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A B S T R A C T

Objective: Rheumatoid arthritis (RA) is a chronic systemic inflammatory disorder accompanied with hyper-
algesia, edema and pain. At least 30% of the patients failed to respond to the available treatments and medi-
cations, which yet have a lot of serious adverse effects on patients. So, using novel technologies to produce more
efficient medications is needed. According to the role of iron manipulation in inflammatory process, we have
synthetized RAc1 nano particle, which contains zinc and has iron chelating property. In the present study, we
evaluated RAc1 nano particle effects on hyperalgesia and liver hepcidin and serum IL-1β and TNF-α expression
levels during acute and chronic phases of adjuvant-induced inflammation in male rats and compared its effects
with Deferoxamine.
Methods and materials: Complete Freund's adjuvant (CFA)-induced arthritis was caused by single subcutaneous
injection of CFA into the rat's hind paw on day zero. RAc1 with 100, 200 and 400 ng/kg doses and deferoxamin
with doses of 200mg/kg after diluting in vehicles were administered daily (i.p.) during the 21 days of the study
after CFA injection. Hyperalgesia, Edema, liver hepcidin and serum IL-1β and TNF-α expression levels were
assessed on days 0, 7, 14 and 21 of the study.
Results: The results of this study indicated the role of RAc1 nano particle administration in reducing paw edema,
thermal hyperalgesia, and liver hepcidin and serum IL-1β and TNF-α expression even in comparison with
Deferoxamine during different phases of inflammation caused by CFA.
Conclusion: It seems that RAc1 nano particle exerts its immune modulatory effects by decreasing liver hepcidin
expression and serum IL-1β and TNF-α levels.

1. Introduction

As a systemic autoimmune inflammatory disease, rheumatoid ar-
thritis (RA) can cause tissue damage by chronic inflammation. RA is
characterized by cartilage degradation, immune cell infiltration to the
synovium, hyperalgesia, fibroblast-like synoviocyte expansion, edema,
pain, and mobility impairment [1,2]. In the case of persistent in-
flammatory pain states, mounting evidence has identified that multiple
immune cells and cytokines have pivotal roles in the pathogenesis of
RA. Dysregulation of the immune system is a foremost contributing
factor in the development of inflammation as reflected by altered levels
of cytokines such as tumor necrosis factor-alpha (TNF-α) and inter-
leukin-1beta (IL-1β), the presence of inflammatory cells, variations in

immunoglobulins produced, and presence of autoantibodies in some
types. Cytokines have been the topic of intense investigations not only
with respect to inflammatory pain states, but also in several other
disorders such as neurodegenerative and neurological diseases. How-
ever, the exact mechanisms are still unknown [3]. Besides, studies have
declared that inflammatory states can increase serum Ferritin levels and
may finally lead to hypoferraemia via an increase in Hepcidin with
successive iron sequestration in macrophages and duodenal en-
terocytes, as well. Over and above that, inflammation can reduce ery-
thropoietin and bone marrow activity by Hepcidin and inflammatory
cytokines, including IL-1β and TNF-α [4].

Iron is an essential element required for organism's survival and
serves as a cofactor for so many heme and non-heme iron proteins and
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also key redox enzymes [5]. Physiological iron balance is strongly
controlled at the cellular and systemic level by iron regulatory proteins
and hormones and it is demonstrated that iron overload is associated
with tissue damage. Underlying mechanisms ordinarily intersect to
achieve optimal iron utilization, in order to control immune responses
and also prevent iron toxicity [6]. Data generated thus far revealed that
systemic iron homeostasis is primarily regulated through the hepcidin/
ferroportin axis. Hepcidin is a disulfide-rich peptide hormone which is
produced by hepatocytes and restricts iron fluxes to the bloodstream.
Hepcidin synthesis is notably induced by infection and inflammatory
states. In this regard, hepcidin not only is an iron-regulatory hormone,
but also links iron metabolism to host defense and inflammation [7]. As
such, it deserves consideration as a therapeutic target. Nevertheless,
research regarding the significance of different iron states in in-
flammatory diseases is conflicting, and guidelines for iron substitution
are scattered [4].

A large body of evidence exists to substantiate that chronic in-
flammatory reactions can increase serum iron, change the iron meta-
bolism and also change the redistribution of iron to the re-
ticuloendothelial system, and in turn, iron within the synovial tissue
can exacerbate the inflammatory reactions in RA. One of the most
widely used iron chelators in medicine is deferoxamine (DFX), which
has extremely high binding affinity for Ferritin. DFX has a high po-
tential for inhibiting the damaging effects of inflammation in inflamed
joints and central nervous system, as well [8,9]. More interesting, DFX
can reduce inflammatory cytokines and reactive oxygen species pro-
duction and also lipid peroxidation. In contrast, it can increase Col-
lagen-I and tissue inhibitor metalloproteinase-1 mRNA levels [10].

