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Abstract
During mucosal inflammation, a complex array of proinflammatory and protective mechanisms
regulates inflammation and severity of injury. Secretion of anti-inflammatory mediators is a
mechanism that is critical in controlling inflammatory responses and promoting epithelial restitution
and barrier recovery. AnxA1 is a potent anti-inflammatory protein that has been implicated to play
a critical immune regulatory role in models of inflammation. Although AnxA1 has been shown to
be secreted in intestinal mucosal tissues during inflammation, its potential role in modulating the
injury/inflammatory response is not understood. In this study, we demonstrate that AnxA1-deficient
animals exhibit increased susceptibility to dextran sulfate sodium (DSS)-induced colitis with greater
clinical morbidity and histopathologic mucosal injury. Furthermore, impaired recovery following
withdrawal of DSS administration was observed in AnxA1 (−/−) animals compared with wild-type
(WT) control mice that was independent of inflammatory cell infiltration. Since AnxA1 exerts its
anti-inflammatory properties through stimulation of ALX/FPRL-1, we explored the role of this
receptor-ligand interaction in regulating DSS-induced colitis. Interestingly, treatment with an ALX/
FPRL-1 agonist, 15-epi-lipoxin A4 reversed the enhanced sensitivity of AnxA1 (−/−) mice to DSS
colitis. In contrast, 15-epilipoxin A4 did not significantly improve the severity of disease in WT
animals. Additionally, differential expression of ALX/FPLR-1 in control and DSS-treated WT and
AnxA1-deficient animals suggested a potential role for AnxA1 in regulating ALX/FPRL-1
expression under pathophysiological conditions. Together, these results support a role of endogenous
AnxA1 in the protective and reparative properties of the intestinal mucosal epithelium.

Inflammatory conditions of the gastrointestinal tract are a significant cause of morbidity and
mortality worldwide. Conditions such as infectious colitis and inflammatory bowel disease
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induce erosion and ulceration of mucosal tissues and impaired gastrointestinal function. During
the onset of mucosal injury and inflammation, a complex array of inflammatory signaling is
initiated involving PG and cytokine production (1). Subsets of cytokines, including IL-8, IFN-
γ, and TNF-α, impair intestinal epithelial function and lead to the recruitment of inflammatory
cells to sites of injury (2). For example, IFN-γ and TNF-α have been shown to impair intestinal
epithelial ion transport and induce disassembly of intercellular junctions and apoptosis (3-5).
IL-8 is a potent recruiter of leukocytes (6). However, concurrent activation of protective
mechanisms serves to regulate the degree of inflammation and severity of injury. Elaboration
of a variety of factors, including IL-11 and inducible NO synthase, is critical to the defensive
mechanism of the intestinal mucosa to sustain functional integrity (1,7-9).

AnxA1 is a calcium-dependent phospholipid binding protein originally reported to be induced
by glucocorticoids and inhibit phospholipase activity (10,11). AnxA1 has subsequently been
shown to regulate diverse cellular functions in a variety of cell types and exhibits profound
inhibitory actions on leukocyte transmigration and activation (12,13). A protective and anti-
inflammatory role of AnxA1 has been demonstrated in models of endotoxemia, peritonitis,
arthritis, as well as cerebral and myocardial ischemia (13-19). In vitro studies from our group
have implicated a role for AnxA1 in stimulating migration of a model intestinal epithelial cell
line important for regenerative mucosal responses (20). Consistent with these findings, recent
studies have identified a role for AnxA1 in promoting healing of indomethacin-induced gastric
ulcers (21).

