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Emerging evidence suggests that pulmonary iron accumulation is implicated in a spectrum of chronic lung dis-
eases. However, themechanism(s) involved in pulmonary iron deposition and its role in the in vivo pathogenesis
of lung diseases remains unknown. Here we show that a point mutation in the murine ferroportin gene, which
causes hereditary hemochromatosis type 4 (Slc40a1C326S), increases iron levels in alveolar macrophages, epithe-
lial cells lining the conducting airways and lung parenchyma, and in vascular smooth muscle cells. Pulmonary
iron overload is associated with oxidative stress, restrictive lung disease with decreased total lung capacity and
reduced blood oxygen saturation in homozygous Slc40a1C326S/C326S mice compared to wild-type controls.
These findings implicate iron in lung pathology, which is so far not considered a classical iron-related disorder.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Imbalances of iron homeostasis are implicated in a spectrum of
acute and chronic lung diseases (Ghio, 2009; Ghio et al., 2013). In
patients with chronic obstructive pulmonary disease (COPD), iron de-
posits in alveolar macrophages (AM) and the percentage of iron loaded
macrophages is associated with increased disease severity (Philippot et
al., 2014). On the other hand thalassemiamajor, a disease characterized
by transfusional iron overload, has been associated with impaired lung
function (Carnelli et al., 2003; Guidotti et al., 2016; Kanj et al., 2000).
However, whether pulmonary iron accumulation contributes to disease
onset and progression is poorly understood.

Tissue iron levels must be maintained in such a way that both iron
deficiency and iron overload are prevented. Excess free iron generates
oxidative stress causing cell damage and tissue injury (Muckenthaler
elberg.de (M.U. Muckenthaler).

. This is an open access article under
et al., 2017). In the lung, the risk for oxidative stress is exacerbated by
its continuous exposure to an atmosphere with high oxygen levels.
The mechanisms maintaining lung iron homeostasis are incompletely
understood. Like most other cells, lung cells acquire transferrin-bound
iron from the plasma. In addition, lung airway epithelial cells take up
iron via the divalent metal transporter 1 (DMT1) and sequester it in
the iron storage protein ferritin (Ghio, 2009; Wang et al., 2002). Upon
iron exposure, pulmonary ferritin levels increase, possibly protecting
from oxidative stress (Ghio, 2009; Ghio et al., 1998; Giorgi et al., 2015).

The supply of iron to the lung depends on its systemic plasma
availability, which is controlled by the hepcidin/ferroportin regula-
tory axis (Muckenthaler et al., 2017). Hepatic hepcidin produced in
response to increased systemic iron levels binds to the iron exporter
ferroportin (FPN) to control its internalization, ubiquitination and
subsequent lysosomal degradation (Nemeth et al., 2004; Qiao et al.,
2012). In turn, this decreases iron efflux from exporting cells, such as
duodenal enterocytes and reticuloendothelial macrophages. Mutations
in the iron exporter FPN that confer resistance to hepcidin binding
cause hereditary hemochromatosis (HH) type 4, a genetically inherited
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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primary iron overload disorder hallmarked by increased systemic iron
levels, iron depletion in iron-exporting organs and severe iron deposi-
tion in parenchymal tissues (Altamura et al., 2014; Sham et al., 2009;
Sham et al., 2005).

Here, we aim to understand whether a disruption in the FPN/
hepcidin regulatory system and the subsequent increase in systemic
iron levels affect lung iron homeostasis and function. To achieve this
goal, we took advantage of a murine disease model of HH type 4,
hallmarked by a C326S amino acid substitution in FPN (Slc40a1C326S)
(Altamura et al., 2014). We show that resistance of ferroportin to
hepcidin binding causes pulmonary iron accumulation in defined
lung cell types. Homozygous Slc40a1C326S/C326S mice show increased
oxidative stress in the lung, restrictive lung disease and decreased
blood oxygen saturation, revealing a role of iron in lung pathology.

2. Material and Methods

2.1. Mice

All mice analyzed were maintained on a pure C57BL/6N genetic
background (N99.9% congenic). As controls, age- and gender-matched
wild-type C57BL/6Nmice born andmaintained in the same breeding fa-
cility were used. Mice were housed in the Heidelberg University animal
facility under a constant light-dark cycle and maintained on a standard
mouse diet (LASQCdiet Rod18-A - LASvendi) containing 200 ppm iron
with ad libitum access to food and water. All mouse breeding and ani-
mal experiments were approved by the RegierungspräsidiumKarlsruhe
(Projects Nr T-81/14, T-66/13, G-41/16, G-39/16).

