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Freund’s adjuvant-induced inflammation: clinical findings
and its effect on hepcidin mRNA expression in horses?!
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Hypoferremia observed during systemic inflammatory disorders is regulated by hepcidin.
Hepcidin up-regulation is particularly important during acute inflammation, as it restricts the
availability of iron, which is necessary for pathogenic microorganism growth before adapti-
ve immunity occurs. The aim of this study was to evaluate the clinical findings and hepatic
hepcidin mRNA expression in horses using a Freund’s complete adjuvant (FCA) model of in-
flammation. The expression of hepcidin mRNA in the liver was determined in healthy horses
following two intramuscular injections of FCA at 0 h and 12 h. Plasma iron and fibrinogen
concentrations were measured at multiple time points between 0 h and 240 h post-FCA injec-
tion (PI). Hepcidin mRNA expression was determined by RT-qPCR using liver biopsy samples
performed at 0 h (control), 6 h and 18 h PI. The mean plasma fibrinogen level was significan-
tly different from the control values only between 120 and 216 h PI. The mean plasma iron
level was significantly lower than the control between 16 and 72 h P], reaching the lowest
levels at 30 h PI (33 % of the initial value), and returned to the reference value from 96 h PI to
the end of the experiment. Hepcidin mRNA expression increased at 6 h PI and remained high
at 18 h PIL. The iron plasma concentration was an earlier indicator of inflammatory proces-
ses in horses when compared with fibrinogen and might be useful for the early detection of
inflammation in the horse. FCA administration caused the rapid onset of hypoferremia, and
this effect was likely the result of up-regulated hepatic hepcidin gene expression. This study
emphasizes the importance of hepcidin and iron metabolism during inflammation in horses.

INDEXS TERMS: Hepcidin, Freund’s adjuvant, acute-phase reactants, inflammation, iron metabolism,
horses.

RESUMO.- [Inflamacgdo induzida por Adjuvante de Freund:
achados clinicos e efeitos sobre a expressao do RNAm da
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hepcidina em equinos.] A hipoferremia observada durante
os processos inflamatorios sistémicos é mediada pela hep-
cidina. O aumento da expressdo da hepcidina é particular-
mente importante durante a inflamacao aguda, por restringir
a disponibilidade de ferro necessaria para o crescimento de
microrganismos patogénicos antes que a imunidade adapta-
tiva ocorra. O objetivo deste estudo foi avaliar os achados cli-
nicos e a expressao hepatica do RNA mensageiro (RNAm) da
hepcidina em cavalos apds a inducdo da inflamacdo com Ad-
juvante completo de Freund (FCA). A expressdo hepatica do
RNAm da hepcidina foi determinada em cavalos sadios ap6s
duas administracdes intramusculares de FCA as 0 h (MO0) e
12 h (M12). As concentragdes plasmaticas de ferro e fibrino-
génio foram mensuradas em multiplos momentos entre 0 h
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e 240 h (M240) apds a primeira administragcdo de FCA (PI).
A expressdo do RNAm da hepcidina foi determinada por RT-
-qPCR usando amostras de biopsias hepaticas colhidas as 0 h
(controle), 6 h (M6) e 18 h (M18) PI. A concentracdo plasmati-
ca média de fibrinogénio foi estatisticamente diferente do MO
entre 120 h e 216 h PI. A concentracdo plasmatica média de
ferro foi significantemente menor que o controle entre 16 h e
72 h P, alcangou o nivel mais baixo as 30 h PI (33% do valor
inicial) e retornou aos valores de referéncia entre 96 h Pl e até
o final do experimento. A expressdao do RNAm da hepcidina
aumentou no M6 e permaneceu alta no M18. A concentracdo
plasmatica de ferro foi um indicador precoce da inflamacio
quando comparada com o fibrinogénio e pode ser util na de-
teccdo precoce da inflamacdo em cavalos. A administracdo do
FCA causou um rapido inicio da hipoferremia, e isto foi resul-
tante do aumento da expressdo hepatica da hepcidina. Estes
resultados enfatizam a importancia da hepcidina e do meta-
bolismo do ferro durante a inflamagao em cavalos.

TERMOS DE INDEXAGAO: Hepcidina, Adjuvante completo de
Freund, reagente de fase aguda, inflamacao, metabolismo do fer-
ro, cavalo.

