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Inflammatory bowel diseases (IBDs) are complex disorders.
Iron accumulates in the inflamed tissue of IBD patients, yet
neither a mechanism for the accumulation nor its implication
on the course of inflammation is known. We hypothesized that
the inflammation modifies iron homeostasis, affects tissue iron
distribution, and that this in turn perpetuates the inflamma-
tion. This study analyzed human biopsies, animal models, and
cellular systems to decipher the role of iron homeostasis in
IBD. We found inflammation-mediated modifications of iron
distribution, and iron-decoupled activation of the iron regu-
latory protein (IRP) 1. To understand the role of IRP1 in the
course of this inflammation-associated iron pattern, a novel
cellular coculture model was established, which replicated the
iron-pattern observed in vivo, and supported involvement of
nitric oxide in the activation of IRP1 and the typical iron
pattern in inflammation. Importantly, deletion of IRP1 from an
IBD mouse model completely abolished both, the misdistri-
bution of iron and intestinal inflammation. These findings
suggest that IRP1 plays a central role in the coordination of the
inflammatory response in the intestinal mucosa and that it is a
viable candidate for therapeutic intervention in IBD.

Inflammatory bowel diseases (IBDs) are long-term multi-
factorial inflammations of the gastrointestinal tract, with
Crohn’s disease (CD) and colitis being the two most common
forms. Since the beginning of industrialization, global inci-
dence has been rising and due to a lack of cure, global prev-
alence increases as well (1). Although the cellular and
molecular events initiating and perpetuating the inflammation
are not fully understood, it is clear that intestinal homeostasis
is broadly disrupted, causing pathological inflammation that
leads to tissue injury. Increased iron concentrations have been
measured in the inflamed tissues of CD and colitis patients,
when compared to tissue of healthy individuals and to patient
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samples collected from noninflamed regions (2), but neither
the impact of nor the mechanism driving this phenomenon are
known.

Iron is an essential nutrient, yet unbalanced iron levels lead
to inflammation and tissue damage (3–5). Iron homeostasis is
tightly regulated at the systemic and cellular level, primarily by
the peptide hormone hepcidin (6) and by the two iron regu-
latory proteins (IRP1/2), respectively (7). Hepcidin acts by
binding to the iron exporter ferroportin, where it sterically
inhibits iron export and causes ferroportin degradation (8, 9).
IRPs regulate numerous transcripts related to cellular iron
import, storage and export, by binding with high affinity to
RNA motifs known as iron-responsive elements (IREs). For
example, binding of IRPs to the IRE in the 50 UTR of the
subunits (FtH and FtL) of the iron storage protein ferritin (10),
inhibits their translation. Reducing the cytosolic ferritin levels
will lead to less storage capacity and elevate iron availability. In
contrast, IRP binding to the iron importer transferrin receptor
1 (TFR1) 30 UTR IREs, stabilizes these transcripts, leading to
increased iron import.

IRP1 is a bifunctional protein that primarily functioning as a
cytosolic, iron-sulfur cluster-containing, aconitase (cAco). In
iron-deficient conditions, it undergoes a conformational
change and turns into an RNA (IRE)-binding apoprotein.
Similar to IRP1, IRP2 binds to IREs in iron-deficient condi-
tions, yet it is degraded in the presence of high iron. Both IRPs
are also regulated by oxygen and reactive oxygen and nitrogen
species. However, in contrast to their concerted iron regula-
tion, their response to oxygen is opposing (11, 12). IRP2 is
stable at physiologic oxygen and acts as an RNA-binding
protein under these conditions. In contrast, the Fe-S cluster
of cAco is relatively stable at low physiologic oxygen condi-
tions, therefore IRP1 maintains its aconitase activity, even
when iron levels are low (13–15).

Similar to the opposing response of the two IRPs to oxygen,
they also respond differently to nitric oxide (NO). NO plays
important roles in pathogen killing, as well as macrophage
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IRP1 regulates propagation of inflammation
metabolic and epigenetic remodeling, and is elevated in in-
flammatory processes including IBD (16). The biological
consequences of NO-mediated IRP1 activation versus IRP2
degradation on cellular iron, TfR1 and ferritin, were exten-
sively studied in macrophages (17), yet their systemic role in
specific inflammatory diseases remains unclear. We hypothe-
sized that NO-mediated IRP1 activation drives the observed
iron accumulation in the inflamed tissues of IBD patients, and
thus perpetuates the inflammation.

The present work studied iron homeostasis in biopsies from
CD patients, animal models for CD and colitis, and a cellular
coculture model that mimics the interaction between intestinal
epithelium and immune cells. IRP1 was found to be activated
by inflammation. This inflammation-mediated regulation of
IRP1 activity impaired intestinal iron homeostasis and arbi-
trated the propagation of inflammation in IBD. Most impor-
tantly, targeted deletion of IRP1 minimized the inflammation,
flagging it as a novel target for the treatment of IBD.
Results

Intestinal inflammation triggers an iron-independent IRP1
activation and a cell-specific pattern of iron distribution

Tumor necrosis factor alpha-overexpressing mice
(Tnf DARE/+), which are a genetic mouse model for CD (18),
and the chemical dextran sulphate sodium (DSS) model for
colitis (19) were used to evaluate the effect of inflammation
on iron homeostasis and IRP activity. Tnf DARE/+ mice
develop spontaneous inflammation in the terminal ileum (TI)
early and rheumatoid arthritis later in life (18). Immunoflu-
orescent stains (IFs) on intestinal sections of 12- to 14-week-
old Tnf DARE/+ mice were used to evaluate the level of ferritin,
a sensitive indicator of cellular iron status (20). While ferritin
accumulated in the immune cells (lamina propria [LP]), its
levels were significantly reduced in intestinal epithelial cells
(IECs) of the inflamed TI of Tnf DARE/+ mice compared to WT
controls (Figs. 1A and S1A). Similar trends were observed in
sections from mice with DSS-induced colitis (Figs. 1A and
S1A). To further analyze ferritin and other iron-related pro-
teins, the TI of Tnf DARE/+ mice was fractionated into IEC and
LP fractions. In correlation with the IF data, a reduction in
ferritin-iron and FtH and FtL subunits was detected in the
IEC fraction from the inflamed TI of Tnf DARE/+ mice
compared to WT controls (Fig. S1B). Furthermore, a reduced
FtH level was observed in the IEC fraction from mice with
DSS-induced colitis (Fig. S1B). In addition, proteins known to
respond to cellular iron levels were analyzed in each fraction
separately. Consistent with the ferritin response to inflam-
matory conditions, IEC TFR1 levels were increased and LP
TFR1 levels were reduced, when compared to the WT frac-
tions (Fig. 1B). In addition, IRP2 levels were increased in the
inflamed IECs and decreased in the inflamed LP (Fig. 1C). In
contrast, IRP1-IRE–binding activity was significantly elevated
in both fractions of the inflamed ileum compared to unin-
flamed ileum from WT mice, suggesting that the regulation
of IRP1 activity is independent of the intracellular iron status
(Fig. 1D). Taken together, intestinal inflammation triggered a
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unique pattern of iron distribution, involving iron accumu-
lation in immune cells and iron deficiency in IECs.

