron supplementation was no better than placebo in improving anemia, improving
or preventing iron deficiency, or reducing ESA dosage in hemodialysis patients [13–16].
Therefore, the findings from the present study can provide clues on the application of RT
in this population to counteract iron-related diseases. To date, no studies have investigated
the pooled effects of exercise plus ESA therapy or iron supplementation after 24 weeks.

Anemia and iron deficiency is a common complication of hemodialysis patients [1–3,5].
Because of that, ESA and iron supplementation may be considered to improve health-
related parameters in this population [1,2]. RT has appeared as a non-pharmacological
therapy to improve iron metabolism in this population [6,8,17]. The possibility of using
RT as part of the treatment of iron deficiency may lead to relevant management of anemia
biomarkers (Figures 2 and 3). Moreover, it could lead to a cost reduction in the treatment of
anemia in ESRD patients, due to the possibility of reducing or removing drugs administered
for this purpose. Nonetheless, although this study may point to important insights for
future research, the present findings should be interpreted cautiously, because we did not
control and randomize the sample according to the iron treatment.

Anemia leads to reduced quality of life, fatigue, dyspnea, and impaired cognitive
capacity. Furthermore, it is associated with a greater risk of adverse cardiovascular events
and mortality. Therefore, these conditions usually end up leading to a greater number of
hospitalizations, with increased costs for the health system. In Brazil, it is estimated that
133,464 patients were on dialysis in 2018, and the use of EPO was part of the treatment
of more than 80% of these patients. The annual cost of treatment for anemia in patients
with chronic kidney disease can reach US $3241.65 dollars, while the minimum monthly
wage for Brazilian citizens is around US $222 dollars, leading to an economic burden
for the treatment of anemia [18]. Therefore, a key finding of the present study was the
improvement in iron, hemoglobin, ferritin and hepcidin markers, regardless of the use
of EPO, suggesting that the application of RT in hemodialysis clinics would be more
cost-effective.

The present manuscript had an important limitation: the study did not control for
the time of iron supplementation or EPO, which might influence the dependent variables.
We recommend further studies to control for this condition. As this study is an additional
analysis of a larger trial [6], it was not initially designed for this subgroup analysis, which
is why there is a low sample size for each iron treatment group. The lack of analysis
related to nutritional markers and electrolytes also limits our study since it could influence
iron metabolism. However, to date, this is the first study to demonstrate that RT is
capable of inducing changes in iron metabolism regardless of iron treatment. Moreover,

7



Nutrients 2021, 13, 3250

these additional findings may open perspectives about the combined effect of RT and
pharmacological iron treatments and encourage further studies to be designed to answer
this question in ESRD patients with iron deficiency.

5. Conclusions

We conclude that regardless of the iron treatment, RT could improve hemoglobin, iron,
ferritin and hepcidin in older individuals with ESRD. These novel findings provide some
clues on the combined effect of RT plus EPO and iron sulfate in this population. Moreover,
RT alone may also be an effective strategy to improve iron metabolism in hemodialysis
patients. Therefore, it is rational to infer that the application of RT programs should be
strongly recommended in dialysis care. This would improve the prognosis of several ESRD
patients, especially those with iron deficiency and anemia. Further studies are needed to
determine whether the treatment with EPO and iron sulfate is more effective in treating
iron deficiency and anemia when combined with exercise training in patients with ESRD.
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Abstract: Maternal iron deficiency occurs in 40–50% of all pregnancies and is associated with an
increased risk of respiratory disease and asthma in children. We used murine models to examine
the effects of lower iron status during pregnancy on lung function, inflammation and structure, as
well as its contribution to increased severity of asthma in the offspring. A low iron diet during
pregnancy impairs lung function, increases airway inflammation, and alters lung structure in the
absence and presence of experimental asthma. A low iron diet during pregnancy further increases
these major disease features in offspring with experimental asthma. Importantly, a low iron diet
increases neutrophilic inflammation, which is indicative of more severe disease, in asthma. Together,
our data demonstrate that lower dietary iron and systemic deficiency during pregnancy can lead
to physiological, immunological and anatomical changes in the lungs and airways of offspring that
predispose to greater susceptibility to respiratory disease. These findings suggest that correcting iron
deficiency in pregnancy using iron supplements may play an important role in preventing or reducing
the severity of respiratory disease in offspring. They also highlight the utility of experimental models
for understanding how iron status in pregnancy affects disease outcomes in offspring and provide a
means for testing the efficacy of different iron supplements for preventing disease.

Keywords: iron deficiency; pregnancy; respiratory disease; asthma; offspring
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1. Introduction

Iron deficiency is present in 50% of all pregnancies [1] and nutrient deficiency may
be an important aetiological factor. Other aetiologies of iron deficiency include malab-
sorption diseases such as celiac disease and atrophic gastritis, and blood loss through
gastroesophageal reflux and oesophagitis, gastritis, peptic ulcers, inflammatory bowel
diseases and menorrhagia [2,3]. Significantly, clinical evidence associates maternal iron
deficiency with increased risk of respiratory disease, including asthma, in children [4,5].
Children born to asthmatic mothers with anaemia during pregnancy are more likely to
have recurrent wheeze in the first year of life and experience asthma by six years of age [4].

In humans, maternal iron deficiency and increased risk of respiratory disease in
offspring implicates iron as a potentially key micronutrient in lung development. A lower
maternal haemoglobin concentration during pregnancy is associated with elevated IgE
and increased risk of allergic sensitisation in the offspring [6]. Furthermore, maternal
anaemia limits foetal intrauterine iron supply [1,7], which may have implications for
foetal lung development. Post-partum, infant growth velocity is significantly correlated
with iron deficiency anaemia in the first two years of life [8]. However, beyond these
studies that associate maternal iron deficiency and increased risk of respiratory disease, no
studies have demonstrated that low maternal systemic iron status during pregnancy alters
lung development and function, whilst increasing the risk of asthma and disease severity,
in offspring.

Given the high proportion of women affected by iron deficiency in pregnancy globally
and the links with respiratory disease, it is critical to enhance our understanding of how
lower maternal iron status during pregnancy affects respiratory disease in the offspring
and determine whether these changes can be prevented and/or mitigated. To address this,
we placed mice on a low iron diet (LID) prior to, and maintained throughout, pregnancy
to induce iron deficiency [9], then studied house dust mite (HDM)-induced asthma in the
offspring to investigate how lower iron status during pregnancy impacts lung function,
structure and inflammatory responses.

2. Materials and Methods

2.1. Animal Ethics Statement

Animal procedures were performed in accordance with the Australian Code of Practice
for the Care and Use of Animals for Scientific Purposes as issued by the National Health
and Medical Research Council (NHMRC) Australia and approved by The University of
Newcastle Animal Care and Ethics Committee (A-2019-941, approved 6 December 2019).

2.2. Mice

Wild-type BALB/c mice were sourced from the Central Animal House of The Uni-
versity of Newcastle (Callaghan, NSW, Australia). Animals were housed under specific
pathogen free (SPF), PC2 conditions in individually ventilated cages (Bioresources facility,
HMRI Building, New Lambton Heights, NSW, Australia). All mice were provided with
food and water ad libitum.

2.3. Low Systemic Iron Diet during Pregnancy and Time Mating Protocol (F0 Generation)

Six to eight-week-old female, wild-type BALB/c mice, received either a LID
(~2.5 mg Fe/kg, SF01-017 diet based on AIN-93G, <5 mg Iron/Kg, Specialty Feeds, Glen For-
rest, Australia) to induce systemic iron deficiency [9] or a control chow diet (CC, SF09-091,
75 mg Iron/Kg, Specialty Feeds, Glen Forrest, Australia) commencing 5 weeks (Figure 1A)
prior to mating. Timed mating periods were conducted by firstly synchronising the induc-
tion of oestrous cycles at week five of the protocol. Males (8–10 weeks old) were housed
individually for seven days before being removed to new, clean cages. Female mice were
introduced to the dirty cages previously occupied by the males (two females per male cage)
for three days before being removed and introduced to the new, clean cages occupied by
the males (two females per male). Mating occurred over three days and presence of mucus
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plugs were checked daily. Females with plugs were transferred into individual housing
in clean cages for the duration of pregnancy and the birth and weaning of offspring. The
status of pregnant females was monitored by regular weighing, and births occurred during
weeks eight of the protocol.

Figure 1. Protocols. (A) Six to eight-week-old, female wild type BALB/c mice (F0) received control
chow (CC) or low iron diet (LID) from week 0. Timed mating occurred at week five and offspring
weaned at three weeks of age. (B) Eight-week-old female offspring (F1) treated with house dust mite
(HDM; 25 μg/50 μL Saline) or saline (Sal; 50 μL) five days/week for five weeks.

Post-partum, all mice were placed onto a normal mouse chow (meat free mouse and
rat diet, 200 mg Iron/Kg Specialty Feeds, Glen Forrest, Australia) and offspring (F1) were
weaned at three weeks of age.

2.4. Establishment of HDM-Induced Experimental Asthma (F1 Generation)

HDM-induced experimental asthma was induced in the F1 generation at eight weeks
of age via intranasal administration of house dust mite (HDM) extract (25 μg,
Dermatophagoides pternyssinus extract FD, Citeq biologics, Groningen, Netherlands) in
medical grade sterile saline (50 μL), once daily, five times per week, for five weeks under
isoflurane anaesthesia (Figure 1B). Due to a female-biased offspring sex ratio in the F1
generation, the experiments that examined the effects of maternal LID on asthma severity
were conducted in female F1 offspring only.

2.5. Assessment of Airway Inflammation

Airway inflammation was measured in the bronchoalveolar lavage fluid (BALF) as
previously described [9,10]. Briefly, the right multi-lobes of the lung were tied off, and
the left lung was flushed with Hank’s Buffered Salt Solution (HBSS, 2 × 500 μL). Samples
were centrifuged (5 min, 132× g, 4 ◦C), and the cell pellets were re-suspended in red
cell lysis buffer (200 μL, 5 min on ice), spun down and cell pellets were re-suspended in
HBSS (200 μL). The proportion of viable cells was assessed using the trypan blue exclusion
method by counting using a haemocytometer. Cell suspensions (90 μL) were spun onto
slides using cytocentrifugation (5 min, 300 rpm, room temperature). Differential leukocyte
populations were determined under a light microscope at 400× magnification, following
May Grunwald-Giemsa stain as per the manufacturer’s instruction (Sigma-Aldrich, Castle
Hill, Australia).

2.6. Lung Function Analyses

Lung function tests were administered as previously described [9,10]. Briefly, mice
were anaesthetised by intraperitoneal administration of ketamine (400 mg/kg; Parnell)
and xylazine (10 mg/kg; Troy Laboratories, Glendenning, Australia) in saline (200 μL final
volume) prior to tracheotomy and cannulation. Mice were ventilated at 450 breaths/min,
and lung function parameters were assessed using the FlexiVent apparatus (FX1 System;
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SCIREQTM, Montreal, Canada) with increasing doses of nebulised methacholine (0, 0.1, 1,
3 and 10 mg/mL) as previously described [9,10]. A minimum of three measurements per
dose was performed for each parameter. Data were analysed using Flexiware software v7.6
(SCIREQTM, Montreal, Canada), Microsoft Excel v10 (Microsoft, Redmond, WA, USA) and
GraphPad v8 (Graphpad Software Inc., San Diego, CA, USA).

2.7. Histological Analyses

Following collection of BALF, the left lobes of the lungs were perfused with 0.9%
saline and inflated with, and drop-fixed in, 10% neutral buffered formalin (up to 500 μL;
Sigma-Aldrich, Castle Hill, Australia), paraffin embedded, sectioned and stained (HMRI
histology services, New Lambton Heights, Australia).

Alveolar diameter was measured using Haematoxylin and Eosin-stained slides; The
number of mucus secreting cells (MSCs)/μm of basement membrane (BM), using Alcian
Blue Periodic Acid-Schiff (AB PAS) stain; Small airway collagen deposition, using Sirius
Red/Fast Green stain; The number of eosinophils/100 μm of the basement membrane
using Congo-Red (CR); as previously described [9–11]. Images were captured using a Zeiss
AxioImager.M2 microscope (Zeiss Australia, North Ryde, NSW, Australia) and Zeiss ZEN
software (v3.2, Zeiss Australia, North Ryde, Australia) and analysed using custom scripts
in ImageJ v1.5 (NIH, Bethesda, MD, USA) as previously described [9–11].

2.8. Statistical Analyses

All data are presented as mean ± S.E.M. Comparisons between two groups were
made using an unpaired students t-test. Comparisons between multiple groups were
performed using a one-way analysis of variance (ANOVA) with a post-hoc Fisher’s least
significant difference (LSD) test. Airway hyperresponsiveness (AHR) data were analysed
using two-way repeated measures ANOVA with a post-hoc Tukey test. All statistical
analyses were performed using GraphPad Prism software v8 (Graphpad Software Inc.,
San Diego, CA, USA).

3. Results

3.1. Low Iron Diet (LID) during Pregnancy Impairs Lung Function, Increases Airway
Inflammation, and Increases Small Airway Collagen Deposition in Offspring

To determine whether lower iron status during pregnancy alters lung function in the
offspring, mice were fed an LID or CC [9], time mated at week five, the offspring weaned
at three weeks of age, and treated with saline five days/week for five weeks (Figure 1A,B).
Baseline lung function measurements and response to methacholine provocation were
assessed. An LID during pregnancy increases baseline central airway resistance (Rn;
p = 0.058; Figure 2A), tissue damping (Figure 2B), tissue elastance (Figure 2C), transpul-
monary resistance (Rrs; Figure 2D) and transpulmonary elastance (Ers; Figure 2E) and
decreases compliance (Crs; Figure 2F) in saline-treated offspring (LID/Sal), compared to
saline-treated offspring from mothers on a CC (CC/Sal). We next measured the response
to methacholine provocation to assess AHR in the offspring (Figure 2G–L). An LID during
pregnancy increases AHR in terms of Rn, Rrs, Ers and decreases Crs in Saline-treated
offspring (LID/Sal), compared to those from mothers on a CC (CC/Sal; Figure 2G,J–L). An
LID during pregnancy had no effect on tissue damping or elastance (Figure 2H,I).
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Figure 2. Low iron diet (LID) during pregnancy increases airway hyperresponsiveness (AHR), indicative of impaired lung
function, in male and female offspring. Baseline lung function was assessed in terms of (A) central airway resistance (Rn),
(B) tissue damping, (C) tissue elastance, (D) transpulmonary resistance (Rrs), (E) elastance (Ers), and (F) compliance (Crs).
The response to methacholine provocation was assessed in terms of (G) Rn, (H) tissue damping, (I) tissue elastance, (J) Rrs,
(K) Ers, (L) Crs. (A–F) Analysed by unpaired student t-test, (G–L) analysed by 2-way ANOVA and statistics at maximal
dose from AHR curves presented. n = 10–16 mice per group. Data are presented as mean ± SEM (* p < 0.05; ** p < 0.01;
*** p < 0.001; **** p < 0.0001).

To determine whether an LID during pregnancy altered airway inflammation in male
and female offspring, BALF was assessed for total leukocytes, macrophages, eosinophils,
neutrophils and lymphocytes (Figure 3A–E). An LID during pregnancy significantly in-
creases total leukocyte, macrophage, and lymphocyte numbers in the airways of saline-
treated offspring (LID/Sal), but not neutrophils or eosinophils, compared to mothers on
a CC (CC/Sal; Figure 3A–E). To assess lung structure in the offspring, alveolar diameter,
mucus-secreting cells, collagen and airway-associated eosinophils were assessed. An LID
during pregnancy does not affect alveolar diameter (Figure 3F) or mucus-secreting cells
(Figure 3G) but increases small airway collagen deposition (Figure 3H). Furthermore, there
are no changes in tissue eosinophil numbers around the small airways (Figure 3I). To-
gether, these data show that LID during pregnancy impairs lung function, increases airway
inflammation and increases collagen deposition around the small airways in the offspring.

3.2. Low Iron Diet (LID) during Pregnancy Impairs Lung Function, Increases Airway
Inflammation, and Increases Small Airway Collagen Deposition in Female Offspring Treated
with HDM

To assess whether an LID during pregnancy affects HDM-induced experimental
asthma in female offspring (Figure 1A,B), lung function, airway inflammation and lung
structure were assessed.

HDM-treated female offspring from mothers on a CC (CC/HDM) have similar
baseline lung function to saline-treated offspring from mothers on an LID (LID/Sal;
Figure 4A–F). HDM-treated offspring from mothers on an LID (LID/HDM) have in-
creased tissue damping (Figure 4B), but no other parameters are affected, compared to
saline-treated offspring from mothers on an LID (LID/Sal). We next measured the response
to methacholine provocation to assess AHR in the offspring (Figure 4G–L). An LID during
pregnancy increases AHR in terms of Rn, Rrs, Ers and decreased Crs in saline-treated
offspring (LID/Sal), compared to those from mothers on a CC (CC/Sal; Figure 4G,J–L). A
LID during pregnancy has no effect on tissue damping or elastance (Figure 4H,I). HDM-
treated offspring from mothers on a CC (CC/HDM) have increased AHR compared to
saline-treated offspring from mothers on a CC (CC/Sal; Figure 4G–L). Interestingly, HDM-
treated offspring from mothers on a LID (LID/HDM) exhibited further increases in AHR
in terms of Rn, elastance, Rrs and Ers, but no change in tissue damping or Crs, compared
to HDM-treated offspring from mothers on a CC (CC/HDM; Figure 4G–L). Together these
data show that saline-treated female offspring from mothers on an LID have decreased
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baseline lung function and increased AHR compared to female offspring from mothers
on a CC. Furthermore, HDM-treated female offspring from mothers on an LID have fur-
ther impairment of baseline lung function and increased magnitude of AHR compared to
HDM-treated female offspring from mothers on a CC (Figure 4).

Figure 3. Low iron diet (LID) during pregnancy increases airway inflammation and collagen de-
position in male and female offspring. (A) Total leukocytes, (B) macrophages, (C) eosinophils
(D) neutrophils and (E) lymphocytes were enumerated in bronchoalveolar lavage fluid (BALF) at
five weeks. Histopathology was assessed in terms of (F) mean alveolar diameter, (G) mucus secret-
ing cells (MSCs) per μm of basement membrane (BM), (H) small airway collagen deposition and
(I) airway-associated eosinophils. n = 10–16 mice per group. Analysed by unpaired student t-test.
Data are presented as mean ± SEM (* p < 0.05; ** p < 0.01).

To determine whether an LID during pregnancy alters airway inflammation in control
and HDM-treated female offspring, BALF was assessed for total leukocytes, macrophages,
neutrophils, eosinophils, and lymphocytes (Figure 5A–E). An LID during pregnancy signif-
icantly increases total leukocyte, macrophage, and lymphocyte numbers in the airways
of saline-treated offspring (LID/Sal), but not eosinophils or neutrophils, compared to
saline-treated controls (CC/Sal; Figure 5A–E). HDM-treated female offspring from mothers
on a CC (CC/HDM) have increased total leukocytes, eosinophils, neutrophils and lym-
phocytes, but not macrophages, compared to saline-treated female offspring from mothers
on a CC (CC/Sal; Figure 5A–E). Interestingly, HDM-treated offspring from mothers on an
LID (LID/HDM) had a further increase in total leukocytes, macrophages and neutrophils,
and no change in eosinophils or lymphocytes, compared to HDM-treated offspring from
mothers on a CC (CC/HDM; Figure 5A–E). Together, these data show that an LID during
pregnancy increases airway inflammation in offspring, and that the inflammation asso-
ciated with HDM-induced experimental asthma is further increased in offspring from
mothers on an LID.
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Figure 4. Low iron diet (LID) during pregnancy impairs lung function and increases AHR in female offspring in the
absence and presence of HDM. Baseline lung function was assessed in terms of (A) central airway resistance (Rn), (B) tissue
damping, (C) tissue elastance, (D) transpulmonary resistance (Rrs), (E) elastance (Ers), (F) compliance (Crs). Response to
methacholine provocation was assessed in terms of (G) Rn, (H) tissue damping, (I) tissue elastance, (J) Rrs, (K) Ers, (L) Crs.
(A–F) Analysed by one-way ANOVA with Fishers LSD and unpaired student t-test, (G–L) analysed by 2-way ANOVA
and statistics at maximal dose from AHR curves presented. n = 5–7 mice per group. Data are presented as mean ± SEM
(* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001).

Figure 5. Low iron diet (LID) during pregnancy increases airway inflammation and collagen deposition in female off-
spring in the absence and presence of HDM. (A) Total leukocytes, (B) macrophages, (C) eosinophils (D) neutrophils and
(E) lymphocytes were enumerated in bronchoalveolar lavage fluid (BALF) at five weeks. Histopathology was assessed
in terms of (F) mucus secreting cells (MSCs) per μm of basement membrane (BM), (G) small airway collagen deposition
and (H) airway-associated eosinophils. n = 5–7 mice per group. Data analysed by one-way ANOVA with Fishers LSD and
unpaired student t-test Data are presented as mean ± SEM (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001).
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We next assessed whether an LID during pregnancy altered lung structure in control
and HDM-treated female offspring. An LID during pregnancy had no effect on mucus-
secreting cells (Figure 5F), however, mucus-secreting cells are increased in HDM-treated
female offspring from mothers on a CC (CC/HDM) compared to saline-treated female
offspring from mothers on a CC (CC/Sal; Figure 5F). An LID during pregnancy significantly
increased small airway collagen deposition in saline-treated female offspring (LID/Sal;
Figure 5G) to levels similar to those observed in HDM-treated female offspring from
mothers on a CC (CC/HDM; Figure 5G). Furthermore, there are no changes in tissue
eosinophil numbers around the small airways (Figure 5H). Together, these data show that
an LID during pregnancy and HDM-treatment in offspring result in increased small airway
collagen deposition.

4. Discussion

Iron dysregulation is strongly implicated in the development and/or exacerbation of
many diseases. We and others [9,10,12–17] have previously shown that lung iron levels
and their regulation play important roles in the pathogenesis and severity of lung infection
and respiratory diseases such as asthma, chronic obstructive pulmonary disease, cystic
fibrosis and idiopathic pulmonary fibrosis [9,10]. Furthermore, increasing clinical evidence
suggests that maternal anaemia or an LID during pregnancy are linked with asthma
and wheezing in offspring in later life [4]. However, no studies have demonstrated that
low maternal iron status during pregnancy results in altered lung function, inflammatory
response and structure, and whether this results in increased severity of asthma in offspring.
Using our mouse models, we show for the first time that LID during pregnancy impairs
baseline lung function, increases AHR, increases airway inflammation and promotes
small airway collagen deposition in offspring. Furthermore, HDM-induced experimental
asthma in the offspring of mothers on a LID during pregnancy was characterised by
exaggerated features of disease, indicating that iron dysregulation during pregnancy
imparts functional and structural changes in the lung of offspring in the presence or
absence of experimental asthma.

It is known that maternal insults such as hypoxia that cause intrauterine growth re-
striction, lead to profound deleterious effects on lung and diaphragm function in offspring
independent of sex and changes in lung structure [18,19]. Our findings now strongly
suggest that LID in pregnancy is another significant maternal insult that can have pro-
found deleterious effects on lung function in the offspring. A previously published study
demonstrated that low foetal iron is linked to increased susceptibility to eosinophilia in
infancy [20]. Here we show increased airway tissue eosinophils in asthmatic offspring from
mothers on an LID diet. We also observed increases in small airway collagen deposition in
offspring born to mothers on an LID, and it is known that collagen deposition is associated
with AHR and airway remodelling in asthma [21–23]. Furthermore, we observed increases
in macrophage and lymphocytes that may have also contributed to AHR in these offspring.
Further studies that interrogate the mechanistic interplay between these features and how
they contribute to increased AHR in offspring from mothers on an LID diet are warranted.

Our findings demonstrate that lung structure is altered by a low iron status in utero.
This concept is supported by a study showing that desferrioxamine-mediated iron chelation
in ex vivo lung buds from mouse embryos restricted the development of vascular networks
and reduced epithelial branching [24]. Mothers in our study were on a maternal diet
containing normal iron levels post-partum, demonstrating that the changes induced in the
offspring in utero could not be reversed by a normal diet post-partum. This contrasts with
a study that showed reversal of desferrioxamine-mediated iron chelation following iron
exposure in mouse embryos [24]. Thus, in our model, post-partum maternal exposure to
a diet containing normal iron levels did not correct the disease-causing effects of LID in
utero on the offspring.

A longitudinal study in humans demonstrated that lower iron status in the umbilical
cord was linked to increased risk of atopy in children in later life [25]. Our observations
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that HDM-treated offspring from mothers on an LID had increased disease features, in-
cluding impaired lung function and airway inflammation are consistent with these clinical
observations. Interestingly, our observation of increased AHR was not associated with
further increases in mucus-secreting cells or collagen deposition around the small airways,
but in this context the increase in AHR may be explained by the increases in total leuko-
cytes and neutrophils observed in the airways of HDM-treated female offspring from
mothers on a LID compared to mothers on a CC diet. Our findings demonstrate that an
LID during pregnancy promotes a shift from classically eosinophil-dominated allergic
airway inflammation to a mixed eosinophilic/neutrophilic inflammatory profile in HDM-
induced allergic airway disease. We and others have shown that increased neutrophils
in the airways in both clinical and experimental asthma is associated with more severe
disease [26–30], indicating that responses to specific environmental exposures in adulthood
play important roles in the development of severe disease. Here, we show that lower
iron status in pregnancy results in increased neutrophilic inflammation during asthma in
offspring, which is reminiscent of the increased neutrophilic responses that are observed in
severe asthma [26–28]. Significantly, our study suggests that in utero responses to low iron
status may be considered as another environmental exposure that has profound effects on
the respiratory milieu of offspring, and that correcting low iron status in pregnancy may
be beneficial for reducing the severity of asthma in the offspring. These findings suggest
that studies that assess the links between low iron status in pregnancy and the prevalence
and severity of asthma in the offspring may be warranted.

The limitations of our study include that LID during pregnancy was administered
before and during pregnancy but not specifically during pregnancy and/or postpartum
which may have additional impacts on disease in the offspring. Whilst our study examines
the effects of maternal LID intake, further insights into the effects of lower iron status
during pregnancy on disease development in offspring may be gained by testing the
effects of diets with different concentrations of iron during pregnancy. It is known the iron
deficiency can contribute to neurological changes through epigenetic mechanisms, however
no studies to date have assessed the epigenetic alternations in the lungs of offspring born
to mothers with LID during pregnancy. An examination of this relationship would be
informative and warrants further investigation.

In addition, there is evidence to suggest that low iron can affect the composition of
the gut microbiome and it is established that vertical transmission of the microbiome from
mothers to offspring can occur [31–33]. These data present the possibility that maternal LID
may alter the maternal gut microbiome and, through vertical transmission, may contribute
to changes in offspring gut microbiome and lung changes.

Whilst such studies are beyond the scope of the current manuscript, future studies
that investigate the role of epigenetics or microbiomes in driving the effects of low iron
status in pregnancy on lung structure, function, and inflammatory responses in the lungs
of offspring are warranted.

In our HDM-treated offspring from mothers on an LID, we used female mice; however,
it would be informative to compare male vs. female in this context. Importantly, our
observations in this study suggest that correcting iron deficiency during pregnancy with
iron supplements and/or nutraceuticals may be beneficial for lung function and structure
in the offspring, and this could be tested in intervention studies using our model. One
such approach may be to boost iron intake through a measured nutraceutical approach
involving dietary supplementation of iron, and/or point-of-use fortification, which has
been proposed to be beneficial in chronic inflammatory lung diseases [34].

5. Conclusions

Our observations show that low iron status in pregnancy can have profound effects
on lung function and increases the severity of disease features in offspring. Importantly,
our study reconciles clinical observations that have linked lower iron levels in pregnancy
and asthma risk in offspring by demonstrating a causal link. Our findings demonstrate
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how lower iron status in pregnancy affects respiratory disease and further support the
importance of treating low iron during pregnancy with iron supplements. The mouse
model of LID in pregnancy that we have developed recapitulates the effects of low iron
in pregnancy on human respiratory disease, and it therefore provides not only an ideal
platform for studying the disease-causing mechanisms of lower iron status in pregnancy
but will also allow pre-clinical testing of the efficacy of iron-correcting interventions to
be conducted.
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Abstract: Iron deficiency (ID) diagnosis in cystic fibrosis (CF) is challenging because of frequent
systemic inflammation. We aimed to determine the prevalence and risk factors of ID in adult patients
with CF. We conducted a single-centre prospective study in a referral centre. ID was defined by
transferrin saturation ≤16% or ferritin ≤20 (women) or 30 (men) μg/L, or ≤100 μg/L in the case of
systemic inflammation. Apparent exacerbation was an exclusion criterion. We included 165 patients
(78 women), mean age—31.1 ± 8.9 years. ID prevalence was 44.2%. ID was significantly associated
with female gender (58.9% vs. 38%), lower age (29.4 ± 8.5 vs. 32.5 ± 9.1), lower body mass index
(20.5 ± 2.2 vs. 21.3 ± 2.5), and Pseudomonas aeruginosa colonization (70.8% vs. 55.1%). Diabetes
mellitus, antiacid drug use and low pulmonary function were more frequent in patients with ID with
no statistical significance. The use of CFTR correctors was not associated with ID. In the multivariate
analysis, ID was associated with female gender (OR 2.64, CI95% 1.31–5.31), age < 30 years (OR 2.30,
CI95% 1.16–4.56), and P. aeruginosa (OR 2.09, CI95% 1.04–4.19).

Keywords: iron deficiency; cystic fibrosis; anaemia; ferritin

1. Introduction

Iron is an essential micronutrient ensuring several vital body functions [1]. Iron
deficiency (ID) has been frequently reported in cystic fibrosis (CF) and is attributed to
a combination of chronic inflammation, impaired dietary iron absorption, malnutrition,
and increased iron loss via sputum [2]. A specific concern regarding iron homeostasis in
cystic fibrosis is its association with colonization by Pseudomonas aeruginosa, which is a
well-known compounding factor of patients’ respiratory conditions [3]. In addition, there
is a fear that iron supplementation may promote P. aeruginosa-related infections, as iron has
been shown to increase bacterial growth in vitro [4].

Most of the data on the prevalence of iron deficiency in CF come from previous
studies, before advances were made in the treatment of CF exacerbation, and especially in
the improved nutritional management of patients with CF (pwCF) [2,5–9]. A recent study
investigated the iron store status in an adult cohort of pwCF, revealing a prevalence of
41.8%, which was associated with anaemia and poor lung function [10].
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In a general setting, assessing the serum ferritin level is the most sensitive and specific
test for ID diagnosis, with a threshold of 20 μg/L (women) or 30 μg/L (men), providing
92% sensitivity and 98% specificity. Other biological markers can occasionally be used, such
as transferrin saturation (TSAT, threshold < 16%) [11]. The main challenge in ID diagnosis
for pwCF is the effect of systemic inflammation on biological iron markers. Inflammation
leads to an increase in ferritin levels due to the enhanced hepcidin production through the
effects of interleukin-6 [12]. In pwCF studies, very heterogeneous biological definitions
of iron deficiency coexist, probably related to the concurrent recruitment of adult and
paediatric populations.

Therefore, we aimed to identify the prevalence of ID in a recent homogeneous cohort
of adult pwCF, using the most common biological definitions. The secondary objective of
our study was to identify the risk factors for iron deficiency.

2. Materials and Methods

We conducted an observational cross-sectional single-centre study. Patients were
screened for participation during their annual medical systematic visit to the Referral
Cystic Fibrosis Centre in Lyon, Hospices Civils, France.

2.1. Patients

The inclusion criteria were: (i) genetically proven CF, (ii) age ≥ 18 years, and (iii) serum
iron parameter assessment. The exclusion criteria were: (i) current or past use of dietary
iron supplement or iron supplement drugs (oral or intravenous) in the previous year,
and (ii) clinically apparent exacerbation of CF between the previous 7 days and the day
of the medical consultation, defined by one or more of the following symptoms (Fuchs
criteria [13]:

- New or increased cough, sputum production or chest congestion.
- Decreased exercise tolerance, increased dyspnoea.
- Increased fatigue, decreased appetite.
- Increase respiratory rate or dyspnoea at rest.
- Change in sputum appearance.
- Fever.

2.2. Data Collection

Baseline data were extracted from medical records: gender, CFTR mutations, history
of diabetes mellitus, solid organ transplantation, oxygen requirement, current treatment,
including CFTR modulators, antiacids (alginate, anti-H2 and proton pump inhibitors: PPI),
pancreatic enzymes, and vitamin supplement (A, D, K and E).

The following parameters were prospectively collected the day of the annual medical
check-up: (i) clinical data: age, weight, height, and body mass index (BMI); (ii) biological
data: bronchial colonization, iron stores (ferritin, TSAT), C reactive protein (CRP), liver
function tests, creatinine, complete blood count, blood glucose, albumin, vitamin level
(A, D, E, K), and (iii) pulmonary function test (PFT), including the measurement of forced
expiratory volume in one second (FEV1) and forced vital capacity (FVC).

Sputum samples were collected the day of inclusion through physiotherapy ma-
noeuvres (oscillatory positive expiratory pressure and forced expiration with acceleration
of expiratory flow) and sent to the microbiology department for culture to search for P.
aeruginosa colonization.

The main laboratory assays used during the study were: quantitative immunotur-
bidimetric (Architect, Abbott) for C reactive protein (normal < 5 mg/L) and transferrin
(normal ranges: 1.74–3.64 g/L), chemiluminescent microparticle immunoassay (Architect,
Abbott) for ferritin (normal ranges: 22–275 μg/L), and direct FERENE photometry (without
deproteinization—Architect, Abbott) for serum iron (12.0–31.0 μmol/L).
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2.3. Anaemia and Micronutrient Deficiency Definitions

Anaemia was defined using the WHO criteria [14]: haemoglobin < 120 (women) or
130 (men) g/L.

Two definitions of ID were studied in our protocol:

(i) The international recommended biological definition of ID [11] was used as our
primary endpoint: ferritin ≤20 (women) or 30 (men) μg/L, or ≤100 μg/L in the case
of systemic inflammation (CRP ≥ 10 mg/L) or TSAT ≤ 16%.

(ii) The historical paediatric CF definition of ID [5,15,16] was used as a secondary end-
point: ferritin ≤ 12 μg/L or TSAT ≤ 16%.

We also studied a population with mildly depleted iron stores, defined by ferritin
≤ 50 μg/L, as several studies showed an improvement of life quality parameters after
intravenous iron supplementation in this population [17].

Fat-soluble vitamin deficiencies were defined as follows: vitamin K < 1000 ng/L,
vitamin D < 30 ng/mL [18], vitamin E < 12 μmol/L [19], and vitamin A < 0.52 μmol/L [20].

2.4. Statistics

Categorical data were described with numbers (percentages). Continuous data were
expressed as mean and standard deviation or median and interquartile range, according to
the statistical distribution. The assumption normality of the data was assessed using the
Shapiro-Wilk test. The comparisons between independent groups according to ID were
performed using the Student’s t-test or the Mann–Whitney test when the assumptions of
the t-test were not met. Homoscedasticity was assessed using the Fisher–Snedecor test.
Categorical data were compared between groups (ID yes/no) using chi-squared or Fisher’s
exact tests.

Then, a multivariable analysis was conducted to determine the factors associated
with ID. Generalized linear modelling (logistic for binary dependent outcome: ID yes/no)
was performed with covariates fixed according to the univariate results and to the clinical
relevance, with particular attention paid to multicollinearity. Furthermore, age and BMI,
which did not follow a Gaussian distribution, were categorized according to their statistical
distribution. The results were expressed using odds ratios (OR) and 95% confidence
intervals.

To ensure the robustness of our results, the final model was validated by a two-step
bootstrapping process. In each step, 1000 bootstrap samples with replacements were
created from the training set. In the first one, using the stepwise procedure, we determined
the percentage of models, including each of the initial variables. In the second step, we
independently estimated the logistic model parameters of the final model. The bootstrap
estimates of each covariate coefficient and standard errors were averaged from these
replicates. Statistical analyses were performed using Stata 15 (StataCorp, College Station,
TX, USA). All statistical tests were two sided, with a type I error set at 5%.

2.5. Ethics

The study was conducted in accordance with the Declaration of Helsinki and regis-
tered on https://clinicaltrials.gov/ct2/show/NCT04584489 (accessed on 14 October 2020).
According to French regulations, patient consent was waived. The study protocol was
approved by the local International Review Board (69HCL20_0793).

3. Results

We assessed 226 PwCF from 6 October 2020 to 23 February 2021 for eligibility. Figure 1
provides a STROBE-compliant flow diagram [21].
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Figure 1. Flowchart. CF: cystic fibrosis. No-ID: no iron deficiency.

3.1. Baseline Characteristics

Table 1 summarizes the characteristics of the 165 patients (78 women, 47%) included
in the final analysis. The mean age was 31.1 ± 8.9 years. The types of CFTR mutations
are available as Supplementary Materials (Supplementary Table S1). The most frequent
CF complication was diabetes mellitus (27/165, 16.3%), which was significantly more
frequent among women. Regarding solid organ transplantation, 14/165 (8.5%) had lung
transplants (median delay—76 months), two patients had liver transplants, and one pa-
tient had a kidney transplant. In total, 57/165 (34.5%) patients were treated by CFTR
correctors: ivacaftor (n = 3), ivacaftor/lumacaftor (n = 42), ivacaftor/tezacaftor (n = 1), and
ivacaftor/tezacaftor/elexacaftor (n = 11).

Table 1. Baseline characteristics of the population.

Men (n = 87) Women (n = 78) p

Age (years) 30.2 ± 7.7 32.1 ± 10.1 0.37
Genotype

p.PheF508del heterozygote (n, %) 32 (36.8%) 29 (37.2%)
0.59p.PheF508del homozygote (n, %) 45 (51.7%) 36 (46.1%)

other genotypes (n, %) 10 (11.5%) 13 (16.7%)
BMI (kg·m−2) 21.4 ± 2.5 20.3 ± 2.1 0.005
Diabetes (n, %) 8 (9.2%) 19 (24.4%) 0.009
CF-related liver disease (n, %) 6 (6.9%) 11 (14.1%) 0.12
P. aeruginosa colonization (n, %) 54/85 (63.5%) 46/76 (60.5%) 0.69
Anaemia (n, %) 2/80 (2.5%) 7/67 (10.4%) 0.08
Ferritin (μg/L) 87.4 ± 69.2 49.7 ± 64.8 <0.001
TSAT (%) 22.8 ± 8.8 17.5 ± 6.1 <0.001
CRP (mg/L) 5.8 ± 8.2 8 ± 14.3 0.78
FEV1 (n, %) n = 86 n = 76

>79% 50 (58.1%) 32 (42.1%)

0.05
50–79% 17 (19.8%) 27 (35.5%)
30–49% 19 (22.1%) 16 (21.1%)
<30% 0 1 (1.3%)

Data are presented as mean ± standard deviation or as number and percentage (%). CF: cystic fibrosis. CRP: C
reactive protein. FEV: Forced expiratory volume in one second. n: number. TSAT: transferrin saturation.
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The mean CRP was 6.8 ± 11.4 mg/L. Thirty-two patients had significantly increased
CRP > 10 mg/L, showing systemic inflammatory conditions. The prevalence of vitamin
A, D, E and K deficiency was 3/142 (2%), 19/137 (13%), 11/142 (7.7%), and 33/141 (23%),
respectively.

3.2. Iron Deficiency Prevalence

A total of 73 of the 165 patients (44.2%) pwCF had ID, according to the definition
retained for our primary endpoint. Among them, only 9/73 were classified as ID because
the ferritin level was ≤100 μg/L with CRP ≥ 10 mg/L.

Using the historical definition of ID in CF, 53/165 (32.1%) pwCF had ID. As illustrated
in Figure 2, each patient with ID defined through the historical definition of ID was included
in the primary endpoint definition.

Figure 2. Venn diagram of iron-deficient patients, according to the different biological definitions.
M.ID: patients with mild iron depletion (ferritin ≤ 50 μg/L). CF.ID: historical paediatric definition of
iron deficiency in cystic fibrosis (ferritin ≤ 12 μg/L or TSAT ≤ 16%). ID: primary endpoint definition
of iron deficiency, according to international criteria (ferritin ≤ 20 (women) or 30 (men) μg/L or
≤100 μg/L in the case of systemic inflammation (C reactive protein ≥ 10 mg/L) or transferrin
saturation ≤ 16%).

Finally, 82 patients (49.7%) of our cohort had mildly depleted iron stores (ferritin ≤ 50 μg/L),
including 54/73 patients with ID, according to the primary endpoint definition.

Nine patients were anaemic: seven women (four with ID) and two men (one with ID).
The mean corpuscular volume (MCV) was significantly lower in iron-deficient patients
(85.8 ± 5.2 vs. 88.5 ± 4.7 fL, p < 0.001). MCV was significantly lower in ID patients
irrespective of gender (men: 85.2 ± 3.3 vs. 88.1 ± 3.6 fL, p < 0.01, women: 86.2 ± 6.2 vs.
89.1 ± 6.0 fL, p = 0.01).

3.3. Iron Deficiency Risk Factors
3.3.1. Univariate Analysis

Table 2 shows the association of ID and risk factors. ID was significantly associated
with female gender (58.9% vs. 38%, p = 0.008), lower age (29.4 ± 8.5 vs. 32.5 ± 9.1 years,
p = 0.02), lower BMI (20.5 ± 2.2 vs. 21.3 ± 2.5, p = 0.05), and P. aeruginosa colonization
(70.8% vs. 55.1%, p = 0.04).

Diabetes mellitus and the use of antiacid drugs or pump proton inhibitors were more
frequent in the ID group, but the difference did not reach statistical significance (p = 0.08
and p = 0.06, respectively). The prevalence of ID tended to be correlated with worsened
PFT, illustrated by the decrease in FEV1 (p = 0.07). The proportion of patients treated with
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CFTR correctors was similar in the ID and no-ID groups (p = 0.60). Fat-soluble vitamin
deficiency was not significantly associated with ID.

Table 2. Risk factors and 95% CI for iron deficiency in univariate analysis.

No-ID (n = 92) ID (n = 73) p

Age (year) 32.5 ± 9.1 29.4 ± 8.5 0.02
Female gender (%) 38% 58.9% 0.008
BMI (kg/m2) 21.3 ± 2.5 20.5 ± 2.2 0.05
P. aeruginosa (%) 55.1% 70.8% 0.04
Diabetes mellitus (n) 11 16 0.08
CF-related liver disease (n) 9 8 0.80
Antiacid drugs/PPI (%) 25% 38.4% 0.06
CFTR corrector drugs (%) 32.6% 37% 0.60
FEV1

<30% 0 1

0.07
30–49% 16 19
50–79% 35 33
≥80% 39 19

BMI: body mass index; CF: cystic fibrosis; CFTR: cystic fibrosis transmembrane regulators; ID: iron-deficient;
FEV1: forced expiratory volume in one second; PPI: pump proton inhibitors. NID: No iron deficiency.

3.3.2. Multivariate Analysis

In the multivariate analysis (Figure 3), female gender (OR: 2.64, CI95%: 1.31–5.31,
p = 0.006), age below 30 years (OR: 2.30, CI95%: 1.16–4.56, p = 0.02), and P. aeruginosa (OR:
2.09, CI95%: 1.04–4.19, p = 0.04) were significantly associated with ID, whereas diabetes
mellitus and BMI were not associated with ID.

Figure 3. Odds ratios and 95% confidence interval of iron deficiency risk factors in cystic fibrosis in
the multivariate analysis. BMI: body mass index (kg/m2).

Noticeably, we repeated the multivariate analysis including only the 64 patients de-
fined as ID with low ferritin or TSAT level and excluding those with CRP ≤ 100 μg/L in the
case of systemic inflammation (CRP ≥ 10 mg/L) or TSAT ≤ 16%. Similar results were found:
ID was significantly associated with P. aeruginosa colonization (OR: 2.15, CI95%: 1.03–4.48,
p = 0.04), female sex (OR: 3.38, CI95%: 1.65–6.93, p = 0.001), and age < 30 years (OR: 2.57,
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CI95%: 1.26–5.27, p = 0.009), whereas diabetes mellitus (OR: 1.84, CI95%: 0.72–4.69, p = 0.20)
and BMI < 20 kg/m2 (OR: 0.88, CI95%: 0.43–1.78, p = 0.71) were not associated with ID.

4. Discussion

In this prospective study, we found a high prevalence of ID in adult pwCF, similar to
the previous most recent study but a low prevalence of anaemia [10]. To circumvent the
non-specific elevation of ferritin during systemic inflammation, we recruited stable patients
during their annual evaluation and used the most recent guidelines for ID diagnosis, which
recommend increasing the threshold of ferritin in the case of high CRP levels [11]. The use of
serum iron concentration or soluble transferrin receptor (sTfR) has been suggested in such
situations, but serum iron concentration is reduced in the case of systemic inflammation
and the sTfR can be affected by enhanced erythropoiesis and has a lower sensitivity
and specificity than ferritin [22]. Moreover, the use of sTfR is limited by the lack of
standardization of sTfR measurement [23].

Very few data about the risk factors of ID in adult pwCF are available at present. Previ-
ous studies focused on children [7] or mixed populations (both adult and child patients [8]
and were impaired by their sample size, missing data, or confounding factors [16]. Table 3
presents the main previously published studies during the past 40 years (PubMed literature
review using the following mesh terms—“Iron”, “Iron deficiency” and “Cystic Fibrosis”),
showing the great heterogeneity of biological definitions used to define ID in pwCF.

Table 3. PubMed literature systematic review of studies reporting iron deficiency among patients
with cystic fibrosis.

n Patients
ID Biological

Definition
ID

Prevalence
Exacerbation

Gettle,
2020 [10] 67 A ferritin < 12 μg/L

and/or TSAT < 16% 41.8% PEx+

Kałużna-Czyż, 2018 [24] 46 P ferritin < 12 μg/L (<5 yo)
ferritin < 15 μg/L (>5 yo) 39% PEx+

and PEx−
Yadav, 2014 [25] 27 P SI < 4 μmol/L 48.1% PEx+

and PEx−
Gifford, 2012 [26] 12 A SI < 12 μmol/L 83% PEx+

Gifford, 2011 [27] 39 A SI < 12 μmol/L 76.9% PEx+
and PEx−

von Drygalski, 2008 [8] 26 A + P
SI ≤ 40 μg/dL or
TSAT ≤ 20% or

ferritin ≤ 35 μg/L

61% *
87.5% # NA

Khalid, 2007 [16] 127 A

ferritin < 12 μg/L (women)
and 20 μg/L (men) or

SI < 12 μmol/L or
TSAT ≤ 15% or

sTfR < 1.74 mg/L

18.9% (ferritin)
42.5% (TSAT)15% (sTfR)

PEx+
and PEx−

Reid, 2002 [6] 30 A SI < 12 μmol/L
or TSAT < 16% 74% PEx−

Jaffe, 2002 [28] 144 P NA 58% NA

Keevil, 2000 [5] 70 A

ferritin < 12 μg/L (women)
ferritin < 20 μg/L (men)

SI < 12 μmol/L
TSAT < 16%

sTfR < 1.74 mg/L

11% (ferritin)
69% (TSAT)
29% (sTfR)

NA

Pond, 1996 [29] 71 A TSAT < 16% 62% NA
Zempsky, 1989 [30] 13 A ferritin ≤ 25 μg/L 38.4% PEx−
Ehrhardt, 1987 [15] 127 A + P ferritin < 12 μg/L 32.3% PEx+

and PEx−

Ater, 1983 [31] 39 A + P
ferritin < 12 μg/L

SI < 40 μg/dL
TSAT < 16%

33% (ferritin)
25% (SI)

28% (TSAT)

PEx+
and Pex−

* among anaemic patients; # among non-anaemic patients. A: adult population; n: sample size; NA: not available; P:
paediatric population; Pex+: included patients with clinically apparent pulmonary exacerbation; PEx−: included
patients without apparent pulmonary exacerbation; SI: serum iron; sTfR: soluble transferrin receptor; TSAT:
transferrin saturation.
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Unlike the study of Gettle et al. [10], antiacid drug use was not associated with ID in
our cohort, whereas a lower BMI, lower age, and female gender appeared as risk factors of
ID in the multivariate analysis. These discrepancies might be due to a younger population
and a lower mean BMI in our work or to the systematic inflammation assessment that
allowed the reclassification of nine patients who were misdiagnosed as non-iron deficient.
In previous studies [6], FEV1 was correlated with ID. A similar trend was present in
our results, without statistical significance. In our study, patients were less frequently
colonized by P. aeruginosa and mean FEV1 was higher than in previous cohorts, reflecting
the improved medical management of CF. We expected a lower prevalence of ID in lung
transplant patients, related to decreased systemic inflammation linked to the disappearance
of P. aeruginosa colonization. However, the difference was not statistically significant,
probably because of the small number of lung transplant recipients with ID (2/14).

ID aetiology in CF remained uncertain. The high prevalence in men compared to the
general population (2% according to the Centre for Disease Control [32]) highlighted that ID
in CF is not supported by the same blood loss mechanism. The treatment of CF exacerbation
has been shown to be linked to an increase in iron stores, supporting the hypothesis that
systemic inflammation through enhanced hepcidin secretion is a central cause of ID [26].
As such, the increasing use of CFTR modulators, which are known to reduce the systemic
inflammation, appears as a promising option for preventing ID [33]. One-third of our
patients received these treatments with no difference between ID and no-ID groups. A
lack of power due to the sample size could explain these results: a prospective assessment
of iron status before and after highly effective CFTR modulator use appears necessary.
Indeed, triple combination therapy is expected to provide better control of pulmonary
inflammation, which could thus help to prevent ID and anaemia [34].

The treatment of ID is controversial and no recommendations are available [35]. Iron
supplementation has been suspected to enhance bacterial growth. In a small case series, the
use of ferric carboxymaltose was associated with the worsening of pulmonary symptoms
and FEV1 within a few days following infusion [36]. However, in a blinded trial, weekly
intravenous ferrous sulphate administration in anaemic ID adult pwCF did not increase
CF exacerbation [28,37]. Future studies should focus not only on the iron supplementation
tolerance profile but also on the improvement of health quality and fatigue related to the
correction of ID [38,39]

Some limitations of our study can be raised. First, our study is a single-centre design
and took place in a referral centre: thus, our results might not be generalizable to the
whole pwCF population. Furthermore, our results are only applicable to adult patients and
specific studies should be conducted in the paediatric population. Second, although we
included 40% of our cohort, the sample size may limit multiple-comparison and subgroup
analyses. Third, the cross-sectional nature of our study does not allow us to study the effect
of treatments, such as antibiotics or CFTR modulators, on the incidence of ID. To the best of
our knowledge, our study is the largest published to date, representing a first-step analysis
with moderate statistical power, providing a basis and hypothesis for future prospective
studies to confirm these results in larger samples.

5. Conclusions

ID is highly prevalent in adult patients with CF. The current guidelines for pwCF
recommend reviewing iron status annually [40], but a recent survey among CF clinicians
showed that few centres are routinely screening for ID. To improve ID screening in pwCF,
our results suggest that special attention should be directed to young women with low
BMI and P. aeruginosa colonization. However, male patients would also benefit from ID
screening as a much higher prevalence was identified compared to young men in the general
population. The therapeutic revolution of CFTR modulators could dramatically improve
the prevalence of ID in CF, but further prospective studies are required to determine the
effect of inflammatory syndrome normalization on iron metabolism.
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Detection, Function, Deficiency, Therapeutic Use and Toxicity. Nutrients 2021, 13, 1703. [CrossRef]
21. von Elm, E.; Altman, D.G.; Egger, M.; Pocock, S.J.; Gøtzsche, P.C.; Vandenbroucke, J.P. STROBE Initiative The Strengthening the

Reporting of Observational Studies in Epidemiology (STROBE) Statement: Guidelines for Reporting Observational Studies. Ann.
Intern. Med. 2007, 147, 573–577. [CrossRef] [PubMed]

22. Wish, J.B. Assessing Iron Status: Beyond Serum Ferritin and Transferrin Saturation. Clin. J. Am. Soc. Nephrol. 2006, 1 (Suppl. 1),
S4–S8. [CrossRef]

23. Dignass, A.; Farrag, K.; Stein, J. Limitations of Serum Ferritin in Diagnosing Iron Deficiency in Inflammatory Conditions. Int. J.
Chronic. Dis. 2018, 2018, 9394060. [CrossRef]
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Abstract: Women are prone to iron deficiency because of increased iron excretion associated with
menstruation. This is often treated by oral iron supplementation, although this treatment can cause
side effects, such as stomach pain and nausea, with low absorption of ingested iron. Previously, a sig-
nificant increase in serum iron was observed in association with the consumption of foods containing
Lactococcus lactis subsp. cremoris H61 (H61). However, the causal relationship between H61 ingestion
and elevated serum iron is still unclear. Therefore, in this study, we aimed to determine the effects
of H61 ingestion on the iron status of young women. Healthy young Japanese women (18–25 years
of age) ingested either heat-killed H61 or placebo for 4 weeks. Serum iron, transferrin saturation,
and ferritin were significantly elevated in the H61 group but remained unchanged in the placebo
group. Compared to before the intervention, iron intake remained unchanged during the intervention
period, so the change in the iron status of the H61 group was not due to increased iron intake. These
results suggest that heat-killed H61 may elevate iron status by enhancing iron absorption.