INTRODUCTION

Iron plays an indispensable role in various physiological
processes due to its capacity to easily accept and donate
electrons when converting between the ferrous (Fe2+) and
ferric (Fe3+) forms (Schaefer 2009). Iron acquisition is
critical for bacterial growth during infection, and bacterial
pathogenicity is greatly enhanced by freely available iron
(Bullen et al. 2005). Viral replication is associated with
enhanced cellular metabolism, and this process also requi-
res host iron (Drakesmith & Prentice 2008). The hypofer-
remia observed during inflammation or infection is an in-
nate host defense mechanism that limits the availability of
this element to pathogenic microbes (Radtke & O’Riordan
2006). The rapid drop in iron concentration during inflam-
mation in vertebrates is mediated by hepcidin, a 25 amino
acid peptide that is synthesized primarily in the liver. Hep-
cidin binds to the iron exporter, ferroportin, causing the in-
ternalization and degradation of this molecule. Consequen-
tly, iron is sequestered within macrophages and cannot be
absorbed by intestinal cells (Darshan & Anderson 2009).

The role of hepcidin and its relation to innate immunity
and iron metabolism have been previously demonstrated in
mammalian species (Nicolas et al. 2002, Kemna et al. 2005,
Sangetal. 2006, Sheikh et al. 2007, Wang et al. 2008). Recen-
tly, we cloned and sequenced equine hepcidin mRNA (Oli-
veira-Filho et al. 2010a) and demonstrated a link between
hepcidin and hypoferremia in horses that had been treated
with lipopolysaccharide (LPS) (Oliveira-Filho et al. 2012).

It is known that hypoferremia can be induced in horses
during inflammation, such as after the administration of
Freund’s complete adjuvant (FCA) (Auer et al. 1989, Mills
et al. 1997, Mills et al. 1998) and occurs before elevation
in plasma fibrinogen. Therefore, the aim of this study was
to evaluate the clinical findings and hepcidin gene expres-
sion in the livers of healthy horses using an FCA model of
inflammation.
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MATERIALS AND METHODS

Experimental animals. Six adult, non-pregnant, Quarter
Horse mares with 10.0 (+0.8) years old and had a mean body wei-
ght 0f 417.0 (£11.0) kg were used for this study. The mares were
housed in individual stalls and received hay and water ad libitum.
They had normal physical exam findings, complete blood counts
and plasma iron and fibrinogen concentrations at the time of the
initial FCA injection. All experiments were carried out in accor-
dance with the Sao Paulo State University (Unesp-Botucatu) Insti-
tutional Animal Care and Use Committee (108-A/2007).

Induction of inflammation. Inflammation was induced in six
mares via two intramuscular injections of 5.0 mL of FCA into the
serratus ventralis muscle (right neck) at 0 h and 12 h. All of horses
received the first FCA administration at 08.00 h (a.m.).

Physical examination. A clinician (JPOF) examined all of ani-
mals at baseline (sampling time 0 h, immediately before the first
FCA injection) and at 2, 4, 6, 8, 12, 16, 18, 20, 24, 30, 36, 42, 48,
60, 72,96, 120, 144, 168, 192, 216, and 240 h post-FCA injection
(PI). Pain, edema, and temperature at the FCA injection site were
monitored. Skin temperature at the FCA injection site was measu-
red using a digital infrared thermometer (TAT 2.000C, Exergen™,
Watertown, USA). Three successive temperature measurements
were made by placing the thermometer probe on the FCA injec-
tion site and keeping it in contact with the skin until temperature
readings were taken. A mean was then calculated and recorded
for each experimental point.

Pain at the FCA injection site was classified according to a pain
scale that included the following four grades: zero (normal: no re-
action to palpation); one (mild pain: mild reaction to palpation,
abnormal facial expression in response to touch, no reluctance to
move the neck or head); two (moderate pain: resistance to palpa-
tion, abnormal facial expression in response to touch, reluctance
to move the neck or head, restlessness), and three (severe pain:
violent reaction to palpation, abnormal facial expression in res-
ponse to touch, no voluntary movement of the neck or head).