Physical contact is required between macrophages and
epithelial cells to mimic the activation of IRP1-IRE–binding
activity in vitro

We searched for a suitable cell model to elucidate the forces
driving the iron-independent activation of IRP1 and the in-
testinal inflammation-specific iron distribution pattern
observed in mice. Several coculture models of epithelial cells
(ECs) with immune cells separated by filter inserts have been
successfully employed to reproduce various aspects of
inflammation (21), yet none of these models could reproduce
inflammation-specific iron patterns. We hypothesized that NO
produced by macrophages diffuses and activates IRP1 in
neighboring ECs, and that this activation mediates the in-
flammatory iron pattern. Thus, we tested cocultures with
direct cell-to-cell contact between ECs and macrophages. To
enable differentiation between EC- and macrophage-derived
proteins, a direct interspecies coculture model was developed
with human epithelial enterocyte-like Caco2 cells and either
murine primary bone marrow–derived macrophages
(BMDMs) or the murine macrophage–like cell line Raw 264.7
(22). Lipopolysaccharide (LPS)-induced inflammation was
validated by the activation of critical markers of signaling
pathways involved in inflammation, including MAP kinase
pathways and NFkB-p65 (Fig. S2A) (23, 24). In addition,
downstream proinflammatory cytokines—including IL8 and
ICAM1 in ECs (Fig. S2B) and Tnfa, Icam1, Il1b, and Il6 in
macrophages (Fig. S2C)—were all activated in both cocultures
and the time-course of the LPS-triggered inflammatory
response was nearly identical to that reported for in vivo and
in vitro models of LPS-induced inflammation (25).

The LPS-triggered response was identified in both macro-
phage monocultures and macrophage EC cocultures, but not
in EC monocultures (Fig. S3A), suggesting the need for mac-
rophages to elicit the epithelial inflammatory response. Indeed,
application of the NO donor S-nitro-N-acetyl-D, L-penicilla-
mine (SNAP) elicited an inflammatory response in EC
monocultures (Fig. S3B). Further, in SNAP-treated EC
monocultures, intracellular iron was reduced and extracellular
iron increased (Fig. S3C), supporting the notion that NO
generated in macrophages contributes to the inflammatory
iron pattern in ECs.

In parallel, the RNA-binding activity of macrophage IRP1
was significantly increased after LPS stimulation (Fig. 2A lane 3
and 4), similar to the observation in the Tnf DARE/+ mice
(Fig. 1D). Yet, epithelial IRP1 could not be evaluated in a gel
shift assay, as it migrated together with macrophage IRP2.
Therefore, IRP1 aconitase activity was evaluated using the in-
gel aconitase-assay, as decreased cAco activity correlates with
increased IRP1 RNA-binding-activity. Gel conditions were
optimized to enable differentiation between human versus
mouse cAco activity (Figure 2B lane 1 and 4). A decrease in
cAco activity was observed in response to LPS treatment in
both cell types, which is consistent with an increase in the
RNA-binding activity of IRP1. Moreover, LPS treatment led to
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Figure 1. Inflammation drives a cell-specific pattern of iron distribution. A, sections from terminal ileum (TI) of 12- to 14-week-old WT and Tnf DARE/+

mice (n = 3 each), as well as C57BL/6 mice treated for 7 days with drinking water supplemented with 4% dextran sulfate sodium (DSS), were immuno-
stained for ferritin (green). Representative images show decreased ferritin levels in the inflamed intestinal epithelial cells (IEC) (arrows). Lamina propria
(LP) cells show increased ferritin levels (arrow heads) in both inflammation models. Scale bars in the lower magnification represent 50 mm and 10 mm in the
higher magnification. Negative controls of secondary antibody only are inserted in the lower right corner of the lower magnification image. B–D, TI was
harvested from 12- to 14-week-old WT and Tnf DARE/+ mice. IEC- and LP-enriched fractions were isolated and lysates further analyzed. B, representative
immunoblot for transferrin receptor-1 (TFR1) (mean ± SD (n = 4)). C, representative immunoblot for IRP2 (mean ± SD (n > 16)). D, representative radiograph
of electromobility shift assay (EMSA) and quantification of IRP1-RNA–binding activity. Addition of 2-mercaptoethanol (2-ME) to the lysate removes all Fe-S
clusters from cAco/IRP1 and thus shows total IRP1-RNA–binding capacity. Values were normalized to +2-ME (mean ± SD (n > 4)). Quantifications (B–D) were
done, using Image J (https://imagej.net/ij/) and immunoblots were normalized to actin (B–C). IRP, iron regulatory protein.

IRP1 regulates propagation of inflammation
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Figure 2. An interspecies coculture model mimics the inflammation-associated activation of IRP1. Cocultures of epithelial cells (ECs) and macrophages
(MF) were treated with 200 ng/ml lipopolysaccharide (LPS) for 24 h. Cells were harvested and lysed. A, lysates were subjected to electromobility shift assay
(EMSA) for assessment of IRP-RNA–binding activity (n = 4). A representative radiograph is shown. B, lysates were subjected to in-gel aconitase assay (n = 4).
A representative gel is shown. C, expression levels of mRNA of key proteins associated with iron-sulfur cluster biogenesis were measured by RT-qPCR
following induction of inflammation with LPS. D, representative immunoblot of cytosolic fraction (n = 4). * 100 mM desferrioxamine (DFO) for 24 h. In
cocultures, EC were always Caco2 cells. MFs were as follows: Raw264.7 in A-B, and bone marrow–derived macrophages (BMDMs) in C–D. IRP, iron regulatory
protein; RT-qPCR, quantitative RT-PCR.

IRP1 regulates propagation of inflammation
a significant decrease in mitochondrial aconitase activity in
both cell types, suggesting a metabolic shift to glycolysis, as
previously reported (26, 27). Taken together, the direct
4 J. Biol. Chem. (2024) 300(9) 107639
interspecies coculture model developed here, demonstrated
activation of a broad range of inflammatory signaling pathways
upon LPS-induced inflammation. Most importantly, the cell-
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model replicated the increased IRP1 mRNA-binding activity as
seen in vivo (Fig. 1D).

We reasoned that increased IRP1 RNA-binding activity may
be due to impaired Fe-S cluster assembly. This was based on
the fact that the cysteine-desulfurase of the core iron-sulfur
cluster assembly complex Nfs1 and the iron-sulfur cluster
assembly enzyme IscU mRNA and protein levels were re-
ported to be low in BMDM in response to inflammation (28).
Thus, several genes involved in Fe-S cluster assembly were
evaluated. In macrophages, the transcription levels of all four
tested iron-sulfur cluster biogenesis proteins were significantly
decreased, in agreement with the decrease in aconitase activ-
ities in mitochondrial aconitase and cAco. However, in ECs,
transcripts of iron-sulfur cluster biogenesis proteins did not
change (Fig. 2C). In IBD, the epithelial transcription regulator
hypoxia inducible factor (HIF)2a is increased (29), and given
that HIF2a is a key regulator of iron transport through ECs
(30), cytosolic, and nuclear levels of HIF2a, were tested. We
found that HIF2a was significantly increased in ECs, beginning
4 h after LPS stimulation (Fig. 2D). In line with this, 4 h after
LPS stimulation, levels of both the apical iron importer diva-
lent metal transporter 1 and the basolateral iron exporter
ferroportin (FPN) gradually increased (Fig. S4), likely pro-
moting iron flux from the intestinal lumen, through the ECs
and into the blood. This can explain the observed epithelial
iron deficiency and consequential increase in IRP1 RNA-
binding activity. In summary, increased NO production,
decreased iron-sulfur cluster assembly proteins in macro-
phages and increased HIF2a in ECs support the inflammation-
induced activation of IRP1-IRE–binding activity in both cell
types.
The epithelial-macrophage coculture mimics the cell-specific
pattern of iron distribution