2.2. Tissue Iron Quantification

Tissue non-heme iron content was measured using the
bathophenanthroline method and calculated against dry weight tissue
(Torrance and Bothwell, 1968).

2.3. RNA Extraction, Reverse Transcription and qRT-PCR

Total lung RNAwas isolated using Trizol (Life technologies) andwas
reverse transcribed and used in SYBR-green qPCR, as described in
(Altamura et al., 2010). mRNA expression was calculated relative to
RPL19 and data were analyzed using the ΔΔCt method (Livak and
Schmittgen, 2001). The primers used are listed in Supplementary
Information.

2.4. Western Blotting

Protein lysates were obtained by homogenizing snap-frozen tissues
in RIPA buffer supplemented with protease inhibitors (Roche Diagnos-
tics), as described in (Galy et al., 2004). Protein concentration was de-
termined using the DC protein assay (BioRad). 50 μg of protein were
subjected to western-blot analysis with the antibodies listed in Supple-
mentary Information. Western blot images were quantitatively ac-
quired with the Vilber Lourmat Fusion-FX Chemiluminescence system
(Eberhardzell). β-actin was used as loading control.

2.5. Lipid Peroxidation - TBARS Measurements

Thiobarbituric acid reactive substances (TBARS) levels were
measured in samples of total lung from 36-week old mice using the
QuantiChrom TBARS Assay Kit (BioAssay Systems) following
manufacturer's instructions.

2.6. Bronchoalveolar Lavage and Differential Cell Count

Mice were anesthetized via intraperitoneal injection of a combina-
tion of ketamine and xylazine (120 and 16 mg/kg respectively) and
sacrificed by exsanguination. A median sternotomy was performed,
the trachea cannulated and the left mainstem bronchus ligated, and
the right lung was lavaged with Phosphate Buffered Saline (PBS). Bron-
choalveolar lavage (BAL) sampleswere centrifuged and BAL fluid super-
natant was harvested and stored at −80 °C. Total cell counts were
determined using a haemocytometer and differential cell counts were
determined in cytospin preparations stained with May–Grünwald–
Giemsa (Merck).

2.7. Iron Quantification in the Bronchoalveolar Lavage Fluid Supernatant

BAL fluid supernatant was concentrated through Speed-Vacuum.
Iron measurements were performed using the SFBC kit (Biolabor) fol-
lowing manufacturer's instructions.

2.8. Measurement of Cytokine Protein Levels in Bronchoalveolar Lavage

Cytokine protein levels (IL6, IL1β and TNFα) were determined in
BAL fluid supernatants applying Multiplex bead-array based technolo-
gy. Measurements were performed on a BioPlex200 System using the
Bio-Plex Pro Cytokine Reagent Kit and Bio-Plex Pro Mouse Cytokine
sets (Bio-Rad) according to manufacturer's instructions. Cytokine pro-
tein levels are given as picograms in total BAL fluid supernatant.

2.9. Lung Function Measurements

Mice were anesthetized via intraperitoneal injection of Na+-pen-
tobarbital (80 mg/kg), tracheostomized and placed on the FlexiVent
system (SCIREQ, Montreal, QC, Canada) for measurements of pulmo-
nary function. Mice were then paralyzed with pancuronium bromide
injected intraperitoneally (0.8 mg/kg) to avoid breathing artefacts
during the measurement. Mice were ventilated at a frequency of
150 breaths/min, with a tidal volume of 11 mL/kg and a positive
end expiratory pressure of 3 cm H2O to prevent alveolar collapse.
Pressure-volume curves, total lung capacity, pulmonary compliance
and elastance were measured as previously described in (Mall et al.,
2008) and (Vanoirbeek et al., 2010). All perturbations were performed
until at least three acceptable measurements were reached.

2.10. Blood Oxygen Saturation

Oxygen saturation was determined using a noninvasive pulse oxim-
eter for laboratory animals (MouseOx® Plus, Starr life science) follow-
ing manufacturer's instructions. Arterial blood oxygen saturation was
analyzed in consciousmice exposed to room air with a thigh clip sensor.
The oxygen saturation was measured when pulse waves were stable
and regular in order to obtain valid values.

