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ABSTRACT 

Increased iron levels and/or dysregulated iron homeostasis occurs in several lung diseases. Here, 

the effects of iron accumulation on the pathogenesis of pulmonary fibrosis and associated lung 

function decline was investigated using a combination of murine models of iron overload and 

bleomycin-induced pulmonary fibrosis, primary human lung fibroblasts treated with iron and 

histological samples from patients with or without idiopathic pulmonary fibrosis (IPF)  

Iron levels are significantly increased in iron overloaded transferrin receptor 2 (Tfr2) 

mutant mice and homeostatic iron regulator (Hfe) gene-deficient mice and this is associated with 

increases in airways fibrosis and reduced lung function. Furthermore, fibrosis and lung function 

decline are associated with pulmonary iron accumulation in bleomycin-induced pulmonary 

fibrosis. We also show that iron accumulation is increased in lung sections from IPF patients 

and that human lung fibroblasts show greater proliferation, and cytokine and extracellular matrix 

responses when exposed to increased iron levels. Significantly, we show that intranasal 

treatment with the iron chelator, deferoxamine (DFO), from the time when pulmonary iron 

levels accumulate, prevents airway fibrosis and decline in lung function in experimental 

pulmonary fibrosis. Pulmonary fibrosis is associated with an increase in Tfr1
+
 macrophages that 

display altered phenotype in disease and DFO treatment modified the abundance of these cells. 

These experimental and clinical data demonstrate that increased accumulation of 

pulmonary iron plays a key role in the pathogenesis of pulmonary fibrosis and lung function 

decline. Furthermore, these data highlight the potential for the therapeutic targeting of increased 

pulmonary iron in the treatment of fibrotic lung diseases such as IPF.   

Abstract word count: 248 up to 300 OK  

Keywords: Iron, pulmonary fibrosis, airway remodelling, IPF, lung function, bleomycin, airway 

inflammation, airway hyperresponsiveness, deferoxamine, collagen 
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Introduction   

Dysregulation of iron homeostasis is associated with a range of respiratory diseases, 

particularly those associated with pulmonary fibrosis (reviewed in [1]). Specifically, patients 

with IPF have increases in total iron levels, iron-laden macrophages, and iron-induced oxygen 

radical formation in the lung and recent evidence shows that iron sequestration by alveolar 

macrophages (AM) is defective in idiopathic pulmonary fibrosis (IPF) patients compared to 

healthy controls [1,2].  However, it is unknown whether altered iron regulation and level affect 

the progression of IPF and/or whether changes in iron homeostasis are a cause or consequence 

of disease.  

Murine models of iron overload allow the examination of the effects of increased iron 

accumulation in the lung in vivo in the absence of disease-associated and/or -inducing stimuli 

that alter iron levels as a consequence of inflammation/disease [1]. Systemic iron overload 

results in increased iron accumulation in the lung, predominantly localized to AMs, ciliated 

airway epithelial cells (AEC), alveolar type II cells and/or vascular smooth muscle cells [3,4]. 

Significantly, iron overload in mice results in significant increases inflammatory responses and 

oxidative/nitrosative stress in the lungs [5] as well as oxidative stress, decreased total lung 

capacity and compliance, hypoxemia and increases in lung elastance [4]. 

Collectively, these studies support that pulmonary iron accumulation may induce 

pathological features associated with a number of lung diseases. However, they do not address 

how iron accumulation affects pulmonary fibrosis and lung function decline, specifically in 

fibrotic lung disease, and/or whether iron accumulation can be therapeutically targeted to 

prevent the progression of fibrotic lung disease. In this study, we use a complementary 

combination of murine models of iron overload and bleomycin-induced pulmonary fibrosis and 

IPF patient samples and human lung fibroblasts cultured in the presence of increased iron to 

demonstrate how iron accumulation plays an important role, and can be therapeutically targeted, 

in the pathogenesis and progression of fibrotic lung disease.  
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Materials and methods 

Full details are provided in supplementary material, Supplementary materials and methods. 

 

Study approvals   

All animal protocols were approved by the Animal Ethics Committees of the University of 

Newcastle and University of Sydney, Australia. All human protocols were approved by the 

Human Ethics Committee of The University of Sydney and the Sydney South West Area Health 

Service. The study protocol was consistent with the Research Code of the University Medical 

Centre Groningen and Dutch national ethical and professional guidelines (“Code of conduct; 

Dutch federation of biomedical scientific societies”; http://www.federa.org [last accessed 

09/02/2020]). 

