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Abstract: Background: Approximately 50% of patients with inflammatory bowel disease (IBD) suffer from anemia,
which is prevalently caused by iron deficiency. Maresin 1 (MaR1) is a novel docosahexaenoic acid-derived pro-
resolving agent that promotes the resolution of inflammation. The aim of the present study was to investigate the
therapeutic effects of MaR1 on iron-deficient anemia in IL-10 knockout (IL-107) mice with spontaneous chronic
colitis. Methods: IL-107- mice of 16 weeks of age with established colitis were used for the experiments with MaR1
treatment for 2 weeks. Histologic injury, CD4+ lymphocyte values in the lamina propria, blood hemoglobin, hemato-
crit, serum iron concentrations, transferrin saturation, splenic iron stores, levels of inflammatory cytokines, expres-
sion of liver hepcidin mRNA, and western blotting of STAT3 were analyzed in this study. Results: MaR1 treatment
(0.3 ng/mouse) effectively attenuated histological colitis typically associated with decreased CD4+ lymphocytes
in the lamina propria as well as the concentrations of MPO, TNF-a, IFN-y, IL-6 and IL-17 (P<0.05). Furthermore, re-
duced expression of liver hepcidin mRNA and p-STAT3 expression, as well as increased hemoglobin concentration,
hematocrit, levels of serum iron, transferrin saturation and splenic iron stores were found in IL-107 mice after MaR1
treatment (P<0.05). Conclusions: These results indicate that MaR1 treatment ameliorates iron-deficient anemia by

reducing colonic inflammation and inhibiting hepcidin expression though the IL-6/STAT3 pathway.
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Introduction

Inflammatory bowel disease (IBD) comprises a
group of chronic relapsing inflammatory disor-
ders of the intestine with 2 main subsets,
Crohn’s disease (CD) and ulcerative colitis, with
symptoms including abdominal pain, diarrhea
and an inability to digest food, and about half
of the severe cases require surgery in order
to remove the affected bowl segment [1, 2].
Recent studies have shown that the prevalence
of anemia in patients with IBD is approximately
40% in adults and 70% in children, with iron-
deficiency being the most common cause, fol-
lowed by anemia associated with chronic dis-
ease [3, 4]. lron-deficient anemia has been
reported to be present in patients with IBD
independent of active disease; however, ane-
mia in chronic disease correlates better with

disease activity [5-7]. The deficiency of iron in
IBD is due to a combination of poor intestinal
absorption and blood loss [3]. This so-called
anemia of chronic disease is seen in associa-
tion with other inflammatory conditions, which
is often refractory to oral iron supplementation
and may require treatment with parenteral iron
or erythropoietin (EPO) [8].

The recent elucidation of the mechanisms that
regulate iron metabolism have shed light on
anemia in IBD and have revealed an important
role for hepcidin, an iron-regulating hormone
secreted by hepatocytes [9]. Several pro-inflam-
matory cytokines have been shown to increase
hepcidin expression, including IL-6, which stim-
ulates hepcidin transcription through STAT3 sig-
naling [10-12]. The inhibition of hepcidin may
potentially serve as an attractive therapeutic
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strategy in patients suffering from anemia or
chronic inflammation. In IL-10-deficient (IL-107")
mice, generated by gene targeting, most ani-
mals are growth retarded, anemic and suffer
from chronic colitis under specific pathogen-
free conditions [13]. Iron levels in the serum of
IL-107- mice have been shown to be reduced by
50% compared with normal mice [13]. Hence,
iron deficiency is a probable contributing factor
to anemia.

Maresin 1 (MaR1), a newly described docosa-
hexaenoic acid-derived mediator, is biosynthe-
sized in macrophages through the 14-lipoxy-
genation of docosahexaenoic acid and further
conversion via 13(14)-epoxidation [14]. Recent
studies have shown that MaR1 is a novel doco-
sahexaenoic acid-derived pro-resolving agent
that promotes the resolution of inflammation
[14, 15]. However, its role in iron-deficient ane-
mia in IL-107" mice is unknown. Therefore, in the
present study, we investigated the relationship
between iron-deficient anemia and hepcidin
expression in an IL-107 model of colitis after
MaR1 treatment.