2.11. Stereology of Lung Tissue

Lungs from 36 week old mice were instilled via the trachea with
1.5% paraformaldehyde, 1.5% glutaraldehyde in 0.15 M Hepes buffer
at hydrostatic pressure of 25 cm and stored in the same solution at 4
°C until further processing. The lungs were embedded in glycol
methacrylate according to standard protocol (Muhlfeld et al., 2013)
and 1.5 μm thick sections were cut. Light microscopy was performed
using a Leica DM6000B microscope (Leica, Wetzlar, Germany)
attached to a computer with the newCAST stereology software
(Visiopharm, Horsholm, Denmark). Design-based stereology was
used to quantify the volume of the lung parenchyma and non-paren-
chyma as described in (Muhlfeld et al., 2013).

2.12. Erythropoietin (Epo) Measurements

Plasma Epo levels were determined using a mouse Epo ELISA kit
(R&D systems) following manufacturer's instructions.
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2.13. Isolation and Differentiation of Bone Marrow Derived Macrophages
(BMDM)

Bone marrow cells were flushed from tibia and femur using ice-
cold Hank's balanced salt solution (HBSS) and filtered through a 70
μm cell strainer (BD biosciences). Cells were seeded at a density of
350,000 cells/cm2 in RPMI1640-Glutamax medium (Life Technologies)
supplemented with 10% of heat-inactivated fetal bovine serum
(Hyclone, Thermo scientific), 1% Penicillin/streptomycin (Gibco) and
10 ng/mLM-CSF (Peprotech). After 4 days, non-adherent cells were re-
moved by HBSS washing and the medium was replaced daily until cell
harvesting (6 days after seeding). Before harvesting, BMDMwere treat-
ed overnight with 75 μM of iron-nitrilotriacetate (FeNTA).

2.14. Immunohistochemistry and Immunocytochemistry

Lungs were inflated with 4% neutral buffered formalin (Fischar) to
25 cmoffixative pressure,fixed overnight by immersion in the same so-
lution, dehydrated and paraffin embedded. Lungs were sectioned at 1.5
or 5 μm and mounted on Superfrost Plus slides (ThermoFisher scientif-
ic). Lung sections were rehydrated and treated for 10minwith 3%H2O2

(Sigma Aldrich) to block endogenous peroxidases. After washing in
distilled water, tissue slides were subjected to microwave-mediated
antigen retrieval using the Citraplus reagent (Biogenex). After
30 min of cooling, slides were washed 3 times in PBS and subjected
to immunorecognition using Vectastain ABC mouse and rabbit kits
(Vector Lab, Burlingame, CA, USA) following manufacturer's instruc-
tions. BAL cells in cytopsin preparations were fixed in cold acetone
(−20 °C) for 10 min, washed in PBS and treated for 10 min with 3%
H2O2 (Sigma Aldrich) to block endogenous peroxidases. After wash-
ing in PBS, cytospin slides were subjected to immunorecognition
using the Vectastain ABC rabbit kit (Vector Lab, Burlingame, CA,
USA) following manufacturer's instructions. Antibody dilutions and
catalog numbers are reported in Supplementary information. Isotype
antibodies were used at the same concentration as the primary anti-
bodies to control for antibody specificity. Slides were developed
using the Vector AEC substrate (Vector lab), rinsed with distilled
water, counterstained with Hematoxylin, washed in PBS and
mounted using the VectaMount AQ mounting medium (Vector lab).
Images were digitally acquired with a Nikon Ni-E microscope
(Nikon Center of the University of Heidelberg), using the Nikon
NIS-Elements software. Splenic cells in cytospin preparations were
subjected to the same protocol as BAL cells in cytospin preparations
and used as a positive control for FPN immunocytochemistry.

2.15. DAB-enhanced Perls' Stain

Lungs were inflated with 4% neutral buffered formalin (Fischar)
to 25 cm of fixative pressure, fixed overnight by immersion in the
same solution, dehydrated and paraffin embedded. Lungs were sec-
tioned at 1.5 or 5 μm and mounted on Superfrost Plus slides
(ThermoFisher scientific). Lung sections were rehydrated and
stained for 10 min with a potassium ferrocyanide/HCl solution
(Sigma Aldrich). After washing in distilled water, slides were treated
with 3,3-diaminobenzidinetetrahydrochloride (DAB) (Sigma Al-
drich). Slides were washed again in distilled water, counterstained
with Hematoxylin, washed in PBS, dehydrated and mounted using
the Eukitt quick-hardening mounting medium (Sigma Aldrich).