 

Iron overload mice and experimental lung fibrosis 

Transferrin receptor 2
Y245X 

mutant (Tfr2
mut/mut

) [6] and hemochromatosis protein gene (Hfe)-

deficient mice (Hfe
-/-

) [7] on the AKR background strain aged 36 weeks were used to model iron 

overload. Bleomycin-induced experimental fibrosis was induced in Tfr2
mut/mut

, wild-type (WT) 

AKR aged 12 weeks , and WT BALB/c mice aged 6-8 weeks to assess the effects of iron on 

fibrosis [8,9]. Iron quantification [10,11], airway inflammation [12,13], small airway fibrosis 

[8], pulmonary tissue density, Ashcroft score quantification [14], hydroxyproline assay [8], 

pulmonary macrophage phenotypic characterization [15], lung function [12,13,16-20], airway 

contractility [21-24] and therapeutic treatment with the iron chelator DFO was assessed as 

previously described and/or as described in supplementary materials and methods. 

 

Analysis of human tissues  
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Iron levels in IPF patient lung tissues were assessed using 3, 3’-diaminobenzidine-

tetrahydrochloride (DAB)-enhanced Perls’ iron staining [11,25,26]. The effect of iron 

accumulation on cellular proliferation, cytokine secretion and extracellular matrix (ECM) gene 

expression in primary human fibroblasts was assessed by MTT assay [27], ELISA [27] and RT-

qPCR as described previously and/or as described in supplementary materials and methods. IPF 

patient details are outlined in supplementary materials and methods, Table S1. 

 

Statistics 

Data are presented as means ± SEM. Data were analysed using GraphPad Prism software 

(GraphPad Software, Inc., San Diego, CA, USA). Statistical significance between two groups 

was quantified using Student’s two-tailed, unpaired t-test. Comparisons between multiple 

groups were performed using a one-way ANOVA with a Fisher’s Least Significant Difference 

(LSD) post hoc test. Airway hyperresponsiveness (AHR) and proliferation data were analysed 

using two-way repeated measures ANOVA with a Bonferroni post hoc test. 

  

Results 

Iron levels and airways fibrosis are increased in the lungs of Tfr2
mut/mut

 and
 
Hfe

-/- 
mice  

To enable us to define the roles of increased iron in human lungs and how this affects disease 

features, we first assessed iron levels and airways fibrosis in the lungs of Tfr2
mut/mut

 and Hfe
-/-

 

iron-overload mice compared to WT controls. Tfr2
mut/mut

 and Hfe
-/-

 mice had 3- and 3.5-fold 

increases in non-haem iron levels in the liver compared to WT controls, respectively (Figure 

1A,C), thus confirming iron overload. Importantly, lung iron levels were significantly increased 

1.5- and 0.75-fold in Tfr2
mut/mut

 and Hfe
-/-

 mice compared to their controls, respectively (Figure 

1A,C). We did not observe any compensatory increase in the expression of Tfr1 in Tfr2
mut/mut

 

mice (supplementary material, Figure S1). DAB-enhanced Perls’ iron staining showed that 

Tfr2
mut/mut 

and Hfe
-/-

 mice exhibited iron accumulation predominantly in the airway basement 
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membrane, blood vessels, and tissue macrophages (Figure 1B,D). Significantly, we found that 

Tfr2
mut/mut 

and Hfe
-/-

 mice had significantly increased collagen deposition around the small 

airways compared to WT controls (Figure1E,F), demonstrating that increased iron accumulation 

in the lungs was associated with increased airways fibrosis.  

 

Tfr2
mut/mut

 and Hfe
-/- 

mice have impaired lung function 

Impaired lung function is the critical functional issue in respiratory diseases. Impaired lung 

function in respiratory disease is often associated with structural changes such as increased 

airways fibrosis that correlate with lung function decline. Thus, we examined next whether the 

structural changes observed in iron overload mice are associated with impaired lung function. 

We found that Tfr2
mut/mut

 mice had a trend (p=0.07) towards increased baseline central airways 

resistance (Rn), but no changes in transpulmonary resistance (Rrs), compliance (Crs) or 

elastance (Ers) compared to WT controls (Figure 2A–C and supplementary material, Figure 

S2A). Hfe
-/- 

mice had increased baseline Rrs and Ers and decreased Crs (Figure 2D–F and 

supplementary material, Figure S2B). Significantly, both Tfr2
mut/mut

 and Hfe
-/- 

mice had altered 

lung function, characterised by increased Rn, Rrs, and Ers, and decreased Crs in response to 

nebulised methacholine (MCh) (Figure 2A–F and supplementary material, Figure S2A,B). Thus, 

iron accumulation in the lung was associated with significant deterioration of lung function.  