Materials and methods
Animals

IL-107- and wild-type mice (16 weeks old at the
beginning of the study) on a C57BL/6 back-
ground were obtained from the Jackson La-
boratory (Bar Harbor, Maine). Mice were bred
and maintained under SPF conditions at the
Model Animal Research Center of Nanjing
University (Nanjing, China). Previous experi-
ments have demonstrated that most 107
mice on the C57BL/6 strain under SPF con-
ditions develop spontaneous colitis at 12
weeks of age. All animal studies were carried
out in accordance with the recommendations
specified in the Guide for the Care and Use
of Laboratory Animals of Nanjing University
(Nanjing, China).

Drug administration protocol

Wild-type and IL-107 mice were divided into a
wild-type group (WT), a control group (IL-10-KO)
and a treatment group (MaR1), with each group
containing 8 mice, and 3-5 mice were housed
in one cage. IL-107 mice in the treatment group
received 0.1, 0.3 or 1 ng MaR1 in 50 pl intra-
peritoneally (i.p.) once a day for 14 days. The
mice in the wild-type and control groups
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received equal volumes of vehicle. The thera-
peutic effects of MaR1 were evaluated 2 weeks
after the final drug administration.

Histology

Proximal colons were flushed with PBS and
immediately fixed in neutral buffered formalin.
The fixed samples were processed following
standard paraffin-embedded histologic meth-
ods and hematoxylin and eosin staining [16].
Disease scoring was based on a standard scor-
ing method for IL-107" murine colitis progres-
sion that involves the measurement of epithe-
lial hyperplasia, enterocyte injury, and the pres-
ence of lymphocytes and neutrophils in the
lamina propria [17]. The total histologic score
was calculated as the sum of the 4 individual
variables and had a maximum score of 10.

Hematological and iron concentration analy-
ses

At the endpoint of the experimental measure-
ments, the mice were anesthetized with an
intraperitoneal injection of 150 mg/kg ket-
amine and 8 mg/kg xylazine. Blood samples
were collected from the cannulated postcava
with a portion mixed with the anticoagulant
EDTA to measure hemoglobin concentration
and hematocrit, and the remaining untreated
blood was processed to measure serum iron
concentrations, which were measured as des-
cribed previously [18]. Briefly, blood was col-
lected in microtainer serum separator tubes
(BD Bioscience), and serum was isolated
according to the manufacturer’s instructions.
Serum iron and unsaturated iron-binding ca-
pacity (UIBC) were measured by a colorimetric
assay using the Iron/UIBC kit (Thermo Electron
Corporation). Total iron-binding capacity (TIBC)
was calculated as the sum of serum iron and
UIBC measurements, and the transferring satu-
ration percentage was calculated as serum
iron/TIBCx100. Immediately after harvesting,
the spleens were sectioned and weighed. Qu-
antitative measurements of splenic iron stores
were performed as previously described [18].
Results are reported as micrograms iron/gram
wet weight tissue.

Enzyme-linked immunosorbent assay

For cytokine determination in colonic mucosa,
protein extracts were obtained by homogeniza-
tion of colonic segments in homogenization
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Table 1. Histologic variables in proximal colon obtained from mice

in each group

Hanks Balanced Salt Solu-
tion (HBSS, Gibco-Invitrogen,
Grand Island, NY) containing

. MaR1 MaR1  MaR1
variable WT IL10KO 51 ng) (03ng  (1ng 2 mM EDTA and 1 mM DTT at
Enterocyte injury (0-3) 0 11#0.4 09:0.4 0502 0.5:0.2 37°C for 30 min. The cells
Epithelial hyperplasia (0-3) 0 1.240.5 1.040.4 0.7+0.3 0.6+0.3 ‘lcrO”; '”test'”a',b'-z were iso-
Mononuclear infiltrate (02) 0 1.1+0.3 0.9+0.2 0.7+0.3 0.6+0.2 IatEI_Ga;l]ezZIII :usp;"s'?ouns;
Neutrophil infiltrate (0-2) 0 1.1+0.3 0.9+0.3 0.7+0.2 0.8+0.3 y 115, ' P

from the LP were washed
Total score (0-10) 0 4.4+0.5 3.7+0.5 2.6+0.4* 2.5+0.3**

Data are expressed as mean + SEM, n = 8 in each group. IL-107" mice in the treat-
ment group receiving 0.1, 0.3 or 1 ng MaR1 as a 50 pl intraperitoneal (i.p.) once a
day for 14 days. *P<0.05 and **P<0.01 versus IL-10-KO group.

buffer containing a protease inhibitor. Cytokines
were measured by enzyme-linked immunosor-
bent assay (ELISA) as described by the manu-
facturer’s protocol. Mouse IL-6, TNF-a, IFN-y
and IL-17 were measured by ELISA using
DuoSet ELISA development kits (R&D systems,
Minneapolis, MN). The concentrations of the
cytokines were established in triplicate super-
natants by comparison with standard curves
generated using the appropriate recombinant
cytokines.