Nanochelating technology, which has novelty for the time being,
has the capacity to synthetize efficient structures in various science
areas [11]. In our previous research studies, we have evaluated the
effects of MSc1, a Nanochelating-based structure on animal models of
multiple sclerosis. MSc1 could improve disabling features of experi-
mental autoimmune encephalomyelitis, which was confirmed by de-
creased clinical scores versus increased body mass and 100% survival
probability [12]. Also in other studies, Nanochelating-based structures
showed therapeutic effects in different disease models in vitro and in
vivo [13–15].

By applying mentioned technology, we have synthetize RAc1 nano
particle, which has iron chelating property. In a dozen of studies and
specially in some meta-analysis studies, zinc deficiency in autoimmune
disorders is reported. Thus, based on these reports and also important
role of zinc in regulating the immune system functions, we trapped zinc
in RAc1 structure. In other words, it is a zinc chelate nano particle
[16,17]. In this regard, due to the importance of offering effective
treatments with fewer side effects, in this study we set out to evaluate
hyperalgesia, edema, serum TNF-α and IL-1β and liver hepcidin ex-
pression levels variations due to nano particle RAc1 administration
during acute and chronic phases of adjuvant-induced inflammation of
in male rats.

2. Materials and methods

2.1. Adjuvant-induced inflammation induction

Arthritis inflammation was caused by single subcutaneous injection
of 100 μL CFA (Complete Freund's Adjuvant), which was a heat-killed
Mycobacterium tuberculosis suspended in sterile mineral oil, into the rats'
hind paw (10mg/mL; CFA; Sigma, St. Louis, MO, USA) [18].

2.2. Laboratory animals

In this research study, adult male Wistar rats weighing 180–220 g
were selected. These rats were housed in polypropylene cages under
standard hygienic environmental conditions (22 ± 2 °C, 12-hour light/
dark cycle, and 60–70% humidity). All animals, except experimental

time, had access to standard food and water. All procedures in this
study were approved by the guidelines of ethical standards for in-
vestigations of experimental acute and chronic inflammation in animals
and the ethical principles of the Declaration of Helsinki and National
Institute of Health (NIH) (Zimmermann, 1983). In the sake of de-
termining the liver hepcidin expression levels as well as serum TNF-α
and IL-1β levels due to nano particle RAc1 administration a series of
experiments were executed. Rats were randomly divided into 8 ex-
perimental groups, as follows: (a) CFA group, (b) CFA control group
(Mineral Oil (MO)), (c) CFA+100 ng/kg RAc1 (d) CFA+200 ng/kg
RAc1 (e) CFA+400 ng/kg RAc1 (f) CFA+200mg/kg Deferoxamine
(CFA+DFX) (g) CFA+Distilled Water (DW) (h) CFA+Normal Saline
(NaCl) (19). According to the study, each group was divided into 4
subgroups based on different time points of the study (days 0, 7, 14, and
21) and there were 6 rats in each subgroup.

2.3. Experimental procedure

In the CFA group, 100 μL CFA was injected once into the rat's right
hindpaw on day zero (under light anesthesia with methoxy isoflurane).
In the MO group, 100 μL sterile mineral oil was injected once into the
rat's right hind paw on day zero. The CFA+DW group was received
distilled water once daily (i.p.). The CFA+NaCl group was received
Normal saline once daily (i.p.). Different dosages of nano particle
(RAc1) (100, 200 and 400 ng/kg) were prepared by dissolving in dis-
tilled water and injected intraperitoneally on a daily basis from the first
day after CFA injection up to day 21. The CFA+DFX group was re-
ceived 200mg/kg Deferoxamine dissolved in normal saline on a daily
basis from the first day after CFA injection up to day 21 (i.p.) [20,21].
In this research study, the liver hepcidin and serum TNF-α and IL-1β
expression levels, hyperalgesia and edema were assessed on days 0
(before CFA injection), 7 (inflammatory phase), 14 and 21 (arthritic
phase) [22] [Fig. 1].

2.4. RAc1 nano particle synthesis and imaging

RAc1 is a zinc chelate nano particle which has iron chelating
property and is endotoxin free. RAc1 was synthetized by Sodour Ahrar
Shargh Company (Tehran, Iran). This nano structure was synthetized
based on Nanochelating technology which is patented under the name
of Mohammad Hassan Nazaran in USPTO [11]. Scanning electron mi-
croscope (SEM) image from this nano particle was prepared in Institute
for color science and technology (Tehran, Iran) by SEM microscope
(VWGA//TESCAN-LUM model).

2.5. Paw edema assessment

Briefly, the rat's hindpaw was submerged to the tibiotarsal joint into
a transparent chamber of plethysmometer containing an electrolyte
solution. Following that, measuring the paw volume was conducted by
displacement of an electrolyte solution in a plethysmometer chamber
(model 7141; Ugo Basile, Comerio-Varese, Italy). The volume of dis-
placement is equal to the paw volume and measurement was done twice
for each paw and the average calculated [23].

