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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.
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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 (FO Generation)

Six to eight-week-old female, wild-type BALB/c mice, received either a LID
(~2.5mg 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.

Gestation
A cc
FO LID
| | v v
Week 0 5 8 11
pups born weaned
at 3wks

F1

. LALLM LLLLI LA L Iuwu

Week 0 1 2 3 4 5

Endpoint
analysis

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 pg/50 pL Saline) or saline (Sal; 50 pL) 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 pg,
Dermatophagoides pternyssinus extract FD, Citeq biologics, Groningen, Netherlands) in
medical grade sterile saline (50 nL), 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 x 500 uL). Samples
were centrifuged (5 min, 132x g, 4 °C), and the cell pellets were re-suspended in red
cell lysis buffer (200 pL, 5 min on ice), spun down and cell pellets were re-suspended in
HBSS (200 pL). The proportion of viable cells was assessed using the trypan blue exclusion
method by counting using a haemocytometer. Cell suspensions (90 uL) were spun onto
slides using cytocentrifugation (5 min, 300 rpm, room temperature). Differential leukocyte
populations were determined under a light microscope at 400 x 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 pL 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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SCIREQ™, 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
(SCIREQ™, 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 uL;
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)/pum 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 pm of the basement membrane
using Congo-Red (CR); as previously described [9-11]. Images were captured using a Zeiss
Axiolmager.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 Image] 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. 1 = 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).
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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 um of basement membrane (BM), (H) small airway collagen deposition and
(I) airway-associated eosinophils. n = 10-16 mice per group. Analysed by unpaired student ¢-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 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 um 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.

Author Contributions: Conceptualization, HM.G., AL.P, A.CB, RYK, AM.C, ME], VEM,,
D.MJ., DR, E.AM,, ]J.C.H.; methodology, HM.G., A.LP, A.C.B, MK.A,, A-T.E,; formal analysis,
HM.G., ALLP,C.D.,J.CH, resources, DM.E, GJ.A.,, DMJ., D.R, E.AM., CD.,J.C.H,; data curation,
HM.G, ALP, ACB, RYK, DMF, GJ.A, CD., ].CH.; writing—original draft preparation,
HM.G, ALP, RYK, CD, J].C.H,; writing—review and editing, HM.G., A.LP, A.C.B., RYK,
M.K.A., A-TE., RL.V, DM.E, GJ.A, PMH., AM.C,, ME].,, VEM., DM.J, D.R.,, EAM.,, C.D,,
J.C.H,; supervision, HM.G., A.C.B,, RL.V,, PM.H., ].C.H.; project administration, ].C.H. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was supported by funding to J.C.H: Gladys M. Brawn Career Development
fellowship and funding from the College of Health and Wellbeing, University of Newcastle. A.L.P. is
supported by an Australian Government Research Training Program Scholarship. PM.H is funded
by a fellowship and grants from the National Health and Medical Research Council (NHMRC) of
Australia (1175134) and by UTS.

Institutional Review Board Statement: This study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Animal Care and Ethics Committee of The University
of Newcastle (protocol: A-2019-941 and approved 6 of December 2019).

Informed Consent Statement: Not applicable.
Acknowledgments: The authors thank Tegan Hunter for technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Abu-Ouf, N.M,; Jan, M.M. The impact of maternal iron deficiency and iron deficiency anemia on child’s health. Saudi Med. ].
2015, 36, 146-149. [CrossRef] [PubMed]

2. Annibale, B.; Capurso, G.; Chistolini, A.; D’Ambra, G.; DiGiulio, E.; Monarca, B.; DelleFave, G. Gastrointestinal causes of
refractory iron deficiency anemia in patients without gastrointestinal symptoms. Am. J. Med. 2001, 111, 439-445. [CrossRef]

3. Johnson-Wimbley, T.D.; Graham, D.Y. Diagnosis and management of iron deficiency anemia in the 21st century. Therap. Adv.
Gastroenterol. 2011, 4, 177-184. [CrossRef] [PubMed]

4. Triche, EW.; Lundsberg, L.S.; Wickner, P.G.; Belanger, K.; Leaderer, B.P.; Bracken, M.B. Association of maternal anemia with
increased wheeze and asthma in children. Ann. Allergy Asthma Immunol. 2011, 106, 131-139. [CrossRef]

5. Bedard, A ; Lewis, SJ.; Burgess, S.; Henderson, A.].; Shaheen, S.0. Maternal iron status during pregnancy and respiratory and
atopic outcomes in the offspring: A Mendelian randomisation study. BM] Open Respir. Res. 2018, 5, e000275. [CrossRef]