Keywords: ferritin; probiotics; serum iron; transferrin saturation; unsaturated iron-binding capacity

1. Introduction

Iron is an important nutrient because it is involved in the electron transport system and
oxygen transport in the human body. However, due to its low absorption from food [1,2],
iron deficiency is among the most common nutritional problems worldwide [3]. Although
there is no physiological pathway that actively excretes iron, approximately 1–2 mg/day of
iron is inevitably lost due to epithelial sloughing, sweating, and bleeding [4,5]. In addition,
menstruating women are prone to iron deficiency anemia due to high iron discharge
associated with menstruation [6].

Iron is absorbed from food in the intestine and enters circulation. Then, the iron
released from enterocytes into the circulatory system is inhibited by the hepatic hormone
hepcidin [7–9]. As serum iron concentration is tightly regulated by hepcidin, its oversecre-
tion causes anemia, whereas its undersecretion causes iron overload [7]. Exercise [10,11]
and excessive iron intake [12] enhance hepcidin secretion, so physically active women are
more susceptible to iron deficiency anemia, even with adequate iron intake.

Iron deficiency is generally treated with oral iron supplementation. Due to the rapid
increase in iron exposure in the gastrointestinal tract, oral supplementation may cause side
effects, such as stomach pain and nausea [13]. An increase in serum iron was observed
in people consuming either yogurt fermented with Lactococcus lactis subsp. Cremoris H61
(H61) [14] or a commercial dietary supplement containing heat-killed H61 [15]. However,
in previous studies, participants were not instructed to refrain from iron supplementation
during the intervention period [14], and the dietary supplement used contained other
probiotics and vitamins [15]. Therefore, the causal relationship between H61 ingestion and
elevated serum iron is not yet clarified.
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Thus, in this study, a double-blind, randomized, placebo-controlled trial was con-
ducted to determine the effect of H61 on the iron status of healthy young women.

2. Materials and Methods

2.1. Participants

A total of 50 young women were recruited. The inclusion criteria were: (1) healthy
women aged 18–25 years (2) in good physical condition (3) willing to voluntarily partic-
ipated in the study and provide written consent. The exclusion criteria were as follows:
(1) a history of serious cardiovascular, hepatic, renal, respiratory, endocrine, or metabolic
disorders; (2) a history of chest pain or syncope; (3) those at risk of developing allergies
related to test supplements; (4) those who had 200 mL of blood drawn within 1 month or
400 mL within 3 months prior to the start of this study, (e.g., blood donation); (5) smokers;
and (6) those who were otherwise deemed unsuitable by the study investigator. The pur-
pose and methods of this study were explained to participants orally and in writing, and
written consent was obtained.

The participants were randomly allocated to the test (H61) or placebo group. One
participant in the placebo group withdrew prior to the intervention. Another participant
in the placebo group was excluded because her initial serum iron concentration was not
normal. During the intervention, six participants in the H61 group dropped out because
they did not appear in the second blood sampling (n = 5) and lost the test supplement
(n = 1). Forty-two participants completed the intervention. Among them, 13 participants
were excluded for common cold (n = 4), iron use (n = 6), compliance of <80% (n = 3), or
missing data (n = 1). The remaining 29 participants were analyzed (Figure 1, Table 1).

Figure 1. Flow diagram of the participants.

Table 1. Characteristics of the participants.

Placebo (n = 15) H61 (n = 14) p

Age (years) 19.9 ± 1.5 19.9 ± 1.1 0.772
Height (cm) 163.0 ± 6.4 161.7 ± 6.7 0.603

Body weight (kg) 58.5 ± 5.9 56.6 ± 5.5 0.381
Data are expressed as means ± SD.

This study was conducted according to the Declaration of Helsinki (approved in
1964, amended in 2013), with the approval of the ethics committee of Juntendo University
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Graduate School of Health and Sports Science (approve No. 29-162). The study was also
registered in UMIN-CTR (UMIN000030815) prior to its initiation.

2.2. Experimental Design

A randomized, double-blinded, placebo-controlled, parallel-group comparative trial
was conducted. The participants took H61 (60 mg/day) or placebo at the same time daily
for 4 weeks. During the intervention, the participants were instructed not to change their
dietary habits. Blood was drawn before (pre) and after (post) the intervention to assess iron
status. A dietary survey was conducted using a brief-type, self-administered diet history
questionnaire (BDHQ) within 3 days before and after blood sampling. The participants
recorded their test supplement intake, physical condition, medications/dietary supplement
use, and menstrual status in a daily logbook during the intervention.

2.3. Test Supplement

The H61 supplement contained heat-killed H61 (Supplementary Figure S1). One tablet
contained 30.0 mg of heat-killed H61, 167.5 mg dextrin, 50.0 mg crystalline cellulose, and
2.5 mg calcium stearate. The placebo tablet contained 197.5 mg dextrin, 50.0 mg crystalline
cellulose, and 2.5 mg calcium stearate. The appearance of the H61 and placebo supplements
was indistinguishable.

The test supplements were provided by Toa Biopharma (Tokyo, Japan). These were
packaged in aluminum pouches for each individual identified by a unique key code. The
key codes were kept by Toa Biopharma and opened after the intervention was completed
and all data were fixed.

2.4. Blood Collection and Measurements

Blood was collected from the cubital vein between 12:00 and 13:00. Blood and biochem-
ical analyses were performed in a certified clinical laboratory (SRL, Tokyo, Japan). Briefly,
red blood cell count, hemoglobin (Hgb), and hematocrit were assessed using a Sysmex XE-
2100 automated hematology analyzer (Sysmex Corporation, Hyogo, Japan). Serum ferritin,
serum iron, and total iron-binding capacity (TIBC) were evaluated using latex agglutination
turbidimetry, direct colorimetry, and 2-nitroso-5-(N-propyl-N-sulfopropylamino) phenol
(nitroso-PSAP) methods, respectively, using a JCA-BM8060 automatic analyzer (JEOL Ltd.,
Tokyo, Japan). Transferrin saturation (TSAT) and unsaturated iron-binding capacity (UIBC)
were calculated as serum iron/TIBC × 100 and TIBC−serum iron, respectively.

Serum hepcidin concentrations were measured in duplicate using a hepcidin-25
extraction-free ELISA (Cosmo Bio, Tokyo, Japan) according to the protocol provided by
the manufacturer. If the difference was <10% of the mean, the mean value was used as the
concentration; otherwise, the measurement was repeated until the difference was <10%.

2.5. Dietary Survey

A dietary survey was conducted using BDHQ, a self-administered questionnaire
developed for the Japanese population that was previously validated [16]. BDHQ was used
to measure nutrient intake for one month from the time of the survey. The daily intake of
iron and vitamin C was estimated according to the density of each nutrient (mg/1000 kcal)
and estimated energy requirements (2200 kcal/day). The estimated energy requirement
was based on physical activity level category III (high) for women aged 18–29 as defined in
the Dietary Reference Intakes for Japanese (2015 edition), as all participants were active
and belonged to a collegiate athletic club (e.g., basketball and soccer).

2.6. Menstrual Cycle

The menstrual cycle on the day of blood collection was classified into two phases
according to the diary kept by participant: follicular or luteal [17]. The luteal phase was
defined as up to 14 days from the first day of bleeding, whereas the follicular phase was
defined as any other day.
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2.7. Statistical Analyses

The changes in hematological parameters were analyzed using a generalized estimated
equation of a generalized linear model controlled for menstrual cycle. The model included
a subject ID as a subject variable, intervention (H61, placebo), measure point (Pre, Post),
and menstrual cycle as within-subject variables and interactions; intervention × measure
point was fixed, whereas intervention × menstrual cycle and measure point × menstrual
cycle were included in the model if they reduced the quasi-information criterion. The
model with the smallest criterion was adopted.

Statistical significance was set at p < 0.05. Statistical analyses were conducted using
SPSS Statistics ver. 24 (IBM Japan, Tokyo, Japan).

3. Results

3.1. Iron Status

After 4 weeks of intervention, serum iron (p < 0.05), TSAT (p < 0.05), and ferritin
(p < 0.001) increased significantly, whereas UIBC decreased significantly in the H61 group
(p < 0.001). In the placebo group, MHC (p < 0.001) and hepcidin (p < 0.01) levels decreased
significantly. A significant decrease in MCV was also observed in both groups (p < 0.05).

After the intervention (Post), the H61 group had significantly higher serum iron
(p < 0.05), TSAT (p < 0.05), and ferritin (p < 0.05) and significantly lower UIBC (p < 0.01)
than the placebo group. However, before the intervention (Pre), the H61 group also had
significantly higher serum iron (p < 0.05) and TSAT (p < 0.01) and significantly lower UIBC
(p < 0.01) than the placebo group (Figure 2, Supplementary Table S1).

Figure 2. Changes in hematological parameters. (A) Serum iron. (B) Transferrin saturation. (C) Un-
saturated iron-binding capacity. (D) Serum ferritin. * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001.

Iron status, depending on menstrual cycle (follicular phase vs. luteal phase), was also
examined. Ferritin was significantly higher (p < 0.05) in the follicular phase (EMM 33.9, SE
1.0 ng/mL) than in the luteal phase (EMM, 28.5; SE, 1.2 ng/mL). There were no significant
differences in other parameters, such as serum iron and TSAT (Supplementary Table S2).

Throughout the study, the highest ferritin and TSAT were 103.0 ng/mL and 47.8%,
respectively; therefore, no subjects were suspected of having iron overload.
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3.2. Iron and Vitamin C Intake

During the intervention, the participants’ iron and vitamin C intake did not change
relative to pre-intervention. The mean iron intake was lower than the estimated average
requirement (EAR) in both groups, with 64% (9/14) of the H61 group and 67% (10/15) of
the placebo group below the EAR during the intervention. The mean vitamin C intake was
greater than the EAR in both groups, with 29% (4/14) of the H61 group and 40% (6/15) of
the placebo group below the EAR during the intervention (Table 2).

Table 2. Changes in the estimated daily intake of iron and vitamin C.

EAR Group
PRE POST

p b

Mean SD p a Mean SD p a

Iron
(mg/day) 8.5 #

H61 8.2 1.6
0.215

7.8 2.4
0.766

0.361
placebo 7.5 1.3 7.6 1.9 0.900

Vitamin C
(mg/day) 85

H61 126.5 44.4
0.234

110.8 51.8
0.779

0.121
placebo 107.6 38.5 105.9 40.6 0.891

EAR, estimated average requirement; #, women with menstruation aged 18–29; p a, H61 vs. placebo; p b, PRE vs. POST.

Table 2 summarizes the intergroup differences. The estimated daily intake of iron
and vitamin C did not differ significantly between the H61 and placebo groups pre- and
post-intervention.

4. Discussion

The 4 weeks of heat-killed H61 consumption significantly increased serum iron, ferritin,
and TSAT levels and significantly decreased UIBC in healthy women. Iron and vitamin C
were not supplemented during the intervention. The estimated daily iron and vitamin C
intake during the intervention did not differ from pre-intervention levels.

TSAT was calculated as Fe/TIBC, whereas UIBC was calculated as TIBC−Fe. Because
serum iron increased, whereas TIBC did not change in the H61 group, the increase in serum
iron may account for the increase in TSAT and decrease in UIBC.

When multiple measurements are taken, if a population with extreme initial values
is selected, the next measurement will be closer to the overall mean. This is a statistical
phenomenon called regression toward the mean, and examples in clinical parameters
include blood pressure and serum cholesterol [18]. In this study, the participants were
randomly allocated before the intervention, and pre-intervention serum iron was signif-
icantly higher in the H61 group (EMM, 103.8 μg/dL; SE, 4.4 μg/dL) than in the placebo
group (EMM, 75.2 μg/dL; SE, 11.8 μg/dL). According to the National Health and Nutrition
Survey, the mean serum iron level of Japanese women aged 20−29 years is 75.2 μg/dL
(SD, 39.6 μg/dL) [19], suggesting that participants with high serum iron levels were dis-
proportionately allocated to the H61 group. Therefore, if the intervention had no effect on
serum iron, the post-intervention serum iron in the H61 group should have been lower
than the pre-intervention level because of regression toward the mean. However, after the
intervention, serum iron (EMM, 140.8 μg/dL; SE, 17.1 μg/dL) was significantly elevated
in the H61 group, whereas it was unchanged in the placebo group. Thus, the four weeks
of administration of heat-killed H61 may have increased the serum iron levels of healthy
young women, even with a higher serum iron population.

Previously, an increase in serum iron was observed in young women consuming
300 mL/day of yogurt fermented with H61 for 4 weeks [14]. However, in this study, the
mean serum iron was also elevated in the control group. Furthermore, a dietary survey was
not included, and iron supplement use could not be excluded because the participants were
female track and field athletes. Thus, the change in serum iron levels was not discussed as
the influence of H61. In another study, serum iron increased when men took a commercially
available dietary supplement containing H61 (1.6 × 108 cells before being heat-killed/day)
for 30 days [15]. However, the dietary supplement also contained another probiotic,

37



Nutrients 2022, 14, 3144

Lactobacillus sporegenes, and vitamins (vitamin C, vitamin E, niacin, calcium pantothenate,
vitamin B1, vitamin B6, vitamin B2, vitamin A, folic acid, vitamin D, and vitamin B12).
Therefore, H61 could not be concluded as responsible for the increase in serum iron. In
this double-blind, randomized, placebo-controlled study, the effect of heat-killed H61 was
examined, and an increase in serum iron was observed.

The National Health and Nutrition Survey reported a mean daily iron intake of 7.1 mg
(SD, 3.1 mg) for Japanese women aged 20–29 years and a mean vitamin C intake of 73 mg
(SD, 52 mg) [19], which is involved in iron absorption [20]. Although a direct comparison of
intakes cannot be made because of the difference in survey methods, the iron and vitamin
C intakes of the participants in this study, although suboptimal, were not significantly
different from those of average Japanese women aged 20–29 years. In addition, iron or
vitamin C supplementation was not provided in this study, and the estimated dietary iron
and vitamin C intakes during the intervention did not differ from pre-intervention levels.
Thus, the increase in serum iron observed in the H61 group was not due to increased iron
or vitamin C intake.

It is noteworthy that H61 increased the serum iron concentrations in healthy women
with suboptimal dietary iron intake. Orally ingested iron is absorbed in the duodenum
and upper small intestine. Heme iron is absorbed as-is, whereas non-heme iron (Fe3+) is
reduced to Fe2+ by ferric reductase in the apical membrane [21] and is absorbed by divalent
metal transporter 1 (DMT1) and human copper transporter 1 [22]. Therefore, the absorption
of non-heme iron competes with absorption of zinc and copper, which are also absorbed by
DMT1 [23]. Iron absorbed in enterocytes is converted to Fe3+ by transmembrane copper-
dependent ferroxidase hephaestin and is released into the blood by the basal membrane
iron transporter ferroportin (SLC40A1) and binds to transferrin in the serum [7,20]. The
hepatic hormone hepcidin inhibits iron transport by ferroportin. [24]. In this study, serum
iron was significantly increased in the H61 group. Therefore, H61 may have an influence at
some point in this process.

Dietary iron absorption is estimated to be 14% with a Swedish diet, 16% with a French
diet, and 16.6% with a U.S. diet [25]. Dietary non-heme iron (Fe3+) must be reduced to
divalent iron (Fe2+) in the lumen before it can be absorbed. Vitamin C promotes iron
absorption because it can reduce iron [20,26]. Lactate also enhances iron absorption [26,27].
The ingestion of heat-killed H61 was reported to increase the abundance of intestinal Lacto-
bacillales [28]. Lactobacillales, commonly called lactic acid bacteria, ferment carbohydrates to
produce lactate. Therefore, the ingestion of heat-killed H61 may have increased the abun-
dance of Lactobacillales to increase the concentration of lactate in the intestines, enhancing
iron absorption. However, the intestinal microbiota was not examined in this study. As
the composition of the microbiota is differs considerably between humans and animals,
the changes in the intestinal microbiota in rats resulting from heat-killed H61 ingestion
cannot be directly applied to humans. Meanwhile, a recent systematic review showed that
Lactobacillus plantarum 299v increases iron absorption [29]. Thereby, it seems possible that
H16 may also increase iron absorption. Therefore, the mechanism to increase serum iron
should be clarified.

Serum ferritin reflects the amount of stored iron [30]. In this study, the H61 group had
an increased serum ferritin and serum iron after the intervention. Therefore, stored iron
also seemed to increase in this group.

Iron status fluctuates with the menstrual cycle. Serum iron, TSAT, and hepcidin
decrease before menstruation; recover from the onset to the end of menstrual bleeding;
and peak during the follicular phase [31]. In female cyclists, Hgb and serum ferritin levels
increase from the menstrual phase to the follicular phase and decrease from the follicular
phase to the luteal phase [32]. In this study, serum ferritin was higher in the follicular phase
than in the luteal phase, similar to a previous report [32], although TSAT and Hgb did
not differ according to menstrual cycle. Thus, the menstrual cycle should be incorporated
when assessing a woman’s iron status.
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In a previous report, menstrual cycle was not considered, although an increase in
serum iron was observed in young women who consumed yogurt fermented with H61 [14].
In this study, generalized estimating equations were used to control for menstrual cycle.
Therefore, the results of this study may demonstrate the effects of heat-killed H61 without
the influence of the menstrual cycle.

The treatment of iron deficiency anemia typically involves oral iron supplementation.
However, such treatment has adverse effects, such as stomach pain and nausea, which
can lead to poor compliance [13]. In contrast, the increase in serum iron observed in
this study was not due to increased iron intake. None of the participants complained
of gastrointestinal symptoms during the intervention. Therefore, instead of oral iron
supplementation, H61 can be used to improve iron deficiency anemia without causing
gastrointestinal symptoms or physical discomfort.

This study is subject to some limitations. We did not determine the amount of men-
strual bleeding and individual differences in this parameter. This may have impacted the
participants’ iron status. The initial serum iron level significantly differed between the
participants in the H61 and placebo groups; this was an accidental bias resulting from
random allocation upon entry. However, the possible difference in the participants’ iron
bioavailability or genetic predispositions cannot be ruled as having influenced the results.
Therefore, the effects of H61 should be re-examined in a population with uniform iron
metabolism by measuring the amount of iron loss due to menstrual bleeding. In this study,
the 4-week consumption of heat-killed H61 improved iron status with no signs of iron
overload. However, it is necessary to determine the risk of iron overload with larger doses
and/or longer duration.

5. Conclusions

Four-week consumption of heat-killed Lactococcus lactis subsp. cremoris H61 was
demonstrated to increase serum iron, TSAT, and ferritin levels and decrease UIBC. As the
improvement in iron status was not attributed to the amount of iron intake, dietary iron
availability was suggested to be enhanced by heat-killed H61.
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Abstract: Multivitamin/mineral (MVM) supplements are one of the most popular dietary supplement
categories. The purpose of this analysis was to determine if a novel liposomal delivery mechanism
improves mineral absorption from an MVM product. In a randomized crossover trial, 25 healthy par-
ticipants (12 females, 13 males) completed two testing sessions in which blood samples were collected
at baseline and 2, 4, and 6 h following the ingestion of either a liposomal MVM or a nutrient-matched
standard MVM. Analysis of MVM products indicated an elemental iron content of 9.4 and 10.1 mg
(~50% U.S. FDA Daily Value) and an elemental magnesium content of 22.0 and 23.3 mg (~5% U.S.
FDA Daily Value) in the liposomal and standard MVM products, respectively. Blood samples were
analyzed for concentrations of iron and magnesium using colorimetric assays. Changes in mineral
concentrations were analyzed using linear mixed models, and pharmacokinetic parameters were
compared between conditions. For iron, statistically significant condition × time interactions were
observed for percent change from baseline (p = 0.002), rank of percent change from baseline (p = 0.01),
and raw concentrations (p = 0.02). Follow-up testing indicated that the liposomal condition exhibited
larger changes from baseline than the standard MVM condition at 4 (p = 0.0001; +14.3 ± 18.5% vs.
−6.0 ± 13.1%) and 6 h (p = 0.0002; +1.0 ± 20.9% vs. −21.0 ± 15.3%) following MVM ingestion. These
changes were further supported by a 50% greater mean incremental area under the curve in the
liposomal condition (33.2 ± 30.9 vs. 19.8 ± 19.8 mcg/dL × 6 h; p = 0.02, Cohen’s d effect size = 0.52).
In contrast, no differential effects for magnesium absorption were observed. In conclusion, iron
absorption from an MVM product is enhanced by a liposomal delivery mechanism.

Keywords: iron; magnesium; multivitamin; liposomes; micronutrients; bioavailability; absorption

1. Introduction

Multivitamin/mineral (MVM) supplements have been consumed since the early 1940s
and remain popular today [1,2]. National Health and Nutrition Examination Survey
(NHANES) data indicate that MVM products are consumed more frequently than any
other type of dietary supplement, and that the proportion of the population consuming
MVM products increases with age. Based on NHANES 2017–2018 data, it was estimated
that MVM products are consumed by 24% of adults aged 20–39 years, 30% of adults aged
40–59 years, and 39% of adults aged 60 years and older [3]. It is also estimated that, in the
United States, 14% of all dietary supplement purchases and 38% of all vitamin and mineral
sales are attributable to MVM products.

Several investigations have supported the utility of MVM products for increasing
nutrient intake and improving nutrient status [4–8]. However, it is noteworthy that a
standardized definition of MVM is not currently available, and a variety of classifications
have been used in research, monitoring, and commercial contexts [1,9]. Additionally, dis-
tinct subcategories of MVM, such as basic (broad spectrum), high potency, and specialized
(condition specific) have been described [1]. These considerations, as well as the multitude
of specific formulations used in extant research, preclude clear conclusions regarding the
utility of MVM supplements as a broad category [1,10]. As such, the attributes of specific,
commercially available MVM products should be evaluated. One relevant consideration is
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the bioavailability and absorption profiles of individual nutrients contained within a prod-
uct, factors which are affected by the product characteristics (e.g., formulation, excipients,
fillers, coatings, etc.) and dissolution ability [9]. The need to establish accurate composition
and bioavailability data across micronutrient products, including MVM, has been noted as
a priority for future research [10]. One major challenge to establishing the bioavailability
of MVM products is variance between label claims and actual contents. In this regard,
production and examination of a certificate of analysis (COA) for each investigated product
is warranted to aid in objective verification of nutrient content. Furthermore, it has been
noted that minimal bioavailability data are available for MVM products, in contrast to
individual nutrient supplements or foods, and it cannot be assumed that the same nutrients
within an MVM will be absorbed similarly to a single-ingredient preparation [10]. The
unique matrix of nutrients, corresponding nutrient–nutrient interactions, and the physical
form of the product (i.e., capsule, tablet, liquid, etc.) may influence the bioavailability of
nutrients within an MVM, but limited information is available in this regard [10].

A particularly notable development influencing the physical form of products and
potentially altering the bioavailability of nutrients within MVMs is the introduction of
liposomal delivery mechanisms, in which nutrients are packaged in liposomes to promote
enhanced absorption and bioavailability [11]. Liposomes are spherical vesicles composed
of one or more phospholipid bilayers (Figure 1) [12]. This structure allows for packaging
of both water- and fat-soluble compounds. Hydrophobic compounds are encapsulated
within the interior of the sphere, adjacent to the hydrophilic phospholipid heads, whereas
hydrophobic compounds can be accommodated among the hydrophobic fatty acid tails [11].
In some cases, liposomal packaging allows for protection of the contents from a hostile
gastrointestinal environment, and also provides the potential for improved cellular uptake
due to interactions between the liposomal membrane and the cell membrane. Liposomes
have several additional advantages as a compound delivery mode, including increased
stability, biocompatibility, and flexibility as compared to conventional methods [12,13].

 

Figure 1. Liposomes as contained in the liposomal multivitamin/mineral product in the present
investigation. Images were captured using cryogenic electron microscopy. Images courtesy of
Dr. David Belnap, EM Core Lab, University of Utah.

Several investigations support the ability of liposomal packaging to improve vita-
min absorption [14–17]. However, few studies have examined the influence of liposomal
packaging on mineral absorption, particularly within the context of an MVM product.
This is notable due to well-documented impacts of inadequate intakes of specific minerals,
including iron, magnesium, and others [18,19]. The World Health Organization (WHO)
estimated that one in three non-pregnant women, corresponding to ~500 million individ-
uals, were anemic in 2011, and that iron deficiency likely contributed to at least half of
these cases [20]. Improved understanding of optimal supplementation strategies may help
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inform interventions to combat these global concerns. In this regard, previous studies have
reported the absorption characteristics of non-liposomal forms of iron and magnesium.
For example, increases in serum and plasma iron concentrations 2 h following ingestion of
iron as iron sulfate or ferroglycin sulphate have been reported [21,22], and the change in
iron concentration 2 h following ingestion has been posited as an appropriate time interval
for low-dose oral iron absorption tests [22]. Additionally, multiple investigations have
reported increased serum magnesium concentrations 4 h after ingestion of supplements
containing magnesium citrate or magnesium malate [23,24]. While these investigations do
not provide information regarding absorption of minerals from liposomal products, they
indicate the potential to examine differential absorption of iron and magnesium several
hours after ingestion.

Due to the promise of liposomal technology for compound delivery, additional re-
search is needed to clarify the impact of this delivery mechanism on the pharmacokinetic
properties of individual nutrients, such as iron, contained within MVM products. Ac-
cordingly, the purpose of the present investigation was to determine if a novel liposomal
delivery mechanism improves absorption of iron and magnesium contained in an MVM
product. It was hypothesized that superior nutrient absorption would be observed with
the liposomal MVM as compared to a nutrient-matched standard MVM product.

2. Materials and Methods

2.1. Overview

This study was a randomized crossover trial examining the pharmacokinetic profiles
of mineral absorption from traditional and liposomal MVM formulations in healthy adults.
Each participant completed two research visits, which were identical except for which
MVM product was consumed. At each visit, participants reported to the laboratory after
an overnight fast. After a baseline blood sample was collected, an MVM product was
consumed alongside a standardized breakfast. At 2, 4, and 6 h post-ingestion, additional
blood samples were collected. Concentrations of iron and magnesium were quantified, and
the pharmacokinetic profiles of each nutrient were examined. The study was conducted
according to the guidelines of the Declaration of Helsinki and approved by the Institu-
tional Review Board of Texas Tech University (protocol code 2021-527; date of approval:
22 July 2021). The study was registered on clinicaltrials.gov (identifier: NCT05060367; first
posted: 29 September 2021). While the study was originally designed to additionally exam-
ine vitamin concentrations, analytical complications at the partner laboratory prevented
use of these data.

2.2. Participants

Healthy adult participants were recruited for participation. Inclusion criteria were
age of 18 to 65 years, body mass of ≥50 kg (due to blood draws), and anticipated ability to
comply with study procedures and scheduling requirements. Exclusion criteria were pres-
ence of a disease or medical condition—such as cardiovascular disease, cancer, respiratory
disease, gastrointestinal disease, or metabolic disease—or current use of medication that
could reasonably influence study outcomes or make participation inadvisable; inability
to abstain from medication, supplement, or substance ingestion during the overnight fast
and duration of the visit; anticipated inability to provide blood samples; current pregnancy
or breastfeeding; and allergy that would prevent safe consumption of the standardized
breakfast or MVM products. Written informed consent was obtained from all subjects
involved in the study. Participants were asked to follow their normal lifestyle practices—
including their typical diet—throughout the entire study involvement, with the exception
of the pre-visit restrictions described below. At the first testing visit, body composition was
estimated using multi-frequency bioelectrical impedance analysis (Seca mBCA 515/514,
Seca, Hamburg, Germany). Participant characteristics are displayed in Table 1.
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Table 1. Participant Characteristics 1.

All (n = 25) Males (n = 13) Females (n = 12)

Age (y) 26.0 ± 3.4 26.2 ± 3.6 25.9 ± 3.5
Height (cm) 169.8 ± 9.0 175.9 ± 6.6 163.3 ± 6.1
Weight (kg) 74.7 ± 15.6 83.0 ± 10.9 65.8 ± 15.3

BMI (kg/m2) 25.7 ± 3.9 26.8 ± 2.8 24.5 ± 4.6
Body fat (%) 25.4 ± 8.3 21.4 ± 7.2 29.7 ± 7.5

1 Values displayed as mean ± SD.

2.3. Testing Visits

For each visit, participants reported to the laboratory after an overnight fast (≥12 h)
from food, dietary supplements, medications, and intake of all substances except water.
Additionally, participants were asked to abstain from any dietary supplement consumption
for the three days prior to each testing visit. A baseline blood draw was collected using
standard phlebotomy procedures. Blood was collected into serum separation tubes (SST;
BD Vacutainer). Processing procedures were based on manufacturer recommendations.
Upon collection, the SST were gently inverted five times, then allowed to clot for 30 min in
the upright position. Thereafter, the SST were centrifuged at room temperature (22 ◦C) at
a speed of 1000 RCF (g) for 10 min in a swinging bucket centrifuge. After centrifugation,
serum samples were aliquoted into microcentrifuge tubes and frozen at −80 ◦C until
shipment to the partner laboratory for analysis.

Following the baseline blood draw, participants were provided with the standard-
ized breakfast and MVM product. The standardized breakfast consisted of two packages
(4 total bars) of Nature Valley Oats n’ Honey Crunchy granola bars. Based on product
labeling, this breakfast provided 380 kcal, 14 g fat, 58 g carbohydrate, 6 g protein, 280 mg
sodium, and 2 mg iron. Ingredients in this product were whole grain oats, sugar, canola
and/or sunflower oil, rice flour, honey, salt, brown sugar syrup, baking soda, soy lecithin,
and natural flavor. This product was selected due to its relative lack of micronutrient forti-
fication, unlike most packaged breakfast products. The first package (i.e., two bars) of the
breakfast product was consumed, followed by MVM ingestion (liposomal or standard) and
consumption of the second package. In a double-blind fashion, each participant ingested
one serving (2 capsules) of the specified MVM product. The order of MVM ingestion
for each participant was randomized using the randomizR software package [25] for R
(date of randomization: 8 September 2021). Both MVM products were manufactured by
Nutraceutical International Corporation using CELLg8® delivery technology, and certifi-
cates of analysis (COAs) were provided for the liposomal multivitamin (Lot #: SRC256641;
date: 31 August 2021) and the standard multivitamin (Lot #: SRC258623; date: 2 Septem-
ber 2021). Elemental iron content (from ferrous glycinate) of the liposomal and standard
MVM was 9.4 and 10.1 mg, respectively (~50% of U.S. FDA Daily Value). Elemental mag-
nesium content (from magnesium glycinate) of the liposomal and standard MVM was
22.0 and 23.3 mg, respectively (~5% of U.S. FDA Daily Value). The full nutritional content
of the liposomal and standard MVM products as obtained from the COAs is displayed
in Table 2. The exact time of MVM ingestion was noted, and all subsequent blood draws
were based on this time point. Bottled water (Purified Drinking Water, Great Value) was
provided to all participants and was allowed ad libitum during the first testing visit, with a
matched amount of bottled water provided at the second visit. Water consumption during
the two visits was (mean ± SD) 1.8 ± 0.9 L and 2.0 ± 1.0 L, respectively.

At 2, 4, and 6 h after MVM ingestion, additional blood samples were collected and
processed using the aforementioned procedures. These time intervals were selected for
two reasons: (1) based on similarity to previous research examining absorption of iron
and magnesium [21–24], and (2) due to practical constraints related to performing the
study in a university laboratory rather than an inpatient facility. Upon completion of the
first study visit, each participant began a washout period of at least seven days before
returning to the laboratory to complete the second testing visit based on their scheduling
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availability (mean ± SD duration of washout period: 7.7 ± 2.0 days). Participants were
instructed to continue maintaining their usual lifestyle practices, including diet, during the
washout period.

Table 2. Nutrient content of multivitamin/mineral products.

Raw Material 1 Nutrient Specified Amount (Unit) 2 Std. MVM 2 Lipo. MVM 2

Vegan Beta Carotene A 900 mcg 950 1098
Methylcobalamin B12 1000 mcg 1258 1210
Ascorbic Acid C 90 mg 108.4 112.7
Vegan Vitamin D-3 D3 20 mcg 22.2 23.9
(6S)-5-Methyltetrahydrofolate Folic Acid 3 235.3 mcg 320.6 326.5
Ferrous Glycinate Iron * 9 mg 10.1 9.37
Magnesium Glycinate Magnesium * 20 mg 23.3 22.0
Manganese Citrate Manganese 2.3 mg 2.6 2.6
Zinc Citrate Zinc 11 mg 12.8 15.0
Benfotiamine B1 1.2 mg 1.0 0.9
Riboflavin-5-Phosphate B2 1.3 mg 0.9 1.1
Niacinamide B3 16 mg 18.1 17.1
Calcium d-Pantothenate B5 5 mg 6.4 5.1
Pyridoxine-5-Phospate B6 1.7 mg 1.0 0.6
Biotin Biotin 30 mcg 56.8 33.0
Choline Bitartrate Choline 25 mg 57.6 44.8
Chromium Glycinate Chromium 35 mcg 54.7 58.0
Co-Q10 Co-Q10 5 mg 4.3 3.8
Sunflower Vitamin E
(a-Tocopherol) E 15 mg 16.4 16.3

Inositol Inositol 25 mg 19.2 22.3
Potassium Iodide Iodine 150 mcg 171.9 244.0
K1 K1 120 mcg 129 74.5
Vegan Lutein Beadlet Lutein 1 mg 1.27 1.25
Molybdenum Glycinate Molybdenum 45 mcg 54.1 53.6
P-Aminobenzoic Acid PABA 5 mg 3.4 4.1
Selenium Selenium 55 mg 54.7 51.8
Acerola Cherry
Juice Powder - 2 mg NT NT

Trace Minerals - 5 mg NT NT
Rosehips - 2 mg NT NT

Standard MVM and liposomal MVM nutrient content based on certificate of analysis for each product. Nutrient
content based on one serving (2 capsules). NT: not tested; 1 other ingredients: Veg 00 capsule, cellulose, stearic
acid, and silica (manufacturing aids). 2 Specified amount and quantities listed for standard and liposomal MVM
indicate the quantity of the specified nutrient, not the quantity of raw material. 3 Folic Acid is not converted to
DFE units; multiply by 1.7 for DFE units. * Study outcome.

2.4. Nutrient Analysis

After collection, all samples were shipped on dry ice to a partner laboratory (Heartland
Assays, Ames, IA, USA) for analysis. Magnesium and iron were analyzed using colorimetric
assay (HM929, Pointe Scientific, Canton, MI and MAK025, Sigma-Aldrich, St. Louis, MO,
USA, respectively). All samples were blinded for analysis, and output was provided to the
principal investigator for statistical analysis. Complete data were available for magnesium
and iron (n = 25 participants; n = 200 samples).

2.5. Statistical Analysis

Initially, data were examined for extreme outliers (i.e., values above Q3 + 3xIQR
or below Q3–3xIQR). No extreme outliers were observed at any time point for raw iron
concentrations. One extreme outlier was observed for iron changes from baseline to
6 h, with no extreme outliers identified at other time intervals. No extreme outliers for
magnesium concentrations at baseline, 4 h, and 6 h were observed. Two extreme outliers
were present for magnesium concentrations at 2 h after MVM ingestion. For changes
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in magnesium concentrations, five extreme outliers were identified for the interval from
baseline to 2 h, four extreme outliers were identified for the interval from baseline to 4 h,
and two extreme outliers were identified for the interval from baseline to 6 h. Based on these
findings, rank-based tests were performed to allow for preservation of the entire sample size
without concerns regarding the distribution of the data. Additionally, non-rank-based tests
were performed with and without inclusion of extreme outliers. For completeness, analysis
of raw iron and magnesium concentrations are presented in Appendix A, although these
analyses were viewed as secondary due to variation in baseline concentrations rendering
their comparison less informative than relative changes.

Data were analyzed in R (version 4.1.2; R Foundation for Statistical Computing,
Vienna, Austria). Percent changes from baseline concentrations and ranks of percent
changes from baseline were visualized using the ggplot2 [26] package (v. 3.3.5) with within-
subject error bars [27,28]. These data were analyzed using linear mixed-effects models
(nlme package [29], v. 3.1-153) with a random intercept for participant and a first-order
autoregressive (AR1) variance-covariance matrix. These models were fit by maximizing
the restricted log-likelihood (REML). In all models, the reference groups were the standard
MVM for condition, female for sex, and the baseline time point for time. The fixed effects
of condition, time, sex, and their interactions were examined, and significant effects were
followed up with pairwise comparisons using the emmeans [30] package (v. 1.7.2). Multiple
comparisons were accounted for using the Benjamini and Hochberg correction [31].

The incremental area under the concentration vs. time curve (iAUC) was calculated
using the method of Brouns et al. [32]. As the 2, 4, and 6 h time points were specified
relative to MVM ingestion, and a mean ± SD of 9.5 ± 1.8 min elapsed between the baseline
blood draw and MVM ingestion, values of 0, 2.158, 4.158, and 6.158 h were used for iAUC
and other pharmacokinetic calculations. The PKNCA [33] package (v. 0.9.5) was used to
establish the maximum observed concentration (Cmax) and time of maximum observed
concentration (Tmax). These values were calculated for the entire sample, females only, and
males only. The iAUC and Cmax values were examined for extreme outliers, as well as for
normality of differences between conditions. When no extreme outliers were present and
normality of differences was observed (via visual inspection of QQ plots and Shapiro–Wilk
tests), data were analyzed using paired samples t-tests. When extreme outliers were present
and/or probable normality violations were observed, Wilcoxon signed-rank tests were
performed. Accordingly, paired-samples t-tests were performed for iron iAUC values in
the entire sample, males only, and females only; magnesium iAUC values in females only;
and iron and magnesium Cmax values in the entire sample and females only. Wilcoxon
signed-rank tests were performed for magnesium iAUC values in the entire sample and
males only, as well as magnesium and iron Cmax values in males only. These analyses were
performed using the rstatix [34] package (v. 0.7.0). Associated metrics of effect size (i.e.,
Cohen’s d for paired t-tests (d) and Wilcoxon r for Wilcoxon signed-rank tests [r]) were also
calculated. Cohen’s d effect sizes can be interpreted as: <0.2 (negligible), 0.2 to <0.5 (small),
0.5 to <0.8 (medium), and >0.8 (large), and Wilcoxon r effect sizes can be interpreted as: 0.1
to <0.3 (small), 0.3 to <0.5 (moderate), and ≥0.5 (large) [34]. Due to the nature of the data,
all Tmax values were analyzed using Wilcoxon signed-rank tests. Statistical significance
was accepted at p < 0.05.

3. Results

3.1. Mixed Models
3.1.1. Iron

For iron, statistically significant condition × time interactions were observed for
rank of percent change from baseline (p = 0.01; Figure 2A), percent change from baseline
(p = 0.002; Figure 2B), and raw concentrations (p = 0.02; Appendix A).
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Figure 2. Changes in iron concentrations following multivitamin/mineral ingestion. The rank of
percent changes from baseline (A) and percent changes from baseline (B) are presented. CxT indicates
the p-value for the condition × time interaction. ** indicates a statistically significant difference
between conditions at a particular time point. * indicates a statistically significant difference from
baseline concentrations in a particular condition.

Follow-up testing for the significant condition × time interaction for rank of percent
change from baseline indicated that the liposomal condition exhibited greater values at 4
(p = 0.01) and 6 h (p = 0.0003) following MVM ingestion, as compared to the standard MVM
condition, without difference at 2 h (p = 0.66). A significant time × sex interaction was also
present (p = 0.006); however, follow-up testing did not reveal any statistically significant
pairwise comparisons after correction for multiple comparisons.

Follow-up testing for the significant condition × time interaction for percent change
from baseline indicated that the liposomal condition exhibited greater values than the
standard MVM condition at 4 (p = 0.0001; +14.3 ± 18.5% vs. −6.0 ± 13.1% [mean ± SD])
and 6 h (p = 0.0002; +1.0 ± 20.9% vs. −21.0 ± 15.3%) following MVM ingestion, without
difference at 2 h (p = 0.84; 18.6 ± 16.2% vs. 16.7 ± 16.9%). A statistically significant
condition × time interaction (p = 0.002) was also observed in the sensitivity analysis (n = 24;
removal of one extreme outlier), with statistically significant differences between conditions
still observed at the 4 and 6 h time points. Based on the lack of difference in condition
effects and interactions between analyses, the results of the full sample are presented. A
significant time × sex interaction was also present (p = 0.006). Follow-up testing indicated
that females presented larger changes in iron at 2 h (p = 0.004), as compared to males, but
not at other time points (p = 0.08 to 1.0).

3.1.2. Magnesium

For magnesium, no statistically significant effects of condition, time, or sex were
observed in any model (Figure 3), except for a condition × sex × time interaction (p = 0.04)
for magnesium changes from baseline in the sensitivity analysis (i.e., following removal
of extreme outliers; Table 3). However, follow-up testing revealed no significant two-way
interactions or pairwise comparisons after correction for multiple comparisons. Based on
the difference in statistical significance of the condition × time × sex interaction, the results
of the sensitivity analysis are presented.
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Figure 3. Changes in magnesium concentrations following multivitamin/mineral ingestion. The rank of
percent changes from baseline (A) and percent changes from baseline after removal of extreme outliers
(sensitivity analysis) (B) are presented. CxT indicates the p-value for the condition × time interaction.

Table 3. p-Values from mixed models.

Iron Magnesium

Δ Rank Δ Δ (S) Δ Rank Δ Δ (S)

n 25 25 24 25 25 18
Intercept <0.001 * 0.72 0.98 <0.001 * 0.13 0.14

Condition <0.001 * 0.005 * 0.02 * 0.66 0.93 1.00
Time 1.00 <0.001 * <0.001 * 1.00 0.14 0.12
Sex 0.07 0.045 * 0.08 0.25 0.80 0.77

Condition × Time 0.01 * 0.002 * 0.004 * 0.96 0.79 0.74
Condition × Sex 0.80 0.72 0.64 0.34 0.41 0.44

Time × Sex 0.006 * 0.006 * 0.001 * 0.58 0.36 0.41
Condition × Time × Sex 0.37 0.27 0.29 0.16 0.06 0.04 *

“Δ Rank” indicates rank of percent change from baseline; “Δ” indicates percent change from baseline; “S” indicates
sensitivity analysis results (removal of extreme outliers). “*” and bold text indicate statistical significance (i.e.,
p < 0.05).

3.2. Pharmacokinetic Analysis
3.2.1. Iron

Greater iAUC values were observed for iron in the liposomal MVM condition in the
entire sample (p = 0.016, d = 0.52; Figure 4), with a 50% difference in mean values. Greater
iAUC was also observed in males only (p = 0.03, d = 0.68; Table 4). In females only, the
difference in iAUC was not statistically significant (p = 0.13, d = 0.47), although a similar
magnitude of effect size as in the entire sample was observed.

There was no difference in iron Cmax in the entire sample (p = 0.51, d = 0.13; Table 5)
and females only (p = 0.25, d = 0.35). In males only, a greater Cmax was observed for iron
in the standard MVM condition (p = 0.01, r = 0.69). However, examination of the data
indicated this was due to higher baseline concentrations in the standard MVM condition
rather than an increase after ingestion, as further evidenced by the greater iAUC in the
liposomal MVM condition. A difference in Tmax for iron was observed in the entire sample
(p = 0.002, r = 0.68; Table 6) and males only (p = 0.01, r = 0.77), indicating lower (earlier)
Tmax values for the standard MVM condition. Tmax values did not significantly differ
between conditions in females only (p = 0.10, r = 0.57).
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Figure 4. Individual differences in incremental area under the curve (iAUC; panel A) and maximal
observed concentration (Cmax; panel B) values for iron. Iron iAUC values were significantly greater
after ingestion of the liposomal product as compared to the standard product (p = 0.016 via paired
samples t-test), with no difference observed for Cmax (p = 0.51 via paired samples t-test). Individual
responses are represented by lines, and bars represent mean values in each condition.

Table 4. Incremental area under the concentration vs. time curve (iAUC) comparison.

Liposomal MVM Standard MVM All Females Males

Mean sd Med IQR Mean sd Med IQR p ES p ES p ES

Iron 33.22 30.90 22.00 39.84 19.84 19.75 18.40 32.01 0.02 * 0.52 0.13 0.47 0.03 * 0.68
Mag. 0.67 1.15 0.07 0.67 0.84 1.13 0.43 1.20 0.30 0.22 0.09 0.54 1.00 0.02

Descriptive data for each condition are presented for all participants. Values are in units of incremental area under
the time (hours) vs. the concentration curve. Concentration units are mcg/dL for iron and mg/dL for magnesium.
p-values were generated by a paired samples t-test or Wilcoxon signed-rank test, as appropriate (see text for
details). Effect sizes (ES) correspond to Cohen’s d when paired samples t-tests were performed and Wilcoxon r
when Wilcoxon signed-rank tests were performed. “*” and bold text indicate statistical significance (i.e., p < 0.05).
sd: standard deviation; med: median; IQR: interquartile range; ES: effect size.

Table 5. Maximal observed concentration (Cmax) comparison.

Liposomal MVM Standard MVM All Females Males

Mean sd Med IQR Mean sd Med IQR p ES p ES p ES

Iron 81.72 24.72 77.07 29.60 84.94 30.39 79.87 41.89 0.51 0.13 0.25 0.35 0.01 * 0.69
Mag. 2.49 0.84 2.10 1.20 2.59 0.88 2.20 1.40 0.41 0.17 0.27 0.34 0.46 0.21

Descriptive data for each condition are presented for all participants. Units are mcg/dL for iron and mg/dL for
magnesium; p-values were generated by a paired samples t-test or Wilcoxon signed-rank test, as appropriate
(see text for details). Effect sizes (ES) correspond to Cohen’s d when paired samples t-tests were performed and
Wilcoxon r when Wilcoxon signed-rank tests were performed. “*” and bold text indicate statistical significance
(i.e., p < 0.05). sd: standard deviation; med: median; IQR: interquartile range; ES: effect size.

Table 6. Time of maximal observed concentration (Tmax) comparison.

Liposomal MVM Standard MVM All Females Males

Mean sd Med IQR Mean sd Med IQR p ES p ES p ES

Iron 3.0 1.5 2.2 2.0 1.5 1.0 2.2 2.2 0.002
*

0.68 0.10 0.57 0.01 * 0.77

Mag. 3.2 2.7 4.2 6.2 3.6 2.5 4.2 4.0 0.62 0.08 0.48 0.13 1.00 0.05

Descriptive data for each condition are presented for all participants in units of hours. p-values were generated by
Wilcoxon signed-rank test, and effect sizes (ES) correspond to Wilcoxon r. “*” and bold text indicate statistical
significance (i.e., p < 0.05). sd: standard deviation; med: median; IQR: interquartile range; ES: effect size.
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3.2.2. Magnesium

No differences in magnesium iAUC values were observed in the entire sample
(p = 0.30, r = 0.22; Table 4; Figure 5), males only (p = 1.0, r = 0.02), or females only (p = 0.09,
d = 0.54). Additionally, no differences between conditions for Cmax values were observed
in the entire sample (p = 0.41, d = 0.17; Table 5), males only (p = 0.46, r = 0.21), or females
only (p = 0.27, d = 0.34). No differences in Tmax were observed for magnesium in the entire
sample (p = 0.62, r = 0.08; Table 6), males only (p = 1.0, r = 0.05), or females only (p = 0.48,
r = 0.13).

Figure 5. Individual differences in incremental area under the curve (iAUC; panel A) and maximal
observed concentration (Cmax; panel B) values for magnesium. Magnesium iAUC values (p = 0.30
via Wilcoxon signed-rank test) and Cmax values (p = 0.41 via paired samples t-test) did not differ
between conditions. Individual responses are represented by lines, and bars represent mean values
in each condition.

3.3. Side Effects

No side effects related to MVM consumption were reported by participants in
either condition.

4. Discussion

The present randomized crossover trial investigated mineral absorption from liposo-
mal and non-liposomal MVM products. As hypothesized, improved iron absorption was
observed following ingestion of the liposomal product. Specifically, larger changes in iron
from baseline—using both percent changes and ranks of percent changes—were observed
in the liposomal condition at 4 and 6 h after MVM ingestion. Additionally, the iAUC for
iron was 50% greater following ingestion of the liposomal MVM product. No differences
between conditions were observed for magnesium absorption. Importantly, the dose of
iron contained in the MVM product represented a relevant dose, whereas the relative dose
of magnesium was much lower. The quantity of elemental iron in the MVM products
represented ~50% of the 18-mg Daily Value used by the U.S. Food and Drug Adminis-
tration (FDA) for nutrition labeling purposes [18]. Additionally, the doses of elemental
iron used in the present study (9.4 to 10.1 mg) meet the Recommended Dietary Allowance
(RDA) for males of all ages, except 14–18 years (RDA: 11 mg/d), and meet or make a
substantive contribution to the recommended intake for adult females (RDA: 8 to 18 mg/d,
depending on age, in non-pregnant females; 27 mg/d in pregnant females). This indicates
that the quantity of iron contained in the MVM product is meaningful relative to daily
intake recommendations and supports the relevance of the improved absorption seen with
the liposomal formulation. In contrast, the doses of elemental magnesium in the present
study were low relative to daily intakes (22 to 23.3 mg vs. U.S. FDA Daily Value of 420 mg;
~5% of Daily Value) [19]. This may indicate that the influence of liposomal delivery on
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magnesium absorption should be further investigated with higher doses, perhaps through
a standalone magnesium supplement due to practical limitations on absolute quantities of
ingredients in MVM products. Preliminary research with a form of liposomal magnesium
supports this contention, as one study indicated enhanced absorption as compared to non-
liposomal forms following ingestion of 350 mg magnesium (i.e., ~15-fold higher than the
dose in the present investigation) [35]. This research was conducted within the context of
single-nutrient products, in contrast to the present investigation, which examined nutrient
absorption from MVM products.

The observed improvement in iron absorption with liposomal packaging is notable for
several reasons. First, iron is essential for a host of physiological functions, ranging from
oxygen handling as part of hemoglobin and myoglobin, to hormone synthesis and support
of normal cellular function [18]. Second, while previous research has indicated benefits of
liposomal delivery for absorption of vitamins [14–17], there is little information regarding
mineral absorption. As such, the present investigation demonstrates the promise of liposo-
mal technology in this regard. Third, the benefit to iron absorption was observed in the
context of a relatively bioavailable source of iron, ferrous glycinate. Previous research has
demonstrated superior bioavailability of ferrous glycinate as compared to iron salts, such
as ferrous sulfate [36–38]. As such, it is notable that liposomal packaging further improved
absorption. While speculative, it is possible that the enhancement of absorption with
liposomal packaging would be even more evident with less bioavailable forms of nutrients.
Fourth, the global impact of inadequate iron intake and international recommendations
for iron supplementation indicate the importance of using the most effective supplement
form. The WHO estimated that one in three non-pregnant women, corresponding to
~500 million individuals, were anemic in 2011, and that iron deficiency likely contributed
to at least half of these cases [20]. Correspondingly, a 2016 WHO report recommends daily
iron supplementation in menstruating adult women and adolescent girls living in settings
where anemia is prevalent [20]. It is well established that groups at risk for inadequate iron
intake include adolescent, pregnant, and premenopausal women, as well as infants and
children [18]. Racial disparities have also been reported, with higher rates of depleted iron
stores in Mexican American and non-Hispanic Black pregnant women [39]. Additionally,
those in food-insecure homes are more likely to experience inadequate iron intake [40]. Col-
lectively, these and other lines of evidence indicate the importance of iron supplementation
in several contexts and demonstrate the need for effective supplementation formulations.

While few investigations have examined the acute absorption properties of minerals
encapsulated in liposomes, some have indicated promise for these products for health
improvements following chronic supplementation in clinical conditions [41–44]. A random-
ized trial in chronic kidney disease patients demonstrated similar increases in hemoglobin
after 3 months of treatment with oral liposomal iron supplements or intravenous iron
administration, along with a lower incidence of adverse effects with oral supplementa-
tion [41]. A separate single-arm trial in patients with chronic kidney disease indicated
that a liposomal iron preparation was well tolerated and increased hemoglobin, relative
to baseline, after 12 months of supplementation [42]. In a single-arm trial conducted in
anemic patients with inflammatory bowel disease, 62% of patients completing treatment
with oral liposomal iron supplements increased hemoglobin above a prespecified threshold
or presented with hemoglobin normalization after 8 weeks of treatment; improvements in
quality of life and reductions in fatigue were also noted [43]. Finally, a randomized trial
in pregnant, non-anemic women indicated that liposomal iron was effective for elevating
hemoglobin and ferritin concentrations as compared with control [44]. While these investi-
gations demonstrate the potential utility of liposomal iron formulations, several trials are
limited by a lack of control or comparison groups. As such, additional research is needed
to investigate the potential for unique health effects in various clinical populations, as well
as in the general population.

