
Hepcidin-(In)dependent Mechanisms of
Iron Metabolism Regulation during
Infection by Listeria and Salmonella

Ana C. Moreira,a,b João V. Neves,a,b Tânia Silva,a,b Patrícia Oliveira,a,b

Maria S. Gomes,a,b,c Pedro N. Rodriguesa,b,c

i3S-Instituto de Investigação e Inovação em Saúde, Universidade do Porto, Porto, Portugala; Instituto de
Biologia Molecular e Celular, Universidade do Porto, Porto, Portugalb; Instituto de Ciências Biomédicas Abel
Salazar, Universidade do Porto, Porto, Portugalc

ABSTRACT During bacterial infection, the pathogenic agent and the host battle for
iron, due to its importance for fundamental cellular processes. However, iron redistri-
bution and sequestration during infection can culminate in anemia. Although hepci-
din has been recognized as the key regulator of iron metabolism, in some infections
its levels remain unaffected, suggesting the involvement of other players in iron me-
tabolism deregulation. In this work, we use a mouse model to elucidate the main
cellular and molecular mechanisms that lead to iron redistribution during infection
with two different pathogens: Listeria monocytogenes and Salmonella enterica serovar
Typhimurium. Both infections clearly impacted iron metabolism, causing iron redistri-
bution, decreasing serum iron levels, decreasing the saturation of transferrin, and
increasing iron accumulation in the liver. Both infections were accompanied by the
release of proinflammatory cytokines. However, when analyzing iron-related gene
expression in the liver, we observed that hepcidin was induced by S. Typhimurium
but not by L. monocytogenes. In the latter model, the downregulation of hepatic fer-
roportin mRNA and protein levels suggested that ferroportin plays a major role in
iron redistribution. On the other hand, S. Typhimurium infection induced the expres-
sion of hepcidin mRNA, and we show here, for the first time in vivo, that this induc-
tion is Toll-like receptor 4 (TLR4) dependent. In this work, we compare several
aspects of iron metabolism alterations induced by two different pathogens and
suggest that hepcidin-(in)dependent mechanisms contribute to iron redistribution
upon infection.
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Due to its capacity to act as an ideal redox catalyst for processes such as DNA
synthesis, mitochondrial respiration, and oxygen transport, iron is an essential

element for almost all living organisms (1–4). Not surprisingly, iron plays a crucial role
in host-pathogen interactions: pathogenic agents developed sophisticated strategies to
acquire iron from their environment, while the host innate immune response includes
several mechanisms to reduce iron availability for microbes (5–7). The hepatocyte-
derived peptide hormone hepcidin has been considered a central player in this process.
Hepcidin causes a decrease in plasma iron levels by blocking the activity of ferroportin
(FPN), the only known iron exporter, responsible for iron release from macrophages,
hepatocytes, and enterocytes (4). The expression of hepcidin is known to be induced by
the cytokine interleukin-6 (IL-6) (8), released after the detection of different microbes or
microbial products such as lipopolysaccharide (LPS) (9, 10). Continuously high levels of
hepcidin lead to decreases of serum iron levels, presumably reducing bacterial growth
and contributing to the avoidance of sepsis. Consequently, high levels of hepcidin are
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thought to be responsible for “anemia of chronic disease,” due to the reduced avail-
ability of iron for erythropoiesis (11). However, a direct link between hepcidin, hypo-
ferremia, and anemia of infection has very rarely been demonstrated in vivo.

Curiously, previous work from our laboratory showed that Mycobacterium avium
infection leads to moderate anemia, without a significant alteration of hepcidin levels
(12). In the present work, we aimed to extend the study of the in vivo role of hepcidin
during infection, using two different intracellular pathogens: Listeria monocytogenes
and Salmonella enterica serovar Typhimurium (Gram-positive and Gram-negative bac-
teria, respectively).

L. monocytogenes and S. Typhimurium are intracellular foodborne pathogens, which
can cross the intestinal barrier and cause fatal septicemia in susceptible hosts (13, 14).
The pathogenicity of these bacteria is known to be highly dependent on iron avail-
ability (15–17). In this work, we infected mice with L. monocytogenes or S. Typhimurium
and analyzed the impact on host iron metabolism. Our data show that different
pathogens impact host iron metabolism by different mechanisms, including hepcidin-
independent pathways.

