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Gonçalves JFM, Rodrigues PNS and
Neves JV (2021) The Era of

Antimicrobial Peptides: Use of
Hepcidins to Prevent or Treat Bacterial

Infections and Iron Disorders.
Front. Immunol. 12:754437.

doi: 10.3389/fimmu.2021.754437

ORIGINAL RESEARCH
published: 27 September 2021

doi: 10.3389/fimmu.2021.754437
The Era of Antimicrobial Peptides:
Use of Hepcidins to Prevent or
Treat Bacterial Infections and
Iron Disorders
Carolina Barroso1,2,3*, Pedro Carvalho4, Magda Nunes4, José F. M. Gonçalves4,
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The current treatments applied in aquaculture to limit disease dissemination are mostly
based on the use of antibiotics, either as prophylactic or therapeutic agents, with vaccines
being available for a limited number of fish species and pathogens. Antimicrobial peptides
are considered as promising novel substances to be used in aquaculture, due to their
antimicrobial and immunomodulatory activities. Hepcidin, the major iron metabolism
regulator, is found as a single gene in most mammals, but in certain fish species,
including the European sea bass (Dicentrarchus labrax), two different hepcidin types are
found, with specialized roles: the single type 1 hepcidin is involved in iron homeostasis
trough the regulation of ferroportin, the only known iron exporter; and the various type 2
hepcidins present antimicrobial activity against a number of different pathogens. In this
study, we tested the administration of sea bass derived hepcidins in models of infection
and iron overload. Administration with hamp2 substantially reduced fish mortalities and
bacterial loads, presenting itself as a viable alternative to the use of antibiotics. On the
other hand, hamp1 seems to attenuate the effects of iron overload. Further studies are
necessary to test the potential protective effects of hamp2 against other pathogens, as
well as to understand how hamp2 stimulate the inflammatory responses, leading to an
increased fish survival upon infection.

Keywords: antimicrobial peptides, hepcidin, infection, iron homeostasis, aquaculture, European sea bass
(Dicentrarchus labrax)
INTRODUCTION

During the last decades, aquaculture became the fastest growing food production sector, with nearly
half of fishes consumed worldwide being raised on fish farms (1). However, fish species are
produced under intensive aquaculture practices, leading to the appearance of disease outbreaks,
mostly caused by bacteria or viruses (2), associated with high mortalities and production losses (3).
Vaccination to prevent disease in aquaculture is being routinely used in certain fish species, mostly
org September 2021 | Volume 12 | Article 7544371
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salmonids, but efficient vaccines for other fishes and pathogens
are still lacking. As such, fish farmers rely on the use of antibiotics,
for prophylactic and therapeutic purposes (4, 5). However, the
misuse of antibiotics in animal production, which led to the
emergence of antibiotic-resistant microorganisms, with serious
public health implications, as well as the inability of antibiotics in
treating viral diseases, urgently presses for the development of
alternatives to these drugs (4, 6). Antimicrobial peptides (AMPs)
are considered as promising novel compounds to be used in
aquaculture industry, due to their antimicrobial properties,
immunomodulatory roles and reduced probability to develop
bacterial resistance (7–9). Fish present an extraordinary repertoire
of AMPs, including themajor groups of peptides, such as hepcidins,
beta-defensins, cathelicidins and the fish specific piscidins (10, 11).

Hepcidin is a small cysteine rich peptide, first described in
mammals by Krause et al. and named LEAP-1 (liver-expressed
antimicrobial peptide) (12). Later, Park et al. isolated the same
peptide and named hepcidin due to its hepatic expression and
bacterial killing in vitro (13). However, the major role of hepcidin
is the regulation of iron metabolism, by inhibiting post-
translationally the iron exporter ferroportin (14, 15). Hepcidin
is induced by iron overload and infection or inflammation and
inhibited by iron deficiency and hypoxia (16, 17). During an
inflammatory stimulus, hepcidin is induced by inflammatory
cytokines, leading to a decrease of iron release from hepatocytes,
macrophages and enterocytes, trough ferroportin internalization
and degradation. As a consequence, circulating iron is limited, as
well as its availability for pathogens. However, as a long term
effect, this also limits iron availability for erythropoiesis, leading
to a condition known as anemia of inflammation or anemia of
chronic disease (16, 18).

Although most mammals present a single hepcidin [with the
mouse being an exception (19, 20)], with a dual function as an
iron regulator and antimicrobial molecule, genome duplications
and positive selection led to the appearance of multiple copies of
hepcidin in certain fish species (21–25). In the European sea bass
(Dicentrarchus labrax), two different hepcidin types were described,
with specialized roles: the single type 1 hepcidin (hamp1) is
homologous to the mammalian counterpart, with a preponderant
role on iron metabolism; and the various type 2 hepcidins (hamp2)
show a direct activity against different bacteria (26). Teleost fish
presenting two hepcidin types show a considerable degree of
subfunctionalization, with hamp1 having a conserved inhibitory
function on ferroportin, while the multiple hamp2mostly performs
antimicrobial roles (26, 27). Thus, while the antimicrobial role of
hepcidin in mammals is limited, the presence of several type 2
hepcidins in some fish species indicates a more significant role
of hepcidin as an antimicrobial molecule in fish (26).

Several studies have shown the activity of hepcidin against an
array of pathogens in vitro (28–32). In vivo, treatment with hepcidin
resulted in an increased fish survival and reduced bacterial or viral
loads (28, 33–35). In sea bass, only one report addressed the effects
of hepcidin administration in infected fish with Vibrio anguillarum,
with sea bass presenting a higher resistance and reduced mortalities
(36). These studies show the potential of hepcidin to be used as an
alternative to the antimicrobial treatments currently applied in
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aquaculture. However, information concerning the effects of
hepcidin administration in fish is still very scarce, particularly the
use of hepcidin type 1 in models of iron disorders.