The rectal temperature, color changes of the oral and vaginal
mucosa, capillary refill time, intestinal motility, heart and respira-
tory rates were also measured and recorded for each individual.
Body weight was measured at 0 h and at 240 h PI. The ambient
temperature was measured during the experiment (TermoHigro
digital SH122, JProlab®, Sdo José dos Pinhais, Brazil), and data
concerning the relative humidity of air were obtained from the
Estacdo Meteoroldgica do Depto. de Solos e Recursos Ambientais
- Faculdade de Ciéncias Agronomicas - UNESP.

Blood analyses. Peripheral blood samples were collected
after every physical exam into vacuum tubes with ethylenedia-
minetetraacetic acid (EDTA) for packed cell volume (PCV) mea-
surements, white blood cell (WBC) counts and plasma fibrino-
gen concentrations, and with sodium heparin for iron analysis.
The WBC counts were performed at 0, 6, 24, 48, 72, 96, 168, and
240 h PL

The blood samples with EDTA were processed immediately
after blood collection. The PCV was determined by centrifugation
using the microhematocrit method, and the plasma fibrinogen
concentration was determined by a heat-precipitation refracto-
metry method. An automated hematology analyzer (Hemascre-
en® 18, Ebran®, Sao Paulo, Brazil), was used to perform the WBC
counts. The heparinized blood samples were centrifuged, and the
plasma was obtained and stored at -80 °C until analysis. The plas-
ma was thawed, and the iron concentration was determined in
duplicate using a semi-automated chemistry analyzer (SB-190,
Celm®, Barueri, Brazil), with Ferro Chromazurol reagent.

RNA purification, reverse transcription and RT-qPCR. Li-
ver biopsies were performed immediately prior to infection (0 h,
control) and at 6 h and 18 h PI. Biopsy tissues were frozen in li-
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quid nitrogen and stored at -80 °C until processing. Total RNA pu-
rification, DNase treatment, and cDNA synthesis were performed
using methodology that has been previously described (Oliveira-
-Filho et al. 2012). The relative quantification of hepcidin mRNA
in the liver samples was performed using the comparative Ct
method (24 method) that was developed for relative real-time
PCR data processing with a Real-Time PCR System (7300, Ap-
plied Biosystems™, Carlsbad, USA) and the Real-Time PCR Master
Mix (Power SYBR® Green, Applied Biosystems™). The quantities
of the target gene in the liver samples at 6 h and 18 h PI were
calculated relative to the calibrator sample (at 0 h). The primer
sets used in the quantitative real-time RT-PCR (RT-qPCR) for de-
tection of the equine hepcidin (GenBank:GQ253624) and fS-actin
(GenBank:AF035774.1) mRNAs and the thermocycler conditions
have been previously described (Oliveira-Filho et al. 2010a). A
“no template” control in duplicate was included on each plate to
show that amplicon contamination was absent. Amplification of
specific transcripts was confirmed by melting curve profiles ge-
nerated at the end of each run.

Statistical analysis. For all parameters, the repeated mea-
sures ANOVA test with Tukey’s post-test was used. The statisti-
cal analysis was performed with SAS software 9.2 (SAS Institute,
Cary, NC) to determine the statistical significance between the
means of multiple time points measured and the mean of the con-
trol values. The control values refer to the values obtained before
the first FCA injection (0 h), with each animal serving as its own
control. A P value of <0.05 was considered to be statistically sig-
nificant. The results are presented as the geometric means + S.D.
(standard deviation), unless otherwise specified.

RESULTS

Three animals exhibited grade one localized pain from 6 h
to 168 h PI. The three remaining horses displayed localized
pain only after the second administration of FCA at 16 h PI;
of these horses, two exhibited grade three localized pain
(from 16 h to 36 h PI) and one presented grade two locali-
zed pain (from 42 h to 96 h PI). In the latter three horses,
the localized pain decreased to grade one between 120 h
and 192 h PI. At 216 h PJ, no signs of localized pain were
observed in any of the experimental animals.

Localized edema was identified at 6 (n=2) and 8 (n=1)
h PI in the animals suffering from localized pain after the
first administration of FCA and in the remainder of the ani-
mals after the second administration of FCA, i.e., 16 (n=2)
and 18 (n=1) h PI, respectively. In five animals, the edema
migrated to the pectoral area at 120 (n=2) and 144 (n=3) h
PI. Nevertheless, no edema or abscesses were observed at
the end of the experiment.