RESULTS
Infections with L. monocytogenes and S. Typhimurium cause alterations in host

iron metabolism and distribution. In this study, we evaluated the alterations in host
iron metabolism resulting from infection with two species of facultative intracellular
bacteria: the Gram-positive organism L. monocytogenes and the Gram-negative organ-
ism S. Typhimurium. After intravenous injection of 104 CFU, both bacteria colonized the
liver and spleen and grew exponentially until 72 h postinfection (Fig. 1). The bacterial
loads in the liver were similar for the two bacteria, while in the spleen, the bacterial
loads of Salmonella reached higher levels than those of Listeria. Of note, while the
growth of L. monocytogenes was controlled after 3 days of infection, S. Typhimurium
continued to grow and caused the death of the mice by day 4 postinfection.

At different time points after infection, blood was collected to evaluate hematolog-
ical (Fig. 2) and iron (Fig. 3) parameters. A significant reduction in the number of red

FIG 1 Bacterial loads in the liver and spleen of animals infected with L. monocytogenes or S. Typhimu-
rium. C57BL/6 mice were infected intravenously with 104 CFU of L. monocytogenes (A and C) or S.
Typhimurium (B and D). Groups of at least 3 animals were sacrificed at different time points, livers (A and
B) and spleens (C and D) were aseptically harvested, and the bacterial load was evaluated. The graphs
represent mean log10 CFU per organ and standard deviations.
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blood cells (RBCs) was observed in mice infected with L. monocytogenes (Fig. 2A) (from
9.4 � 106 � 0.6 � 106 to 7.1 � 106 � 0.1 � 106 RBCs/�l), and a clear reduction of the
hematocrit value was observed in mice infected with both pathogens at late time
points, namely, 96 h after L. monocytogenes infection (from 46.8% � 2.5% to 34.9% �

0.3%) (Fig. 2C) and 72 h after infection with S. Typhimurium (from 46.4% � 2.4% to
42.4% � 1.8%) (Fig. 2D).

Both infections also impacted serum iron parameters (Fig. 3), causing decreases in
levels of serum iron and transferrin saturation (Fig. 3A to D). However, kinetic differ-
ences were evident. While in L. monocytogenes-infected mice, a significant decrease (of
approximately 40%) in serum iron levels was observed only 24 h after infection, which
completely recovered at 72 h (Fig. 3A), mice infected with S. Typhimurium exhibited a
decrease in serum iron levels of approximately 65% as early as 6 h after infection (Fig.
3B). In accordance, the percentage of saturated transferrin decreased more quickly and
severely in S. Typhimurium-infected mice than in L. monocytogenes-infected mice (Fig.
3D and C, respectively). Interestingly, the total iron binding capacity (TIBC) and the
unsaturated iron binding capacity (UIBC) increased during both infections at later time
points (Fig. 3E to H), with a slight decrease in the case of Listeria at 96 h postinfection.
Moreover, the levels of serum ferritin were significantly increased at 72 h in both
models (Fig. 3I and J).

Given the observed decrease in serum iron levels, we decided to investigate the iron
content of the liver, a central organ for both iron metabolism and iron storage. We
observed a clear increase in tissue iron levels in mice infected with both types of
bacteria (Fig. 4A and B), although the increase in tissue iron levels reached statistical
significance earlier and iron loads were higher in S. Typhimurium-infected mice than in
mice infected with L. monocytogenes. Iron levels in the liver of infected mice remained
above control values until the end of the experimental protocol. In order to evaluate
iron distribution in the liver, we performed Perl’s-DAB (diaminobenzidine) staining in
liver sections obtained from mice infected for 72 h. In control noninfected mice, iron

FIG 2 Hematological parameters in C57BL/6 mice infected with Listeria monocytogenes (A and C) or
Salmonella Typhimurium (B and D). After sacrifice at different time points, blood was collected, and the
numbers of red blood cells (A and B) and the hematocrit (HCT) values (C and D) were determined by a
certified laboratory. The graphs represent means plus standard deviations for at least 4 animals.
Statistical analysis was performed by applying one-way ANOVA followed by a Bonferroni multiple-
comparison post hoc test. *, P � 0.05; ***, P � 0.001 (compared with noninfected [NI] mice).
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FIG 3 Serum iron parameters in C57BL/6 mice infected with Listeria monocytogenes (A, C, E, G, and I) or
Salmonella Typhimurium (B, D, F, H, and J). After sacrifice at different time points, blood was collected,
and serum was obtained by centrifugation. The serum iron levels (A and B), transferrin saturation (Tf Sat)
(C and D), total iron binding capacity (E and F), unsaturated iron binding capacity (G and H), and ferritin
levels (I and J) were measured by a certified laboratory. Statistical analysis was performed by applying
one-way ANOVA followed by a Bonferroni multiple-comparison post hoc test. *, P � 0.05; **, P � 0.01;
***, P � 0.001 (compared with noninfected [NI] mice).
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was hardly seen (Fig. 4C), in contrast to infected animals (Fig. 4D and E). In Listeria-
infected mice, no significant tissue damage was evident, and iron was found predom-
inantly in the parenchyma perivascular regions (Fig. 4D). In the case of Salmonella-
infected mice, centers of tissue necrosis could be seen, and iron seemed more evenly
distributed (Fig. 4E). In both cases, iron was found exclusively inside hepatocytes (Fig.
4D and E).