In this study, we tested the administration of hamp1 or hamp2 in
our experimental models of infection with Photobacterium damselae
spp. piscicida and iron overload. Our results demonstrate a clear
beneficial effect of hamp2 in infected animals, as this molecule is
capable of controlling bacterial infections and reducing fish
mortalities, without interfering with iron metabolism. On the other
hand, hamp1 administration seems to attenuate the effects of
experimental iron overload. As such, fish hepcidins can be
differentially applied in the treatment or prevention of infections
and iron disorders. Further studies are necessary to test the potential
protective effect of hamp2 against other pathogens, as well as to
understand how hamp2 stimulate fish immune responses, leading to
a higher fish resistance to infection.
METHODS

Animals
Healthy European sea bass (Dicentrarchus labrax), with an
average weight of 50 g, were provided by a commercial fish
farm in the north of Spain (Sonrıónansa S.L., Pesués, Cantabria,
Spain). Prior to the experiments, fish were acclimated for 30 days
to the fish holding facilities of the Instituto de Ciências Biomédicas
Abel Salazar (ICBAS), Porto. Fish were kept in 110 liters
recirculating sea water (28 ± 1 ‰ salinity) tanks at 22 ± 1°C,
with a 13/11-hour light/dark cycle and fed daily ad libitum with
commercial fish feed with an iron content of approximately 200
mg iron/kg feed. Before each treatment, fish were anaesthetized
with ethylene glycol monophenyl ether (2-phenoxyethanol, 3 mL/
10 L, Merck, Algés, Portugal). All animal experiments were carried
out in strict compliance with national and international animal
use ethics guidelines (including ARRIVE guidelines), approved by
the animal welfare and ethic committees of ICBAS (permit P293/
2019/ORBEA, 05/04/2019) and conducted by experienced and
trained FELASA Function A+B+D investigators.
In Vivo Experimental Models
To evaluate the effects of hamp1 or hamp2 administration in
different conditions, several experimental models were established
(Figure 1). Five fish from each experimental group were collected
at the various time points after treatments and euthanized with an
overdose of anesthetic. Blood and serum were collected for
hematological and serological parameters determination.
Animals were then dissected and tissues excised and snap frozen
in liquid nitrogen and stored at -80°C, for further use in tissue iron
content determination and gene expression. Mortality was
assessed during the experimental infections. Colony forming
units (CFU) counts in the spleen and head kidney of infected
fish were performed. Briefly, spleen and head kidney were
aseptically collected, homogenized in TSB 1% NaCl, serially
diluted, plated on TSA 1% NaCl and incubated at 25°C for 24-
48 hours. No animals were excluded in any of the experiments.
September 2021 | Volume 12 | Article 754437
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Peptide Administration
Fish were intraperitoneally injected with commercially
synthesized sea bass hepcidin peptides, either with 100 µl of a
50 µM solution of hamp1 (QSHLSLCRWCCNCCRGNK
GCGFCCKF), or hamp2 (HSSPGGCRFCCNCCPNMSG
CGVCCRF) (Bachem AG, Bubendorf, Switzerland), diluted in
sterile PBS. Samples were collected after 1, 2, 3, 4, 7, 10, 14, and 21
days post-peptide administration.

Iron Overload
To induce iron overload, fish were intraperitoneally injected with 100
µl iron dextran (5 mg) (Sigma-Aldrich, St. Louis MO, USA) diluted
Frontiers in Immunology | www.frontiersin.org 3
in sterile PBS to a final concentration of 50 mg/ml. Samples were
collected after 2, 4, 7, 10, 14, and 21 days post-iron administration.

Iron Overload and Peptide Administration
Fish were first injected with iron dextran, followed by
administration of either hamp1 or hamp2 peptides 24 hours
later, as previously described. Samples were collected after 2, 4, 7,
10, 14, and 21 days post-iron administration.

Infection
Photobacterium damselae spp piscicida strain PP3 was cultured to
midlogarithmic growth in tryptic soy broth growth medium,
FIGURE 1 | Experimental design. Healthy sea bass were first treated with hamp1 or hamp2. Then, different models were established: Iron overload (5mg of iron
dextran/fish); iron overload followed by hamp1 or hamp2 administration, 24 hours later; Infection (105 CFU of P. damselae strain PP3/fish); Pre-treatment with hamp1
or hamp2 followed by infection with PP3, 24 hours later; Post-treatment with hamp1 or hamp2, 24 hours after infection with PP3. Samples from fish were collected
after 1, 2, 3, 4, 7, 10, 14 and 21 days of experiment.
September 2021 | Volume 12 | Article 754437
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supplemented with 1% NaCl. After measuring absorbance at 600
nm, bacteria were washed and resuspended in sterile PBS to a final
concentration of 106 CFU/ml. Fish were then intraperitoneally
injected with 100 µl (105 CFU) of bacterial suspension. Samples
were collected after 1, 2, 3, 4, 7 and 10 days post-infection.

Infection and Peptide Administration
Fish were first infected with P. damselae, followed by administration
of either hamp1 or hamp2 peptides 24 hours later, as previously
described. Samples were collected after 1, 2, 3, 4, 7 and 10 days
post-infection.

Peptide Administration and Infection
Fish were first injected with either hamp1 or hamp2 peptides,
followed by infection with P. damselae 24 hours later, as previously
described. Samples were collected after 1, 2, 3, 4, 7 and 10 days
post-infection.

Controls
Fish were intraperitoneally injected with 100 µl of sterile PBS.