The mean temperature at the site of injection (the local
temperature) was significantly higher (p<0.001) than the
control at 6 h PI but was not significantly different from the
control values at 12 h PI (p>0.05). However, the local tem-
perature increased again after the second administration of
FCA and was significantly elevated between 16 and 60 h PI
(Fig.1A). The mean rectal temperature (Fig.1B) did not ex-
ceed normal values, i.e., 38.9 °C (Rose & Hodgson 2000), but
was significantly higher between 12 and 60 h PI when com-
pared with the temperature at 0 h (p<0.001). The environ-
mental temperature (23.1+1.8 °C) and the relative humidity
of air (65.0£6.7) oscillated slightly during the experiment
but were not considered to affect the evaluated variables.

No changes in mucosal color, capillary refill time or in-
testinal motility were observed, and the mean body wei-
ght at the end of the experimental period was no different
from that measured at the beginning of the experiment.
The mean cardiac rate was significantly higher than the
control cardiac rate at 18 (53.3+16 beats per minute) to 30
(52.7+9.0 beats per minute) h PI (Fig.1C). The respiratory
rate was significantly elevated at 30 h PI (27.3£9.0 brea-
ths per minute) when compared with the control (p<0.05)
(Fig.10C).

The mean PCV value prior to PI was 35.7% and remai-
ned within normal limits during the experiment, but it was
near the lower limit from 12 (32.5 %) to 120 (32.7 %) h P1.
From 144 h PI until the end of the experiment, the mean
PCV returned to a value close to the control value.

The total number of leukocytes and neutrophils incre-
ased at 6 h P, reaching maximum levels with a leukocyto-
sis (14.7 x 10 cells/uL, p<0.01) and neutrophilia (10.4 x
103 cells/pL, p<0.05) at 48 h PI that gradually returned to
reference values (Fig.1D). The numbers of lymphocytes
(Fig.1D), eosinophils, monocytes and basophils were wi-
thin the normal limits (data not shown).

The mean plasma fibrinogen level was above the refe-
rence value of 400.0 mg/dL (Feldman et al. 2000) betwe-
en 30 h and 240 h PI (Fig. 1E). However, statistically sig-
nificant differences from control values were found only
between 120 h and 216 h PI. The mean plasma iron level
decreased at 12 h PI (87.0 pg/dL), representing 70.7 % of
the initial value (124.0 pg/dL) (Fig.1F) and was significan-
tly lower than the control between 16 h and 72 h PI. The
mean plasma iron concentration then increased and was
within the reference value from 96 h PI (74.4 pg/dL) to the
end of the experiment at 240 h PI (83.8 pg/dL). The lowest
hypoferremic level was detected at 30 h PI (40.7 pg/dL)
(p<0.001), representing 33 % of the initial value at 0 h. The
mean mRNA expression of hepcidin in the liver was signifi-
cantly elevated at 6 h PI (2.6+0.7-fold) (p<0.01) and 18 h PI
(2.4+0.7-fold) (p<0.01).

DISCUSSION

Experimental models using FCA for the induction of inflam-
matory processes have demonstrated significant decrea-
ses in the plasma or serum iron levels in horses (Auer et
al. 1989, Mills et al. 1997a). Recently, we verified that the
increase in hepatic hepcidin mRNA expression was likely
responsible for the hypoferremia observed in horses after
LPS injection (Oliveira-Filho et al. 2012). However, this in-
crease was not persistent, and in a few hours, the hepcidin
mRNA levels returned to normal. In the current study, the
main objective was to verify the increased hepatic hepcidin
mRNA expression and its effect on iron metabolism in hor-
ses by inducing a more focal inflammatory process using
two intramuscular injections of FCA. The hepcidin expres-
sion level observed in the present study was more persis-
tent compared with the endotoxemic experimental model
induced with LPS (Oliveira-Filho et al. 2012). This likely
reflects the different duration of inflammation between the
two models.

Mills et al. (1998) administered 2 mL of FCA on the first,
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second and fifth days of the experiment and, as in our stu-
dy, observed an increase in edema and temperature at the
injection site that reached a maximum at 72 h after the first
dose and diminished by half of the maximum on day 12.
In our work, localized edema was detected at 6 h PI, but
in contrast to the results obtained by Mills et al. (1998),
the edema began to resolve on the fifth day (M120), after
which, it migrated to the pectoral region and completely
disappeared at the end of the experiment. The edema that
persisted at the injection site at the end of the experiment
by Mills et al. (1998) might have been due to the third injec-
tion of FCA on the fifth day of the experiment, despite the
lower dosage used by these authors.