Taken together, these results indicate that, despite differences in kinetics, both L.
monocytogenes and S. Typhimurium have an impact on host iron metabolism, causing
decreases in levels of serum iron and transferrin saturation, increases in hepatic iron
levels, and decreases in erythrocyte counts.

Both L. monocytogenes and S. Typhimurium infections induce the release of
proinflammatory cytokines. In the case of L. monocytogenes infection, the kinetics of
serum proinflammatory cytokines follows that of organ bacterial loads, with the highest
levels of tumor necrosis factor (TNF) and IL-6 being found at 72 h postinfection and
with levels decreasing thereafter (Fig. 5A and C). Interferon gamma (IFN-�) is an
exception, with the highest level being found at 24 h postinfection (Fig. 5E). In the case
of S. Typhimurium, high levels of the three cytokines were found at 6 h postinfection
(Fig. 5B, D, and F) (i.e., much earlier than in L. monocytogenes-infected mice). After
transient decreases at 24 h postinfection, the levels of the three cytokines increased
and tended to be higher in S. Typhimurium-infected than in L. monocytogenes-infected
mice. Importantly, at 72 h postinfection, IL-6 levels (Fig. 5C and D) in the sera of S.
Typhimurium-infected animals were significantly higher than those in the sera of L.
monocytogenes-infected mice (2,907 � 1,019 pg/ml versus 1,347 � 532.9 pg/ml; P �

0.0204 by using a t test). Moreover, when we evaluated the liver mRNA expression
levels of proinflammatory cytokines, we found 4-fold-higher expression levels of IL-1�

FIG 4 Iron quantification and distribution in the livers of C57BL/6 mice infected with L. monocytogenes or S. Typhimurium. (A and B) The amount of total tissue
iron was quantified by using the bathophenanthroline method. (A) L. monocytogenes-infected mice; (B) S. Typhimurium-infected mice. Data represent means
and standard deviations for at least 4 animals and are expressed as micrograms of iron per gram of dry liver. Statistical analysis was performed by applying
one-way ANOVA followed by a Bonferroni multiple-comparison post hoc test. **, P � 0.01; ***, P � 0.001 (compared with noninfected [NI] mice). (C to E) The
iron distribution in the liver was analyzed after Perl’s-DAB staining at 72 h postinfection. Representative images of at least three animals per group, including
images of noninfected animals (C), L. monocytogenes-infected animals (D), and S. Typhimurium-infected animals (E), were obtained with the D-Sight plus f2.0
analyzer at �4 and �10 magnifications. Iron deposition is shown in brown and indicated by the arrows. The arrowhead indicates an area of tissue necrosis.
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and 20-fold-higher expression levels of TNF-� at 6 h postinfection in S. Typhimurium-
infected than in L. monocytogenes-infected mice (not shown).

L. monocytogenes and S. Typhimurium infections have distinct impacts on the
liver expression of iron-related genes. Given the alterations in serum iron levels and
the expression levels of proinflammatory cytokines, namely, IL-6, we evaluated the
expression of iron-related genes, including hepcidin, in the livers of infected mice. As
a positive control for hepcidin induction, a group of C57BL/6 mice was injected with
lipopolysaccharide (LPS) and sacrificed 8 h later. These mice exhibited on average a
26-fold increase in hepcidin expression levels relative to those in control mice.

As shown in Table 1, S. Typhimurium infection caused a significant downregulation
of ferroportin and an upregulation of hemeoxygenase-1, besides a 6- to 11-fold
increase in the expression levels of hepcidin, which remained significantly increased
throughout the course of infection. Surprisingly, in the case of L. monocytogenes
infection, hepcidin levels remained unaltered (Table 1), despite the clear alterations in
the iron distribution described above. In order to try to identify additional players that
could be causing iron redistribution in L. monocytogenes-infected animals, we mea-