While both multi-nutrient (e.g., MVM) and single-nutrient supplements may exhibit
benefits in specific contexts, the investigation of individual nutrient absorption from an
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MVM product is relevant due to the notable prevalence of MVM supplementation. As pre-
viously noted, NHANES data indicate that MVM products are consumed more frequently
than any other type of dietary supplement [3]. Importantly, the bioavailability of individual
nutrients from an MVM product may be dissimilar to absorption from single-nutrient
products due to the specific matrix of nutrients and corresponding nutrient–nutrient in-
teractions within an MVM [10]. As such, and due to the dearth of bioavailability data for
MVM products, investigations that directly quantity single nutrient absorption from an
MVM product—such as the present report—are warranted.

A major strength of the present investigation is the use of COA to objectively verify the
nutrient content of the liposomal and standard MVM products. Interestingly, the benefits
of liposomal iron delivery are further highlighted by the fact that the elemental iron content
was 7.5% (0.73 mg) lower in the liposomal MVM than the standard MVM, based on the
COA. Similarly, the elemental magnesium content was 5.7% lower in the liposomal MVM
product. Additional strengths of this study include the rigorous procedural standardization
during data collection and multifaceted statistical analysis. Limitations of the present work
include the inability to examine additional outcomes; the low dose of magnesium, which
limits the relevance of this nutrient as a study outcome; the relatively young, healthy, and
homogenous sample; and the limited number of time points utilized. Additionally, the
monitoring period of 6 h following MVM ingestion could be a limitation, as a statistically
significant difference in iron changes between conditions was present at this time point;
therefore, the full duration of differential iron changes could have persisted beyond this
point. However, interestingly, iron had returned to near baseline levels in the liposomal
condition by 6 h after MVM ingestion, whereas iron concentrations fell below baseline
levels in the standard MVM condition. An additional consideration is that while the two
MVM products were designed with identical specified amounts of each nutrient, minor
differences between the standard and liposomal MVM products were observed through
the laboratory COA results. While this may be unavoidable for products with many
ingredients and small doses of each individual ingredient, it is worth noting. However, as
mentioned, the dose of iron (as well as magnesium) was actually lower in the liposomal
MVM, indicating the positive results observed were not due to this slightly different
dose. Lastly, the potential influence of compounds within the MVM products on iron and
magnesium absorption should be considered. Based on the potential for complex, and
largely unknown, interactions between compounds within MVM products [10], the results
of the present study could have differed if compounds were studied in isolation.

5. Conclusions

In conclusion, the present randomized crossover trial demonstrated improved iron ab-
sorption following ingestion of iron from a novel liposomal MVM as compared to a standard
MVM. This finding helps to determine optimal iron supplementation strategies and demon-
strates the potential for liposomal packaging to benefit mineral absorption. Future research
should continue to examine the potential utility of liposomal delivery of micronutrients in
a variety of populations, for both MVM formulations and single-nutrient products.
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Appendix A

Table A1. p-values from mixed models using raw concentrations, uncorrected for baseline values.

Iron Magnesium

Raw Raw Raw (S)

n 25 25 23
Intercept <0.001 * <0.001 * <0.001 *

Condition 0.89 0.58 0.34
Time <0.001 0.29 0.14
Sex 0.32 0.88 0.66

Condition × Time 0.02 * 0.83 0.74
Condition × Sex <0.001 * 0.38 0.79

Time × Sex 0.40 0.38 0.34
Condition × Time × Sex 0.97 0.09 0.04 *

“S” indicates sensitivity analysis results. “*” and bold text indicate statistical significance (i.e., p < 0.05).

Figure A1. Raw Iron Concentrations. A statistically significant condition × time interaction was
observed for raw iron concentrations (p = 0.02; Table A1), uncorrected for baseline concentrations.
Follow-up testing did not reveal significant differences between conditions at any individual time
point (p = 0.08 to 0.30). However, iron concentrations in the liposomal MVM condition increased
from baseline to 2 h (p = 0.03), but were not elevated relative to baseline at any subsequent time
point (p = 0.14 to p = 0.93). In contrast, within the standard MVM condition, the sole significant
difference from baseline values was that the final observed value (6 h after MVM ingestion) fell
below baseline values (p = 0.001), unlike in the liposomal condition (p = 0.93). Due to variation in
raw baseline concentrations between conditions, the raw changes presented above are viewed as
supplemental/secondary, while changes from the baseline and pharmacokinetic parameters (i.e.,
iAUC) were the primary outcomes. “*” indicate statistical significance (i.e., p < 0.05).
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Figure A2. Raw Magnesium Concentrations. No significant condition * time interaction was observed
for raw magnesium concentrations, uncorrected for baseline values, in the full sample (A) or in a
sensitivity analysis with extreme outliers removed (B). A significant condition * time * sex interaction
was observed in the sensitivity analysis (Table A1); however, follow-up testing did not reveal any
statistically significant pairwise comparisons. Due to variation in raw baseline concentrations between
conditions, the raw changes presented above are viewed as supplemental/secondary, while changes
from the baseline and pharmacokinetic parameters (i.e., iAUC) were the primary outcomes.
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Abstract: Iron is an indispensable nutrient for life. A lack of it leads to iron deficiency anaemia
(IDA), which currently affects about 1.2 billion people worldwide. The primary means of IDA
treatment is oral or parenteral iron supplementation. This can be burdened with numerous side
effects such as oxidative stress, systemic and local-intestinal inflammation, dysbiosis, carcinogenic
processes and gastrointestinal adverse events. Therefore, this review aimed to provide insight into
the physiological mechanisms of iron management and investigate the state of knowledge of the
relationship between iron supplementation, inflammatory status and changes in gut microbiota milieu
in diseases typically complicated with IDA and considered as having an inflammatory background
such as in inflammatory bowel disease, colorectal cancer or obesity. Understanding the precise
mechanisms critical to iron metabolism and the awareness of serious adverse effects associated with
iron supplementation may lead to the provision of better IDA treatment. Well-planned research,
specific to each patient category and disease, is needed to find measures and methods to optimise
iron treatment and reduce adverse effects.

Keywords: inflammatory bowel disease; colorectal cancer; obesity; oxidative stress; dysbiosis; anaemia

1. Introduction

Iron deficiency (ID) and iron deficiency anaemia (IDA) are important causes of diseases
and disabilities worldwide. In 2016 there were over 1.2 billion cases of IDA, of which 41.7%
of children (younger than 5 years), 40.1% of pregnant women, and 32.5% of non-pregnant
women were anaemic worldwide; thus, IDA is one of the world’s primary public health
issues (Figure 1), [1–3]. For the World Health Organization (WHO), controlling anaemia is a
global health priority with the purpose of a 50% reduction in anaemia prevalence in women
by 2025 [4]. IDA mainly affects premenopausal and pregnant women, growing children
and the elderly, however, it is also increasingly recognised as a complication of multiple
diseases associated with lifestyle and dietary patterns, such as obesity, inflammatory bowel
disease, colorectal cancer or chronic kidney disease [5,6].

There are two goals of the IDA treatment, to replenish iron stores and normalise
haemoglobin concentration. Individual assessment of IDA causes and amount of dietary
iron intake is recommended. The holistic nutritional strategy to treat and avoid iron defi-
ciency in the future includes the two paths regarding iron intake and absorption. First is to
increase the iron intake by promoting the consumption of iron-rich food such as meat, poul-
try, fish, and seafood. To optimise iron absorption it is recommended to increase vitamin
C and fermented product intake and avoid the consumption of iron absorption inhibitors
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(phytates in cereals and nuts, tannins from coffee or tea and calcium-rich products) together
with iron-rich food [7]. Although a described holistic approach to clinical management of
ID is available, oral or parenteral iron products with varying doses and formulations are
the primary means of supplementation [8]. However, there is a growing body of evidence
for side effects of iron supplementation concerning the exacerbation of inflammation, al-
terations in gut microbiota, and gastrointestinal adverse events [9]. Therefore, this review
aimed to investigate the knowledge regarding the relationship between iron supplementa-
tion, inflammatory status and changes in the gut microbiota milieu in diseases typically
complicated with IDA and considered as having an inflammatory background, including
inflammatory bowel disease, colorectal cancer, and obesity.

Figure 1. Occurrence of iron deficiency anemia. IDA—iron deficiency anemia; Non-IDA—anemia
without iron-deficiency.

2. Search Strategy and Selection Criteria

PubMed/Medline and Cochrane databases were searched for articles about iron
deficiency anaemia, iron and its relationship to inflammatory bowel disease, colorectal
cancer and obesity. The following English terms and their combinations were used: iron,
iron metabolism, iron deficiency, iron deficiency anaemia, microbiota, inflammatory bowel
disease, colorectal cancer, colon cancer, and obesity. The titles and abstracts were screened
for the 282 papers, and 97 were chosen for thorough study. In addition, a review of their
reference lists identified further relevant articles, so in total, 141 articles were selected
for review.

2.1. Iron in the Human Body

Iron is a micronutrient fundamental for many biochemical reactions. It acts primarily
as a component of enzymes or other proteins involved in oxygen transport, particularly
in haemoglobin and myoglobin. Moreover, it is involved in energy metabolism in mito-
chondria, cell proliferation and growth, and DNA processing [10,11]. In contrast to other
nutrients, iron has no active excretory mechanisms; therefore, its resource control must be
provided in the small intestine [12]. Iron is lost mainly with shedded enterocytes, epidermic
cells, and menstrual blood in women, and less with urine or faeces [10]. Most body iron
stores are regained from senescent and damaged erythrocytes as an endogenous source [13].
Due to the modest iron loss, absorbing 1 to 2 milligrams daily is enough to compensate for
iron decline and maintain a concentration of 3–5 g [10,14].

Dietary iron heme is provided in the form of myoglobin and haemoglobin in animal
food sources or as non-heme iron in plant and animal food sources [13]. Due to the
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difference in the biochemical structure, heme and non-heme iron vary in bioavailability.
Non-heme iron tends to sequestrate and bind to other food components and this causes
lower absorption in comparison to heme iron [13,15,16]. Although heme iron does not make
up the majority of iron diet intake in carnivores, this form is most easily absorbed [13]. Iron
deficiency and excess lead to disordered homeostasis, with excess iron increasing the pool
of labile iron in plasma. Unbound iron causes an overload in tissues and further damage
by generating reactive oxygen species (ROS) via the Fenton or Haber-Weiss reactions [17].
Subsequently, lipid and amino acid peroxidation and DNA damage occur leading to cell
death [10,18].

2.2. Iron Absorption and Metabolism

Iron absorption occurs mainly in the duodenum and proximal part of the jejunum,
which is mostly adjusted to this role due to the high expression of proteins involved
with non-heme iron absorption [15,16,19]. Regarding heme iron, there are two prevail-
ing hypotheses of its absorption: the receptor-mediated endocytosis of heme and direct
transport into the intestinal enterocyte by heme transporters [20]. Non-heme iron uses
divalent metal-ion transporter-1 (DMT1) to enter the apical membrane of the enterocyte.
DMT1 function is conjugated with the electrochemical gradient of protons that generate
the driving force for iron transfer from the extracellular space to the cytoplasm of the cells
of the intestinal lining [21,22]. The importance of the DMT1 symporter was confirmed in
animal models with an intestinal DMT1 knockout that caused a severe iron absorption
disorder [23]. Furthermore, a rare DMT1 mutation was also detected in humans with
microcytic hypochromic anaemia [24]. The DMT1 function must be assisted by an enzyme
called duodenal cytochrome B (DcytB) located in the brush border [15].

Iron exists in an oxidised, insoluble ferric (Fe3+) form at physiological pH and to be
absorbed, it must be reduced into a soluble ferrous (Fe2+) state or be bound by a protein,
such as heme [25]. Hence, non-heme iron is transported via DMT1 in the form of Fe2+ ions.
As DcytB executes the non-heme iron reduction from Fe3+ to Fe2+, it forms a substrate
for DMT [14,25]. Higher DcytB expression in the enterocyte lining leads to increased iron
uptake, which indicates DcytB’s major role in iron absorption [26].

If iron is not currently required for any ongoing processes, it is temporarily housed
in ferritin. Ferritin is a cytosolic protein capable of sheltering up to 4500 Fe3+ atoms in
one molecule [15,27]. Increased iron demand activates ferroportin, the transmembrane
protein located in the basolateral side of duodenal enterocytes. It facilitates the transfer
of enterocyte iron stores into the bloodstream, where iron is bound by transferrin. This
step needs iron to be oxidised back to Fe3+, which is catalysed by the enzyme hephaestin.
The iron–transferrin complex is then recognised by transferrin receptors leading to iron
endocytosis in the body cells and subsequent iron use in cellular processes [15,28].

Iron metabolism is precisely regulated both on systemic and cellular levels. The first
one involves mainly a liver-derived peptide, hepcidin, the expression of which depends
on the body’s iron demand [15]. When the organism is saturated with iron, hepcidin
expression increases and it interacts with ferroportin to cause ferroportin internalisation
and subsequent degradation, which decreases iron transfer into the bloodstream. In
contrast, the amount of hepcidin decreases during ID and facilitates the alignment of iron
stores by unimpeded ferroportin function [29].

The cellular iron regulation is based mainly on two regulatory proteins—iron reg-
ulatory protein 1 (IRP1) and iron regulatory protein 2 (IRP2). They are responsible for
post-transcriptional regulation of the iron homeostatic gene expression. The IRP action
mechanism involves binding to iron-responsive elements (IREs) in the untranslated tar-
get mRNA regions. So, IRPs control the translation and stability of mRNA for proteins
related to iron, oxygen and energy metabolism. Interestingly IRP2 can also act as cytosolic
aconitase. IRP1 controls the expression of hypoxia-inducible factor 2α (HIF2α). Thus, it is
considered a key regulator of erythropoiesis. IRP2 regulates the expression of transferrin
receptor 1 (TfR1) and 5-aminolevulinic acid synthase 2. It is responsible for iron uptake
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and heme biosynthesis in erythroid progenitor cells (for further information, see [15,30]).
The main aspects of iron metabolism in the human body are presented in Figure 2.

Figure 2. Iron metabolism. DcytB—duodenal cytochrome B; DMT1—divalent metal-ion transporter-1;
FPN—ferroportin; HEPH—hephaestin; TfR—transferrin receptor; dashed line–inhibition.

2.3. Iron Toxicity

Iron is both essential and potentially harmful. Therefore, its homeostasis requires
precise regulatory mechanisms to provide cells with the necessary element supply and
concurrently prevent the unfavourable effects of excess iron [17,31,32]. Transferrin and
ferritin bind and store iron, respectively, to protect against the adverse effects of labile
iron [31]. Iron toxicity occurs because the iron-binding protein capacity is restricted. Its
toxicity stems from two distinct qualities of the metal, the ability to generate free radicals
and serving as an essential growth factor for nearly all pathogenic bacteria, fungi, and
protozoa, as well as for all neoplastic cells [33]. It is also worth mentioning that excess
dietary iron may affect the ingestion of other divalent metals. For example, in murine
and rat models, the high nutritional iron intake contributed to copper deficiency [34–37].
However, the clinical significance of this finding in humans requires further investigation.

2.4. Iron and Oxidative Stress

A parameter that reflects excessive iron accumulation is a pule pool of labile iron,
which physiologically accounts for about 5% of total cellular iron. Iron overload increases
the non-transferrin-bound iron. Unbound iron is particularly hazardous because it readily
accepts and donates electrons while switching between the two forms, Fe2+ and Fe3+,
leading to free radical generation [38]. Hence, “free iron” is highly reactive and can partic-
ipate in Fenton’s or Haber-Weiss’s reactions, generating ROS, such as highly dangerous
hydroxyl radicals [39]. ROS initiate lipid and amino acid peroxidation, enzyme denat-
uration, polysaccharide depolymerisation and DNA damage [39,40]. An insufficiency
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of antioxidative mechanisms due to iron excess and oxidative stress triggers cell dam-
age [39,41–43]; therefore, iron must be sequestered by ferritin or transferrin to prevent ROS
production [28,39].

Since the small intestine is the leading site for iron absorption and regulation, ROS-
generating responses primarily affect this part of the gastrointestinal tract. Overproduction
of free radicals causes cellular changes and increases intestinal barrier permeability. These
changes are exacerbated by the onset of inflammation as expressed by hepcidin and/or
calprotectin levels, which increase with oral iron supplementation [44–46]. ROS generate
stress in the mitochondria and endoplasmic reticulum, causing swelling. This is the first
step in the initiation of the cell death pathway [47]. Moreover, this process is facilitated
by the increased peroxidation of lipids leading to the destruction of cell membranes [48].
Enterocyte apoptosis finally violates gut barrier function and contributes to the increased
permeation of substances such as bacterial toxins into the bloodstream [47].

These mechanisms were demonstrated in Chinese Yellow broilers treated with a high
dose of dietary iron, leading to increased malondialdehyde (MDA), the main product of
lipid peroxidation. Alterations within intestinal villi were also reported [49]. The research
on rats also demonstrated adverse intestinal effects of the iron supply in the context of
oxidative stress [17]. The connection between iron-dependent oxidative stress and the
aggravation of inflammation from the viewpoint of disorders and diseases is described in
detail below.

2.5. Iron and Microbiota

Although commonly used, iron supplementation may have adverse effects on the
gastrointestinal tract, mainly on the intestinal microbiota [50]. This article focuses mainly
on the mutual interaction between the oral iron supply and gut microbiota. The excess
unabsorbed iron passes through the colon and is involved in Fenton and Haber-Weiss
reactions, with adverse effects on the intestinal structure. Iron supplementation also affects
the microbiota [51], with the composition of intestinal flora affecting iron absorption [52];
therefore, iron and microbiota are in a complex and bilateral relationship [53].

The amount of available “free iron” in the intestines is significantly lower than the
optimal level required for the proper functioning and replication of bacterial cells [52,54–56].
Some pathogenic bacteria like Salmonella or the pathogenic strain of Escherichia coli are
equipped with siderophores, extracellular ferric chelators that enable bacteria to capture
trivalent iron (Fe+3) from ferritin and transferrin [56,57]. Siderophores are considered
virulence factors, as they help bacteria to survive in an iron-deficient environment [58].
Interestingly, some commensal bacteria such as the genera Lactobacillus and Bifidobacterium
do not require a high portion of iron to grow and expand [59].

The intestinal microbiota controls systemic iron homeostasis in two ways, first, by
inhibiting the intestinal iron absorption pathways via hypoxia-induced factor (HIF-2α).
In a state of increased iron demand (ID, hypoxia, augmented erythropoiesis), HIF-2α in-
creases the expression of DMT1, DcytB at the enterocyte apical brush border membrane,
and ferroportin at the basal membrane [60–62]. Second, iron homeostasis is controlled by
increasing cellular iron storage induced by higher ferritin expression [63]. Moreover, it
was demonstrated that Lactobacillus plantarum increases iron absorption in the intestine
of iron-deficient females [64], so could be used as a component of iron supplements to
alleviate the negative side effects of oral iron administration [65]. Some studies have shown
the reduction of the abundance of beneficial microbes simultaneously with an increased
abundance of deleterious microbes after oral iron supplementation (Table 1), [66]. For
example, African children with anaemia, fed with iron-fortified biscuits for six months,
presented an unfavourable ratio of pathogenic to commensal bacteria and increased cal-
protectin concentration in the stools, which is indicative of intestinal inflammation. [67].
The other authors suggested that iron supplementation at the physiological level does not
lead to mucositis unless other factors such as pathogen invasion or systemic inflammation
are present [59]. Similar results concerning changes in microbiota were also obtained by
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studies conducted in children from Kenya, which is also suggestive of the negative impact
of excess dietary iron on the intestinal microbiome [68,69].

Table 1. Impact of oral iron supplementation on gut microbiota composition (↓—decrease, ↑—increase).

Bacteria Iron Supplementation

Phylum: Firmicutes ↓
Genus: Enterococcus ↑
Genus: Lactobacillus ↓

Genus: Roseburia ↑
Genus: Clostridium ↑

Phylum: Proteobacteria ↑
Family: Enterobacteriaceae ↑

Species: E. coli ↑
Genus: Salmonella ↑

Genus: Shigella ↑
Genus: Citrobacter ↑

Order: Bacteroidales ↑
Genus: Bacteroides ↑

Genus: Campylobacter ↑
Genus: Bifidobacterium ↓

Genus: Prevotella
Genus: Rothia

↓
↓

However, some researchers found an entirely diverse outcome in rat experiments, with
oral iron supplementation promoting commensal and dominant bacteria, and increasing
the intestinal microbiota metabolic activity as evidenced by the increased concentration
of beneficial short-chain fatty acids in the colon [70]. Furthermore, in a randomised con-
trolled trial in South African school-aged children, no significant changes in the intestinal
microbiome or inflammatory markers were observed due to oral iron supplementation [71].

In summary, studies concerning the relationship between microbiota and iron have
shown inconsistent results, reporting negative and positive impacts, highlighting the need
for further investigation on this topic. In particular, there is a lack of high-quality data
examining the potentially harmful effect of untargeted iron supplementation, for example,
in women of childbearing age [50,72].

3. Inflammatory Bowel Diseases (IBDs)

IBDs, including ulcerative colitis (UC) and Crohn’s disease (CD), are chronic, relapsing
inflammatory conditions of the gastrointestinal (GI) tract. Interactions between the environ-
mental factors and commensal intestinal microflora in genetically predisposed individuals
are considered the leading cause of an inappropriate immune response and as a result,
the development of inflammatory disease [73]. In recent years, the incidence of IBD has
increased in highly industrialised western countries, mainly affecting people between 16
and 30 years old. It is associated with lifestyle changes, including a Western-style high-fat
diet, cigarette smoking, distress, as well as taking oral contraceptives, hormone replacement
therapy, and non-steroidal anti-inflammatory drugs [74].

UC primarily affects the colon and the rectum, whereas CD can involve any part of
the GI tract, from the mouth to the anus, but most commonly involves the distal part of the
small intestine and colon. IBDs may present with symptoms such as abdominal cramps
and pain, persistent diarrhoea, fatigue, weight loss or bleeding.

3.1. Anaemia as a Complication of IBD

Anaemia is the most prevalent extraintestinal complication of IBD, with an estimated
70% of inpatients and 20% of outpatients with IBD developing anaemia, which is believed
to affect one-third of the IBD patients at any one time [75]. Traditionally, anaemia was
classified as IDA and anaemia of chronic disease (ACD). In IBD patients, both the afore-
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mentioned types of anaemia may occur because the local inflammation in the intestines
contributes to the onset of systemic inflammation [76].

IDA is a consequence of chronic haemorrhages from the ulcerated mucosa, impaired
dietary iron absorption, as well as self-imposed dietary restrictions relating to gastrointesti-
nal symptoms. Moreover, appetite loss during an exacerbation of the disease and a range
of other factors such as medicines used for IBD treatment (e.g., proton pump inhibitors,
methotrexate, thiopurines and sulfasalazine) also negatively impact iron absorption and
erythropoiesis [75]. In turn, ACD is connected with the systemic immune response that ac-
companies inflammatory diseases such as IBD [77]. Immune cells release pro-inflammatory
cytokines, mainly interleukin-6 (IL-6), which upregulates the expression of liver hepcidin,
the main regulator of iron homeostasis, thereby decreasing iron uptake from the enterocytes
and a reduced ability to take advantage of sufficient iron for effective erythropoiesis [78].
This issue is described in more detail in the section about iron metabolism.

3.2. Iron Replacement Therapy in IBD

As described in the previous paragraph, the high incidence of anaemia in patients with
IBD requires therapeutic intervention, either intravenous or oral iron administration. The
European Crohn’s and Colitis Organization [79] guidelines recommend intravenous iron
supply as a mainstay treatment for IBD patients and front-line therapy for haemoglobin
(Hb) levels < 10 g/dL (e.g., iron sucrose, ferric gluconate, ferric carboxymaltose, iron
isomaltoside). Another indication for intravenous iron is the active phase of the disease
because inflammation impairs iron absorption in the intestines [80]. An intravenous
iron supply is also recommended in patients with a poor iron tolerance and a previous
unsuccessful attempt at oral iron treatment [81,82]. If oral iron supplementation must be
used, it should be limited to IBD patients with mild anaemia (Hb ≥ 11.0 g/dL), with an
inactive disease and no prior intolerance to oral iron [83].

3.3. Negative Consequences of Oral Iron

Oral iron administration can cause side effects due to a large amount of non-absorbed
iron (about 90%) remaining in the intestines, including gastroduodenitis, nausea, bloating,
vomiting, dyspepsia, constipation, diarrhoea, abdominal pain or darkening of the stools [47].
Thus, oral iron therapy is not optimal with as many as 50% of patients discontinuing the
therapy [8]. The aforementioned gastrointestinal symptoms most likely result from a
combination of a high concentration of free iron radicals induced by redox cycling in the
gut lumen and at the mucosal surface which can promote inflammation and alterations in
the gut microbiota composition [9,45].

Moreover, non-absorbed iron can be toxic and exacerbates disease activity in IBD. A
study conducted in rats with dextran sulphate sodium (DSS)-induced colitis indicated
that dietary iron administration aggravates colitis and is associated with oxidative stress,
neutrophil infiltration and NF-kappaB pathway activation which increases the expression of
pro-inflammatory cytokines such as interferon-γ (IFN-γ), tumour necrosis factor α (TNF-α),
and inducible nitric oxide synthase (iNOS). These negative effects can be ameliorated by
vitamin E [84]. Another animal study showed that a diet without iron sulphate combined
with intravenous iron administration prevents the development of chronic ileitis in a
mouse model of CD, suggesting that oral iron sulphate replacement therapy may trigger
the inflammatory processes linked to the progression of CD-like ileitis [85]. There is an
imbalance between pro-oxidative and antioxidant mechanisms in CD, with patients having
increased levels of reactive oxygen intermediates (ROI) and DNA oxidation products, as
well as markedly raised iron levels in combination with reduced copper and activity of zinc
superoxide dismutase (Cu/Zn SOD) [86]. Oral iron due to its pro-oxidative capacity may
promote a pro-inflammatory effect.
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3.4. Impact of Iron on the Intestine

Iron has a significant impact on intestinal functioning, potentially via various mech-
anisms. Experimental evidence suggests that excessive iron in the lumen may be also
harmful to the intestinal mucous membrane. Despite its key role in cellular processes, free
iron in the colon can generate toxic free radicals that may directly impair the integrity of the
intestinal epithelium via oxidative stress. The relationship between iron and redox stress is
discussed in more detail in the section about iron and redox stress.

A key element of the physical intestinal barrier is a single layer of epithelial cells,
mainly consisting of enterocytes, which in addition to absorbing nutrients, play an im-
portant role in immune activity, mediating the release of cytokines and the expression
of receptors engaged in the immune response [87]. The epithelial layer also includes the
goblet cells secreting mucus, Paneth cells synthesising defensins, enterochromatophilic
cells releasing hormones and neuropeptides, and M cells that capture antigens from the
intestinal lumen. The epithelial integrity and as well as selective permeability are depen-
dent on appropriate connections between cells, mainly tight junctions, including claudins,
occludins, protein junctional adhesion molecules, and tricellulins [88].

Oral iron supplementation contributes to lipid peroxidation of cellular membranes and
disrupts energy processes in the cell due to mitochondrial damage, as well as promoting en-
doplasmic reticulum dysfunction [89]. Consequently, these cellular disorders trigger death
pathways, thereby destroying the mechanical intestinal barrier and increasing permeability,
known as a leaky gut [47]. There are also changes in the enterocyte shedding-proliferation
axis [90]. This impairment of the intestinal barrier increases the risk of exposure to bac-
terial endotoxins (e.g., LPS), leading to metabolic endotoxemia and microinflammation
(gut-derived inflammation). LPS binding to its receptor complex on macrophages results in
markedly increased production of pro-inflammatory cytokines such as IL-1β, IL-6, IL-12,
IFN-β or IFN-γ, which may worsen intestinal inflammation in IBD patients. This impaired
integrity has been demonstrated in an in vitro study with Caco-2 cells exposed to iron [91].

The proper functioning of the intestinal barrier also involves short-chain fatty acids
(SCFAs) including butyrate, acetate and propionate, produced by the microbiota in the
colon through the anaerobic fermentation of indigestible polysaccharides such as dietary
fibre and resistant starch. There are two main pathways for the conversion of butyrate–CoA
into butyrate. The first pathway includes a two-step reaction using butyrate kinase and
phosphate butyryltransferase. The second pathway is a single-step reaction conducted
by butyryl–CoA: acetate Co-A transferase [92]. SCFAs are the main source of energy to
colonocytes and modulate the immune response through inhibition of the LPS-induced
NF-κB pathway, and reduced production of pro-inflammatory cytokines and chemokine by
the epithelial intestinal cells (EIC). Besides, SCFAs increase the secretion of antimicrobial
peptides (LL-37 and CAP-18) and IL-18, a cytokine that maintains homeostasis in EIC,
thereby protecting against colitis [93,94].

The influence of oral iron supply on SCFAs production remains still unclear. Some
research indicates that iron can contribute to increases in gut SCFAs production, thus
positively affecting gut health [95]. Some in vitro studies compared the impact on SCFAs
production between the normal iron condition and iron deficiency, which does not fully
reflect increased iron content in the gut lumen on SCFAs production [96]. Another study
investigated the influence of oral iron supplementation on colitis exacerbation and the
composition of the gut microbiome. A decreased abundance of SCFA-producing genera
was shown without assessing the levels of faecal SCFAs [97]. However, the literature
also provides evidence for the adverse impact of oral heme iron on murine colitis model,
reducing the level of butyrate production and expression of butyrate kinase, phosphate
butyryltransferase and the α subunit of butyryl–CoA: acetate Co-A transferase [92].

In conclusion, the loss of intestinal barrier integrity is an early event which contributes
to chronic inflammation (Figure 3).
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Figure 3. Iron-related gut barrier disruption mechanisms. SCFAs—short-chain fatty acids; IFN-β—
interferon β; IFN-γ—interferon-γ; IL-1β—interleukin 1β; IL-6—interleukin 6; IL-12—interleukin 12;
LPS—lipopolysaccharide; NF-kβ—nuclear factor kappa-light-chain-enhancer of activated B cells;
ROS—reactive oxygen species.

3.5. Impact of Iron on the Microbiota in IBD Patients

Besides the unfavourable impact of iron on the intestinal epithelial barrier via oxidative
stress, iron may also affect the gut microbiota [98]. As mentioned above, the altered gut
microbiota is a crucial factor in driving inflammation in IBD but it is unclear if dysbiosis
is the cause or the outcome of mucosal inflammation. Numerous studies have indicated
differences in the composition and diversity of the intestinal microbiota among IBD patients
in comparison to healthy individuals. Characteristic changes observed in patients with IBD
include increased bacteria such as Proteobacteria, Fusobacterium species, and Ruminococcus
gnavus and in turn, decreased protective groups such as Lachnospiraceae, Bifidobacterium
species, Roseburia, and Sutterella [99,100]. Iron leads to a shift in the microbiota composition
and exacerbation of dysbiosis in IBD. Low iron bioavailability results in a high concentration
in the intestinal lumen and accessibility to the gut microflora. Lee et al. [101] designed
an open-labelled clinical trial with iron-deficient participants with or without IBD and
performed pre-iron therapy and post-iron therapy measurements whereby the individuals
served as the controls. This study compared the effects of per oral (p.o) versus intravenous
(i.v) iron replacement therapy (IRT), indicating that oral iron supplementation decreased
the diversity of intestinal microflora in patients with IBD and ID, especially Faecalibacterium
prausnitzii, Ruminococcus bromii, Dorea sp. and Collinsella aerofaciens. It is worth noting that
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dysbiosis aggravated by iron can also be a causative factor disrupting the integrity of the
EIC and promoting an oxidative pro-inflammatory microenvironment.

In summary, the need for iron supplementation in IBD patients who additionally
suffer from anaemia exacerbates the dysbiosis caused by the disease, thus worsening their
clinical condition.

4. Colorectal Cancer

Colorectal cancer (CRC) is the third most commonly diagnosed cancer globally and
the second major cause of mortality (935,000 deaths in 2020) [76]. It affects mainly older
adults from highly developed countries, as it is a multifactorial disease closely associated
with lifestyle and risk factors like obesity, lack of physical activity, alcohol consumption,
cigarette smoking or low fibre, fruit and vegetable supply [102]. The American Cancer
Society estimates the lifetime risk of developing colorectal cancer is about 4.3% for men
and 4% for women. Increasing research indicates that iron supplementation and the
resulting changes in the composition of the intestinal microbiota are essential factors
causing CRC development.

4.1. Impact of Heme Iron on Cancerogenesis

This section discusses the influence of heme iron on CRC development [103]. The
relationship between CRC and non-heme iron has not been established and requires further
investigation. The International Agency for Research on Cancer classified the consumption
of processed meat as carcinogenic and red meat as probably carcinogenic in humans
in 2015. There are several reasons for such classification, but most importantly, heme
iron plays a crucial role in promoting colorectal carcinogenesis. Heme iron contributes
to DNA damage through the increased formation of lipid peroxyl radicals (MDA and
4-hydroxynonenal) and catalysing ROS production, as well as increasing the endogenous
formation of N-nitroso compounds (NOCs), all of which are cytotoxic and genotoxic. There
is a growing body of evidence that heme iron indirectly contributes to a weakened gut
mucosal barrier and proliferation of the colon epithelium. This process is stimulated
by a large amount of heme iron found in red meat, which is an essential factor in the
development of pathogenic microbiota, reducing the number of probiotic bacteria such
as lactobacilli that do not require iron. These pathobionts are sulphate-reducing and
mucin-degrading bacteria, especially Akkermansia mucinphila, which reduces disulphide
bonds between mucin proteins, thus reducing the mucus layer. This process increases the
intestinal wall permeability to luminal cytotoxic compounds and products of bacterial
degradation, which in turn, leads to compensatory hyperproliferation, hyperplasia and
finally, neoplasm [104,105].

Bastide et al. showed that heme iron plays a leading role in mucin-depleted foci
(MDF) formation [106]. Moreover, some gut strains, such as Bacteroides fragilis, can use
heme iron directly [107]. Various studies have shown the effect of iron intake on intestinal
microbiota composition; for example, the six months consumption of iron-supplemented
biscuits by anaemic African children caused a potentially more pathogenic gut microbiota
profile and increased inflammation. There was also a significant growth of enterobacteria
and a reduced amount of lactobacilli when compared to the control group receiving non-
supplemented biscuits [46]. In Kenya, infants were given iron-fortified micronutrient
powder, which also caused significant changes in the intestinal microbiota, increasing
enterobacteria and decreasing lactobacilli, resulting in inflammation as evidenced by an
increase in faecal calprotectin [69]. The described mechanisms are summarised in Figure 4.

4.2. Dysbiosis and Cancerogenesis

The bacterial strains that dominate in the colon during dysbiosis contribute to DNA
damage, suppression of apoptosis by affecting multiple signalling pathways, and the
production of pro-inflammatory cytokines or toxic metabolites. The microbes activate
the NF-kB (nuclear factor-κB) pathway via the host Toll-like receptors (TLRs), initiating
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carcinogenesis due to the inhibition of apoptosis in enterocytes. Moreover, the activated
NF-kB pathway causes an increase in the production of pro-inflammatory cytokines, TNF-α,
IL-1, IL-6, IL-8 and anti-apoptotic genes [108]. NF-kB activation is also possible via the
increased production of secondary bile acids, which cause an increase in reactive oxygen,
the direct activator of the NF-kB signalling pathway [109].

Figure 4. Mechanisms of heme iron induction of colorectal carcinogenesis. NOCs—N-nitroso com-
pounds; ROS—reactive oxygen species.

The adenomatous polyposis coli (Apc) gene is mutated in both types of CRC, familial
sporadic and colitis-associated CRC. Apc is the primary regulator of the Wnt/β-catenin sig-
nalling pathway responsible for the physiological maturation of enterocytes. The activation
of Wnt signalling leads to the nuclear accumulation of β-catenin and begins continuous
stimulation of the transcription T-cell factor/lymphoid enhancer factor (TCF/LEF), in
turn, activating the target genes, c-myc and cyclin D1, initiating uncontrolled cell prolifera-
tion. Iron and iron-related-dysbiosis can increase Wnt signalling following the loss of Apc
function [99,100].

The activation of the Wnt/β-catenin pathway is also possible through substances
produced directly by the bacteria that colonise the gut. For example, studies have shown
that Bacteroides fragilis toxin enhances cell signalling via the Wnt/β-catenin pathway [97].
Furthermore, in a mouse model, Fusobacterium nucleatum, a gram negative oral anaerobe,
activates the E-cadherin/β-catenin pathway via the adhesin factor FadA leading to upreg-
ulation of chk2, increasing DNA damage and enhancing cancer tumor growth [101]. The
described mechanisms are summarised in Figure 5.

4.3. Microbiota Composition and Bacterial Metabolites

Bacterial drivers of colorectal cancer are defined as intestinal bacteria with carcino-
genic characteristics that may initiate tumour development. The accumulation of specific
genera of the bacteria has been observed in colon cancer and currently there are three
strains of bacteria with proven cancerogenic potential: enterotoxigenic Bacteroides fragilis
(ETBF), Fusobacterium and certain Escherichia coli strains [110]. ETBF produces Bacteroides
fragilis toxin (BFT) also known as fragilysin, which upregulates spermine oxidase (SMO) in
colonic epithelial cells, causing an increase in ROS. ETDF also stimulates the production
of IL-17 by Th-17 cells to support the growth and survival of cancer cells and suppresses
T-cell proliferation [111]. Fusobacterium also increases IL-17, TNF-α, IL-6, IL-8, and IL-12
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production and is associated with high cyclooxygenase 2 (COX-2) activity and a 3.5-fold
increased risk of colonic adenomas [112].

Figure 5. Mechanisms of heme iron induction of colorectal carcinogenesis. APC—adenomatous
polyposis coli gene; C-myc, c-Myc–oncogenes; FadA—Fusobacterium nucleatum adhesin; IL-1—
interleukin 1; IL-6—interleukin 6; IL-8—interleukin 8; NF-kβ—nuclear factor kappa-light-chain-
enhancer of activated B cells; TCF/LEF—T-cell factor/lymphoid enhancer factor family; TLR—Toll-
like receptor; TNF-α—tumor necrosis factor α; Wnt—Wnt signaling pathways.

The most genotoxic substance involved in CRC development, colibactin, is produced
by the pathogenic E. coli strains possessing the polyketide synthase (pks) island. Colibactin
contributes to chromosome aberrations or double-strand DNA breaks (Dubinsky b.d.). It
also suppresses the mutL homologue 1 (MLH1), the mismatch repair protein. There are
suggestions that the use of inhibitors of colibactin synthesis could stop the proliferation of
tumour cells and be used as a new form of treatment [113].

The E. coli strains in CRC are more invasive than strains in other diseases. They
support SUMO (small ubiquitin-like modifier) conjugation to the p53 tumour suppressor
protein and cause cell senescence [109]. Enterococcus faecalis can also produce secondary
bile salts and hydrogen sulphide, promoting inflammation and cancerogenesis. Hydrogen
sulphide is toxic to the intestinal epithelium and causes damage to it, as well as contributes
to the formation of mutations [114].

4.4. Comparison of the Intestinal Microflora of Healthy Subjects and CRC Patients

Studies in mice have proved the differences between the healthy versus CRC gut
microflora. When compared to a healthy gut, a CRC gut is more abundant in E. coli and
Proteobacteria with fewer Bacteroidetes [111]. Another study has revealed a profusion of
Fusobacterium, Campylobacter and Leptotrichia in CRC patients. It is worth noting that
these are oral bacteria; therefore, the critical question is whether these bacteria are from the
oral cavity, belong to the colon microbiota, or are a cancer strain [115].

4.5. Driver–Passenger Model

Tlajsma et al. developed a model in which pathogenic bacteria (termed bacterial
drivers) cause permanent changes in the intestinal epithelium leading to CRC development.
The alteration of the environment enables colonisation by the colon passenger bacteria,
which take advantage of the tumour microenvironment. By competing with driver bac-
teria, they reduce their abundance, suggesting that the microenvironment changes as the
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tumour progresses. CRC development increases the number of passenger bacteria while
the number of driver bacteria decreases [110]. By proving that passenger bacterial growth
depends on CRC metabolites, Gorza et al. confirmed the driver–passenger hypothesis [116].
Research by Wang et al. made it possible to distinguish species referred to as drivers and
passengers, with potential driver bacteria including Bacillus, Bradyrhizobium, Methylobac-
terium, Streptomyces, Intrasporangiaceae and Sinobacterace located on off-tumour sites.
The on-tumour sites harboured fourteen species of potential passengers, Fusobacterium,
Campylobacter, Streptococcus, Schwartzia, Parvimonas, Dethiosulfatibacter, Selenomonas,
Peptostreptococus, Leptotrichia, Granulicatella, Shewanella, Mogibacterium, Eikenella,
and Anaerococus. The authors suggest that the driver or passenger species can be used as
a biomarker for estimating the risk of initiation of CRC or patients with CRC [117].

4.6. Probiotic Bacteria and Butyrate

Probiotic bacteria maintain favourable intestinal microbiota by preserving the integrity
of the intestinal barrier and reducing bacterial translocation. Attempts have been made to
use probiotics in the treatment of colorectal cancer and to reduce the risk of its develop-
ment. The analysis of randomised trials shows that using probiotics, especially Lactobacilli
and Bifidobacterium species, reduces postoperative complications and accelerates patient
recovery [118]. Faghfoori et al. proved that some Bifidobacteria species produce substances
that affect the activation of apoptotic pathways in human colorectal cancer cells (HT-29 and
Caco-2 cell lines) but highlighted the need for further research in this area [119].

Low fibre intake is one of the risk factors for CRC development. During fibre fermen-
tation, the gut microbiota produces SCFAs, such as butyrate, the crucial energy source for
intestinal epithelial cells. Besides, butyrate over-activates the Wnt signalling pathway and
promotes cancer cell apoptosis. It has been shown that CRC patients have fewer butyrate-
producing bacteria than healthy controls [120]. Research in mice has demonstrated that
butyrate inhibits the proliferation of cancer cells without affecting healthy colon cells.
Moreover, butyrate reduces the number of free radicals [117]. The knowledge in this area
can contribute to proposing the appropriate composition of new probiotic therapy that can
be used in treating CRC [111].

4.7. Iron Deficiency (ID) and Supplementation

Initially, in the course of colorectal cancer, excess iron contributes to its progression.
ID occurs as the disease progresses due to frequent bleeding from the gastrointestinal tract,
reduces hematopoiesis and decreases the immune response, allowing tumour cells to sur-
vive. Furthermore, ID contributes to the modification of macrophage polarisation and Treg
populations, favouring a carcinogenic tumour immune microenvironment. These processes
often contribute to a poor treatment response and decreased survival after surgery [103].
Studies by Kam et al. proved that intravenous iron administration before surgery increases
the level of Hb, lowering the incidence of blood transfusion and reducing the risk of com-
plications associated with the surgery [121]. Another study has shown that postoperative
intravenous iron administration to anaemic patients increases the concentration of Hb
without postoperative complications [122]. Oral iron supplementation is not recommended
due to contributing to the progression of CRC, as it increases the iron concentration in the
colon and causes significant gastrointestinal side effects such as diarrhoea, constipation,
nausea or abdominal pain [9].

5. Obesity

Obesity, called an epidemic of the 21st century, is a condition of pathological adipose
tissue accumulation in the body and is associated with many disorders such as cardiovascu-
lar disease, Type 2 diabetes, chronic kidney disease, retinopathy and several cancers [123].
Due to the chronic inflammation accompanying obesity, it can be considered a disease
by itself. The devastation of physiological processes caused by obesity also affects iron
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management, with numerous studies confirming that obese individuals are characterised
by a lower iron concentration when compared to people of a normal body weight [123–125].

5.1. Adipose Tissue as an Endocrine Organ

Apart from providing thermal isolation and storing energy, adipose tissue is the
largest endocrine organ in terms of mass. Its cell composition, tissue weaving, and ability to
produce and secrete adipokines differ depending on its location in the body [126]. Visceral
adipose tissue is more metabolically active, better vascularised and has more macrophages
than subcutaneous fat [126,127]. Adipocytes secret pro-inflammatory adipokines and
cytokines, such as adiponectin, leptin, resistin, PAI-1, TNF-α, IL-6, CRP, and more cytokines
involved in insulin resistance [127].

5.2. Chronic Low-Grade Inflammation: An Inherent Consequence of Obesity

Currently, obesity is considered a low-grade systemic, chronic inflammation. The
fact that adipose tissue is significantly involved in the production of pro-inflammatory
cytokines makes it an indispensable marker of obesity [126].

A high-calorie diet, rich in fat and sugar, causes dysbiotic changes in the intestinal
microbiota, becoming much less biodiverse with an increased ratio of Gram-positive
Firmicutes to Gram-negative Bacteroidetes, thereby increasing energy production from
indigestible carbohydrates [128,129]. Moreover, dysbiosis contributes to an increased
“porosity” of the intestinal wall, which leads to expanded contact of microorganisms
with the intestinal mucosa, activation of TLRs and inflammation. Increased intestinal
permeability also promotes an increase in blood lipopolysaccharides (LPS), which enhance
the secretion of IL-6 and CRP [129]. Dysbiosis in obese people also enhances further weight
gain. The relationship between microbiota and obesity is two-sided. In studies in mice,
the transfer of microbiota from obese to lean animals resulted in an increase in energy
absorption from food and weight gain. Conversely, the use of prebiotics in mice to improve
microflora decreased gut permeability and overall inflammation. Moreover, as a result
of prolonged antibiotic therapy in the treatment of endocarditis, patients gained weight.
Bell et al. emphasised the role of dysbiosis in the development of obesity, suggesting that
only the combination of genes related to obesity with dysbiosis leads to fat deposition
and inflammation [128]. The high ratio of saturated to unsaturated fatty acids in the
diet promotes TLR activation and thus the expression of IL-6, TNF-α, and chemokines.
Another issue is adipocyte hyperplasia as the need for fat storage increases. Since the
possibilities of their growth are limited, the cells may break, promoting inflammation.
Visceral adipocytes are even more unstable because they are exposed to sudden changes
in pressure when coughing or exercising [127]. Another mechanism observed in obese
patients is the infiltration of macrophages into adipose tissue, especially visceral fat. They
are formed because of the transformation of monocytes from the bloodstream and their
concentration in adipose tissue positively correlates with the amount of fat. Macrophages
are believed to be the main source of inflammatory cytokines such as TNF-α, produced by
adipose tissue [123,126].

5.3. Iron Deficiency (ID) Is Common in Obese Individuals

ID often accompanies obesity, with many studies showing a negative correlation be-
tween body mass index (BMI) and serum iron levels [124,130,131]. One of the mechanisms
leading to ID in obesity is the increase in the expression of hepcidin, a protein involved in
regulating iron homeostasis [123]. In a Swiss study, overweight children consumed similar
amounts of bioavailable iron in their diet as children with a normal BMI but had lower iron
levels and higher hepcidin, Il-6, CRP, and leptin concentrations [132]. Although the liver
is the main site of hepcidin production, it is also expressed in adipose tissue, the weight
of which in obese people can be twenty times greater than that of the liver [133]. Many
factors stimulate its expression but apart from iron overload, other mechanisms are also of
particular importance in obesity. These include cytokines secreted by adipose tissue, such
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as IL-6, IL-1, TNF-α, CRP, and leptin [123]. Additionally, a high leptin level stimulates the
transcription of hepcidin genes via the JAK/STAT signalling pathway in hepatocytes. In ad-
dition, a study in mice showed that a diet that provides the body with excess nutrients could
induce endoplasmic reticulum stress, which also increases the secretion of hepcidin [134].
Moreover, it often leads to damage of hepatocytes and further overproduction of hepcidin
by the Stat3 and C/EBP pathways [124]. Subsequently, hepcidin is degraded by binding to
ferroportin, thereby preventing the transport of iron into the bloodstream, thus reducing
its concentration in the body. As a result, iron provided in the diet, despite its bioavailable
form, is not absorbed [123–125].

Ferroportin degradation also disrupts iron transport from the macrophages of the
spleen, liver and bone marrow into the bloodstream, resulting in an accumulation of
iron in the organs mentioned above [135]. Furthermore, hemojuvelin expression occurs
in adipose tissue, which stimulates the local expression of hepcidin via the BMP–HJV
pathway. Its concentration increases significantly in obese patients affecting general iron
homeostasis [134]. Numerous studies show that disturbances in iron balance in obesity
also occur independently of hepcidin. The impairment of iron uptake by enterocytes is
caused by the disturbed expression of oxidoreductases, despite the deficiency of iron in
enterocytes [136,137]. A study in mice showed that a diet rich in fat decreased mRNA levels
of duodenal cytochrome B (DcytB) oxidoreductase and hepcidin, leading to the impairment
of redox processes necessary for the transport of iron through enterocyte membranes [136].
The above-described mechanism involved in the development of iron deficiency in people
with obesity is pictured in Figure 6.

Figure 6. Iron deficiency in people with obesity. FPN—ferroportin, dashed line—inhibition.
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5.4. Dysmetabolic Iron Overload Syndrome (DIOS)

The disturbances in iron metabolism in one-third of obese patients take the form of
hyperferritinemia. Typical symptoms are increased ferritin levels and normal or slightly
increased transferrin saturation. The condition is usually associated with metabolic syn-
drome (MS) components: high blood pressure, high blood triglycerides, low levels of HDL
cholesterol and insulin resistance. The increase in ferritin positively correlates with the
number of MS characteristics. Both ID and DIOS are characterised by an increased con-
centration of hepcidin and a lower expression of ferroportin, suggesting that both disease
entities are different symptoms of the same underlying pathology. Factors such as age,
gender, and the degree of BMI increase the influence of the form of iron disturbance in
obesity. ID occurs in adolescents and adults with morbid obesity, in which iron is lost as
a result of menstruation or inflammation of adipose tissue, whereas iron accumulation
becomes a problem in postmenopausal women and insulin-resistant men. Contrary to
many diseases in the case of obesity, the literature provides little data on iron supplementa-
tion, its effectiveness and its impact on the microbiota. This issue seems to be significant
considering the scale of the problem [123,138].

5.5. Treatment of Iron Deficiency (ID) in Obesity

There is little well-designed research regarding oral iron supplementation in obese
subjects. Nevertheless, Hurrel et al. [135] speculate that it is problematic due to impaired
iron absorption caused by general inflammation and rising hepcidin levels. However,
Rabindrakumar et al. [139] reported an increase in iron concentration in the intestines
accompanying daily supplementation which may stimulate hepcidin expression. Some
studies suggest that weight loss reduces inflammation and hepcidin levels and improves
iron absorption from the diet. There was also an increase in transferrin saturation and
the restoration of normal iron homeostasis [123,135,140]. Due to the proven relationship
between dysbiosis, obesity, and iron status, one of the methods of treating ID in obese
patients has become probiotic therapy. Several studies have been conducted with promising
results. Iron management has been proven to improve with single strain therapy through
various mechanisms. A 2020 study described the function of probiotics as iron carriers,
demonstrating that probiotics convert inaccessible forms of iron into absorbable forms,
producing metabolites that stimulate iron absorption and reduce the Fe accumulation in the
liver [141]. A multi-strain supplementation study showed reductions in hair iron and blood
FAM levels leading to the conclusion that Fe shifted from hair to bone marrow. However,
too few volunteers took part in the study to confirm the effectiveness of the therapy in
this case [125]. The described results show a relationship between the microbiota status in
obese people and iron metabolism.

6. Summary

The side effects of iron supplementation are indisputable and often irreversible,
whether iron is delivered to the gastrointestinal tract or the blood (Figure 7).

In the blood, only protein-bound iron is safe. If the transferrin and ferritin binding
capacity is exceeded, the serum’s free iron concentration, the labile Fe pool increases,
generating reactive oxygen species (ROS) [31,33]. Subsequently, lipid and amino acid perox-
idation, enzyme denaturation, polysaccharide depolymerisation and DNA damage lead to
endothelial cell dysfunction [10,18,39–43]. Reactive oxygen species are also critical for activat-
ing the physiological signalling pathway NF-κB and producing pro-inflammatory cytokines
such as IFN-γ, TNF-α, and iNOS. All the processes mentioned lead to systemic inflammation.
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Figure 7. Impact of oral and intravenous iron supplementation on development and course in chosen
clinical conditions. IDA—iron deficiency anemia; CRC—colorectal cancer; IBD—inflammatory
bowel disease; NF-kβ—nuclear factor kappa-light-chain-enhancer of activated B cells; ROS reactive
oxygen species.

Oral iron supplementation activates ROS production simultaneously in the gut lumen
and the enterocytes. It is the beginning of the local inflammatory process leading to damage
to the intestinal wall integrity and resulting in a leaky gut syndrome. The increased
permeability of the intestinal wall leads to the leakage of metabolites and bacterial toxins
into the blood resulting in endotoxaemia and contributing to systemic inflammation. In the
case of IBD, it worsens clinical symptoms [47,88].

Iron in the intestinal lumen directly activates the NF-κB pathway and stimulates the
expression of pro-inflammatory cytokines and iNOS. This contributes to the deterioration
of symptoms and is the reason why oral iron administration in inflammatory bowel disease
(IBD) is not recommended [82,83].