2.6. Thermal hyperalgesia assessment

Paw withdrawal latency (PWL) in response to radiant heat by
plantar test was performed in all experimental groups (Ugo Basilar,
Verse, Italy). Rats were placed in a Plexiglas chambers 30min before
the test in order to habituate with the experimental environment.
Infrared light was projected to the rats' hind paw and PWL was re-
corded. A cut off time of 20 s was considered to avoid hind paw injury.
Three times for each paw at an interval of 5–10min was done and the
mean latency of the withdrawal responses for each paw was calculated.
The mean amount of the injected paw was subtracted from other paw
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and the value obtained represented the hyperalgesia in the injured paw
[24].

2.7. Blood sampling and serum TNF-α and IL-1β levels measurements

Rats were anesthetized moderately with methoxy isoflurane and
retro-orbitally blood samples were prepared and collected in hepar-
inized tubes and centrifuged (in 4 °C and 13,000 rpm). Serum TNF-α
and IL-1β levels were evaluated by enzyme-linked immunosorbent
assay (ELISA) kit (Bender MED System, UK) according to the manu-
facturer's instruction. The procedure summarized as follow: Blood
serums were added to 96-well micro plates coated with rat IL-1β and
TNF-α-specific polyclonal antibody. After the incubation at room tem-
perature for 2 h, followed by washing, enzyme-linked polyclonal anti-
bodes specific for TNF-α and IL-1β were then added. After incubation
for 2 h at room temperature and washing again, the color reagents were
added. The color intensity was measured by Microplate reader at
450 nm. Standard curves were drawn and the IL-1β and TNF-α levels
(pg/mL) of the samples were calculated [24,25].

2.8. Liver tissue extraction

In order to identify the expression of liver hepcidin in each group,
rats were anesthetized with methoxy isoflurane, heads removed and

liver was separated fast on ice and then frozen in liquid nitrogen at a
temperature of −80 °C for western blotting [26].

2.9. Evaluation of liver hepcidin expression

Liver samples in lysis buffer which contained EDTA, Tris-HCl
(pH=7.4), NP40 1%, PMSF, NaCl, aprotinin, and leupeptin were
homogenized and then centrifuged. Protein extracts or supernatants
were harvested for analysis of protein concentration through Bradford
method. After diluting proteins with sample buffer, each cocktail was
loaded in each lane on 12.5% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and then run. Subsequently, separated
proteins were transferred to Immobilon-PVDF membranes (Millipore,
Bedford, MA, USA) via using the miniprotean II (Bio-Rad). Incubation
with blocking buffer considerably helped to block nonspecific binding
sites on the PVDF membrane. Afterwards, the membrane was incubated
with primary antibodies (Anti-hepcidin antibody, ab187778 and β-
actin, ab8227) and secondary antibodies (Anti-rabbit antibody) which
were diluted in blocking buffer (Abcam, CA). Immunoreactivity of the
proteins on the PVDF membrane was detected by chemiluminescence
detection system (ECL, Amersham). Band intensities were densitome-
trically assessed via using of J-Image software. For evaluating the liver
hepcidin expression variations, the ratio of hepcidin/β-actin was cal-
culated [26,27].

Fig. 1. Experimental procedure has been shown in Fig. 1 entirely. The liver hepcidin and serum IL-1β and TNF-α expression levels variations, hyperalgesia and
edema were assessed on days 0 (before CFA injection), 7 (inflammatory phase), 14 and 21 (arthritic phase).
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2.10. Statistical analysis

Data were expressed as Mean ± SEM. For comparison of variants
within the groups, repeated measurement ANOVA test (One-way
ANOVA) and post hoc-Tukey were used. To compare more accurately
the changes of variants on the same days between the two groups,
unpaired student t-test was used.

3. Results

3.1. RAc1 nano particle size

The SEM image showed that RAc1 nano particle size is 70 nm
[Fig. 2].

3.2. Paw edema variations during different phases of inflammation

CFA injection into the rat's right hind paw induced paw edema,
which continued up to day 21 (p < 0.001). No significant dis-
crepancies were observed in the paw edema in different days of the
study compared with baseline in the MO group. The results showed that
intraperitoneal administration of RAc1 with a dosage of 100 ng/kg did
not have a significant effect in changes of paw edema in the
CFA+100 ng/kg RAc1 group compared with the CFA group during
different days of the study. Intraperitoneal administration of RAc1 with
a dosage of 200 and 400 ng/kg in the CFA+200 and 400 ng/kg RAc1
groups significantly decreased paw edema in different days of the study
compared with CFA group (p < 0.01 for day 7 and p < 0.001 for days
14 and 21). There were no significant differences in paw edema be-
tween the two groups receiving RAc1 with doses of 200 and 400 ng/kg.
Therefore, the dose of 200 ng/kg for RAc1 was selected as an effective
dose for this study [Fig. 3A].

On the other hand, administration of DFX significantly reduced paw
edema in the CFA+DFX group on different days of the study in
comparison with the CFA group (p < 0.05 for day 7 and p < 0.001 for
days 14 and 21). Comparison of the two groups, CFA+200 ng/kg RAc1
and CFA+DFX showed that the effective dose of RAc1 (200 ng/kg)
significantly reduced paw edema on different days compared to the
same days in the CFA+DFX group (p < 0.05 for day 7 and p < 0.01

for days 14 and 21). Paw edema in the CFA+DW and CFA+NaCl
groups showed no significant differences compared with the CFA group
(Therefore, the results of these groups are not shown graphically)
[Fig. 3B].