FIG 5 Proinflammatory profile of mice infected with L. monocytogenes or S. Typhimurium. At the indicated time
points after infection, blood of C57BL/6 mice infected with L. monocytogenes (A, C, and E) or S. Typhimurium (B,
D, and F) was collected, and serum was obtained to measure TNF-� (A and B), IL-6 (C and D), and IFN-� (E and F)
levels by using a cytometric bead array mouse inflammation kit. Graphs represent means plus standard deviations
of data from at least 4 animals. Statistical analysis was performed by applying one-way ANOVA followed by a
Bonferroni multiple-comparison post hoc test. *, P � 0.05; **, P � 0.01; ***, P � 0.001 (compared with noninfected
mice).
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sured the mRNA expression levels of other iron-related genes in the liver. As shown in
Table 1, the expression levels of H- and L-ferritins, as well as that of transferrin, were
not significantly altered by L. monocytogenes infection. Heme oxygenase 1 expres-
sion increased only at later time points, while transferrin receptor was downregulated
at early time points. Interestingly, the expression of ferroportin was significantly
affected by infection by L. monocytogenes. After an initial increase 6 h after infection,
the expression level of ferroportin significantly decreased at 24 h and 48 h, recovering
to basal levels at the last time points studied. As ferroportin may be regulated
posttranscriptionally, we also evaluated the protein levels of this iron exporter in liver
lysates by Western blotting. We confirmed that the levels of the ferroportin protein
decreased during infection with L. monocytogenes (Fig. 6), which provides a possible
explanation for the hepcidin-independent iron redistribution in the host.

Hepcidin upregulation during S. Typhimurium infection is mediated by TLR4
and proinflammatory cytokines. The increase in hepcidin expression levels during
infection has been associated with the release of proinflammatory cytokines, namely,
IL-6, by infected macrophages. The exuberant proinflammatory response observed in S.
Typhimurium-infected mice is compatible with the stimulation of Toll-like receptors
(TLRs) by this Gram-negative bacterium. To investigate whether hepcidin induction
during S. Typhimurium infection was dependent on TLR activation, we used TLR2 and
TLR4 knockout mice infected with this bacterium to evaluate hepcidin induction. While
both wild-type and Tlr2�/� mice exhibited a 4-fold increase in hepcidin expression
levels in the liver 24 h after infection with S. Typhimurium, no significant induction of
this gene was observed in infected Tlr4�/� mice (Fig. 7A). Accordingly, no significant
increases in levels of proinflammatory cytokines were seen in Tlr4�/� mice infected
with S. Typhimurium (Fig. 7B). The liver bacterial loads were the same in wild-type and
TLR4 knockout mice (data not shown). Overall, these data strongly suggest that the
Gram-negative bacterium S. Typhimurium is recognized by TLR4 in the host, inducing
the production of proinflammatory cytokines, which in turn activates the expression of
hepcidin, impacting host iron metabolism.

These observations indicate that L. monocytogenes and S. Typhimurium impact host
iron metabolism by different molecular mechanisms.

DISCUSSION

Iron, being an essential micronutrient, plays a central role in host-pathogen inter-
actions. During evolution, pathogens developed different strategies to acquire iron
from the host, contributing to their proliferation and virulence. Conversely, iron with-
holding is an important part of innate resistance to infection.

In this work, we used the mouse model of infection to show that two important
pathogens, L. monocytogenes and S. Typhimurium, cause hypoferremia and mild ane-
mia through different molecular pathways.

It has been known for a long time that hypoferremia and anemia accompany
infectious diseases, especially those that evolve to a chronic state. With the discovery
of hepcidin about 16 years ago, the mechanisms of infection-associated anemia were

TABLE 1 Iron-related gene expression induced by infectiona

Time (h)

Mean fold change in expression level of gene � SD

Hepcidin Ferroportin 1 Heme oxygenase 1

L. monocytogenes S. Typhimurium L. monocytogenes S. Typhimurium L. monocytogenes S. Typhimurium

6 1.85 � 0.65 6.05 � 1.69** 3.99 � 2.03* 0.06 � 0.05*** 0.73 � 0.18 3.27 � 1.45**
24 1.00 � 0.30 6.91 � 1.16*** 0.33 � 0.33* 1.19 � 0.72 1.82 � 0.73 3.84 � 1.41***
48 1.12 � 0.53 10.75 � 0.78** 0.36 � 0.09* 0.27 � 0.11** 2.99 � 2.02* 13.73 � 4.52***
72 2.48 � 1.16* 11.19 � 7.8** 0.80 � 0.34 0.26 � 0.09** 7.60 � 3.33*** 7.23 � 0.98***
96 1.62 � 0.87 0.62 � 0.20 9.06 � 8.54*
aC57BL/6 mice were infected with L. monocytogenes or S. Typhimurium or injected with an equivalent amount of saline. At the indicated time points after infection,
mice were sacrificed, and mRNA levels of different genes in liver extracts were quantified by real-time PCR. Data shown are the means � standard deviations of the
fold increases in expression levels in the infected group versus the noninfected group, with at least 4 animals per group. *, P � 0.05; **, P � 0.01; ***, P � 0.001
(compared with the respective noninfected group).
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thought to be completely understood. Hepcidin is produced mostly in the liver in
response to inflammatory stimuli and binds to ferroportin, blocking cellular iron efflux
and consequently decreasing serum iron levels (9, 18). However, although several
studies have confirmed the induction of hepcidin production and hypoferremia after
the injection of microbial products such as LPS, fewer studies have analyzed the alterations
in iron metabolism and hepcidin production in the context of in vivo infection with
different pathogens.