The excess unabsorbed iron supplemented orally passes through the colon and be-
comes an essential growth factor for nearly all pathogenic bacteria, fungi and protozoa, as
well as for all neoplastic cells [32]. It reduces the abundance of beneficial microbes simulta-
neously with an increased abundance of deleterious microbes, leading to dysbiosis [66,68].
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The numerical advantage of unfavourable bacterial strains leads to increased energy
absorption from the food and increased body weight, which is particularly detrimental for
obese individuals [128].

7. Conclusions

Despite severe side effects, supplementation of iron deficiencies in the case of anaemia
is necessary. Well-planned research, specific to each patient category and disease, is needed
to find measures and methods to optimise iron treatment and reduce adverse effects.
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Abstract: We hypothesized that iron content and regulatory factors, which may be involved in
exercise tolerance, are differentially expressed in systemic and muscle compartments in iron deficient
severe chronic obstructive pulmonary disease (COPD) patients. In the vastus lateralis and blood of
severe COPD patients with/without iron depletion, iron content and regulators, exercise capacity,
and muscle function were evaluated in 40 severe COPD patients: non-iron deficiency (NID) and iron
deficiency (ID) (20 patients/group). In ID compared to NID patients, exercise capacity, muscle iron
and ferritin content, serum transferrin saturation, hepcidin-25, and hemojuvelin decreased, while
serum transferrin and soluble transferrin receptor and muscle IRP-1 and IRP-2 increased. Among all
COPD, a significant positive correlation was detected between FEV1 and serum transferrin saturation.
In ID patients, significant positive correlations were detected between serum ferritin, hepcidin, and
muscle iron content and exercise tolerance and between muscle IRP-2 and serum ferritin and hepcidin
levels. In ID severe COPD patients, iron content and its regulators are differentially expressed. A
potential crosstalk between systemic and muscle compartments was observed in the ID patients. Lung
function and exercise capacity were associated with several markers of iron metabolism regulation.
Iron status should be included in the overall assessment of COPD patients given its implications in
their exercise performance.

Keywords: severe chronic obstructive pulmonary disease; iron-deficient patients; iron metabolism regu-
lation; pathophysiology of iron regulation; implications in exercise tolerance; systemic manifestations of
chronic diseases

1. Introduction

Chronic obstructive pulmonary disease (COPD) is characterized by pulmonary and
extrapulmonary manifestations. The extrapulmonary features of COPD include skeletal
muscle dysfunction, nutritional abnormalities, cardiovascular alterations, and pulmonary
hypertension, among others [1,2]. The systemic component of COPD worsens the patients’
prognosis and their quality of life regardless of the severity of the lung disease [1,2]. Iron
deficiency is recognized as an important comorbidity, even in the absence of anemia, in
different chronic diseases including chronic heart failure and COPD. It has been estimated
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that iron deficiency may take place in approximately 40–50% of the COPD patients [3–5].
Alterations in iron homeostasis may negatively impact disease progression and functional
status in COPD [5,6].

Iron metabolism, which is a tightly regulated process in humans, is an essential compo-
nent that participates in many physiological processes such as energy metabolism, oxygen
transport, and cell growth and differentiation [7,8]. Several molecules and hormones are in-
volved in the regulation of iron release and maintenance of its reservoirs. Processes related
to iron transport, uptake, and export to the bloodstream and those involving inflammation
are regulated by several molecules such as the iron-sensitive element/iron-sensitive protein
(IRE/IRP) system, hepcidin, and hemojuvelin [9–16]. Furthermore, iron content can also be
measured in specimens from patients as another marker of iron metabolism [17,18].

In COPD cachectic patients, replicated genes that regulate heme metabolism were
downregulated in blood samples [19], while mitochondrial breakdown signaling increased
in the vastus lateralis muscle [20]. These findings were directly associated with both disease
severity and the loss of mitochondrial content. Serum hepcidin was also shown to be a
surrogate biomarker of iron status and metabolism in patients with chronic respiratory
diseases including COPD [21]. Iron deficiency in COPD was also associated with reduced
physical activity [22]. On the other hand, iron replacement improved exercise capacity and
QoL in stable COPD patients with decreased iron content [23]. Studies conducted so far in
COPD have focused on the quantification of iron content and regulation in either the blood
or the muscle compartment. Assessment of iron metabolism in both muscle and systemic
compartments within the same COPD patients is needed. Additionally, comparisons
between patients with and without iron deficiency are also to be thoroughly analyzed
in order to define a specific phenotypic profile of COPD patients. Moreover, potential
associations between iron regulatory factors and exercise tolerance in patients with COPD,
with a special emphasis on those with iron deficiency, also warrants a thorough analysis.

Thus, we hypothesized that iron content and regulatory factors are differentially
expressed in both systemic and muscle compartments in patients with severe COPD
and muscle dysfunction and iron deficiency compared to a cohort of COPD patients
with identical disease severity and iron content levels within the normal range. This
approach enabled us to define a specific phenotype of COPD patients characterized by
significant alterations in iron regulation in both systemic and muscle compartments along
with potential implications in their exercise tolerance and lung function status. Therefore,
we sought to investigate in blood and muscle specimens from patients with severe COPD
and muscle dysfunction with and without iron deficiency the following parameters and
biomarkers: (1) lung function and exercise capacity; (2) hemogram, iron content, and
regulators in the blood compartment; (3) regulators of iron homeostasis and iron content in
the muscle specimens; and (4) potential associations between iron metabolism biomarkers
and both exercise capacity and lung function parameters among all the patients, with a
particular purpose in those with iron deficiency.

2. Materials and Methods

2.1. Study Population

This was a cross-sectional study, in which forty stable COPD patients (16 female
patients) were prospectively and consecutively recruited over the years 2018–2021 from
the Department of Respiratory Medicine at Hospital del Mar (Barcelona, Spain). COPD
patients were further divided into two different groups: non-anemic iron deficiency (N = 20,
8 female patients) and normal iron content (N = 20, 8 female patients). All the participants
were diagnosed according to the Global Strategy of Management of COPD patients (GOLD)
criteria, in which the following parameters were included: spirometry values, number of
exacerbations, and dyspnea score (modified medical research council, mMRC) [24]. Iron-
deficient COPD patients (12 males) presented levels of 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
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saturation < 20% [21,23,25,26]. The study was approved on 17 January 2018 by the local
Ethics Committee at Hospital del Mar (CEIm Parc de Salut Mar, registration # 2017/7691/I).

2.2. Exclusion Criteria

The following exclusion criteria were defined for this study: (1) acute exacerbations
in the last three months; (2) other chronic respiratory disease or cardiovascular disorders;
(3) neurological, metabolic, kidney, chronic liver disease, or uncontrolled psychiatric disor-
ders; (4) known metabolic or neuromuscular myopathies; (5) treatment with drugs known
to alter muscle structure and/or function (e.g., oral corticosteroids); (6) obesity (body
mass index > 30 kg/m2); (7) history of potentially bleeding conditions; and (8) active
oncologic disease.

2.3. Anthropometric and Lung Function Assessment

Bioelectrical impedance was used to determined body mass index (BMI) and fat-
free mass index (FFMI) of all the patients [27–29]. Lung function was assessed through
spirometry, measuring the first second of forced expiratory volume (FEV1) and forced vital
capacity (FVC). Reference values were used to evaluate the resulting values [30–32].

2.4. Exercise Capacity and Muscle Function Assessment

The six-minute walk test (6-MWT) was performed to evaluate exercise capacity in all
COPD patients following previous methodologies [33]. The 6-MWT was executed indoors
along a flat, straight, 30 m walking course. During the 6-MWT, patients were encouraged
every minute. Patients were allowed to stop to rest if needed. The test was resumed as
soon as the patients were able to keep walking. The test lasted for six minutes for all the
patients independently of whether they had to stop to rest.

Upper limb strength was evaluated analyzing hand grip strength using a specific hand
dynamometer (Jamar 030J1, Chicago, IL, USA). Three consecutive measurements with
the dynamometer were obtained from each patient, with a maximum of <5% variability
between them. The higher measurement was used as the maximum voluntary contraction
of the flexor muscles of the hands. In the analysis, reference values from Luna-Heredia et al.
were used [34].

Lower limb strength was evaluated assessing quadriceps muscle strength through
the determination of isometric maximum voluntary contraction (QMVC) of lower limbs
as previously described [35]. For these measurements, a fixed handheld dynamometer
(MicroFet 2TM, Hoggan Scientific, Salt Lake City, UT, USA) was situated on the anterior
tibia of the patient and the QMVC was recorded through the exerted compression force.
Three different measurements were obtained for each subject (<5% variability among
them), accepting the highest value as the QMVC. In the analysis, reference values from
Seymour et al. [36] were used.

2.5. Blood Samples and Muscle Biopsies

Blood samples were obtained from the arm vein after an overnight fasting period. To
evaluate the iron content in the patients, the following blood parameters were assessed:
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. In order
to determine levels of the serum hepcidin and hemojuvelin, blood was collected into serum
tubes with clot activator (Vacuette®, Kremsmünster, Austria). Serum tubes with the blood
samples were centrifuged at 1600× g for 15 min to obtain the serum. Immediately, serum
samples were stored at −80 ◦C for further use.
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As previously described, specimens from the vastus lateralis muscle from all study
participants were acquired using the open biopsy technique [27–29]. Muscle samples were
immediately frozen in liquid nitrogen and then stored at −80 ◦C (temperature controlled
with alarm control) for further molecular experiments. Additionally, a remaining specimen
of muscle were immersed in an alcohol-formol bath to be thereafter embedded in paraffin.
Paraffin-embedded samples were used for the assessment of structural modifications.

2.6. Biological Analyses

Muscle iron content analysis. Iron concentration in vastus lateralis specimens were
measured using the Iron colorimetric assay kit (Elabscience, Houston, TX, USA) following
the manufacturer’s instructions. Vials 1 and 2 were provided by the manufactured kit and
were used as recommended by the company. To analyze the iron content in the muscle
specimens, 20 mg of frozen tissue was cleaned with PBS to remove traces of blood. Samples
were immediately homogenized in PBS (0.01 M. pH 7.4) using a tissue homogenizer. The
Bradford assay was applied in order to quantify protein concentration in the samples as
previously described [28,29,37]. Briefly, protein quantification was quantified in triplicates
for each sample and bovine serum albumin (BSA) (NZYtech, Lisbon, Portugal) was used
as the standard. Briefly, the dye reagent concentrate (Bio-Rad Inc., Hercules, CA, USA)
reacted with proteins, producing a change in absorbance at 595 nm that could be detected
using a spectrophotometer. In order to quantify the iron content, 2 mg/L iron standard
working solution was prepared by mixing reagent 1 in deionized water in a volume ratio
of 1:49. An iron chromogenic agent was prepared following the kit instructions. Samples
were subsequently 2:3 diluted in deionized water. The iron chromogenic agent was added
to the tubes containing the samples, the standard, and the blank (500 μL deionized water).
Tubes were vortexed for several seconds up until full homogenization was attained. Then,
the tubes were incubated at 100 ◦C in a water bath for 5 min. After cooling down the
samples with running water, tubes were centrifuged at 2300× g for 10 min. Then, 200 μL
of the supernatant of each tube was transferred to the 96-well plates in a plate-reader
(Infinite M Nano, Tecan Group Ltd., Zürich, Switzerland), and optical density (OD) values
were measured at 520 nm wavelength. Intra-assay coefficients of variation for all the
samples ranged from 0.07% to 7.60%. To calculate the iron concentration within the muscle
specimens, the following mathematical formula was applied:

Vastus lateralis iron content
(

mg
gprot

)
=

ODsample − ODblank

ODstandard − ODblank
× 2 mg/L × protein concentration

Hemojuvelin. Determination of serum hemojuvelin concentration was assessed using
Human HJV (Hemojuvelin) ELISA Kit (Elabscience, Houston, TX, USA) following the
manufacturer’s instructions. Briefly, 100 μL 50-fold diluted serum samples and standards
were added in the corresponding wells of the hemojuvelin antibody pre-coated 96-well
plate. Then, samples were incubated at 37 ◦C for 90 min. After decanting the liquid, 100 μL
of the biotinylated antibody was added to each well and samples were incubated 1 h at
37 ◦C. Afterwards, samples were washed three times and consecutively 100 μL of HRP
conjugate working solution was poured to each well. After an incubation of 30 min at
37 ◦C, samples were washed five times. Then, 90 μL of substrate reagent was added to each
well and samples were incubated 15 min at 37 ◦C. Following this incubation, stop solution
was added to each well to stop the enzyme substrate reaction. Absorbance of each sample
was read 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 0.11% to 6.93%.

86



Nutrients 2022, 14, 3929

Hepcidin-25. Determination of serum Hepcidin-25 concentration was assessed using
Human hepcidin (Hepc) ELISA kit (Biorbyt, Cambridgeshire, United Kingdom) following
the manufacturer’s instructions and previously described methodologies [21]. Briefly, in
each well of the hepcidin antibody pre-coated microplate, 50 μL 5-fold diluted serum
samples or standard and 50 μL HRP-conjugate were poured. The microplates containing
the samples were then incubated at 37 ◦C for 1 h and, subsequently were washed three
times. Successively, 50 μL substrate A and 50 μL substrate B were added and incubated at
37 ◦C for 15 min. Finally, the enzymatic reaction was stopped by adding 50 μL stop solution.
Immediately afterwards, absorbance of each sample was read 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 0.11% to 10.98%.

Immunoblotting. Frozen muscle samples from vastus lateralis of all study patients
were homogenized using a specific lysis buffer containing 50 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 150 mM NaCl, 100 nM NaF, 10 mM Na pyrophos-
phate, 5 mM EDTA, 0.5% Triton-X, 2 μg/mL leupeptin, 100 μg/mL phenylmethylsulfonyl
fluoride (PMSF), 2 μg/mL aprotinin, and 10 μg/mL pepstatin A. Protein concentration
of each muscle homogenate was determined using the Bradford method as previously
described [27–29,37]. Between 5–20 micrograms of protein samples (according to antigen
and antibody) were diluted 1:1 with 2X laemmli buffer (Bio-Rad Laboratories, Inc., Her-
cules, CA, USA) with 10% of 2-mercaptoethanol (Bio-Rad Laboratories, Inc., Hercules,
CA, USA). Then, samples were boiled at 95 ◦C for five minutes and proteins were after
separated by electrophoresis. Following the electrophoresis, proteins were transferred onto
polyvinylidene difluoride (PVDF) membranes (Merck KGaA, Darmstadt, Germany). Prior
to primary antibody incubation, membranes were blocked with bovine serum albumin
(BSA) (NZYTech) or with 5% nonfat milk. The following primary antibodies were incubated
overnight at 4 ◦C to analyze protein content of desired molecular markers, which include:
ferritin (anti-ferritin antibody, Abcam Cambridge, UK), myoglobin (anti-myoglobin anti-
body, Santa Cruz Biotechnology, Dallas, TX, USA), ferroportin-1 (anti-ferroportin-1 anti-
body, Santa Cruz Biotechnology), transferrin receptor (anti-transferrin receptor antibody,
Santa Cruz Biotechnology), IRP-1 (anti-IRP-1 antibody, Santa Cruz Biotechnology), IRP-2
(anti-IRP-2 antibody, Abcam), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH,
anti-GAPDH antibody, Santa Cruz Biotechnology). The following day, PVDF membranes
were incubated for 1 h at room temperature with HRP-conjugated secondary antibodies
(Jackson ImmunoResearch Inc., West Grove, PA, USA). In all samples, the desired antigens
were detected using a chemiluminescence kit (Thermo Scientific, Rockford, IL, USA) and
the Alliance Q9 Advanced (Uvitec Cambridge, UK) imager. Membranes from the different
groups were jointly revealed under the same exposure conditions. OD from the resulting
bands were quantified using the ImageJ software (National Institute of Health, available
at http://rsb.info.nih.gov/ij/, accessed on 1 June 2022). Finally, optical density values
corresponding on each protein of interest were normalized with optical density values of
glycolytic enzyme GAPDH in all the immunoblots. Negative control experiments were
conducted in this set of experiments. For this purpose, primary antibodies were omitted
for each given marker and membranes were revealed with the corresponding secondary
antibody only.

2.7. Statistical Analysis

Results are expressed in tables and graphs as mean (standard deviation). In the
graphs, the green color dots or triangles indicate male patients in either study group,
while the blue color dots or triangles indicate female patients in the same groups. In
order to explore the potential influence of gender in the comparisons of variables between
the two study groups, a linear regression analysis was calculated for all the variables
(clinical and biological). Potential associations between clinical and biological variables
were assessed using the Pearson’s correlation coefficients. Such correlations were explored
in all the COPD as a group and within each group of patients individually. Correlations
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were targeted specifically for variables whose mean values showed a statistically significant
difference between the two study groups. Additionally, graphical correlation matrixes
were depicted using the R package corrplot (https://cran.r-project.org/web/packages/
corrplot/index.html, accessed on 15 June 2022). Blue dots indicated the existence of
a positive correlation between two variables, while the red dots represented negative
correlations. Additional multivariate linear regression analyses were used to test the
associations between ferritin, hepcidin, and muscle iron content with the six-minute walk
distance (meters and % predicted), in which age, sex, and FEV1 were the adjusted variables.
Sample size was calculated using the hepcidin as the target variable. In a two-sided test,
accepting an alpha risk of 0.05 and a beta risk of 0.2 (80% power), a minimum of 16 patients
in each group were required to detect a difference of at least 200 ng/mL of hepcidin.
Statistical significance was established at p ≤ 0.05. Actual p values are reported in both
tables and figures. All the statistical analyses were carried out using the statistical software
SPSS 23.0 (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. General Clinical Features of the Study Patients

As can be seen in Table 1, clinical characteristics (anthropometry, smoking history,
lung function, and GOLD classification) of the patients were similar in both study groups.
Exercise capacity as measured by the six-minute walk test was significantly reduced in iron
deficiency patients when compared to non-iron deficiency patients (Table 2). Nonetheless,
no significant differences were detected in either upper or lower limb muscle function
between the two groups of patients (Table 2). Iron metabolism parameters are shown
in Table 3. Serum levels of ferritin, transferrin saturation, and muscle iron content were
lower in the iron deficiency than in non-iron deficiency patients, while those of the soluble
transferrin receptor and transferrin were higher in the former patients (Table 3).

Table 1. General clinical characteristics of the study patients.

COPD Patients

Non-Iron Deficiency Iron Deficiency p Value

N = 20 N = 20

Anthropometry

Age (years) 68 (8) 66 (8) 0.637

Males/Females 12/8 12/8 1.000

Body weight (kg) 60.3 (11.4) 64.0 (12.7) 0.291

BMI (kg/m2) 22.8 (3.5) 24.1 (4.2) 0.287

FFMI (kg/m2) 15.7 (2.2) 14.9 (2.2) 0.238

Smoking history

Active, N (%) 9 (45) 12 (60)
0.525

Ex-smoker, N (%) 11 (55) 8 (40)

Packs-year 52.5 (32.6) 42.94 (24.8) 0.327

Lung Function

FEV1 (L) 1.19 (0.4) 1.24 (0.4) 0.676

FEV1 (% predicted) 46.7 (16.4) 44.0 (11.1) 0.485

FVC (L) 2.8 (0.5) 2.7 (0.8) 0.536

FVC (% predicted) 84.4 (14.5) 76.5 (12.0) 0.071

FEV1/FVC 44.8 (11.52) 46.5 (11.1) 0.626

88



Nutrients 2022, 14, 3929

Table 1. Cont.

COPD Patients

Non-Iron Deficiency Iron Deficiency p Value

N = 20 N = 20

GOLD classification

1, N (%) 0 (0) 0 (0)

0.224
2, N (%) 9 (45) 5 (25)

3, N (%) 9 (45) 12 (60)

4, N (%) 2 (10) 3 (15)

A, N (%) 11 (55) 9 (45)

0.699
B, N (%) 7 (35) 9 (45)

C, N (%) 1 (5) 1 (5)

D, N (%) 1 (5) 1 (5)
Data are presented as mean (SD). Abbreviations: COPD, chronic obstructive pulmonary disease; BMI, body mass
index; FFMI, fat-free mass index; N, number of patients; FEV1, forced expiratory volume in one second; FVC,
forced vital capacity; GOLD, Global Initiative for Chronic Obstructive Lung Disease. Adjusted p values for gender
differences are shown in the table.

Table 2. Exercise and muscle function assessment of the study patients.

COPD Patients

Non-Iron Deficiency Iron Deficiency p Value

N = 20 N = 20

Six-minute walk test

Distance (m) 475.74 (63.29) 430.50 (64.77) 0.035

Distance (% predicted) 97.37 (17.58) 84.22 (17.14) 0.019

Upper limb muscle strength

D-HGS (kg) 25.83 (7.38) 28.42 (8.42) 0.269

D-HGS (% predicted) 87.52 (18.30) 93.19 (20.42) 0.385

ND-HGS (kg) 23.64 (7.51) 25.16 (9.03) 0.648

ND-HGS (% predicted) 89.26 (23.68) 89.79 (21.12) 0.955

Lower limb muscle strength

D-QMVC (kg) 22.38 (6.60) 22.54 (4.19) 0.332

D-QMVC (% predicted) 62.70 (21.37) 62.29 (12.38) 0.907

ND-QMVC (kg) 21.29 (5.69) 21.69 (4.80) 0.480

ND-QMVC (% predicted) 60.13 (21.54) 60.05 (13.97) 0.953
Data are presented as mean (SD). Abbreviations: COPD, chronic obstructive pulmonary disease; D, dominant;
ND, non-dominant; HGS, hand grip strength; QMVC, quadriceps maximum voluntary contraction. Adjusted
p values for gender differences are shown in the table.

Table 3. Iron metabolism parameters in the study patients.

COPD Patients

Non-Iron Deficiency Iron Deficiency p Value

N = 20 N = 20

Iron status

Hemoglobin (g/dL) 15.2 (1.4) 15.0 (1.6) 0.580

Hematocrit (%) 45.5 (4.7) 44.8 (4.4) 0.613
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Table 3. Cont.

COPD Patients

Non-Iron Deficiency Iron Deficiency p Value

N = 20 N = 20

MCV (fL) 93.7 (3.5) 91.7 (6.7) 0.250

MCH (pg) 31.4 (1.4) 30.7 (2.8) 0.311

MCHC (g/dL) 33.5 (1.3) 33.4 (1.2) 0.820

Ferritin (ng/mL) 214.8 (60.3) 66.5 (33.0) 0.000

Transferrin saturation (%) 31.0 (7.5) 25.4 (7.2) 0.024

Transferrin (g/dL) 236.6 (31.0) 260.7 (28.9) 0.012

Soluble transferrin receptor
(mg/L) 2.2 (0.5) 3.0 (0.8) 0.002

Serum iron (μg/dL) 105.8 (26.3) 94.0 (28.8) 0.181

Muscle iron content (mg/g) 0.5 (0.2) 0.3 (0.1) 0.002
Data are presented as mean (SD). Abbreviations: COPD, chronic obstructive pulmonary disease; MCV, mean
corpuscular (erythrocyte) volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin
concentration. Adjusted p values for gender differences are shown in the table.

3.2. Associations between Clinical Parameters and Serum Iron Metabolism Markers

Among all patients, a significant positive correlation was observed between FEV1
predicted and transferrin saturation (Figure 1A). Figure 1B shows the distribution of all
the patients including both females and males in both groups (blue symbols represent
the female while green symbols represented the male patients). Moreover, significant
inverse correlations were detected between serum levels of ferritin, transferrin saturation,
and serum iron and those of soluble transferrin receptor (Figure 1A and Figure S1A,B,
respectively), whereas a positive association was seen between the latter parameter and
transferrin levels (Figure 1A and Figure S1C–E, respectively). Furthermore, serum levels of
transferrin positively correlated with soluble transferrin receptor, and negatively correlated
with serum ferritin and transferrin saturation (Figure 1A and Figure S1F–H, respectively).

Serum levels of hepdicin-25 and hemojuvelin were significantly reduced in iron defi-
ciency patients when compared to non-iron deficiency patients (Figure 2A,B, respectively).
Furthermore, significant positive correlations were observed in these two serum parameters
among all COPD patients, but not when analyzed independently (Figure 2C, respectively).

A significant correlation was found between serum ferritin levels and the walked
distance in meters when all the patients were analyzed together (Figures 3 and 4A). Such
a correlation was lost in non-iron deficiency patients (Figures 3 and 4A), while positive
correlations were again detected between serum ferritin levels and the walked distance
(meters and predicted variables) among iron deficiency patients. These correlations were
maintained after adjusting for age, sex, and FEV1 in these patients (Figures 3 and 4A,B,
respectively). When all the patients were considered, positive correlations were detected
between either serum hepcidin levels or muscle iron content and the walked distance
(Figure 3, Figure 4A,B and Figure 5A,B, respectively). In non-iron deficiency patients,
however, negative correlations were observed between serum hepcidin levels and the
walked distance (predicted variables, Figures 3 and 4A,B, respectively) and between serum
hemojuvelin levels and the latter parameter (meters and predicted variables, Figure 3).
Additionally, among iron deficiency patients, positive associations were also seen between
either serum hepcidin or iron content levels and the walked distance (meters and predicted
variables, Figure 3, Figure 5A,B and Figure 6A,B, respectively). These correlations were
maintained after adjusting for age, sex, and FEV1 in these patients. Adjusted p values
resulting from the multivariate linear regression showed statistically significant associations
between distance 6 min walk test (m) and ferritin (p = 0.001), hepcidin (p = 0.001), and
muscle iron content (p = 0.028), and between distance 6 min walk test (% predicted) and
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ferritin (p = 0.023), hepcidin (p = 0.025), and muscle iron content (p = 0.032) in the iron
deficiency group. Among all the COPD patients, serum levels of hemojuvelin were also
positively associated with those of ferritin, while they correlated negatively with those of
soluble transferrin receptor (Figures 3 and 7A,B, respectively).

Figure 1. Correlation matrix of blood iron metabolism parameters and lung function parameters in
all COPD patients (A) and scatter plot representation of correlation between FEV1 and transferrin
saturation in all COPD patients (B). In matrix, blue color represents positive correlations, while
negative correlations are indicated in red. Crosses inside the circle mean that the correlation is
not statistically significant (p value > 0.05). The correlation coefficients (Y axis of the graph) are
proportional to the circle color intensity and size. In the scatter plot, the green color indicates male
patients, while the blue color indicates female patients. The dots represent the patients with non-iron
deficiency while the triangles represent the patients with iron deficiency. Abbreviations: FEV1, first
second of forced expiration; FVC, forced vital capacity; COPD, chronic obstructive pulmonary disease.
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Figure 2. Mean values and standard deviation of (A) serum hepcidin-25 (ng/mL) and (B) hemojuvelin
(ng/mL) variables in COPD patients. (C) Scatter plots representation of correlations between serum
hepcidin and serum hemojuvelin in all COPD patients (left panel), non-iron deficiency (middle panel)
and iron deficiency (right panel) COPD patients. In the graphs, the green color dots or triangles
indicate male patients in either study group, while the blue color dots or triangles indicate female
patients in the same groups. Definition of abbreviations: COPD, chronic obstructive pulmonary
disease. Adjusted p values for gender differences are shown in the graphs.
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Figure 3. Correlation matrix of the iron metabolism parameters and six-minute walk test distance in
(A) all COPD patients, (B) non-iron deficiency and (C) iron deficiency COPD patients. In matrix, blue
color represents positive correlations, while negative correlations are indicated in red. Crosses inside the
circle mean that the correlation is not statistically significant (p value > 0.05). The correlation coefficients
(Y axis of the graph) are proportional to the circle color intensity and size. Abbreviations: 6-MWT,
six-minute walk test. Definition of abbreviations: COPD, chronic obstructive pulmonary disease.

Figure 4. Scatter plots representation of correlations between serum ferritin levels and six-minute walk
test distance (m) (A) and six-minute walk test distance (% predicted) (B) in all COPD patients (left panels),
non-iron deficiency (middle panels) and iron deficiency (right panels) COPD patients. In the scatter plots,
the green color dots or triangles indicate male patients in either study group, while the blue color dots
or triangles indicate female patients in the same groups. Definition of abbreviations: COPD, chronic
obstructive pulmonary disease.
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Figure 5. Scatter plots representation of correlations between serum hepcidin levels and distance
six-minute walk test (m) (A) and distance six-minute walk test (% predicted) (B) in all COPD patients
(left panels), non-iron deficiency (middle panels) and iron deficiency (right panels) COPD patients.
In the scatter plots, the green color dots or triangles indicate male patients in either study group,
while the blue color dots or triangles indicate female patients in the same groups. Definition of
abbreviations: COPD, chronic obstructive pulmonary disease.

Figure 6. Scatter plots representation of correlations between muscle iron content and distance six-minute
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walk test (m) (A) and distance six-minute walk test (% predicted) (B) in all COPD patients (left panels),
non-iron deficiency (middle panels) and iron deficiency (right panels) COPD patients. In the scatter
plots, the green color dots or triangles indicate male patients in either study group, while the blue
color dots or triangles indicate female patients in the same groups. Definition of abbreviations: COPD,
chronic obstructive pulmonary disease.

Figure 7. Scatter plots representation of correlations between serum hemojuvelin levels and serum
ferritin (A) and soluble transferrin receptor (B) in all COPD patients (left panels), non-iron deficiency
(middle panels) and iron deficiency (right panels) COPD patients. In the scatter plots, the green color
dots or triangles indicate male patients in either study group, while the blue color dots or triangles
indicate female patients in the same groups. Definition of abbreviations: COPD, chronic obstructive
pulmonary disease.

3.3. Iron Metabolism in the Vastus Lateralis

No significant differences in muscle levels of myoglobin, transferrin receptor, and
ferroportin-1 were observed between the two study groups (Figure 8A–D), whereas levels
of ferritin were significantly lower in iron deficiency than in non-iron deficiency patients
(Figure 8E). Protein content of IRP-1 and IRP-2 increased in the vastus lateralis of iron
deficiency compared to non-iron deficiency patients (Figure 8F,G, respectively). Significant
negative correlations were observed between either serum ferritin or serum hepcidin-25
levels and those of muscle IRP-2 among all COPD patients, while in iron deficiency patients
positive correlations were found between the same variables (Figure 9A–C). In non-iron
deficiency patients, no significant correlations were observed between either serum ferritin
or serum hepcidin, and muscle IRP-2 content (Figure 9A–C).
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Figure 8. Representative immunoblots of myoglobin, transferrin receptor, ferroportin-1, ferritin,
IRP-1, IRP-2 and GAPDH proteins in the vastus lateralis of all COPD patients (A). Mean values and
standard deviation of myoglobin (B), transferrin receptor (C), ferroportin-1 (D), ferritin (E), IRP-1 (F)
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and IRP-2 (G) protein content as measured by optical densities in arbitrary units (OD, a.u.). In the
graphs, the green color dots or triangles indicate male patients in either study group, while the
blue color dots or triangles indicate female patients in the same groups. Definition of abbreviations:
IRP, Iron regulatory protein; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MW, molecular
weight; kDa, kilodalton. Adjusted p values for gender differences are shown in the graphs.

Figure 9. Correlation matrix of the blood and muscle iron metabolism parameters in all COPD patients
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(left panels), non-iron deficiency (middle panel) and iron deficiency (right panel) COPD patients (A).
In matrix, blue color represents positive correlations, while negative correlations are indicated in red.
Crosses inside the circle mean that the correlation is not statistically significant (p value > 0.05). The
correlation coefficients (Y axis of the graph) are proportional to the circle color intensity and size.
Scatter plots representation of correlations between serum ferritin and muscle IRP-2 protein levels (B),
and serum hepcidin and muscle IRP-2 protein levels (C), in all COPD patients (left panels), non-iron
deficiency (middle panel) and iron deficiency (right panel) COPD patients. In the scatter plots, the
green color dots or triangles indicate male patients in either study group, while the blue color dots or
triangles indicate female patients in the same groups. Definition of abbreviations: IRP, Iron regulatory
protein; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MW, molecular weight.

4. Discussion

The most relevant findings encountered in the investigation are that in severe COPD
with iron deficiency, iron content and its regulators are differentially expressed compared
to patients with identical degree of disease severity and muscle weakness with normal iron
content. For the same degree of the airway obstruction, exercise capacity as measured by
the six-minute walking test was reduced in the iron-deficient patients. Moreover, in the
latter patients, levels of serum and muscle iron and ferritin content, and serum transferrin
saturation, were also lower than in the non-iron deficient patients, whereas the content of
transferrin and that of the soluble receptor of transferrin were greater. Airway obstruction
as measured by FEV1 positively correlated with serum transferrin saturation among all the
study patients. Significant positive correlations were also detected between serum ferritin,
hepcidin, and muscle iron content and exercise tolerance among the iron-deficient patients.
In these patients compared to the non-iron deficient group, serum levels of hepcidin-25
and hemojuvelin decreased, while those of IRP-1 and IRP-2 increased. Positive associations
were also detected between serum hepcidin and muscle IRP-2 levels among the patients
with iron deficiency. These results remained equal when adjusted by gender. Iron deficiency
defined a specific profile of patients with severe COPD and muscle weakness regardless
of gender in this study. These are relevant novel results that shed light onto the potential
implications of iron content and its regulation in the exercise capacity and the systemic
component of patients with severe COPD.

Non-anemic iron deficiency can be encountered in up to 50% of COPD patients [3–5].
Iron deficient COPD patients showed a dysregulation of the iron metabolism parameters
that were assessed specifically in their systemic compartment. Nonetheless, serum iron
levels did not significantly differ between the two groups of COPD patients. As serum
iron levels may fluctuate throughout the day, this parameter may not be all that reliable to
properly diagnose the iron deficiency in patients [38–40]. At initial stages, iron deficiency
can be defined as a result of reduced iron storage, which may translate into decreased
serum ferritin levels [38–40]. Interestingly, serum iron concentration may remain within
normal ranges in those early phases of iron depletion. As no significant differences in serum
iron levels were observed between the two study groups, it may be possibly concluded
that COPD iron deficient patients were probably at their initial stages of the iron depletion
process [38,41]. Exercise capacity, however, was indeed reduced in the iron deficient
patients. This finding suggests that decreased exercise capacity may be a clinical surrogate
of iron depletion in chronic disease such as in COPD.

A positive strong correlation between ferritin levels and the six-minute walk distance
was also seen in the iron deficient COPD patients. These results are consistent with previous
findings. As such, the existence of a correlation between submaximal exercise capacity
and the ferritin index was also detected in patients with chronic heart failure [42]. A
positive correlation between the six-minute walk test distance and ferritin levels was also
reported in iron deficient patients with heart failure [43]. Furthermore, other studies
conducted on iron deficient COPD patients also demonstrated a reduction in the walked
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distance [6,44], reinforcing again this parameter as a hallmark in the overall assessment of
severe COPD patients.

Iron homeostasis disruption has been proposed to influence the clinical course of
COPD. Specifically, previous studies revealed a relationship between lung function parame-
ters such as FEV1 and FVC with different iron metabolism regulators in iron deficient COPD
patients [45,46]. In line with these studies, in the present investigation a strong correlation
was also found between FEV1 and transferrin saturation, suggesting that disruptions in
iron metabolism in these patients might exert deleterious effects on their lung function
status [45,46]. Further studies are needed to confirm if iron homeostasis may influence lung
function and disease severity in COPD.

Hepcidin is a peptide hormone that play an important role in the systemic iron
regulation through its interaction with the major iron export protein, the ferroportin [12,14].
In patients with chronic diseases such as chronic hepatitis C, hepatocellular carcinoma, and
inflammatory bowel disease, levels of hepcidin were significantly reduced compared to
control subjects [47–49]. In COPD patients with normal iron metabolism, levels of hepcidin
were also reduced [50,51]. In the current study, the iron deficient severe COPD patients
were the ones showing a significant decrease in serum hepcidin levels. Furthermore,
in the study, hepcidin levels positively correlated with ferritin, suggesting the potential
implications of hepcidin in the systemic regulation of iron metabolism. Other studies also
showed a positive correlation between those two biological parameters [52–56]. Moreover,
serum hepcidin concentration also positively correlated with the six-minute walk distance
in the iron deficient group of patients. Collectively, these results put the line forward the
potential value of hepcidin as a surrogate marker of iron status and exercise capacity in
COPD patients.

Hemojuvelin is a membrane molecule that acts as a co-receptor of bone morphogenetic
protein (BMP). Hemojuvelin can negatively regulate hepcidin production through its
soluble form [57]. Iron deficient COPD patients exhibited a decline in serum hemojuvelin
levels in the current study. To the best of our knowledge, this is the first study that aimed
to assess potential differences in serum hemojuvelin levels between iron deficient and
normal iron status severe COPD patients. In general, hemojuvelin levels were shown
to be increased in anemic patients compared to healthy subjects [58,59]. Among the
COPD patients in this study, a significant positive correlation was also found between
hemojuvelin and ferritin serum levels, while a negative association was observed between
hemojuvelin and the soluble transferrin receptor. Other investigations also demonstrated
the existence of a positive correlation between hemojuvelin and ferritin in iron-refractory
anemia and in chronic kidney disease patients [59–61]. A significant positive correlation
between hemojuvelin and hepcidin among all the COPD patients was also observed in the
present study. Iron deficient patients exhibited a significant decline in ferritin along with a
rise in IRP-1 and IRP-2 levels compared to non-iron deficient COPD patients. Moreover,
significant positive correlations were observed between hepcidin and muscle IRP-2 in iron
deficient patients. These results reveal the potential crosstalk between muscle and systemic
compartment to target iron metabolism regulation. Collectively, the findings reported
herein warrant further attention in the study of severe COPD as hemojuvelin and ferritin
production may also be influenced by other stimuli such as inflammation [59,62,63], which
is a major trigger of organ dysfunction and failure. Future investigations are needed to
figure out which parameters can influence the control of the iron-regulatory proteins and
to what extent they can affect patients with chronic diseases, in whom the inflammatory
component plays a prominent role such as in COPD.

Study Limitations

Other parameters such as dynamic hyperinflation could have been measured in the
study COPD patients. Nonetheless, due to the COVID-19 pandemic, only a few tests
were possibly carried out in the lung function testing laboratory of our hospital. The
measurements of dynamic hyperinflation were not included as patient recruitment took
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place to a great extent during the pandemic. It should be mentioned that despite results
are shown for both female and male patients, the investigation was not aimed to analyze
potential differences between them in each study group. Another potential limitation is
related to the cross-sectional design of the study. However, the findings reported herein
will help design future intervention studies with a follow-up component.

5. Conclusions

In severe iron deficient COPD patients, iron content and its regulators are differentially
expressed compared to patients with normal iron content and identical degree of disease
severity and muscle weakness. A potential crosstalk between systemic and muscle iron
homeostasis regulation was revealed in severe COPD, particularly in the iron deficient
patients. Lung function and exercise capacity were directly related to several markers
of iron metabolism regulation, thus suggesting a potential role of the iron element in
the disease status and severity. Iron regulation status should be included in the overall
assessment of COPD patients due to its potential implications on their performance and
disease progression.
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Abstract: Iron overnutrition has been implicated with a higher risk of developing metabolic and
cardiovascular diseases, including metabolic syndrome (MetS), whereas iron deficiency anemia
exacerbates many underlying chronic conditions. Hemoglobin (Hb) concentration in the blood, which
reflects a major functional iron (i.e., heme iron) in the body, may serve as a surrogate of the nutritional
status of iron. We conducted sex-specific observational association studies in which we carefully
titrated the association between Hb deciles and MetS and its components among the Taiwanese Han
Chinese (HC) from the Taiwan Biobank and Europeans of White ancestry from the UK Biobank,
representing two large ethnicities. Our data show that at higher-than-normal levels of Hb, increasing
deciles of Hb concentration were significantly associated with MetS across all sex subgroups in both
ethnicities, with the highest deciles resulting in up to three times greater risk than the reference group
[Taiwanese HC: OR = 3.17 (95% CI, 2.75–3.67) for Hb ≥ 16.5 g/dL in men, OR = 3.11 (2.78–3.47) for
Hb ≥ 14.5 g/dL in women; European Whites: OR = 1.89 (1.80–1.98) for Hb ≥ 16.24 g/dL in men,
OR = 2.35 (2.24–2.47) for Hb ≥ 14.68 g/dL in women]. The association between stronger risks and
increasing Hb deciles was similarly observed with all metabolic components except diabetes. Here
we found that both the highest Hb decile groups and contrarily the lowest ones, with respect to the
reference, were associated with higher odds of diabetes in both ethnic groups [e.g., Taiwanese HC men:
OR = 1.64 (1.33–2.02) for Hb ≥ 16.5 g/dL, OR = 1.71 (1.39–2.10) for Hb ≤ 13.5 g/dL; European Whites
women: OR = 1.39 (1.26–1.45) for Hb ≥ 14.68 g/dL, OR = 1.81 (1.63–2.01) for Hb ≤ 12.39 g/dL]. These
findings confirm that elevated Hb concentrations, a potential indicator of iron overnutrition, may
play a role in the pathophysiology of MetS and metabolic components.

Keywords: hemoglobin; iron nutrition status; metabolic syndrome; metabolic disorders; observational
study; Taiwanese Han Chinese; European White

1. Introduction

Iron is an essential mineral that plays crucial roles in a wide variety of metabolic
processes in the human body [1]. It primarily functions in the binding and transporting of
oxygen molecules in circulation. It further takes part in immune function, DNA synthesis
and cell division, electron transport within cells, and forms an integral part of the vital
enzyme systems found in various tissues.

Among the most common diseases in humans are those linked to iron metabolism
and homeostasis, ranging from anemia (i.e., commonly caused by iron deficiency) to
hemochromatosis (i.e., iron overload) [2]. Anemia, clinically described as a condition
wherein the number and size of red blood cells (RBCs) and their oxygen-carrying capacity
become insufficient to meet physiological needs, remains to be a global public health
problem [3]. It afflicted 1.62 billion individuals worldwide based on the published data
of the World Health Organization (WHO) Global Database in 2008 [4]. More recently, in
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2019, anemia was reported to globally affect 39.8% of children and 29.9% of women at
reproductive age [5].

Meanwhile, epidemiological studies have implicated that iron overnutrition and
elevated iron levels are associated with higher risk of adverse metabolic and cardiovascular
outcomes [6]. Metabolic syndrome (MetS) is a disease entity characterized by the clustering
of insulin resistance, impaired glucose tolerance, dyslipidemia, hypertension, and central
obesity–all of which can lead to major cardiovascular events [7]. A global epidemic of MetS
has been recognized for some time as a result of genetic susceptibility and lifestyle changes
associated with modernization and urbanization (e.g., poor dietary quality, sedentary
lifestyle, and physical inactivity). There has been a continuous increase in the prevalence of
MetS in both men and women in all age groups on a global scale [7]. A 25.5% prevalence
of MetS among Taiwanese Han Chinese (HC) was reported in the Nutrition and Health
Survey in Taiwan (NAHSIT) from 2005 to 2008, with a lower proportion of women affected
than men aged below 45 years, but with a higher proportion of women affected than men
for those aged 45 years and over [8,9]. Similarly, in the United Kingdom, a MetS prevalence
of 24.3% (i.e., one in four adults) was reported across several European cohorts [10].

Oxidative stress is known to be involved in the pathophysiology of many chronic non-
communicable diseases, including MetS. Although there are other processes contributing to
their onset, oxidative stress leads to the development of prolonged inflammatory state and
further complications [11]. Iron deficiency and overload both influence the redox states.
Nonetheless, the exact mechanisms as to how iron contributes to metabolic derangements
are yet to be fully elucidated. It was proposed long before, through the ‘iron hypothesis’,
that iron depletion protects against heart disease whereas high levels of body iron stores
promote cardiovascular and metabolic diseases [12]. To date, most evidence supports
that iron is a powerful pro-oxidant that in excess can cause cellular damage by producing
reactive oxygen species in different tissues of the body, which may eventually lead to
atherosclerotic events [13].

Iron, being an essential micronutrient, comes entirely from the diet. However, the
bioavailability of iron depends on the dietary matrix, which, in turn, is constituted by the
major dietary patterns found in a population [1,14]. Heme iron from meat, poultry, and
fish is a superb source of iron compared to the non-heme iron from plant sources. Red
meat consumption is known to contribute to the storage of excess iron in the body. On the
contrary, non-heme iron, despite its lower bioavailability, was shown to contribute more to
iron nutrition due to its abundant quantity in the diet [15].

Approximately two-thirds (65%) of iron in the human body are integrated in the
protein hemoglobin (Hb) in circulating RBCs. The four heme units of Hb contain an iron
cation (Fe2+) that switches redox states upon the binding and release of oxygen from
the lungs to cells and of carbon dioxide from the cells to the lungs [16]. Therefore, Hb
concentration in the blood may serve as a surrogate of iron nutrition status as it reflects
a major functional iron in the body (i.e., heme iron) [17]. Nonetheless, Hb concentration
may be affected by other prevailing micronutrient deficiencies, acute or chronic infections,
inflammation, and disorders that alter RBC metabolism [18]. Hb is a good iron marker
when the body iron store is low, whereas at the higher end of iron spectrum, variations
in Hb concentration may be due to other nutritional or non-nutritional factors including
autoimmune disease [19]. It is further important to note that other biomarkers (i.e., serum
ferritin, transferrin saturation, etc.) should be considered with respect to the storage and
transport of iron in humans.

There have been on-going controversies in human epidemiological studies as to
whether the disruption of iron homeostasis that leads to elevated Hb levels may result
in higher risks of metabolic disorders. Hence, we conducted sex-specific association
studies to determine and validate the relationship of iron in excess with the risks of MetS
and its individual components. We carefully titrated the association between Hb deciles
and MetS, central obesity, hypertension (HTN), diabetes (i.e., type 2 diabetes or T2D),
dyslipidemia (DLP), and gout. Gout was additionally included as an outcome due to
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the emerging evidence that suggests its role in the pathophysiology of MetS [20]. We
utilized two, large population-based cohorts, the Taiwan Biobank (TWB) and UK Biobank
(UKB), to represent the distinct ethnicities of East Asians and Caucasians, respectively.
Our findings then confirm the role of elevated iron status, as demonstrated by increasing
Hb concentrations, in the pathophysiology of MetS and metabolic outcomes in both the
Taiwanese HC and European Whites. Intriguingly, we observed that both low and high
levels of Hb contribute to the pathogenesis of T2D, whereas within normal levels, Hb
confers protective effects. These findings will help to further our understanding on the
role of iron dysregulation in human health and better identify at-risk individuals; hence,
preventing further complications associated with the MetS and other cardiometabolic
outcomes–ultimately leading to the improvement of public health in the future.

2. Materials and Methods

2.1. Study Design, Study Populations, and Ethical Considerations

We conducted cross-sectional observational studies utilizing two population-based
cohorts, the Taiwan Biobank and the UK Biobank. The TWB is a large-scale collection of
data on the genomic profiles, lifestyle, and environmental exposure history, and long-term
health outcomes of the Han Chinese population in Taiwan. It has been established to
elucidate the interrelationship between genetic and environmental factors in disease onset
and progression [21]. The UKB, on the other hand, is a large prospective study of more than
500,000 individuals residing in the UK, whose extensive phenotype information, genotypes,
and details on assessment and follow-ups have been reported in detail elsewhere [22]. In-
formation on the TWB and UKB Projects can be accessed at https://www.twbiobank.
org.tw/ (accessed on 6 June 2022) and https://www.ukbiobank.ac.uk/ (accessed on
6 June 2022).

The TWB cohort initially comprised 67,515 participants (20,764 men and 46,751 women),
aged from 30 to 70 years old at the time of recruitment. These were community-dwelling
and non-handicapped individuals during assessment. In order to maximize the power of
the TWB study, we included all subjects at first, regardless of age. We excluded subjects
who had self-reported renal/kidney failure, been diagnosed with cancer, or had missing
data on Hb concentration.

From a total of 502,536 UKB participants (229,134 men; 273,402 women) aged from
40 to 70 years old during assessment (UKB data field 21003), we first selected participants
who identified themselves as White (i.e., British, Irish, or any other White background)
(field 21000) and were born in the UK (field 1647). We removed subjects who had inconsis-
tent reported and genetic sex (fields 31 and 22001), were pregnant during data collection
(field 3140), had been diagnosed with any form of cancer (fields 134 and 20001), and had
self-reported renal/kidney failure, hereditary/genetic hematological disorder, clotting
disorder/excessive bleeding, acquired immunodeficiency syndrome (HIV/AIDS), tuber-
culosis, or tropical and travel-related infections (field 135). These conditions are known
to affect erythropoiesis and, thus, may influence the Hb levels of an individual [18]. We
further excluded subjects with fasting time of 0 or beyond 24 h (field 74) and those with
missing Hb data (field 30020). File S1 provides the list of variables and data fields used in
the UKB study.

Upon further exclusion of subjects with extreme Hb values, a total of 67,237 Taiwanese
HC (20,670 men and 46,567 women) were included in the analyses. On the other hand, a
final population of 386,477 Europeans of White ancestry (182,048 men and 204,429 women)
were analyzed.

This study has been carried out in accordance with The Code of Ethics of the World
Medical Association (Declaration of Helsinki). Study protocols were evaluated and ap-
proved by the Institutional Review Board of Academia Sinica, with reference number
AS-IRB 02. The UKB Project has been given ethical clearance by the UK National Health
Service’s National Research Ethics Committee with reference number 11/NW/TWB and
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UKB participants gave duly signed written informed consents prior to the conduct of data
collection. All data obtained were treated with the utmost confidentiality.

2.2. Blood and Data Collection

Venous blood samples were drawn from the TWB and UKB participants by qualified
and trained medical researchers for hematological and biochemical assessments. Blood
samples collected in EDTA (Ethylenediaminetetraacetic acid) vacutainer tubes were ana-
lyzed within 24–48 h after blood draw using automated, quality control-checked clinical
hematology analyzers. Hemoglobin is one of the hematological traits measured at baseline
recruitment, where anemia is defined by a Hb level <13.0 g/dL in men and <12.0 g/dL in
women [23]. Serum and plasma were then separated from the whole blood samples for
the measurement of a wide range of biochemical markers in the TWB and UKB. Glucose
(GLU), triglyceride (TG), cholesterol (TC), high-density (HDL-C), and low-density (LDL-C)
lipoprotein-associated cholesterol, and uric acid (UA) were measured via enzymatic as-
says using routinely calibrated clinical chemistry analyzers, whereas glycated hemoglobin
(HbA1c) was determined by a high-performance liquid chromatography method. In
the UKB, however, blood biochemistry was based on a random and non-fasting state
of participants.

Standard procedures were followed in collecting anthropometric and blood pressure
readings. Briefly, weight was recorded using a platform weighing scale whereas standing
height was measured using a microtoise or medical measuring rod. Body mass index (BMI)
was calculated as weight in kg divided by the square of height in m (kg/m2). Waist (WC)
and hip circumferences were measured at the approximate midpoint between the lowest rib
bone and super iliac point and the widest part of the hips, respectively, with a tape measure
placed parallel to the floor at the end of a relaxed expiration of participants while standing.
Waist-hip ratio (WHR) was simply calculated as waist circumference divided by the hip
circumference. Systolic (SBP) and diastolic blood pressure (DBP) levels were obtained
using automated sphygmomanometer following stringent protocol. All measurements
were taken twice.

The socio-demographic profile, behavioral risk factors such as smoking and alcohol
consumption, physical activity, and other health-related information about the participants
were obtained through a face-to-face interview in the TWB. On the other hand, an extensive
array of lifestyle, environmental, health, and medical data among UKB participants were
collected via a touchscreen questionnaire, followed by a verbal interview for some variables
that required verification (i.e., type of prescription medications).

2.3. Definition and Ascertainment of Metabolic Outcomes

Metabolic syndrome and its associated components (i.e., central obesity, hypertension,
diabetes, dyslipidemia, and gout) are the metabolic outcomes, as dichotomous variables, in
this study. We defined outcomes based on self-reports of physician-diagnosed health condi-
tions by the participant and the widely used cut-offs for WC, SBP/DBP, GLU, TG, HDL-C,
and UA. In the UKB, outcomes were additionally classified using data on medications and
hospital episode statistics following the International Classification of Diseases 9th (ICD9)
and 10th (ICD10) revisions. File S2 summarizes the disease definitions based on ICD and
self-reported fields, whereas File S3 lists the prescription medications in the ascertainment
of HTN, T2D, DLP, and gout in the UKB.