Hematological Parameters and Tissue
Iron Content
For determination of hematological parameters, 100 µl of blood
were used in a 1:1 dilution with EDTA (1:10 diluted in sterile
PBS) (BD Biosciences, San Jose CA, USA). For determination of
serum parameters, non-heparinized blood was transferred into
1.5 ml microcentrifuge tubes, allowed to clot for 4 h at 4°C, and
centrifuged at 16000 × g until a clear serum was obtained.
Hematocrit was determined with microcappilaries, red blood cells
were counted with an automated cell counter (Countess Automated
Cell Counter, Invitrogen) and manually confirmed, and serum iron
was blindly determined by a certified laboratory (CoreLab, Centro
Hospitalar do Porto, Portugal). Non-heme iron was measured in
livers by the bathophenanthroline method (37). Briefly, liver
samples with an average weight of 100 mg were placed in iron-
free Teflon vessels (ACV-Advanced Composite Vessel, CEM
Corporation, Matthews NC, USA) and dried in a microwave
oven (MDS 2000, CEM Corporation). Subsequently, dry tissue
weights were determined and samples digested in an acid mixture
(30% hydrochloric acid and 10% trichloroacetic acid) for 20 h at
65°C. After digestion, a chromogen reagent (5 volumes of deionized
water, 5 volumes of saturated sodium acetate and 1 volume of 0.1%
bathophenanthroline sulfonate/1% thioglycolic acid) was added to
the samples in order to react with iron and obtain a colored product
that was measured spectrophotometrically at 535 nm. The
extinction coefficient for bathophenanthroline is 22.14 mM-1cm-1.
Frontiers in Immunology | www.frontiersin.org 4
RNA Isolation and cDNA Synthesis
Total RNA was isolated from tissues with the NZY Total RNA
Isolation kit protocol for tissue samples (NZYtech, Lisboa, Portugal)
with the optional on-column DNase treatment, according to the
manufacturer’s instructions. Total RNA quantification was
performed using a NanoDrop 1000 spectrophotometer (Thermo
Fisher Scientific), and quality was assessed by running the samples
in an Experion Automated Electrophoresis Station (Bio-Rad,
Hercules, CA). For all samples, 2.5 µg of each were converted to
cDNA using the NZY First-Strand cDNA Synthesis Kit (NZYTech)
according to the manufacturer’s protocol.

Gene Expression Analysis
Relative levels of hamp1, hamp2, fpn1, fth and slc11a2alpha RNA
were quantified by real-time PCR analysis using a CFX384 Touch
Real-Time PCR Detection System (Bio-Rad). A total of 1 µL of
each cDNA sample was added to a reaction mix containing 7.5 µL
iTaq Universal SYBR Green Supermix (Bio-Rad), 5 µL double
distilled H2O, and 250 nM of each primer (Table 1), making a
total volume of 15 µL per reaction. A non-template control was
included for each set of primers. The cycling profile was the
following: 95°C for 3.5 min, 40 cycles of 95°C for 20 s and 59°C for
20 s. Samples were prepared in duplicates, a melting curve was
generated for every PCR product to confirm the specificity of the
assays, and a dilution series was prepared to check the efficiency of
the reactions. Beta-actin (actb) was used as the housekeeping gene
(M-value 0.177) (selected as the most stable gene among a suite of
5 candidates using the Delta CT method, Normfinder and
Genorm, through RefFinder, http://blooge.cn/RefFinder/) (38).
The comparative CT method (2-DDCT method) based on cycle
threshold values was used to analyze gene expression levels.

Statistical Analysis
Statistical analysis was carried out using GraphPad Prism 8
(GraphPad Software Inc, San Jose CA, USA). Multiple
comparisons were performed with One-way ANOVA and post
hoc Student Newman-Keuls test. A p value <0.05 was considered
statistically significant.
RESULTS

Hamp1, but Not Hamp2, Has a Significant
Impact on the Iron Status of Sea Bass
Before we could evaluate the prophylactic or therapeutic
potential of either hamp1 or hamp2 to treat infectious diseases
September 2021 | Volume 12 | Article 754437
TABLE 1 | Primers used for gene expression analysis.

FOR (5’ ! 3’) REV (5’ ! 3’)

Actin, beta actb CAGAAGGACAGCTACGT GTCATCTTCTCCCTGTTGGC
Hepcidin 1 hamp1 CATTGCAGTTGCAGTGACACT CAGCCCTTGTTGCCTCTG
Hepcidin 2 hamp2 CTGCTGTCCCAGTCACTGA ACCACATCCGCTCATATTAGG
Ferroportin fpn1 GGCCTACTACAACCAGAACAT AGGCCGCACTTCTTGCGAA
Ferritin H fth AACCATGAGTTCTCAGGTGAG TTAGCTGCTCTCTTTGCCCAG
Solute Carrier Family 11 Member 2, alpha slc11a2alpha CGCGTTCAACCTCCTCTCCTCT AGCCCTCGCAGTACGGCACA
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and iron disorders, we would need to understand their impact on
the iron status of healthy animals. To assess that effect, we
administered either hamp1 or hamp2 alone, and then evaluated
blood parameters that are influenced by iron availability, such as
hematocrit and red blood cells number, iron mobilization by
looking into serum iron levels, and also the expression of
various iron related genes, such as hepcidin itself, its target, the
sole known iron exporter ferroportin, as well as the iron storage
protein ferritin and the solute carrier family 11 member 2 alpha.

Administration of hamp1 to healthy sea bass led to a drastic
decrease in both the hematocrit (Figure 2A) and number of red
blood cells (RBC) (Figure 2B), effectively leading to a condition
of anemia. These decreases occurred very steeply up to day 4
post-administration, after which a gradual recovery could be
seen, returning to near normal levels after 21 days. This was also
accompanied by a gradual decrease in serum iron levels
(Figure 2C), and an increase in iron accumulation in the liver
(Figure 2D), with both parameters peaking at day 7 followed by
steady returns to normal levels. Administration of hamp2 had no
significant effects on any of these parameters (Figures 2A–D).