2.16. Perls' Stain

BAL cells in cytopsin preparations were stained with potassium fer-
rocyanide/HCl solution (Sigma Aldrich), washed in distilled water and
counterstained with Fast Red (Sigma Aldrich). Images were digitally ac-
quired with a Nikon Ni-E microscope, using the Nikon NIS-Elements
Viewer software.
2.17. Hematoxylin and Eosin Stain

Paraffin lung sections were rehydrated and stained for 6 min with
Mayer's Hematoxylin (Sigma Aldrich). Slides were washed in water,
rinsed in HCl/EtOH, washed again in water and stained for 1 min with
Eosin Y (Sigma Aldrich). Slides were dehydrated and mounted using
the Entellan new mounting medium (Merck).

2.18. Masson Goldner Trichrome Stain

Paraffin lung sections were rehydrated and stained with Masson
Goldner Trichrome Staining Kit (Carl Roth) following manufacturer's
instructions.

2.19. Analysis of Lung Collagen Content

Paraffin lung sections (3 μm)were stainedwith 0.1% Sirius red so-
lution as previously described (Kosanovic et al., 2011). The degree of
fibrosis was calculated by the analysis of the total amount of collagen
in the left lung (Leica Microsystem, Wetzlar, Germany). For evalua-
tion of the percentage of collagen, the collagen positive areas (red fi-
bers) were determined in a minimum of 300 images per animal.

2.20. Flow Cytometry Analysis

Cells obtained from BAL were stained with CD45.2, CD11c and
SiglecF antibodies for 30 min on ice (antibody dilutions and catalog
numbers are reported in Supplementary information). To measure oxi-
dative stress, BAL cells and BMDMwere incubated for 30min at RTwith
5 μM CellROX Green reagent (ThermoFisher). After washing, cells were
analyzed by flow cytometry using the BD LSRFortessa Cell Analyzer.

2.21. Statistical Analyses

Data are shown asmean± SEM. Statistical analyseswere performed
using Prism v6 (GraphPad Software, La Jolla, CA). Two-tailed, Student's
t-test was used and p-values b 0.05 (*), b0.01 (**), b0.001 (***) and
b0.0001 (****) are indicated.

3. Results

3.1. Iron Levels are Increased in the Lung of Slc40a1C326S Mice

Slc40a1C326Smice, a diseasemodel of HH type 4, is hallmarked by in-
creased systemic iron levels, iron deposition in parenchymal tissues and
iron depletion in iron exporting organs (Altamura et al., 2014). We now
analyzed lung tissue of male and female heterozygous Slc40a1wt/C326S

and homozygous Slc40a1C326S/C326S mice and demonstrate that iron ac-
cumulates in an age- and genotype-dependent manner (Fig. 1A).

Under physiological conditions, elevated cellular iron levels inacti-
vate the iron-responsive element/iron-regulatory protein (IRE/IRP) sys-
tem. This causes degradation of the transcripts encoding for the iron
importers divalentmetal transporter 1 (DMT1) and transferrin receptor
1 (TfR1) and allows for the translation of the iron storage protein ferritin
light chain (FtL) and ferritin heavy chain (FtH) as well as for the iron ex-
porter FPN (Anderson et al., 2012; Muckenthaler et al., 2008). Accord-
ingly, mRNA and protein expression of TfR1 and mRNA expression of
the IRE-containing transcript of DMT1 are decreased in iron loaded
lungs of Slc40a1wt/C326S and Slc40a1C326S/C326S mice (Fig. 1B, C, D),
while FtL protein expression is increased (Fig. 1D). Furthermore, FPN
expression shows a genotype-specific increase both at mRNA and pro-
tein levels (Fig. 1D, E).

Excess of iron generates reactive oxygen species (ROS) that will
damage proteins, lipids and DNA (Altamura and Muckenthaler, 2009;
Papanikolaou and Pantopoulos, 2005). Consistently, increased pulmo-
nary iron levels in Slc40a1C326S/C326S mice correlate with increased