6.  Shaheen, S.O.; Macdonald-Wallis, C.; Lawlor, D.A.; Henderson, A.]. Haemoglobin concentrations in pregnancy and respiratory
and allergic outcomes in childhood: Birth cohort study. Clin. Exp. Allergy 2017, 47, 1615-1624. [CrossRef] [PubMed]

7. Singla, PN.; Tyagi, M.; Shankar, R.; Dash, D.; Kumar, A. Fetal iron status in maternal anemia. Acta Paediatr. 1996, 85, 1327-1330.
[CrossRef] [PubMed]

8.  Soliman, A.T.; Al Dabbagh, M.M.; Habboub, A.H.; Adel, A.; Humaidy, N.A.; Abushahin, A. Linear growth in children with iron
deficiency anemia before and after treatment. . Trop. Pediatr. 2009, 55, 324-327. [CrossRef] [PubMed]

9. Ali, MK, Kim, RY,; Brown, A.C.; Mayall, ].R.; Karim, R.; Pinkerton, ].W,; Liu, G.; Martin, K.L.; Starkey, M.R.; Pillar, A.L.; et al.
Crucial role for lung iron level and regulation in the pathogenesis and severity of asthma. Eur. Respir. J. 2020, 55, 1901340.
[CrossRef]

10. Ali, M.K,; Kim, R.Y;; Brown, A.C.; Donovan, C.; Vanka, K.S.; Mayall, ] R.; Liu, G; Pillar, A.L.; Jones-Freeman, B.; Xenaki, D.; et al.
Critical role for iron accumulation in the pathogenesis of fibrotic lung disease. J. Pathol. 2020, 251, 49-62. [CrossRef] [PubMed]

11. Horvat, J.C,; Starkey, M.R.; Kim, R.Y.; Phipps, S.; Gibson, P.G.; Beagley, K.W.; Foster, P.S.; Hansbro, PM. Early-life chlamydial lung
infection enhances allergic airways disease through age-dependent differences in immunopathology. J. Allergy Clin. Immunol.
2010, 125, 617-625. [CrossRef]

12.  Ali, MK, Kim, RY,; Karim, R.; Mayall, J.R.; Martin, K.L.; Shahandeh, A.; Abbasian, F; Starkey, M.R.; Loustaud-Ratti, V.;

Johnstone, D.; et al. Role of iron in the pathogenesis of respiratory disease. Int. J. Biochem. Cell Biol. 2017, 88, 181-195. [CrossRef]
[PubMed]


http://doi.org/10.15537/smj.2015.2.10289
http://www.ncbi.nlm.nih.gov/pubmed/25719576
http://doi.org/10.1016/S0002-9343(01)00883-X
http://doi.org/10.1177/1756283X11398736
http://www.ncbi.nlm.nih.gov/pubmed/21694802
http://doi.org/10.1016/j.anai.2010.11.007
http://doi.org/10.1136/bmjresp-2018-000275
http://doi.org/10.1111/cea.13034
http://www.ncbi.nlm.nih.gov/pubmed/28940397
http://doi.org/10.1111/j.1651-2227.1996.tb13919.x
http://www.ncbi.nlm.nih.gov/pubmed/8955460
http://doi.org/10.1093/tropej/fmp011
http://www.ncbi.nlm.nih.gov/pubmed/19261662
http://doi.org/10.1183/13993003.01340-2019
http://doi.org/10.1002/path.5401
http://www.ncbi.nlm.nih.gov/pubmed/32083318
http://doi.org/10.1016/j.jaci.2009.10.018
http://doi.org/10.1016/j.biocel.2017.05.003
http://www.ncbi.nlm.nih.gov/pubmed/28495571

Nutrients 2021, 13, 4461 11 of 11

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Brown, A.C.; Horvat, ].C. Casting iron in the pathogenesis of fibrotic lung disease. Am. J. Respir. Cell Mol. Biol. 2021, 65, 130-131.
[CrossRef] [PubMed]

Zhu, Y.; Chang, J.; Tan, K.; Huang, S.K.; Liu, X.; Wang, X.; Cao, M.; Zhang, H.; Li, S.; Duan, X.; et al. Clioquinol attenuates
pulmonary fibrosis through inactivation of fibroblasts via iron chelation. Am. J. Respir. Cell Mol. Biol. 2021, 65, 189-200. [CrossRef]
Neves, |.; Leitz, D.; Kraut, S.; Brandenberger, C.; Agrawal, R.; Weissmann, N.; Muhlfeld, C.; Mall, M.A.; Altamura, S.; Muck-
enthaler, M.U. Disruption of the hepcidin/ferroportin regulatory system causes pulmonary iron overload and restrictive lung
disease. eBioMedicine 2017, 20, 230-239. [CrossRef]