In this work, we compared the impacts of infection with L. monocytogenes and S.
Typhimurium in vivo on host iron metabolism using the mouse model. Our data clearly
show that both infections affect host iron distribution and induce moderate anemia, as
the hematocrit values decreased after a few days (Fig. 2C and D). Moreover, the levels
of serum iron and saturated transferrin are also decreased during infection, indicating
that the host responded by withholding iron from pathogens to prevent their growth
(Fig. 3A to D). In time, this strategy resulted in iron retention in the liver (Fig. 4).

When we investigated whether hepcidin was induced by these infections, we found
an increase in hepcidin mRNA levels only in the liver of S. Typhimurium-infected mice
and not in L. monocytogenes-infected mice (Table 1). Previous works showed increased
levels of hepcidin during mouse in vivo infections with Salmonella as well as with
Pseudomonas aeruginosa, group A Streptococcus, Vibrio vulnificus, Candida albicans, or
influenza A virus (9, 19, 20). Additionally, Salmonella was shown to induce the produc-
tion of hepcidin by myeloid cells in vitro in a TLR4-dependent manner (20). Here, we
show for the first time that this association between TLR4 activation and hepcidin
production by Salmonella is relevant in vivo (Fig. 7). Of note, this hepcidin induction was

TABLE 1 (Continued)

Mean fold change in expression level of gene � SD

Transferrin receptor Transferrin H-ferritin L-ferritin

L. monocytogenes S. Typhimurium L. monocytogenes S. Typhimurium L. monocytogenes S. Typhimurium L. monocytogenes S. Typhimurium

0.28 � 0.07 0.84 � 0.07 1.63 � 0.17** 0.26 � 0.05 0.94 � 0.06 1.09 � 0.44 1.20 � 0.15 0.11 � 0.05
0.27 � 0.11* 0.90 � 0.44 1.29 � 0.63 1.54 � 0.74 0.68 � 0.18 2.11 � 1.57 0.70 � 0.34 1.23 � 1.04
1.75 � 0.68 0.63 � 0.26 5.31 � 3.36 2.06 � 0.99 0.86 � 0.23 1.04 � 0.22 1.26 � 0.67 1.14 � 0.10
1.02 � 0.2 0.49 � 0.21* 3.08 � 2.95 2.19 � 0.82* 0.46 � 0.20 3.93 � 2.51* 0.70 � 0.16 0.69 � 0.22*
0.67 � 0.23 1.27 � 0.9 0.65 � 0.52 1.10 � 0.46 -

FIG 6 Listeria monocytogenes infection causes a decrease of FPN protein contents in liver lysates. Shown
are data from Western blot analyses of liver lysates. Beta-actin was used as the housekeeping protein. The
graph represents data from densitometry analysis of the FPN protein under each condition, normalized
to beta-actin densitometry values and expressed as a percentage relative to values for noninfected mice.
Data represent means plus standard deviations of data from at least 4 animals. *, P � 0.05; **, P � 0.01;
***, P � 0.001 (compared with noninfected mice). S, standard molecular mass markers.
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observed in total liver lysates, highly suggesting that hepatocytes are its major source
in vivo. This observation is also in agreement with data from previous studies showing
the TLR4-dependent induction of hepcidin by LPS (21–23). As expected from this Gram-
negative bacterium, along with the increased hepcidin mRNA levels, we observed high
levels of proinflammatory cytokines, including IL-6, in the serum of S. Typhimurium-infected
mice. The regulatory process that mediates hepcidin synthesis is known to rely on IL-6. IL-6
receptor activation is followed by JAK2-mediated phosphorylation of the signal transducer
and activator of transcription STAT3, which stimulates hepcidin (18, 23–25). Recently,
Estrogen-related receptor � was added as an intermediate player in this signaling cascade
(26, 27).