Fig. 1. Slc40a1C326S mice show increased pulmonary iron content. A) Total lung non-heme iron levelsmeasured inmale and female 10-, 24- and 36-week oldmice. B) qRT-PCR analysis of
TfR1mRNA expression in total lung of female 36-week oldmice. C) qRT-PCR analysis of DMT1-IREmRNA expression in total lung of female 36-week oldmice. D)Western Blot analysis of
TfR1, FtL and FPN protein expression in total lung of female 36-week oldmice. β-actinwas used as loading control. E) qRT-PCR analysis of FPNmRNA expression in total lung of female 36-
week oldmice. F) qRT-PCR analysis of HO1mRNA expression in total lung of female 36-week oldmice. G) Lipid peroxidationmeasured by the TBARS assay in total lung of female 36-week
old mice.
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Fig. 2. Iron accumulation in the lung of Slc40a1C326S/C326Smice is restricted to specific cell types. A) DAB-enhanced Perls' staining of lung sections of female 36-week oldmice. Arrow shows
an alveolarmacrophagewith strong iron accumulation. B) Immunohistochemistry for DMT1 (left) andβ-tubulin IV (right) of consecutive lung sections fromwild-type female 36-weekold
mice. C) DAB-enhanced Perls' staining (left) and immunohistochemistry for β-tubulin IV (right) of consecutive lung sections from Slc40a1C326S/C326S female 26-week oldmice. D) Higher
magnification of DAB-enhanced Perls' staining (left) and immunohistochemistry for β-tubulin IV (right) of consecutive lung sections from Slc40a1C326S/C326S female 26-week oldmice. E)
DAB-enhanced Perls' staining (right) and immunohistochemistry against prosurfactant protein C (proSP-C) (left) of consecutive lung sections from Slc40a1C326S/C326S female 36-week old
mice. Arrows indicate alveolar type II cells. F)DAB-enhancedPerls' staining (left and center) and immunohistochemistry for alpha smoothmuscle actin (αSMA) (right) of consecutive lung
sections from Slc40a1C326S/C326S female 36-week old mice. G) Iron levels measured in the bronchoalveolar lavage (BAL) fluid supernatant of 10-, 26- and 36-week old mice.
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heme oxygenase 1 (HO-1) mRNA expression, a marker for oxidative
stress (Fig. 1F), and with elevated lipid peroxidation (Fig. 1G).

Collectively, our results show that the disruption of the hepcidin/
FPN regulatory axis causes iron overload and oxidative stress in the
lung.

3.2. Iron Accumulates in Specific Pulmonary Cell Types in Slc40a1C326S Mice

Histological analysis of the lung of Slc40a1C326S mice confirmed the
iron overload phenotype and revealed that iron deposition is restricted
to specific cell types (Fig. 2A).

Previous reports suggested that airway epithelial cells acquire iron
from the airway lumen via DMT1 (Ghio, 2009). In wild-type mice, we
detected DMT1 mainly at the apical membrane of ciliated airway epi-
thelial cells (Fig. 2B). In line with this observation, iron was commonly
detected in ciliated epithelial cells lining the conducting airways of
Slc40a1C326S/C326S mice (Fig. 2C and D). In addition, iron was detected
in a subset of another pulmonary epithelial cell type - alveolar type II
cells, which line the gas exchanging distal airspaces and produce surfac-
tant proteins such as prosurfactant protein C (Fig. 2E).

Furthermore, vascular smooth muscle cells (SMC) characterized
by expression of alpha smooth muscle actin stain for iron (Fig. 2F).
Interestingly, vascular SMCs are heterogeneous in regard to iron
loading, whereby some show iron overload while others are iron-
spared (Fig. S1A). This observation implies that the lung contains at
least two populations of vascular SMCs that are hallmarked by differ-
ential iron trafficking. Future studies will have to determine whether
different populations of vascular SMCs in terms of iron handling may
reflect upon their role in maintaining appropriate blood pressure
under physiological and/or pathophysiological conditions.

Importantly, increased iron levels were also detected in the bron-
choalveolar lavage (BAL) fluid of Slc40a1C326S mice (Fig. 2G).