We assessed the possibility that the functional changes observed with iron overload were 

driven by altered smooth muscle contraction by measuring airway contractility in precision cut 

lung slices (PCLS). Each slice was perfused with increasing concentrations of methacholine 

(MCh) (0.001–1 µM) and the contractile response measured for each concentration. MCh 

induced concentration-dependent contraction of small airways in both WT and Tfr2
mut/mut 

mice 

(Figure 2G), but there were no differences in maximum percentage reduction in lumen area 

between the two groups (50.7  7.0% versus 56.4  8.5%). These data suggest that increased 

lung iron does not increase airway smooth muscle contractility. 
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Immune and inflammatory responses are not considerably increased in Tfr2
mut/mut

 

and Hfe
-/-

 mice  

We next assessed immune factor (Tlr2, Tlr4, Il6, Il1β, Tnfα, Ho1) expression and BALF 

cell levels in the lungs of Tfr2
mut/mut

 and Hfe
-/- 

mice compared to WT controls (supplementary 

material, Figure S3). Despite alterations in lung function, only Il1β and Ho1 expression were 

increased in Tfr2
mut/mut

 mice (supplementary material, Figure S3A). Neither Tfr2
mut/mut

 nor Hfe
-/- 

mice had increased inflammatory cell numbers in BALF (supplementary material, Figure 

S3A,B). These data suggest that iron overload is not associated with substantial increases in 

immune and/or inflammatory responses. 

 

Collectively, our data supports that iron-associated changes in lung function do not result 

from increased inflammation (supplementary material, Figure S3) or airway smooth muscle 

contractility but rather structural changes (i.e. small airways fibrosis).  

  

Bleomycin-induced pulmonary fibrosis is associated with increased iron levels and altered 

expression of iron-related genes  

Since increased iron has been linked with fibrotic lung diseases, including IPF, and since we 

show that mice with increased lung iron levels have increased fibrosis in the absence of other 

disease-associated- and/or inducing-stimuli, we explored the role of increased iron in IPF using 

complementary experimental and human analyses.  

Bleomycin-induced experimental pulmonary fibrosis is widely used to help determine 

the mechanisms of pathogenesis, and test therapies for, fibrotic lung disease in humans. We 

assessed systemic and pulmonary iron levels, iron-related gene expression, lung tissue 

remodelling and lung function in a bleomycin-induced model of experimental pulmonary 

fibrosis. We found that, in the absence of bleomycin treatment, sham (PBS)-treated, Tfr2
mut/mut
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mice had significantly increased iron levels in both the lung and liver compared to WT controls 

(Figure 3A). Bleomycin-treated (d28 post treatment) WT mice had increased non-haem iron 

levels in the lung, but not in the liver, compared to sham-treated WT mice, with levels similar to 

that observed in PBS-treated Tfr2
mut/mut

 mice. This demonstrates that bleomycin treatment 

increased iron levels in the lung to the same extent as that observed in sham-treated Tfr2
mut/mut

 

mice. Interestingly, bleomycin-treated Tfr2
mut/mut

 mice had similar lung iron levels as sham-

treated Tfr2
mut/mut 

and bleomycin-treated WT controls (Figure 3A). Iron accumulation localised 

predominantly to macrophages (based on cellular morphology) following bleomycin treatment 

(Figure 3B). Compared to sham-treated WT mice, Tfr2
mut/mut

 mice had increased mRNA levels 

for the divalent metal transporter 1 (Dmt1-ire, Slc11a2) and zinc transporter (Zip14) in whole 

lung tissues (Figure 3C). In addition, bleomycin-treated WT mice had increased mRNA levels 

for ferritin heavy chain (Fth) and decreased expression of Dmt1-ire, Tfr1, Zip14, iron regulatory 

protein 1 (Irp1), hepcidin (Hamp), and ceruloplasmin (Cp) in the lung compared to sham-treated 

WT controls (Figures 3C). With the exception of Fth, which was decreased, there were no other 

changes in iron-related gene expression in bleomycin-treated Tfr2
mut/mut 

mice compared to 

bleomycin-treated WT controls. Taken together, these findings show that bleomycin-induced 

pulmonary fibrosis is characterised by increased iron accumulation in the lung, similar to that in 

the TFR2
mut/mut

 model of iron overload, and is associated with significant evidence of altered 

iron-related gene expression. 