Janssen-Heininger, Y.M.; Aesif, S.W.; van der Velden, J.; Guala, A.S.; Reiss, ].N.; Roberson, E.C.; Budd, R.C.; Reynaert, N.L.;
Anathy, V. Regulation of apoptosis through cysteine oxidation: Implications for fibrotic lung disease. Ann. N. Y. Acad. Sci. 2010,
1203, 23-28. [CrossRef] [PubMed]

Zhang, W.Z.; Butler, ].J.; Cloonan, S.M. Smoking-induced iron dysregulation in the lung. Free Radic. Biol. Med. 2019, 133, 238-247.
[CrossRef] [PubMed]

Francis, M.R; Pinniger, G.J.; Noble, P.B.; Wang, K.C.W. Intrauterine growth restriction affects diaphragm function in adult female
and male mice. Pediatr. Pulmonol. 2020, 55, 229-235. [CrossRef] [PubMed]

Kalotas, ].O.; Wang, C.J.; Noble, P.B.; Wang, K.C.W. Intrauterine growth restriction promotes postnatal airway hyperresponsive-
ness independent of allergic disease. Front. Med. 2021, 8, 674324. [CrossRef]

Weigert, R.; Dosch, N.C.; Bacsik-Campbell, M.E.; Guilbert, T.W.; Coe, C.L.; Kling, P.J. Maternal pregnancy weight gain and cord
blood iron status are associated with eosinophilia in infancy. J. Perinatol. 2015, 35, 621-626. [CrossRef] [PubMed]

Donovan, C.; Royce, S.G.; Esposito, J.; Tran, J.; Ibrahim, Z.A.; Tang, M.L.; Bailey, S.; Bourke, ].E. Differential effects of allergen
challenge on large and small airway reactivity in mice. PLoS ONE 2013, 8, €74101. [CrossRef]

Ward, C.; Johns, D.P; Bish, R.; Pais, M.; Reid, D.W.; Ingram, C.; Feltis, B.; Walters, E.H. Reduced airway distensibility, fixed airflow
limitation, and airway wall remodeling in asthma. Am. ]. Respir. Crit. Care Med. 2001, 164, 1718-1721. [CrossRef] [PubMed]
Ward, C.; Pais, M.; Bish, R.; Reid, D.; Feltis, B.; Johns, D.; Walters, E.H. Airway inflammation, basement membrane thickening
and bronchial hyperresponsiveness in asthma. Thorax 2002, 57, 309-316. [CrossRef]

Groenman, F.A.; Rutter, M.; Wang, ].; Caniggia, I.; Tibboel, D.; Post, M. Effect of chemical stabilizers of hypoxia-inducible factors
on early lung development. Am. J. Physiol. Lung Cell Mol. Physiol. 2007, 293, L557-L567. [CrossRef] [PubMed]

Shaheen, S.O.; Newson, R.B.; Henderson, A.J.; Emmett, PM.; Sherriff, A.; Cooke, M.; Team, A.S. Umbilical cord trace elements
and minerals and risk of early childhood wheezing and eczema. Eur. Respir. . 2004, 24, 292-297. [CrossRef]

Kim, R.Y,; Horvat, J.C.; Pinkerton, ].W,; Starkey, M.R; Essilfie, A.T.; Mayall, ].R.; Nair, PM.; Hansbro, N.G.; Jones, B.; Haw, T.J.;
et al. MicroRNA-21 drives severe, steroid-insensitive experimental asthma by amplifying phosphoinositide 3-kinase-mediated
suppression of histone deacetylase 2. J. Allergy Clin. Immunol. 2017, 139, 519-532. [CrossRef] [PubMed]

Essilfie, A.T.; Horvat, J.C.; Kim, R.Y.; Mayall, J.R.; Pinkerton, ].W.; Beckett, E.L.; Starkey, M.R.; Simpson, J.L.; Foster, P.S.; Gibson,
P.G.; et al. Macrolide therapy suppresses key features of experimental steroid-sensitive and steroid-insensitive asthma. Thorax
2015, 70, 458-467. [CrossRef]

Kim, R.Y,; Pinkerton, J.W.; Essilfie, A.T.; Robertson, A.A.B.; Baines, K.J.; Brown, A.C.; Mayall, ].R.; Ali, M.K,; Starkey, M.R.;
Hansbro, N.G.; et al. Role for NLRP3 inflammasome-mediated, IL-1beta-dependent responses in severe, steroid-resistant asthma.
Am. ]. Respir. Crit. Care Med. 2017, 196, 283-297. [CrossRef]

Pinkerton, ].W.; Kim, R.Y,; Brown, A.C.; Rae, B.E.; Donovan, C.; Mayall, ].R.; Carroll, O.R.; Khadem Ali, M.; Scott, H.A.; Berthon,
B.S.; et al. Relationship between type 2 cytokine and inflammasome responses in obesity-associated asthma. J. Allergy Clin.
Immunol. 2021. [CrossRef] [PubMed]