The definition of central or abdominal obesity was adopted from the International
Diabetes Federation (IDF) criteria: a WC > 90 cm in men or >80 cm in women for East
Asians and a WC > 94 cm in men or >80 cm in women for Europeans [24,25]. An SBP/DBP
reading of ≥140/≥90 mm Hg classified hypertension in the TWB and UKB following the
Taiwan Society of Cardiology/Taiwan Hypertension Society and the European Society
of Cardiology/European Society of Hypertension criteria, respectively [26,27]. Type 2
diabetes in TWB was defined by a high fasting blood glucose (FBG) level ≥ 126 mg/dL [28]
or a glycated hemoglobin ≥ 6.5% [29]. To convert FBG in mg/dL to SI units, multiply by
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18 mmol/L [30]. HbA1c in mmol/mol is calculated as 10.93 × (HbA1c in %) − 23.50 [31].
In the ascertainment of T2D in UKB subjects, we followed the algorithms proposed by
Eastwood and team, where GLU ≥ 11.1 mmol/L or HbA1c ≥ 48 mmol/mol (6.5%) cap-
tured hyperglycemia from blood tests even on a non-fasting state [32]. Hypertriglyc-
eridemia, hypercholesterolemia, high LDL-cholesterol levels, and low HDL-cholesterol
levels were classified in the TWB and UKB using the following cut-offs: TG ≥ 200 mg/dL
(≥2.30 mmol/L), TC ≥ 240 mg/dL (≥6.20 mmol/L), LDL-C ≥ 160 mg/dL (≥4.10 mmol/L),
and HDL-C < 40 mg/dL (<1.00 mmol/L) in men or <50 mg/dL (<1.30 mmol/L) in
women [33,34]. Dyslipidemia in this study is described as a combination of either hyper-
triglyceridemia or low levels of HDL-C. TG in mg/dL is converted to SI units by multiplying
by 0.01129 mmol/L, whereas TC, LDL-, and HDL-C are multiplied by 0.02586 mmol/L [35].
Lastly, gout was ascertained from a hyperuricemic level of >7.0 mg/dL (>416.0 μmol/L)
in men or >6.0 mg/dL (>357.0 μmol/L) in women [36,37]. UA from mg/dL to μmol/L is
computed using a conversion factor of 1 mg/dL = 59.48 μmol/L [38].

The definition of metabolic syndrome was mainly based on the NCEP ATP III crite-
ria [39], whereas the WC cut-off point for Asians from IDF [24] was used in analyzing the
Taiwanese HC data. In the NCEP ATP III classification, MetS was present upon meeting at
least three of the following component risk factors: (1) WC > 102 cm in men or >88 cm in
women; (2) TG ≥ 150 mg/dL (≥1.70 mmol/L) or taking triglyceride-lowering drugs;
(3) HDL-C < 40 mg/dL in men or <50 mg/dL in women or taking statins or other
medicines for high cholesterol; (4) blood pressure ≥130/≥85 mmHg or current use of
anti-hypertensive drugs; and (5) FBG ≥ 100 mg/dL (≥5.6 mmol/L) or current use of
anti-hyperglycemic drugs. The ethnic-specific criteria for central obesity in IDF (i.e., for
Taiwanese HC) is WC > 90 cm in men and >80 cm in women.

2.4. Data Processing and Statistical Analyses

Data were analyzed using SAS v.9.4. The criteria for statistical significance were a
p-value of <0.05.

For describing the characteristics of participants, continuous variables were expressed
as mean ± S.D., whereas categorical characteristics were in counts and percentage values.
The normal distribution of quantitative parameters was assessed, and extreme outliers
were removed. We excluded subjects who were more than ± 5 S.D. from the sex-specific
Hb means per ethnic group.

For comparing the risks of MetS and associated components, we categorized subjects
according to deciles of increasing hemoglobin concentration. The decile with the lowest
outcome prevalence served as the reference. Men and women were analyzed separately.
Trends in quantitative characteristics and prevalence across Hb deciles were respectively
tested by linear regression and the Cochran–Armitage trend test.

Multivariate logistic regression models were used to estimate the ORs and CIs of MetS
and its individual components across Hb deciles. Age and age-squared were adjusted
in the first model. Smoking status and alcohol consumption were further adjusted as
covariates in the second model. The final model was fully adjusted for physical activity
level, highest educational attainment, and comorbidities (i.e., for individual components
of MetS). Fasting time was included in the UKB analyses to adjust for random/non-
fasting blood biochemistry collection. Menopausal status was also added as a covariate
in the women subgroups, wherein subjects were categorized as either non-menstruating,
unsure of their menopausal status (i.e., had hysterectomy), or had age-at-menopause <44,
45–49, 50–54 (reference), or >55 years. We further adjusted for ethnic-specific BMI category
groups [40,41] in all models when testing the associations between Hb and HTN, T2D, DLP,
and gout.

In the UKB, the final categorization of smoking status (i.e., never smoked, stopped
smoking, occasionally smoking, and currently smoking) was derived from smoking status
(field 20116) and current tobacco smoking (field 1239). Alcohol drinking status (i.e., never
drank, stopped drinking, occasionally drinking, and currently drinking) was similarly
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recoded from alcohol drinker status (field 20117) and alcohol intake frequency (1558). The
highest educational qualification in the UK (field 6138) was recategorized into four levels
as none; O-levels, CSEs, or equivalent; A-levels, NVQ/HND/HNC or equivalent, or other
professional qualifications; and college or university degree holder.

3. Results

3.1. Characteristics of Taiwanese Han Chinese and European White Cohorts

The characteristics of TWB and UKB cohorts by sex and increasing Hb deciles were
presented in detail in Tables S1 and S2, respectively. A total of 67,237 Taiwanese Han Chi-
nese (20,670 men; 46,567 women) from the TWB and 386,477 European Whites (182,048 men;
204,429 women) from the UKB were included in the analyses. The mean ages were around
50 years old for male and female TWB participants and around 56–57 years for UKB
counterparts, respectively. Around half of the Taiwanese HC women had already entered
menopause (51.3%) during assessment, with a mean age-at-menopause of 49.4 ± 5.0 years.
A large proportion of European women subjects also had menopause (60.6%), with a mean
menopausal age of 49.8 ± 5.1 years.

The mean Hb levels of men subgroups were found to be similar in both populations
(15.0 g/dL), whereas European women had a slightly higher mean Hb (13.5 ± 0.93 g/dL)
than Taiwanese HC women (13.0 ± 1.3 g/dL). The interquartile ranges of Hb concentration
were wider in the Taiwanese HC (14.4–15.8 g/dL in men; 12.5–13.8 g/dL in women) than in
Europeans (14.4–15.7 g/dL in men; 12.9–14.1 g/dL in women). In both ethnic groups, men
had higher mean measurements in all anthropometric, biochemical, and clinical parameters
than women, except TC and LDL-C.

Majority of the subjects were never-smokers. In particular, nearly all of the Taiwanese
HC women had never smoked a cigarette. Taiwanese HC were mostly occasional-drinkers
whereas larger percentages of Europeans were current-drinkers. More than half of the
Taiwanese HC did not regularly exercise. Meanwhile, majority of European men and
women engaged in high and moderate physical activities, respectively. For both ethnic
groups, however, a general increase in the proportion of current-smokers, current-drinkers,
and those with no regular exercise (or had low physical activity levels) were observed
with increasing Hb deciles. For instance, 32.9% of Taiwanese HC men and 14.1% of Eu-
ropean men were current-smokers in the highest Hb deciles as compared to the 16.3%
and 7.4%, respectively, in the lowest deciles. Lastly, at least half of the Taiwanese HC
reached university or post-graduate studies, whereas relatively lower percentages of Euro-
peans obtained a degree. Across increasing Hb concentration, we also observed a general
increase in percentages of those with no formal education or a decrease in percentages
of degree-holders.

3.2. Prevalence Rates of Metabolic Syndrome and Metabolic Components and Associations with
Increasing Hemoglobin Deciles among Taiwanese Han Chinese and European Whites

There were significant differences in the prevalence rates of MetS and metabolic
components by ethnic group (Tables S3 and S4 show by sex and Hb deciles the frequency
distributions of outcomes based on measured health indicators; Tables S5 and S6 present
the frequencies of cases based on self-reported data; Table S7 provides the frequencies from
hospital in-patient records in the UKB).

Europeans were observed to have a higher mean weight, BMI, WC, SBP, and DBP than
the Taiwanese HC counterparts. The mean TG, TC, and LDL-C of Europeans were also
higher than the Taiwanese HC (i.e., TG: 1.98 mmol/L in European men versus 1.57 mmol/L
in Taiwanese HC men; 1.55 mmol/L in European women versus 1.17 mmol/L in Taiwanese
HC women). Conversely, the mean glucose, HbA1c, and UA levels of Taiwanese HC were
found larger than the Europeans, despite a non-fasting blood collection among the latter
(i.e., glucose: 5.5 mmol/L in Taiwanese HC men versus 5.1 mmol/L in European men;
5.2 mmol/L in Taiwanese HC women versus 5.1 mmol/L in European women).
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Overall, we present that among the MetS components, central obesity was consistently
highly prevalent among the Taiwanese HC (44.8%) and European Whites (56.7%), followed
by dyslipidemia (i.e., combination of either hypertriglyceridemia or low levels of HDL-C)
(34.3%; 51.9%), hypertension (23.9%; 56.6%), gout (20.2%; 14.4%), and type 2 diabetes
(10.2%; 7.2%) (Tables S8 and S9).

We noted the highly significant increasing trends in the prevalence rates of MetS and
other metabolic components with increasing deciles of Hb concentration among Taiwanese
HC and European Whites (p < 0.0001) (Tables S3–S7). However, on the other side of the
Hb distribution, we also observed that the Hb decile groups which comprised mostly the
anemic subjects (i.e., D1 in Taiwanese HC men and Europeans; D1 and D2 in Taiwanese HC
women) had higher prevalence rates of MetS, central obesity, hyperglycemia, low HDL-C,
and hyperuricemia than those in the reference deciles. The elevation of rates is strong for
hyperglycemia but modest for others.

Consistent with the above observations, increasing Hb was found significantly asso-
ciated with the increasing odds of MetS (Figure 1; Tables S10 and S11) and its metabolic
components (Figure 2; Tables S12–S21) across all sex subgroups in both ethnicities, except
for T2D. Higher deciles of Hb concentration further corresponded to stronger odds of cen-
tral obesity (Figure 2; Tables S12 and S13), hypertension (Tables S14 and S15), dyslipidemia
(Tables S16 and S17), and gout (Tables S20 and S21) in both ethnic groups. However, the
slightly higher MetS prevalence observed among the mostly anemic subjects in the lower
Hb deciles corresponded to ORs that were non-significant. Our findings on diabetes were
different from those of other MetS components (Figure 3; Tables S22 and S23). Interestingly,
the highest or lower Hb deciles, as compared to the reference, were associated with stronger
odds of T2D.

Figure 1. Odds ratios of metabolic syndrome across increasing deciles of hemoglobin concentration
among Taiwanese Han Chinese and European Whites (top: men, bottom: women). Final models
adjusted for age, age-squared, smoking status, alcohol consumption, physical activity level, and
highest educational attainment, as well as menopausal status in women.
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Figure 2. Cont.
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Figure 2. Odds ratios of central obesity, hypertension, dyslipidemia, and gout across increasing
deciles of hemoglobin concentration among Taiwanese Han Chinese and European Whites (top: men,
bottom: women). Final models adjusted for age, age-squared, smoking status, alcohol consumption,
physical activity level, highest educational attainment, and comorbidities, as well as menopausal
status in women.
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Figure 3. Odds ratios of diabetes across increasing deciles of hemoglobin concentration among
Taiwanese Han Chinese and European Whites (top: men, bottom: women). Final models adjusted for
age, age-squared, smoking status, alcohol consumption, physical activity level, highest educational
attainment, and comorbidities, as well as menopausal status in women.

3.3. Metabolic Syndrome

The prevalence of MetS following the NCEP ATP III criteria was 25.7% among Tai-
wanese HC men and 18.9% among women at the time of assessment. MetS prevalence
was slightly increased to 26.8% in men when using the Taiwan’s modified criteria. Higher
prevalence rates among European Whites were observed in men at 49.0% and in women
at 37.5%. Subjects in the highest Hb deciles who were classified as having MetS were at
40.7% and 34.4% among Taiwanese HC men and women, respectively, and 58.4% and 53.0%
among European men and women, respectively.

At higher-than-normal range of Hb concentration, increasing deciles of Hb were
significantly associated with MetS across all sex subgroups in both ethnicities (Figure 1).
The highest Hb deciles resulted in up to three times greater odds of having MetS than
the reference group, upon fully adjusting for age, age-squared, smoking status, drinking
status, physical activity level, and highest educational attainment (and menopausal status
in women) (Tables S10 and S11). Particularly among Taiwanese HC men and women,
ORs for MetS were 3.17 (2.75–3.67, p < 0.0001) for Hb ≥ 16.5 g/dL and 3.11 (2.78–3.47,
p < 0.0001) for Hb ≥ 14.5 g/dL, respectively. Abrupt increases in ORs between D8 and D10
in this group were evident (i.e., from 1.90 (1.65–2.20) at 15.7–16.0 g/dL to 2.36 (2.02–2.74) at
16.1–16.4 g/dL to 3.17 (2.75–3.67) when Hb was ≥16.5 g/dL in men). Among Europeans,
much lower ORs were obtained despite a larger sample size and higher prevalence rates
of MetS across Hb deciles: 1.89 (1.80–1.98, p < 0.0001) at Hb ≥16.24 g/dL in men and
2.35 (2.24–2.47, p < 0.0001) at Hb ≥ 14.68 g/dL in women. ORs were generally attenuated
after fully adjusting for covariates.

Central obesity was more prevalent among Europeans than Taiwanese HC when
following the WHO’s WC criteria and ethnic-specific cut-off points. Similar to MetS, more
than half of the European subjects were with central obesity. It is also evident that among
Europeans and Taiwanese HC in the highest deciles of Hb concentration, central obesity
was highly prevalent.
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Among the Taiwanese HC men and women, fully adjusted ORs from the highest
Hb deciles were respectively 2.03 (1.77–2.33, p < 0.0001) and 1.72 (1.57–1.89, p < 0.0001)
for central obesity (Table S12). On the other hand, ORs obtained from the highest deciles
among European men and women were 2.21 (2.11–2.33, p < 0.0001) and 2.00 (1.91–2.11,
p < 0.0001) (Table S13).

Monotonous risk elevations with increasing Hb deciles were observed in men and
women for both ethnic groups. Among Europeans, starting from the lowest decile within
normal Hb concentrations, highly significant positive associations with central obesity
were noted.

3.4. Hypertension

Greater proportions of Europeans were found to be hypertensive than the Taiwanese
HC, either based on blood pressure measurement, self-reported data, or hospital in-patient
records. More than half of the European men (i.e., 52.8%) were hypertensive based on
office blood pressure readings alone. Furthermore, the majority of European subjects in the
10th deciles were classified as hypertensive (i.e., 63.5% in men and 55.2% in women). On
the other hand, hypertensive Taiwanese HC based on blood pressure readings were 24.5%
among men and 13.0% among women, whereas only 18.4% of men and 10.6% of women
had self-reported hypertension.

The fully adjusted ORs for hypertension from the highest Hb deciles in Taiwanese
HC men and women were 1.95 (1.70–2.24, p < 0.0001) and 2.12 (1.89–2.39, p < 0.0001),
respectively (Table S14). Among European men and women, ORs for hypertension were
at 1.99 (1.89–2.10, p < 0.0001) and 2.22 (2.11–2.33, p < 0.0001), respectively (Table S15).
Significant risk elevation starts from the 4th decile for both gender and ethnicities. However,
ORs became non-significant if we further adjusted for BMI groups.

3.5. Dyslipidemia

Europeans with hypertriglyceridemia, hypercholesterolemia, high LDL-C, and low
HDL-C levels based on blood lipid profile were all higher in prevalence rates as compared
to the Taiwanese HC. Notably, among the Taiwanese HC, observed prevalence rates in
the highest Hb deciles were as high as thrice of that in the reference deciles. Hypertriglyc-
eridemia was 28.8% among the Taiwanese HC men whose Hb levels were ≥16.5 g/dL;
whereas hypertriglyceridemia was only 10.9% among those whose Hb were 13.6–14.1 g/dL.
Among Taiwanese HC women, the prevalence of high LDL-C was 19.8% when Hb was
≥14.5 g/dL, whereas only 7.7% were identified in the 12.2–12.5 g/dL Hb range.

The fully adjusted ORs for dyslipidemia (i.e., combination of either hypertriglyc-
eridemia or low HDL-C levels) from the highest Hb deciles were 1.92 (1.68–2.20, p < 0.0001)
among Taiwanese HC men and 1.50 (1.37–1.65, p < 0.0001) among women (Table S16);
whereas ORs obtained in the highest deciles among European men and women were
1.51 (1.44–1.59, p < 0.0001) and 1.44 (1.37–1.51, p < 0.0001), respectively (Table S17). Specific
to the Taiwanese HC group, we observed the lowest Hb deciles to be positively associ-
ated with dyslipidemia as compared to the reference: OR = 1.24 (1.07–1.42, p = 0.0034) at
Hb ≤13.5 g/dL in men and OR = 1.35 (1.23–1.48, p < 0.0001) at Hb ≤ 11.5 g/dL in women.

We also observed higher risks at higher Hb deciles for hypercholesterolemia or raised
levels of either total cholesterol or LDL-C (Tables S18 and S19). However, highly significant
positive associations were only identified in the Taiwanese HC group, especially among
women, whereas risk elevations started from the 4th decile in the European group. ORs
from the highest Hb deciles were 1.92 (1.65–2.25) among Taiwanese HC men, 2.67 (2.37–3.02)
among Taiwanese HC women, 1.23 (1.18–1.29) among European men, and 1.35 (1.29–1.42)
among European women (p < 0.0001). As opposed to a combination of hypertriglyceridemia
and low HDL-C levels, we did not find any significant positive association with the lowest
Hb decile for elevated cholesterol levels.

115



Nutrients 2022, 14, 4007

3.6. Gout or Hyperuricemia

The percentages of Taiwanese HC men and women with hyperuricemia were almost
twice of that in Europeans. In particular, 29.7% of Taiwanese HC men and 17.7% of
European men had hyperuricemia whereas there were 14.1% of Taiwanese HC women and
9.2% of European women with hyperuricemia. Similar observations on self-reported gout
were noted for both ethnic groups.

Among the Taiwanese HC men and women, fully adjusted ORs for gout from the high-
est Hb deciles were 1.33 (1.17–1.51, p < 0.0001) and 2.44 (2.15–2.78, p < 0.0001) (Table S20).
A highly significant monotonous risk elevation was evident among the Taiwanese HC
women. ORs obtained in the highest deciles among European men and women were 1.29
(1.22–1.37, p < 0.0001) and 1.84 (1.70–1.99, p < 0.0001), respectively (Table S21). Similar to
dyslipidemia, significant positive associations with gout were also identified in the lowest
Hb deciles: OR = 1.18 (1.03–1.35, p = 0.0181) at Hb ≤ 13.5 g/dL among Taiwanese HC men,
OR = 1.11 (1.04–1.17, p = 0.0010) at Hb ≤ 13.79 g/dL among European men, and OR = 1.12
(1.03–1.23, p = 0.0113) at Hb ≤ 12.39 g/dL among European women.

3.7. Type 2 Diabetes

Type 2 diabetes based on HbA1c cut-off and self-reported data were observed to be
higher among Taiwanese HC (i.e., 11.7% and 7.4%, respectively, in men) than Europeans
(i.e., 4.4% and 6.5%, respectively, in men). However, the percentage of European men with
diabetes increased (i.e., 17.4%) using hospital in-patient records. On the basis of FBG criteria,
lower percentages of subjects with hyperglycemia were noted. There were even much
lower counts of diabetic European subjects identified from an 11.1 mmol/L GLU threshold,
which was set to exclude false positives from a non-fasting glucose reading in the UKB.
Among Europeans, the mean GLU and HbA1c levels of men were in a down-and-up trend
with increasing Hb concentration, although the upward trend was rather small. On the
other hand, the mean GLU levels of women continuously decreased from the first to fourth
decile, followed by a constant increase from the fifth to the last decile. Hyperglycemia
prevalence across Hb deciles was not statistically significant in the Taiwanese HC men and
European women subgroups.

A U-shaped curvilinear association between Hb and diabetes risk was evident
(Tables S22 and S23). The ORs obtained for diabetes in the lowest or highest decile were as
follows: Taiwanese HC men: OR = 1.71 (1.39–2.10, p < 0.0001) at ≤13.5 g/dL and OR = 1.64
(1.33–2.02, p < 0.0001) at ≥16.5 g/dL Hb; Taiwanese HC women: OR = 1.32 (1.12–1.56,
p = 0.0010) at ≤11.5 g/dL and OR = 1.83 (1.59–2.10, p < 0.0001) at ≥14.5 g/dL Hb; European
Whites men: OR = 2.10 (1.94–2.27, p < 0.0001) at ≤13.79 g/dL Hb; European Whites women:
OR = 1.81 (1.63–2.01, p < 0.0001) at ≤12.39 g/dL and OR = 1.39 (1.26–1.54, p < 0.0001) at
≥14.68 g/dL Hb.

In both ethnic groups, the associations between increasing Hb and risks of individual
metabolic components were found modest, as compared to the Hb-MetS associations. ORs
were attenuated in the final regression models, wherein we additionally accounted for the
presence of comorbidities. ORs were further attenuated upon adjusting for BMI groups
in the models for hypertension, dyslipidemia, and gout, but the trends still remained
(Tables S24.1–S24.8).

4. Discussion

Our sex-specific observational association studies determined and validated the re-
lationship between iron excess, as depicted by elevated hemoglobin concentration levels,
and the risks of metabolic syndrome and metabolic components (i.e., central obesity, hyper-
tension, type 2 diabetes, dyslipidemia, and gout) in two major ethnic populations, the Han
Chinese and Europeans. With the careful titration of the associations between Hb deciles
and most MetS components, monotonous MetS risk elevations in both men and women
were found to be evident with an increasing Hb concentration. We additionally discovered
that the Hb-T2D association was different from other MetS components investigated, which

116



Nutrients 2022, 14, 4007

showed more of an inverse association, but both the highest and lowest Hb deciles led
to higher odds of T2D as compared to the middle deciles for both the Taiwanese HC and
European cohorts. Few studies made comparison among all MetS components to provide
insight to MetS etiology.

4.1. Elevated Hemoglobin Concentration Is Associated with Increased Risks of Metabolic Syndrome
and Several Individual Metabolic Components

The positive association between Hb and prevalence of the MetS and metabolic com-
ponents has been illustrated in a few previous studies [42–44]. Recently, in a cohort of
Finnish men and women after a 20-year follow-up [45], higher Hb levels within the normal
range were further shown to be associated with an increased incidence of MetS and key
components, as well as higher risks of cardiovascular and total mortalities. A similar study
conducted in a population of middle-aged and elderly Chinese also demonstrated high
Hb levels as a potential predictor of the incidence of MetS and its components, including
gout and non-alcoholic fatty liver disease, after years of follow-up [46]. Our present find-
ings corroborated these previous results, while carefully depicting in two ethnicities the
relationships for the whole Hb range.

The mechanisms underlying the reported associations between Hb levels and metabolic
disorders (or markers) have been poorly understood and not clearly identified. Most
evidence points to iron-mediated oxidative stress. Oxidative stress is defined as an imbal-
ance between the overproduction of reactive oxygen species and insufficient antioxidant
defenses, which may generally lead to negative health consequences due to free radical-
mediated tissue damage [47]. Hb at higher end may also be regarded as a biomarker of the
body’s inflammatory state [48], aside from being a putative indicator of oxidative stress.
Both inflammation and oxidative stress are well-known associated factors in the devel-
opment of obesity [48,49] and hypertension [50,51]. In dyslipidemia, one of the possible
consequences of free radical damage is on lipid peroxidation, which causes the depletion
of the cellular content of reduced glutathione, an important player for preventing cell
damage [52]. Another proposed mechanism of action of high Hb levels is by increasing
blood viscosity (i.e., hyperviscosity) following a prolonged state of oxidative stress that
eventually decreases the blood flow throughout the body [53], raising the blood pressure
systemically [54]. Elevated blood viscosity might also induce insulin resistance, which is
believed to be the root cause of MetS [7]. Other suggested mechanisms linking Hb and
MetS include changes in plasma volume, endothelial cell dysfunction, etc. [45].

Meanwhile, hyperuricemia has been recently proposed to be an additional cause of
the MetS. Epidemiological studies have likewise shown a positive association between
hyperuricemia or gout and MetS [55,56]. The relationship between hyperuricemia and
iron accumulation has been illustrated with a strong correlation between serum uric acid
and serum ferritin levels, the most commonly deployed indicator for determining iron sta-
tus [57]. For this reason, elevated uric acid was further proposed as a potential indicator of
iron overload [58]. It was hypothesized that the elevation in uric acid levels is a response to
counter an increased oxidative stress in the body (i.e., compensatory rather than protective)
as urate assumes the coordination sites of iron, leading to a decline in electron transport
and subsequent oxidant generation [57]. Although the mechanism remains unclear, looking
into the etiology and pathology of hyperuricemia is highly important for Asians due to
the relatively higher prevalence rates seen in this group [59]. Based on our data alone,
MetS and gout were both found to be more prevalent among the Taiwanese HC than
Europeans. However, our findings further demonstrated that although a relationship has
been detected, the association between elevated Hb and hyperuricemia or gout was not as
great as compared to the other MetS components. This requires further studies.

Taken together, future studies are highly needed to confirm the role of elevated Hb
concentration as a risk factor of MetS and its individual components. MetS and all compo-
nents are considered as major risk factors for cardiovascular diseases and total mortality.
In fact, MetS was reported to increase the mortality risk by 46% among individuals with
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MetS as compared to those without [60]. Therefore, if these associations are confirmed
as causal, primary prevention and optimal treatment regimen employing measures to
control iron overnutrition may eventually lead to decreased MetS incidence and morbidity
and mortality.

4.2. U-Shaped Association between Hemoglobin Concentration and Type 2 Diabetes Risk

Epidemiological studies that determined the association between iron intake or body
iron stores and T2D risk have produced conflicting results between sex and different eth-
nicities to date [61,62], probably due to failure to carefully titrate the association. However,
few studies have demonstrated that the association of Hb concentration with cause-specific
and total mortality rates is rather U-shaped and not linear [63,64], and that in general, both
low- and high-end Hb levels within the normal variation have been considered beneficial
for human health [65]. We are the first to carefully investigate the Hb–T2D relationship.

In diabetes, high levels and stores of iron in the body may result in a selective damage
of the pancreatic beta-cells through excessive oxidative stress, which then leads to impaired
insulin synthesis and release [66]. Hereditary or primary hemochromatosis frequently
gives rise to T2D (i.e., referred to as secondary diabetes), and there are instances when
diabetes is the only apparent manifestation of hemochromatosis in patients [67]. Primary
hemochromatosis particularly affects the parenchymal cells; thus, producing significant
tissue damage [68]. Secondary hemochromatosis or the acquired abnormalities of iron
overload, on the other hand, initially affects the reticuloendothelial cells in many organ
systems, but eventually will involve the parenchymal cells [69].

Lower-than-normal Hb concentrations were also implicated with the risk of T2D
from our findings. In a study that utilized the Women’s Health Initiative data of
~160,000 postmenopausal women in order to examine the associations of Hb levels with
cancer mortality, coronary heart disease mortality, and total mortality, it showed that both
low and high deciles of Hb were positively associated with all outcomes, and that a low
mean Hb level specifically demonstrated a robust, positive association even after three
years of follow-up [63]. Another study similarly reported the association of both low and
high Hb concentrations with cardiovascular and all-cause mortality after an eight-year
follow-up [64]. T2D was not investigated in the above two studies. The lower end risk
elevation may represent an end-stage anemia phenomenon, whereas the low Hb-T2D
association due to the chronic impairment of insulin action and low-grade inflammation,
among others, that eventually lead to many long-term micro- and macrovascular complica-
tions [70], suggests more of a causal relationship specifically for the etiology of diabetes
mellitus, since other MetS components did not show this clear negative association.

Similar inverse association between Hb concentrations and HbA1c levels for both
men and women, across the fasting glucose quintiles within the non-diabetic range, was
observed in a cross-sectional analysis among ~87,000 adult non-anemic and non-diabetic
Korean adults [71,72]. The inverse relationship between Hb and HbA1c has been also
observed in other populations, and anemia has been considered as a confounder of HbA1c
values [73]. Nonetheless, the underlying mechanisms and clinical relevance of the effect of
low Hb concentrations, iron deficiency, and iron deficiency anemia on glucose homeostasis
are yet to be clearly elucidated.

We surmise that the observed increased odds of T2D at lower-than-normal Hb con-
centrations among Taiwanese HC and Europeans in the present study may be caused by
anemia that reflects poor nutrition status, which results in poor blood circulation, decreased
oxidative capacity, and pancreatic islet malfunction [74]. The possibility of a reverse cau-
sation should also be explored. Type 2 diabetes leads to chronic kidney disease that in
turn causes anemia, contributing to the poor prognosis for T2D patients [75]. Whether it is
reasonable to see a very modest effect of low Hb concentrations on the pathology of other
MetS components, but primarily on T2D alone, warrants additional investigation.

In the context of iron metabolism, hepcidin has been recently discovered and is now
widely accepted as the key systemic iron-regulatory hormone [76]. The expression of hep-
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cidin in the liver is stimulated by inflammation or iron overload. During inflammation or
infection, when hepcidin level is high, erythrocyte production becomes restricted through
the inhibition of intestinal iron absorption and macrophage iron recycling, which reduces
Hb concentration and ultimately causes anemia (i.e., anemia of inflammation) [77]. Hep-
cidin is also thought to be homeostatically regulated by the iron requirements of erythroid
precursors for hemoglobin synthesis, so that during active erythropoiesis (i.e., during
anemia), hepcidin production is suppressed to make more iron available for hemoglobin
synthesis [78].

Serum hepcidin level was similarly shown to be increased among subjects with the
MetS at a population level, wherein a linear increase in hepcidin levels in both sex groups
was observed with increasing number of MetS components [79]. Nonetheless, there is still
scarcity of studies linking hepcidin and MetS to date, which is probably due to a number
of challenges related to hepcidin assay development [80]. Although the hepcidin-MetS
association has been established for the first time, more studies are needed for validation
and further elucidation of the mechanisms relating hepcidin to other iron biomarkers,
including Hb, in the complex pathophysiology of the MetS.

In the context of iron nutrition, neither a too low nor too high iron status is desirable for
human health. We have consistently shown that higher-than-normal levels of Hb increased
risks of MetS and majority of the metabolic components, whereas too less or too much may
confer risk against T2D. Such findings may be used in the future to support the rectification
of the estimated average requirements, recommended dietary allowances, and tolerable
upper intake levels for iron among Taiwanese HC and European Whites. Additionally, the
utilization of a binary, single cut-off point to define optimal iron status may need to be
revisited as it tends to obscure the more subtle disease-Hb associations [63,81].

4.3. Strengths and Limitations of the Study

The present study has several strengths. First, as we try to answer what levels of iron
nutrition is optimal in order to prevent or delay the onset and progression of MetS and its
metabolic components, we are the first to titrate Hb concentrations by decile categorization
(i.e., investigating the effects of small increments in Hb concentration) against most compo-
nents of MetS altogether. Second, our analyses employed relatively large populations of
the Taiwanese HC and European Whites, which allowed us to further conduct sex-specific
titration analyses. The large sample size and consistent results between the two ethnic
groups strengthen the findings of the present study. To our knowledge, we are the first to
explore the association of Hb levels with the risk of MetS among the Han Chinese of Taiwan.
Our ethnic-specific analyses addressed the apparent differences in terms of iron status
between the East Asians and Caucasians [82,83]. Hemochromatosis is common among
Caucasians or populations of European origin. Iron overload among Asian populations,
on the contrary, is rare and not well understood. This is partly due to the relatively higher
prevalence of hemoglobinopathies (i.e., thalassemia) in Asians such that there is a possible
masking by the coexistence and high prevalence of iron deficiency and anemia [84]. Lastly,
our sex-specific analyses addressed the known differences between genders in terms of Hb
concentration and distribution and other indicators of iron metabolism [85]. Although the
underpinning mechanism has not been clearly depicted, sex hormones and menstruation
are thought to play roles that might cause such sex-differences. Men had a consistently
higher prevalence of MetS and metabolic outcomes than women in both ethnic groups,
except for central obesity, yet we found that for most outcomes, women were likely to have
higher relative risks of developing metabolic disorders with higher levels of Hb concentra-
tion. Interestingly, for central obesity, the relative risks in men were contrarily higher than
women. Further studies of other factors, be it genetic, environmental, or lifestyle, will eluci-
date the subtle ethnic- and sex-differences in iron nutrition and metabolism and on how
it affects an individual’s susceptibility to the MetS and metabolic components. This will
be needed in order to come up with more comprehensive population- and gender-specific
recommendations and personalized nutrition interventions for iron-related disorders.
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Our study has some limitations as well. Findings were derived from cross-sectional
data and analyses, which means that causality cannot be inferred. Both the TWB and
UKB were comprised datasets that are comprehensive enough to adjust for variables or
parameters that may confound any Hb-outcome association observed. However, there is the
possibility of unadjusted confounders. We were unable to consider the consumption of total
dietary energy, saturated fat, and other nutrients, as well as the intake of iron supplements,
iron absorption enhancers (i.e., vitamin C), or iron inhibitors (i.e., tannins) in the regression
models because of some incomplete information collected during a personal interview in
the TWB. We did not screen for vegetarians, subjects taking dietary supplements, or those
who had consumed more red meat, which may have influenced the outcomes. Concurrent
acute or chronic infections and autoimmune diseases of subjects and the confounding
effect of inflammatory markers (i.e., C-reactive protein) may have been overlooked as
well. Additionally, although our findings may have substantial impact on two major
ethnicities, the East Asians and Caucasians, the generalizability of results to other groups
(i.e., Africans, South Asians, etc.) is still not clear. Finally, as we anticipate the measurement
and availability of other relevant iron status markers (i.e., serum hepcidin, serum ferritin,
serum iron, transferrin saturation) in the TWB and UKB in the near future, exploration of
the association of these markers with metabolic outcomes is highly warranted. Low and
high Hb concentrations may be the results of other pathological conditions irrelevant to
iron status. All these should be considered in future studies.

5. Conclusions

Hemoglobin reflects the major functional iron in the body and may serve as a surrogate
of iron status. Elevated Hb concentration, a potential indicator of iron overnutrition, may
play a role in the pathophysiology of MetS and its key components. It is highly warranted
to further explore the observed protection against diabetes within normal Hb levels, the
increased risks in both below normal and relatively higher levels, and the underlying
mechanisms for such findings.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu14194007/s1, File S1: List of variables and data field codes uti-
lized in the UKB analyses, File S2: Disease definitions used in the UKB analyses, File S3: Prescription
medication codes (data field 20003) in the UKB analyses, Table S1: Characteristics of subjects in the
TWB across increasing deciles of Hb levels; Table S2: Characteristics of subjects in the UKB across
increasing deciles of Hb levels; Table S3: Frequency distribution of metabolic outcomes among sub-
jects in the TWB across increasing deciles of Hb levels; Table S4: Frequency distribution of metabolic
outcomes among subjects in the UKB across increasing deciles of Hb levels; Table S5: Frequency
distribution of self-reported metabolic conditions among subjects in the TWB across increasing deciles
of Hb levels; Table S6: Frequency distribution of self-reported metabolic conditions among subjects in
the UKB across increasing deciles of Hb levels; Table S7: Cases of metabolic disorders from hospital
in-patient records of UKB subjects across increasing deciles of Hb levels; Table S8: Cross-tabulation of
cases in the TWB based on self-reported metabolic disorders and high levels of biochemical markers;
Table S9: Cross-tabulation of cases in the UKB based on high levels of anthropometric and biochemical
markers, self-reported metabolic conditions, and hospital in-patient records of subjects; Table S10:
Odds ratios of metabolic syndrome (NCEP ATP III criteria) across increasing deciles of Hb levels
among Taiwanese Han Chinese; Table S10.1: Odds ratios of metabolic syndrome (Taiwan’s criteria)
across increasing deciles of Hb levels among Taiwanese Han Chinese; Table S11: Odds ratios of
metabolic syndrome (NCEP ATP III criteria) across increasing deciles of Hb levels among European
Whites; Table S12: Odds ratios of central obesity across increasing deciles of Hb levels among Tai-
wanese Han Chinese; Table S13: Odds ratios of central obesity across increasing deciles of Hb levels
among European Whites; Table S14: Odds ratios of hypertension across increasing deciles of Hb levels
among Taiwanese Han Chinese; Table S15: Odds ratios of hypertension across increasing deciles of
Hb levels among European Whites; Table S16: Odds ratios of dyslipidemia across increasing deciles
of Hb levels among Taiwanese Han Chinese; Table S17: Odds ratios of dyslipidemia across increasing
deciles of Hb levels among European Whites; Table S18: Odds ratios of hypercholesterolemia across
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increasing deciles of Hb levels among Taiwanese Han Chinese; Table S19: Odds ratios of hypercholes-
terolemia across increasing deciles of Hb levels among European Whites; Table S20: Odds ratios of
gout across increasing deciles of hemoglobin levels among Taiwanese Han Chinese; Table S21: Odds
ratios of gout across increasing deciles of hemoglobin levels among European Whites; Table S22:
Odds ratios of diabetes across increasing deciles of hemoglobin levels among Taiwanese Han Chinese;
Table S23: Odds ratios of diabetes across increasing deciles of hemoglobin levels among European
Whites; Tables S24.1–S24.8: With BMI as additional covariate in the models.
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Abstract: Infants are frequently supplemented with iron to prevent iron deficiency, but iron supple-
ments may have adverse effects on infant health. Although iron supplements can be highly effective
at improving iron status and preventing iron deficiency anemia, iron may adversely affect growth and
development, and may increase risk for certain infections. Several reviews exist in this area; however,
none has fully summarized all reported outcomes of iron supplementation during infancy. In this
review, we summarize the risks and benefits of iron supplementation as they have been reported in
controlled studies and in relevant animal models. Additionally, we discuss the mechanisms that may
underly beneficial and adverse effects.

Keywords: infant nutrition; iron supplement; iron deficiency anemia; growth; neurodevelopment;
oxidative stress; trace mineral interactions; gut microbiome

1. Introduction

Iron is an essential trace element for human life: basic cellular reactions like energy
production and DNA replication require iron, and in mammals, iron transports oxygen
in the blood as hemoglobin. Insufficient iron intake to meet basic metabolic requirements
leads to deficiency. Iron deficiency (ID) affects 10–40% of infants and causes approximately
50% of anemia cases worldwide [1–3].

Infants are especially susceptible to ID and iron deficiency anemia (IDA), both of which
disrupt health and development [2–5], including adverse effects on long-term cognition
and behavior. Once an infant becomes iron deficient, correcting iron status through dietary
intervention prevents anemia, but may not correct disruptions to neurodevelopment and
long-term cognitive development because critical phases of brain development occur
during infancy [6,7].

Concern about the harms of ID has led to routine use of iron supplements to prevent
ID [4,5]. Iron supplements, whether iron drops, multi-nutrient packets (MNPs), fortified
formula, or fortified complementary foods, are effective at preventing or treating ID in
most infants. Based on the success of iron supplements for preventing ID and IDA, the
World Health Organization (WHO) recommends that iron supplements are provided to
infants in populations where anemia prevalence exceeds 40% [4]. The same rationale backs
the American Academy of Pediatrics’ (AAP) recommendations that exclusively breast-fed
infants receive iron supplements beginning at 4 months, and that formula-fed infants
receive iron-fortified formula [5].

The vast difference in iron intake—between the iron supplemented infant and the
un-supplemented infant receiving only breast milk—is important but generally under-
recognized. The Dietary Reference Intake (DRI) for iron for infants 0–6 months is 0.3 mg
per day, based on the amount provided in breast milk [8]. For healthy infants born at term,
liver iron stores in combination with the small amount provided in breast milk supports
healthy growth and development up to 6 mo [9–11], but most fortified formulas in the
USA contain 40× more iron than breast milk [12]. Even after accounting for differences in
bioavailability between breast milk iron and formula iron, formula still provides around 7×
more absorbable iron than breast milk. Furthermore, the AAP recommends 1 mg iron/kg
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daily supplementation for all exclusively or primarily breast-fed infants [5]. Following
these recommendations, an iron-supplemented 5 kg infant would receive 17× more iron
than what is provided by breast milk.

The WHO and AAP recommendations may lower the risk of ID, but infants with
low risk of ID who receive iron supplements may be at risk of adverse effects, including
disrupted growth and neurodevelopment, adverse nutrient interactions, and increased
morbidity and mortality [13–17]. The mechanisms underlying these effects remain unclear
and must be investigated for the risks of iron to be characterized; to predict which infants
are the most vulnerable to which outcomes; and to improve efficacy and safety of iron
provision [18,19].

Existing reviews in this area are of high quality [13–15,17,20], but they do not provide
a full overview of outcomes that have been observed in controlled human and animal
studies. The purpose of this review will be to summarize outcomes of iron supplementation
between birth and 12 months in infants, as well as the corresponding developmental stage
in animal models. With the goal of identifying the most promising directions for future
iron intervention research, we discuss likely biological mechanisms underlying risks and
benefits of iron supplementation during infancy.

2. Deficiency & Toxicity

Currently, the WHO recommends that infants age 6–23 months of age receive addi-
tional iron wherever anemia prevalence is estimated to be >40% [21]. Their recommenda-
tion is based on evidence from a meta-analysis of anemia outcomes [20]—part of a large
systematic review by Pasricha et al.—which showed that iron was effective at increas-
ing hemoglobin (p < 0.00001 for overall effect) and reducing risk of anemia for infants
(0.61 relative risk; p < 0.00001 for overall effect) (see Appendix Figure A1) [20]. Reductions
in anemia prevalence following iron provision are attributed to improvements in iron status,
because risk of ID is typically also reduced [20]. Nevertheless, it is necessary to re-evaluate
iron prophylaxis and its dose in infant populations—especially those living in areas of low
risk of IDA—despite effective anemia prevention, because studies have reported adverse
developmental outcomes of iron provision based on the current recommendations [22–26].

2.1. Defining Anemia

It is also necessary to re-evaluate the clinical definition of anemia for infants. The
global cutoff for infants and children under 5 years (<110 g Hb/L) has been unchanged
since it was defined in a 1968 WHO technical report on nutritional anemias [27,28]. The
technical report cites infant data from two studies published in 1954 and 1959 [29,30], both
of which included relatively small samples of infants (n = 237 and n = 129, respectively). In
their current guide for assessing anemia [27] the WHO states their cutoff was “validated” by
survey data collected in 1976–1980 during the National Health and Nutrition Examination
Survey II (NHANES II), published by the United States Center for Disease Control &
Prevention (CDC) in 1989 [27,31]. The CDC’s anemia cutoffs were derived from the 5th
percentile Hb values, calculated from a “nationally representative sample” (n = 979) of
“healthy” children 1–2 years old [31]. Notably, no Hb values were assessed in infants
under 12 months old during this survey [31,32]. In summary, the current definition of
anemia for infants is based on very limited evidence; therefore it is necessary to reconsider
population-level iron recommendations designed around preventing anemia.

2.2. Defining Iron Deficiency

Hb defines anemia but is not a specific biomarker for iron status [2]. Specific iron
biomarkers are serum ferritin (SF), serum iron, total iron binding capacity (TIBC), trans-
ferrin saturation, zinc protoporphyrin (ZPP) and soluble transferrin receptor (sTfR) [2].
Table 1 lists commonly used biomarkers as well as their cutoffs and their response to iron
supplementation. Based on NHANES II data, the CDC recommends three biomarkers are
used (ZPP, sTfR & SF), where at least two abnormal values would indicate ID [33]; however,
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often it is not feasible for clinicians to measure three biomarkers of iron in infants and young
children. Instead, SF is used in combination with Hb to detect IDA. For anemic infants and
children under 5 years of age, IDA is diagnosed when ferritin is <12 μg/L [34]. SF is a good
biomarker for iron but also an acute phase protein that is elevated during systemic inflam-
mation and thus may mask the presence of ID. Therefore, the WHO recommends a higher
SF cutoff (<30 μg/L) to diagnose ID in infants in the presence of infection [34]. Researchers
may assess inflammatory status alongside SF (e.g., C-reactive protein) to determine the
validity of SF values; however, this method has not yet been standardized and the overall
validity of SF as a biomarker for iron status during infancy remains uncertain [35].

Table 1. Common biomarkers for defining anemia and iron deficiency in infants.

Biomarker Anemia Cutoff
Iron

Deficiency Cutoff
Response to Iron
Supplementation

References

Hemoglobin <110 g/L - ↑ or no change [27–32]
Serum Ferritin 1 - <12 μg/L ↑ [33–35]

Transferrin Saturation 1 - <10% ↑ [32,33]
Zinc Protoporphyrin - 80μmol/mol heme ↓ [33]

Soluble Transferrin Receptor - 8.3 mg/L ↓ [33]
1 Also elevated by inflammation [33]. ↑, Increased with iron supplementation; ↓, decreased with iron supplementation.

Concrete evidence remains limited surrounding iron assessment and anemia diagnosis
in infants, as well as the prevalence of infant ID or IDA. Thus, current practices for assessing
iron status of infants and diagnosing ID or IDA rely on biomarker cutoffs that were defined
by outdated, poor-quality evidence. Nevertheless, if one assumes these cutoffs are reliable,
then there is evidence that: (1) there is high prevalence of IDA among toddlers 1–3 years of
age [2]; (2) ID or IDA during infancy is associated with poorer developmental outcomes,
particularly outcomes related to the nervous system and cognitive development [7]; (3) as
stated above, controlled iron supplementation trials show reduced risk for ID and IDA [20].
However, whether iron supplementation improves and prevents poorer development
outcomes is still unclear [15,20,36].

2.3. Iron Supplementation, Iron Status, & Hematology

There are inherent limitations to diagnosing ID and IDA during infancy, but there
is good evidence that providing additional dietary iron will improve iron status. This is
further supported by animal models: increased Hb, SF, transferrin saturation and serum
iron, as well as increased liver iron concentration (a direct measure of iron stores) have
been observed in swine, rats and mice. Studies in animal models support that Hb and iron
biomarkers are elevated by iron supplementation but depend on baseline iron status as
well as the dose, duration and form of iron supplementation.

Domesticated pigs are born without sufficient iron stores and must receive exogenous
iron to prevent anemia (defined as <90 g Hb/L). Typically, 100–200 mg iron is administered
to piglets during the first week of life as a single intramuscular or subcutaneous injection
of iron dextran [37]. In one neonatal piglet study, non-supplemented piglets were severely
anemic (mean Hb 72 g/L) by postnatal day (PD) 8, but piglets that had received an
iron dextran injection or 5 days of oral iron had normal Hb levels (99 g/L and 100 g/L,
respectively). SF, TIBC and serum iron, as well as spleen, liver, heart and kidney iron
levels were also significantly elevated compared to non-supplemented piglets. Notably,
greater iron loading in spleen, liver and kidney was observed in the iron dextran group
compared to the oral iron group [38]. A small study from our group also found that non-
supplemented piglets became severely anemic by PD 14, but iron dextran injections (100 mg
iron) or oral iron (10 mg iron/kg BW as ferrous sulfate drops) prevented anemia at this
age [39]. Similar results were reported in other pig studies [40–43]. Recently, in a larger and
more robustly designed study where the control group received vehicle supplementation
without additional iron, Hb was similar at PD 14 between control and iron-supplemented
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groups; anemia was observed at PD 35 only in the control group (82 g Hb/L), suggesting a
long-term effect of iron supplementation [44]. The smaller effect of iron on Hb in the latter
study [44] compared to the previous studies [38,39] may be explained by the differences in
iron dose (1 vs. 10 or 15–20 mg iron/kg BW, respectively).

Rodent studies show that iron supplementation prior to weaning increases body iron
levels, but effects on hematology are inconsistent [45–54]. Our group observed that in rat
pups with ID, induced by a maternal low iron diet, iron supplementation corrected Hb
and tissue iron levels [45]. Other studies show that hematopoiesis in rodents that were
not ID at birth was either increased or unchanged by iron supplementation. Varying the
iron dose produces variation in hematology and iron status outcomes, suggesting that
iron intake levels affect hematopoiesis [39,41,44,46]. In summary, the extent to which iron
supplementation improves iron stores and Hb in the pre-weanling animal depends on
baseline iron status as well as the dose and type of iron administered.

2.4. Developmental Regulation of Iron

Homeostatic mechanisms control iron availability in early life, and postnatal growth
necessitates rapid expansion of blood volume which increases demand for iron (Figure 1).
Erythropoietin (EPO) is synthesized by the kidney in response to low oxygen or ID. Through
endocrine signaling, EPO drives erythropoiesis and increases erythroferrone (ERFE) pro-
duction in the bone marrow. ERFE signaling ensures that there is sufficient iron available for
heme synthesis and RBC production by promoting iron absorption and increases circulating
levels of iron, which is accomplished through suppression of hepcidin transcription in
hepatocytes. Conversely, the iron regulatory hormone hepcidin is upregulated by bone mor-
phogenic protein (BMP6) signaling in response to iron sensing by hepatic endothelial cells—
in the absence of suppression by ERFE [55,56]. Hepcidin blocks ferroportin-mediated iron
export in enterocytes, iron-storing hepatocytes, and spleen reticuloendothelial macrophages
resulting in reduced iron circulation in the blood. This also leads to reduced iron absorption
in the small intestine. The hepcidin-ferroportin axis serves as the systemic regulatory
mechanism that prevents iron toxicity from dietary overexposure [57,58]. However, re-
cent evidence suggests that this mechanism is not functionally mature in infants: Iron
absorption is not well regulated in response to iron over-supplementation during the first
year of life [9,10]. The same appears to be true for pre-weanling mice [59], rats [45,60] and
piglets [39]. These animal studies show that intestinal ferroportin is hypo-responsive to
hepcidin-induced degradation and permits elevated iron absorption during early develop-
ment, despite substantial hepatic iron deposition [39,45,48,59,60]. This suggests infants are
more vulnerable to iron overload.

2.5. Oxidative Stress Results from Iron Overload

Iron is a pro-oxidative element and iron overload in cells disrupts the oxidative balance
by generating reactive oxygen species (ROS). Iron catalyzes the conversion of hydrogen
peroxide into the highly oxidizing species hydroxyl radical. Iron overload thereby causes lipid,
protein and DNA oxidation, which can ultimately result in cell death. This type of cell death
caused by iron-induced lipid peroxidation and ROS accumulation is termed ferroptosis [61,62].
Mutations in the hepcidin-ferroportin pathway cause hereditary hemochromatosis (HH), an
iron overload disease that demonstrates the pathological effects of iron toxicity. During HH,
iron accumulates in the liver, where extreme iron overload initiates fibrosis, then cirrhosis and
loss of liver function [63,64], eventually leading to complications and death if untreated [63,64].
In HH patients, liver fibrosis is believed to result from iron-induced oxidative stress [65]. Iron
overload leads to extrahepatic iron loading, negatively affecting functions of other tissues.
Thus, iron overload resulting from blunted regulation of iron absorption in early life may
explain how excess iron can be harmful to development, but whether excess iron in early
life causes tissue iron overload and oxidative stress remains to be investigated. Iron-toxicity
injuries to developing organs like the liver would explain delays in growth and other adverse
effects of iron supplementation in young children [10,13].
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Figure 1. Iron regulation in the infant in response to iron supplementation. TOP—Iron regulation in
the breast-fed infant in the absence of iron supplementation (1) The kidney secretes erythropoietin
(EPO) to support the expansion of blood volume in response to low iron and low oxygen sensing;
(2) EPO enters circulation and travels to the bone marrow, (3) where it drives erythropoiesis and
secretion of erythroferrone (ERFE); (4) ERFE travels to the liver and suppresses hepcidin (HAMP)
production, which allows for increased transferrin-bound iron in circulation; suppression of HAMP
allows export of iron from the (5) spleen via ferroportin, as well as increased intestinal absorption
of iron through ferroportin, both of which further increases iron in circulation. BOTTOM—Iron
regulation in response to iron supplementation: (1) iron from supplementation is absorbed through
the duodenal mucosa, is picked up by transferrin, and travels to the liver (2), increasing iron stores
and up-regulating HAMP; (3) HAMP enters the circulation; (4) transferrin-bound iron supports
increased erythropoiesis; in the spleen (5) erythrocytes are recycled but iron is sequestered because
HAMP prevents export through ferroportin; (6) elevated iron and blood volume suppresses EPO
production in the kidney.
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One double-blinded RCT investigated whether the amount of iron in formula alters
blood markers of oxidative stress in infants [66]. Infants consuming 4 mg iron/L (as lactoferrin
and FS) had greater plasma glutathione peroxidase activity (a marker of antioxidant activity)
than those receiving more iron (6.9 mg iron/L as FS). The higher activity may have been due
to higher levels of selenium in the 4 mg iron/L formulas, because selenium is a required
component of glutathione peroxidase. When controlling for copper and selenium, there was
no difference in glutathione peroxidase activity due to iron levels. Another RCT in Sweden
and Honduras found that daily iron supplementation from 4–9 mo of age (at 1 mg/kg body
weight, the current recommended dose) reduced plasma copper-zinc superoxide dismutase
(SOD) activity, which is an antioxidant marker as well as an indicator of copper status [26].