To test the effect of inflammation on iron homeostasis,
changes in ferritin-iron content were analyzed upon LPS
stimulation of cocultures. Epithelial ferritin iron was reduced
and macrophage ferritin iron was elevated 24 h after LPS
stimulation (Fig. 3A). Similar results were obtained when ECs
and macrophages were preloaded with 55Fe (Fig. S5A). In
addition, a strong increase in ferritin protein, especially of the
FtH subunit, was detected in the macrophages of the co-
cultures (Fig. 3B), consistent with the observations in macro-
phage monocultures (31). We thought that the increase of
ferritin in macrophages, despite the activation of macrophage
IRP1, could be due to an inflammation-mediated decrease in
ferritin degradation. Pulse-chase analysis of cocultures that
were metabolically labeled with 35S just before stimulation
with LPS showed that macrophage ferritin subunit degradation
was slower in LPS-treated cocultures (Fig. 3C lane 11)
compared to untreated controls (Fig. 3C lane 10). A decrease
in ferritin degradation was further suggested by a decrease in
transcript levels of the ferritinophagy-mediating Ncoa4 in
inflamed BMDM (Fig. 3D). After 24 h of LPS stimulation,
macrophage ferritin migrated slightly faster in native gels, than
its nontreated counterpart (Figs. 3A, and S5A), suggesting a
shift in subunit composition toward H-rich heteropolymers.
The shift in subunit composition can easily be analyzed on
native gels (Fig. S5B). Indeed, the transcript levels of Fth were
markedly increased after LPS stimulation, whereas transcript
levels of Ftl remained relatively unchanged (Fig. S5C). A
similar increase in FtH levels was reported in monocytes
exposed to inflammatory conditions (32). In agreement, the
FtH:FtL protein ratio shifted from approximately 1:1 to
approximately 3:1 after LPS stimulation (Fig. S5D). In contrast,
LPS stimulation of ECs led only to a slight increase in Fth
transcript levels, alongside a significant increase in Ftl tran-
script levels (Fig. S5C). Nevertheless, epithelial ferritin protein
concentration remained below detectable levels in immuno-
blots; only epithelial ferritin-iron could be detected, and this
was decreased after 24 h of LPS stimulation (Fig. 3A). In
summary, the intricate processes of ferritin synthesis and
degradation during inflammation align with the observed in-
crease in macrophage ferritin and ferritin iron, as well as the
decrease in epithelial ferritin iron. These findings are consis-
tent with the observations in the inflamed lesions of Tnf DARE/+

mice (Fig. 1A).
To further validate the observed inflammatory iron pattern

in the epithelial-macrophage coculture, changes in mRNA
levels of the iron importer TFR1 were evaluated following LPS
induction (Fig. 3E). We found that Tfr1 mRNA and protein
levels decreased in the macrophages and increased in the ECs
24 h after LPS exposure, consistent with the iron accumulation
in the macrophages and the iron decrease in the IECs of the
Tnf DARE/+ mice. The Tfr1 mRNA decrease in macrophages
was preceded by an increase in Tfr1 transcripts, identified 2 h
after LPS stimulation, suggesting an early inflammation-
mediated increase in iron import that contributes to iron
accumulation in the macrophages (Fig. 3, E and F). Taken
together, in ECs, the decrease in ferritin and increase in TFR1
are in line with the activation of IRP1. However, in the mac-
rophages, the IRP1 activation was decoupled from high cellular
iron status, and ferritin and TFR1 regulation were dominated
by the iron-loaded phenotype.
IRP1 activity contributes to the propagation of inflammation

Since IRP1-RNA–binding activity was increased in inflamed
macrophages, regardless of their iron-loaded phenotype
(Figs. 1–3), we hypothesized that this activation may play a role
in the course of the inflammation. Thus, the effect of IRP1
knockout in macrophages on inflammatory markers and iron
pattern was assessed. The classical inflammatory response of
cocultures involving Irp1−/− macrophages was reminiscent of
the cocultures with WT macrophages in all inflammatory
parameters tested, including the levels of secreted epithelial
cytokine IL-8 and transcript levels of the macrophage
inflammation markers Tnfa, Icam1, and Il6 (Fig. S6, A and B).
In parallel, NO levels in the medium of both cocultures (EC
with WT or Irp1−/− macrophages) were similarly increased in
response to LPS stimulation (Fig. S6C). Furthermore, FtH was
significantly increased in macrophages of both genotypes in
inflamed cocultures (Fig. 4A), while aconitase activities were
J. Biol. Chem. (2024) 300(9) 107639 5
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Figure 3. Iron-regulated proteins sense and respond to reduced epithelial and increased macrophage iron levels. Cocultures of epithelial cells (ECs)
and macrophages (MF) were treated with 200 ng/ml lipopolysaccharide (LPS), ferric ammonium citrate (FAC), or desferrioxamine (DFO) for 24 h or as
indicated. A, lysates (40 mg/lane for MF and 60 mg/lane for EC and cocultures) were analyzed on native gels, followed by Perls-DAB staining to detect
ferritin-iron. (n = 2) B, representative immunoblot for the ferritin H-subunit (FTH1) and ferritin L-subunit (FTL). EC ferritin was not detected (except in FAC-
treated ECs), thus the bands are MF ferritin only. Anti-FtL antibody detects both subunits (FTH1 is the lower band just above the 17kD Mw-marker) n = 4. C,
metabolic labeling (35S) pulse-chase experiment of LPS-stimulated EC-MF (BMDM) cocultures, followed by ferritin immunoprecipitation (IP) (n = 2). D, RNA
expression levels of Ncoa4 were measured in cocultures by RT-qPCR (n = 4). E, transferrin receptor-1 (Tfr1) RNA expression levels were measured by RT-qPCR
(n = 4). F, a representative immunoblot for TFR1 (n = 12). In cocultures, EC were always Caco2 cells. MFs were as follows: BMDM in A-E, and Raw264.7 in F.
BMDM, bone marrow–derived macrophage; DAB, 3,30-diaminutesobenzidine; FAC, ferric ammonium citrate.

IRP1 regulates propagation of inflammation
significantly decreased in both cocultures (Fig. 4B), indicating
that deletion of IRP1 in the macrophages alone is not
responsible for the inflammatory changes in iron homeostasis.

As ECs have been shown to play a critical role in the
pathophysiology of IBD (33), and epithelial iron deficiency has
been associated with an inflammatory response (34), the effect
of epithelial IRP1 activation on the inflammation was assessed.
Activation of IRP1 was previously achieved by a stable ami-
noxyl radical Tempol (35). LPS stimulation of cocultures with
Tempol-pretreated ECs, elicited a more significant inflamma-
tory response in the ECs compared to ECs in cocultures
without Tempol pretreatment (Fig. 4C). Without LPS
6 J. Biol. Chem. (2024) 300(9) 107639
stimulation, Tempol treatment alone did not elicit a significant
inflammatory response in the cocultures. Yet, a trend of
increased murine Tnfa, Icam1, and human ICAM1 was
observed, when IRP1 was activated (Fig. S6D). These results
suggested that epithelial IRP1 contributes to the course of the
inflammation.