  

Increased iron accumulation in Tfr2
mut/mut

 mice is associated with increased fibrosis in 

bleomycin-induced experimental pulmonary fibrosis 

We assessed the role of lung iron overload on airway fibrosis and lung function in Tfr2
mut/mut

 

mice with and without bleomycin treatment (d28 post treatment). In the absence of bleomycin 

treatment, Tfr2
mut/mut

 mice had increased small airways fibrosis compared to WT controls 

(Figure 3D). Importantly, the magnitude of small airway fibrosis in Tfr2
mut/mut

 mice in the 
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absence of bleomycin treatment was similar to that in bleomycin-treated WT controls. 

Interestingly, bleomycin-treated, Tfr2
mut/mut 

mice had increased pulmonary tissue density of 

collagen, Ashcroft score and small airways fibrosis compared to bleomycin-treated WT controls 

(Figure 3D, E). Similarly, in the absence of bleomycin, Tfr2
mut/mut

 mice had increased Rn and 

Rrs in response to MCh (30 mg/ml) compared to sham-treated WT controls, with the magnitude 

being similar to that in bleomycin-treated WT groups (Figure 3F). Whilst bleomycin-treated, 

Tfr2
mut/mut 

mice had increased small airways fibrosis compared to bleomycin-treated WT 

controls (Figure 3D), bleomycin had no additional effects on lung function in Tfr2
mut/mut

 mice 

(Figure 3F and supplementary material, Figure S4). Taken together these findings support that 

increased iron in the lung plays an important role in driving airway fibrosis in bleomycin-

induced experimental pulmonary fibrosis.  

 

Iron levels increase in the later stages of bleomycin-induced pulmonary fibrosis and 

correspond with small airways fibrosis and reduced gas exchange 

We investigated iron levels and small airway fibrosis and gas exchange (DFCO) at different time 

points (d2, 7, and 22) following bleomycin treatment in WT mice. Treatment has no effect on 

liver iron levels at any time point (Figure 4A). Significantly, whilst no significant changes in 

iron accumulation in the lung during the early stages post-treatment, iron levels increase in the 

lung of bleomycin-treated mice compared to sham-treated controls by day 22 (Figure 4A). This 

increase in iron level corresponds with the development of small airway fibrosis and a decline in 

DFCO (Figures 4B,C). These data provide a link between increased pulmonary iron 

accumulation and progression of fibrosis and lung function decline in experimental pulmonary 

fibrosis. 

 

Iron levels are increased in the lung tissues of patients with IPF, and exogenous iron 

increases human lung fibroblast proliferation and cytokine and ECM responses 
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To validate our experimental findings in human disease and to investigate potential mechanisms, 

we measured iron levels in lung biopsies from IPF patients and healthy controls. Iron 

accumulation was significantly increased in the lung tissues of IPF patients compared to healthy 

controls (Figure 5A). Importantly, iron accumulation negatively correlates with FVC% predicted 

(Figure 5B). A trend towards a negative correlation between FEV1% predicted and iron 

accumulation was also observed (Figure 5C).  To assess the potential effects of increased iron 

accumulation on fibrotic responses, human lung fibroblasts were cultured in the presence of a 

water-soluble iron salt, ferric ammonium citrate (FAC), at 10 or 50 µM. FAC increased cellular 

proliferation (Figure 5D), and the expression of IL6 and IL8 (Figure 5E). FAC at 10 µM also 

increased the mRNA levels of the ECM genes COL1A2 and TNC (Figure 5F). Taken together 

these findings showed that iron levels were substantially increased in the lungs of IPF patients, 

and that increased accumulation of iron in the lungs may promote the pathogenesis of IPF by 

increasing the proliferation of, and cytokine and ECM production by, lung fibroblasts. 