When looking at gene expression in the liver, administration
of hamp1 led to early increases in both hamp1 and hamp2
expression (Figures 3A, B). It also led to a very significant
reduction in fpn expression (Figure 3C), as early as day 1 post-
administration, followed by a slow but gradual recovery up to 21
Frontiers in Immunology | www.frontiersin.org 5
days. Ferritin expression levels were found to be increased at day
7 (coinciding with the peak of iron accumulation in the liver),
followed by a recovery towards day 21, but still above normal
levels at day 10 (Figure 3D). In the intestine, fpn1 was similarly
downregulated (Figure 3E), although with a slightly faster
recovery to normal levels than in the liver (day 10 vs. day 14).
This was accompanied by significant increases in fth expression
at days 4 and 7 (Figure 3F) and decreases in the expression of
slc11a2alpha at days 7 and 10 (Figure 3G). Administration of
hamp2 also led to significant early increases in the expression
of both hamp1 and hamp2 in the liver (Figures 3A, B) but had
no impact in the expression of any other tested genes, either in
the liver or intestine (Figures 3C–G).
Hamp1 Both Attenuates and Potentiates
the Various Effects of Iron Overload
To test the potential of hepcidin to treat iron disorders, we performed
a simple model of iron overload (to serve as a baseline for
comparison), as well as a model of iron overload followed by
administration of either hamp1 or hamp2 (despite earlier results
suggesting a limited involvement of hamp2 in iron metabolism).
Furthermore, since hamp1 has a significant impact on the iron status
of healthy animals, leading to anemia, a model of peptide
administration followed by iron overload was tested but not
A B

C D

FIGURE 2 | Hematological and serological parameters and tissue iron content in sea bass administered hamp1 or hamp2 peptides. (A) hematocrit; (B) red blood
cell (RBC) number; (C) serum iron; (D) liver iron. Values are expressed as means ± standard deviation (n=5). Differences among groups were considered significant
at p<0.05, p<0.01, and p<0.001, represented respectively by the letters a, b, c between control and hamp1, d, e, f between control and hamp2 and g, h, i between
hamp1 and hamp2.
September 2021 | Volume 12 | Article 754437
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pursued, as the animals would be in a debilitated state and subsequent
iron overload was found to cause further damaging effects.

Iron overload alone led to increases in hematocrit, RBC
numbers, liver iron accumulation and serum iron levels
(Figure 4), with all parameters peaking mostly at 7 days post-
overload (barring serum iron, that peaked at 4 days), followed by
gradual decreases towards normal levels up to day 21, but with
some parameters still slightly elevated at that time point (namely,
hematocrit and liver iron). Iron overload followed by hamp2
administration had comparable effects to iron overload alone in
all of these parameters, not differing significantly in any of them.

However, when hamp1 is administered after iron overload, no
significant increases are observed in either hematocrit or RBC
numbers. However, there are still increases in serum iron,
although slightly lower than in the other experimental groups,
and in liver iron content, in this case significantly higher than in
the other experimental groups (Figure 4).

Both iron overload alone and iron overload followed by hamp2
administration mostly caused similar effects on gene expression.We
observed a high increase in hamp1 in both experimental groups
Frontiers in Immunology | www.frontiersin.org 6
(Figure 5A), but only administration of hamp2 caused a further
increase in hamp2 expression in the liver (Figure 5B). Similar
increased patterns of expression were observed for fth in the liver
(Figure 5D), with no changes in the intestine (Figure 5F), as well as
of decreased expression of fpn1 both in the liver and intestine
(Figures 5C, E), and slc11a2alpha in the intestine (Figure 5G).
Once again, iron overload followed by administration of hamp1 had
different effects, causing either dissimilar or more pronounced
changes in gene expression. Only a minor increase in hamp1
expression was observed, with no significant changes in hamp2
(Figures 5A, B). Stronger decreases in fpn1 (Figures 5C, E) and
slc11a2alpha (Figure 5G) expressions were also observed, as well as
higher increases in fth expression (Figures 5D, F), both in the liver
and intestine, possibly indicating a much more pronounced
limitation in iron release and absorption.

Hamp2 Has a Significant Protective Affect
Against Infection With P. damselae
In order to investigate the potential of hepcidin to prevent or
treat bacterial diseases, we made experimental infections with the
A B C

F GE

D

FIGURE 3 | Gene expression in the liver and intestine at 1, 2, 3, 4, 7, 10, 14 and 21 days after hamp1 or hamp2 peptide administration. (A) hamp1, (B) hamp2,
(C) fpn1, (D) fth expression in the liver; (E) fpn1, (F) fth, (G) slc11a2alpha expression in the intestine of peptide administered (hamp1/2) sea bass. Actb was used as
the housekeeping gene. Values are expressed as means ± standard deviation (n=5). Differences among groups were considered significant at p<0.05, p<0.01, and
p<0.001, represented respectively by the letters a, b, c between control and hamp1, d, e, f between control and hamp2 and g, h, i between hamp1 and hamp2.
September 2021 | Volume 12 | Article 754437
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Gram-negative bacteria Photobacterium damselae spp. piscicida.
Two major models were performed, one of infection followed
by peptide administration (infected+hamp1/2 - therapeutic
potential) and the other of peptide administration followed by
infection (hamp1/2+infected - prophylactic potential), as well as
a simple model of infection without any kind of peptide
administration (as a baseline for comparison). Although with
some differences, both models demonstrated that hamp2 is
highly effective against P. damselae, whereas hamp1 is not only
ineffective, but even slightly more deleterious.