Notwithstanding these considerations, the predominant role of hepcidin in the
development of hypoferremia of infection was recently challenged by several studies
showing that TLR agonists can induce hypoferremia without a concomitant increase
in hepcidin expression levels (28, 29). Given that our experiments showed that L.
monocytogenes did not induce alterations in hepcidin levels, although promoting
iron redistribution, we decided to evaluate the expression levels of other players
involved in the iron metabolism of the host. A significant induction of the Hmox1 gene
was observed for both infections although with differences in intensity and kinetics. We
previously reported that Hmox1 is highly induced during mycobacterial infection and
plays an important role in host protection against this type of pathogen (30). The
induction of Hmox1 has also been reported for other infection models, namely, sepsis.
The exact mechanisms involved in Hmox1 induction during infection are not known but
may include an increased release of heme resulting from tissue damage and also the
combined effects of oxidative stress and inflammatory signals (31). Particularly impor-
tant for the understanding of iron metabolism deregulation was the observation that
both L. monocytogenes and S. Typhimurium infections were associated with a decrease
in ferroportin expression. Moreover, we saw that the decrease in ferroportin expression
in the L. monocytogenes model could also be seen at the protein level. This alteration
per se may explain the liver iron retention and the decrease in serum iron levels
observed in infected mice. Our data are in apparent contrast with previously reported
observations of an increase in ferroportin expression associated with Salmonella infec-
tion (32, 33). These discrepancies may be explained by two main reasons. One reason
is the infection models used, since we infected mice by the intravenous route, and the
authors of those studies used oral infections, with a much longer time course. Another
important point is that the previous studies focused on the spleen and/or specifi-
cally on macrophages. In the present work, we focused our study on the liver, and
the differences in mRNA levels that we saw are probably attributed to hepatocytes.
Interestingly, while the manuscript was in preparation, a new study showing a marked

FIG 7 Inflammatory cytokines and hepcidin expression induced by S. Typhimurium in TLR-deficient mice. C57BL/6,
Tlr2�/�, and Tlr4�/� mice were infected intravenously. (A) Twenty-four hours after infection, mice were sacrificed,
and hepcidin mRNA levels in liver extracts were quantified by real-time PCR. (B) At the same time point after
infection, blood was collected, and serum was obtained to measure TNF-�, IL-6, and IFN-� levels by using a
cytometric bead array mouse inflammation kit (B). The graphs represent means plus standard deviations of data
from at least 4 animals per group. Statistical analysis was performed by using Student’s t test. *, P � 0.05; ***, P �
0.001 (compared with the respective noninfected group). ###, P � 0.001 (compared with infected C57BL/6 mice).
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hepcidin-independent downregulation of ferroportin, in both the liver and cultured
macrophages, in response to Salmonella infection was reported (34). The exact mech-
anisms of ferroportin transcriptional regulation in different cell types are far from clear
and deserve further evaluation in future studies, as different TLR agonists were shown
to cause ferroportin downregulation by hepcidin-independent mechanisms (29, 35).

A deeper understanding of the mechanisms underlying the battle for iron between
the pathogen and the host during infection will have important consequences for the
treatment of infectious diseases. New treatment strategies can be envisioned, which
can exploit iron-withholding mechanisms as an antimicrobial weapon. On the other
hand, the specific inhibition of pathways leading to anemia will allow the prevention of
this severe comorbidity. Our work contributes to this knowledge, showing that different
pathogens impact host iron metabolism by different mechanisms, both hepcidin
dependent and hepcidin independent.

MATERIALS AND METHODS
Chemicals. All chemicals used in this work are of the highest analytical grade and were purchased

from Sigma-Aldrich Co. (St. Louis, MO), unless specified otherwise.
Animals. C57BL/6 and C57BL/6.TLR2 knockout (Tlr2�/�) mice were bred and housed at the Instituto

de Investigação e Inovação em Saúde (i3S)/Instituto de Biologia Molecular e Celular (IBMC) animal facility.
TLR4 knockout (Tlr4�/�) mice (B6.B10ScN-Tlr4lps-del/JthJ) were purchased from the Jackson Laboratory
(Bar Harbor, ME, USA). The animals were kept inside individually ventilated cages bearing high-efficiency
particulate air (HEPA) filters and were fed with sterilized food and water ad libitum. For experimental
treatments, 12- to 16-week-old males were used. All animal experiments were carried out in compliance
with the animal ethics guidelines of the institute and national and European regulations for the care and
handling of laboratory animals. A.C.M., J.V.N., T.S., P.N.R., and M.S.G. are accredited by the Federation of
European Laboratory Animal Science Associations (FELASA) for animal experimentation at category
C. P.O. is accredited by FELASA for animal experimentation at the category B level.