 

Iron chelator treatment ameliorates fibrotic lung disease in bleomycin-induced pulmonary 

fibrosis  

We assessed the therapeutic potential of targeting the increased iron accumulation that occurs in 

fibrotic disease. WT BALB/c mice were treated daily with the iron chelator, DFO, from day 14 

following administration of bleomycin, which is before iron increases and disease features 

emerge (Figure 4), until day 27. The effects of treatment on key features of disease were 

assessed on day 28. Bleomycin-treated WT mice had increased total leukocytes, macrophages, 

lymphocytes, neutrophils, and eosinophils in their BALF compared to sham-treated controls 

(Figure 6A). DFO treatment markedly suppressed these inflammatory responses. Bleomycin-

treated mice had increased levels of collagen deposition around the small airways, higher 

Ashcroft scores and more hydroxyproline in their lungs; these increases were suppressed by 

DFO treatment (Figure 6B,C). We also show that bleomycin-treated mice had suppressed 
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(~10%) gas exchange and DFco compared to sham-treated controls, and that DFO 

administration prevented these declines (Figure 6D). We also found that DFO treatment 

suppressed MCh-induced AHR, in terms of Rn, Rrs and Ers, in bleomycin-induced pulmonary 

fibrosis (Figure 6E). These findings demonstrated that DFO treatment protects against the 

progression of fibrosis and decline in lung function in bleomycin-induced experimental 

pulmonary fibrosis. Interestingly, DFO treatment in the absence of bleomycin-induced 

pulmonary fibrosis resulted in a small increase in Ashcroft score and decrease in DFco (Figure 

6C,D). Taken together these data reinforce the important role of iron in the pathogenesis of 

fibrotic lung disease and demonstrate the therapeutic potential for targeting increased pulmonary 

iron in preventing/treating disease progression, whilst also highlighting that the manipulation of 

iron may also have detrimental effects in the lung.   

 We sought to determine whether bleomycin-associated iron accumulation in the lung 

affects Tfr1
+
 macrophage number and phenotype as has been observed in IPF by Allden et al. 

(2). We found that Tfr1
+
 cell abundance increased in bleomycin-treated mice and that these cells 

were predominantly macrophages (Figure 6F). Interestingly, we found that DFO treatment 

results in a reduction in these Tfr1
+
 cells (Figure 6F). These data suggest that bleomycin 

treatment results in an accumulation of macrophages with the ability to sequester iron, and DFO 

treatment-induced suppression of disease is associated with a reduction in the abundance of 

these cells. To determine whether these Tfr1
+
 macrophage populations display altered  

phenotypes, we measured expression of a range of M1-like (Ifng, Tlr2, Marco, Inos) and M2-

like (Arg1, Il10, Timp1, Mmp9) phenotypic gene signatures in sorted Tfr1
+
 and Tfr1

-
 

macrophages in the presence or absence of bleomycin-induced pulmonary fibrosis treatment. 

We found that Tfr1
+
 macrophages from saline-treated mice showed lower expression levels of 

Tlr2 and Mmp9 and a higher level of Il10 compared to Tfr1
-
 macrophages from saline-treated 

controls (Figure 6G). This supports that, in the absence of disease, Tfr1
+
 macrophages have an 

anti-inflammatory M2-like phenotype which has been shown to be associated with tissue repair 
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responses, while Tfr1
-
 macrophages appear to have a greater pro-inflammatory M1-like 

phenotype. Importantly, Tfr1
+
 macrophages from bleomycin-treated mice had increased Arg1, 

Il10, and Timp1 expression compared to Tfr1
+
 macrophages, from saline treated controls 

suggestive of a more M2-like phenotype for Tfr1
+
 macrophages in pulmonary fibrosis (Figure 

6G). This is important because M2-like macrophages have been shown to play important roles 

in initiating proliferative tissue repair processes and fibrosis [28]. Interestingly, we also found 

that Tfr1
+
 macrophages from mice with bleomycin-induced pulmonary fibrosis mice had 

decreased Mmp9, Tlr2, Marco (p=0.06), but increased Il10 and Ifng expression compared to 

Tfr1
-
 macrophages from these mice (Figure 6G and supplementary material, Figure S5), which 

suggests that Tfr1
+
 macrophages likely play a different role in disease with a phenotype that has 

both M1- and M2-like properties. We also assessed iron-related gene signatures (Dmt1, Irp1, 

Ftl) in Tfr1
+
 and Tfr1

-
 macrophages and found that Tfr1

+
 macrophages had decreased Dmt1 and 

Irp1 expression compared to Tfr1
-
 macrophages in the presence and absence of bleomycin-

induced pulmonary fibrosis (Figure 6G and supplementary material, Figure S5), suggesting that 

the Tfr1
+
 macrophages have less iron accumulation. We also found that transferrin levels were 

not altered in the BAL collected from bleomycin-treated mice compared to controls 

(supplementary material, Figure S6). Taken together these data demonstrate that Tfr1
+
 and Tfr1

-
 

macrophages display complex phenotypes in bleomycin-induced pulmonary fibrosis and that 

more studies are required to determine the role of Tfr1
+
 and Tfr1

-
 macrophages in fibrotic lung 

disease, especially the effects that iron sequestration in these cells has on phenotype. 