In addition to its phospholipase inhibitory actions, protective and anti-inflammatory properties
of AnxA1 have been shown to be mediated by signaling through formyl peptide receptors
(FPR).4 In particular, the protective effect of AnxA1 in models of myocardial ischemia has
been shown to be sensitive to antagonism of FPR (18). Additionally, the inhibition of leukocyte
function and promotion of gastric mucosal wound healing has been ascribed to stimulation of
ALX/FPRL-1 by AnxA1 (22,23). ALX/FPRL-1 is expressed in intestinal epithelial cells where
it has been shown to regulate anti-inflammatory signaling (24,25). Interestingly, secretion of
AnxA1 has been identified in inflamed intestinal mucosaltissues (26,27); however, the
functional significance of this event has yet to be determined. We therefore sought to determine
the role of AnxA1 in modulating intestinal mucosal injury and inflammation. Using AnxA1
knockout animals, we demonstrate that lack of AnxA1 expression results in an increased
susceptibility to acute dextran sulfate sodium (DSS)-induced colitis as well as impaired
recovery following DSS withdrawal. Additionally, our findings also implicate a critical role
for ALX/FPRL-1 in mediating the protective effects afforded by AnxA1 during the
inflammatory process.

Materials and Methods
Animals

Wild-type (WT) female BALB/c mice were purchased from The Jackson Laboratory. AnxA1
null mice were generated as previously described (28). Animals were maintained on a 12-h

4Abbreviations used in this paper:

FPR formyl peptide receptor

DAI disease activity index

DSS dextran sulfate sodium

WT wild type

MPO myeloperoxidase
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light/12-h dark cycle under pathogen-free conditions. The mice had ad libitum access to a
standard diet and water until reaching the desired age (8–10 wk) and/or weight (20–25 g). All
procedures using animals were reviewed and approved by the Emory University Institutional
Animal Care and Use Committee and were performed according to the criteria outlined by the
National Institutes of Health.

Induction of colitis
Seven percent (w/v) DSS (molecular mass, 36–50 kDa; MP Biomedicals) was dissolved in
purified water and administered to mice for 7 days (29). For rescue studies with ALX/FPRL-1
stimulation, we used 15-epi-lipoxin A4 ((5S,6R,15R)-5,6,15-trihydroxy-7,9,13-trans-11-cis-
eicosatetraenoic acid; Calbiochem) which was injected i.p. (0.4 μg/animal) daily during the
course of DSS administration.

Western blotting
Mucosal tissues manually stripped from mouse colons using stereomicroscopy, or cell
monolayers were placed in lysis buffer (100 mM KCl, 3 mM NaCl, 3.5 mM MgCl2, 10 mM
HEPES (pH 7.4), and 1% Triton X-100) containing protease and phosphatase inhibitors
(Sigma-Aldrich). Lysates were dounced, and insoluble material removed by centrifugation
(16,000×g/10 min/4°C). Cleared lysates were normalized for protein concentration, mixed with
reducing Laemelli sample buffer (containing 20 mM DTT final concentration), and subject to
SDS-PAGE. Proteins were transferred to nitrocellulose membranes and immunoblotted using
rabbit anti-annexin 1 and actin Abs.

Immunofluorescence
Colonic tissue samples for immunofluorescence were embedded in O.C.T. (Sakura) and
cryosectioned (5 μm thick). Tissue sections were then fixed in 3.4% paraformaldehyde for 20
min at room temperature and washed with HBSS+. Sections were then permeabilized with 1%
Triton X-100 in HBSS+, washed, then blocked in HBSS+ containing 3% BSA for 1 h at room
temperature. After incubation for 1 h with primary Abs in 3% BSA blocking buffer, sections
were washed, incubated for 1 h with Alexa dye-conjugated secondary Abs, washed, and then
incubated with To-Pro-3 iodide to visualize nuclei. The sections were mounted in p-phenylene-
diamine and analyzed using a Zeiss LSM510 laser scanning confocal microscope (Zeiss).
Integrated pixel intensity analysis was performed using the Zeiss LSM 510 (V 4.03) image
analysis software. Images for this analysis were taken at identical detector gain settings.

Assessment of inflammation in DSS-treated mice
Daily clinical assessment of DSS-treated animals included measurement of body weight,
evaluation of stool consistency, and the presence of blood in the stools by a guaiac paper test
(Hemoccult Sensa; Beckman Coulter). A validated clinical disease activity index (DAI)
ranging from 0 to 4 was calculated using the following parameters: stool consistency, presence
or absence of fecal blood, and percentage of weight loss (30). Mice were sacrificed at day 7,
or 7 days following DSS withdrawal, and the colons were removed. The length and weight
were measured (31) after exclusion of the cecum and before dividing the colon for histology
and evaluation of myeloperoxidase (MPO) activity (32).