Bacteria. Listeria monocytogenes EGDe was generously provided by Didier Cabanes (molecular
microbiology group of i3S/IBMC). L. monocytogenes was precultured in brain heart infusion (BHI)
broth medium (BD Biosciences, San Jose, CA, USA) overnight at 37°C, after which the bacterial
suspension was diluted in BHI medium and incubated to mid-log phase. Bacteria were then
harvested by centrifugation and washed with ice-cold phosphate-buffered saline (PBS). Salmonella
enterica serovar Typhimurium strain ATCC 14028 was kindly provided by Luísa Peixe (Faculdade de
Farmácia da Universidade do Porto [FFUP]). S. Typhimurium was grown to mid-log phase in tryptic
soy broth (TSB) medium (Conda, Torrejón de Ardoz, Madrid, Spain) for 6 h at 37°C, after which
bacteria were harvested by centrifugation and washed with PBS. Aliquots in PBS were kept at �80°C
until use.

Mouse infection and sacrifice. Mice were intravenously infected in the lateral tail vein with 1 � 104

CFU of each type. Control animals were injected with the same volume of PBS by the same route.
At different time points, animals were anesthetized with isoflurane (B. Braun Medical, Portugal) and
sacrificed by cervical dislocation. At each time point, livers were harvested for different analyses,
including bacterial load quantification, gene expression evaluation, nonheme iron determination, histo-
logical alterations, and examination of the iron distribution in tissue. Liver samples collected for gene
expression and iron analyses were quickly frozen in liquid nitrogen and stored at �80°C until use.

Hematological and serum iron parameters. Blood samples were collected by retro-orbital punc-
ture under anesthesia, and 150 �l was transferred to EDTA tubes (Vacutainer; BD, NJ, USA) to evaluate
the erythron. Serum was obtained by high-speed centrifugation of the remaining blood. Blood and
serum parameters were determined by a certified laboratory in a blind manner (CoreLab, Centro
Hospitalar do Porto, Porto, Portugal).

Quantification of bacterial loads in organs. Tissues were aseptically collected, weighed, and
homogenized in sterile PBS. Serial dilutions were performed, and dilutions were plated in duplicate onto
BHI agar medium and Salmonella Shigella agar medium for L. monocytogenes and S. Typhimurium,
respectively. After incubation at 37°C for 24 h, the colonies were counted. The number of CFU per liver
was calculated, taking into consideration the dilution at which colonies were counted, the total organ
weight, and the volume of the organ homogenate used for plating.

Liver iron content. Liver iron levels were determined by the bathophenanthroline method (36).
Briefly, 100 to 180 mg of fresh liver tissue was placed into iron-free Teflon vessels (ACV-Advanced Composite
Vessel; CEM Corporation, Matthews, NC, USA) and dried in a microwave oven (MDS 2000; CEM Corpo-
ration), after which the tissue was weighed. Digestion was performed for 20 h at 65°C with a mixture of
10% trichloroacetic acid–30% hydrochloric acid. After cooling to room temperature, samples were mixed
with a chromogen reagent solution (5 volumes of deionized water, 5 volumes of saturated sodium
acetate, and 1 volume of 0.1% bathophenanthroline sulfonate–1% thioglycolic acid). The absorbance was
read at 535 nm. The extinction coefficient for bathophenanthroline is 22.14 mM�1 cm�1 and was used
to calculate the amount of iron that reacted with this compound.

Perl’s-DAB staining. Liver samples were fixed in a 10% neutral buffered formalin solution and
included in paraffin blocks prior to Perl’s blue staining. Ferric iron was detected by Perl’s-enhanced DAB
staining. Briefly, paraffin sections were deparaffinized and processed through downgraded alcohols,
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rehydrated, and incubated in a 2% potassium ferrocyanide trihydrate–2% HCl solution for 30 min.
Sections were rinsed five times in water and incubated in a mixture containing 10 mg DAB– 40 ml 0.01
M Tris HCl (pH 7.4)–160 �l 30% H2O2 for 1 min. Sections were rinsed twice with water, dehydrated
(reverse of downgraded alcohols and deparaffinization), and coverslipped in Entellan. Sections were
imaged in D-Sight Plus f2.0 and analyzed with D-Sight viewer (both from A. Menarini Diagnostics).