  

Discussion 

In this study we showed, for the first time, that elevated systemic iron levels in aged Tfr2
mut/mut

 

and Hfe
-/- 

mice were associated with increased iron levels in the lung, and that this iron 

accumulation was associated with significant increases in airway fibrosis and altered lung 

function. These findings showed that increased iron accumulation in the lung was associated 
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with increased airways fibrosis in the absence of noxious exogenous stimuli, thus highlighting 

that increased iron itself may play a role in the pathogenesis of key features of disease observed 

in fibrotic lung diseases such as IPF. Previous studies have shown increased iron accumulation 

in AMs in IPF patients [1,2] suggesting that iron metabolism is altered in disease. Furthermore, 

Allden et al., have recently shown that that TFR1
-
 AMs have a decreased ability to sequester 

iron, that the proportion of TFR1-negative AMs is reduced in IPF patient and that this reduction 

is associated with increased BAL transferrin levels and poorer disease prognosis [2]. Our 

findings expand upon these clinical data and suggest that changes in the number of iron 

sequestering TFR1
+
 macrophages are a feature of disease in whole lung tissue, and that the 

capability to control increases in pulmonary iron by these cells, and/or a change in their 

phenotype that results from iron sequestration, in IPF may play a role in the development of 

disease. 

We found that iron accumulation was increased in lung tissue sections from patients with 

IPF and in experimental bleomycin-induced pulmonary fibrosis. Furthermore, we found that the 

increasing iron levels in bleomycin-induced pulmonary fibrosis corresponded with the 

development of airway fibrosis and a decline in lung function and that the administration of 

exogenous iron increases cellular proliferation and pro-inflammatory cytokine and extracellular 

matrix gene expression in human lung fibroblasts. Fibrosis, associated with the deposition of 

collagen and other ECM proteins, is an important pathological manifestation and key feature of 

IPF, asthma and COPD [29-32]. Collagen is the most abundant ECM protein in the body [33]. 

Previous reports show that excess iron levels are associated with higher activity of prolyl 

hydroxylase (a key enzyme involved in collagen synthesis) and collagen deposition in the liver 

[34,35]. Iron affects enzyme function in normal collagen synthesis and plays a vital role in 

collagen maturation [36,37]. In our study, we extended these findings by showing that increased 

iron levels can directly increase the proliferation and pro-inflammatory cytokine and ECM 

responses of human lung fibroblasts. These findings provide strong evidence that increased 
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levels of iron in the lung in IPF, perhaps as a result of decreased iron sequestration by AMs [2], 

may promote the pathogenesis of fibrosis by increasing pro-inflammatory cytokine production 

and/or ECM deposition by lung fibroblasts. 

Bleomycin complexes with host iron and subsequently generates free radicals, which 

cause DNA damage that initiates experimental pulmonary fibrosis [38-40]. Previous studies 

have shown reduced fibrosis when DFO treatment occurs during the initial bleomycin 

administration and then throughout the development of bleomycin-induced pulmonary fibrosis 

[41-43].  Our data showed that, in WT mice, the accumulation of iron occurs long after the 

initial bleomycin insult and that features of disease emerge in association with increased iron 

levels. We also showed that Tfr2
mut/mut

 mice not treated with bleomycin have similar disease 

features as WT mice treated with bleomycin and that bleomycin treatment in Tfr2
mut/mut 

mice 

does not result in a synergistic increase in features of disease compared to that observed in 

sham-treated Tfr2
mut/mut

 controls. Taken together, these data support that an accumulation of iron 

in the lung, rather than iron status at the time of bleomycin treatment, drive disease. To confirm 

the role, and the potential for therapeutically-reducing the effects of iron accumulation in 

bleomycin-induced pulmonary fibrosis, we used DFO to counter the effects of iron 

accumulation. DFO allowed us to examine the role of iron accumulation and also test whether 

we could target iron as a therapy. We treated WT BALB/c mice intranasally with DFO daily 

from 14–27 days after bleomycin exposure. We chose this protocol because we found that iron 

levels increase, and pulmonary fibrosis emerges, 14–22 days after bleomycin treatment. 

Significantly, we found that this iron chelator therapy completely suppresses key features of 

pulmonary fibrosis, even when treatment occurs well after the initial bleomycin challenge and, 

importantly, when iron levels increase in association with the emergence of disease. 