Tissue MPO activity
MPO activity was measured in tissue adjacent to that used for histology. Samples were rinsed
with cold PBS, blotted dry, and immediately frozen in liquid nitrogen. They were stored at
−80°C until assayed for MPO activity using the o-dianisidine method (33,34).
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Histology
For each animal, histological examination was performed on three samples of the distal colon.
H&E-stained sections were generated from 5-mm segments of the distal colon. All histological
quantification was performed in a blinded fashion using modified validated scoring systems
(35-37). Five independent parameters were measured: 1) severity of inflammation (0–3: none,
mild, moderate, severe); 2) depth of injury (0–3: none, mucosal, mucosal and submucosal,
transmural); 3) crypt damage (0–4: none, basal one-third damaged, basal two-thirds damaged,
only surface epithelium intact, entire crypt and epithelium lost); 4) submucosal edema (0–3:
no changes, mild edema (the submucosa is <0.20-mm wide and accounts for <50% of the
diameter of the entire intestinal wall), moderate edema (the submucosa is 21- to 45-mm wide
and accounts for 50–80% of the diameter of the entire intestinal wall), profound edema (the
submucosa is >0.46-mm wide and accounts for >80% of the diameter of the entire intestinal
wall); and 5) polymorphonuclear granulocyte infiltration in the lamina propria (0 = <5
polymorphonuclear granulocyte; 1 = 5–20; 2 = 21–60; and 3 = 61–100). The scores of the
parameters were multiplied by a factor reflecting the percentage of tissue involvement (×1: 0–
25%, ×2: 26–50%, ×3: 51–75%, ×4: 76–100%), and these values were summed to obtain a
maximum possible score of 68.

RT-PCR analysis
Total RNA extraction was performed on mucosal tissues isolated via scraping using TRIzol
reagent (Invitrogen). Expression of murine FPR1 (NM_013521), FPR-rs2 (NM_008039), and
ALX/FPRL-1 (NM_008042) was analyzed by real-time PCR using iQ SYBR mix (iCycler;
Bio-Rad). Validated primers for the above genes of interest were obtained from Superarray
Biosciences, and the following GAPDH primers were obtained from Integrated DNA
Technologies: Forward- 5′-TGCACCACCAAC TGCTTAG-3′, reverse 5′-
GATGCAGGGATGATGTTC-3′. Melt curve analysis was performed to verify specificity of
reactions.

Statistical analysis
Results are expressed as the mean ± SEM. One-way ANOVA with post hoc testing or paired
Student’s t tests were used to compare results from different experiments.

Results
Annexin A1 expression is increased in colonic mucosal tissues following DSS treatment

Increased expression and secretion of AnxA1 has been reported to occur in inflamed mucosal
tissues in rodent models of colitis and in human ulcerative colitis (26,27). Given the
homeostatic and anti-inflammatory properties of AnxA1, it is likely that this increased
expression might serve to counteract proinflammatory and injurious responses in the mucosa.
However, experiments demonstrating the functional significance of such increased AnxA1
expression in the injured intestine are lacking. We therefore sought to examine the expression
and role of AnxA1 in the DSS-induced acute colitis model. We first examined the total protein
levels of AnxA1 in colonic mucosa in DSS-treated and nontreated WT BALB/c animals. As
shown in Fig. 1A, western blot analysis of mucosal lysates revealed increased expression of
AnxA1 in DSS-treated animals compared with nontreated controls. Based on densitometric
analysis, AnxA1 levels were increased 1.5-fold in the DSS-treated animals (Fig. 1B; *, p-value
<0.05). To control for the specificity of the anti-AnxA1 Abs, Western blot analysis of mucosal
lysates was performed on AnxA1-deficient animals, which revealed no AnxA1 signal as
expected (Fig. 1C). Thus, acute colitis induced by DSS results in increased levels of AnxA1
in the colonic mucosa.
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Annexin A1 expression is increased in intestinal epithelial cells following DSS treatment
To determine the cell types that express the protein and might contribute to the increased
mucosal AnxA1 protein levels following DSS treatment, immunofluorescence studies were
performed on frozen sections of WT BALB/c colonic mucosa. Both surface and crypt epithelial
cells express AnxA1 (Fig. 2A, arrows). Mononuclear cells in the lamina propria also express
AnxA1 (Fig. 2A, arrowheads). In surface enterocytes, AnxA1 was found along the apical and
lateral membrane plasma membranes as well as in the cytoplasmic compartment (Fig. 2B). In
contrast AnxA1 was identified predominantly in the cytoplasm of the crypt epithelium (Fig.
2C). Following DSS treatment, AnxA1 was up-regulated in both surface and crypt epithelial
cells (Fig. 2, B-E; images were captured at identical detector gain settings). Based on integrated
pixel intensity analysis, the epithelium exhibited a 1.6-fold increase in AnxA1 levels in DSS-
treated animals compared with nontreated controls (Fig. 2F; *, p-value <0.05). Thus, AnxA1
is expressed in murine colonic epithelial cells and its expression is increased by DSS-induced
injury. AnxA1 was also identified in infiltrating leukocytes in DSS-treated animals (15,38).
Therefore, the enhanced intestinal epithelial expression of AnxA1 and infiltration of
inflammatory cells expressing AnxA1 contribute to the increase in total AnxA1 levels in
mucosal tissues of DSS-treated animals.