3.3. Alveolar Macrophages Accumulate Iron in Slc40a1C326S/C326S Mice

Iron accumulation in alveolar macrophages (AM) is a hallmark of
certain lung diseases (Ghio et al., 2013; Philippot et al., 2014). Analysis
of histological sections of Slc40a1C326S/C326S mice revealed severe iron
accumulation in AM (Fig. 2A arrow).We next analyzed the cellular frac-
tion of the BAL by differential May-Grünwald-Giemsa stain and showed
that AM were the predominant cell type in the BAL fluid of wild-type
and Slc40a1C326S/C326S mice (Fig. 3A, Fig. 3B). Interestingly, the total
number of cells in theBALfluid of Slc40a1C326S/C326Smicewas increased,
which is explained by an increase in AM (Fig. 3B), a finding confirmed
by flow cytometry (Fig. 3C) (Misharin et al., 2013). In both wild-type
and Slc40a1C326S/C326S mice, N90% of the immune cells in the BAL fluid
correspond to AM (CD45.2+ CD11c+ SiglecF+) (Fig. 3D). Perls' staining
of cytospin preparations revealed severe iron overload in AM of
Slc40a1C326S/C326S mice (Fig. 3E). This iron retention phenotype distin-
guishes AM from hepatic Kupffer cells or splenic reticuloendothelial
macrophages in Slc40a1C326S/C326S mice, which are iron depleted
(Altamura et al., 2014). It is of note that in the same cell preparations
of Slc40a1C326S/C326S mice we also detected iron spared AM (Fig. 3E,
arrow), indicating that the population of AM in Slc40a1C326S/C326S mice
is heterogeneous regarding iron handling. A heterogeneity in iron accu-
mulation in AM of Slc40a1C326S/C326S mice is possibly explained by a dif-
ferential expression of FPN (Fig. 3F).

We previously showed that macrophage iron overload results in ox-
idative stress, which triggers a pro-inflammatory status (Vinchi et al.,
2016). We next investigated the degree of oxidative stress in AM as
well as the pulmonary inflammatory status in Slc40a1C326S/C326S mice.
By applying the CellROX green as ROS reporter, we failed to detect
differences in oxidative stress in AM between wild-type and
Slc40a1C326S/C326S mice (Fig. S2A). A lack of oxidative stress in iron-
loaded AM may be explained by an adaptation to chronic iron accu-
mulation. By contrast, acute iron treatment of bone marrow derived
macrophages (BMDM) triggers the formation of oxidative radicals
(Fig. S2A). Despite increased numbers of AM in Slc40a1C326S/C326S

mice (Fig. 3B), and consistent with a lack of oxidative stress in AM,
we failed to detect differences in mRNA and protein levels of inflam-
matory cytokines (IL1β, IL6 and TNFα) in total lung or in the BAL su-
pernatant, respectively (Fig. S2B, S2C). These observations indicate
that increased pulmonary iron levels did not cause pulmonary in-
flammation in Slc40a1C326S/C326S mice.

3.4. Slc40a1C326S/C326S Mice Show Restrictive Lung Disease and Decreased
Blood Oxygen Saturation

Although no differences in lung structure were observed by his-
tological analysis (Fig. S3A-D), we next investigated whether
Slc40a1C326S/C326S mice show alterations in lung function. Func-
tional measurements in 36-week old Slc40a1C326S/C326S mice
revealed classical signs of restrictive lung disease, such as de-
creased total lung capacity and decreased lung compliance (Fig.
4A, B). Consistently, Slc40a1C326S/C326S mice show increased pul-
monary elastance, thus revealing elevated lung rigidity (Fig. 4C).
This observation was confirmed by exposing the mice to fixed air
pressures (Flexivent) as shown in the pressure-volume curve
(Fig. 4D). We excluded the possibility that the observed differences
between wild-type and Slc40a1C326S/C326S mice were due to differences
in body size. Despite the fact that aged Slc40a1C326S/C326S mice present
with lower body weight most likely due to exocrine pancreatic failure
(Altamura et al., 2014), the tibia length, a marker for body size, is com-
parable to age-matchedwild-typemice (Fig. S4A). Furthermore, we de-
tected a decrease in total lung capacity already in 26-week old
Slc40a1C326S/C326S mice, which at this age still don't show differences
in body weight as well as tibia length (Figs. S4, S5). Stereological analy-
sis of the lung shows that the volume of the lung parenchyma is reduced
in Slc40a1C326S/C326S mice, without alterations in the volume of the lung
non-parenchyma (Fig. 4E, F). These observations indicate that the de-
crease in total lung capacity of Slc40a1C326S/C326S mice results from a re-
duction in the volume of the lung parenchyma.