MPO determination was described previously
[19, 20]. In brief, blood samples were collected
by cardiac puncture under aseptic conditions
using a 1-ml syringe and spun at 1500 g for 10
min at 4°C. Tissue myeloperoxidase (MPO) de-
termination MPO was assessed as a marker for
neutrophil leucocyte infiltration and accumula-
tion in the inflamed colon tissue. MPO concen-
trations in colon tissues were evaluated.

Analysis of hepatic hepcidin gene expression

After the mice were sacrificed, pieces of liver
were excised and total RNA was prepared using
TRIzol reagent as directed by the manufacturer
(Invitrogen). Quantitative reverse-transcription
polymerase chain reaction (QRT-PCR) was car-
ried out as previously described [21], with prim-
ers specific for hepcidin. Relative expression
was calculated using the 22 method after
normalizing to GAPDH or actin. The primers
used to amplify hepcidin mRNA were 5’'CCAT-
CTGCATCTTCTGCTGT3’ and 5’AGAGAGGTCAG-
GATGTGGCT3..

Flow cytometry analysis

The colons were opened longitudinally and then
cut into strips 1 cm in length and stirred in
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twice in RPMI-1640, and iso-
lated cells were thoroughly
suspended in each tube in
100 pl RPMI-1640. For cell
surface antigen staining, ce-
lls were counted and approximately one million
cells transferred to each flow test-tube. These
cells were stained with FITC-conjugated anti-
CD4 (RM4-5; BD Biosciences, San Diego, CA),
PE-conjugated anti-CD45 (30-F11; BD Bios-
ciences) or an appropriate negative control.
Then, the stained cells were incubated at room
temperature for 30 min in the dark. The cells
were washed twice with 2 ml RPMI-1640 at
room temperature and suspended in 500 pl
RPMI-1640, and the cells were evaluated on a
FACSCalibur flow cytometer (BD Biosciences).
All flow data were analyzed using FlowJo soft-
ware.

Western blot analysis

For analysis of the effects of MaR1 on STAT3
signaling, lymphocytes were isolated from liv-
ers homogenized in 2-3 ml of lysis buffer sup-
plemented with a protease inhibitor cocktail
(Sigma). Debris was eliminated by centrifuga-
tion at 10,000 g at 4°C for 15 min. Immu-
noblotting was performed as described previ-
ously [11]. The primary antibodies against STAT-
3 and p-STAT-3 were purchased from Cell
Signaling Technology (Danvers, MA, USA). An-
tibodies were detected by incubating the me-
mbranes with ECL Plus (Amresco, Solon, OH,
USA) following exposure to X-ray film. The blots
were quantified by densitometrically using
QUANTITY ONE 1-D analysis software (Bio-Rad,
Hercules, CA).

Statistical analysis

SPSS version 17.0 software (SPSS, Inc., Ch-
icago, IL) was used to perform the statistical
analyses. The data were expressed as means
with their standard errors (SEM). Single-factor
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Figure 1. Representative images of CD4+ lymphocyte values in wild-type, IL-107-and MaR1 treatment mice in colon

lamina propria (LP) (n = 6 in each group).

variance analyses of variance were used to
evaluate changes in groups. Results were con-
sidered statistically significant if P-values were
<0.05.

Results

MaR1 treatment ameliorated histological coli-
tis associated with decreased CD4+ lympho-
cytes in IL-107- mice

We first quantified the protective effects of
MaR1 treatment on histologic injury. Compared
with wild-type mice, IL-107" mice that received
vehicle treatment showed a higher total histo-
logic score (P<0.01). IL-107- mice that received
MaR1 treatment (0.3 ng and 1 ng/mouse)
showed a significant reduction in total histolog-
ic score when compared with mice in the con-
trol group (Table 1). Interestingly, doses of 0.3
and 1 ng/mouse showed similar effect (Table
1) and, for this reason, MaR1 was used at 0.3
ng/mouse for subsequent experiments.

It has been shown that CD4 mediates chro-
nic inflammation in the colon of IL-107" mice.
Hence, we evaluated the effect of MaR1 (0.3
ng/mouse) on LP CD4+ lymphocytes. We found
that MaR1 treatment significantly reduced the
CD4+ values in IL-107- mice (P<0.01, Figure 1).