The rapid increase in local temperature with three sta-

tistically significant peaks at 6 h, 30 h, and 60 h PI as well as
the observed edema and localized pain not only represent
the classical signs of inflammation but are similar to the re-
sults obtained using other protocols for intramuscular ad-
ministration of FCA in horses (Auer et al. 1989, Mills et al.
1997a, 1997b, Oliveira-Filho et al. 2012).

Mills et al. (1998) observed an elevated temperature in
the horses 48 h after the first dose of FCA, which decreased
to normal on the fourth day. These authors observed a se-
cond fever peak 24 h after the second dose of FCA on the
sixth day, and the peak disappeared only at the end of the
experiment on day 11. The fever was most likely a conse-
quence of antigenic stimulus and secretion of cytokines by
mononuclear phagocytes (Billiau & Matthys 2001). IFN-q,
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Fig.1. Mean local (A) and rectal (B) temperature; mean heart rate and respiratory rate (C); mean white blood cells counts (WBC), neu-
trophil and lymphocyte counts (D); mean plasma fibrinogen (E) and mean plasma iron (F) of the horses in multiple time points after
two FCA injections (arrows). *P<0.05, **P<0.01, and ***P<0.001 indicate significant difference from control values (0 h). When not

visible, S.D. bars are smaller than the symbol.
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TNF-a, and IL-1 act as endogenous pyrogenous mediators
that stimulate the encephalic thermoregulatory centers to
produce a fever (Dinarello 1999). Although the mean rectal
temperature of the six animals in our study did not exceed
the reference values, the FCA administration caused three
peaks of temperature elevation above the control tempera-
ture that were close to the upper reference limit. These pe-
aks were considered to be fever-like reactions when taken
together with the other systemic signs of inflammation (lo-
cal edema, pain, and increased temperature).

In our study, no signs of dehydration, color changes of
the mucosa, altered capillary refill time or intestinal moti-
lity were detected. As in other studies (Mills et al. 1997b,
Mills et al. 1998), most of the animals suffered only mild
to moderate discomfort that was not sufficient to interrupt
food intake or water consumption. As a result, weight loss
was not observed after ten days of the experiment. Never-
theless, the animals in our study experienced moderate
tachycardia and tachypnea up to three days after FCA injec-
tion, most likely associated with pain. Neither the cardiac
nor the respiratory rates were described in previous study
(Mills et al. 1998).

In our study, a numerical decline in the mean PCV value
was observed beginning at 8 h PI, but this value was nei-
ther lower than the reference limits (Feldman et al. 2000)
nor significantly different from the value obtained at 0 h.
However, the mean PCV value was close to the lower limit
from 8 h to 120 h PI and was below the normal limit be-
tween 8 h and 60 h Pl in two animals. These findings are in
agreement with those of Mills et al. (1998) and Patterson
et al. (1988), whose research displayed a drop in PCV in
horses with FCA-induced inflammation, but are different
from those obtained in horses with endotoxemia induced
by LPS injection, in which the mean PCV was not signifi-
cantly different from the control values (Oliveira-Filho et
al. 2012).

In our study, the leukocytosis that was observed after
48 h PI was caused by the increase in the number of neu-
trophils in the peripheral circulation as a result of the in-
flammatory stimulus. This response was similar to that ob-
served in horses after two injections of Freund’s adjuvant
and is a typical systemic response to infection (Mills et al.
1998).

Inflammation results in an increase in the plasma con-
centration of several proteins that are released at the very
beginning of the inflammatory stimulus, which are called
acute phase proteins. Such proteins may be used as nons-
pecific markers of inflammatory processes (Patterson et al.
1988, Jacobsen et al. 2005). The quantification of plasma
fibrinogen is commonly used in horses to indicate the pre-
sence of several diseases that cause inflammation (Schalm
et al. 1970, Stoneham et al. 2001). The results from our
study agree with other authors in that the fibrinogen va-
lues increased only 24 h after the induction of inflamma-
tion (Schalm et al. 1970, Auer et al. 1989). Other authors
(Patterson et al. 1988, Mills et al. 1998, Oliveira-Filho et al.
2012) have also observed fibrinogen values above the nor-
mal limits (400.0 mg/dL) at the end of the experimental
period.