Few other studies in human infants have reported effects on oxidative stress markers,
but animal studies provide some insight. Nearly all iron supplementation studies that have
measured oxidative stress in pre-weanling animal models have focused on oxidative stress
in the CNS [39,48,49,53,67–74]. Our group observed no significant effect on hippocam-
pal oxidative stress in pre-weanling rats or weanling piglets [39,48]. Dong et al. found
that in piglets—which are born with ID—iron supplementation decreased expression of
pro-inflammatory cytokines in the liver and spleen while increasing expression of genes
involved in anti-oxidative activity [38]. Intriguingly, this effect was unique to the piglet
group orally receiving ferrous glycine chelate iron, while the iron dextran injection group
actually had increased expression of interleukin-1β and had no effect on antioxidant gene
expression in the liver. Although both forms of iron had similar effects on Hb and SF,
injection of iron dextran further increased hepatic and extrahepatic iron loading, and this
likely contributed to the elevated inflammatory and oxidative stress markers [38]. Inconsis-
tent oxidative stress effects have been observed in various brain regions in aging rodents
following excess neonatal iron supplementation [49,53,67,69–74]. Few studies assessed
tissue iron content or iron status when determining long-term oxidative stress effects of
neonatal iron exposure. Kaur et al. observed increased oxidative stress in the substantia
nigra (SN) of aged mice (12 mo) but not young adult mice (2 mo) following neonatal iron
exposure, and this was associated with increased SN iron levels and reduced CNS motor
circuit (nigrostriatal) activity [49]. Additional studies in human infants and animal models
are necessary to understand how the pro-oxidative effects of iron might play a role in the
growth and development outcomes of iron supplementation.

3. Growth & Development

3.1. Growth Effects of Dietary Iron Excess

Controlled studies have shown that iron supplementation of iron-replete infants neg-
atively impacts their growth [22,24,75], but this effect has not been consistent in all stud-
ies [20,76]. A randomized placebo-controlled trial (RCT) reported iron supplementation from
4–9 mo reduced length-gain and head circumference-gain to 9 mo in Swedish infants who
had low risk of ID [22]. A separate RCT in Indonesia found that iron provision reduced
weight-for-age and length-for-age z-scores of iron-replete infants [24]. Another RCT in South
East Asia found that iron supplementation from 6 to 12 months reduced length-for-age,
but only in infants who had a healthy birth weight at baseline [75]. However, a more re-
cent RCT from our group did not find any effects on growth metrics for healthy, full term
Swedish infants from 6 weeks to 6 months [77]. It should be noted, though, that the previous
three studies [22,24,75] all provided iron as drops, whereas the latter one provided iron in
infant formula. A systematic review and meta-analysis of randomized controlled studies in
children age 4–23 months reported negative effects of iron on weight and length gain [20],
while another systematic review and meta-analysis of studies in children age 6–23 months did
not find an effect on growth [76]. The difference in age of introduction of iron supplementation
may explain this discrepancy–considerably more iron may be absorbed during 4–6 months of
age when regulation of iron absorption is immature [9,10]. Yet, another comparable review
and meta-analysis will investigate growth effects in iron-replete infants [36]. To date, there are
insufficient studies to conclude the effect of iron supplementation on the growth of healthy,
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iron-replete infants. Nevertheless, the finding that iron is disruptive to growth in some cases
demands further investigation into these effects.

3.2. Neurodevelopmental Outcomes of Iron Supplementation

The cognitive and behavioral effects of iron administration are also inconsistent [15]. Iron
provision may prevent ID-related disruptions to nervous system development, but may be
harmful to iron-replete infants, leading to long-term cognitive and behavioral deficits [78,79].

A well-powered, double-blind RCT conducted in Chile observed improved iron status
and metrics of behavioral and social development in infants fed high-iron formula levels
(12 vs. 2.3 mg iron/L as FS) from 6–12 mo of age. However, the pooling of breast-fed
and formula-fed groups and the poor control of iron intake in this study muddles the
interpretation of these results [80,81]. Moreover, despite exclusion of infants with IDA,
ID may have been common at baseline. A follow-up study found increased response to
reward, language abilities, and motor function in 10-year-olds who had been pooled into
the high-iron group as infants. The authors did not report whether baseline iron status
or estimated daily iron intake influenced behavioral outcomes of iron provision [82]. An
additional follow-up study of this trial reported adverse cognitive and behavior effects
in 16-year-olds who had received high-iron formula during infancy [79]. A small RCT in
Canada found a positive effect of iron on Bayley’s scores of cognitive development [83],
but iron intake from formula was poorly controlled and drop-out rates relatively high in
this study. Another small RCT in Spain found that adding iron to cow’s milk improved the
iron status of infants who were already iron-replete at baseline, but did not affect mental
and psychomotor development metrics [84]. Thus, the impact of iron supplementation on
long-term cognitive function is still unclear.

Ideally, supplement dose would be determined by an infant’s baseline iron status and
optimized for healthy brain development, but this requires robust, well-powered studies.
Unfortunately, few well-powered studies have measured baseline iron status or stratified
results according to baseline iron status. One follow-up [78] of the same RCT above [80,81]
found that after exclusion of anemic infants, baseline Hb predicted the effects of formula iron
(12 vs. 2.3 mg/L) on cognitive development scores: infants with higher hemoglobin levels at
baseline had poorer development scores at 10 years of age if they received high-iron formula,
while infants with lower hemoglobin at baseline had improved development scores [78].

In a meta-analysis of RCTs, Pasricha et al. found that iron supplementation of all
children aged 4–23 months did not affect Bayley’s mental or psychomotor development
scores. Indeed, they observed a positive effect on Bayley scores when iron was provided to
iron-deficient children, but stated there were insufficient well-powered studies to conclude
whether iron provision is beneficial or harmful to iron-replete infants [20]. An upcoming
systematic review from Hare et al. and meta-analysis may provide further insight on this
matter [36]. Animal studies provide some compelling evidence that excess iron is harmful
to brain development and leads to long-term cognitive and psychomotor deficits (discussed
below); however, more human studies are needed to confirm these effects [15].

3.3. Mechanisms Underlying Neurodevelopmental Effects of Iron Supplementation

Iron is required not only for postnatal proliferation and differentiation of the central
nervous system (CNS)—which begins prenatally and continues postnatally—but also for
CNS-specific pathways, including neurotransmitter synthesis and myelination [85]. Brain
regions with greater metabolic need for iron are programmed to import iron more rapidly
than other regions. By this reasoning, such regions may permit excess iron loading and
influence susceptibility to iron toxicity-induced oxidative stress. Oxidative stress damages
CNS cells by triggering apoptosis, ferroptosis and necrosis.

The adult hippocampus is heavily myelinated, and the infant hippocampus requires
relatively large amounts of iron because myelin synthesis is iron-demanding and peaks
at this age. Myelin sheaths in the CNS are formed by oligodendrocytes, which wrap their
myelin around neuronal axons, surrounding and insulating them to reduce axon resistance
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and accelerate signaling speed. Oligodendrocytes and their precursors must import and
store sufficient iron for myelination, which is why ID leads to insufficient myelination. This
may explain how ID during infancy leads to long-term cognitive and behavioral deficits;
however, myelination is only one of many iron-demanding processes that take place in the
CNS during the first year of life [86].

One study in pre-weanling rats observed that excess iron increased total iron content
in the cortex, hippocampus, substantia nigra, thalamus, deep cerebellum and pons, but not
in the striatum at PD 21. In contrast, supplying iron after weaning increased iron in the
hippocampus and pons at PD 35, but not in other regions. Moreover, pre-weanling rats
supplemented through PD 35 had elevated iron levels in the cortex, hippocampus, pons
and superficial cerebellum [54]. These findings provide evidence that brain regions are
differentially affected by iron supplementation.

Another study investigated how the timing of excess iron exposure affected oxidative
stress in various brain regions. A gastric gavage of iron (10 mg iron/kg BW as ferrous
succinate) was administered daily to rats PD 5–7, PD 10–12, PD 19–21 (pre-weaning), or PD
30–32 (post-weaning), and brain regions were assessed for oxidative stress at 3–5 mo of age
(adulthood) [73]. They observed that pre-weanling iron exposure caused oxidative stress
in the hippocampus, cortex and substantia nigra, suggesting a lasting effect of early life
brain iron accumulation. Furthermore, CNS oxidative stress in this study was associated
with impaired recognition memory. The hippocampus is part of the brain circuitry that
encodes learning and memory—including spatial mapping and social cognition—and was
also the region most consistently affected by oxidative stress in this study. The results
from this study [73] are in agreement with recent studies from our group in piglets [39,87]
and suggest that excess iron provision causes iron loading and oxidative stress in the
hippocampus, associated with adverse effects on long-term cognitive function.

In a long-term animal study, oxidative stress was measured in brain regions of aging
rats that were exposed to excess iron as neonates (oral gavage of 120 mg iron/kg BW as
carbonyl iron). They found that pre-weanling iron overexposure elevated substantia nigra
malondialdehyde (MDA) content (a marker for lipid peroxidation) and reduced glutathione
content (a marker for antioxidant activity) at PD 400. These changes were associated with
reduced dopamine neurotransmitter content in the striatum, as well as alterations in motor
behavior, suggesting that excess iron in early life may lead to long-term dysfunction of the
nigrostriatal pathway, a brain circuit involved in controlling movement, memory and response
to reward [68]. Additional animal studies are needed to confirm these effects; however, these
findings are congruent to cognitive and behavior effects in human infants [78].

4. Trace Mineral Interactions

4.1. Iron Deficiency May Mask Copper or Zinc Deficiency

Prolonged copper or zinc deficiency leads to iron deficiency. Copper is a required
component of hephaestin and ceruloplasmin, which operate as co-transporters of iron [88].
Copper deficiency progressively diminishes the activity of these co-transporters, thereby
reducing intestinal iron absorption, which causes iron deficiency. Similarly, zinc deficiency
reduces iron absorption by suppressing the expression of the iron importer DMT1 and the
iron exporter ferroportin [89–91].

In cases when ID derives from copper or zinc deficiency, iron supplementation would not be
an effective treatment, as iron intake may be sufficient. Conversely, excess dietary trace mineral
intake, such as excess iron, can affect absorption and metabolism of other trace minerals [92].

4.2. Iron Competes with Other Trace Minerals for Absorption & Metabolism

Excess iron may disrupt absorption and metabolism of other trace minerals. In a
secondary analysis of a randomized, placebo-controlled trial, serum zinc decreased in
infants after 6 months of iron supplementation, but only in infants that were iron-replete at
baseline (6 months). However, a study in non-anemic Kenyan infants did not find an effect
on serum zinc or zinc absorption with the addition of iron in micronutrient powder [93].
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Copper-zinc superoxide (CuZnSOD) dismutase activity, a marker of copper status, was
reduced in iron vs. placebo-supplemented infants at 9 months; however, no effect on
serum copper was observed [26]. Insufficient research exists to ascertain that excess iron
influences infant zinc and copper status, but similarities in biochemistry and pathways of
absorption among iron, zinc, copper and manganese may explain how excess iron intake
would disrupt trace mineral metabolism.

A pre-weanling rat supplementation study from our group demonstrated that tissue
levels of zinc, copper, and manganese were altered by excess iron supplementation [46]. Pre-
weanling rats with high iron intake had reduced liver copper levels and elevated levels of
zinc in the liver, kidney, brain, and intestine compared to a vehicle control group. Prolonged
supplementation with excess iron reduced zinc and copper levels in rat brains, reduced
zinc and manganese in spleen tissue and caused elevated zinc in the liver. Lower levels of
iron supplementation affected trace mineral levels to a lesser extent in the pre-weanling
rats, suggesting that excess early life iron supplementation stimulates dysregulation of
trace mineral metabolism. Nevertheless, additional studies are needed to determine how
and when excess iron influences or disrupts trace mineral status in infants.

4.3. Trace Minerals and Oxidative Stress

The transporters DMT1, ZIP8, and ZIP14 import divalent metals including iron, copper,
zinc, and manganese [45,94–96], therefore it is possible that high levels of iron may out-
compete other divalent metals for import, and this may explain alterations in availability
of these minerals in response to excess iron supplementation. Likely a secondary effect
of cellular iron loading is the upregulation of trace metal binding and storage proteins
such as copper-zinc SOD, manganese SOD, metallothioneins (MT) and ceruloplasmin (CP).
MTs, CP, and copper-zinc or manganese SODs require these metals to function as ROS
scavengers and their upregulation is induced by oxidative stress. By this reasoning iron
loading may upregulate antioxidant, metal-binding proteins including MTs, SODs and
CP by inducing oxidative stress. Since zinc and copper are needed for basic metabolism,
growth and resistance to infection, disrupting their availability to growing organs and
tissues would disrupt development and health [8]. However, it remains to be investigated
if mineral interactions in the context of excess iron are linked to the adverse growth and
development effects of excess iron.

5. Morbidity & Mortality

5.1. Iron Affects Morbidity & Mortality of Infants & Children

Approximately 90% of iron from FS, a common iron supplement, remains in the
gastrointestinal (GI) tract until it is excreted [9]. The GI side effects of FS iron supplements
are well-established: after pooling data from 43 studies, a meta-analysis of GI side effects
of FS for adults estimated an 11% incidence rate for nausea, 12% for constipation and 8%
for diarrhea [97]. Another systematic review and meta-analysis estimated that 1 in 3 adults
who received FS supplementation experiences some adverse effects [98]. It seems likely
that infants would be affected similarly, but this has not been fully investigated.

Iron provision has been associated with increased risk of diarrhea and respiratory infection
in some studies [17,20]. If excess iron increases infection risk, this may explain how growth is
negatively affected by iron supplementation in some cases [22,24,75]. A previous study from
our group found that diarrhea frequency increased and growth was reduced for infants in
Sweden and Honduras who had normal Hb levels at baseline, while the opposite was true
for infants who were anemic at baseline [22]. For many studies reporting no effect of iron
supplementation on diarrhea frequency, results are not stratified according to baseline iron
status (provided that baseline iron status was measured in the study) [99–104]. One recent
study found that infants who were treated with antibiotics experienced greater frequency of
diarrhea if they were also receiving MNP with iron, as compared to infants who were treated
with antibiotics while receiving MNP without iron, as part of a larger double-blinded RCT [25].
Increased iron availability in the gut may have increased the proliferation of diarrhea-causing
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Clostridium difficile in infants receiving high-iron formula and iron drops [105]. The bioavailability
of iron (i.e., the extent to which iron is absorbed or passed through the gut) may be influenced
significantly by intervention methodology: supplementation vs. fortification with iron, form of
iron used, and timing of iron administration [9,11,17]. In their review of diarrhea outcomes [17],
Ghanchi et al. suggested that supplementation may increase risk for diarrhea when compared
to fortification; conversely, more expensive forms of iron (such as NaFeEDTA) may lower the
risk for diarrhea compared to iron salts. Furthermore, common foods introduced as part of
the complementary diet after 6 months of age influence iron absorption: grains, beans, and
legumes contain indigestible phytates that reduce iron bioavailability, and citric or ascorbic
acids in foods can augment iron absorption [106]. However, there are still an insufficient
number of comparative studies to define the safest iron intervention methods for infants. In
summary, current evidence suggests that baseline microbiota, iron status and iron intervention
methodology are essential for predicting whether iron may increase morbidity in infants.

5.2. Gut Development & the Gut Microbiota

Alterations to the gut microbiota may contribute to GI side effects of iron supplements,
as well as growth and development outcomes. Infancy is a critical period for symbiotic gut
microbiota colonization and recent studies show that iron supplements alter the gut micro-
biota in ways that may be unfavorable to infant GI health [23,105,107,108]. Enteropathogens
invade more easily during this age due to immature barrier function of the intestinal mu-
cosa [109], leading to diarrhea or other infections [17,110]. Bacteria translocating across the
mucosa trigger pro-inflammatory signaling, perhaps leading to diarrhea, both of which are
likely to impair the nutrient absorption capacity of the GI tract [111]. Prolonged GI inflam-
mation or diarrhea might therefore reduce an infant’s growth rate, suggesting GI effects are
mechanistically related to adverse growth and development effects of excess iron.

An important aspect of development involves healthy colonization of the gut with
commensal microbes, because the gut microbiota provides essential roles to their host’s
health and development [112–114]. Besides maternal microbiota and birth method, the
infant diet is the major determinant of gut colonization [114–117]. Breastfeeding and breast
milk support healthy gut microbiota development by providing prebiotic oligosaccharides
that preferentially craft the infant gut so that it is dominated by commensal Bifidobacterium
infantis, which serves multiple health and development roles [118–121]. Bifidobacterium
infantis has been shown to suppress the proliferation of pathogens and improve the integrity
of the mucosal barrier, preventing inflammation and diarrhea [121]. Multiple studies have
shown that iron reduces the abundance of commensal bacteria (including Bifidobacterium
infantis) and elevates pathogen-associated bacteria [16,25,107]. Since commensal gut bac-
teria are so important for health and development, disrupting healthy colonization with
commensals might explain some adverse outcomes of iron [108,112,122]. The gut micro-
biome of iron-replete infants may be more adversely affected by iron, but only one study
has investigated gut microbiota outcomes in healthy, iron-replete infants [105].

A double-blind RCT of iron in micronutrient powder (MNP) given to Kenyan infants
found increased abundance of Clostridium and Escherichia/Shigella–including increased
pathogenic strains of E. coli–as well as elevated calprotectin, a measure of GI inflamma-
tion [23]. An additional robustly designed, double-blinded placebo controlled trial tested
the effects of iron in MNP which was provided to 6-months old Kenyan infants for 3 months.
In contrast to infants who received MNP without iron, infants who consumed MNP with
iron had reduced abundance of commensal bacteria Bifidobacterium over time, while main-
taining the abundance of Escherichia [107]. Another study from this group that was part of
a large double-blind RCT in Kenya concluded that the addition of galacto-oligosaccharides
(GOS) to the MNP with iron prevented its adverse effects on the microbiome. Despite the
small sample size in this study, the results provide compelling evidence that iron adversely
alters microbiome development by disruption of colonization by commensal bacteria [108].
A separate analysis that was part of this RCT followed gut microbiota changes and diar-
rhea outcomes in infants participating in the trial that had to be treated with antibiotics.
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Antibiotics were not as effective at suppressing the growth of enteropathogens or reduc-
ing diarrhea incidence in infants who were receiving MNP with iron, as compared to
antibiotic-treated infants receiving MNP without iron [25]. These findings suggest that
infants receiving iron supplements would be more susceptible to enteropathogens and
have more diarrhea despite antibiotic treatment [35].

Disruptions to gut microbiota development lead to adverse effects on infant health,
including alterations to GI development, metabolic signaling, brain development and
immune system development [112,122]. Therefore, further studies are necessary to define
how excess iron-induced alterations to gut microbiota development during infancy impact
infant health and growth [13,16]. Considering that infant gut microbiota development is
so important for overall development and that increased iron levels in the gut may cause
adverse GI side effects and gut microbiota dysbiosis, it seems likely that the gut microbiota
is involved in the adverse development effects of excess iron. Additional studies in animal
models should characterize effects of excess iron on gut microbiota development and
generate hypotheses about iron-induced alterations to the microbiota that may be causing
adverse health and development outcomes.

6. Conclusions

Our conclusions are summarized graphically in Figure 2. Iron supplementation during
infancy improves iron status, thereby reducing the risk of developing ID or IDA. However,
the capacity of exogenous iron provision to disrupt health and development of otherwise
healthy infants who are iron-replete is unclear because few existing studies have specifically
measured iron status at baseline. Further, translationally optimized animal models are
needed to investigate the mechanisms behind the adverse effects to infant health. Excess
iron provision may delay growth and neurodevelopment and increase susceptibility to
disease and infection, and it is likely that iron toxicity, mineral interactions and alterations
in the gut microbiota are behind these outcomes.

Figure 2. Iron Supplementation During Infancy. A graphical summary of the beneficial and adverse
effects of iron supplementation of infants.
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Abstract: Both clinical and experimental evidence shows that iron deficiency (ID) correlates with an
increased incidence of heart failure (HF). Moreover, data on iron supplementation demonstrating
a beneficial effect in subjects with HF have mostly been collected in patients undergoing HF with
reduced ejection fraction (HFrEF). Relatively poor data, however, exist on the potential of iron sup-
plementation in patients with HF with preserved ejection fraction (HFpEF). Here, we report on data
emerging from a multicentric, double-blind, randomized, placebo-controlled study investigating
the effect of IV supplementation with a placebo or ferric carboxymaltose (FCM) on 64 subjects with
HFpEF. ID was detected by the measurement of ferritin levels. These data were correlated with
cardiac performance measurements derived from a 6 min walking test (6MWT) and with echocar-
diographic determinations of diastolic function. Moreover, an EndoPAT analysis was performed
to correlate cardiac functionality with endothelial dysfunction. Finally, the determination of serum
malondialdehyde (MDA) was performed to study oxidative stress biomarkers. These measurements
were carried out before and 8 weeks after starting treatment with a placebo (100 mL of saline given
i.v. in 10 min; n = 32) or FCM at a dose of 500 mg IV infusion (n = 32), which was given at time 0 and
repeated after 4 weeks. Our data showed that a condition of ID was more frequently associated with
impaired diastolic function, worse 6MWT and endothelial dysfunction, an effect that was accom-
panied by elevated MDA serum levels. Treatment with FCM, compared to the placebo, improved
ferritin levels being associated with an improved 6MWT, enhanced cardiac diastolic function and
endothelial reactivity associated with a significant reduction in MDA levels. In conclusion, this study
confirmed that ID is a frequent comorbidity in patients with HFpEF and is associated with reduced
exercise capacity and oxidative stress-related endothelial dysfunction. Supplementation with FCM
determines a significant improvement in diastolic function and the exercise capacity of patients with
HFpEF and is associated with an enhanced endothelial function and a reduced production of oxygen
radical species.

Keywords: iron deficiency; heart failure; HF with preserved ejection fraction; ferric carboxymaltose;
ferritin; transferrin saturation; 6 min walking test; EndoPAT analysis; serum malondialdehyde
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1. Introduction

Iron deficiency (ID) represents an emerging issue for public health and is correlated
with many disease states, including myocardial dysfunction [1,2]. To date, epidemiological
data have confirmed that 50% of anemia cases may be clearly correlated with ID [3,4],
representing the most relevant basis for this nutritional deficiency state.

The development of ID with or without anemia occurs as a consequence of different
pathophysiological conditions [5,6], as well as malabsorption that correlates with chronic
degenerative diseases [7,8]. Moreover, a condition of inflammation and oxidative stress in
HF associated with inappropriate iron absorption has been found to contribute to reduced
iron stores [1,2,9].

While the correlation between ID and myocardial dysfunction has clearly been shown,
the potential for iron supplementation in counteracting myocardial damage and its conse-
quences is still controversial.

Evidence exists that IV iron supplementation produces benefits in HF [10–12]. In
particular, clear benefits of IV administration of ferric carboxymaltose (FCM) in patients
suffering from HF and ID, with and without anemia, have been found with the study FAIR-
HF [13]. In particular, the study showed that IV administration of a single bolus of FCM in
patients with ID and HF with an ejection fraction < 40–45% produces an improvement in
exercise capacity, independent of the presence of anemia [13].

These results have also been confirmed by results emerging from the CONFIRM-HF
study [14], thus showing that iron supplementation improves the quality of life (QoL)
and reduces the rate of hospitalization of patients with HF with reduced ejection fraction
(HFrEF), with similar adverse effect and mortality compared to placebo. Limited data,
however, exist on iron supplementation and HF with preserved ejection fraction (HFpEF),
which represents an emerging issue in patients with metabolic disorders [15,16].

Several studies have shown that iron-deficient HFpEF patients suffered a similar
impact as the health-related QoL of HFrEF patients [17,18]. Furthermore, in both HFrEF
and HFpEF, concomitant ID indicates the same prognosis in terms of increased mortality
from all causes, regardless of the presence or absence of anemia [19,20]. Against this
epidemiological finding, there is a lack of evidence of better results after intravenous iron
therapy. In a single-blind, randomized clinical trial, the anemia in HFpEF patients was
treated with epoetin alfa or oral iron and was reported to have no effect on the left-diastolic
ventricular volume and left ventricular mass; furthermore, no improvement in submaximal
exercise capacity or QoL was observed [21]. In addition, in confirmation of these results,
Kasner et al. showed no association between functional iron deficiency and exercise
capacity in patients with HFpEF [22]. Finally, a condition of endothelial dysfunction seems
to potentially contribute to the pathophysiological mechanisms underlying HFpEF, though
its role in producing altered heart function needs to be better clarified [23,24].

In this context, this study aimed to verify the possible impact of IV administration of
FCM on cardiac performance and on reliable indicators of diastolic function in patients with
HFpEF. This was correlated with oxidative stress and endothelial function, which represent
reliable biomarkers of vascular impairment occurring at the early stages of myocardial
dysfunction in subjects in which HFpEF and ID occur simultaneously.

2. Materials and Methods

2.1. Study Design

A multicentric, double-blind, randomized, placebo-controlled study was conducted on a
population of 64 subjects suffering from HFpEF classified according to the ESC Guidelines
2021 [25] and, in particular, echocardiographic parameters associated with normal ejection
fraction, including left atrium (LA) size (as expressed by LA volume index, LAVI, >32 mL/m2),
mitral E velocity > 90 cm/s, septal velocity < 9 cm/s, E/e’ ratio > 9, which have been shown
to better correlate with an increased mortality rate (Figure 1).
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Figure 1. Study design. The multicentric, double-blind, randomized, placebo-controlled study was
conducted on 64 subjects suffering from HFpEF classified according to the ESC Guidelines 2021.

In this cohort of patients, the prevalence, incidence, and impact of ID were compared
with the degree of diastolic function impairment, reactive vasodilatation (as detected via
EndoPAT measurements), and oxidative stress serum biomarkers, respectively. In particular,
patients were divided into three groups according to their diastolic function as assessed by
the evaluation of the E/e’ ratio (by means of echocardiography at time 0; see Section 2.2 for
the methodology): Group 1: E/e’ ratio ≥ 15 [n = 24]; Group 2: E/e′ ratio between 9 and 14
[n = 24]; Group 3: E/e’ ratio ≤ 8 [n = 16].

The groups of patients studied were fairly homogeneous in age (69.7 ± 9.4 years) and
sex (m/f ratio in the 3 groups 34/30), with the presence of metabolic syndrome in 70%
of the subjects enrolled and moderately overweight. A proportion of 44% had moderate
arterial hypertension on treatment with ACE-i/ARB and/or beta-blockers. Patients with
valvular pathology or atrial fibrillation were excluded from the study. None of the patients
were smokers at the time of the study (Table 1).

Table 1. Distribution of 64 patients entering the study among the different study groups.

Study Groups
Without ID

n = 26
With ID

n = 38
Placebo FCM Placebo FCM

Group 1 E/e’ ≥ 15 3 3 9 9

Group 2 E/e’ 9–16 5 5 7 7

Group 3 E/e’ ≤ 8 5 5 3 3

In addition, the effect of IV administration of the placebo (100 mL of saline given
i.v. in 10 min) or ferric carboxymaltose (10 mL of Ferinject corresponding to 500 mg iron
diluted into 100 mL of saline given i.v. in 10 min) infused at time 0 and after four weeks
was evaluated. The outcome of the treatment was verified 8 weeks after starting the
administration of FCM. All the patients completed the study. Moreover, the use of an
iron-containing supplement was not allowed either before or during the study.

The patients were enrolled at the Metabolic Diseases Outpatient Clinic of the IRC-FSH
Center of the “Magna Graecia” University of Catanzaro, in collaboration with the UTIC B of
the Umberto I Polyclinic in Rome and the Unit of Cardiology at IRCCS San Raffaele, Rome.
All subjects provided written informed consent at the time of enrollment, and the protocol
was approved by the local ethics committee and met all the principles of the Declaration of
Helsinki. The protocol is registered on the ISRCTN registry (study ID. ISRCTN12833814).
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A condition of ID was defined on the basis of serum ferritin levels < 100 nanograms/mL
or with levels between 100 and 299 μg/L in the presence of transferrin saturation
(TSAT) < 20% [26]. The degree of anemia was defined in the presence of Hb levels < 13 g/dL
in men and <12 g/dL in women. In addition, a 6 min walking test (6MWT) was performed as
described by Guyatt et al. [26]. In particular, in a long unobstructed corridor, using standardized
patient instructions, patients covered as much distance as possible during the allotted 6 min. The
total distance covered was measured and recorded. Staff overseeing the 6MWT were unaware of
the hemodynamic results.

These determinations were performed at time 0 and at 8 weeks after starting the study.
Care was taken that patients maintained the same dietary regimen during the observation
period. In analogy with the sample, on the day of the visit at time 0 and after 8 weeks, for
the definition of the degree of diastolic function, the patients had an echocardiographic ex-
amination, took a vascular reactivity test using the EndoPAT method, and had an additional
sample taken for the determination of the levels of serum malonyldialdehyde (MDA).

2.2. Echocardiographic Evaluation of Diastolic Function

The diastolic function parameters used for detecting HFpEF were represented by the
mitral E velocity, E/e’ ratio, and left atrium volume. In particular, E velocity is detected
transmitrally. The transmitral PW spectrum includes two velocity peaks generated by
differences in the atrioventricular pressure during the diastolic phase of the cardiac cycle.
The first peak (wave E) corresponds to rapid ventricular filling, the one observed when,
following isovolumetric relaxation, the atrial pressure far exceeds the ventricular pressure,
generating an acceleration in the flow in this sense. The extent of the E peak depends
on ventricular relaxation, left atrial pressure, and ventricular protodiastolic elastic return;
these parameters determine the faster or slower speed of rapid filling.

The speed with which the atrio-ventricular pressure gradient tends to cancel itself
following the first phase of diastole influences the speed and deceleration time (DT) of the E
wave. The faster the ventricular pressure increase in protostole, the slower the deceleration
time of the E wave.

Tissue Doppler (TD) is a method that has been used to assess the speed of movement
of the myocardial wall. The study of diastolic function using this technique is based on
the assessment of the displacement speed of the mitral annulus, with image acquisitions
through the apical projection in four chambers.

The standard pattern of pulsed TD at the level of the mitral annulus includes three
components: a positive (S) systolic wave, that is, directed toward the apex, and two
diastolic waves, one early protodiastolic (e’) and the other late (a’) during atrial systole.
Taken together, these rates and time intervals provide quantitative information on systolic
longitudinal ventricular function and diastolic function.

Compared to the transmitral flow Doppler, the pulsed annular TD is less dependent
on variations in ventricular preload. For this reason, the calculation of the E/e’ ratio is a
reliable parameter for the non-invasive estimation of filling pressures.

An E/e’ ratio of less than 8 is often associated with a normal filling pressure, while a
ratio above 15 is observed in the case of increased filling pressures. Values between 8 and
15 need further investigation to be interpreted correctly.

Left Atrial (LA) volume was measured from standard apical 2- and 4-chamber views
at end-systole. LA borders were traced using planimetry. The borders consisted of the
walls of the left atrium and a line drawn across the mitral annulus. Attention was given
to bridge the ostia of pulmonary veins (when visualized) to not include the veins in the
measurement. If seen, the LA appendage was excluded from measurement. The biplane
method of disks was used to calculate LA volume, and measurements were rounded to the
nearest integer. Left Atrial Volume Index (LAVI) was calculated by dividing LA volume by
body surface area and expressed as mL/m2.
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2.3. Determinations of Endothelial Function

Endothelial function was assessed using the EndoPAT 2000 technique, which measures
PAT using the reactive hyperemia index (RHI, arbitrary units). Briefly, the examination was
performed after 20 min of rest in a chair tilted at an angle of approximately 45◦ at room
temperature, with a blood pressure cuff placed on the non-dominant upper arm (study
arm), while the other arm served as a control. The hands were placed on the chair stands
with the palms facing down so that the fingers hung freely.

The EndoPAT probes were then placed on the tip of each index finger of both hands.
The probes were prevented from touching any other fingers or objects and were then
electronically inflated. The PAT signal was continuously recorded on a personal computer
during the test. The baseline pulse width was measured from each fingertip for five minutes.
After a five-minute baseline recording on each arm, the arterial flow was then stopped
in the experimental arm by rapidly inflating the cuff to the occlusion pressure of 200 or
60 mmHg plus systolic blood pressure (whichever was greater). After five minutes of
occlusion, the cuff pressure was rapidly reduced, and post-occlusion recording continued
for an additional five minutes in the experimental and control arms. The pulse width
response to hyperemia was automatically calculated from hyperemia in the finger of the
experimental arm as a ratio of post-deflation mean pulse ingestion to obtain the RH–PAT
ratio or PAT ratio. EndoPAT 2000 measured not only endothelial function with the RHI
but also assessed arterial stiffness by measuring the peripheral augmentation index (PAIx)
from the radial pulse wave analysis. PAIx is automatically calculated as the ratio of the
difference between the early and late systolic peaks of the waveform to the early and late
systolic peak of the waveform related to the systolic peak, expressed as a percentage.

2.4. Measurements of MDA in Patients with HFpEF

Oxidative stress was assessed by quantifying the reactivity of thiobarbituric acid (TBA)
as MDA in a spectrophotometer. To 0.5 mL of serum, 0.5 mL of 30% trichloroacetic acid
(TCA) (Merck, Rahway, NJ, USA) was added and centrifuged at 3000 rpm for 5 min, and the
supernatant was collected. Subsequently, 0.5 mL of supernatant was added to 0.5 mL of 1%
TBA (Merck) in a boiling water bath for 30 min, after which the tubes were kept in an ice water
bath for 10 min. The resulting absorbance of chromogen was determined at a wavelength of
532 nm at room temperature with respect to the blank reference. The concentration of MDA
was read from the standard calibration curve plotted using 1, 1, 3, 3 “tetra-ethoxy propane
(TEP)”. The amount of lipid peroxidation was expressed as MDA (μg/dL), using a molar
extinction coefficient for MDA of 1.56 × 105 M−1 cm−1 [27].

2.5. Statistics

Data are presented as mean ± standard deviation (SD). StatView 5.0 (SAS Institute, inc.,
Cary, NC, USA) and the Statistical Package for the Social Sciences (SPSS version 21) were used
for the statistical analyses. Analysis of variance (ANOVA), followed by post hoc comparisons,
Student’s unpaired t-test, Fisher’s exact test, Pearson’s simple regression and logistic regression
were used as appropriate. A two-tailed p-value < 0.05 indicated statistical significance.

3. Results

The study, conducted on 64 patients with HfpEF, documented, at baseline, a condition
of ID found in 38/64 patients corresponding to 53.1% of the total subjects entering the
study (Table 2). The population of patients with ID showed, under basal conditions, a
moderate prevalence of male subjects (21 M vs. 17 W). On the other hand, no significant
differences in BMI, Fasting Serum Glucose, serum triglycerides, LDL cholesterol, HDL
cholesterol, creatinine, and Left Ventricle Ejection Fraction were found among patients with
and without ID (Table 2), and treatment with Placebo or FCM did not produce any change
in these parameters. However, treatment with FCM, compared to placebo, improved
diastolic function indexes in patients with ID. In fact, the mean values of E/e’ ratio and

145



Nutrients 2022, 14, 5057

LAVI were improved (from 14.1 ± 2.1 to 10.2 ± 2.5 and from 38.1 ± 12.8 to 31.2 ± 10.7,
respectively; Table 2).

Table 2. Basal levels of principal biomarkers of metabolic balance and the demographics of patients
with HFpEF (either with or without ID) enrolled in the study. Table also shows data on the effect of
treatment with placebo and FCM.

Parameter
Without ID

n = 26
With ID

n = 38

Sex (M/W) 13/13 21/17

Age (years) 61.9 ± 8.9 63.2 ± 9.6

BMI (Kg/m2)
Basal

Placebo
FCM

27.5 ± 5.6
27.2 + 4.6
26.8 + 5.1

26.5 ± 5.2
26.8 + 5.0
26.6 + 4.5

FSG (mg/dL)
Basal

Placebo
FCM

114 ± 11.8
110 ± 8.1
110 ± 8.9

115.8 ± 11.2
112 ± 9.4
112 ± 10.1

Triglycerides (mg/dL)
Basal

Placebo
FCM

195 ± 21.5
190 ± 18.4
191 ± 16.9

196 ± 21.8
192 ± 15.6
190 ± 17.8

Creatinine (mg/dL)
Basal

Placebo
FCM

1.0 ± 0.9
1.1 ± 0.7
1.0 ± 0.8

1.1 ± 0.8
1.0 ± 0.7
1.0 ± 0.9

LDL-Cholesterol (mg/dL)
Basal

Placebo
FCM

94.2 ± 23.8
95.1 ± 21.2
94.2 ± 20.6

96.1 ± 24.3
95.4 ± 24.2
95.2 ± 21.9

HDL-Cholesterol (mg/dL)
Basal

Placebo
FCM

38.0 ± 6.8
40.2 ± 6.5
39.7 ± 7.1

39.1 ± 6.1
41.5 ± 6.4
42.4 ± 6.3

LVEF (%)
Basal

Placebo
FCM

54.6 ± 6.0
54.9 ± 5.4
55.6 ± 5.2

53.5 ± 5.8
54.3 ± 5.5
56.4 ± 5.7

E/e’ ratio
Basal

Placebo
FCM

9.2 ± 2.4
9.1 ± 2.6
8.8 ± 2.2

14.4 ± 2.7
14.1 ± 2.1

11.8 ± 2.5 *

LAVI (mL/m2)
Basal

Placebo
FCM

37.8 ± 12.7
36.6 ± 10.3
37.4 ± 11.7

39.2 ± 14.1
38.1 ± 12.8
34.4 ± 13.7

BMI: body mass index; FSG: fasting serum glucose; LVEF: left ventricular ejection fraction; LAVI: Left Atrial
Volume Index. * p < 0.05 Placebo vs. FCM.

Moreover, the distribution of patients into three groups made according to the degree
of diastolic dysfunction (as detected on the basis of E/e’ ratio) was, overall, consistent with
the data of the most recent literature on this area of interest [28,29]. In fact, the patients
with severe diastolic dysfunction (Group 1; E/e’ < 8) were 24/64, equal to 31%, while the
subjects enrolled in Groups 2 and 3, with a medium or low degree of dysfunction, were
24/64 and 16/64, equal to 31 and 25%, respectively (Tables 1 and 3). On the other hand,
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patients in Group 1 showed, at baseline, lower ferritin levels as compared with Groups
2 and 3, thereby confirming that a condition of ID is associated, in patients with HFpEF,
with an impairment in cardiac diastolic functionality (Table 3). This effect was associated
with reduced exercise capacity as expressed by reduced distance covered during 6MWT, an
effect accompanied by the highest serum concentration of MDA, and by altered parameters
of endothelial functionality obtained via EndoPAT analysis (Tables 3 and 4). Thus, patients
with HFpEF and marked diastolic impairment showed elevated ID-associated oxidative
stress and endothelial dysfunction.

Table 3. The effect of placebo or FCM on ferritin, TSAT, 6MWT, and MDA levels in patients with HFpEF
according to their diastolic function as expressed by E/e’ ratio. Data are expressed as mean ± S.E.M.

Parameter
Group 1
E/e’ ≥ 15

n = 24

Group 2
E/e’ 9–14

n = 24

Group 3
E/e’ ≤ 8
n = 16

Ferritin (ng/mL)
Basal

Placebo
FCM

60.3 ± 13.3
62.3 ± 12.4

129.1 ± 13.9 *

110.2 ± 14.6
112.2 ± 13.6
132.2 ± 14.3

98.2 ± 14.1
120.4 ± 14.6
145.1 ± 15.3

6 mWT (mt/6 min)
Basal

Placebo
FCM

291.1 ± 22.6
294.7 + 20.7

354.4 + 23.7 *

335.4 ± 21.3
340.8 + 20.5
365.9 + 21.1

395.4 ± 28.6
401.5 + 24.4
421.6 + 24.3

MDA (μg/dL)
Basal

Placebo
FCM

1.1 ± 0.1
1.0 ± 0.2

0.7 ± 0.1 *

1.3 ± 0.2
1.4 ± 0.2

0.8 ± 0.1 *

1.6 ± 0.1
1.5 ± 0.2

0.9 ± 0.2 *
6 mWT—6 min walking test; MDA–malondialdehyde; * p < 0.05 Placebo vs. FCM.

Table 4. Parameters of endothelial functionality measured via EndoPAT methodology (see methods) at
time 0 (basal) and after 8 weeks from starting the treatment with FCM or the placebo in patients with
HFpEF classified according to the E/e’ ratio (Groups 1, 2, and 3). Data are expressed as mean ± S.E.M.

EndoPAT
Index

Group 1
E/e’ ≥ 15

n = 24

Group 2
E/e’ 9–14

n = 24

Group 3
E/e’ ≤ 8
n = 16

RHI
Basal

After Placebo
After FCM

1.50 ± 0.3
1.54 ± 0.4

2.15 ± 0.11 *

1.90 ± 0.4
1.93 ± 0.3
2.12 + 0.4

1.95 ± 0.2
1.98 ± 0.3
2.21 ± 0.06

fRHI
Basal

After Placebo
After FCM

0.20 ± 0.05
0.21 ± 0.03
0.28 + 0.04 *

0.24 ± 0.03
0.23 ± 0.02
0.24 ± 0.04

0.28 ± 0.02
0.25 ± 0.03
0.29 ± 0.03

AI
Basal

After Placebo
After FCM

7.6 ± 3.2
8.1 ± 2.6
9.1 ± 4.2

8.3 ± 2.6
8.4 ± 2.3
8.4 ± 3.8

9.6 ± 2.5
9.5 ± 2.2
9.6 ± 3.5

RHI—reactive hyperemia index; fRHI—Framingham reactive hyperemia index; AI—augmentation index; * p <
0.05 FCM vs. placebo.

According to the degree of diastolic impairment, administration of FCB i.v. at time 0
and after 4 weeks from entering the study was able to improve ID levels, oxidative stress,
and impaired endothelial function, compared to the placebo. Indeed, FCM restored the
ferritin levels in patients with HFpEF associated with high degree diastolic dysfunction, an
effect associated with improved cardiac performance as showed by the better response at
the 6MWT (Table 3). In addition, this effect was associated with a reduction in MDA levels
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(Table 3) and with an enhanced endothelial-dependent response, as studied by means of
the EndoPAT procedure (Table 4).

4. Discussion

Our data show, for the first time, that supplementation with FCM administered via
i.v. infusion in such a way as to bring ferritin within physiological limits in a cohort of
patients affected by HFpEF leads to an improvement in cardiac performance evaluated
by means of a 6MWT. This improvement was mainly found to occur in patients in which
diastolic function was particularly compromised (Group 1 of patients enrolled in the study),
as assessed by the Echo cardio color Doppler study and in particular through reliable
indicators such as the E/e’ ratio and LAVI.

Moreover, the study showed that the improvement in cardiac performance, seen after
supplementation with IV FCM, was associated with a marked improvement in endothelial
function and in the degree of oxidative stress that characterized the basal conditions in
patients at the time of their enrollment in the study.

In particular, at 8 weeks after the administration of FCM (500 mg/i.v. as a single bolus
at time 0, repeated after 4 weeks), there was a marked improvement in vascular reactivity
through the EndoPAT study, an effect accompanied by a significant reduction in MDA
levels, a reliable index of the level of lipid peroxidation and, finally, of oxidative stress.

Diastolic dysfunction is known to represent the pathophysiological mechanism char-
acterizing the more severe forms of HFpEF [27,30]. In particular, the reduced ability to
release myocardial fibers in diastole, even in the presence of a preserved contractile capac-
ity, determines a reduction in cardiac performance as a whole, which is associated with
the basal symptoms of HF (moderate exertional dyspnea, signs of pulmonary congestion,
perimalleolar edema, etc.), clearly evident at the time of the execution of the 6MWT. This
condition has pathophysiological bases very different from the contractile compromise that
is found in conditions of HF with low or moderately reduced EF. In fact, the condition of
HF consequent to ischemic or toxic events that reduce the mass of contractile myocardium,
useful for maintaining a good hemodynamic balance, is to be ascribed to a loss (often due
to apoptosis) of the mass of efficient contractile myocardium or to its dysfunction, due to
an impairment in the functionality of myofibrils (primary or secondary).

Conversely, diastolic dysfunction seems to have its pathophysiological origin in the
progressive loss of the “lusitropic” properties of the myocardium, associated with progres-
sive fibrosis rather than with the absolute or relative loss of the contractile myocardium [30].

The pathophysiological bases of this condition are, to date, not fully clarified. In fact,
the “phenotype” of the early stages of the pathology associated with HFpEF still remains to
be defined, during which the development of myocardial compromise is resolved toward
an impairment of the lusitropic properties of the myocardium rather than toward the
cellular apoptosis of cardiomyocytes.

However, recent studies make it possible to identify the “primum movens” of this
pathophysiological evolution in mitochondrial oxidative stress associated with impaired
iron metabolism and endothelial dysfunction, leading, in the late stages, to myocardial
impairment. In particular, Zhang et al. showed that in the heart tissue of patients with
HF, myocardial iron concentration was lower compared to that detected in non-failing
hearts [28]. This effect was associated with the suppression of the respiratory chain and
Krebs cycle enzymatic activities, which had a significant correlation with depleted iron
stores, an effect that was accompanied by an increased concentration of MDA, thus showing
that a condition of oxidative stress is associated with ID. This was also combined with
decreased antioxidant enzymes in the myocardial tissue of ID hearts, as shown by reduced
superoxide dismutase and glutathione peroxidase. Finally, they also found that iron
uptake is impaired in cardiomyocytes, as expressed by decreased translocation to the
sarcolemma, while the transmembrane fraction of ferroportin positively correlated with
cardiac impairment. Thus, ID associated with HF seems to correlate with mitochondrial
dysfunction and oxidative damage [29,31]. This fits very well with our data. In particular,
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the consistent reduction in ferritin levels. The reduction found in patients with a consistent
reduction in diastolic function and reduced exercise capacity is associated with elevated
levels of MDA, thus confirming that oxidative stress is associated with HFpEF. This effect
was counteracted by restoring ferritin levels via FCM administration, thereby leading to
improved exercise capacity, as found with improved performance by means of the 6mWT
found after FCM treatment.

Our data also show that endothelial functionality contributes to the pathophysiology
of ID-associated disorders and HFpEF. Indeed, FCM administration was able to restore
altered ferritin levels and exercise capacity in patients with HFpEF and produced an im-
provement in endothelial-dependent vasodilatation as investigated by EndoPAT analysis
in our patients at time 0 and after FCM treatment. In fact, a lower capacity to respond to
flow restriction with a vasodilatory response was found in Group 1, in which a significant
correlation between ID and diastolic dysfunction was found. In this group of patients,
restoring ferritin levels via FCM was accompanied by improvement in all the EndoPAT pa-
rameters of endothelial-mediated vasodilatation, showing that endothelial dysfunction has
a crucial role in ID-related HFpEF. This correlates with evidence suggesting that endothelial
impairment accompanies HFpEF [29,31–33]. In particular, evidence was provided that a
reduction in the number of endothelial progenitor cells (EPCs) may be found in patients
with HFpEF, thereby showing that the repair of endothelial functionality may represent a
potential benefit in such a class of patients. On the other hand, recent evidence in women
with severe ID status suggests that there is a possible impairment in endothelial function
and oxidative stress mediated by altered HDL lipoproteins, which is counteracted by
i.v. iron administration; however, the mechanism of action needs to be better assessed.

In conclusion, this study confirmed that ID is a frequent comorbidity in patients
with HFpEF and is associated with reduced exercise capacity and oxidative stress-related
endothelial dysfunction. Supplementation with FCM determines a significant improvement
in the cardiac performance of patients with HFpEF enrolled in this study, an effect that was
associated with enhanced endothelial function and reduced production of oxygen radical
species. Further studies, however, based on a larger number of patients, are required in
order to better clarify the potential for iron supplementation in patients with HFpEF.
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2021 ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure. Eur. Heart J. 2021, 42, 3599–3726. [CrossRef]
[PubMed]

26. Guyatt, G.H.; Sullivan, M.J.; Thompson, P.J.; Fallen, E.L.; Pugsley, S.O.; Taylor, D.W.; Berman, L.B. The 6-minute walk: A new
measure of exercise capacity in patients with chronic heart failure. Can. Med. Assoc. J. 1985, 132, 919–923.

27. Naing, P.; Forrester, D.; Kangaharan, N.; Muthumala, A.; Mon Myint, S.; Playford, D. Heart failure with preserved ejection
fraction: A growing global epidemic. Aust. J. Gen. Pract. 2019, 48, 465–471. [CrossRef]

28. Zhang, H.; Zhabyeyev, P.; Wang, S.; Oudit, G.Y. Role of iron metabolism in heart failure: From iron deficiency to iron overload.
Biochim. Biophys. Acta Mol. Basis Dis. 2019, 1865, 1925–1937. [CrossRef]

29. Paulus, W.J.; Tschöpe, C. A novel paradigm for heart failure with preserved ejection fraction: Comorbidities drive myocardial
dysfunction and remodeling through coronary microvascular endothelial inflammation. J. Am. Coll. Cardiol. 2013, 62, 263–271.
[CrossRef]

30. Prasad, A.; Hastings, J.L.; Shibata, S.; Popovic, Z.B.; Arbab-Zadeh, A.; Bhella, P.S.; Okazaki, K.; Fu, Q.; Berk, M.; Palmer, D.; et al.
Characterization of static and dynamic left ventricular diastolic function in patients with heart failure with a preserved ejection
fraction. Circ. Heart Fail. 2010, 3, 617–626. [CrossRef]

31. Hoes, M.F.; Grote Beverborg, N.; Kijlstra, J.D.; Kuipers, J.; Swinkels, D.W.; Giepmans, B.N.G.; Rodenburg, R.J.; van Veldhuisen, D.J.;
de Boer, R.A.; van der Meer, P. Iron deficiency impairs contractility of human cardiomyocytes through decreased mitochondrial
function. Eur. J. Heart Fail. 2018, 20, 910–919. [CrossRef]

32. Franssen, C.; Chen, S.; Unger, A.; Korkmaz, H.I.; De Keulenaer, G.W.; Tschöpe, C.; Leite-Moreira, A.F.; Musters, R.; Niessen, H.W.;
Linke, W.A.; et al. Myocardial Microvascular Inflammatory Endothelial Activation in Heart Failure With Preserved Ejection
Fraction. JACC Heart Fail. 2016, 4, 312–324. [CrossRef]

33. Oppedisano, F.; Mollace, R.; Tavernese, A.; Gliozzi, M.; Musolino, V.; Macrì, R.; Carresi, C.; Maiuolo, J.; Serra, M.; Cardamone, A.; et al.
PUFA Supplementation and Heart Failure: Effects on Fibrosis and Cardiac Remodeling. Nutrients 2021, 13, 2965. [CrossRef]

151





Citation: Ceulemans, M.; Van de Vel,

J.; Swinkels, D.W.; Laarakkers,

C.M.M.; Billen, J.; Van Calsteren, K.;

Allegaert, K. Hepcidin Status in Cord

Blood: Observational Data from a

Tertiary Institution in Belgium.

Nutrients 2023, 15, 546. https://

doi.org/10.3390/nu15030546

Academic Editor: Dietmar Enko

Received: 12 December 2022

Revised: 11 January 2023

Accepted: 16 January 2023

Published: 20 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nutrients

Communication

Hepcidin Status in Cord Blood: Observational Data from a
Tertiary Institution in Belgium

Michael Ceulemans 1,2,3,*, Joline Van de Vel 4, Dorine W. Swinkels 5,6,7, Coby M. M. Laarakkers 5,6, Jaak Billen 8,

Kristel Van Calsteren 9,10 and Karel Allegaert 1,3,10,11

1 Clinical Pharmacology and Pharmacotherapy, Department of Pharmaceutical and Pharmacological Sciences,
KU Leuven, 3000 Leuven, Belgium

2 Teratology Information Service, Netherlands Pharmacovigilance Centre Lareb,
5237 MH Hertogenbosch, The Netherlands

3 L-C&Y, Child and Youth Institute, KU Leuven, 3000 Leuven, Belgium
4 Faculty of Pharmaceutical Sciences, KU Leuven, 3000 Leuven, Belgium
5 Translational Metabolic Laboratory (TML 830), Department of Laboratory Medicine, Radboud University

Medical Center, 6500 HB Nijmegen, The Netherlands
6 Hepcidinanalysis.com, 6525 GA Nijmegen, The Netherlands
7 Sanquin Blood Bank, Plesmanlaan 125, 1066 CX Amsterdam, The Netherlands
8 Department of Laboratory Medicine, University Hospitals Leuven Gasthuisberg, 3000 Leuven, Belgium
9 Department of Obstetrics & Gynecology, University Hospitals Leuven Gasthuisberg, 3000 Leuven, Belgium
10 Woman and Child, Department of Development and Regeneration, KU Leuven, 3000 Leuven, Belgium
11 Department of Hospital Pharmacy, Erasmus MC, 3000 CA Rotterdam, The Netherlands
* Correspondence: michael.ceulemans@kuleuven.be; Tel.: +32-16-37-72-27

Abstract: The hormone hepcidin plays an important role in intestinal iron absorption and cellular
release. Cord blood hepcidin values reflect fetal hepcidin status, at least at the time of delivery, but
are not available for the Belgian population. Therefore, we aimed (1) to provide the first data on cord
blood hepcidin levels in a Belgian cohort and (2) to determine variables associated with cord blood
hepcidin concentrations. A cross-sectional, observational study was performed at the University
Hospital Leuven, Belgium. Cord blood samples were analyzed using a combination of weak cation
exchange chromatography and time-of-flight mass spectrometry. Descriptive statistics, Spearman
correlation tests, and Mann–Whitney U tests were performed. In total, 61 nonhemolyzed cord blood
samples were analyzed. The median hepcidin level was 17.6 μg/L (IQR: 18.1; min-max: 3.9–54.7). A
moderate correlation was observed between cord blood hepcidin and cord blood ferritin (r = 0.493)
and hemoglobin (r = −0.342). Cord blood hepcidin was also associated with mode of delivery
(p = 0.01), with higher hepcidin levels for vaginal deliveries. Nonetheless, larger studies are needed to
provide more evidence on the actual clinical value and benefit of cord blood hepcidin measurements.