A major function of the lung is to provide optimal diffusion condi-
tions for efficient oxygen exchange between the atmosphere and the
blood stream. Aged Slc40a1C326S/C326S mice show a marked reduction
in blood oxygen saturation when compared to wild-type mice (Fig.
4G). Systemic hypoxia is mainly sensed by the kidney which responds
by producing the erythroid growth factor, erythropoietin (Epo). Consis-
tent with decreased oxygen saturation, plasma Epo levels are increased
in Slc40a1C326S/C326S mice (Fig. 4 H). Increased levels of circulating Epo
stimulate erythropoiesis in the bone marrow to restore sufficient oxy-
gen delivery to every cell in the organism. In line with these findings,
we observed higher levels of red blood cells, hemoglobin and hemato-
crit in Slc40a1C326S/C326S mice (Table S1) (Altamura et al., 2014).

4. Discussion

Respiratory diseases are frequently associated with alterations in
pulmonary iron homeostasis (Ghio, 2009). Patients with acute respira-
tory distress syndrome, pulmonary alveolar proteinosis, cystic fibrosis
and COPD show higher levels of iron in the lung when compared to
healthy individuals (Ghio et al., 2003; Ghio et al., 2012; Ghio et al.,
2008; Philippot et al., 2014). So far, themechanism(s) leading to pulmo-
nary iron accumulation and the role of iron in the development of lung
diseases remain unexplored.

Here, we show that the genetic disruption of the regulatory system
maintaining systemic iron homeostasis causes age-dependent and ge-
notype-specific pulmonary iron accumulation, increased lipid peroxida-
tion, and gene responses consistent with pulmonary iron overload and
oxidative stress; TfR1 and DMT1-IRE expression is decreased and FtL
and FPN levels are increased. Elevated FPN protein levels likely result
from a combination of transcriptional responses, derepression of FPN



Fig. 3.Alveolarmacrophages in Slc40a1C326S/C326S mice show iron deposition. A)May-Grünwald-Giemsa of cytospin preparations of AMobtained from the BAL of male 26-week oldmice.
B) Total cell count and AMcell count of the BAL fluid ofmale 26-week oldmice. C)Gating strategy used to identify the cells present in the BAL fluid ofwild-type and Slc40a1C326S/C326Smice
by FACS analysis. D) Percentage of AM (CD11c+ SiglecF+) present in the leukocyte fraction (CD45.2+) in the BAL fluid ofmale 24-week oldmice. E) Perls' stain of cytospin preparations of
cells isolated from the BAL fluid of male 24-week oldmice. Arrow points to an iron spared AM. F) Immunocytochemistry for ferroportin in cytospin preparations of cells isolated from the
BAL fluid of male 24-week old mice.
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translation via the IRE/IRP system and the hepcidin-resistant phenotype
that post-translationally stabilizes the FPN protein (Altamura et al.,
2014; Anderson et al., 2012).
Our finding that increased systemic iron levels result in iron accu-
mulation in the lung is supported by a previous study inwhich intraper-
itoneal injection of iron-saccharate increased iron levels in the lung



Fig. 4. Impaired lung function and reduced blood oxygen saturation hallmark Slc40a1C326S/C326Smice. (A–D) Lung functionmeasurements performed in female 36-week oldmice. A) Total
Lung Capacity; B) Dynamic Compliance; C) Elastance; D) Pressure-Volume (PV) curve with controlled pressure applied. E) Volume of lung parenchymameasured in female 36-week old
mice. F) Volume of lung non-parenchymameasured in female 36-week oldmice. G) Blood oxygen saturationmeasured in female 36-week oldmice. H) Epo levelsmeasured in the plasma
of female 36-week old mice.
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(Giorgi et al., 2015). While in this study, iron accumulated predomi-
nantly in AM, we demonstrate that in addition ciliated airway epi-
thelial cells, alveolar type II cells and vascular SMCs can load iron in
Slc40a1C326S/C326S mice. The differences observed in these two
mouse models of iron overload may be explained by an acute versus
chronic iron overload, by different iron sources or possible local con-
sequences of the disrupted FPN/hepcidin system.

We further show that iron accumulation in Slc40a1C326S/C326S mice
does not trigger pulmonary inflammation. However, the availability of
free iron in the lung may determine the outcome of pulmonary infec-
tions (Khiroya and Turner, 2015). For example, increased pulmonary
iron levels are related to the persistence of Pseudomonas aeruginosa in-
fection in cystic fibrosis patients (Reid et al., 2007). Moreover, during
Pseudomonas aeruginosa infection, themurine host up-regulates the ex-
pression of proteins involved in iron-sequestration (Damron et al.,
2016), highlighting the known competition for iron between the host
and the pathogen. Since there is a general increase in pulmonary iron
levels in Slc40a1C326S/C326S mice, and in particular in extracellular iron
in the bronchoalveolar space, we hypothesize that Slc40a1C326S/C326S

mice may have an increased susceptibility to bacterial lung infections.
However, this concept needs to be tested experimentally in future
studies.