To test this, we introduced a targeted deletion of Irp1 into
the Tnf DARE/+ mice. To easily monitor iron levels in the tissue
sections, mice were previously subjected to iron overload. As
expected, a significant increase in LP ferric iron levels was
observed in Tnf DARE/+ mice compared to WT mice. In
contrast, Tnf DARE/+, Irp1−/− mice showed no increase in LP
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Figure 4. Macrophage and epithelial IRP1-IRE–binding plays different roles in intestinal inflammation. A and B, cocultures of epithelial cells (ECs) with
WT-bone marrow–derived macrophages (BMDMs) or with BMDM with targeted deletion of IRP1 (MF Irp1−/−) were treated with 200 ng/ml lipopolysac-
charide (LPS) and ECs and BMDMs were treated with ferric ammonium citrate (FAC), or desferrioxamine (DFO) for 24 h, as indicated. A, a representative
immunoblot for FtH is shown (*FtH-degradation product) (n = 8). B, a representative gel of an in-gel aconitase assay is shown (n = 4). C, ECs (Caco2) were
pretreated with 3 mM Tempol for 16 h, washed, and then cocultured with MFs (Raw 264.7). After MFs adhered, LPS and/or Tempol was added for 6 h. RNA
expression levels were measured by RT-qPCR (n = 6). IRE, iron-responsive element; IRP, iron regulatory protein.

IRP1 regulates propagation of inflammation
iron levels similar to the noninflamed LP in WT mice (Fig. 5A).
Severity of inflammation was evaluated in mice without iron
overload. Tnf DARE/+, Irp1−/− mice showed no histological signs
of inflammation (Figs. 5, B, C and S7A) and a significantly
reduced proinflammatory response, as indicated by reduced
Tnfa and Icam1 levels (Fig. 5D). These results indicated that
activation of IRP1-RNA–binding activity is required for the
propagation of TI inflammation in Tnf DARE/+ mice.
Modified iron homeostasis is observed in the inflamed lesions
of CD patients

Finally, to determine whether the inflammatory iron ho-
meostasis observed in the mouse models as well as in our
coculture models mimics the impaired iron homeostasis in CD
patients, sections of intestinal biopsies from CD patients were
labeled for ferritin. Indeed, ferritin levels proved to be signif-
icantly lower in IECs of inflamed than noninflamed areas from
the same patients (Figs. 6A and S7B). This suggested that also
in IBD patients, iron homeostasis is mediated by inflammatory
IRP1 activation. Thus, inhibiting IRP1-RNA–binding activity
in inflamed intestinal lesions may result in a reduction in
intestinal inflammation and serve as a novel approach to treat
IBD.
Discussion

Both, genetic and environmental influences play pivotal
roles in the onset of IBD. However, the precise interplay
through which these factors influence the composition of the
gut microbiota, compromise the integrity of the intestinal
barrier, recruit the immune system, and trigger the inflam-
matory process, remains elusive. Nonetheless, it has been
established that local immune cells undergo activation, leading
to the release of NO, alongside an array of other inflammatory
molecules and cytokines in the affected region during the
initial stages (36). Here, we demonstrated an inflammation-
mediated activation of IRP1 in both, IEC and LP, driven by
NO and decoupled from the cellular iron level in macrophages.

A pathological iron distribution was observed in human
biopsies from CD patients, and in mouse models for CD and
colitis and was replicable in cellular cocultures. It is charac-
terized by decreased iron stores in IECs and increased iron
stores in LP macrophages. Inflammation is a response to
J. Biol. Chem. (2024) 300(9) 107639 7
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Figure 5. Deletion of IRP1 restores iron homeostasis and inhibits the inflammatory process in Tnf DARE/+ mice. Tnf DARE/+ mice were crossed with Irp1−/−

mice until Tnf DARE/+, and Irp1−/− mice were created. Sections from terminal ileum (TI) of 12- to 14-week-old mice from indicated genotypes were prepared. A,
representative images of Perls-stained TI sections of iron-overloaded mice, illustrating iron distribution in Tnf DARE/+, Irp1−/− mice is similar to WT and not to Tnf
DARE/+ mice. B, representative H&E-stained TI sections of noniron-overloaded mice, illustrating normal histology in Tnf DARE/+, Irp1−/− mice, compared to Tnf DARE/+

mice. The arrows highlight the width of the submucosal layer. C, blind histological evaluations of TI sections from 12- to 14-week-old WT, Irp1−/−, Tnf DARE/+, and
Tnf DARE/+, Irp1−/− mice (n = 6). D, RNA expression levels of select proinflammatory cytokines were measured by RT-qPCR (n = 4–7) in RNA from TI of 12-14-week-
old WT, Irp1−/−, Tnf DARE/+, and Tnf DARE/+, Irp1−/− mice. IRP, iron regulatory protein; RT-qPCR, quantitative RT-PCR.

IRP1 regulates propagation of inflammation
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Figure 6. Modified iron homeostasis is observed in the inflamed lesions of Crohn’s disease patients. A, sections from noninflamed and inflamed
intestinal areas of Crohn’s disease patients (n = 8) were immuno-stained for ferritin (green). Representative images show that the inflamed epithelial cells
(IECs) (arrows) have decreased ferritin levels. Scale bars represent 50 mm. Negative controls of secondary antibody only are inserted in the lower right corner
of the image. B, a schematic presentation of the involvement of IRP1 in the self-perpetuating inflammatory process. Macrophages activated to a proin-
flammatory response secrete nitric oxide (NO) and proinflammatory cytokines, such as TNFa to their immediate environment, enabling them to reach
neighboring cells, including epithelial cells. In epithelial cells, TNFa activates the hypoxia-inducible factor HIF2a, which mediates increased iron flux from the
intestinal lumen to the lamina propria, while NO activates IRP1, which inhibits ferritin translation and thus inhibits ferritin storage, which further increases
iron flux. In macrophages, NO activates IRP1 and thereby maintains a certain level of increased iron influx that continues to promote iron overload, which
supports the proinflammatory polarization of the macrophage. The inflammation-mediated reduction in iron-sulfur cluster assembly in macrophages and
increase in HIF2a in epithelial cells continue to support the activity of IRP1 and the iron flux from epithelial cells to macrophages, which maintains the
inflammatory iron pattern and perpetuates inflammation. HIF, hypoxia inducible factor; IRP, iron regulatory protein.

IRP1 regulates propagation of inflammation
structural or functional insults, and an integral part of animal
physiology, particularly as a means to correct homeostatic
instability (37). The iron shift induced a homeostatic instability
that eventually perpetuated an inflammatory process, as both
increased and decreased iron levels were shown to mediate
inflammation (3–5).
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The data suggest that the inflammation-associated iron
pattern was driven by the activation of IRP1. Similarly, in a
model of nonalcoholic fatty liver disease, elevated IRP1-RNA–
binding activity was found despite high iron levels in rat livers
(38), demonstrating activation of IRP1 in an inflammatory
context, decoupled from iron status. In IBD, increased reactive
oxygen/nitrogen species release from activated macrophages
and reduced Fe-S cluster assembly can explain the IRP1 acti-
vation (39). The presented results demonstrated iron-
decoupled activation of IRP1 in macrophages, and suggested
that this activation signals a pseudo-iron deficiency, contrib-
uting to further iron influx (6).