Interestingly, we also found that DFO reduces the number of Tfr1
+
 macrophages in bleomycin-

induced pulmonary fibrosis.  Because we showed that these cells have a more M2-like 

phenotype, and because M2-like macrophages have been shown to play an important role in 
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fibrosis [44], our data support that DFO may have effects through its ability to alter the 

abundance of these cells in disease.  However, since we also found that Tfr1
+
 macrophages have 

a gene expression profile that may have protective effects in fibrosis (reduced Mmp9 and 

increased Timp1), our findings suggest that more studies are required to determine the role of 

these cells in disease. In addition to its iron-chelating ability, DFO has antioxidant and free-

radical scavenging properties that could have suppressed manifestations of bleomycin-induced 

lung fibrosis through reducing oxidative stress and associated pathological responses [45]. It is 

also possible that DFO could activate the hypoxia-inducible factor signalling pathway, which 

could have suppressed the features of bleomycin-induced lung fibrosis [46]. It is well known 

that iron needs to be tightly controlled with evidence for dysregulation in either direction known 

to result in pathology (1). In our studies we found that despite DFO having substantial protective 

effects in a murine model of bleomycin-induced pulmonary fibrosis, DFO treatment in the 

absence of bleomycin resulted in small changes in Ashcroft score and DFco (Figure 6C, D). 

These data highlight the fact that DFO is a crude tool for modifying iron and support the 

premise that iron regulation is extremely complex with much work still required to identify 

effective iron-targeted therapies that do not have pathological consequences.  

In conclusion, our findings demonstrated that an endogenous increase in iron levels in 

the lungs drives key features of lung disease, most notably fibrosis. We further showed that iron 

levels are increased and play an important role in the progression of experimental and clinical 

fibrotic lung disease and that this may be a result of increased iron-induced activation of lung 

fibroblasts. Significantly, we showed that targeting increased iron accumulation, that has been 

shown to occur in progressive fibrotic lung diseases, such as IPF, by us and others, may be an 

effective therapeutic strategy for the prevention and/or treatment of disease.  
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Figure legends 

 

Figure 1. Iron levels in the lungs of Tfr2
mut/mut 

and
 
Hfe

-/-
 mice. (A, C) Non-haem iron (NHI) 

levels were measured in liver and lung tissue of Tfr2
mut/mut

 (n=7) and Hfe
-/- 

mice (n=12) and wild 

type (WT) controls (n=4–6). (B, D) Localisation of iron in lung sections using DAB-enhanced 

Perls’ iron stain. (E, F) Area of collagen deposition surrounding the basement membrane of 

small airways was quantified in Sirius Red-stained lung tissue sections from Tfr2
mut/mut 

(n=7), 

and Hfe
-/-

 mice (n=12) and wild type (WT) controls (n=4–6), in 6–8 airways/mouse. 

Representative images of collagen deposition around small airways at 40x objective. Mean ± 

SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

 

Figure 2. Tfr2
mut/mut

 and Hfe
-/- 

mice have impaired lung function. (A–F) Lung function in terms 

of central airways resistance (Rn) and transpulmonary resistance (Rrs) and elastance (Ers) was 

measured at baseline and in response to increasing doses of nebulised methacholine (MCh) in 

Tfr2
mut/mut

 (n=7) and Hfe
-/- 

mice (n=12) and wild type (WT) controls (n=4–6). Precision cut lung 

slices were prepared, and airway contractility were measured with increasing concentrations of 

methacholine in  Tfr2
mut/mut

 mice (n=3) and WT controls (n=3) (G) Airway lumen area at 

different concentrations of MCh.  Mean  SEM. *p<0.05, **p<0.01, ****p<0.0001. 

      

Figure 3. Bleomycin-induced pulmonary fibrosis is associated with increased iron levels and 

altered iron-related gene expression in the lung, and increased tissue density, Ashcroft score and 

small airways fibrosis and reduced lung function. Tfr2
mut/mut 

mice or wild-type (WT) controls 

were challenged with bleomycin (Bleo) or PBS intranasally (WT PBS n=8, Tfr2
mut/mut 

PBS n=4, 

WT Bleo n=9, Tfr2
mut/mut 

n=6). (A) On day 28, mice were sacrificed, and lung and liver tissues 

were collected and non-haem iron (NHI) levels were measured in liver and lung tissues. (B) 

localisation of iron in lung tissue sections was assessed using DAB-enhanced Perls’ iron 
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staining. (C) mRNA expression of the iron-related genes Fth, Ftl, Dmt1-ire, Tfr1, Zip14, Irp1 

and 2, Hamp, and Cp was assessed by RT-qPCR) in whole lung homogenates relative to Hprt. 