Annexin A1-deficient mice exhibit increased susceptibility to DSS-induced acute colitis
To determine the role of AnxA1 in regulating epithelial barrier function following acute colonic
injury and inflammation, WT and AnxA1 (−/−) BALB/c mice (n ≥ 6) were treated with 7%
DSS for 7 days and clinical assessments were performed. As shown in Fig. 3A, a more
pronounced weight loss was observed in AnxA1 (−/−) mice within 3 days after DSS
administration compared with DSS-treated WT animals (*p-value <0.05). AnxA1 (−/−) mice
also displayed increased DAI scores beginning on day 1 of DSS treatment, which remained
elevated throughout the course of DSS treatment compared with WT animals (Fig. 3B; *, p-
value <0.05). Rectal bleeding scores were increased during DSS treatment in AnxA1 (−/−)
mice compared with WT controls (Fig. 3C; *, p-value <0.05) and the colon length:weight ratio
was ~18% higher in AnxA1 (−/−) animals than in WT mice following 7 days of DSS
administration (Fig. 3D; *, p-value <0.05). No mortality was observed in WT or AnxA1 (−/−)
mice during the 7 days of DSS treatment (data not shown). Histologic analysis revealed a
greater degree of injury in AnxA1 (−/−) mice compared with WT animals following DSS
treatment. As shown in Fig. 4A, representative photomicrographs of H&E-stained sections
revealed a greater degree of epithelial injury, increased neutrophil infiltration, and
inflammatory changes in submucosal tissues (arrows) of AnxA1 (−/−) mice compared with
WT animals following 7 days of DSS treatment. Thus, DSS-treated AnxA1 (−/−) animals
exhibited an increased histologic score of injury and MPO activity in mucosal tissues compared
with controls (Fig. 4, B and C; *, p-value <0.05). Taken together, the above data demonstrate
increased susceptibility of AnxA1 (−/−) mice to DSS treatment and support a protective role
for AnxA1 in acute colonic injury.

AnxA1-deficient mice exhibit impaired clinical and histopathologic improvement following
withdrawal of DSS treatment