In ECs, HIF2a was activated (Fig. 2D), in line with reports of
NFkB-p65 activation, eliciting the activation of HIF2a (40).
HIF2a activation is possibly further supported by NO-
mediated iron efflux (41), which leads to prolyl-hydroxylase
deactivation and HIF2a stabilization (42). HIF2a activation
induces increased iron flux, which includes iron import
through the apical membrane and iron export from the
basolateral membrane, securing the repletion of body iron
levels in iron deficiency (30). This increased iron flux may
further contribute to the reduced iron levels in the ECs and the
ensuing activation of IRP1. In addition, drug-induced activa-
tion of IRP1 in ECs increased the production of proin-
flammatory cytokines by these cells (Fig. 4D). Thus, the
activation of IRP1-RNA–binding activity plays a role in the
establishment of an inflammatory iron homeostasis that sup-
ports the exacerbation of the inflammatory process, as sum-
marized in Figure 6B. This model is supported by our key
finding that deletion of IRP1 abolished inflammation in Tnfa-
overexpressing mice (Fig. 5, A–D). In line with this, in a model
of uropathogenic Escherichia coli–induced orchitis, global
knockout of IRP1 caused less testicular damage and a reduced
immune response (43). This observation further strengthens
the role of IRP1 in exacerbating inflammation.

Direct interference with intestinal iron homeostasis, by
administering a low-iron diet, reduced inflammation in
Tnf DARE/+ mice (44). Interestingly, systemic iron chelation did
not have a similar effect (44), supporting a role for local iron
homeostasis in the course of the inflammation. Further,
decreased iron content in the intestinal lumen elicited a
lactobacillus-mediated reduction of iron uptake by decreasing
HIF2a activity (45). Overall, this suggests a connection between
the microbial composition or activity with epithelial iron ho-
meostasis and thus also epithelial IRP1 activity. In addition,
local regulation of iron homeostasis was also demonstrated to
play an important role in the pathophysiology of IBD. For
example, local production of hepcidin, (generally regarded as a
systemic iron regulator) by conventional dendritic cells in the
colon, regulates luminal iron content and supports colonic
tissue repair (46). Inflammation-driven regulation of iron ho-
meostasis may thus be a factor that plays an active role in the
series of events that contribute to the course of inflammation.

The presented data, demonstrating opposing inflammatory
regulation of iron homeostasis in macrophages versus ECs in
the same tissue, complicated studying mechanisms that drive
iron redistribution. We therefore looked for a cellular
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coculture system featuring the same inflammation-associated
iron distribution pattern. Many of the published coculture
setups mimicked well-established inflammatory parameters,
however did not replicate the inflammatory iron pattern. This
work showed that the inflammatory iron homeostasis was only
established when ECs and macrophages were in direct contact.
This cell-to-cell contact enabled us to replicate the iron and
ferritin distribution that was observed in the Tnf DARE/+ and
DSS mouse models and IBD patients. Similar interspecies
cocultures of Caco2 cells and Raw264.7 cells were successfully
applied to analyze inflammatory pathways (22). Also, human
grafts of fetal intestine in severe combined immunodeficiency
disease mice were used to study fistulae in IBD (47), sup-
porting the functionality of human-mouse interspecies sys-
tems. Interspecies cocultures have many advantages, especially
in our study, they enabled us to differentially analyze iron-
related proteins from epithelial versus macrophage origin.
Using this model, we found that in response to the induction
of inflammation, TFR1 was regulated by the iron status of the
specific cell types (elevated in ECs and decreased in macro-
phages), as seen in the Tnf DARE/+ animal model. Cocultures of
WT ECs with BMDM from Irp1−/− mice did not result in
reduced inflammation following LPS stimulation. In contrast,
activation of IRP1 in the ECs further increased the inflam-
matory response, suggesting that the IRP1 activation in the
ECs may be the driving force of the exacerbation of the
inflammation by IRP1. The interspecies coculture also enabled
analysis of inflammation-mediated changes in ferritin. In the
macrophages, significant increases in both ferritin protein and
ferritin-iron, as well as a shift in the ferritin composition to-
ward FtH-rich complexes were measured in response to
inflammation. Considering that NCOA4 binds specifically to
FtH, and not to FtL (48), the change in subunit composition
may have important implications on ferritin trafficking. In light
of the recent findings that ferritin–NCOA4 complexes
generate liquid-phase condensates (49, 50), and taking into
account, that ferritin is an abundant and large cytosolic pro-
tein, the inflammation-specific ferritin subunit ratio may alter
the physicochemical properties and the dynamics of the
cytosol in inflammation.

In the physiologic, noninflamed state, IRP2 plays a domi-
nant role in iron regulation, and deletion of IRP1 plays only a
transient role (12, 14, 51, 52). In addition, reduction of IRP1
protein levels and activity in the noninflammatory setting of
superoxide dismutase 1 KO mice was previously reported to
have no effect on iron homeostasis (53). Yet, in patients with
genetic hemochromatosis, dysregulation of IRP1 and IRP2 has
been observed and was attributed to the release of NO pro-
duced in activated macrophages (17). Our results suggest, that
IRP1 activation by inflammatory signals, contributes to the
exacerbation of inflammation.
Conclusions

Taken together, the presented findings demonstrated that
an inflammation-induced shift in the regulation of cellular iron
homeostasis is mediated by the activation of IRP1, and that
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this shift plays an active role in the propagation of inflam-
mation in IBD. Further, correction of iron homeostasis by
interfering with IRP1 activity halted the self-perpetuation of
inflammation. Thus, unlike conventional therapeutic ap-
proaches which focus on modulating the immune system, our
findings may pave the way for new therapeutic interventions
for IBD by targeting IRP1.

Experimental procedures

Mice

Housing

Mice were housed in specific pathogen-free animal facilities
at the animal facility of the Technion, Haifa, Israel, and studies
were carried out in accordance with the recommendations in
the Guide for the Care and Use of Laboratory Animals of the
preclinical research authority at the Technion. The protocols
were approved by the Technion Animal Ethics Committee (IL-
135-09-19). For the DSS model, the protocols were approved
by the Animal Investigation Ethics Committee of the affiliated
Drum Tower Hospital of Nanjing University Medical School
and were performed according to the Guidelines for the Care
and Use of Laboratory Animals published by the National
Institutes of Health.

Mice with genetic modifications

IRP1 KO (Irp1−/−) mice on C57BL/6 background (Irp1−/−)
were a generous gift from Dr Tracey Rouault (Molecular
Medicine Program, National Institute of Child Health and
Human Development, NIH). Tnf DARE/+ mice on C57BL/6
background (Tnf DARE/+) were received initially from Prof. F.
Cominelli at Case Western University and later from Prof.
George Kollias, BSRC Alexander Fleming Athens University
Medical School. Tnf DARE/+ mice with targeted deletion of Irp1
were generated by crossing Tnf DARE/+ mice with Irp1−/− mice.
WT littermates from breeders of Tnf DARE/+ with WT mice
and age- and sex-matched Irp1−/− mice were used as controls
in the experiments described here.

Systemic iron overload of mice

Fe-dextran (Sigma) (90 mg/ml) was injected intraperitone-
ally, daily for 5 days into 12- to 13-week-old mice as previously
described (54). The mice were sacrificed 3 days after the last
injection.