(D) Collagen area around the small airways in Picro Sirius red-stained lung sections (6–8 

airways/mouse) assessed using ImageJ analysis software. Representative images at 40x 

objective. (E) Tissue density and Ashcroft score was assessed in Picro Sirius red-stained lung 

sections. (F) Lung function in terms of central airways (Rn) and transpulmonary resistance (Rrs) 

and elastance (Ers) was measured in response to increasing doses of nebulised methacholine 

(MCh). Mean  SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

 

Figure 4. Iron levels in the late stages of bleomycin-induced pulmonary fibrosis with increased 

iron corresponding with small airway fibrosis and reduced gas exchange. WT BALB/c
 
mice 

were challenged with bleomycin (Bleo) or PBS intranasally (n=4–6/group). (A) Non-haem iron 

(NHI) levels in the liver and lung, (B) gas exchange in terms of diffusion fraction of carbon 

monoxide (DFco) and (C) small airway fibrosis were assessed on days 2, 7 and 22. Mean  

SEM. *p<0.05, **p<0.01, ****p<0.0001. 

 

Figure 5. Iron levels are increased in the lung tissues of patients with IPF and iron increases 

human lung fibroblast proliferation and cytokine and ECM responses. Lung biopsy tissues were 

collected from IPF patients (n=10) and healthy controls (n=10). (A) Lung sections were stained 

with DAB-enhanced Perls’ iron staining and iron levels were quantified by assessing staining 

intensity (n=10) using ImageJ software. (B, C) Human lung fibroblasts were cultured in the 

presence of ferric ammonium citrate (FAC; 10 or 50 µM) or 0.1 BSA vehicle. Iron accumulation 

was correlated with FVC% predicted and FEV1% predicted. (D) Cellular proliferation was 

assessed using an MTT assay. (E) Effects of FAC on interleukin (IL)-6 and IL-8 release and (F) 

COL1A2 and TNC mRNA levels. Mean  SEM except for expression data presented as fold-

change from matched control cultures. *p<0.05, **p<0.01. 
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Figure 6. Treatment with an iron chelator ameliorates fibrotic lung disease in bleomycin-

induced pulmonary fibrosis. WT BALB/c
 
mice were challenged with bleomycin (Bleo) or PBS 

intranasally. Deferoxamine (DFO; 10 mg/kg) was administered intranasally daily to Bleo-treated 

mice on days 14–27. (A) On day 28, airway inflammation was quantified in terms of total 

leukocytes, macrophages, lymphocytes, neutrophils, and eosinophils per ml of BALF (Sal/PBS 

n=6, Bleo/PBS n=8, Bleo/DFO n=9, Sal/DFO n=4). Collagen deposition was assessed in Picro 

Sirius red-stained lung sections. (B) Collagen area around the small airways was measured in 6–

8 airways/mouse (Sal/PBS n=6, Bleo/PBS n=8, Bleo/DFO n=9, Sal/DFO n=4) using ImageJ 

software. (C) Ashcroft score and hydroxyproline levels were assessed in the lung (Sal/PBS 

n=12, Bleo/PBS n=5–13, Bleo/DFO n=5–8, Sal/DFO n=10). (D) The diffusing fraction of 

carbon monoxide (DFco) was determined (Sal/PBS n=6, Bleo/PBS n=7, Bleo/DFO n=7, 

Sal/DFO n=4). (E) Lung function in terms of central airways resistance (Rn) and 

transpulmonary resistance (Rrs) and elastance (Ers) was measured at baseline and in response to 

increasing doses of nebulised methacholine (MCh) (Sal/PBS n=6, Bleo/PBS n=12, Bleo/DFO 

n=12, Sal/DFO n=4). (F) Tfr1+ cells were sorted from the lung of bleomycin and saline treated 

mice (Sal/PBS n=6, Bleo/PBS n=6, Bleo/DFO n=6, Sal/DFO n=4). (G) Macrophages 

phenotypes, profibrotic and iron relation gene expressions were assessed by RT-qPCR) 

(Sal/PBS n=3, Bleo/PBS n=3, Bleo/DFO n=3, Sal/DFO n=3). Mean  SEM. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. 
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