3.3. Thermal hyperalgesia variations during different phases of
inflammation

The results showed that hyperalgesia significantly increased on day
7 after CFA injection compared with baseline (p≤ 0.001). But, hyper-
algesia significantly decreased on days 14 and 21 of the study compared
with day 7 in the CFA group (p≤ 0.001). Significant discrepancies
during different days of the study compared with baseline were not
observed in the MO group. The results showed that intraperitoneal
administration of RAc1 with different dosages decreased PWL dose
dependently in different days of the study in comparison with CFA
group (p < 0.001 for days 7 and 14 and p < 0.01 for day 21). There
were no significant differences in PWL between the two groups re-
ceiving RAc1 with doses of 200 and 400 ng/kg. Therefore, the dose of
200 ng/kg for RAc1 was selected as an effective dose for this study
[Fig. 4A].

On the other hand, administration of DFX significantly reduced PWL
in the CFA+DFX group on different days of the study in comparison
with the CFA group (p < 0.01 for day 7 and p < 0.05 for days 14 and
21). Comparison of the two groups, CFA+200 ng/kg RAc1 and CFA+
DFX showed that the effective dose of RAc1 (200 ng/kg) significantly
reduced PWL on different days compared to the same days in the
CFA+DFX group (p < 0.01). Thermal hyperalgesia in the CFA+DW
and CFA+NaCl groups showed no significant differences compared
with the CFA group (Therefore, the results of these groups are not
shown graphically) [Fig. 4B].

3.4. Serum TNF-α and IL-1β expression variations during different phases
of inflammation

Inflammation caused by CFA injection, considerably increased
serum levels of TNF-α on different time points of the study in the CFA
group compared with day zero (P≤ 0.001). No significant dis-
crepancies in serum levels of TNF-α were observed in the MO group
compared with baselines. The results showed that intraperitoneal ad-
ministration of RAc1 with a dosage of 100 ng/kg did not have a sig-
nificant effect in changes of serum levels of TNF-α in the
CFA+100 ng/kg RAc1 group compared with the CFA group during
different days of the study. Intraperitoneal administration of RAc1 with
a dosage of 200 and 400 ng/kg in the CFA+200 and 400 ng/kg RAc1
groups significantly decreased serum levels of TNF-α in different days
of the study compared with CFA group (p < 0.001). There were no
significant differences in serum levels of TNF-α between the two groups
receiving RAc1 with doses of 200 and 400 ng/kg. On the other hand,
administration of DFX significantly reduced serum levels of TNF-α in
the CFA+DFX group on different days of the study in comparison with
the CFA group (p < 0.01 for day 7 and p < 0.001 for days 14 and 21).
Serum levels of TNF-α in the CFA+DW and CFA+NaCl groups
showed no significant differences compared with the CFA group
(Therefore, the results of these groups are not shown graphically)
[Fig. 5].

Inflammation caused by CFA injection, considerably increased
serum levels of IL-1β on different time points of the study in the CFA
group compared with day zero (P≤ 0.001). No significant dis-
crepancies in serum levels of IL-1β were observed in the MO group
compared with baselines. The results showed that intraperitoneal ad-
ministration of RAc1 with a dosage of 100 ng/kg did not have a sig-
nificant effect in changes of serum levels of IL-1β in the CFA+100 ng/
kg RAc1 group compared with the CFA group during different days of
the study. Intraperitoneal administration of RAc1 with a dosage of 200
and 400 ng/kg in the CFA+200 and 400 ng/kg RAc1 groups

Fig. 2. The SEM image showed that RAc1 nano particle size is 70 nm.
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significantly decreased serum levels of IL-1β in different days of the
study compared with CFA group (p < 0.001). On the other hand, ad-
ministration of DFX significantly reduced serum levels of IL-1β in the
CFA+DFX group on different days of the study in comparison with the
CFA group (p < 0.001) [Fig. 6].

3.5. Variations in liver hepcidin expression during different phases of
inflammation

Protein expression of hepcidin indicated similar bands intensity
with molecular masses of nearly 55 kDa in the liver tissues of all ex-
perimental groups. β-Actin was considered as a loading control protein
(43 kDa) [Fig. 7A]. Data which obtained from the Western blotting
technique demonstrated that expression of hepcidin in the liver of rats
in CFA group significantly increased in different days of the study
compared with baseline (p < 0.001). Sterile mineral oil injection to the
rat's hind paw in the MO group, did not cause considerable dis-
crepancies in the liver hepcidin expression compared with baseline in
different days of the study. The results showed that intraperitoneal
administration of RAc1 with different dosages decreased hepcidin ex-
pression dose dependently in different days of the study in comparison

with CFA group (p < 0.001). There were no significant differences in
hepcidin expression between the two groups receiving RAc1 with doses
of 200 and 400 ng/kg. Therefore, the dose of 200 ng/kg for RAc1 was
selected as an effective dose for this study [Fig. 7B]. DFX administration
in the CFA+DFX group, did not cause considerable discrepancies in
the liver hepcidin expression compared with baseline in different days
of the study [Fig. 7C].