MaR1 ameliorates anemia by improving the
iron status in IL-107- mice

We found that the development of colonic
inflammation resulted in significant anemia in
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IL-107 models of IBD (Figure 2). Compared with
the WT group, hemoglobin concentrations and
hematocrit percentages were significantly de-
creased in 1107 mice (P<0.01). After MaR1
treatment, blood hemoglobin values and hema-
tocrit were significantly increased in the group
of IL-10-KO mice (P<0.05).

Next, we investigated whether MaR1 treatment
regulates serum iron levels. Serum iron and
transferrin saturation were significantly de-
creased in the IL-107- mice compared with WT
mice (P<0.01, Figure 3), After MaR1 treatment,
serum iron and transferrin saturation consider-
ably increased (P<0.05). We also measured
splenic iron stores. As expected, mice in the
IL-10-KO group showed lower spleen iron con-
tent compared with mice in the WT group
(P<0.01). However, treatment with MaR1 in the
IL-107 mice significantly increased iron concen-
trations (P<0.05) (Figure 3).

MaR1 suppressed colonic MPO and pro-in-
flammatory cytokines in IL.-107- mice

MPO concentration is widely accepted as a
marker to quantify the degree of the accumula-
tion of inflammatory cells, especially neutro-
phils in colon tissues. As shown in Figure 4A,
MPO concentration was reduced significantly
by MaR1 treatment in IL-107 mice (P<0.05).

It has been shown that Th1/Th17 cells differen-
tiated from CD4 mainly mediate chronic inflam-
mation in the colon of IL-107 mice. We next
analyzed whether MaR1 treatment was associ-
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Figure 2. Effect of MaR1 on hemoglobin concen-
tration and hematocrit in IL-107- mice. Hemoglobin
concentration (A) and percentage of hematocrit (B)
in mice of each group (n = 8). Data are presented as
means + SEM. *P<0.05 and **P<0.01 versus IL-10-
KO group.

ated with changes in the production of cyto-
kines in colon tissues. As shown in Figure 4, all
of the markers of Thl and Thl7 cells were
increased significantly in IL-107” mice when
compared with WT mice. TNF-«, IFN-y, IL-6 and
IL-17 levels were significantly lower in mice
treated with MaR1 than mice in the IL-10-KO
group (P<0.05).

MaR1 treatment reduced the levels of liver
hepcidin and STAT-3 activation in IL.-107- mice

As shown in Figure 5A, IL-107- mice in the IL-10-
KO group expressed significantly higher levels
of hepcidin in their livers than mice in WT group
(P<0.01), while the relative expression of liver
hepcidin mMRNA was successfully reduced after
MaR1 treatment (P<0.05). Previous studies
have shown that TNF, pathogens and IL-6 stim-
ulate hepcidin synthesis via STAT-3 activation
[9]. To further determine the therapeutic effects
of MaR1, Western blotting of STAT 3 and p-STAT

2762

A 2004 O wr
B3 IL-10-KO
- B MaR1
__ 1504 - .
=
=)
1
§ 100
£
2
& 50
0 T
B 50- O wT
” B3 IL-10-KO
- I B MaR1
g 40 o
c
8
E
£
g 204
c
g
£
- 10_
@
0 T
C o wT
B IL-10-KO
1500+
Bl MaR1

*K

10004
5004 i

Figure 3. Effect of MaR1 on the iron status in IL-107
mice. Levels of serum iron (A), transferrin saturation
(B) and splenic iron stores (C) in each group (n = 8).
Data are presented as means + SEM. *P<0.05 and
**P<0.01 versus IL-10-KO group.

Spleen iron (ug/g)

3 expression in lymphocytes isolated from
mouse liver was performed. As shown in Figure
5B and 5C, treatment with MaR1 reduced
p-STAT 3 expression significantly, while the lev-
els of total STAT 3 proteins were not affected
(P>0.05).