DSS model

DSS with average molecular weight of 36,000 to 50,000 Da
(MP Biomedicals) was added for 7 days to the sterile drinking
water of 7- to 10-week-old C57BL/6 (WT) male mice at a
concentration of 2.5 or 4% and was administered ad libitum.
Body weight and blood in stool were monitored daily.

Tissue collection and handling

Mice were euthanized and tissues (TI and distal colon) were
collected and gently rinsed with cold PBS solution. Samples
were either fixed in 4% paraformaldehyde (Bar Naor) for
histological experiments or quickly frozen in liquid nitrogen
and then stored at −80 �C for RNA and protein extraction.

Tissue fixation, immunohistochemistry, and
immunofluorescence staining

Mouse tissues were fixed in 4% paraformaldehyde solution
for at least 16 h and then dehydrated with 70% ethanol. Tissues
were subsequently embedded in paraffin by the Rambam
Medical Center Pathology Unit. Blocks were then sectioned
(5-mm thick) using a Shandon Finesse 325 Manual Rotary
Microtome (Thermo Fisher Scientific). Sections were fixed
onto Superfrost microscope slides and later deparaffinized
with xylene and rehydrated in a series of graded ethanol. For
the DSS experiments, tissues were handled similarly and then
cut to 3-mm thick sections.

Mouse tissue histology

H&E staining

For H&E staining, paraffin-embedded TI sections were
deparaffinized with xylene and rehydrated in 100% ethanol and
then in 95% ethanol. Staining was performed with Harris he-
matoxylin solution (Sigma) and eosin Y (Sigma), as per the
manufacturer’s instructions.

Perls’ Prussian blue iron staining

Paraffin-embedded TI sections, prepared as described, were
incubated with freshly prepared Perls’ Prussian blue solution
(2% hydrochloric acid mixed with 2% potassium ferrocyanide)
to reveal iron content and distribution. Quantification was
evaluated by morphometric means as described previously
(55).

Assessment of IBD

H&E-stained sections were graded (0: no change; 1: mini-
mal; 2: mild; 3: moderate; 4: severe) by a blinded board-
certified pathologist, based on standard histologic criteria (56).

Mouse tissue IF

Mice with genetic modifications

Paraffin-embedded TI sections, prepared as described above
for the iron stain, underwent antigen retrieval by incubation in
citrate buffer (1×) in a microwave for approximately 10 min
until boiling was observed. Following this, the sections were
thoroughly rinsed with distilled water and blocked with 10%
normal goat serum (Jackson) in PBS containing 0.1% bovine
serum albumin (BSA, Sigma). For immunofluorescent staining,
the sections were incubated overnight at room temperature
(RT) in a humidified chamber with an affinity-purified rabbit
anti-mouse liver ferritin antibody (1:200 dilution), kindly
provided by Prof. A. M. Konijn. Afterward, the slides were
washed three times with 1 × PBS. To detect the primary
antibody, Alexa Fluor 488–conjugated anti-rabbit secondary
antibodies (A11034, Invitrogen) were used at a dilution of
1:1000 in PBS containing 0.1% BSA. The secondary antibodies
were incubated with the sections for 1 h at RT. Following the
J. Biol. Chem. (2024) 300(9) 107639 11
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incubation, the slides were washed three times with 1 × PBS
for 5 min. The stained sections were mounted with VECTA-
SHIELD mounting medium containing 40,6-diamidino-2-
phenylindole (VE-H-1200, Vector laboratories) to visualize
the nuclei. Negative controls were included, where sections
were incubated only with secondary antibodies. Microscopic
imaging and fluorescent visualization were conducted using a
Nikon Eclipse 50i microscope equipped with an X-cite series
120 microscope light source system. The acquisition software
used for imaging was NIS-Elements Microscope Imaging
Software (https://www.microscope.healthcare.nikon.com/en_
EU/products/software/nis-elements). The fluorescent signal
was quantified using IMARIS software (https://imaris.oxinst.
com).

DSS model

IF staining of ferritin in DSS treated mice and their controls,
tissue sections (3-mm thick) were utilized. The tissue sections
were incubated overnight at 4 �C with a rabbit anti-FtH anti-
body, which was in-house produced at Kuanyu Li’s lab, Nanjing
University Medical School. The primary antibody was diluted
1:1000 in PBS containing 1% BSA. Following the incubation
with the primary antibody, the slides were incubated with Alexa
Fluor 488 AffiniPure Goat Anti-Rabbit IgG (Jackson Immu-
noResearch Laboratories) secondary antibody at a dilution of
1:1000 in PBS containing 1% BSA. For nuclear counterstaining,
40,6-diamidino-2-phenylindole (Servicebio) was used. After the
staining process, slides were drained and mounted using
AntiFade Mounting Medium (Servicebio) to preserve the
fluorescence and prevent photobleaching. The stained tissue
sections were visualized under a confocal microscope.

Fractionation of TI to EC-enriched and immune cell–enriched
fractions

Fractionation was done according to a well-established
protocol (57) with minor changes. Mice were sacrificed and
the TI was carefully dissected, opened, and rinsed with cold
deoxygenated PBS. To isolate ECs, the tissue was cut into
segments and immersed in 1× Hank’s Balanced Salt Solution
supplemented with 20% fetal bovine serum (FBS), 1 mM DTT,
and 2 mM ethylenediaminetetraacetic acid. The segments
were then incubated at 37 �C for 30 min with shaking to
facilitate cell dissociation. The resulting solution was passed
through a fine mesh filter to remove debris, and the suspended
cells were pelleted by centrifugation at 212g. The cells were
subsequently washed twice with PBS. For the isolation of im-
mune cells, the remaining tissue was immersed in PBS con-
taining 0.492 mM CaCl2 and 0.9 mM MgCl2, supplemented
with 20% FBS, collagenase (1 mg/ml, C0130, Sigma), and
DNase (0.1 mg/ml, 4716728001, Sigma). Similar to the EC
isolation, the segments were incubated at 37 �C for 30 min
with shaking. The resulting solution was then passed through a
fine mesh filter, and the suspended immune cells were pelleted
by centrifugation at 212g and washed twice with PBS. Both the
isolated epithelial and immune cells were snap-frozen in liquid
nitrogen and stored at −80 �C until further use. Tissue
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fractionation was carried out in an anaerobic environment to
ensure the preservation of cellular integrity and oxygen-
sensitive molecules. Notably, all solutions used for the isola-
tion procedures were thoroughly degassed to minimize expo-
sure to oxygen during cell isolation and maintain an anaerobic
environment.

Cultivation of cell lines

Caco2 cells (American Type Culture Collection CR2 2101)
and Raw 264.7 cells (a kind gift of Prof. B. Levi, Technion)
were cultured in Dulbecco’s modified Eagle medium (DMEM,
Sigma) supplemented with 10% heat-inactivated fetal calf
serum (FCS) (Biological Industries), 1% L-glutamine (Biolog-
ical Industries), and 1% Pen-Strep (Biological Industries), at 37
�C in 5% CO2. Periodic testing for mycoplasma contamination
was conducted on both cell lines to ensure data reliability.