Keywords: pregnancy; cord blood; iron status; iron regulation; hepcidins

1. Introduction

Iron requirements are increased during pregnancy as a result of the increased number
of red blood cells and circulating blood volume [1]. Iron plays a crucial role in oxygen
transport to the fetus. The fetus also stores iron during pregnancy that will be used during
its first months of life [2]. Hence, pregnant women are at risk of iron deficiency anemia [2].
This should be avoided at all times, as iron deficiency anemia during pregnancy and early
childhood is associated with maternal, perinatal, and neonatal morbidity, including altered
cognitive and neurobehavioral outcomes in offspring [2–4].

To meet the high iron requirements during pregnancy [5], both iron absorption from
the maternal diet as well as cellular iron release within the body should be sufficient. The
hepatic 25-amino acid peptide hormone hepcidin hereby plays an important role. Hepcidin
inhibits dietary iron absorption in the duodenum and iron release from macrophages and
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hepatocytes [6]. So, increased hepcidin concentrations result in lower levels of circulating
iron. Hepcidin concentrations below or above a specific threshold may be indicative of
an increased risk of iron deficiency in women [7]. Although the application of hepcidin is
currently mainly limited to research settings, as a regulator of iron homeostasis, hepcidin
may be, for example, a useful biomarker of the (oral) bioavailability of iron supplementation
in pregnancy, guiding clinicians to appropriately prescribe and monitor iron therapy in
pregnant women [5].

Previous studies have shown that maternal hepcidin values decrease in the second
and third gestational trimester, probably to meet the increased iron needs due to maternal,
fetal, and placental weight gain and growth [8–10]. However, in pregnancies complicated
with inflammatory conditions such as preeclampsia, maternal hepcidin levels were higher
compared to women with uncomplicated pregnancies, potentially limiting the amount of
iron available for transplacental transfer [11].

Moreover, cord blood hepcidin values reflect fetal hepcidin status, at least at the time
of delivery. Previous studies have found a correlation between cord blood hepcidin levels
and cord blood iron status [12–20]. Likewise, cord blood hepcidin has been associated
with maternal variables (e.g., body mass index or BMI) [13,21], pregnancy outcomes (e.g.,
gestational age at birth, mode of delivery) [14–16], and neonatal outcomes (e.g., birth
weight) [17], regardless of some conflicting results across studies. Hence, insight into the
relationship between cord blood hepcidin and maternal variables/pregnancy–neonatal
outcomes could be instructive to contribute to identifying neonates at high(er) risk of low
iron status.

To date, observational data on cord blood hepcidin levels are not available for (preg-
nant) women living in Belgium. Furthermore, the application of different hepcidin assays
with varying calibrators used across previous studies impedes the comparison and utility
of hepcidin values, limiting its future research and clinical potential [22,23]. Therefore, by
using a validated and internationally accepted hepcidin analysis method [23,24], this study
aimed (1) to provide observational data on cord blood hepcidin levels in a Belgian cohort
and (2) to determine variables associated with cord blood hepcidin concentrations.

2. Materials and Methods

A cross-sectional, observational study was performed at the University Hospital Leu-
ven, Belgium between March and September 2017. Cord blood samples were obtained at
delivery from women who participated during pregnancy in the PREVIM study exploring
the extent and type of “PREgnancy related use of VItamins and Medication” [25,26]. To be
eligible for study participation, women must be at least 18 years old, understand Dutch,
French, or English, and have visited the obstetrics department of the university hospital as
part of the routine antenatal care during the ongoing pregnancy.

Cord blood samples were collected using serum tubes and subsequently centrifuged
and aliquoted at the Department of Laboratory Medicine of the University Hospital. Aliquots
of 2 mL were kept between 2–8◦ degrees for maximum 7 days, followed by storing at −80◦.
Previously, we have shown that in serum samples, which were kept at 4◦ for 0–7 days and
at −80◦ for less than 2 years, concentrations of hepcidin-25 remained stable [24].

In December 2017, the aliquots were analyzed in one batch at the “Hepcidinanalysis”
lab of the Radboud University Medical Center in the Netherlands. To assess hepcidin-25
concentrations, a validated hepcidin analysis method was used based on a combination of
weak cation exchange chromatography and time-of-flight mass spectrometry (WCX-TOF
MS) [24]. Peptide spectra were generated on a Microflex LT matrix-enhanced laser desorp-
tion/ionization TOF MS platform (Bruker Daltonics). A stable hepcidin-25 + 40 isotope was
used as the internal standard for quantification. The lower limit of quantification (LOQ)
was 0.5 nM (nmol/L); samples with values below the LOQ were given the value zero.
Hepcidin-25 concentrations were provided as nM and converted to μg/L (by multiplying
with a factor 2.7894).
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In our study, the measurements of cord blood hepcidin (2017) were performed before
the assay was further standardized (2019) by using secondary matrix-based reference
material that was value-assigned by a primary reference material [27,28]. However, as the
standardization only slightly altered serum hepcidin values obtained by the WCX-TOF MS
method (i.e., standardized results were a factor 1.054 higher compared to historic results
obtained without standardization), the results obtained in our study could be considered
as results obtained by a standardized hepcidin assay.

To determine variables associated with cord blood hepcidin, the following variables
for which a potential relationship has been shown in earlier studies [12–21] were assessed:
(1) ‘cord blood iron status’ (i.e., hemoglobin, ferritin, serum iron, transferrin and transferrin
saturation); (2) ‘pre-gestational BMI’; (3) ‘pregnancy outcomes’ (i.e., onset of labor, mode
of delivery); and 4) ‘neonatal outcomes’ (i.e., prematurity (born < 37 weeks), low birth
weight (<2500 g), small for gestational age (SGA; <10th birth percentile) [29], and large for
gestational age (LGA; > 90th birth percentile) [29]. Customized birth weight centiles were
calculated, accounting for gestational age, fetal sex, parity, and single/multiple pregnancies.
Data were retrieved from hospital medical records shortly after childbirth.

All data were analyzed using descriptive statistics (i.e., median, interquartile range
(IQR), absolute numbers, and percentages). The relationship between cord blood hepcidin
and the continuous variables was tested using the Spearman correlation test. A correlation
coefficient r < 0.3 was considered a weak relationship, between 0.3 and 0.7 a moderate
relationship, and > 0.7 a strong relationship. The relationship between cord blood hepcidin
and the noncontinuous variables was assessed using Mann–Whitney U tests. The variable
onset of labor was dichotomized into ‘spontaneous’ and ‘not spontaneous’ (i.e., induction
of labor and none/elective caesarean section). The results were considered significant
if p < 0.05. Data were analyzed using SPSS Statistics version 28 (IBM Corp, Armonk,
NY, USA).

Ethical approval was obtained from the EC Research UZ/KU Leuven (S59516;
25 November 2016). All women provided, while being pregnant, their written informed con-
sent for cord blood sampling at delivery and data collection from hospital medical records.

3. Results

In total, cord blood samples were collected from 72 individual women. Median
gestational age at birth was 39 weeks (IQR: 1.7). Median pregestational BMI was 22.78
(IQR: 5.91). Two women had a multiple pregnancy. Table 1 provides an overview of
the study participants’ baseline maternal and pregnancy-related characteristics as well as
pregnancy outcomes, according to cord blood hepcidin levels of the nonhemolyzed samples.
With regard to pregnancy complications, the following complications were reported in
this cohort: preeclampsia (N = 3), gestational diabetes (N = 3), placenta previa (N = 1),
hyperemesis gravidarum (N = 1), polyhydramnios (N = 1) and cardiac complications
(N = 1).

In total, 74 neonates were born. Overall, median birth weight was 3290 g (IQR: 478 g)
(N = 73). The other neonatal outcomes are summarized in Table 2.

In total, 73 cord blood samples were available for hepcidin analysis. One sample did
not contain a sufficient amount of blood that was needed for the analysis. In 12 samples,
hemolysis had occurred. Only one (hemolyzed) sample had a hepcidin level < LOQ. Overall,
the median hepcidin level in the nonhemolyzed (N = 61) and hemolyzed (N = 12) cord
blood samples was 17.6 μg/L (IQR: 18.1; min-max: 3.9–54.7) and 9.6 μg/L (IQR: 11.1; min-
max: 0.0–28.2), respectively (p = 0.012). Given the difference in hepcidin values depending
on the occurrence or absence of hemolysis, hepcidin analyses were only performed with
the nonhemolyzed samples.

Table 3 shows the results of the cord blood iron status parameters. No single woman
had a C-reactive protein (CRP) value of >5mg/L in their cord blood sample (N = 73).
Among the three women suffering from preeclampsia as pregnancy complication and
delivered at 39w6d, 37w6d, and 38w, the corresponding hepcidin levels in their (non-
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hemolyzed) cord blood samples were 5.3, 12.0, and 37.1 μg/L, respectively, showing large
interindividual variability.

Table 1. Overview of study participants’ baseline characteristics and pregnancy outcomes, according
to cord blood hepcidin levels of the nonhemolyzed samples.

Variable % (n)
Cord Blood

Hepcidin Level

Maternal and
pregnancy-related variables

Gravidity (N = 72)

Primigravida
Multigravida

37.5 (27)
62.5 (45)

17.9 (19.8)
17.6 (19.0)

Parity (N = 72)

Nullipara
Primi- or multipara

61.1 (44)
38.9 (28)

18.0 (18.0)
15.5 (15.8)

Pregestational body mass
index (N = 70)

<25 kg/m2

≥ 25 kg/m2
67.1 (47)
32.9 (23)

15.6 (19.1)
19.4 (14.3)

Onset of pregnancy (N = 72)

Spontaneous
Assisted

87.5 (63)
12.5 (9)

18.0 (15.2)
9.1 (14.4)

Singleton or multiple
pregnancy (N = 72)

Single
Multiple

97.2 (70)
2.8 (2)

17.0 (17.9)
24.1 (/)

Pregnancy outcomes
Onset of labor (N = 71)

Spontaneous
Induction of labor

None (elective caesarian
section)

50.7 (36)
33.8 (24)
15.5 (11)

18.4 (18.8)
18.0 (15.1)
7.3 (9.8)

Mode of delivery (N = 72)

Vaginal
Elective caesarean section

Secondary caesarean section

79.2 (57)
15.3 (11)
5.6 (4)

18.4 (16.5)
7.3 (9.8)
17.9 (/)

Gestational age at delivery
(N = 72)

<34 weeks
34–37 weeks
≥37 weeks

0.0 (0)
8.3 (6)

91.7 (66)

/
9.2 (19.7)

17.9 (16.2)
The results are shown as % (n). Hepcidin levels are shown as median (interquartile range, IQR) and are expressed
in μg/L.

Table 2. Overview of the neonatal outcomes (N = 74) *.

Variable % (n)

Prematurity 1 10.8 (8)

Low birth weight 2 1.4 (1)

Small for gestational age (SGA) 3 8.2 (6)

Large for gestational age (LGA) 3 12.3 (9)
The results are shown as % (n). * For the variables low birth weight, small for gestational age and large for
gestational age, there was one missing value. 1 Prematurity was defined as being born <37 weeks gestational
age. 2 Low birth weight was defined as a birth weight < 2500 g. 3 The results for small for gestational age (SGA;
< 10th birth percentile) and large for gestational age (LGA; > 90th birth percentile) were calculated based on the
customized criteria of the Study Centre on Perinatal Epidemiology (SPE) in Belgium, thereby accounting for
gestational age, fetal sex, parity, and single/multiple pregnancies [29].
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Table 3. Overview of the iron status parameters in cord blood 1.

Variable N Median (IQR)

Hepcidin (μg/L) 61 17.6 (18.1)

Hemoglobin (g/dL) 2 47 15.4 (1.8)

Ferritin (μg/L) 61 218 (179)

Iron (μg/dL) 61 152 (45)

Transferrin (g/L) 61 1.77 (0.35)

Transferrin saturation (%) 61 61 (21)
The results are shown as median (and interquartile range, IQR). The units for each variable are shown between
brackets. 1 Only nonhemolyzed cord blood samples were considered for the analysis. 2 Some missing data exist
for the variable hemoglobin.

Table 4 provides a detailed overview of the results of the correlation tests assessing a
potential relationship between cord blood hepcidin and the continuous variables related
to cord blood iron status and maternal pregestational BMI. Overall, a moderate positive
relationship was found between cord blood hepcidin and ferritin (r = 0.493). Furthermore, a
moderate negative relationship was observed between cord blood hepcidin and hemoglobin
(r = −0.342). No other strong/moderate correlations were found with cord blood hepcidin.

Table 4. Relationship between cord blood hepcidin and (1) iron status and (2) pregestational BMI.

Variable r 1 p-Value

Cord blood iron status parameters
Hemoglobin −0.342 0.02

Ferritin 0.493 <0.001
Iron 0.118 0.36

Transferrin −0.098 0.45
Transferrin saturation 0.118 0.37

Maternal variable
Pregestational BMI2 0.241 0.07

1 The results were calculated using the Spearman correlation test and are reported using the correlation coefficient
r and p-value. 2 BMI = body-mass index.

Table 5 provides a detailed overview of the results of the association tests assessing
a potential relationship between cord blood hepcidin and pregnancy/neonatal outcomes.
The only association with cord blood hepcidin was found for the variable mode of delivery
(p = 0.01), with higher hepcidin levels for vaginal deliveries compared to elective caesarean
sections. Although no other associations were identified, the absolute difference in cord
blood hepcidin levels with respect to prematurity is notable (8.7 μg/L), with premature
neonates (born < 37 weeks) showing lower hepcidin levels.

Table 5. Relationship between cord blood hepcidin and pregnancy/neonatal outcomes.

Variable Median (IQR) p-Value 1

Pregnancy outcomes
Onset of labor
Spontaneous

Not spontaneous
18.4 (18.8)
15.8 (16.9)

0.23

Mode of delivery 2

Vaginal
Elective caesarean section

18.4 (16.5)
7.3 (9.8)

0.01

Neonatal outcomes
Prematurity 3

Yes
No

9.2 (19.7)
17.9 (16.2)

0.21
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Table 5. Cont.

Variable Median (IQR) p-Value 1

Small for gestational age (SGA) 4

Yes
No

25.9 (21.5)
17.6 (18.4)

0.19

Large for gestational age (LGA) 4

Yes
No

19.8 (18.7)
17.6 (17.9)

0.89

1 The results were calculated using Mann–Whitney U tests and are reported using median (and interquartile range,
IQR) and p-values. 2 The four women with a secondary caesarean section were not considered in order to not
obscure the findings. 3 Prematurity was defined as being born < 37 weeks gestational age. 4 The results for small
for gestational age (SGA; < 10th birth percentile) and large for gestational age (LGA; > 90th birth percentile) were
calculated based on the customized criteria of the Study Centre on Perinatal Epidemiology in Belgium, thereby
accounting for gestational age, fetal sex, parity, and single/multiple pregnancies [29].

Moreover, only one neonate had a birth weight of < 2500 g. As a result, no bivariate
analysis was performed for the variable ‘low birth weight’. In the (hemolyzed) cord blood
sample of this single neonate, an absolute hepcidin value of 7.25 μg/L was observed, which
is much lower than the median hepcidin value in the overall cohort (i.e., 17.6 μg/L).

4. Discussion

This cross-sectional, observational study performed at a tertiary hospital in Belgium
and using a validated hepcidin analysis method based on weak cation exchange chromatog-
raphy and time-of-flight mass spectrometry, providing results similar to a standardized
assay [24,27,28], aimed (1) to provide observational data on cord blood hepcidin levels in a
Belgian cohort and (2) to determine variables associated with cord blood hepcidin levels.

Overall, 61 nonhemolyzed cord blood samples were collected and batch-analyzed. In
total, a median hepcidin value of 17.6 μg/L was found, along with substantial variability
in hepcidin levels among women (min-max: 3.9–54.7 μg/L). The observed median value is
somewhat in line with the results of a previous study using the same method of analysis
measuring hepcidin levels in cord blood of mothers with or without placental malaria
infection and/or maternal anemia [30]. However, additional comparisons with hepcidin
levels observed in other studies is difficult, given that many other studies used different
(immunoassay or mass spectrometry) techniques and/or calibrators [13,15,17,19,31,32].

Moreover, in our cohort, we found a potential relationship between cord blood hep-
cidin and cord blood ferritin and hemoglobin, and mode of delivery. First, for cord blood
ferritin, a moderate positive correlation was observed, in line with previous studies pointing
at a relationship between cord blood hepcidin and cord blood iron status [12–20]. During
pregnancy, maternal hepcidin concentrations also correlate with indicators of maternal
iron status [5], which is also the case for healthy adult individuals [33]. Second, a negative
correlation was found between hepcidin and hemoglobin levels in cord blood, similar to
previous research [15]. Third, an association with mode of delivery was observed, with
higher cord blood hepcidin levels for vaginal deliveries compared to elective caesarean sec-
tions, as shown earlier [14]. Finally, the observed trend towards higher cord blood hepcidin
levels among term versus preterm neonates has also been previously shown [8,14].

Our study has some strengths. To our knowledge, this was the first study measuring
hepcidin values in cord blood samples of pregnant women living in Belgium. Second, we
used a validated and internationally accepted hepcidin analysis method [24], providing
values similar to those obtained from a standardized assay. This enables the comparison
with the findings of validated hepcidin assays used elsewhere, provided that they are
standardized by using the same second reference material for calibration [27,28]. This will
eventually reduce confusion in this field and ultimately allow for a global comparison
of hepcidin values measured in cord blood. To achieve this, we collaborated with lab
experts of the Radboud University Medical Center, who have extensive knowledge of
and experience in hepcidin analysis, standardization, and interpretation of the results.
International collaboration should always be pursued in this area, as it not only enables the
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sharing of expertise but also facilitates the application of fully validated analysis methods.
Such approach may accelerate the acquisition of knowledge and insight into the actual
clinical value of cord blood hepcidin. Third, we explored the potential relationship of
cord blood hepcidin with maternal variables and pregnancy/neonatal outcomes that have
previously been shown to be associated, despite conflicting results. So, we aimed to
contribute to the replication of previous findings instead of testing numerous variables and
running a (higher) risk of accidental findings (i.e., type I errors).

Some limitations should also be addressed. First, we acknowledge that the total
number of 61 samples remains rather limited, which is partially explained/exacerbated
by hemolysis of some samples. Due to the limited sample size, it cannot be excluded that
for some variables, no significant results could be found (i.e., type II error). The limited
sample size further avoided performing regression analyses and adjusting for potential con-
founders. Hence, we could not draw firm conclusions on potential relationships between
cord blood hepcidin and other variables, and therefore consider our findings mainly explo-
rative. A sample size or power calculation was not performed. Second, no maternal serum
hepcidin levels in pregnancy and at the time of delivery were measured due to logistic and
financial restraints. Future studies should further investigate the relative contribution of
maternal/fetal hepcidin to placental iron transport [5,34]. Third, in our cohort, only few
women were affected by preeclampsia or other pregnancy complications, hindering us to
explore their relationship with cord blood hepcidin. Fourth, no (reliable) data were avail-
able on maternal iron status and the use of iron-containing medicines and/or supplements
at the time of delivery, nor on ethnicity, although most—if not all—participants were prob-
ably Caucasian. Finally, we assumed that hemolysis of the samples occurred completely at
random. Still, the finding that hepcidin levels were lower in hemolyzed samples could not
be explained based on our relatively small cohort and requires further investigation.

Considering all the strengths and limitations of our work, our observational data and
explorative analyses could hopefully contribute, to some extent, to establishing reference
values of cord blood hepcidin [14] and to a better understanding of the potential of cord
blood hepcidin for clinical and research purposes. Nevertheless, as various international
round-robin tests performed by the Radboud group showed substantial differences in abso-
lute levels measured by different assays—which decreased after standardization with their
reference material [22,27,28,32,35]—specific attention should be paid to the harmonization
and standardization of different hepcidin analysis methods.

5. Conclusions

In this observational study, hepcidin concentrations were measured in 61 nonhemolyzed
cord blood samples using a validated weak cation exchange chromatography and time-of-
flight mass spectrometry analysis method. Overall, a median hepcidin value of 17.6 μg/L
was found, with a substantial variability in hepcidin levels among women. Moreover, a
moderate positive and negative correlation was observed for cord blood hepcidin and cord
blood ferritin and hemoglobin. A third potential association was identified for mode of
delivery, with higher cord blood hepcidin levels for vaginal deliveries compared to elective
caesarean sections. Although this exploratory study provided the first Belgian data on
cord blood hepcidin levels, given its relatively limited sample size, larger studies collecting
sufficient data on potential confounders are needed to provide more evidence on the actual
value and benefit of cord blood hepcidin measurements for clinical and research purposes.
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Abstract: Iron is a transition metal that plays a crucial role in several physiological processes. It can
also exhibit toxic effects on cells, due to its role in the formation of free radicals. Iron deficiency and
anemia, as well as iron overload, are the result of impaired iron metabolism, in which a number
of proteins, such as hepcidin, hemojuvelin and transferrin, take part. Iron deficiency is common in
individuals with renal and cardiac transplants, while iron overload is more common in patients with
hepatic transplantation. The current knowledge about iron metabolism in lung graft recipients and
donors is limited. The problem is even more complex when we consider the fact that iron metabolism
may be also driven by certain drugs used by graft recipients and donors. In this work, we overview
the available literature reports on iron turnover in the human body, with particular emphasis on
transplant patients, and we also attempt to assess the drugs’ impact on iron metabolism, which may
be useful in perioperative treatment in transplantology.

Keywords: iron metabolism; graft; pharmacotherapy; anemia; iron deficiency; iron overload

1. Introduction

Iron Fe2+/Fe3+ is the most abundant transition metal in the human body, and it plays
an important role in the growth of the organism, energy metabolism and several physio-
logical processes [1]. The iron content of the body normally reaches about 3 to 4 g, and
exists mainly in the form of hemoglobin, iron-containing proteins (catalase, cytochromes,
myoglobin) and transferrin-bound iron and is stored in the form of hemosiderin and ferritin.
Iron is absorbed in the intestine, circulates in blood and cells and is stored mostly in the
bone marrow, liver or spleen. The element is lost in shed skin cells, sweat and in the
intestine. Menstrual iron loss leads to lower iron stores in women in comparison to men,
and therefore women are more prone to become iron deficient [2–4]. Iron can also exhibit
toxic effects on cells by catalyzing the reaction of free radical formation [1]. Moreover, iron
plays a role in immune modulation, the mechanism of ischemia-reperfusion injury, and in
the regulation of organ and graft functions [5].

Iron overload or anemia and iron deficiency are the result of impaired iron metabolism,
in which a number of proteins, such as hepcidin and hemojuvelin, take part [1].

Iron deficiency occurs more commonly in individuals with renal, lung and cardiac
transplants, while iron overload is more frequent in patients with hepatic transplantation [1,6].
Iron overload is related to poor prognosis in end-stage kidney and liver failure [5]. On the
other hand, anemia and iron deficiency are connected with poor prognosis in patients with
end-stage heart failure [5]. Moreover, iron deficiency prior to liver transplantation may be
even a prognostic factor for the length of intensive care unit stay after operation [7].

Renal disease in the end-stage has also been stated to be associated with hyperferritine-
mia and the hepatic accumulation of iron [8], and before the introduction of erythropoiesis-
stimulating agents in the recipients of renal graft, the iron overload frequency was about
28%. Either phebotomy or iron chelatation may be considered in these cases [5].
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End-stage heart, liver and kidney diseases, and also chronic inflammatory conditions
after organ transplantations, are often complicated by the anemia of chronic disease, when
high hepcidin levels and proinflammatory cytokines lower iron delivery to the bone marrow
cells and inhibit red blood cell production [5]. These effects may be associated with the
interaction of hepcidin with ferroportin, taking part in the move of iron from the enterocytes
to the blood. Hepcidin causes the internalization and degradation of ferroportin, which
can lead, among other things, to the effect of “trapped iron in macrophages”.

When we consider the liver as a central store for iron in the body and the place where
hepcidin is secreted as a result of increased plasma transferrin saturation and proinflam-
matory signals, the impact of liver diseases on iron turnover will be more significant. It is
known that low transferrin as well as high ferritin levels are related to a worse outcome in
patients with acute forms of liver failure [9]. In turn, chronic liver disease with reduced hep-
atocyte mass leads to the attenuated production of hepcidin and the augmented storage of
iron in hepatocytes [5]. Nevertheless, in hereditary hemochromatosis, liver transplantation
normalizes the secretion of hepcidin, preventing the regression of iron overload [10].

Perioperative challenges in transplantology, which are critically driven by iron, in-
clude such procedures as the selection of patients for transplantation, the management
of immunosuppression, and the preservation of the function of graft prior to and after
transplantation. Moreover, Schaefer et al. [5] suggest an active management of the status of
iron in patients in the periprocedural period.

Disturbed iron metabolism in transplant recipients is often multifactorial. Causes
should be found in the blood loss after transplantation, inflammatory processes, viral and
microbial infections and drugs taken by those patients, especially immunosuppressive ther-
apy (Table 1). Incorrect iron metabolism may cause a higher risk of anemia complications
(Figure 1). Anemia may also increase the risk of cardiovascular events in the case of chronic
kidney disease and in renal graft recipients, due to having an estimated similar glomerular
filtration rate [11]. Anemia may also lead to death in organ recipients, as cardiovascular
disease is the main cause of death in renal transplant individuals [12,13]. Moreover, anemia
itself is related to an increased death rate in recipients of renal graft [14,15]. It is also
important to underline the impact of inflammation prior to and after transplantation on
iron absorption and homeostasis, because in inflammatory conditions serum iron may be
low, transferrin saturation may be reduced, and the production of hepcidin is induced
by the proinflammatory cytokines. Chronic inflammatory conditions are also related to
macrophage iron accumulation [5].

Table 1. The link between pharmacotherapy commonly used in transplantology and anemia.

Drug Model Link with Anemia Data Source

In vitro

Acetylsalicylic acid Pharmaceutical interaction
Formation of drug–iron complexes
(further study needed to assess the

biological significance)
Zhang et al. [16]

Pharmaceutical interaction Acetylsalicylic acid may chelate
endogenous hepatic iron Schwarz et al. [17]

Cell cultures

Acetylsalicylic acid
Microglial cells under

inflammatory conditions

Downregulation of hepcidin by
inhibition of NF-κB and

IL6/JAK2/STAT3 pathways
Li et al. [18]

Microglial cells under
inflammatory conditions

Negative effect on cell iron contents
under ‘normal’ conditions, potential

to partly reverse iron imbalance
under inflammatory conditions

Xu et al. [19]
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Table 1. Cont.

Drug Model Link with Anemia Data Source

Bovine pulmonary artery
endothelial cells

Aspirin at low antithrombotic
concentrations induced the synthesis

of ferritin protein in a time- and
concentration-dependent fashion

Oberle et al. [20]

Simvastatin
HepG2 cell line (human liver

carcinoma cell line)

Simvastatin significantly
suppressed the mRNA expression of

hepcidin
Chang et al. [21]

Vitamin C
HepG2 cell line (human liver

carcinoma cell line)
Vitamin C directly inhibits hepcidin

expression Chiu et al. [22]

Animal model

Sirolimus Healthy rats Microcytosis and polyglobulia Diekmann et al. [23]

Mice Export-dependent iron-loss on
cellular level Bayeva et al. [24]

Pravastatin Rat model of cholestasis

Pravastatin raised liver iron content
by modulation of heme catabolism

and an increase in hepatic iron uptake
and storage capacity.

Kolouchova et al. [25]

Acyclovir Rats Acyclovir binds endogenous
and exogenous iron Müller [26]

Propranolol Rats Reduction of cardiac tissue iron
uptake Kramer et al. [27]

Human model

Sirolimus Heart transplant patients Anemia of chronic disease and
functional iron deficiency McDonald et al. [28]

Renal transplant patients Anemia, red blood cell microcytosis Sofroniadou et al. [29]

Renal transplant patients Anemia Maiorano et al. [30]

Renal transplant patients Anemia due to defective IL-10
dependent inflammatory regulation Thaunat et al. [31]

Everolimus Renal transplant patients Anemia, microcytosis Sánchez Fructuoso et al.
[32]

Liver transplant patients Anemia Masetti et al. [33]

Cyclosporine Liver transplant patients Anemia Masetti et al. [33]

Liver transplant patients

Hemolytic anemia (microangiopathic
hemolytic anemia—MAHA) related

to injury of microvascular endothelial
cells and apoptosis

Kanellopoulou et al. [34]

Cyclosporine/
Sirolimus/
Steroids

Renal transplant patients

Cyclosporine withdrawal followed by
sirolimus immunotherapy resulted in

significantly less anemia than
sirolimus-cyclosporine-steroids

therapy

Friend et al. [35]

Tacrolimus
Liver and renal transplant

patients

Hemolytic anemia (microangiopathic
hemolytic anemia—MAHA) related

to injury of microvascular endothelial
cells and apoptosis

Kanellopoulou et al. [36]

Prednisone Renal transplant patients

Pro-erythropoietic,
steroid therapy may reduce the
severity of anemia in the early

post-transplant period

Al-Uzri et al. [37]
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Table 1. Cont.

Drug Model Link with Anemia Data Source

Mycophenolate mofetil Renal transplant patients Megaloblastic anemia Al-Uzri et al. [37]

Liver transplant patients Anemia Al-Uzri et al. [37]

Enalapril Renal transplant patients Anemia Vlahakos et al. [38]

Renal transplant patients Anemia Graafland et al. [39]

Sulfamethoxazole and
trimethoprim

Single patient Drug-induced immune hemolytic
anemia

Frieder et al. [40]
Arndt et al. [41]

Single patient
Drug-induced immune hemolytic

anemia with antibodies to both
substances

Arndt et al. [42]

Single patient Hemolytic anemia Chisholm-Burns et al. [43]

Ketoconazole,
fluconazole

- - No data

Azathioprine Post-kidney transplantation
Serum iron and serum transferrin

saturation increased significantly. No
evidence of hemolysis

Habas et al. [44]

Azathioprine Post-liver transplantation Modulation of purine metabolism Maheshwari et al. [45]

Azathioprine and
prednisolone

Single patient Successful management of idiopathic
pulmonary hemosiderosis Willms et al. [46]

Basiliximab - - No data

Thymoglobulin - - No data

Rituximab

Amlodipine
Patients with thalassemia

major
Amlodipine decreases iron overload

and reduces ferritin levels Fernandes et al. [47]

Acetylsalicylic acid
A representative cohort of

community-dwelling subjects

No association between aspirin use
and reduced serum iron or iron

saturation

Hammerman-Rozenberg
et al. [48]

Males and females infected or
not infected by H. pylori

No effect of low-dose aspirin use on
ferritin levels (in males); lower ferritin

levels in H. pylori infected subjects
using aspirin, compared with both

uninfected and infected non-aspirin
users (in females)

Kaffes et al. [49]

Elderly
participants

Aspirin use is associated with lower
serum ferritin Fleming et al. [50]

Postmenopausal women 19% lower mean serum ferritin in
aspirin users than in non-users Liu et al. [51]

NSAIDs (loxoprofen,
diclofenac, ampiroxicam,

naproxen, etodolac)

Patients
undergoing chronic

hemodialysis

The use of non-aspirin NSAIDs may
increase the risk of iron deficiency Wang et al. [52]

Fluvastatin
Dyslipidemic end-stage renal

disease patients with renal
anemia

Fluvastatin treatment decreased
high-sensitive C-reactive protein
(hs-CRP) and serum prohepcidin
(prohormone of hepcidin) levels

Arabul et al. [53].

Simvastatin
End-stage renal disease

patients with renal anemia

Simvastatin did not significantly
change the serum prohepcidin, hs-

CRP, or IL-6 concentrations
Li et al. [54]

Valgancyclovir - - No data
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Table 1. Cont.

Drug Model Link with Anemia Data Source

Allopurinol
Patient with chronic kidney

disease Aplastic anemia Kim et al. [55]

Metformin
Patients treated with

metformin Reduction of vitamin B12 Liu et al. [56]

Figure 1. Key enzymes in iron metabolism in human body.

The purpose of this article is to analyze the available data on iron metabolism in
transplant patients, with a special emphasis on the influence of pharmacotherapy on iron
management in transplantology.

2. Iron Homeostasis

Due to the lack of physiological excretion mechanisms, the iron content in the body
depends on the homeostasis of the metal, which is a result of the absorption of iron in
the intestines and the release of iron from red blood cells, which is regulated by specific
proteins. It is also important to underline that iron absorption can be affected by gut
microbiota or the pH of the colon contents, which may also depend on several factors such
as age, ethnicity, geography and even lifestyle. Moreover, inflammatory bowel disease may
also impair iron absorption [57]. The key proteins involved in iron metabolism are, among
others, transferrin, soluble transferrin receptor (sTFR), ferritin, ferroportin, hepcidin and
hemojuvelin (Figure 1) [10].

Hepcidin is a peptide hormone and an acute phase protein. It is produced in the
liver and plays a role as a key regulator of iron homeostasis. Its secretion is augmented
by inflammation and iron loading [11]. It causes the downregulation of the absorption of
iron and the release of recycled hemoglobin iron from macrophages. A high hepcidin level
is associated with reduced absorption of iron in the intestine. The binding of hepcidin to
ferroportin, a cellular iron export pump, leads to its degradation. The ineffective function
of hepcidin may cause the manifestation of human hemochromatosis disorders. Normally,
increased iron availability increases the expression of hepcidin. Hepcidin interacts with
a transmembrane protein ferroportin and is responsible for the process of absorption,
storage and the distribution of the element in human body [58]. The secretion of hepcidin is
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regulated by iron, which in turn regulates the concentration of ferroportin, thus contributing
to iron homeostasis. Moreover, during pregnancy, hepcidin regulates the transfer of the
iron across the placenta to the fetus [11].

The overexpression of hepcidin leads to severe iron deficiency anemia, causing death
within a few hours after birth in transgenic mice [59]. An increased hepcidin level has been
found in kidney and heart transplant recipients [60,61]. The augmented level of hepcidin
observed by Przybyłowski et al. [62] in patients with heart failure was associated with
compromised erythropoiesis contributing to anemia.

High hepcidin concentrations are also present in dialysis patients [63]. This, in turn,
may be consistent with findings that they frequently develop iron deficiency [5,64]. Iron
storage in the body and inflammation raise the level of hepcidin, while hypoxia and
increased erythropoiesis contribute to a reduced expression of hepcidin, leading to an
increased absorption of iron. Hepcidin deficiencies can lead to hemochromatosis, which
involves the excessive accumulation of iron in tissues [1,58,59].

Additionally, hemojuvelin plays a significant role in the homeostasis of iron. This
protein is a hepcidin regulator which signals to promote the expression of hepcidin. Hemo-
juvelin bound to membrane inhibits iron absorption in the gut through the promotion of
hepcidin synthesis [65]. Mutations in several genes encoding hemojuvelin may also cause
iron loading syndromes, resembling hepcidin deficiency [66].

Another peptide, transferrin, delivers iron to cells that require it, mainly to red blood
cell progenitors. The bone marrow acquires iron for the production of red blood cells, from
macrophages that collect iron from recycled red blood cells. The rest of the iron is stored in
the cytosolic iron storage protein, ferritin, in hepatocytes. After the secretion of ferritin into
the plasma, it constitutes body iron stores [5,11].

Ferroportin is an iron transporter, which is important during the absorption of iron in
intestines and its release from cells. Other cells taking part in iron homeostasis, e.g., duode-
nal enterocytes, hepatocytes, placental cells and macrophages, also contain ferroportin. The
internalization and degradation of ferroportin caused by hepcidin leads to iron trapping
within the cells [67].

The inactivation of the murine ferroportin gene by Donovan et al. [68] caused the
accumulation of iron in hepatocytes, enterocytes and macrophages. Moreover, the inac-
tivation of intestinal ferroportin also explained its contribution to the absorption of iron
in the intestine. The global inactivation of ferroportin led to early failure in embryonic
development, while the inactivation of ferroportin only selectively in the postnatal intestine
caused severe iron deficiency, which could be compensated only by the delivery of iron
parenterally. The study by Donovan et al. also confirmed that ferroportin is the main iron
exporter that is crucial in iron turnover, not only in epithelial cells, but also in iron-recycling
macrophages and hepatocytes.

As shown by Nemeth et al. [59], the cellular iron level depends more on the export
of iron from cells by ferroportin than the availability of iron undergoing cell influx. The
elevated expression of ferroportin in iron deficiency should secure the augmented absorp-
tion of iron in the intestine, respecting the fact that iron absorption from the gut can be also
influenced by age, gut condition and microbiome, and can also cause effective regaining
of the iron that was transferred to the intestinal epithelium from plasma. The study by
Donovan et al. [68] also confirmed that ferroportin is the main iron exporter that is crucial
in iron turnover, not only in epithelial cells but also in hepatocytes and in iron-recycling
macrophages. The trapping of iron in these cells together with impaired iron absorption
deepens the anemia.

sTFR is a protein found on the surface of the cell membrane responsible for the binding
of transferrin, a process that regulates the delivery of iron to cells. Then, the liberation of
iron from the cells (enterocytes or macrophages) takes place with ferroportin. Since sTFR is
not an acute phase protein, its study is an alternative to ferritin in cases of the occurrence
or suspicion of chronic disease. When assessing iron homeostasis, it is also important to
specify parameters such as TIBC, total iron binding capacity (measured or calculated on the
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basis of transferrin concentration), and TSAT, which means transferrin saturation calculated
on the basis of iron concentration and TIBC [1,2,69]. Summing up, iron uptake requires
protein transferrin receptor 1 (TfR1), whereas iron liberation needs protein ferroportin 1
(Fpn1) and iron storage requires ferritin [19].

In iron overload, decreased ferroportin expression leads to an increase in iron loss
thanks to the elevation of the iron content, which is accumulated by old enterocytes
undergoing excretion to the gut lumen. This seems to be an important mechanism of
iron regulation as neither the liver nor kidney had mechanisms of iron removal [68]. Iron
overload may be a result of mutations in some genes responsible for iron homeostasis
(hereditary hemochromatosis), and may be due to refractory anemias, chronic liver diseases,
chronic transfusions [70] and eventually some transplantations [1]. Beta thalassemia and
sideroblastic anemia classified as “iron-loading” refractory anemias are connected with
ineffective erythropoiesis, erythroid hyperplasia and the excessive absorption of iron [70].

3. Redox Activity of Iron

Iron is a transition element which belongs to the d-block and exists in biological
systems in oxidation states +2 (ferrous), +1 (ferric) and +4 (ferryl). It binds to several
ligands, thanks to its unoccupied d orbitals. Among iron ligands are the atoms of nitrogen,
oxygen and sulfur. Iron may change the biological redox potential as well as the electronic
spin state, depending on the ligand [71].

The redox status of the graft implicated by iron remains an important factor in the
general assessment of the organ prior to the procurement as well as after transplantation. It
is known that highly reactive iron may worsen the whole outcome, as it is crucial in the
ischemia-reperfusion injury after being released from cells in response to ischemia. There-
fore, it has been already well documented that the chelation of iron, e.g., with deferoxamine,
is favorable due to the reduction of ischemia-reperfusion injury [5]. Fe2+ enters the Fenton
reaction and catalyzes the conversion of H2O2 into cell-toxic radicals, mostly OH· and
OH−. There is a correlation between the available amount of Fe2+ and lipid peroxidation
in the liver mitochondrium and microsomes induced by free radicals [72,73]. Moreover, the
pulmonary fibrosis is a result of the accumulation of Fe2+ on the fiber surface, acting as a
Fenton reaction catalyzer [46]. The risk of adverse redox reactions of free iron is increased
in individuals suffering from iron overload, and is also connected with an enhanced risk of
infection [70].

4. Iron and Immune System

The transplantation of a solid organ is a cause of the activation of the immune system,
the intensity of which is a result of iron status. The consequent activation of T-cells is
attenuated by iron [5]. It has been stated that individuals with iron deficiency anemia may
have decreased IgG levels, interleukin 6 (IL-6) and phagocytic activity, and that there is a
significant positive correlation between serum level of iron and IL-6 [74].

The process of T-cells’ activation, proliferation and differentiation is mediated through
RAS, NF-kappaB and the calcineurin pathway, which are activated by the so called “im-
munological synapse” formed by CD3, CD71, TfR and the T-cell receptor. The decreased
activation of the immune response in iron deficiency is because of attenuated IL-2 levels
and CD3 expression. Thus, iron is crucial for the proliferation and differentiation of T-cells.
Moreover, a blockade of anti-CD71 antibodies may attenuate T-cell activation due to iron
chelation. Similarly, iron deficiency is also connected with reduced CD28 expression, which
is also involved in RAS, NF-kappaB and calcineurin pathways [5]. It is also important to
underline that the RAS pathway has been found to have the potential to suppress hepcidin
expression [5,75].

Iron deficiency diminishes the cellular immune response, whereas iron overload
impairs the function of macrophages [5], which remains consistent with the observation of
Das et al., according to whom significantly lower levels of CD4+ T-cells as well as reduced
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CD4:CD8 ratios have been observed among children with iron deficiency. These effects
may be improved after iron supplementation [76].

Inflammation suppresses erythropoiesis due to the sequestration of iron from ery-
throid precursors. It reduces the flow of iron into the circulation, where it can be used
by erythroblasts thanks to the binding of TfR1 with transferrin, which leads to anemia in
chronic inflammation [67]. The induction of hepcidin by proinflammatory cytokines during
inflammation causes a decrease in blood iron level, which is known as hypoferremia of
inflammation [59].

Both iron deficiency as well as iron overload are connected with impaired activation
of the immune system. Hyperferritemia is also observed in inflammatory conditions, with
accompanied lowered transferrin saturation and low serum iron. High intracellular iron
in red blood cells may impact their immune-effector properties, and these cells undergo
recycling by macrophages. The accumulation of iron in macrophages occurs in chronic
inflammation and correlates with an impaired role as an immune effector [5]. Additionally,
IL-6 is necessary in the process of hepcidin synthesis in inflammation [1].

Additionally, ferritin, which is a cellular iron storage protein, may be affected by
inflammation processes in the body. It is an acute phase protein, which means that its level
increases due to inflammation or in the course of various autoimmune and inflammatory
diseases, as well as chronic infections [2].

According to Attia et al. [77], there is a difference in the level of appropriate mature
or immature T-lymphocytes between individuals with iron deficiency anemia and control
subjects. Children with iron deficiency anemia had significantly higher levels of immature T-
cells CD1 a(+) as well as lower levels of mature T-lymphocytes CD4(+) and T-lymphocytes
CD8(+) when compared to the control, indicating a defect in T-cell maturation in iron
deficiency anemia patients.

5. Iron and Infections

It is also important to underline the involvement of microorganisms in iron home-
ostasis in the human body, since biochemical pathways utilized by many pathogens may
interfere with iron turnover, causing interactions with drugs and becoming an additional
factor that may lead to pharmacotherapy failure in transplant patients.

Iron is a key element for the human body and also for microorganisms, being a good
redox catalyst for processes such as DNA replication and respiration. On the other hand,
its redox potential is also responsible for its toxicity. The pathogens may cause disease after
overcoming the so-called nutritional immunity, which is a process of limiting the access
to iron by the immune system [70]. Hypoferremia is supposed to increase the resistance
of the host organism to microbial infection; on the other hand, it may lead to anemia of
inflammation [59].

Iron is an important nutrient for many human bacterial pathogens, which have devel-
oped different mechanisms of iron’s acquisition such as the production of iron transporters,
siderophores (small ferric iron chelators capable of binding iron), heme acquisition sys-
tems, and receptors for transferrin and lactoferrin. Siderophores may compete with host
transferrin that also binds iron, by binding iron with very high association constants [70].
Siderophores have the ability to take up other iron-chelating substances, so it is impor-
tant to take into consideration that the treatment of iron overload with such molecules as
desferrioxamine may be connected with the increased risk of infection [78]. Siderophores
are produced by Escherichia coli, Staphylococcus aureus, Bacillus anthracis and Legionella
pneumophila [79].

Other mechanisms responsible for iron acquisition by pathogenic microbes are heme
uptake systems from erythrocytes. This strategy is used, among others, by Haemophilus in-
fluenzae, which is incapable of endogenous heme biosynthesis, Pseudomonas aeruginosa, Pseu-
domonas fluorescens, S. aureus, Yersinia pestis and Yersinia enterocolitica. Moreover, pathogens
also developed iron acquisition mechanisms involving transferrin/lactoferrin receptors.
These are Neisseria meningitides [70,80].
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Predominantly, intracellular bacteria try to acquire iron from macrophages. Mycobac-
terium tuberculosis, after being phagocytosed by alveolar macrophages, obtains host iron.
Additionally, pathogenic fungi have developed different mechanisms for the acquisition of
iron from host tissues, such as uptake mediated by siderophores, reductive uptake, and
heme acquisition [70]. Saccharomyces cerevisiae, Cryptococcus neoformans and Candida albicans
contain ferric reductases. In the process of ferric reduction to ferrous iron, the element
shifts from the host molecules that chelate it into the fungal cell. Many pathogenic fungi
produce siderophores (Blastomyces dermatitidis, Histoplasma capsulatum, Aspergillus spp. and
additionally Rhizopus spp.) [81]. The heme uptake is also needed for the growing of C.
albicans, C. neoformans, and H. capsulatum [70].

Many viruses, such as human immunodeficiency virus (HIV), hepatitis B virus (HBV),
hepatitis C virus (HCV), parvovirus B19 and Epstein–Barr virus, can interfere with myelopoiesis
and cause aplastic anemia [82,83]. Parvovirus B19 causes anemia by replicating in erythroid
precursors, which proliferate and lead to red blood cell aplasia due to the induction of
apoptosis in their precursors [84]. Similarly, Epstein–Barr virus is thought to cause anemia
by infecting bone marrow progenitor cells [71].

6. Pharmacotherapy and Iron Turnover in Transplant Patients

The course of iron metabolism can be influenced by the pharmacotherapy. Taking into
consideration that pre- and post-transplant patients have to pharmacologically maintain
appropriate immune responses, antimicrobial resistance and good graft parameters should
avoid the worsening of many other coexisting illnesses; they use various drugs from many
different pharmacological groups that often interfere with mechanisms responsible for iron
turnover, and may lead to the occurrence of anemia or iron overload.

The use of pharmacotherapy may influence, among other things, the action of hepcidin,
transferrin and ferritin and may lead to the chelation of iron or a change in iron’s disposition
in the human body. The complex evidence for the link between pharmacotherapy used by
transplant patients, iron metabolism and anemia has not been studied so far, probably due
to a lack of systematic data. Our analysis is presented in Table 1.

It may be possible that certain drugs will directly interact with iron. So-called pharma-
ceutical interactions between drugs and iron may lead to the formation of complexes that
limit the availability of free iron. This is in the case for acetylsalicylic acid [16,17]. Antivi-
ral drugs also have influence on iron turnover, by binding to endogenous or exogenous
iron [26].

Drugs may also impact the level of key proteins involved in iron turnover. Reports
from studies on cell cultures reveal that acetylsalicylic acid also has the potential to decrease
the level of hepcidin and induce the production of ferritin [18,20]. Similarly, simvastatin as
well as vitamin C may suppress the expression of hepcidin in cell cultures [21,22].

Cellular iron levels can be affected by immunosuppressive drugs. Data on animal
models show that sirolimus may contribute to iron loss on a cellular level [24], which also
seems important in cases of human models where the use of sirolimus was correlated with
functional iron deficiency and anemia [28,29,85,86]. Similarly, therapy with everolimus and
tacrolimus has been found to be associated with the occurrence of anemia [32]. Additionally,
cyclosporine may contribute to anemia, as has been stated regarding the liver and lung in
transplant patients [34]. Sirolimus, by its mechanism of immunosuppression, blocks the
IL-2 post-receptor signals mediating T-cell proliferation, having the ability to bind to the
mammalian target of rapamycin and arrest the progression of the cell cycle between the
G1 and the S phase [86]. The study of Thaunat et al. indicated that anemia in sirolimus
therapy is associated with low serum iron levels, inflammatory states and high serum
ferritin levels [31]. Some authors demonstrated that sirolimus-induced anemia occurs
due to its direct impact on the homeostasis of iron [30]. On the other hand, introducing
prednisone may attenuate the severity of anemia in individuals after renal transplantation.
Additionally, treatment with mycophenalate mofetil was associated with the occurrence of
anemia in both rena and liver transplant patients [37].
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Iron uptake is also a process that can often be influenced by pharmacotherapy. The
significant finding by Kramer et al. [27] in an animal model could also be of interest in
the case of heart transplantology in patients taking propranolol, as it may reduce iron
uptake by cardiac tissue in rats. Regarding statins, pravastatin increases iron uptake in
the liver [25] while fluvastatin treatment may decrease serum levels of hepcidin prohor-
mone (prohepcidin) [53]. On the other hand, simvastatin has a minor influence on serum
prohepcidin levels, hs-CRP or IL-6, which also take part in iron turnover [54].

The non-specific way in which drugs impact iron turnover can be observed in cardiac
and dialysis patients. In renal transplant patients, the use of enalapril was associated with
anemia [38]. Another hypertensive drug, amlodipine, was reported to decrease iron over-
load and to reduce ferritin levels in patients with thalassemia major [47]. Nonsteroidal anti-
inflammatory drugs (NSAIDs) (loxoprofen, diclofenac, ampiroxicam, naproxen, etodolac)
are supposed to increase the risk of iron deficiency in chronic hemodialysis patients, ac-
cording to Wang et al. [52]. However, acetylsalicylic acid in a representative cohort did
not affect serum iron or iron saturation [48]. Nevertheless, treatment with acetylsalicylic
acid was related to lower serum levels of ferritin in a group of elderly subjects [50], in
postmenopausal women [51], as well as in H. pylori infected subjects [87]. Azathioprine
was reported by Habas et al. [44] to cause an increase of serum iron and serum transferring
saturation in post-kidney transplantation.

Drug-mediated protein expression may be also involved in iron homeostasis. Ac-
cording to Mleczko-Sanecka et al. [75], the suppression of hepcidin is strongly related to
mTOR signaling, since the inhibition of the mTOR kinase with rapamycin may lead to a
strong activation of the expression of hepcidin mRNA. Successful treatment of the anemic
state by intravenous iron, with simultaneous failure of oral therapy, may suggest that the
reason is a hepcidin-mediated reduction of iron absorption from diet [75]. Rapamycin
and cycloheximide act by blocking protein synthesis, but cycloheximide may impair the
process of translation faster in comparison to rapamycin [49]. Interestingly, in the presence
of cycloheximide acting as a translation elongation inhibitor, ferroportin remained on the
cell surface while only hepcidin impaired the functioning of ferroportin by causing its
internalization [59].

Drugs may also take part in the regulation of iron homeostasis, by modifying the
effectiveness of the iron transfer according to the needs of the cell, in the case of restricted
iron availability, which is supposed to occur in the mTOR pathway. It is supposed that
the mTOR target, tristetraprolin (TTP), may alter the level of TfR1 [88]. Mice treated with
rapamycin mediated mTOR inhibitors exhibited augmented levels of TTP and reduced
levels of TfR1. This resulted in increased levels of iron and ferritin, with a reduction of
cellular iron uptake [24]. It has been also confirmed by Przybyłowski et al. [89] that the
treatment of heart transplant recipients with mTOR inhibitors was related to increased
concentrations of circulating hepcidin, which may be a reason for the observed lower
hemoglobin levels.

7. Pharmacotherapy and Different Types of Anemia in Transplant Patients

Post-transplant anemia is multifactorial. Iron deficiency anemia, on which we focus,
is the most common cause of anemia in the world. Some drugs cause anemia in the iron
deficiency pathway (Table 1). Other drugs affect red blood cells by causing different types of
anemia: megaloblastic anemia, aplastic anemia, hemolytic anemia, thrombocytopenia and
agranulocytosis [90] (Figure 2). Finally, it has to be taken into consideration that the activity
of several drugs may be also driven by inflammatory conditions that may additionally
complicate pharmacotherapy prior to and after organ transplantation.
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Figure 2. Correlation between pharmacotherapy and anemia.