4. Discussion

The present study documented that administration of effective dose
of RAc1 nano particle could reduce edema, hyperalgesia, serum IL-1β
and TNF-α levels and liver hepcidin expression during acute and
chronic phases of CFA-induced inflammation. Additionally, DFX ad-
ministration could reduce hyperalgesia, edema and serum IL-1β and
TNF-α levels, however, could not reduce liver hepcidin expression in
both acute and chronic phases of inflammation.

Data from diverse animal models support the idea that peripheral
inflammation induced by CFA, as an animal usual model of RA, can
cause diverse changes in the central nervous system, which is accom-
panied with mechanical allodynia, thermal hyperalgesia and edema.

Fig. 3. A. Paw edema significantly increased in CFA
group compared with baseline in different time
points of the study. Long-term administration of
RAc1 nano particle was noticeably downturned paw
edema. Results as Mean ± SEM (n=6/group)
stated. ***P≤ 0.001 for comparison of paw edema
variations between baseline and different days of the
study in CFA group. $$$P≤ 0.001 for indicating the
changes in paw edema at days 14 compared with day
7 and day 21 compared with day 14 in CFA group.
##P≤ 0.01 and ###P≤ 0.001 for comparison of
paw edema variations between baseline and dif-
ferent days of the study in the CFA+200 ng/kg
RAc1 group. ^^P≤ 0.01 and ^^^P≤ 0.001 for com-
parison of paw edema variations between baseline
and different days of the study in the CFA+400 ng/
kg RAc1 group. B. CFA injection considerably in-
creased paw edema, while effective dose of in-
traperitoneal administration of RAc1 caused a sig-
nificant reduction in paw edema compared with CFA
group. Results as Mean ± SEM (n=6/group)
stated. ϨϨP≤ 0.01 and ϨϨϨP≤0.001 for comparison
of paw edema variations between CFA and
CFA+200 ng/kg RAc1groups in the same days.
ΩP≤ 0.05 and ΩΩΩP≤0.001 for comparison of paw
edema variations between CFA+DFX and CFA
groups in the same days. ϪP≤ 0.05 and ϪϪP≤ 0.01
for comparison of differences in paw edema varia-
tions between CFA+DFX and CFA+200 ng/kg
RAc1groups in the same days. ϴϴϴP≤0.001 for
comparison of paw edema variations between CFA
and CFA Control groups in the same days.
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The results of this study in line with our previous research studies have
shown that edema and hyperalgesia induced by CFA were started 2 h
and continued for at least 21 days after CFA injection [22].

Evidence is accumulating to indicate that dysregulation of glial
functions can result in inflammation and sensitization. Such

observations also raise the possibility that activated microglia have
crucial role in releasing inflammatory mediators, thereby decreasing
the pain threshold. The activated microglia work with astrocytes in
releasing prototypic inflammatory cytokines such as interleukin IL-1β,
IL-6, interferon-gamma and TNF-α, which is accompanied and often

Fig. 4. A. Hyperalgesia significantly increased in
different time points of the study in the CFA group
compared with baseline and long-term administra-
tion of RAc1 remarkably decreased thermal hyper-
algesia. Results as Mean ± SEM (n=6/group)
stated. **P≤ 0.01 and ***P≤ 0.001 for comparison
of the PWL variations between baseline and different
days of the study in CFA group. $$$P≤ 0.001 for
indicating the changes in PWL at days 14 compared
with day 7 and day 21 compared with day 14 in CFA
group. ##P≤ 0.01 and ###P≤ 0.001 for compar-
ison of PWL variations between baseline and dif-
ferent days of the study in the CFA+200 ng/kg
RAc1 group. ^^P≤ 0.01 and ^^^P≤ 0.001 for com-
parison of PWL variations between baseline and
different days of the study in the CFA+400 ng/kg
RAc1 group. B. CFA injection considerably increased
PWL, while effective dose of intraperitoneal admin-
istration of RAc1 caused a significant reduction in
PWL compared with CFA group. Results as
Mean ± SEM (n=6/group) stated. ϨϨP≤ 0.01 and
ϨϨϨP≤0.001 for comparison of PWL variations be-
tween CFA and CFA+200 ng/kg RAc1groups in the
same days. ¥¥P≤ 0.01 and ¥¥¥P≤ 0.001 for com-
parison of PWL variations between baseline and
different days of the study in the CFA+DFX group.
ΩP≤ 0.05 and ΩΩP≤ 0.01 for comparison of PWL
variations between CFA+DFX and CFA groups in
the same days. ϪϪP≤ 0.01 for comparison of dif-
ferences in PWL variations between CFA+DFX and
CFA+200 ng/kg RAc1groups in the same days.
ϴϴϴP≤0.001 for comparison of PWL variations
between CFA and CFA Control groups in the same
days.