In the model of infection followed by peptide administration,
we could see a clear reduction in fish mortality derived from
hamp2 administration, reduced from around 55% in the control
infection to less than 17% in hamp2 administered animals
(Figure 6A). Hamp1 on the other hand, not only it did not
reduce mortality but in fact slightly increased it, to around 59%.
Similar results can be seen for the CFU counts in both the spleen
and head kidney, with much reduced bacterial loads in hamp2
administered animals, whereas no differences were observed
between infected and infected+hamp1 animals (Figures 6B, C).

Infection alone led to significant decreases in all hematological
and serological parameters, up to 4 days post-infection, with gradual
recovery to normal levels from day 7 forward (Figures 7A–C).
Frontiers in Immunology | www.frontiersin.org 7
These decreases were less pronounced with hamp2 administration,
with a faster recovery to normal levels, but more pronounced with
hamp1 administration, with higher decreases of the hematocrit,
RBC numbers and serum iron levels, when compared with control
infection. No significant changes were observed for liver iron
content in any of the experimental groups, although a slight
tendency for increase could be seen in solely infected
animals (Figure 7D).

Looking at gene expression, in the liver of infected animals a
significant increase in hamp1 expression is observed at day 1,
quickly reverting to near normal levels at day 2 (Figure 8A).
Hamp2 also sees the highest increase at day 1, and gradually
decreases up to day 10, but still kept slightly overexpressed
(Figure 8B). Increases in fth can also be, peaking at 3 days
post-infection, whereas fpn1 gradually decreases up to 2 days,
then slowly returns to normal levels (Figures 8C, D). In the
intestine, no significant changes could be seen in the expression
of any of the tested genes (Figures 8E–G). In infected+hamp1
animals, similar patterns of expression can be observed in the
liver (Figures 8A–D), with similar increases in hamp1, hamp2
and fth expression, although hamp1 levels are kept elevated up to
day 2, rather than just day 1. Fpn1 suffers an evenmore pronounced
downregulation, reaching lower levels and recovering slower.
A B

C D

FIGURE 4 | Hematological and serological parameters and tissue iron content in sea bass after experimental iron overload (Fe) or iron overload and peptide
administration (Fe+hamp1/2). (A) hematocrit; (B) red blood cell (RBC) number; (C) serum iron; (D) liver iron. Values are expressed as means ± standard deviation
(n=5). Differences among groups were considered significant at p<0.05, p<0.01, and p<0.001, represented respectively by the letters a, b, c between control and Fe
animals, d, e, f between control and Fe+hamp1, g, h, i between control and Fe+hamp2, j, k, l between Fe and Fe+hamp1, m, n, o between Fe and Fe+hamp2 and
p, q, r between Fe+hamp1 and Fe+hamp2.
September 2021 | Volume 12 | Article 754437
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However, in the intestine, significant changes can be observed for all
genes (Figures 8E–G), with a downregulation of both fpn1 and
slc11a2alpha, in the earlier and late days of infection, respectively,
and an up regulation of fth. Lastly, in infected+hamp2 animals,
patterns of gene expression in both the liver and intestine were
similar to the ones observed for infected animals, with one notable
exception: hamp2 levels in the liver still peaked at day 1 post-
infection but decreased more rapidly at day 2 (around 5 times lower
than infected and infected+hamp1) (Figures 8B).

In our final experimental model, of peptide administration
followed by infection, mortality was greatly reduced by the pre-
administration of hamp2, from the 55% of the control infection
to a mere 6% (Figure 9A). Once again, hamp1 not only did not
reduce mortality but increased it slightly more, to around 60%.
Results for the CFU counts were even more expressive, with
rapidly decreasing bacterial loads in hamp2 administered
animals, to the point where no CFUs could be counted after 7
and 10 days of infection in the spleen and head kidney,
Frontiers in Immunology | www.frontiersin.org 8
respectively (Figures 9B, C). Again, no significant differences
were observed between infected and hamp1+infected animals.

Variations in hematological and serological parameters were
mostly comparable to the previous experimental model of
infection, but with a clear difference at day 0, where hematocrit
and RBC numbers were already significantly reduced in hamp1
administered animals. This is not unexpected since in this
experiment this day would be equivalent to day 1 post-peptide
administration (Figure 2). Decreases were observed up to 4 days
post-infection and gradual recovery to normal levels from day 7
forward (Figures 10A–C). Again, these decreases were more
pronounced with hamp1 administration and less pronounced
with hamp2 administration, when compared with control
infection, and no significant changes were observed for liver
iron content (Figure 10D).

Gene expression patterns were also very similar to the ones
observed for the previous infection model, but nevertheless with
several significant differences. Hamp1 expression was found to be
A B C

F GE

D

FIGURE 5 | Gene expression in the liver and intestine at 2, 4, 7, 10, 14 and 21 days after experimental iron overload and peptide administration. (A) hamp1,
(B) hamp2, (C) fpn1, (D) fth expression in the liver; (E) fpn1, (F) fth, (G) slc11a2alpha expression in the intestine of iron overload (Fe) and iron overload and peptide
administered (Fe+hamp1/2) sea bass. Actb was used as the housekeeping gene. Values are expressed as means ± standard deviation (n=5). Differences among
groups were considered significant at p<0.05, p<0.01, and p<0.001, represented respectively by the letters a, b, c between control and Fe animals, d, e, f between
control and Fe+hamp1, g, h, i between control and Fe+hamp2, j, k, l between Fe and Fe+hamp1, m, n, o between Fe and Fe+hamp2 and p, q, r between Fe+
hamp1 and Fe+hamp2.
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increased in response to both hamp1 and hamp2 administration,
but with a much more limited increase in response to hamp1
(Figure 11A). Similarly, hamp2 also responded to the
administration of either peptide, but to a much lesser extent to
hamp2 (Figure 11B). Also, at day 0, both hepcidin types are
already slightly overexpressed in the peptide administered groups,
when compared with infection alone, again reminiscent of day 1 of
the peptide administration experiment (Figure 3). Similarly, fpn1
levels were already much lower than normal at day 0, both in the
liver and intestine, but followed a similar pattern of decline and
subsequent recovery (Figures 11C, E). Fth levels were found to be
elevated in both the liver and intestine (Figures 11D, F), whereas
slc11a2alpha levels in the intestine started decreasing significantly
at day 4 post-infection, followed by a recovery towards normal
levels, but still under expressed after 10 days (Figure 11G).
DISCUSSION