7.1. Megaloblastic Anemia

Megaloblastic anemia is a disease in which an unproductive hematopoiesis occurs,
usually from a deficiency of folic acid and/or vitamin B12 as well as from a metabolic
deficiency [91]. This type of anemia can be caused by drugs via decreasing the absorption
of folic acid, having folate analogue activity, interfering with pyrimidine synthesis, modu-
lating purine metabolism, decreasing the absorption of vitamin B12 or destroying vitamin
B12 [92,93]. Among these drugs are sulfonamides. They are structurally related to para-
aminobenzoic acid, and are its competitive antagonists. Bacteria need para-aminobenzoic
acid for the formation of dihydrofolic acid, which is required for the synthesis of folic acid.
Folic acid is a substrate for nucleic acid synthesis. Sulfonamides are not toxic to human
cells, as they utilize folic acid from the diet, but the long-term use of sulfonamides may
cause metabolic deficiency that can result in megaloblastic anemia [94]. Trimetoprim, on the
other hand, inhibits the reduction of dihydrofolic acid to tetrahydrofolic acid by binding to
dihydrofolate reductase. Tetrahydrofolic acid is then needed for the synthesis of thymidine,
and the inhibition of this pathway impairs bacterial DNA synthesis (Figure 3). In this way,
co-trimoxazole therapy (sulfamethoxazole and trimethoprim) inhibits two related reactions
which are crucial for microorganisms [95].
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Figure 3. Mechanism that may lead to megaloblastic anemia, due to structural similarity between
bacterial and human dihydrofolate reductase.

Methotrexate is used for the treatment of leukemias and lymphomas, for auto-immune
diseases such as rheumatoid arthritis, and in transplant patients for immunosuppression
and for inhibition of inflammation [96,97]. In the context of anemia, it is important to
underline that human and bacterial dihydrofolate reductases are structurally similar, and
their impairment in mammalian cells may cause megaloblastic anemia (Figure 3).

Phenytoin belongs to anticonvulsant drugs and is used for the treatment of various
types of seizures. It may increase the pH in the small intestine and impair the intestinal
conjugate activity, leading to decreased intestinal absorption of folates. It directly competes
with folates for their uptake sites. Moreover, phenytoin may reduce the activity of folate
inter-converting enzymes and increase the activity of enzymes that catabolize folates.
Because of this, and additionally by inhibiting central appetite centers, the drug may cause
folate deficiency [98].

Azathioprine, an immunosuppressive drug used for the treatment of rheumatoid
arthritis, Crohn’s disease, ulcerative colitis and, in transplantology, as a prevention of
kidney transplant rejection, inhibits converting reactions among the precursors of purines
and suppresses the synthesis of purines [99]. This may result in a deficiency of erythroid
precursors from the bone marrow [100]. Similarly, mycophenolate mofetil is another purine
synthesis inhibitor. This drug, used in transplantology to prevent graft rejection, impairs
the synthesis of purines by blocking the inositol monophosphate dehydrogenase [101].
Nitrous oxide, an inhalatory gas used in anesthesia, may impair the conversion of the
reduced form of vitamin B12 to the oxidized form, and thus may also lead to megaloblastic
anemia. Since methionine synthase utilizes vitamin B12 in a reduced form (methylcobal-
amin) in order to transform homocysteine to methionine, and in mitochondria vitamin B12
in the oxidized form (5′-deoxyadenosylcobalamin) is needed for the conversion of methyl-
malonylcoenzyme A (CoA) to succinyl CoA, nitrous oxide may lead to the impairment
of methylation reactions and DNA synthesis [102]. On the other hand, drugs that have
an impact on vitamin B12 absorption are neomycin, metformin, aminosalicylic acid and
colchicine, but the risk of inducing megaloblastic anemia by them is rather low [56].
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7.2. Aplastic Anemia

There are two classes of aplastic anemia: inherited and acquired aplastic anemia.
Acquired aplastic anemia may be induced by chemical exposure, viral infections, exposure
to radiation and drugs [103]. Aplastic anemia induced by drugs involves the generation of
intermediate metabolites, binding to proteins and DNA, which causes toxic effects on bone
marrow and hematopoietic cells (carbamazepine, captopril, furosemide, thiazides, sulfon-
amides, chlorothiazide and lisinopril) [104]. Additionally, immune-mediated mechanisms
as well as direct toxicity may be involved in drug-induced acquired aplastic anemia [105].
Angiotensin converting enzyme inhibitors (ACEIs) such as lisinopril or captopril may have
an impact on the production of erythropoietin (EPO) and cause its inhibition, while an-
giotensin II is known to augment the proliferation of erythroid progenitors [105]. Moreover,
carbamazepine, an anticonvulsant used for the treatment of epilepsy and pain associated
with neuralgia, exhibits many side effects which include hematopoietic disorders, such as
aplastic anemia. Since the mechanism of these side effects has not been explained so far,
the involvement of some toxic effects or allergic reactions has been postulated [106,107].

7.3. Hemolytic Anemia

Hemolytic anemia in the drug-induced form may be mediated by metabolic abnor-
malities in red blood cells, as well as by the production of antibodies. The specific form
of anemia called oxidative hemolytic anemia may be caused by glucose-6-phosphate de-
hydrogenase deficiency, reduced activity of methemoglobin reductase and glutathione
peroxidase. Drugs that may induce oxidative hemolytic anemia are nitrofurantoin, sul-
facetamide, metformin or ascorbic acid [93], tacrolimus, ciprofloxacin, ceftriaxone and
omeprazole. The mechanism may be due to drugs attaching to the surface of red blood
cells, resulting in hemolysis. Moreover, drugs may induce changes in the red blood cells’
membrane. Another one is the mechanism in which antibodies are developed against
drug complexes. The complexes bind to the surface of red blood cells, and impair their
functionality [108]. Cephalosporins belonging to β-lactam antibiotics are able to interact
with the red blood cells’ membrane. First generation cephalosporins may induce hemolysis
by causing IgG adsorption to the red blood cells’ membrane, which in turn may result in
hemolysis. Ceftriaxone is supposed to induce an immune-complex reaction, where IgM
antibodies against ceftriaxone are involved, leading to erythrocyte destruction [42,109].
Additionally, chloroquine, an antimalarial drug and a second line treatment for rheumatoid
arthritis, as well as nitrofurantoin, an antibiotic used mainly for the treatment of urinary
tract infections, may cause the development of hemolytic anemia when the functionality of
glucose-6-phosphate dehydrogenase (G6 PD) is impaired, thus becoming unable to protect
red blood cells from certain oxidative metabolites and stressors [110,111].

8. Conclusions and Perspectives

Summarizing, anemia caused by drugs directly affecting red blood cells is described
widely in the literature, while the problem of iron metabolism and transplantation has been
mentioned in the literature by several authors to date. Although the metabolic pathways of
iron in the human body are well described, the influence of the transplantation of organs,
as well as perioperative pharmacotherapy, which both seem to affect the homeostasis of
iron in a very diverse way, are not studied enough.

After organ transplantation, iron deficiency occurs often in patients with renal and
cardiac grafts. However, in patients after hepatic transplantation, iron overload is more
common [1]. In most cases, authors reviewed the metabolism of iron in kidney, liver and
heart transplantations, but the current knowledge about iron metabolism in lung graft
recipients and donors is limited. Nevertheless, the overall significance of iron turnover
among patients before and after transplantation seems to have hardly been discussed so far
and surely needs more attention.

Since iron turnover may be impaired by so many factors, more clinical data on drugs
safety related to iron status prior to and after transplantation is needed. This knowledge
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would be helpful in predicting the risk of iron deficiency and overload related to pharma-
cotherapy in transplant patients. Moreover, the course of management of patients with iron
overload seems to remain a challenge, as there are no evidence-based recommendations for
post-transplant patients.
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Abstract: We hypothesized that a rise in the levels of oxidative/nitrosative stress markers and
a decline in antioxidants might take place in systemic and muscle compartments of chronic ob-
structive pulmonary disease (COPD) patients with non-anemic iron deficiency. In COPD patients
with/without iron depletion (n = 20/group), markers of oxidative/nitrosative stress and antioxidants
were determined in blood and vastus lateralis (biopsies, muscle fiber phenotype). Iron metabolism,
exercise, and limb muscle strength were assessed in all patients. In iron-deficient COPD compared to
non-iron deficient patients, oxidative (lipofuscin) and nitrosative stress levels were greater in muscle
and blood compartments and proportions of fast-twitch fibers, whereas levels of mitochondrial
superoxide dismutase (SOD) and Trolox equivalent antioxidant capacity (TEAC) decreased. In severe
COPD, nitrosative stress and reduced antioxidant capacity were demonstrated in vastus lateralis
and systemic compartments of iron-deficient patients. The slow- to fast-twitch muscle fiber switch
towards a less resistant phenotype was significantly more prominent in muscles of these patients.
Iron deficiency is associated with a specific pattern of nitrosative and oxidative stress and reduced
antioxidant capacity in severe COPD irrespective of quadriceps muscle function. In clinical settings,
parameters of iron metabolism and content should be routinely quantify given its implications in
redox balance and exercise tolerance.

Keywords: COPD; non-anemic iron deficiency; nitrosative stress; antioxidant systems; lipofuscin
inclusions; muscle fiber type switch; muscle and systemic compartments

1. Introduction

Patients with chronic respiratory and cardiac disorders, such as chronic obstructive
pulmonary disease (COPD), experience systemic manifestations and comorbidities that
affect different organs other than the lungs and airways, particularly in patients with a
more advanced disease [1,2]. Skeletal muscle weakness and nutritional abnormalities
are encountered among the most prominent manifestations in COPD due to their clinical
implications in disease prognosis, including overall survival and impaired quality of
life [1–3].

The transition metal iron (Fe) is involved in several key cellular processes in mammals.
In humans, iron is mostly found in hemoglobin and myoglobin proteins that are responsible
for oxygen transport in blood and oxygen storage in muscles, respectively. Furthermore,
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iron is also present in the active site of redox enzymes that are involved in important
chemical reactions, such as respiration, oxidation, and reduction within the cells [4–6]. A
minimum iron uptake from the diet is necessary in order to keep the required homeostatic
levels in humans [4–6].

However, in the elderly and in patients with chronic heart and renal failure, the levels
of iron may be severely lowered [7–9]. In patients with COPD, iron depletion has also been
documented in previous investigations [10–14]. In a recent study [15], a potential crosstalk
between systemic and muscle compartments was observed in COPD patients with iron
deficiency. Moreover, lung function and exercise capacity were associated with several
markers involved in the regulation of iron metabolism in the same cohort of patients [15].
Hence, in iron content depletion is common among patients with chronic diseases, including
COPD [10–12,16,17].

Oxidative stress defined as the imbalance between prooxidants and antioxidants in
favor of the former has been shown to induce damage to cells and tissues. Increased
levels of oxidative and nitrosative stress have been consistently demonstrated in the vastus
lateralis muscle of patients with COPD [18–21]. Enhanced proteolysis of major structural
proteins is a relevant deleterious effect of oxidative stress within the myofibers, leading to
muscle atrophy and even sarcopenia in patients with COPD [18–23]. Other mechanisms,
such as apoptosis and autophagy, may also be signaled by high levels of reactive oxygen
species (ROS) within the skeletal muscle fibers [21,24–26]. ROS are generated by different
sources in the cells and skeletal muscle fibers. Moreover, Fenton reactions between iron and
hydrogen peroxide also lead to the formation of the powerful ROS hydroxyl radicals, with
a great potential to oxidize other molecules in cells [27]. Whether variations in the levels
of iron content may also alter the levels of oxidative stress in the muscle fibers of patients
with COPD without anemia warrants further attention. The analysis of whether changes in
iron levels may also influence the muscle phenotype in COPD also remains to be answered.

Iron deficiency anemia has been reliably associated with a rise in oxidative stress
levels in the systemic compartment and the myocardium [28–32]. The levels of antioxidants
were also significantly reduced in patients with iron-deficiency anemia [28,32]. Whether
iron depletion without anemia may also entail an increase in oxidative stress levels in
patients with COPD needs to be thoroughly investigated. On this basis, we hypothesized
that a rise in the levels of oxidative/nitrosative stress markers along with a decline in
antioxidants may take place in the systemic and muscle compartments of COPD patients
with non-anemic iron deficiency. The study objectives were that in non-anemic COPD
patients with and without iron depletion, markers of oxidative and nitrosative stress and
antioxidants were determined in blood and vastus lateralis muscle specimens along with
characterization of the muscle fiber phenotype. Additionally, all the patients were clinically
evaluated, including iron metabolism parameters, and both exercise capacity and limb
muscle strength were also determined. For the purpose of the investigation, two different
experimental groups were recruited: COPD patients with non-anemic iron deficiency and
COPD patients with normal iron content as the control group.

2. Materials and Methods

2.1. Study Population

This was a cross-sectional study, in which forty severe COPD patients were re-
cruited. The Global Strategy of Management of COPD patients (GOLD) was used to
diagnose and classify the patients according to disease severity [33]. Clinical parameters
and dyspnea score (modified medical research council, mMRC) were obtained from all
the participants [34]. All patients were recruited during the years 2018–2021 in the Pul-
monology Department at Hospital del Mar (Barcelona, Spain). The following criteria were
used to define iron deficiency: 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% [16,35].
Iron deficiency without anemia was detected in half of the patients. Hence, on the basis of
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the iron status, patients were subdivided into two different groups: iron deficiency and
non-iron deficiency patients (N = 20/group, respectively, 12 male patients/group).

The current investigation was approved by the Ethics Committee on Human Investiga-
tion at Hospital de Mar (Hospital del Mar-IMIM, Barcelona, project number # 2017/7691/I).
Ethical standards on human experimentation from our institution, the World Medical
Association guidelines (Seventh revision of the Declaration of Helsinki, Fortaleza, Brazil,
2013) [36], and the guidelines established by the International Committee of Medical Journal
Editors (ICMJE) were followed. All the participants signed the informed written consent.

2.2. Exclusion Criteria

The following exclusion criteria were established: (1) acute exacerbations in the last
three months; (2) other chronic diseases with lung and airways implications (e.g., long-term
oxygen therapy, bronchiectasis, asthma); (3) cardiovascular disorders; (4) musculoskeletal
alterations; (5) neurological, metabolic, kidney, chronic liver disease, or uncontrolled psy-
chiatric disorders; (6) obesity (body mass index > 30 Kg/m2); (7) pharmacological treatment
with drugs known to alter muscle structure and/or function including oral corticosteroids;
(8) active oncologic disease; and (9) history of potentially bleeding conditions.

2.3. Clinical Assessment

In all the patients, lung function was measured through conventional spirometry and
references values for a Mediterranean population were taken [37–39]. Anthropometric
evaluation included body mass index (BMI) and fat-free mass index (FFMI), which was
measured using bioelectrical impedance in all the participants [40,41]. The six-minute walk
test was used to determine the exercise capacity in all the patients [42]. The six-minute
walk test was conducted along a 30-m indoor flat corridor with no obstacles. Patients were
encouraged every minute and were allowed to rest if needed to resume the exercise as soon
as they could walk again. The test lasted for six minutes in all the patients independently
of whether they had to stop to rest.

Upper (handgrip) and lower (quadriceps) limb muscle function was evaluated in all
the participants. As such, the maximum voluntary contraction of the flexor muscles was
measured using a specific hand dynamometer (Jamar 030J1, Chicago, IL, USA). Reference
values from Luna-Heredia et al. [43] were used. Quadriceps muscle strength was quantified
through the determination of the isometric maximum voluntary contraction (QMVC)
following standard procedures [44]. Briefly, a fixed handheld dynamometer [MicroFet
2TM, Hoggan Scientific, Salt Lake City, UT, USA] was placed on the tibia and the QMVC
was obtained through the exerted compression force. In both tests, three reproducible
measurements (<5% variability among them) were obtained in each patient. The highest
value out of three maneuvers was selected as the handgrip or QMVC measurements.
Reference values from Seymour et al. [45] were used.

2.4. Blood Samples

After an overnight fasting period, blood samples were drawn from the arm vein of
each patient. Serum specimens were obtained through the centrifugation of blood samples
collected into Vacuette® serum tubes (with clot activator) at 1600× g for 15 min. Serum
samples were immediately stored in the −80 ◦C freezers until further use.

2.5. Muscle Biopsies

As previously described, specimens from the vastus lateralis were obtained using
the open biopsy technique from all the study patients [15,19–21,23]. Muscle samples were
immediately frozen in liquid nitrogen and then stored at −80 ◦C (temperature under alarm
control) for the molecular biology experiments. The second half of the muscle specimen
was immersed in a series of alcohol baths to be thereafter embedded in paraffin. Paraffin-
embedded samples were used for the purpose of the structural analyses carried out on the
muscle specimens from all the patients.
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2.6. Biological Analyses

Systemic iron status. Conventional analytical parameters were analyzed in the systemic
compartment in all the patients: ferritin, transferrin saturation total iron, transferrin, soluble
transferrin receptor, hepcidin, hematocrit, hemoglobin, mean corpuscular (erythrocyte)
volume (MCV), mean corpuscular hemoglobin (MCH), and mean corpuscular hemoglobin
concentration (MCHC).

Hepcidin-25. Levels of hepcidin-25 concentration were quantified in serum samples
using the Human hepcidin (Hepc) ELISA kit (Biorbyt, Cambridgeshire, UK) following the
manufacturer’s instructions and previously described methodologies [14]. In each well
of the hepcidin antibody pre-coated microplate, 50 μL 5-fold diluted serum samples or
standard and 50 μL HRP-conjugate were poured. Samples were then incubated at 37 ◦C for
1 h and were washed three times. Moreover, 50 μL of substrate A and 50 μL of substrate
B were added and incubated at 37 ◦C for 15 min. The enzymatic reaction was stopped by
adding 50 μL stop solution. Absorbance of each sample was read at a 450 nm wavelength
in a plate-reader (Infinite M Nano, Tecan Group Ltd., Zürich, Switzerland). A standard
curve was always generated with each assay run. Intra-assay coefficients of variation (CV)
for all the samples ranged from 0.1% to 11.0%. The intra-assay CV for all the analyzed
markers was calculated as a result of dividing the standard deviation of each replicate
value by its mean, which was then multiplied by 100. Standard curves data and intra-assay
CVs of all kits used in this study are shown in the Supplementary Materials.

Protein tyrosine nitration. Levels of nitrated proteins were analyzed using the Elabscience®

3-NT(3-Nytrotyrosine) ELISA kit (Elabscience, Houston, TX, USA) in the serum samples
of all the patients following standard procedures and previous investigations [14,46].
All reagents were equilibrated at room temperature before the beginning of the ELISA
procedures. Thus, 50 μL 7-fold diluted serum samples and standards were added in the
corresponding wells of the 3-nitrotyrosine antibody pre-coated microplates. 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 samples were then
incubated at 37 ◦C for 30 min. Finally, after five additional washes, samples were incubated
at 37 ◦C with the substrate reagent for 15 more minutes. Following this incubation, enzyme
substrate reaction was stopped by adding the stop solution. Optical densities in each well
were determined by reading the absorbance of the samples at a 450 nm wavelength in a
plate-reader (Infinite M Nano, Tecan Group Ltd., Zürich, Switzerland). A standard curve
was always generated with each assay run. Intra-assay coefficients of variation for all the
samples ranged from 0.27% to 9.81%.

Reactive carbonyls in proteins. The Protein Carbonyl Content Assay Kit (Sigma-Aldrich,
St. Louis, MO, USA) was used to assess the levels of reactive carbonyls in serum samples of
the study patients following standard procedures published in previous reports [47,48]. The
protein concentrations of serum samples in all study patients were determined using the
Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, IL, USA). Samples were diluted
with purified water to a protein concentration of 5 mg/mL. All samples and standards were
run in duplicate. Samples were incubated at room temperature for 15 min with 10 μL of the
10% Streptozocin solution per 100 μL of sample to degrade the remaining nucleic acids of
samples. Following this incubation, samples were centrifuged at 13,000× g for 5 min and
then the supernatant was transferred to a new tube. Afterwards, 100 μL of DNPH solution
was added to each sample and gently vortexed. After an incubation of 10 min at room
temperature, 30 μL of the 87% TCA solution was poured to each sample and gently vortexed.
Samples were incubated with TCA solution on ice for 5 min and then centrifugated at
13,000× g for 2 min. Supernatant was careful removed to not disturbed the pellet and
500 μL of ice-cold acetone was added to each pellet and placed in a sonication bath for
30 s. Subsequently, samples were incubated at −20 ◦C for 5 min and then centrifuged at
13,000× g for 2 min. Acetone were carefully removed from pellet and then 200 μL of 6 M
Guanidine solution was poured to pellet and sonicate briefly. Successively, pellets were
spined briefly to remove any insolubilized material. Then, 100 μL of each sample was
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transferred to the 96-well plate to analyze the levels of serum protein carbonylation and 5 μL
of the remaining sample was used to determine the protein concentration of each sample.
Absorbances were read in each well at a 450 nm wavelength in a plate-reader (Infinite M
Nano, Tecan Group Ltd., Zürich, Switzerland) to detect serum levels of protein carbonyls.
A standard curve was always generated with each assay run. Intra-assay coefficients of
variation for all the samples ranged from 0.24% to 6.43%.

Levels of malondialdehyde-protein adducts. The OxiSelectTM MDA Adduct Competitive
ELISA Kit (Cell Biolabs, Inc., San Diego, CA, USA) was used to quantify the levels of MDA-
protein adducts in serum samples of the study patients following standard procedures as
previously reported [14,49]. Fifty μL serum and MDA-BSA standards were mixed with
the MDA conjugate preabsorbed ELISA plate. 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, 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. The enzyme reaction was stopped by adding 100 μL stop solution
into each well. Absorbances were read in each well at a 450 nm wavelength in a plate-reader
(Infinite M Nano, Tecan Group Ltd., Zürich, Switzerland). A standard curve was always
generated with each assay run. Intra-assay coefficients of variation for all the samples
ranged from 0.13% to 9.74%.

Activity of superoxide Dismutase (SOD). The Superoxide Dismutase Assay Kit (Cay-
man chemical, Ann Arbor, MI, USA) was used to quantify the levels of SOD activity
in serum samples of all the patients following standard procedures that were reported
previously [14,21,49]. Reagents were equilibrated to room temperature before beginning the
assay. Serum samples were diluted 1:5 with sample buffer before assaying for SOD activity.
Subsequently, 10 μL diluted samples, standards, and 200 μL of the diluted Radical Detector
were added in the designated wells on the plates. To initiate the enzymatic reaction, 20 μL
xanthine oxidase was added to the wells. Samples were incubated at room temperature for
30 min and the absorbances were read at 440 nm in a plate-reader (Infinite M Nano, Tecan
Group Ltd., Zürich, Switzerland). A standard curve was always generated with each assay
run. Intra-assay coefficients of variation for all the samples ranged from 0.12% to 8.92%.

Catalase activity. The Catalase Assay Kit (Cayman chemical, Ann Arbor, MN, USA)
was used to analyze catalase activity in the serum samples of all the patients following
standard procedures that had been previously reported [14,21,49]. All reagents were
equilibrated to room temperature before beginning the assay. Briefly, 20 μL samples,
standards, and positive control were diluted in 100 μL assay buffer, which were added to
the corresponding wells. Subsequently, 30 μL methanol was poured into each well and the
reaction took place by adding 20 μL hydrogen peroxide. Following a 20-minute incubation
on a shaker at room temperature, 30 μL potassium hydroxide was added to terminate
the reaction. Subsequently, 30 μL catalase purpald (chromogen) was incubated with the
samples for ten minutes. Finally, 10 μL catalase potassium periodate was incubated with
the samples at room temperature for 5 min and the absorbances were read at a 540 nm
wavelength in a plate-reader (Infinite M Nano, Tecan Group Ltd., Zürich, Switzerland).
A standard curve was always generated with each assay run. Intra-assay coefficients of
variation for all the samples ranged from 0.42% to 9.25%.

Levels of reduced glutathione (GSH). The Human Reduced Glutathione (GSH) ELISA Kit
(MyBioSource, San Diego, CA, USA) was used to determine GSH levels in serum samples
of all the patients following standard procedures that were previously reported [14,46]. All
reagents and samples needed to be equilibrated to room temperature (18–25 ◦C) before
starting the procedure. Briefly, 50 μL 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 μL of chromogen solution A and 50 μL of chromogen solution B were added to
each well. Samples were then incubated at 37 ◦C in the dark for 15 min. Finally, 50 μL of
the stop solution was incubated for five minutes, and the absorbance in each sample was
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read at a 450 nm wavelength in a plate-reader (Infinite M Nano, Tecan Group Ltd., Zürich,
Switzerland). A standard curve was always generated with each assay run. Intra-assay
coefficients for all the samples ranged from 0.06% to 7.78%.

Levels of Trolox Equivalent Antioxidant Capacity (TEAC). The OxiSelectTM TEAC (TEAC
Assay Kit (ABTS) (Cell Biolabs, Inc., San Diego, CA, USA) was used to analyze the total
antioxidant capacity of the serum samples in all the patients following standard procedures
previously reported [14,50]. Briefly, 25 μL of 20-fold diluted serum samples were added
to each well. Subsequently, 150 μL 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 a 405 nm wavelength in a plate-reader
(Infinite M Nano, Tecan Group Ltd., Zürich, Switzerland). 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
0.07% to 5.28%.

2.7. Muscle Redox Markers

Tissue homogenization and protein quantification. Protein homogenates were obtained
from all the frozen muscle specimens following standard procedures [21,51]. Briefly, frozen
specimens of vastus lateralis were mechanically homogenized in specific lysis buffer con-
taining 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 150 mM NaCl,
100 nM NaF, 10 mM Na pyrophosphate, 5 mM EDTA, 0.5%Triton-X, 2 μg/mL leupeptin,
100 μg/mL phenylmethylsulfonyl fluoride (PMSF), 2 μg/mL aprotinin, and 10 μg/mL pep-
statin A using a tissue homogenizer. Samples were kept on ice during the entire procedure.
After homogenization, samples were centrifugated at 3600 rpm, at 4 ◦C for 30 min. Then,
pellets were discarded, and supernatants were aliquoted to further protein quantification.
The Bradford methodologies were used to analyze protein concentration [21,51].

Immunoblotting procedures. Protein samples (5–20 μg, according to antigen and an-
tibody) were diluted 1:1 with 2X Laemmli buffer (Bio-Rad Laboratories, Inc., Hercules,
CA, USA) and 10% of 2-mercaptoethanol (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
The samples were then boiled at 95 ◦C for five minutes to be exposed to electrophoretic
separation according to their molecular weight. After the electrophoresis, the proteins were
transferred onto polyvinylidene difluoride (PVDF) membranes (Merck KGaA, Darmstadt,
Germany) to be blocked with bovine serum albumin (BSA) (NZYTech, Lisbon, Portugal) or
5% nonfat milk, depending on the antibody. Immediately afterwards, the membranes were
incubated with the corresponding primary antibodies at 4 ◦C (cold room) overnight. The
following antibodies were used in order to determine the target biomarkers in the study:
reactive carbonyls in proteins (protein carbonyl assay kit, Abcam, Cambridge, UK), MDA-
protein adducts (anti-MDA-protein adducts antibody, Academy Bio-Chemical Company,
Houston, TX, USA), protein tyrosine nitration as measured by levels of 3-nitrotyrosine
(anti-3-nitrotyrosine antibody, Thermo Fisher Scientific, Waltham, MA, USA), SOD-1 (anti-
SOD-1 antibody, Santa Cruz Biotechnology, Dallas, TX, USA), SOD-2 (anti-SOD-2 antibody,
Santa Cruz Biotechnology), catalase (anti-catalase antibody, Merck KGaA, Darmstadt, Ger-
many), and the loading control glyceraldehyde-3-phosphate dehydrogenase (GAPDH,
anti-GAPDH antibody, Santa Cruz Biotechnology). The corresponding antigens were de-
tected using HRP-conjugated secondary antibodies (Jackson ImmunoResearch Inc., West
Grove, PA, USA) and a chemiluminescence kit (Thermo Scientific, Rockford, IL, USA). The
Alliance Q9 Advanced (Uvitec, Cambridge, UK) equipment was used to identify each of
the antigens in the PVDF membranes. The forty samples analyzed in the study were always
exposed to identical conditions during the entire immunoblotting procedures, including
chemiluminescence detection and image capturing. The optical densities of the specific
protein bands were quantified using the ImageJ software (National Institute of Health,
available at http://rsb.info.nih.gov/ij/, accessed on 1 November 2022). The optical densi-
ties were normalized with those of the glycolytic enzyme GAPDH in all the immunoblots.
Negative control experiments in which primary antibodies were omitted were also per-
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formed in the study. For technical-methodological reasons, nineteen and twenty muscle
specimens were analyzed in COPD patients without and with iron deficiency, respectively.

2.8. Muscle Phenotype and Damage

Muscle fiber composition and morphometry. The proteins MyHC-I and -II isoforms were
identified to analyze muscle fiber phenotype using immunohistochemistry [40,41,51]. Fol-
lowing a deparaffination process with xylene and a graded ethanol series (rehydration),
samples were subject to antigen retrieval. As such, samples were incubated with 1 mM
EDTA buffer with 0.05% Tween20 (pH 8.0) at 95 ◦C for forty minutes, to be cooled down
for another thirty minutes. Endogenous peroxidase activity was blocked with 6% H2O2.
Incubation with the corresponding primary antibodies, anti-MyHCI and anti-MyHCII anti-
bodies (Abcam, Cambridge, UK), respectively, at room temperature for 40 min followed.
Sections were than washed three times with PBS. Subsequently, afterwards, slides were
incubated with horseradish peroxidase (HRP) Polymer-antiMouse/Rabbit IgG at room
temperature for thirty minutes (Neobiotech, Seoul, Republic of Korea). After three more
washes with PBS, slides were then incubated with 3,3′-Diaminobenzidine (DAB) (Neo-
biotech, Seoul, Republic of Korea) solution until the appropriate color (brown) was reached.
Subsequently, sections were rinsed with tap water to be counterstained with hematoxylin.
Finally, all the muscle sections were dehydrated in a battery of alcohol and xylene solu-
tions to be mounted in dibutylphthalate polystyrene xylene (DPX) media (Sigma-Aldrich,
St. Louis, MO, USA). A negative control section (primary antibody omission) was always
prepared in each sample. Images were captured using a light microscope (x20 objective,
Olympus, Series BX50F3, Olympus Optical Co., Hamburg, Germany) to be analyzed. In
all the muscle sections, the following items were assessed: cross-sectional area, mean least
diameter, and the proportions of type I, type II, and those of the hybrid muscle fibers. The
morphometric analysis was performed using ImageJ software (National Institute of Health,
available at http://rsb.info.nih.gov/ij/, accessed on 1 November 2022). In each muscle
cross-section, at least 100 fibers were measured in both groups of patients. The proportions
of fiber types were also counted in each muscle preparation from both groups of patients.
For technical-methodological reasons, fiber morphometry and composition analyses were
assessed in eighteen and sixteen muscle specimens from in COPD patients without and
with iron deficiency, respectively.

Muscle structural abnormalities. Structural abnormalities were assessed on the 3-μm
paraffin-embedded muscle sections following standard procedures [51,52]. Images of the
stained sections were captured using a light microscope (×40 objective, Olympus, Series
BX50F3, Olympus Optical Co., Hamburg, Germany). The images were superimposed on a
63-square grid composed of a 7 × 9 rectangular pattern to analyze the abnormal and normal
muscle fractions through the evaluation of several markers: (1) normal muscle, (2) internal
nucleus, (3) inflammatory cell, (4) lipofuscin, (5) abnormal viable fiber, (6) inflamed/necrotic
fiber, (7) blood vessel, and (0) no count. The normal muscle fraction was calculated as
the percentage of all the points that fell into the first category relative to the total number
of points counted on the viable fields, whereas the abnormal fraction was defined as the
percentage of points that fell between categories 2 and 6 relative to the total number of
counted points. Categories 0 and 7 were not considered in the counting.

Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay. The
TUNEL assay (ApopTag Peroxidase In Situ Apoptosis Detection Kit; Merck Millipore) was
used to identify the apoptotic nuclei [53,54]. In brief, DNA strand breaks that are generated
during nuclear activation can be identified by labeling the 3′-OH terminal groups. The
labeling of the 3′-OH groups with modified nucleotides is carried out by an enzymatic
reaction catalyzed by the terminal deoxynucleotidyl transferase (TdT) enzyme. Muscle
sections were fixed, permeabilized, and immediately incubated with the TUNEL Working
Strength TdT Enzyme and the anti-Digoxigenin Conjugate. TdT catalyzed the adding of
digoxigenin-dNTP at 3′-OH terminal groups in single- and double-stranded DNA. After
several washes, the digoxigenin-nucleotide that were bound to DNA fragments were
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detected using an anti-digoxigenin antibody conjugated with peroxidase, which resulted in
a brown color upon reaction. Methyl green counterstaining was additionally performed to
distinguish the negatively stained nuclei. Negative control experiments, in which the TdT
enzyme was not added, were also performed. Only the nuclei located within the muscle
fiber boundary were counted in the study. The final count of positive and total nuclei was
carried out by two trained observers (correlation coefficient 95%). Apoptotic nuclei were
expressed as the percentage of the TUNEL-positive nuclei to the total number of counted
nuclei in each muscle preparation [53,54].

2.9. Statistical Analysis

The normality of all variables was analyzed using the Shapiro –Wilk test and his-
tograms. The normality of the study variables determined the test used to assess potential
differences between the two groups: the independent-sample Student’s t test (parametric)
and the Mann–Whitney U test (nonparametric). The Chi-squared test was used to analyze
differences for the categorical variables between the two groups. Potential associations
were assessed using the Pearson’s correlation coefficient. Such correlations were explored
within each group of patients individually and as whole. Clinical characteristics of the
patients are presented in tables, while results from the biological analyses are depicted
in graphs. The results are expressed as mean and standard deviation for each variable in
each study group. In the tables, results are presented as mean and standard deviation in
numbers, while individual data points are shown in the graphs. Moreover, the fiber type
distributions in both patient groups are represented in histograms of the percentages of
slow- and fast-twitch muscle fibers in a specific figure.

For the calculation of the sample size, the hepcidin was used as the target variable.
In a two-sided test, to accept an α-risk of 0.05 and a β-risk of 0.2 (80% power), at least
16 patients in each group were required to detect a minimum difference of 200 ng/mL in
hepcidin levels between the two groups. Statistical significance was established at p ≤ 0.05.
All the statistical analyses were performed using the software SPSS 23.0 (SPSS Inc., Chicago,
IL, USA).

3. Results

3.1. Clinical Characteristics of the Study Patients

Anthropometry, smoking history, lung function, and GOLD classification were similar
in both groups of patients (Table 1). In iron-deficiency patients, serum levels of ferritin,
transferrin saturation, and hepcidin were lower, while those of soluble transferrin receptor
and transferrin were higher than in the non-iron deficiency patients (Table 1). The six-
minute walk test distance was reduced (absolute and reference values) in iron-deficiency
COPD patients (Table 2). Muscle strength of the upper and lower limb muscles did not
significantly differ between the two study groups (Table 2).
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Table 1. General clinical characteristics of the study patients.

COPD Patients

Non-Iron Deficiency Iron Deficiency
p-Value

N = 20 N = 20

Anthropometry
Age (years) 67.3 ± 8.0 65.9 ± 8.1 0.602

Males/Females 12/8 12/8 1.000
Body weight (Kg) 59.72 ± 11.33 63.97 ± 13.07 0.280

BMI (Kg/m2) 22.73 ± 3.64 24.08 ± 4.28 0.301
FFMI (Kg/m2) 15.65 ± 2.30 14.72 ± 2.15 0.202

Smoking history
Smoking status (active/ex-smoker) 9/11 12/8 0.515

Packs-year 53.2 ± 33.4 44.9 ± 24.1 0.406

Lung Function
FEV1 (L) 1.20 ± 0.37 1.23 ± 0.41 0.759

FEV1 (% predicted) 47.26 ± 13.50 43.42 ± 11.13 0.345
FVC (L) 2.82 ± 0.50 2.76 ± 0.76 0.753

FVC (% predicted) 85.05 ± 14.52 76.74 ± 12.24 0.064
FEV1/FVC 45.19 ± 11.73 46.62 ± 11.44 0.706

GOLD classification
1, (%) 0 0

0.224
2, (%) 45 25
3, (%) 45 60
4, (%) 10 15
A, (%) 55 45

0.699
B, (%) 35 45
C, (%) 5 5
D, (%) 5 5

Iron status
Hemoglobin (g/dL) 15.23 ± 1.46 14.99 ± 1.64 0.641

Hematocrit (%) 45.40 ± 4.81 44.97 ± 4.45 0.778
MCV (fL) 93.84 ± 3.56 91.61 ± 6.84 0.214
MCH (pg) 31.52 ± 1.39 30.53 ± 2.78 0.176

MCHC (g/dL) 33.59 ± 1.26 33.31 ± 1.01 0.447
Ferritin (ng/mL) 212.16 ± 60.77 68.52 ± 32.62 0.000

Transferrin saturation (%) 31.45 ± 8.36 24.78 ± 7.02 0.016
Transferrin (g/dL) 237.26 ± 31.65 259.11 ± 28.71 0.032

Soluble transferrin receptor (mg/L) 2.18 ± 0.49 2.99 ± 0.80 0.001
Serum iron (μg/dL) 106.54 ± 26.84 91.44 ± 27.35 0.099
Hepcidin (ng/mL) 411.30 ± 113.92 87.78 ± 68.25 0.000

Data are presented as mean ± SD. Abbreviations: COPD, chronic obstructive pulmonary disease; BMI, body
mass index; FFMI, fat-free mass index; N, number of patients; FEV1, forced expiratory volume in one second;
FVC, forced vital capacity; MCV, mean corpuscular (erythrocyte) volume; MCH, mean corpuscular hemoglobin;
MCHC, mean corpuscular hemoglobin concentration.

Table 2. Exercise and muscle function assessment of the study patients.

COPD Patients

Non-Iron Deficiency Iron Deficiency
p-Value

N = 20 N = 20

Six-minute walk test
Distance (m) 481.67 ± 59.45 435.12 ± 57.82 0.025

Distance (% predicted) 98.61 ± 17.21 84.47 ± 14.56 0.013

Upper limb muscle strength
D-HGS (Kg) 26.50 ± 6.98 27.78 ± 8.16 0.617

D-HGS (% predicted) 89.91 ± 15.48 91.20 ± 19.02 0.887
ND-HGS (Kg) 24.16 ± 7.36 24.56 ± 8.89 0.825

ND-HGS (% predicted) 91.44 ± 22.32 87.68 ± 19.57 0.595

Lower limb muscle strength
D-QMVC (Kg) 22.12 ± 6.74 22.58 ± 4.35 0.831

D-QMVC (% predicted) 62.23 ± 22.00 63.81 ± 11.46 0.784
ND-QMVC (Kg) 21.44 ± 5.85 22.00 ± 4.86 0.825

ND-QMVC (% predicted) 60.79 ± 22.07 62.03 ± 12.32 0.858
Data are presented as mean ± SD. Abbreviations: COPD, chronic obstructive pulmonary disease; D, dominant;
ND, non-dominant; HGS, handgrip strength; QMVC, quadriceps maximum voluntary contraction.

3.2. Pro-Oxidant Markers in Vastus Lateralis and Blood of COPD Patients

Protein tyrosine nitration levels were greater in both muscle and blood compartments
of iron-deficiency than in the non-iron deficiency COPD patients (Figures 1 and 2A). No
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significant differences were seen in either protein carbonylation or MDA-protein adducts
in any of the compartments between the two patient groups (Figures 1 and 2B,C).

Figure 1. Representative immunoblots of 3-nitrotyrosine, protein carbonylation, MDA-protein
adducts, and GAPDH proteins in the vastus lateralis of all COPD patients. Definition of abbrevia-
tions: MDA, malonaldehyde; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MW, molecular
weight; kDa, kilodalton.

Figure 2. Mean values and standard deviation of 3-nitrotyrosine (A), protein carbonylation (B),
and MDA-protein adducts levels (C) in vastus lateralis (left-hand side panels, N = 19 non-iron
deficient COPD, N = 20 iron-deficient COPD) and serum (right-hand side panels, N = 20 in each
group). Definition of abbreviations: MDA, malonaldehyde; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; MW, molecular weight; kDa, kilodalton. Muscle protein content was measured by
optical densities in arbitrary units (OD, a.u.).
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3.3. Antioxidants Markers in Vastus Lateralis and Blood of COPD Patients

Protein levels of mitochondrial SOD were significantly lower in the vastus lateralis of
iron-deficiency than in the non-iron deficiency patients (Figures 3 and 4A). No significant
differences in levels of muscle SOD-1 protein content or serum SOD activity were detected
between the two study groups (Figures 3 and 4B,C). Muscle protein content or serum
activity levels of catalase did not significantly differ between the two COPD groups of
patients (Figure 4D,E). Total antioxidant activity measured as TEAC levels significantly
decreased in the iron- deficiency group compared to the non-iron deficiency patients
(Figure 5A). Serum antioxidant GSH levels did not significantly differ between the two
study groups (Figure 5B).

Figure 3. Representative immunoblots of SOD-2, SOD-1, catalase, and GAPDH proteins in the vastus
lateralis of all COPD patients. Definition of abbreviations: SOD, superoxide dismutase; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; MW, molecular weight; kDa, kilodalton.

Figure 4. Mean values and standard deviation of muscle protein content of SOD-2 (A), SOD-1 (B), and
serum SOD activity (C). Mean values and standard deviation of muscle protein content of catalase
(D) and serum catalase activity (E). Muscle protein content was assessed in 19 non-iron deficiency and
20 iron-deficient COPD patients, while the activity of the target enzymes was analyzed in the serum
of all the study patients (n = 20/group). Definition of abbreviations: SOD, superoxide dismutase;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

191



Nutrients 2023, 15, 1454

Figure 5. Mean values and standard deviation of serum TEAC levels (A) and serum GSH levels (B)
(N = 20 in each group). Definition of abbreviations: GSH, reduced glutathione.

3.4. Muscle Structural Features of the Study Patients

The proportions of fast-twitch fibers increased in the vastus lateralis of the iron-
deficiency compared to the non-iron deficiency patients, whereas the percentages of the
slow-twitch fibers significantly declined in the former group (Table 3, Figure 6A,B). The
cross-sectional area of the analyzed muscle fibers did not significantly differ between
the two study groups (Table 3, Figure 6A). The proportions or size of the hybrid fibers
did not significant differ between the two study groups. The proportions of the slow-
twitch fibers positively correlated with muscle SOD-2 protein content among all COPD
patients (Figure 7A). This correlation was lost when non-iron deficiency COPD patients
were analyzed independently, whereas in the iron-deficiency patients, this correlation was
almost maintained (r = 0.481 and p = 0.059). The proportions of fast-twitch fibers negatively
correlated with muscle SOD-2 protein levels among all COPD patients and in the iron-
deficiency group (Figure 7B). Such a correlation was lost in the non-iron deficiency group
of patients (Figure 7B). A significant increase in lipofuscin levels was detected in the vastus
lateralis of the iron-deficiency COPD compared to the non-iron deficiency patients (Table 3,
Figure 8). No significant differences were observed in the markers of muscle damage: total
abnormal fraction, internal nuclei count, inflammatory cells, abnormal cells, necrotic cells,
or apoptotic nuclei between the study groups.

Table 3. Structural characteristics of vastus lateralis of the study patients.

COPD Patients

Non-Iron Deficiency Iron Deficiency
p-Value

N = 18 N = 16

Muscle fiber type proportions
Type I fibers (%) 27.36 ± 7.70 20.04 ± 7.84 0.008
Type II fibers (%) 66.52 ± 10.11 76.85 ± 8.97 0.003
Hybrid fibers (%) 6.12 ± 7.01 3.11 ± 2.83 0.109

Cross-sectional fiber type areas
Type I fibers (μm2) 2661.72 ± 717.11 2837.05 ± 889.59 0.539
Type II fibers (μm2) 1886.94 ± 645.03 1970.29 ± 781.53 0.744
Hybrid fibers (μm2) 1973.64 ± 987.46 2179.66 ± 1161.20 0.639

Muscle structural abnormalities N = 20 N = 20
Total abnormal fraction (%) 1.38 ± 0.81 1.70 ± 0.76 0.215

Internal nuclei count (%) 0.90 ± 0.42 1.12 ± 0.74 0.237
Inflammatory cells (%) 0.08 ± 0.08 0.10 ± 0.08 0.538

Lipofuscin (%) 0.01 ± 0.03 0.07 ± 0.10 0.014
Abnormal cells (%) 0.11 ± 0.15 0.15 ± 0.16 0.321
Necrotic cells (%) 0.30 ± 0.61 0.23 ± 0.40 0.698

Apoptotic nuclei (%) 53.48 ± 7.70 57.43 ± 8.81 0.139
Data are presented as mean ± SD. Abbreviations: COPD, chronic obstructive pulmonary disease; CSA, cross-
sectional fiber area.
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Figure 6. Representative images of vastus lateralis muscle fibers. Myofibers with anti-MyHC type
I antibody staining (brown color) are shown in the top panel and anti-MyHC type II antibody
staining in the bottom panel. Hybrid fibers (arrows) are seen in both panels. Scale bar = 100 μm,
20× magnification (A). Histograms of the percentages of patients (ordinate axis) of the fiber type
distributions (abscissa axis by ranges) of slow-twitch (top panel), fast-twitch (middle panel), and
hybrid (bottom panel) muscle fibers in the two study groups of patients (N = 18 non-iron deficient
COPD, N = 16 iron-deficient COPD) (B).

193



Nutrients 2023, 15, 1454

Figure 7. Scatter plots representation of correlations between muscle SOD-2 protein levels and the
percentage of slow-twitch fibers (A) and fast-twitch fibers (B) in all COPD patients (left panels,
N = 34), non-iron deficiency (middle panels, N = 18), and iron deficiency (right panels, N = 16) COPD
patients. Definition of abbreviations: COPD, chronic obstructive pulmonary disease.

Figure 8. Representative images of TUNEL-positive nuclei (top panel) and muscle morphology
within the vastus lateralis (bottom panel). Examples of TUNEL-positively stained nuclei (brown, red
arrows), TUNEL-negative nuclei (purple, blue arrows), and internal nuclei (asterisks) are indicated
in the panels. Definition of abbreviations: COPD, chronic obstructive pulmonary disease; TUNEL,
Terminal deoxynucleotidyl transferase dUTP nick end labeling; H&E, hematoxylin and eosin. Scale
bar = 20 μm, 40× magnification.
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4. Discussion

The study hypothesis has been confirmed in this study. Oxidative/nitrosative stress
levels were greater in the muscle and blood compartments of COPD patients with iron
deficiency. Importantly, levels of the powerful antioxidants SOD and TEAC were reduced
in the vastus lateralis and the systemic compartment of the patients with iron depletion
compared to those with normal iron content. The population of COPD patients recruited in
the present study has been well characterized as determined by the lower levels observed
in the markers of iron metabolism among patients with iron deficiency, whereas in patients
with preserved iron content, the levels of those biomarkers were within normal ranges. The
predominance of fast-twitch fibers within the vastus lateralis of the iron-depleted patients
(almost 80%) compared to the control COPD patients was also a novel finding in the present
investigation. All these results are discussed below.

The assessment of the systemic and muscle compartments from the same patients
was a relevant approach in the study. Consistently, levels of protein tyrosine nitration
as measured by the 3-nitrotyrosine marker were significantly greater in the lower limb
muscles and systemic compartments of COPD patients with iron deficiency as compared
to patients with normal iron content. These are relevant findings that point towards the
existence of a crosstalk between the two compartments as also previously reported in a
study [15] in which a similar approach was used. The confirmation of the crosstalk between
these two specific compartments has clinical implications, since therapeutic strategies will
be able to target the two compartments simultaneously.

Other relevant findings in the investigation were the significant decrease observed in
the powerful antioxidants SOD and TEAC. SOD scavenges superoxide anion to produce
hydrogen peroxide, a substrate for catalase enzyme activity. An excess of superoxide anion
production leads to the generation of the powerful reactive nitrogen species (RNS) perox-
ynitrite resulting from its reaction with nitric oxide (NO). The reaction of peroxynitrite with
aromatic amino acids (i.e., tyrosine) results in the formation of protein tyrosine nitration
events in tissues [55,56]. Indeed, protein tyrosine nitration is the most relevant marker of
nitrosative stress in vivo with a potential to inactivate enzymes or prevent phosphorylation
of tyrosine kinase substrates [57]. The decrease in mitochondrial SOD observed in the
vastus lateralis and blood compartment of the iron-deficiency patients may account for
the increased levels of protein tyrosine nitration observed in the same compartments in
these patients. These are very consistent findings from a biochemical standpoint. The
mechanisms whereby iron depletion influences mitochondrial SOD content in both muscle
and the systemic compartments warrant further attention in future investigations.

The biomarker TEAC measures the antioxidant capacity based on the compound
Trolox (a water-soluble analog of vitamin E). Trolox equivalency is calculated on the
basis of the ABTS (2,2′-azino-bis [3-ethylbenzothiazoline-6-sulfonic acid]) decolorization
assay [58,59]. In the systemic compartment of the iron-depleted patients, TEAC levels were
reduced compared to patients with normal iron content. As far as we are concerned, this is
the first report in which TEAC levels were shown to be decreased in COPD patients with
iron deficiency without anemia. Previous investigations also demonstrated a significant
decrease in TEAC levels in the blood of patients with anemia of different etiology [60,61].
These findings are also in line with the decrease seen in the levels of mitochondrial SOD in
the muscles of the patients with iron deficiency. Collectively, these results suggest that in
stable COPD patients, iron deficiency is associated with a depleted antioxidant capacity in
both muscle and systemic compartments.

The compound lipofuscin is a marker of unsaturated fatty acid oxidation, particularly
of damaged membranes, mitochondria, and lysosomes. Additionally, lipofuscin may also
contain sugars and metals such as iron, mercury, copper, and zinc [62]. Oxidized proteins
may also be identified in the lipofuscin aggregates [63]. In general, lipofuscin inclusions
are considered to be a marker of lipid peroxidation in tissues. They tend to accumulate in
postmitotic cells as a marker of aging [64]. In the vastus lateralis of patients with severe
COPD, lipofuscin aggregates were also significantly greater than in control subjects [65].
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Consistently, in the current study, lipofuscin inclusions were significantly greater in muscles
of the iron-deficient patients than in those of patients with normal iron content, suggesting
that lipid peroxidation was probably more prominent among patients with iron deficiency.
Whether the lipofuscin aggregates may contain higher levels of iron in these patients needs
to be explored in future investigations.

A switch from the slow- to fast-twitch muscle phenotype has been consistently demon-
strated in vastus lateralis patients with COPD, particularly in those with a severe dis-
ease [51,66,67]. Several factors, such as reduced physical activity, deconditioning, and
malnourishment, play a crucial role in the development of a less fatigue-resistant pheno-
type of the lower limb muscles in COPD patients and in other chronic diseases [68–72]. In
the present investigation, the switch to a less resistant phenotype was significantly more
pronounced in patients with iron deficiency than in patients with normal iron content. This
finding was independent of the muscle function, as no differences were seen in quadriceps
muscle function between the two study groups. Furthermore, a significant positive corre-
lation was observed between muscle levels of mitochondrial SOD and the proportions of
slow-twitch fibers in all the patients as a whole and in the iron-deficient group. Interest-
ingly, inverse relationships were also seen between protein levels of SOD2 and those of the
fast-twitch muscle fibers among all the COPD patients as a group and in those with iron
depletion. These are all relevant findings that suggest that mitochondrial SOD expression
follows a specific fiber type distribution in the lower limb muscles of COPD patients and
iron may be involved in the underlying mechanism. In fact, a decrease in the proportions
of oxidative fibers was also reported in mice with iron deficiency [73], suggesting that the
element iron is deeply involved in the maintenance of an adequate proportion of oxidative
fibers within the muscles.

5. Study Limitations

A potential limitation in the study relies on its descriptive nature, which is based on
the design of a cross-sectional investigation. Treatment with iron for several months may
partly revert the effects seen in the systemic and muscle compartments of the patients.
This would have required the design of a longitudinal study in which patients should be
evaluated at different time-points, with the difficulties at the time of obtaining the biological
specimens. Despite these potential limitations, we believe that the current investigation
opens a new avenue of research in COPD patients with iron depletion. In addition, the
model used in the study has enabled us to analyze the systemic and muscle compartments
in the same population of COPD patients.

6. Conclusions

In severe COPD, nitrosative and oxidative stress along with a reduction in the antiox-
idant capacity were demonstrated in the vastus lateralis and systemic compartments of
patients with iron deficiency without anemia. The slow- to fast-twitch muscle fiber switch
towards a less resistant phenotype was also significantly more prominent in the muscles of
these patients, suggesting that iron content may be involved in this phenomenon. Iron defi-
ciency is associated with a specific pattern of oxidative and nitrosative stress and reduced
antioxidant capacity in severe COPD irrespective of muscle function of the lower limbs.
In the clinics, parameters of iron metabolism and content should be routinely quantify
given its implications in redox balance and exercise tolerance. These results should also be
taken into consideration in the design of therapeutic strategies in severe COPD, including
pulmonary rehabilitation programs.
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