Fig. 5. Serum levels of TNF-α significantly increased
in CFA group compared with baseline in different
time points of the study. Long-term administration of
RAc1 nano particle was noticeably downturned TNF-
α expression levels. Results as Mean ± SEM (n=6/
group) stated. ***P≤ 0.001 for comparison of serum
TNF-α expression variations between baseline and
different days of the study in CFA group. #P≤ 0.05
and ##P≤ 0.01 for comparison of serum TNF-α
variations between baseline and different days of the
study in the CFA+200 ng/kg RAc1 group.
^P≤ 0.05 and ^^P≤ 0.01 for comparison of serum
TNF-α variations between baseline and different
days of the study in the CFA+400 ng/kg RAc1
group. ϨϨϨP≤0.001 for comparison of serum TNF-α
variations between CFA and CFA+200 ng/kg
RAc1groups in the same days. ΩΩP≤ 0.01 and
ΩΩΩP≤0.001 for comparison of serum TNF-α var-
iations between CFA+DFX and CFA groups in the
same days. ϴϴϴP≤0.001 for comparison of serum
TNF-α variations between CFA and CFA Control
groups in the same days.
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followed by a cascade of down-stream inflammatory events (i.e. acti-
vation of toll-like receptors, nuclear factor-kappa B (NF-kB), comple-
ment system, chemokines, and acute phase proteins). Cytokines and
other inflammatory mediators have contribution in both excitotoxic
and apoptotic neuronal death, highlighting the possibility that pro-
duction and release of inflammatory cytokines during inflammation by
glia and adaptive immune system's cells may contribute to neuronal
damage. The deleterious effects of inflammatory cytokines on neuronal
survival may involve in the production of various neurotoxic com-
pounds via autocrine and/or paracrine mechanisms. Data generated
thus far illustrated that TNF-α and IL-1β through endothelial damage
and also increasing the vascular permeability can cause edema in RA.
TNFα usually precedes IL-1β in the inflammatory cytokine cascade, and
via direct action on neurons and stimulation of pain receptors as well as
joint inflammation and destruction has hyperalgesic actions. So, it
seems that neutralizing of TNF-α and IL-1β may decrease hyperalgesia
and edema during different stages of inflammation. Therefore, it seems
that elevated levels of serum TNF-α and IL-1β within 21 days of the
study may play crucial role in continuation of edema and hyperalgesia
during RA [19,25].

Mounting evidence has shown that iron is an active component of
wide ranges of enzymes, which are essential for function of dynamic
cell compartments, such as immune cells and erythropoiesis, as well. As
iron homeostasis and cellular immunity are closely linked to each other,
it is suggestive that, immune cells such as monocytes and macrophages
have evoked different immunological pathways by using iron. Taylor
Thorburn, et al., have suggested that in one hand in infection and in-
flammation, utilization of iron by innate immune cells can induce re-
active oxygen species generation. On the other hand, the host's immune
system endeavors to down regulate circulating iron levels in order to
decrease invading pathogen growth. However, in cases of systemic in-
flammation, iron catalyzes immoderate production of reactive oxygen
species, which causes cellular damage of different organs and tissues
[28]. Hence, it is thoroughly transparent that iron deposition in im-
mune cells can sensitize host towards invading pathogens via blocking
essential immune functions and cytokines activities. Such in vitro
findings are supported by clinical evidence [29].

Notwithstanding the fact that little is known about the direct or
indirect cellular and molecular mechanisms involved in iron- and in-
flammation-induced regulation of hepcidin, several lines of evidence
strongly stated that hepcidin, as a negative regulator of dietary iron
absorption, is responsible for the regulation of iron recycling and iron

balance and also can inhibit release of recycled iron from macrophages
[30,31]. It is vividly depicted in recent studies that, in contrast with in
vivo conditions, iron cannot induce hepcidin gene expression in iso-
lated hepatocytes in vitro. In systemic iron homeostasis, hepcidin pre-
sumably through interaction with cell surface signaling receptors and
inhibition of iron export via modifying iron transport molecules may
limit iron release from enterocytes and macrophages [31]. Several
studies have demonstrated roles for inflammatory stimuli and infections
for induction of hepcidin gene expression. Nemeth, et al., have in-
dicated that hepcidin production induction by inflammation is a type II
acute-phase response [30]. As outlined above, Gaël Nicolas, et al., fol-
lowing their animal experimental measurements have suggested that
hypoxia, anemia, and inflammation can regulate hepcidin gene ex-
pression in mice. Latest findings suggest that hepatocytes can be di-
rectly stimulated to produce hepcidin via inflammatory cytokines such
as IL-6, IL-1β, and TNF-α. IL-1β can play a momentous role in the an-
emia of inflammation through up-regulating hepcidin. Most notably
this may hold true for TNF-α [5]. Moreover, Dan-Qing Lou, et al.,
through in vivo induction of hepcidin by inflammation mentioned that
hepcidin is a long-anticipated central regulatory hormone and has
crucial role in the progressive iron accumulation and anemia in chronic
diseases [31]. In this regard, iron chelation and depletion appears to
have selective effects in reducing joint inflammation and be a useful
approach in modifying the inflammatory process in adjuvant-induced
inflammatory diseases [8]. Therefore, in order to investigate further the
role of iron in inflammatory conditions, we have examined the effect of
iron chelation using DFX in adjuvant induced-inflammation in male
rats.