Gene expression. Liver samples were collected, frozen in liquid nitrogen, and stored at �80°C prior
to analysis. According to the manufacturer’s instructions, RNA extraction from mouse liver was performed
with the PureLink RNA minikit (Life Technologies, Carlsbad, CA, USA), and for real-time PCR quantifica-
tion, total RNA was transcribed into cDNA by using an NZY First-Strand cDNA synthesis kit (NZYTech,
Lisbon, Portugal). For the amplification of each gene of interest, a corresponding specific pair of primers
(STAB Vida, Lisbon, Portugal) was used. All reactions were performed in a 20-�l total volume with SYBR
green PCR master mix (Bio-Rad Laboratories, Hercules, CA, USA) and carried out with an iQ5 instrument
(Bio-Rad Laboratories, Hercules, CA, USA). Baseline thresholds were obtained by using the Bio-Rad iQ5
program and the threshold cycles (CTs) were calculated by the 2CT method, where CT values for the genes
of interest were normalized to the level of the hypoxanthine guanine phosphoribosyl transferase
housekeeping gene (hprt1). Data are shown as n-fold differences relative to values for noninfected
samples, calculated with the 2���CT method. Primers used were as follows: hprt forward primer 5=-GG
TGGAGATGATCTCTCAAC-3=, hprt reverse primer 5=-TCATTATAGTCAAGGGCATATCC-3=, hamp1 forward
primer 5=-CCTATCTCCATCAACAGATG-3=, hamp1 reverse primer 5=-AACAGATACCACACTGGGAA-3=, trans-
ferrin forward primer 5=-ACCTGGAACAACCTGAAAGG-3=, transferrin reverse primer 5=-GGCCAATACACAG
GTCACAG-3=, h-ferritin forward primer 5=-GCTGAATGCAATGGAGTGTGCA-3=, h-ferritin reverse primer
5=-GGCACCCATCTTGCGTAAGTTG-3=, l-ferritin forward primer 5=-ACCTACCTCTCTCTGGGCTT-3=, l-ferritin
reverse primer 5=-TGGCTTCTGCACATCCTGGA-3=, fpn forward primer 5=-TTGGTGACTGGGTGGATAAGAA
TGC-3=, fpn reverse primer 5=-CGCAGAGGATGACGGACACATTC-3=, transferrin receptor forward primer
5=-GCAGCATTGGTCAAAACATGG-3=, transferrin receptor reverse primer 5=-GCTTTGGGCATTTGCAACCC-3=,
Hmox-1 forward primer 5=-GCCACCAAGGAGGTACACAT-3=, and Hmox-1 reverse primer 5=-GCTTGTTGCC
CTCTATCTCC-3=.

Cytokine profile analysis. Analysis of cytokine levels was performed by using the BD cytometric
bead array (CBA) mouse inflammation kit (catalog no. 552364; BD Biosciences, San Jose, CA, USA), which
allows the simultaneous measurement of levels of TNF-�, IL-6, and IFN-�, among others. Serum samples
were mixed with PE detection reagent. The mixture was incubated for 2 h at room temperature (RT) in
the dark. The samples were washed, the supernatant was discarded, and the beads were resuspended
in washing buffer. Samples were then analyzed by using the BD FACSCanto II Bioanalyzer and FCAP Array
software (BD Biosciences, San Jose, CA, USA) according to the manufacturer’s instructions.

Western blotting. Liver extracts were prepared in Laemmli buffer (Bio-Rad, Hercules, CA, USA).
Equivalent amounts of protein (30 �g) were separated by electrophoresis in 10% SDS-polyacrylamide
gels and electrophoretically transferred onto a polyvinylidene difluoride (PVDF) membrane for 90 min at
100 V. After the membrane was blocked with 5% bovine serum albumin (BSA) in Tris-buffered saline–
Tween (TBST) (50 mM Tris-HCl [pH 8], 154 mM NaCl, 0.1% Tween 20) for 2 h at RT, membranes were
incubated with the following primary antibodies according to the manufacturers’ instructions: rabbit
anti-FPN (ferroportin/SLC40A1 antibody, catalog no. NPB1-21502; Novus, Littleton, CO, USA) (1:300) for
1 h at RT and rabbit anti-beta-actin (catalog no. 8227; Abcam, Cambridge, UK) (1:5,000) overnight at 4°C.
Membranes were washed and incubated with the secondary anti-rabbit antibody (1:10,000) in 1% BSA
in TBST. Membranes were then incubated with the Luminata Crescendo Western horseradish peroxidase
(HRP) substrate, imaged with the ChemiDoc imaging system (Bio-Rad, Hercules, CA, USA), and analyzed
with ImageLab software (Bio-Rad, Hercules, CA, USA).

Statistical analysis. Data analysis was performed by using the GraphPad Prism 5.0 program for
Macintosh (GraphPad Software, Inc., La Jolla, CA, USA), and data were expressed as means plus standard
deviations of the numbers of samples indicated in the legends of the figures. Multiple comparisons were
performed by using one-way analysis of variance (ANOVA) followed by a Bonferroni multiple-comparison
post hoc test. Comparisons between two groups were performed by using Student’s t test. Significance
was accepted when the P value was �0.05.
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