To determine whether AnxA1 plays a role in reparative responses following colonic injury,
AnxA1 (−/−) and WT mice were assessed over a course of DSS treatment for 7 days, at which
time DSS administration was withdrawn and mice were followed for a subsequent 7 days.
AnxA1 (−/−) mice exhibited a 25% mortality rate within the first 48 h following withdrawal
of DSS, while no mortality was observed for WT animals (data not shown). All subsequent
data shown was derived using only AnxA1 (−/−) animals that survived the entire course of the
experiment. As shown in Fig. 5A, AnxA1 (−/−) animals exhibited increased weight loss
compared with WT controls over the initial 7 days of DSS treatment. Following withdrawal
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of DSS, WT animals regained an average of 1.75% original body weight/day returning to a
similar weight to that before DSS treatment. However, AnxA1 (−/−) mice exhibited continued
weight loss for the first 3 days following DSS treatment and did not demonstrate any significant
improvement in body weight over the 7-day period following DSS withdrawal (Fig. 5A; *, p-
value <0.05). Similarly, WT animals demonstrated a significant improvement in DAI following
DSS withdrawal with an average reduction of 0.3 points/day in DAI score over the 7-day
recovery period. In contrast, AnxA1 (−/−) animals only began to show a reduction in the DAI
score starting 5 days post DSS withdrawal and on the average an overall reduction of 0.2 points/
day over the 7-day recovery period was observed (Fig. 5B; *, p-value <0.05). Histopathologic
analysis revealed signs of improvement in mucosal injury in WT animals following 7 days of
DSS withdrawal with a reduction in the degree of epithelial injury (Fig. 5C) and a reduction
of 5.95 in the histologic scoring of injury (Fig. 5D). Interestingly, in AnxA1 (−/−) animals, a
significant reduction in leukocyte infiltration into mucosal tissues was observed 7 days
following DSS withdrawal. However, the degree of epithelial loss continued to increase (Fig.
5C), and, largely due to this loss, the histologic injury score increased by an average of 11
points (Fig. 5D). Note that in WT and AnxA1 (−/−) animals, abnormal mucosal architecture
denoted by irregular spacing and loss of crypts was identified. Such crypt architectural
abnormality and damage was significantly more pronounced in the AnxA1 (−/−) mice (Fig.
5C). MPO scores correlated with the histologic observations (Fig. 5E). However, AnxA1 (−/
−) mice exhibited a reduction in MPO activity similar to that of WT animals following 7 days
of recovery (average of 28 points; Fig. 5E, *, p-value <0.05). Taken together, the above data
indicate an impaired ability of AnxA1 (−/−) animals to recover following DSS withdrawal and
support a role for AnxA1 in mucosal reparative responses. These data also implicate an
important role for AnxA1 in regulating the biologic responses of murine intestinal epithelial
cells following acute injury given that AnxA1 (−/−) mice exhibited greater epithelial loss over
the recovery period while the inflammatory cell infiltration decreased to levels similar to that
of WT controls.

ALX/FPRL-1 stimulation decreases the susceptibility of AnxA1-deficient mice to DSS-
induced colitis