Discussion
Although the exact pathogenesis of IBD has not

yet been fully elucidated, it is suspected to
involve a resistance of T-cell apoptosis in the

Am J Transl Res 2016;8(6):2758-2766
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lamina propria, resulting in inappropriate cell
activation and proliferation accompanied with
an exaggerated immune response and the
release of pro-inflammatory cytokines such as
TNF-a, Th1 (IFN-y) and Th17 (IFN-y) cytokines
[1, 2]. The production of Thl and Thl17 is pre-
dominantly attributed to CD4+ T cells [22]. In
this study, we utilized an IL-107" mouse model
of spontaneous experimental colitis similar to
CD to investigate the therapeutic effects of
MaR1 on chronic inflammation. Our results
demonstrated that IL-107 mice MaR1 treat-
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Figure 4. Effect of MaR1 on MPO
and cytokines in IL-107- mice in each
group (n = 8). Data are presented
as means + SEM. *P<0.05 and
**P<0.01 versus IL-10-KO group.

ment promoted a significant reduction in total
histologic score when compared with IL-10-KO
mice. In addition, MaR1 effectively reduced the
infiltration of CD4+ T cells in the LP and the lev-
els of MPOQ, IL-6, IL-17, IFN-y and TNF-« in the
colon tissue compared with vehicle treatment
in IL-107° mice, which could, at least in part,
explain the reduction in histologic score.

IL-10 affects the growth and differentiation of
many hematopoietic cell types in vitro, and
most IL-107- mice show growth retardation and
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Figure 5. Effect of MaR1 on liver hepcidin mRNA and
STAT3 activation in IL-107 mice in each group (n = 8).
Data are presented as means + SEM. *P<0.05 and
**P<0.01 versus IL-10-KO group.

anemia as a result of chronic inflammation in
the gut [13, 18]. Kuhn et al. [13] demonstrated
that iron levels in the sera of IL-107" mice were
reduced by 50% compared with normal animals
and iron stores were found to be depleted in
the spleen, and alterations of hematopoietic
tissues of IL-107° mice under SPF conditions
were similar to those from conventional breed-
ing. Several parameters such as serum iron,
iron-binding capacity and transferrin saturation
were used to evaluate the anemia [18, 23, 24].
Both iron-deficient anemia and anemia of
chronic disease, the 2 main types of anemia
found in patients with IBD, are characterized by
decreases in serum iron concentrations and
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transferrin saturation [25]. In the present stu-
dy, hematocrit and blood hemoglobin were
decreased in IL-107 mice, suggesting signifi-
cant anemia, and we found that levels of serum
iron, transferrin saturation and spleen iron
stores were also significantly decreased. The
anemia observed in IL-107" mice is similar to
that in human patients with IBD, where iron-
deficient anemia is the most prevalent diagno-
sis [3]. Our findings are in line with Carter et al.
[4], demonstrating that transferrin saturation
and spleen iron concentration were significant-
ly decreased in a T-cell transfer model of chron-
ic colitis. Furthermore, serum iron and transfer-
rin saturation were significantly lower in anemic
patients with Crohn’s disease [26]. However,
MaR1 treatment significantly improved the iron
status and anemia. These hematology and iron
concentration modifications may result, at
least in part, from reduced colon inflammation
following MaR1 treatment.

The discovery of the iron-regulating role of the
hormone hepcidin and the elucidation of its
mechanism of action have led to a better un-
derstanding of the physiopathology of human
iron disorders [24, 27]. Although several pro-
inflammatory cytokines have been shown to
increase hepcidin expression, IL-6 has been
the best studied. It stimulates hepcidin tran-
scription through STAT3 signaling [9]. STAT3
belongs to the signal transducer and activator
of transcription (STAT) family of signal respon-
sive transcription factors. In non-stimulated
cells, STAT3 is kept in an inactive cytoplasmic
form [28]. The JAK2/STAT3 pathway is a stress-
response mechanism that transduces signals
from the cell surface to the nucleus, thereby
modulating gene expression. Previous studies
have shown that STAT3 inhibitors or neutraliza-
tion of IL-6 showed potential therapeutic effects
in anemia [9, 29, 30]. In this study, we found
that significantly increased levels of hepcidin
and p-STAT3 were observed in IL-107" mice,
while MaR1 treatment significantly reduced
their expression. These findings indicated that
increased levels of hepcidin regulated by the
IL-6/STAT3 pathway may contribute to the dys-
regulation of iron metabolism and the inflam-
mation of the colon in IL-107- mice with sponta-
neous colitis.

In conclusion, this study shows for the first time
that MaR1 treatment ameliorates anemia by
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reducing colonic inflammation and inhibiting
hepcidin expression. These findings may help
to develop novel horizons in the treatment of
IBD patients with iron-deficient anemia. How-
ever, further studies are required to determine
the exact role that MaR1 plays in attenuating
the activation of mucosal immunity.
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