Diseases are a major problem in aquaculture, every year causing
significant production and economic losses. Some preventive
measures can be taken, mostly reliant on vaccination strategies,
but there is a lack of effective commercial vaccines for a large
Frontiers in Immunology | www.frontiersin.org 9
number of pathogens. Therapeutic measures can also be applied,
but usually too late and are mostly based on antibiotics, the use of
which is becoming increasingly problematic, due to increased
pathogen multiresistance, toxicity, inability to treat viral diseases
and the possibility of entering the human food chain (39, 40).
As such, it has become crucial to find efficient therapeutic
alternatives to replace or reduce the use of antibiotics.
Antimicrobial peptides are a promising alternative to the use
of antibiotics and other chemical compounds (7, 9, 41, 42)
presenting several advantages, such as limited toxic effects and
broad spectrum of antimicrobial properties against bacteria, as
well as viruses, fungi, parasites and even anomalous cells. They
are also less prone to cause bacterial resistance, but still not
totally impervious to that effect (43–46). Among antimicrobial
peptides, hepcidin is of particular interest, especially in teleost
fish. In mammals, hepcidin is present as a single gene (with the
mouse being the sole exception, so far) (12, 13, 19, 20), and
although originally characterized as an antimicrobial peptide,
that function was quickly relegated to the background. Currently,
hepcidin is considered the de facto key regulator of iron
metabolism, due to its interaction with the only known iron
exporter, ferroportin (15, 47–49). This effectively limits the
applications of mammalian hepcidin mostly to the treatment
of iron disorders, by targeting the hepcidin/ferroportin axis,
A

B C

FIGURE 6 | Survival curves and CFU counts in sea bass administered hepcidin 24 hours after experimental infection (post-infection). Mortality was assessed during
21 days of infection with P. damselae, followed by administration of either hamp1 or hamp2. Colony forming unit (CFU) values are expressed as means ± standard
deviation (n=5).
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since its use in infections would have a severe impact in several
iron related parameters, with negative consequences to the host.
However, many teleost fish (23, 24, 28, 50, 51), sea bass included
(26), present two different types of hepcidin, with different
functions: type 1 hepcidin, very similar to mammalian
hepcidin and also with a role in iron metabolism, and one to
several type 2 hepcidins, with almost exclusively antimicrobial
roles. As such, contrary to mammalian hepcidin, fish hepcidins
have the potential to be differentially applied in the treatment or
prevention of iron disorders and infections. Although some
studies exist on the antimicrobial potential of fish derived
hepcidins, information about their possible applications in iron
disorders is lacking.

In order to determine the potential applications of sea bass
derived hepcidins, in this study, we have performed several
experimental models of both iron overload and infection,
where we administered two different peptides, hamp1 and
hamp2, and evaluated their effects on several parameters,
including iron levels, hematological parameters and expression
of iron metabolism-related relevant genes.

The impact of administration of hepcidin in healthy animals
has shown that hamp1 had a significant impact on several
hematological parameters, causing decreases in both hematocrit
Frontiers in Immunology | www.frontiersin.org 10
and red blood cell numbers, and thus leading to a condition of
severe anemia. The role of type 1 hepcidins is well established,
with its major target being the iron exporter ferroportin (27, 47).
When hepcidin levels are increased, it binds to ferroportin,
causing its internalization and degradation in various cell types,
most relevant of all the hepatocytes, the major place for iron
storage, the reticuloendothelial macrophages, deeply involved in
hemocateresis and the intestinal enterocytes, responsible for iron
absorption, effectively blocking any kind of iron release from these
cells. A biological increase in hamp1 levels is known to occur in
response to conditions of iron overload, to signal the body to limit
further iron absorption (16, 17, 52), as well as during various
infectious diseases, as a mechanism to limit pathogen proliferation
(26, 53–55). An increase in the expression of hamp1 has an
inhibitory effect on ferroportin, limiting its expression and
membrane presence, and thus limiting iron release from
hepatocytes, macrophages and enterocytes. Furthermore, the
accumulation of iron in the intestinal enterocytes, in the form of
ferritin, will also lead to a suppression of slc11a2-mediated iron
uptake, decreasing iron absorption (56–58). During infections,
this mechanism is responsible for limiting iron availability for
pathogens, effectively starving them of this essential nutrient.
However, this is a double edged sword, since iron is not only
A B

C D

FIGURE 7 | Hematological and serological parameters and tissue iron content in sea bass administered hepcidin 24 hours after experimental infection (post-
infection). (A) hematocrit; (B) red blood cell (RBC) number; (C) serum iron; (D) liver iron. Values are expressed as means ± standard deviation (n=5). Differences
among groups were considered significant at p<0.05, p<0.01, and p<0.001, represented respectively by the letters a, b, c between control and infected (Inf)
animals, d, e, f between control and infected+hamp1 (Inf+hamp1), g, h, i between control and infected+hamp2 (Inf+hamp2), j, k, l between Inf and Inf+hamp1,
m, n, o between Inf and Inf+hamp2 and p, q, r between Inf+hamp1 and Inf+hamp2.
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unavailable for pathogens, but also for several of the host’s
processes, including erythropoiesis. This means that, during
prolonged infections, erythrocytes are still being recycled, but
since there is no iron available, erythropoiesis comes to a standstill,
thus leading to a gradual decrease in the number of red blood cells
and hematocrit, causing a condition commonly referred to as
anemia of inflammation or anemia of chronic disease. When
administered to healthy animals, it simply leads to anemia and to a
possible debilitative state (while not causing mortality, the animals
were generally more lethargic and less prone to feed). On the other
hand, administration of hamp2 to healthy animals had no visible
effects on any of the evaluated parameters, once again opening the
door to the differential application of these peptides.