Primary cultures of BMDMs

Femurs and tibias were harvested from C57BL/6 mice (WT
and Irp1−/−). Bone marrow cells were obtained by thorough
flushing of the bones with DMEM. Following red blood cell
lysis, cells were plated in DMEM supplemented with 20% FCS,
30% CCL1 cell–conditioned medium (CCL1 cells were a kind
gift of Dr J. Kaplan, University of Utah), 1% L-glutamine, and
1% Pen-Strep (all from Biological Industries). The cells were
cultured for 6 days in petri dishes.

On day 6, fully differentiated macrophages were scraped
from the petri dishes on ice. The cells were then replated in
PBS for 30 min. Subsequently, the PBS was replaced with
DMEM containing 10% FCS, 1% Pen-Strep, and 1% glutamine
for further experimentation.

Interspecies coculture assembly

The day before coculture assembly, Caco2 cells were
grown in an oxygen-modified incubator (6% O2). Confluent
cocultures of ECs and macrophages were obtained by
seeding 2 × 105 cells per cm2 surface area. For Caco2-Raw
264.7 cocultures, Raw 264.7 cells were seeded and then
Caco2 cells were added to them after 24 h. For Caco2-
BMDM cocultures, on day 6 after bone marrow extraction,
the cells were plated as described above, and Caco2 cells
were added to them after 24 h. Cocultures were cultivated in
an oxygen-modified incubator (6% O2), at 37 �C and 5%
CO2. Treatments of ferric ammonium citrate (ammonium
iron (III) citrate, F5879, Sigma), desferrioxamine (deferox-
amine mesylate salt, D9533, Sigma), LPS (from Escherichia
coli O111:B4, L4391, Sigma) and Tempol (4-hydroxy-
TEMPO (TEMPOL), 176141, Sigma) were carried out as
detailed in the Figure legends.

Cell lysate preparation

After the specified treatments, cells were lysed in degassed
lysis buffer comprised of 10 mM Hepes (pH 7.2), 3 mMMgCl2,
40 mM KCl, 5% glycerol, 0.2% Nonidet P-40, 5 mM DTT,
1 mM 4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochlo-
ride (AEBSF), 10 g/ml leupeptin and Complete EDTA-free
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protease inhibitor cocktail (11836170001, Roche). The lysis
process was carried out for 10 min on ice. Nuclei and cellular
debris were removed by centrifugation at 4 �C for 15 min at
14,500g. Cell lysates were prepared in an anaerobic chamber to
maintain oxygen-free environment. The protein concentra-
tions in the cell lysate were determined using the Bradford
assay.

Western blotting and antibodies

Equal amounts of protein (40 mg/lane) were separated by
SDS-PAGE and transferred onto nitrocellulose or poly-
vivylidene fluoride membranes. The transferred membranes
were blocked with a blocking solution and probed with
primary antibodies at 4 �C, as detailed in Table S1. Sec-
ondary horse-radish peroxidase-conjugated IgG antibodies
used are listed in Table S3. Blots were developed using
enhanced chemiluminescence (ECL kit, Pierce) to visualize
the proteins bands on the membranes.

RNA mobility shift assays

Gel retardation assays were performed following the previ-
ously described method (14). Cell lysates were prepared as
described above-mentioned section. Five micrograms total
protein were added to a final volume of 12.5 ml buffer con-
taining 25 mM Tris–HCl (pH 7.5) and 40 mM KCl, with or
without 2% 2-mercaptoethanol, which activates IRP1 in vitro.
The protein samples were incubated for 5 min at RT with
12.5 ml reaction cocktail containing 20% glycerol, 0.2 U/ml
Super RNAsine (Ambion), 0.6 mg/ml yeast tRNA (J61215,
Thermo Fisher Scientific), 5 mM DTT, and 20 nM 32P-labeled
(NEG508H250UC, PerkinElmer) IRE from the human ferritin
H chain gene. The reaction was conducted in 25 mM Tris–
HCl (pH 7.5), and 40 mM KCl. After the incubation, sam-
ples (20 ml) of the reaction were loaded onto a 10% acrylamide/
Tris-borate-ethylenediaminetetraacetic acid gel. The gel was
run at 200 V for 2.25 h. Following electrophoresis, the gel was
then fixed, dried, and exposed for autoradiography.

Aconitase assays

Mitochondrial and cytosolic aconitase activities in cell
lysates were assayed concurrently after electrophoretic sep-
aration, as previously described (58). Protein concentrations
in the cell lysate were quantified using the Bradford assay.
Then 400 mg of protein were loaded into 8% polyacrylamide/
Tris-borate-ethylenediaminetetraacetic acid gel supple-
mented with 1 M Na citrate and run at 180 V for 5 h in
running buffer [25 mM tris base, 192 mM glycine, and
3.6 mM citrate (pH 8)]. Gel was washed with distilled water
and incubated at 37 �C for 5 to 45 min in reaction solution
[100 mM tris (pH 8.0), 1 mM nicotinamide adenine dinu-
cleotide phosphate, 2.5 mM cis-aconitate, 5 mM MgCl2,
1.2 mM 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide, 0.3 mM phenazine methosulfate, and isocitrate
dehydrogenase (5 U/ml)]. All chemicals were purchased
from Sigma. Gel is washed three times with distilled water
for 5 min to remove background and gel is imaged.
Quantitative RT-PCR

Total RNA was extracted using the Trizol reagent (Invi-
trogen). For cell samples, cells were harvested directly with
Trizol, while for tissue samples, tissues were first ground in
liquid N2-cooled mortars and then incubated with Trizol, in
accordance with the manufacturer’s instructions. Isolated RNA
samples were subjected to DNase treatment using the DNase I
recombinant, RNase-free kit (Quanta biosciences). Comple-
mentary DNA was synthesized using the complementary DNA
Reverse Transcription Kit (Quanta biosciences). Quantitative
RT-PCRs were performed using the SYBR master mix (Applied
Biosystems). All primers used in the study are listed in Table S5.
The relative expression of the target genes was calculated using
the delta Ct method, normalizing to the expression of topo-
isomerase 1 for ECs and ubiquitin for macrophage genes.

Subcellular fractionation

Cells were first suspended in lysis buffer comprised of
10 mM Hepes (pH 7.9), 10 mM KCl, 1.5 mM MgCl2, 0.34 M
sucrose, 10% glycerol, 1 mM DTT, 1 mM AEBSF, and Com-
plete TM EDTA-free protease inhibitor cocktail. Triton 0.1%
was then added to the cell suspension and incubated for 5 min.
The cell suspension was then centrifuged at 1500g for 4 min.
The supernatant was carefully transferred to a new tube and
was considered the crude cytoplasm-enriched fraction. The
pellet obtained from previous step was then washed with the
first lysis buffer then lysed in a second lysis buffer comprised of
3 mM EDTA, 0.2 mM EGTA, 1 mM DTT, 1 mM AEBSF, and
Complete TM EDTA-free protease inhibitor cocktail. The
lysate was incubated for 10 min and then centrifuged at 1700g
for 4 min. The supernatant was transferred to a new tube and
was considered the nucleoplasmic fraction. The pellet obtained
from previous step was then first washed in the second lysis
buffer then suspended in the first lysis buffer supplemented
with 1 mM CaCl2 and 0.6 U of MNase (NEB-M0247S, New
England Biologicals). The sample was incubated for 30 min at
37 �C. After centrifuging the sample at 20,000g for 10 min, the
supernatant was transferred to a new tube and was considered
the chromatin-bound fraction. The crude cytosol-enriched
fraction was further centrifuged at 20,000g for 10 min; the
supernatant was transferred to a new tube and was considered
the cytosol-enriched fraction. All steps were performed in an
anaerobic environment, and all lysis buffers were degassed.