Major anti-inflammatory effects of AnxA1 are mediated via activation of ALX/FPRL-1 (22,
23,39). Thus, we sought to determine whether lack of ALX/FPRL-1 stimulation could
contribute to the susceptibility of AnxA1-deficient animals to DSS-induced colitis. For these
studies, WT and AnxA1 (−/−) BALB/c mice (n ≥ 6) were treated with 7% DSS for 7 days with
or without daily i.p. injection of a metabolically stable ALX/FPRL-1 agonist, 15-epilipoxin
A4 (0.4 μg/day). AnxA1 and lipoxin A4 analogues have been shown to induce similar anti-
inflammatory and protective effects via activation of ALX/FPRL-1 (39-41). As shown in Fig.
6A, treatment of AnxA1 (−/−) animals with 15-epi-lipoxin A4 over the course of DSS
administration results in similar weight loss to that of WT DSS-treated controls. Interestingly,
no significant improvement in weight loss due to DSS treatment was observed in WT BALB/
c animals. The DAI score for AnxA1 (−/−) animals was significantly higher than that of
controls, and treatment with 15-epi-lipoxin A4 resulted in DAI scores similar to that of WT
DSS-treated animals (Fig. 6B). No improvement in DAI was observed in WT animals treated
with 15-epi-lipoxin A4 compared with WT animals treated with DSS alone. Finally,
histopathologic analysis demonstrated a significant improvement in mucosal injury due to DSS
administration in 15-epi-lipoxin A4-treated AnxA1 (−/−) animals compared with those
receiving DSS alone (Fig. 6, C and D). In WT animals treated with DSS, concurrent 15-epi-
lipoxin A4 treatment did not result in a statistically significant improvement in the histologic
injury score (Fig. 6, C and D). Thus, in absence of AnxA1, ALX/FPRL-1 stimulation is
effective in reducing the severity of DSS-induced disease analogous to that observed in WT
controls. In the presence of AnxA1 (in WT mice), ALX/FPRL-1 stimulation with the current
protocol and ligand did not improve the course of disease.
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AnxA1-deficient mice exhibit reduced expression of ALX/FPRL-1 during DSS-induced colitis
Given that treatment with 15-epi-lipoxin A4 rescued the severity of DSS-induced colitis in
AnxA1 (−/−) animals and did not significantly influence disease in WT animals, we
hypothesized that AnxA1 (−/−) animals may have differences in their expression of FPR family
members compared with WT animals. We focused on expression of murine receptors most
closely related to the human counterparts that interact with AnxA1 and lipoxin A4 analogues,
namely mouse ALX/FPRL-1 (NM_008042), FPR-rs2 (NM_008039; the murine orthologue to
human FPRL-1), and mouse FPR1 (NM_013521; the murine orthologue to human FPR)
(42-46). Mucosal tissues from nontreated and DSS-treated WT and AnxA1 (−/−) animals were
isolated by scraping and total RNA was extracted. Following cDNA synthesis, samples were
subject to real time-PCR with SYBR green using Bio-Rad’s iCycler. In WT animals, expression
of ALX/FPRL-1 is dramatically reduced (7-fold) following 7 days of DSS treatment (Fig.
7A; *, p-value <0.05). In AnxA1 (−/−) animals, baseline expression of ALX/FPRL-1 was
reduced by an average of 27% compared with nontreated WT animals (Fig. 7A). Following
DSS administration, AnxA1 (−/−) animals exhibited a greater degree of suppression of ALX/
FPRL-1 expression compared with WT animals, averaging 4.7-fold less than DSS-treated WT
animals (Fig. 7A). For FPR-rs2, no difference in expression was detected between control WT,
DSS-treated WT, and control AnxA1 (−/−) animals (Fig. 7B). However, following 7 days of
DSS treatment, FPR-rs-2 expression was dramatically reduced in AnxA1 (−/−) animals only
(Fig. 7B; *, p-value <0.05). Expression of FPR-1 was similarly reduced in both WT and AnxA1
(−/−) following DSS treatment (Fig. 7C). Thus, AnxA1 (−/−) mice exhibit a reduction in ALX/
FPRL-1, and in particular, FPR-rs2 expression following DSS treatment compared with WT
animals.

Discussion
AnxA1 has been shown to play protective or anti-inflammatory roles in a variety of disease
models (13-15,17,47). However, relatively little is know about the role of AnxA1 in regulating
injury and inflammation in the gastrointestinal tract. Recent studies have identified a role of
AnxA1 in mediating the gastroprotective effects of dexamethasone against nonsteroidal anti-
inflammatory drug-induced injury as well as in promoting repair of gastric ulcers (21,48). In
the lower gastrointestinal tract, studies using rodent models of colitis as well as analysis of
human ulcerative colitis have identified increased expression and secretion of this anti-
inflammatory mediator (26,27). The present study was performed to examine the functional
significance of AnxA1 expression during acute colonic injury and inflammation as well as in
restitution of mucosal tissues.

AnxA1 is a functionally diverse anti-inflammatory protein that is expressed by a variety of
cells types including epithelial cells (49-55). We identified AnxA1 expression in normal
murine colonic epithelial cells along the crypt-surface axis. AnxA1 was found to localize to
the cytoplasmic compartment of the crypt epithelium. Interestingly, AnxA1 was abundantly
found along the apical and lateral plasma membrane domains in surface enterocytes in addition
to the cytoplasm. The difference in localization between crypt epithelial cells and fully
differentiated surface enterocytes may suggest that AnxA1 plays a role in regulating colonic
epithelial cell differentiation and/or maturation. Such a role for AnxA1 has been observed in
in vitro studies using model epithelial cell lines (53,56). We did not observe any morphologic
or overt functional differences in the colonic mucosa of WT and AnxA1 (−/−) animals. Thus,
the homeostatic role of AnxA1 in the murine intestinal epithelium remains unknown and
redundant systems could compensate for its deficiency. Alternatively, its protective function
can become operative upon application of an insult.