Following these observations, we then introduced a new
variable, iron overload. Iron overload alone led to alterations
in the various measured hematological parameters, with
significant increases in red blood cell numbers and hematocrit,
as well as circulating iron levels and liver iron accumulation. It is
Frontiers in Immunology | www.frontiersin.org 11
well known that iron deficiency or anemia leads to a decrease in
hematological parameters and as such, it is frequently assumed
that iron overload would lead to a reverse situation, of increased
hematological parameters. This is not so straightforward, as in
many cases iron overload can also cause no changes or even lead
to anemia [such as some forms of beta thalassemia or
hypochromic microcytic anemia (59, 60)], but we have
previously observed that in sea bass, during iron overload and
despite the associated increase in hamp1 expression, hematological
parameters are often increased (58, 61), and that can also be seen
here. It is likely an additional mechanism is triggered to cope with
the excess of iron, by using more in the production of hemoglobin
and red blood cells and thus, keeping it in a non-free, non-toxic
form, but why and how exactly this occurs remains unknown.
Similarly, gene expression profile is in accordance with an attempt
to increase iron storage and limit iron release and absorption,
denoted by the decreased fpn1 and slc11a2alpha expression, and
further increased hamp1 expression, as well as of fth. Since we had
A B C
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FIGURE 8 | Gene expression in the liver and intestine at 1, 2, 3, 4, 7 and 10 days, in sea bass administered hepcidin 24 hours after experimental infection (post-
infection). (A) hamp1, (B) hamp2, (C) fpn1, (D) fth expression in the liver; (E) fpn1, (F) fth, (G) slc11a2alpha expression in the intestine of infected (Inf) and infected
and peptide administered (Inf+hamp1/2) sea bass. Actb was used as the housekeeping gene. Values are expressed as means ± standard deviation (n=5).
Differences among groups were considered significant at p<0.05, p<0.01, and p<0.001, represented respectively by the letters a, b, c between control and Inf
animals, d, e, f between control and Inf+hamp1, g, h, i between control and Inf+hamp2, j, k, l between Inf and Inf+hamp1, m, n, o between Inf and Inf+hamp2 and
p, q, r between Inf+hamp1 and Inf+hamp2.
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already observed that hamp2 has no effect on iron metabolism
(26), we expected a similar pattern of changes in animals
administered both iron dextran and the hamp2 peptide, which
was what we observed. The only significant difference when
compared with iron overloaded animals was an increase in
hamp2 expression, likely induced by hamp2 itself, as neither
iron nor hamp1 administration seem to produce a similar effect.

However, iron overload followed by administration of hamp1
had a significantly different outcome. There were no discernible
changes in either hematological parameter, circulating serum
iron levels were slightly less elevated and liver iron accumulation
significantly higher throughout the duration of the experiment,
which seems to indicate a higher rate of iron retention, limiting
the increased erythropoiesis that occurs in iron overloaded
animals. Gene expression also reflects this, with an even more
aggressive suppression of fpn1 and slc11a2alpha expression, as
well as a higher fth expression. Contrary to hamp2, which itself
induced an increase in its own expression, administration of
hamp1 limited hamp1 expression when compared to iron
overload, or iron overload and hamp2 administered animals,
indicating that the administered hamp1 levels were already high
enough to deal with the increased iron levels. Taken together, all
this data points towards a possible application of hamp1 in the
treatment of iron overload, similar to mammalian hamp1 (62, 63).
Frontiers in Immunology | www.frontiersin.org 12
Sea bass hamp1 can even be used as a substitute to mammalian
hepcidins since it is also known to be able to regulate mammalian
ferroportin (27). The potential to prevent iron overload is less
encouraging, with some preliminary tests showing that animals
pre-treated with hamp1 before iron overload seemed to be
become somewhat more susceptible, to point of having some
mortality not seen in animals with only iron overload. It seems
that any benefit derived from iron withholding is quickly
undermined by the debilitative state derived from anemia, and
probably leads to a less than ideal coping with iron toxicity, but
this will require further studies.

Having explored the possible impact of hepcidin on iron
metabolism, we then moved on to its other major function, the
role during infection. Here, things are a little bit different
between mammals and teleost fish. Although hepcidin was
originally characterized in mammals as an antimicrobial
peptide (12, 13), that function is now considered very minor,
with hepcidin assuming the role of key regulator of iron
metabolism (14, 16, 17). During infection, its major function is
to lead to iron withholding, to limit pathogen proliferation, with
seemingly minimal antimicrobial activity. However, in teleost
fish presenting two hepcidin types, these functions seem to be
separated. Fewer studies exist pertaining the role offish hepcidins
in iron metabolism, but there are some reports showing that type
A

B C

FIGURE 9 | Survival curves and CFU counts of sea bass administered hepcidin 24 hours before experimental infection (pre-infection). Mortality was assessed during
21 days of infection with P. damselae, preceded by administration of either hamp1 or hamp2. Colony forming unit (CFU) values are expressed as means ± standard
deviation (n=5).
September 2021 | Volume 12 | Article 754437