DFX, a ferric iron chelator, has been used for treating iron over-
loaded patients in the last forty years [9]. Luis Henrique Rapucci
Moraes, et al., have represented that inasmuch as iron plays a notable
role in inflammatory processes, iron chelating agents can ameliorate
oxidative stress and muscle damage in dystrophic muscle via mechan-
isms involving oxidative and inflammatory pathways, however, they
cannot be fully effective. They also mentioned that DFX can reduce
strength loss, muscle fiber degeneration, and lipid peroxidation in DFX
treated mice compared with none treated ones [10]. Evidence has
begun to accumulate that DFX can inhibit activation of microglia and
inflammatory cascades linked to inflammatory response and then de-
creases inflammatory cytokines such as TNF-α and IL-1β. Moreover,
elevated levels of iron may affect the functional properties of activated
microglia at the secretory and gene expression levels and that DFX

Fig. 6. Serum levels of IL-1β significantly increased
in CFA group compared with baseline in different
time points of the study. Long-term administration of
RAc1 nano particle was noticeably downturned IL-
1β expression levels. Results as Mean ± SEM
(n=6/group) stated. ***P≤ 0.001 for comparison
of serum IL-1β expression variations between base-
line and different days of the study in CFA group.
#P≤ 0.05 for comparison of serum IL-1β variations
between baseline and different days of the study in
the CFA+200 ng/kg RAc1 group. ^P≤ 0.05 for
comparison of serum IL-1β variations between
baseline and different days of the study in the
CFA+400 ng/kg RAc1 group. ϨϨϨP≤0.001 for
comparison of serum IL-1β variations between CFA
and CFA+200 ng/kg RAc1groups in the same days.
ΩΩΩP≤0.001 for comparison of serum IL-1β var-
iations between CFA+DFX and CFA groups in the
same days. ϴϴϴP≤0.001 for comparison of serum
IL-1β variations between CFA and CFA Control
groups in the same days. ¥P≤ 0.05 and ¥¥P≤ 0.01
for comparison of serum IL-1β expression levels be-
tween baseline and different days of the study in the
CFA+DFX group.
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Fig. 7. A, B, C: A Immunoblots of hepcidin expres-
sion during different stages of persistent inflamma-
tion (day 0, 7, 14 and 21) in CFA and CFA+RAc1
groups. All densitometry data were demonstrated as
hepcidin/β-actin ratio. Data are represented as
Mean ± SEM (n=6/group). B Hepcidin expression
during different stages of persistent inflammation in
all experimental groups. The hepcidin/β-actin ratio
significantly increased in days 7, 14 and 21 after CFA
injection compared with day 0 in CFA group.
Hepcidin expression significantly increased in dif-
ferent time points of the study in the CFA group
compared with baseline and long-term administra-
tion of RAc1remarkably decreased hepcidin expres-
sion. Results as Mean ± SEM (n=6/group) stated.
***P≤ 0.001 for comparison of the hepcidin ex-
pression variations between baseline and different
days of the study in CFA group. $P≤ 0.05 and $
$P≤ 0.01 for indicating the changes in hepcidin
expression at days 14 and 21 compared with day 7 in
CFA group. #P≤ 0.05 and ##P≤ 0.01 for com-
parison of hepcidin/β-actin ratio variations between
baseline and different days of the study in the
CFA+200 ng/kg RAc1 group. ^P≤ 0.05 and
^^P≤ 0.01 for comparison of hepcidin/β-actin ratio
variations between baseline and different days of the
study in the CFA+400 ng/kg RAc1 group. C CFA
injection considerably increased hepcidin/β-actin
ratio, while effective dose of intraperitoneal admin-
istration of RAc1 caused a significant reduction in
hepcidin/β-actin ratio compared with CFA group.
Results as Mean ± SEM (n=6/group) stated.
ϨϨϨP≤0.001 for comparison of hepcidin expression
variations between CFA and CFA+200 ng/kg
RAc1groups in the same days. ϴϴϴP≤0.001 for
comparison of PWL variations between CFA and CFA
Control groups in the same days.
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exerts its protective properties against elevated iron levels and neural
injury. In this regard, Wei-Jian Zhang, et al., have reported that DFX
can inhibit TNF-α and IL-1β expression and LPS-induced superoxide
production by nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase in vivo in experimental mice [32]. F.J. Andrews, et al., have
indicated that adjuvant disease is an appropriate model of iron deposit
in inflamed synovium, which has close approximation to RA and is
accompanied with erosive bone damage. They also showed that DFX
induced mild iron deficiency and reduced the severity and incidence of
joint inflammation associated with adjuvant disease in experimental
rats, however, could not alter the local primary inflammatory response
or the systemic sequelae in joint mediated inflammation. Moreover, the
iron dextran exacerbated joint inflammation selectively in RA. In line
with our results, they stated that effective dose of DFX could reduce
both acute and chronic inflammatory symptoms such as hyperalgesia
and edema [8]. Whilst, DFX could not decrease expression of liver
hepcidin in both acute and chronic phases of inflammation. It is
tempting to speculate that DFX exerts its effects by affecting in-
flammatory cytokines expressions and intracellular pathways activities,
not hepcidin expression. George J. Kontoghiorghes, et al., have men-
tioned that DFX has many toxic adverse effects, such as neutropenia,
thrombocytopenia, and pancytopenia, and also swelling and soreness at
the site of the injection. So, the wide ranges of research to define new
therapeutic approaches with fewer side effects including new iron
chelators are in progress [33].