Slc40a1C326S/C326S mice present classical signs of restrictive lung dis-
ease, with a decrease in total lung capacity and compliance and an in-
crease in pulmonary elastance. A restrictive pattern is commonly
associated with pulmonary fibrosis but collagen deposition in the lung
of Slc40a1C326S/C326S mice is not significantly increased and therefore
cannot explain the strong phenotype. Rodriguez-Capote and colleagues
showed that the presence of ROS and the oxidation of surfactant phos-
pholipids and proteins can alter surfactant function (Rodriguez-Capote
et al., 2006). It is thus possible that the presence of extracellular iron
in the bronchoalveolar space of Slc40a1C326S/C326S mice may affect
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surfactant activity, surface tension and lung compliance. However, the
mechanism(s) causing the restrictive pattern in Slc40a1C326S/C326S

mice still remain to be elucidated.
It is of note that restrictive lung disease is the predominant pulmo-

nary dysfunction in patients with thalassemia major (Carnelli et al.,
2003; Guidotti et al., 2016; Kanj et al., 2000). Due to ineffective erythro-
poiesis and blood transfusion requirements, these patients present with
increased systemic iron levels and parenchymal iron overload. We
therefore speculate that the pulmonary restrictive pattern in thalasse-
mia major patients may be a consequence of increased systemic iron
levels and/or lung iron deposition (Carnelli et al., 2003; Kanj et al.,
2000; Parakh et al., 2007).

Slc40a1C326S/C326S mice show a strong decrease in blood oxygen sat-
uration, despite the absence of observable structural changes in the
lung. Thisfinding can be causedby 1) a substantial ventilation/perfusion
(V/Q) mismatch, 2) a shunt flow of the blood in Slc40a1C326S/C326S mice
or 3) by a low cardiac output. With regard to the first hypothesis, the
iron deposition observed in a subset of alveolar type II cells may lead
to regional impairment of surfactant production, which may in turn
cause a partial collapse of gas exchanging units resulting in ventila-
tion/perfusion mismatch and hypoxemia. Second, a shunting of unoxy-
genated blood across the heart or the lungs might be caused by
abnormal iron deposition in vascular smooth muscle cells leading to
the respective vascular dysfunction/abnormalities. Third, low cardiac
output could also contribute to such a phenotype by causing low venous
O2 andfinally low arterial O2 saturation. Future studieswill be necessary
to address these possibilities.

The decrease in blood oxygen saturation correlates with increased
plasma EPO levels in Slc40a1C326S/C326S mice. Hypoxia is the main
physiological inducer of EPO production in the kidney via the hypox-
ia inducible factor HIF2α/HIF1β heterodimer (Haase, 2010). In
Slc40a1C326S/C326S mice iron may also directly increase HIF-2α mRNA
translation by inhibiting the binding of IRPs to its 5′ UTR (Sanchez et
al., 2007). Increased plasma levels of EPO stimulate erythropoiesis in
the bone marrow. Consistently, we detected high levels of red blood
cells, hemoglobin and hematocrit in Slc40a1C326S/C326S mice.

We cannot exclude that pathophysiological consequences of iron
overload in Slc40a1C326S/C326S mice other than in the lung may con-
tribute to our observations. The restrictive pattern and decreased
blood oxygen saturation may be caused by a combination of high
iron levels in the lung as well as other impairments triggered by an
increase in systemic iron levels and organ iron deposition
(Altamura et al., 2014). To date, there is no evidence of lung pathol-
ogy in human patients with HH type 4. However, this may reflect
upon the fact that patients identified with the FPN C326S point mu-
tation were heterozygous (Sham et al., 2005) and clinical iron over-
load has been controlled by phlebotomy.

Taken together, our results show that a disruption in the hepcidin/
FPN regulatory system leads to an age-dependent pulmonary iron depo-
sition in specific lung cell types. Homozygous Slc40a1C326S/C326S mice
show restrictive lung disease and decreased blood oxygen saturation.
These observations implicate iron in lung pathology, which so far is
not considered a classical iron-related disorder. Moreover, we speculate
that an impaired lung function may contribute to the premature death
observed in Slc40a1C326S/C326S mice (Altamura et al., 2014).
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