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Barroso et al. Applications of Fish Derived Hepcidins
1 hepcidins (characterized by the presence of the hypothetical
iron regulatory sequence Q-S/I-H-L/I-S/A-L in the N-terminal
region) seem to be mostly involved in iron regulation, likely
limiting iron availability for pathogens (26, 27, 51, 64, 65). On the
other hand, type 2 hepcidins (lacking the iron regulatory
sequence) are highly diverse and are considered to have a
mostly antimicrobial activity, responding to a wide variety of
pathogens, including bacteria, fungi, viruses and parasites (26,
28–30, 33, 66–69), and even to anomalous cells (70, 71). In both
cases we say mostly because, due the huge diversity in teleost fish
hepcidins, there is the occasional report indicating some
potential antimicrobial activity for hamp1 or a small role in
iron regulation for hamp2, as well as reports where hepcidins
were wrongly characterized as a different type, and as such,
attributed an erroneous function. To complicate matters even
more, in teleost fish with a single hepcidin (type 1, such as
cyprinids and salmonids), the antimicrobial activity can be very
significant, asides from its role in iron metabolism (35, 72–76).
Nevertheless, there are various functional studies testing the
effects of hepcidin peptides on a diversity of pathogens, mostly
in in vitro conditions (28–32, 77–80), but a few also in vivo (28,
33, 34, 36), with most results pointing towards a much higher
diversity (in amino acid composition and cysteine number) and
antimicrobial activity of type 2 hepcidins. We have also
Frontiers in Immunology | www.frontiersin.org 13
previously characterized both hamp1 and various hamp2 in sea
bass, and tested them in in vitro conditions, with hamp1 has
showing little to no antimicrobial activity, whereas the various
hamp2 have shown differential activity against Gram-negative
and Gram-positive bacteria (26), and based on those results, we
have selected the most promising hamp2, the one with highest
antimicrobial activity, for further testing in the in vivo
experimental infections of this work.

We took two different approaches to infection: a therapeutic
study, where we administered hepcidin after infection, and a
prophylactic study, where we administered hepcidin before
infection, to evaluate both the potential to treat and prevent
bacterial diseases, in this case pasteurelosis, caused by
Photobacterium damsela spp. piscicida. The outcomes of both
experiments were very similar, with clear conclusions. First, that
hamp1 does not seem to help in the prevention or treatment of
pasteurelosis and may actually make it worse as evidenced by the
slight increase in animal mortality. Again, this is likely derived
from the significant impact that hamp1 has on several
hematological and iron parameters, leading to a condition of
anemia that introduces a debilitative state and makes the animals
more susceptible to infection. However, we should not
completely exclude the usefulness of hamp1, even more so
because we could observe a biological response of hamp1 to
A B

C D

FIGURE 10 | Hematological, serological and tissue iron content in sea bass administered hepcidin 24 hours before experimental infection (pre-infection). (A) hematocrit;
(B) red blood cell (RBC) number; (C) serum iron; (D) liver iron. Values are expressed as means ± standard deviation (n=5). Differences among groups were considered
significant at p<0.05, p<0.01, and p<0.001, represented respectively by the letters a, b, c between control and Inf animals, d, e, f between control and hamp1+Inf, g, h, i
between control and hamp2+Inf, j, k, l between Inf and hamp1+Inf, m, n, o between Inf and hamp2+Inf and p, q, r between hamp1+Inf and hamp2+Inf.
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infection (26). More in depth studies using lower doses of
hamp1, which would have a more limited impact on iron
metabolism, would have to be performed in order to evaluate
its real potential, either alone or together with hamp2. The
second conclusion is that hamp2 is highly effective against
pasteurelosis, even more so when administered before
infection, as indicated by the lower mortality and bacterial
loads observed. These findings are also in agreement with a
recent study from Álvarez et al. (36), that has shown that pre-
administration of a type 2 hepcidin in sea bass can limit mortality
caused by Vibrio anguillarum, reducing it from around 72% to
less than 24%. Although seemingly not as effective in the
prevention of vibriosis, when compared with pasteurelosis,
those results are nevertheless very promising, if we take into
consideration that V. anguillarum seems to be much more
resistant to type 2 hepcidins than P. damselae (26).
Additionally, as expected from previous results, hamp2 had no
Frontiers in Immunology | www.frontiersin.org 14
significant impact on iron metabolism and also hampered the
development of anemia of inflammation, contributing for a
better health status of the animals.

In summary, we have shown that the administration of the two
sea bass hepcidins types elicit different responses, with hamp1
impacting in the regulation of iron metabolism and hamp2 having
a very significant protective activity against bacterial infections.
Hamp2 apart from having a direct antimicrobial activity, may also
be involved in immunomodulatory processes (81–83) and the
inflammatory response, but further studies will be required to
address this matter. Nevertheless, the doors are clearly open for
the potential application of sea bass derived hepcidins in the
treatment of iron disorders and, more importantly, as viable
substitutes for the use of antibiotics in the prevention and
treatment of infections, if we can overcome some of the current
limitations for a wide use of antimicrobial peptides, such as costs
and more effective ways of administration.
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FIGURE 11 | Gene expression in the liver and intestine at 1, 2, 3, 4, 7 and 10 days, in sea bass administered hepcidin 24 hours before experimental infection (pre-
infection). (A) hamp1, (B) hamp2, (C) fpn1, (D) fth expression in the liver; (E) slc11a2alpha, (F) fpn1, (G) fth expression in the intestine of infected (Inf) and peptide
administered and infected (hamp1/2+Inf) sea bass. Actb was used as the housekeeping gene. Values are expressed as means ± standard deviation (n=5).
Differences among groups were considered significant at p<0.05, p<0.01, and p<0.001, represented respectively by the letters a, b, c between control and Inf
animals, d, e, f between control and hamp1+Inf, g, h, i between control and hamp2+Inf, j, k, l between Inf and hamp1+Inf, m, n, o between Inf and hamp2+Inf and
p, q, r between hamp1+Inf and hamp2+Inf.
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