Rossios, C.; Pavlidis, S.; Hoda, U.; Kuo, C.H.; Wiegman, C.; Russell, K.; Sun, K.; Loza, M.].; Baribaud, F.; Durham, A.L.; et al.
Sputum transcriptomics reveal upregulation of IL-1 receptor family members in patients with severe asthma. J. Allergy Clin.
Immunol. 2018, 141, 560-570. [CrossRef] [PubMed]

Coe, G.L.; Pinkham, N.V; Celis, A.L; Johnson, C.; DuBois, J.L.; Walk, S.T. Dynamic gut microbiome changes in response to
low-iron challenge. Appl. Environ. Microbiol. 2021, 87, e02307-e02320. [CrossRef] [PubMed]

Li, W,; Tapiainen, T.; Brinkac, L.; Lorenzi, H.A.; Moncera, K.; Tejesvi, M.V.; Salo, J.; Nelson, K.E. Vertical transmission of gut
microbiome and antimicrobial resistance genes in infants exposed to antibiotics at birth. J. Infect. Dis. 2021, 224, 1236-1246.
[CrossRef] [PubMed]

Torres, ].; Hu, J.; Seki, A.; Eisele, C.; Nair, N.; Huang, R.; Tarassishin, L.; Jharap, B.; Cote-Daigneault, J.; Mao, Q.; et al. Infants
born to mothers with IBD present with altered gut microbiome that transfers abnormalities of the adaptive immune system to
germ-free mice. Gut 2020, 69, 42-51. [CrossRef] [PubMed]

Chan, Y.; Raju Allam, V.S.R; Paudel, K.R.; Singh, S K.; Gulati, M.; Dhanasekaran, M.; Gupta, PK,; Jha, N.K.; Devkota, H.P.; Gupta,
G.; et al. Nutraceuticals: Unlocking newer paradigms in the mitigation of inflammatory lung diseases. Crit. Rev. Food Sci. Nutr.
2021, 1-31. [CrossRef] [PubMed]


http://doi.org/10.1165/rcmb.2021-0135ED
http://www.ncbi.nlm.nih.gov/pubmed/33945773
http://doi.org/10.1165/rcmb.2020-0279OC
http://doi.org/10.1016/j.ebiom.2017.04.036
http://doi.org/10.1111/j.1749-6632.2010.05553.x
http://www.ncbi.nlm.nih.gov/pubmed/20716279
http://doi.org/10.1016/j.freeradbiomed.2018.07.024
http://www.ncbi.nlm.nih.gov/pubmed/30075191
http://doi.org/10.1002/ppul.24519
http://www.ncbi.nlm.nih.gov/pubmed/31535471
http://doi.org/10.3389/fmed.2021.674324
http://doi.org/10.1038/jp.2015.21
http://www.ncbi.nlm.nih.gov/pubmed/25836316
http://doi.org/10.1371/journal.pone.0074101
http://doi.org/10.1164/ajrccm.164.9.2102039
http://www.ncbi.nlm.nih.gov/pubmed/11719315
http://doi.org/10.1136/thorax.57.4.309
http://doi.org/10.1152/ajplung.00486.2006
http://www.ncbi.nlm.nih.gov/pubmed/17545484
http://doi.org/10.1183/09031936.04.00117803
http://doi.org/10.1016/j.jaci.2016.04.038
http://www.ncbi.nlm.nih.gov/pubmed/27448447
http://doi.org/10.1136/thoraxjnl-2014-206067
http://doi.org/10.1164/rccm.201609-1830OC
http://doi.org/10.1016/j.jaci.2021.10.003
http://www.ncbi.nlm.nih.gov/pubmed/34678326
http://doi.org/10.1016/j.jaci.2017.02.045
http://www.ncbi.nlm.nih.gov/pubmed/28528200
http://doi.org/10.1128/AEM.02307-20
http://www.ncbi.nlm.nih.gov/pubmed/33188000
http://doi.org/10.1093/infdis/jiaa155
http://www.ncbi.nlm.nih.gov/pubmed/32239170
http://doi.org/10.1136/gutjnl-2018-317855
http://www.ncbi.nlm.nih.gov/pubmed/31036757
http://doi.org/10.1080/10408398.2021.1986467
http://www.ncbi.nlm.nih.gov/pubmed/34613853

	Introduction 
	Materials and Methods 
	Animal Ethics Statement 
	Mice 
	Low Systemic Iron Diet during Pregnancy and Time Mating Protocol (F0 Generation) 
	Establishment of HDM-Induced Experimental Asthma (F1 Generation) 
	Assessment of Airway Inflammation 
	Lung Function Analyses 
	Histological Analyses 
	Statistical Analyses 

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

	Discussion 
	Conclusions 
	References