The quick and dramatic hypoferremia that was obser-
ved at 16 h PI (50 % of the initial value) and that reached
its lowest value at 30 h PI (33 % of the initial value), was
similar to several other studies inducing inflammation in
horses (Varma et al. 1984, Smith et al. 1986, Smith & Cipria-
no 1987, Auer et al. 1989, Mills et al. 199743, Jacobsen et al.
2005). Moreover, the plasma iron concentration returned
to normal levels four days after the first administration of
FCA and remained within normal limits until the end of the
experiment. We found quantification of plasma iron to be
an earlier indicator of adjuvant induced inflammation in
horses than measures of fibrinogen, similar to previous re-
sults (Varma et al. 1984, Smith et al. 1986, Smith & Cipriano
1987, Auer et al. 1989, Jacobsen et al. 2005, Borges et al.
2007, Oliveira-Filho et al. 2012). The hypoferremia obser-
ved in the present study demonstrated a more persistent
inflammatory process than the LPS model of inflammation
in horses, as the iron levels returned to baseline 30 h after
the LPS infusion (Oliveira-Filho et al. 2012).

The quantity of tissue obtained upon biopsy was suffi-
cient for the extraction of RNA of an appropriate concen-
tration and quality for molecular analysis. Equine {-actin
has been used as an endogenous gene in previous studies
in horses (Oliveira-Filho et al. 2010a, 2012). In our study,
the B-actin gene displayed the same pattern of expression
throughout the experiment, so its expression in the liver
was not affected by the administration of FCA, making its
use as a reference gene possible.

In humans, the peak urinary hepcidin expression was
shown to occur 6 h after LPS infusion and was followed by
a significant decrease in iron concentrations (Kemna et al.
2005). In rats, the peak expression of hepcidin mRNA was
evident 4 h after LPS infusion, but a decrease in the iron
concentration was detected 2 h after administration (Wang
etal. 2008). In horses, the hepatic hepcidin expression was
seven times higher than the control 6 h after LPS infusion
(Oliveira-Filho et al. 2012). The administration of turpenti-
ne oil in mice (Nicolas et al. 2002, Nemeth et al. 2004) and
rats (Merle et al. 2007) increased the mRNA expression
of hepatic hepcidin three to 12 times and caused a drop
in iron concentrations 16 hours after the injection of tur-
pentine. In another study in rats, the mRNA expression of
hepatic hepcidin was significantly higher than the control
at 3 h and 12 h after the administration of turpentine, and
it exhibited a peak (seven-fold) level of expression 6 h af-
ter the induction of inflammation (Sheikh et al. 2007). The
determination of the biopsy sampling time in the present
study was based on a preliminary study (Oliveira-Filho et
al. 2010b) that showed, using a similar experimental proto-
col, a statistically significant difference in serum iron levels
at 8 h PI (50 % of the initial value). In this previous study,
the relative expression of hepcidin mRNA in the liver was
up-regulated at 12 h and 24 h PI (two-fold), which was si-
milar to that found in the present study. Thus, the relative
expression of hepcidin mRNA appears to be stable between
6 h and 24 h Pl in horses subjected to the FCA protocol. In-
terestingly, the two-fold increase in hepcidin mRNA expres-
sion produced a similar decrease in the plasma iron as did
the six-fold increase that was observed in the horses stimu-
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lated with LPS. However, the hepcidin response was longer
lived in horses with inflammation induced by FCA than in
horses with endotoxemia induced with LPS (Oliveira-Filho
etal. 2012).

CONCLUSIONS

The results from our study indicated that the FCA admi-
nistration protocol was sufficient to induce inflammation
as characterized by clinical and laboratorial parameters.

We found that the iron plasma concentration decrease
was an earlier and more sensitive measure of inflammatory
processes in horses when compared with the fibrinogen in-
crease and might be useful for the early detection of inflam-
mation in the horse.

The hypoferremia observed in horses with FCA-induced
inflammation was likely a consequence of the increase in
the mRNA expression of hepatic hepcidin that was obser-
ved 6 h and 18 h after the first administration of FCA.
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