There are numerous chelating agents with different ability to bind
with excess iron based on their metal ion affinity, cell permeability, and
molecular weight. Thorburn, et al., have stated that administration of
iron chelating agents can reduce leukocytes activation and recruitment
within the intestinal microcirculation in sepsis induced by LPS via re-
ducing the formation of reactive oxygen species. Moreover, Iron che-
lation therapy may be beneficial for treating infections with low sus-
ceptibility/resistance to antibiotics [28].

Nanotechnology and nanomedicine are complementary disciplines
with the aim of amending human's life. Nanotechnology is an emerging
branch of science for designing tools and devices of size 1–100 nm, with
unique functions at the cellular, atomic and molecular levels. The
concept of using nanotechnology in medical research and clinical
practice is known as nanomedicine [34]. In the previous research stu-
dies, therapeutic effects of nano structures, which were synthetized
based on Nanochelating technology, were evaluated and proved. Ka-
lanaky et al. stated that BCc1 nano structure can induce neoplastic cell
apoptosis and reduce tumor growth in breast cancer-bearing balb/c
mice [13]. Also, Fakharzadeh et al. have shown that MSc1 nano
structure could decrease disability signs in experimental autoimmune
encephalomyelitis mice and increase survival [12]. RAc1 nano particle
is synthetized based on mentioned technology and has iron chelating
properties. In the present study, RAc1 could reduce paw edema,
thermal hyperalgesia and TNF-α and IL-1β expression levels compared
to CFA and DFX groups. It is of interest to note that RAc1 could effi-
ciently decrease hepcidin expression in contrast with DFX. In support of
the latter, RAc1 nano particle has iron chelating properties and exerts
part of its effects via iron metabolism. It is crystal clear that zinc is an
essential trace element for living organisms and their biological pro-
cesses [35]. Subsequent studies have elucidated a broad array of ef-
fective functions beyond zinc chelation which implicate its momentous
role in therapies via regulating the immune system in zinc deficiency
diseases and inflammation as well [17]. Sanna et al. in their Meta-
Analysis study have shown that zinc level is decreased in serum and
plasma of patients with autoimmune disorders compared with controls
[16]. They suggested that “in populations with higher genetic risk of
autoimmunity, it would be therefore interesting to have clinical trial
investigations in the field of zinc supplementation for preventing and/
or treating autoimmune diseases”. Also, Xin et al. have reported that
decreased serum level of zinc is generally present in RA patients [36].
There is clear evidence in the literature supporting a role for zinc

supplementation in controlling inflammatory processes and auto-
immune disorders. In the study by Hadj Abdallah, using zinc acexamate
could reduce pro-inflammatory cytokines such as TNF-α and IL-1β in
rat model of renal warm ischemia [37]. Also, Stoye et al. have stated
that zinc aspartate could suppress T cell activation in vitro and relapse
experimental autoimmune encephalomyelitis in SJL/J mice [38]. So, it
is therefore conceivable that RAc1 nano particle may exert part of its
therapeutic effects through zinc supplement in its structure. As such, it
deserves consideration as a therapeutic target.

In agreement with this notion, our data therefore revealed that anti-
inflammatory effects of RAc1 nano particle can be partially related to
the reduction of liver hepcidin and serum TNF-α and IL-1β expression
levels, which were aligned with hyperalgesia and edema reduction
during CFA-induced inflammation.

5. Conclusion

The results of the present experiment suggest that im-
munomodulatory effects of long term treatment by RAc1 may be
mediated via decrement of liver hepcidin and TNF-α and IL-1β ex-
pression levels. Interestingly, the potent anti-edematogenic, anti-hy-
peralgesic and principally anti-inflammatory effects of RAc1 nano
particle, raise the possibility to be a good candidate for the control of
inflammatory symptoms. In light of the principal role of RAc1 nano
particle, the identification of involved anti-inflammatory pathways
during long term treatment with RAc1 should bring forth novel ther-
apeutics for the treatment of inflammatory diseases. Also, further
clinical studies are needed to evaluate the anti-hyperalgesic and in-
flammatory effects of RAc1 compared with synthetic drugs.
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