Labeling cells with 55Fe

To detect iron inside the cells and in media, cells were given
medium containing transferrin loaded with labeled iron. To
prepare this labeled transferrin, 200 mM of nitrilotriacetic acid
(NTA) was dissolved in 0.9% NaCl and equilibrated to pH 3
with NaOH (10N). Then, 100 mM cold FeCl3 (Fe56) was dis-
solved in 0.1 M HCl. Hot-Fe(NTA)2 was prepared in a volume
ratio of 4:1:5 by mixing cold FeCl3, hot

55FeCl3 (
55Fe NEZ-043-

001MC, PerkinElmer), and NTA, respectively. The mixture
was incubated for 30 min at RT.

Subsequently, to allow for iron loading, apotransferrin
(T1428, Sigma, in Hank’s Balanced Salt Solution) was mixed
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with hot-55Fe(NTA)2 at a molar ratio of 1:4, comprising 125 ml
of 1 mM apotransferrin, 12.5 ml of 0.5 M NaHCO3, and 10 ml
of 50 mM hot 55Fe(NTA)2. Following a short incubation,
which yielded a pink solution, 2 ml of medium was introduced.
The resultant mixture was then filtered and added to the cells.
After overnight incubation, the medium was removed and cells
were washed twice with PBS. To induce inflammation in the
55Fe labeled cocultures, LPS (200 ng/ml) was added for the
indicated time intervals. Harvested cells were snap-frozen and
stored at −80 �C until further use.

Metabolic labeling and immunoprecipitation

Cells were metabolically labeled for 1 h with 35S Translabel
(NEG772007MC, PerkinElmer, mCi per 5 ml DMEM) without
cysteine and methionine. The medium was supplemented with
10% dialyzed FCS, 10 mM Hepes, 1% pen/strep, and 1% gluta-
mine. After metabolic labeling, cells were lysed in lysis buffer
comprised of 1% Triton X-100, 20 mM Tris (pH 8.0), 37 mM
NaCl, 10% glycerol, and EDTA-free protease inhibitor cocktail.
Lysates were first precleared with noncoated protein A-
sepharose beads (L00210, GeneScript). The supernatants from
the precleared samples were then transferred to fresh tubes
containing slurry of protein A-sepharose beads coated with anti-
FtH antibodies (GE-Healthcare). The samples were rotated for
3 h at 4 �C and then centrifuged at 800g to isolate the immu-
noprecipitated proteins. The immunoprecipitated proteins were
denatured with reducing 1× sample buffer and boiled at 95 �C
for 5 min. Subsequently, samples were then resolved by 14%
SDS-PAGE. The SDS-PAGE gel was fixed, dried, and exposed
for autoradiography to visualize the labeled proteins.

SNAP treatment

The day before SNAP treatment, Caco2 cells were cultured
in minimum essential medium (Sigma) supplemented with 20%
heat-inactivated FCS, 20 mM ferric ammonium citrate, 1 mM
nonessential amino acids (Gibco), 10 mM sodium pyruvate
(Gibco), 2 mM L-glutamine, and 1% Pen-strep. The cells were
cultured in an oxygen-controlled incubator (6% O2) at 37 �C
with 5% CO2.

SNAP (N3398, Sigma) was added to the cells for 22 h and
administered in two sequential doses. The first dose of SNAP
was added to the cells and they were incubated for 6 h. After the
initial 6-h incubation, 20% of the medium was collected from
the culture and replaced with medium containing 5 mM SNAP.
The cells were then further incubated for an additional 15 h.

SNAP treatment in 55Fe-labeled Caco2 cells

Caco2 cells were treated with SNAP following the same
protocol as described above. After the overnight SNAP incu-
bation, cells were harvested at each designated time point.
Subsequently, the cells were snap-frozen and stored at −80 �C
for further analysis.

Griess assays

Nitrite concentration in the medium was determined using
the Griess assay. Briefly, the medium was collected and
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centrifuged at 1000g. Supernatant (50 ml) was then added to
50 ml of 1% sulfanilamide in 5% phosphoric acid. The mixture
was incubated in the dark for 10 min. Next, 50 ml of 0.1 N-1-
naphthylethylenediamine dihydrochloride was added. The re-
action product was measured with the spectrocolorimeter
(Multiskan EX, Thermo Electron Corporation), at 540 nm.
NaNO2 was used to create a standard curve of nitrite.

Ferritin transfection

HEK293T cells were grown in DMEM supplemented with
10% heat-inactivated FBS, 2 mM L-glutamine and 1%
penicillin-streptomycin. The indicated ferritin constructs were
transfected with polyethylenimine, according to standard
protocol. Cells were harvested �40 h posttransfection for
subsequent analysis.

Native-PAGE stains

Samples were heat treated for 10 min in 70 �C and
precipitated before separation on 6% Native-PAGE to visualize
ferritin complexes.

Perls’-DAB iron stain

Gel is rinsed and then incubated for 1 h at RT with Perls’
Prussian blue staining solutions (4% potassium ferrocyanide
and 1.3% (v/v) HCl, mixed right before incubation). Gel is
rinsed until neutral pH achieved and incubated in 100 mM Tris
buffer (pH 7), for 5 min. The stain is then enhanced by incu-
bation with 3,30-diaminutesobenzidine (328005000, Thermo
Fisher Scientific) solution (1% dimethylsulfoxide, 0.05% H2O2,
0.025% 3,30-diaminutesobenzidine in 100 mM Tris buffer, pH
7) for 2 h for initial signal and overnight for saturation.

Coomassie stain

After electrophoresis, native gels were gently washed in the
tap water and placed directly into staining solution InstantBlue
Coomassie Protein Stain (Ab119211, Abcam), according to the
manufacturers’ protocol.

Human TI tissues

Human biopsies were obtained from patients with clinically
active CD who were undergoing routine endoscopy or colo-
noscopy as part of their standard medical care. CD diagnosis
was based on standard clinical, radiological, endoscopic, and
histologic criteria. Biopsies were collected from both, inflamed
and normal-appearing mucosa segments of each patient. The
study protocol was approved by the institutional committee
(IRB number 0052-17-RMB) abed by declaration of Helsinki
principles and each patient provided informed consent before
participating in the study. Inflammation in the biopsied tissues
was determined based on the endoscopic appearance of the
mucosa. Inflammation was characterized (among others) by
ulceration, erosion, lack of vascularity, edema, and erythema.
Paraffin-embedded blocks of the human TI segments used for
this study were provided by the Rambam Medical Center
histology unit. Immunofluorescent staining of ferritin was
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performed following the same protocol as described for mouse
samples.

Statistical analysis

Statistical analysis was performed using Graph Pad Prism 8
(GraphPad Software, http://app.graphpad.com/). Values in
graphs are expressed as mean ± SD (unless otherwise speci-
fied). Data were examined for normality of distribution and
variance homogeneity. Two groups of mice were compared
with Student’s two-tailed t test for independent data. p < 0.05
(*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001) was
considered significant.

Data availability

All materials are available from the authors on reasonable
request with materials transfer agreements.

Supporting information—This article contains Supporting
information.
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