Consistent with previous studies identifying increased expression of AnxA1 in
trinitrobenzenesulfonic acid-induced colitis in rats (26), we observed significant up-regulation
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of AnxA1 expression in mucosal lysates and, more specifically, in the colonic epithelium
following DSS administration. Furthermore, AnxA1-deficient animals exhibited significantly
increased susceptibility to DSS-induced colonic injury and morbidity. These findings suggest
a protective role for AnxA1 in acute colonic injury.

Although AnxA1 exhibits broad subcellular distribution and plays a role in a diversity of
cellular functions, key anti-inflammatory actions of AnxA1 are mediated via activation of
ALX/FPLR-1 in an autocrine/paracrine fashion. For example, externalized AnxA1 exhibits
profound inhibitory actions on leukocyte activation and transmigration via interactions with
ALX/FPRL-1 (12,13,57,58). Furthermore, studies have shown that lipoxin A4-mediated ALX/
FPRL-1 stimulation suppress innate inflammatory responses of intestinal epithelial cells and
hence have implicated a protective role for ALX/FPLR-1 activation against DSS-induced
colitis (24,25,59). We therefore hypothesized that one mechanism by which AnxA1 protects
against DSS-induced colitis is via activation of ALX/FPRL-1. For these studies, we used
metabolically stable 15-epi-lipoxin A4, which shares common anti-inflammatory actions with
AnxA1 that are mediated through ALX/FPRL-1 (39-41). i.p. injection of 15-epi-lipoxin A4
throughout the course of DSS administration diminished the severity of disease of AnxA1-
deficient animals to that of DSS-treated WT animals. We did not observe significant
improvement in WT animals treated with 15-epi-lipoxin A4 during DSS treatment in contrast
to previously published studies suggesting some attenuation of DSS-induced injury by lipoxin
A4 (59). However, differences in the lipoxin A4 analog used, the method of lipoxin
administration, as well animal strains may account for this discrepancy. It should be noted that
in models of trinitrobenzenesulfonic acid-induced colitis, an oxidative resistant lipoxin A4
analog and a related endogenous lipid mediator, resolvin E1, have been shown to be protective
in WT animals (60,61). Our results support that treatment with the ALX/FPRL-1 agonist, 15-
epi-lipoxin A4, reversed the enhanced susceptibility of AnxA1 (−/−) mice to DSS colitis.

In addition to increased susceptibility to DSS-induced colitis, AnxA1 (−/−) animals
demonstrated impaired clinical and histopathologic recovery following withdrawal of DSS
treatment. This finding suggests that AnxA1 plays an important role in promoting colonic
mucosal wound healing. Previous in vitro studies from our group identified a role for AnxA1
in stimulating ALX/FPRL-1-mediated enhancement of epithelial cell migration through three-
dimensional matrices (20). As epithelial cell migration is required for mucosal wound healing
and regeneration, AnxA1-mediated activation of ALX/FPRL-1 may be an important
mechanism in promoting intestinal mucosal wound healing. Consistent with this idea, studies
have identified a role for AnxA1-mediated stimulation of ALX/FPRL-1 in promoting healing
of indomethacin-induced gastric ulcers (21). In this report, however, AnxA1-deficient animals
did not exhibit an increased susceptibility to the induction of ulcer formation in the stomach
as we observed for DSS-induced injury.

The murine FPR family is more complex than that of humans and contains at least nine family
members (42,62). Murine receptors closely related to the human counterparts that interact with
AnxA1 and lipoxin A4 have been described and include Lxa4r/FPRL-1 and FPR-rs2 (42-46,
63). FPR-rs2 is the orthologue to human ALX/FPRL-1, and mouse FPR1 is the orthologue to
human FPR, which binds N-terminal-derived AnxA1 peptides (43,44,64). Since AnxA1 (−/
−)-deficient animals benefited from lipoxin A4 treatment during DSS administration in contrast
to WT animals, we explored expression of the above murine AnxA1 and lipoxin receptors in
mucosal tissues in control and DSS-treated animals. Treatment of WT animals with DSS
decreased the expression of ALX/FPRL-1 without influencing expression of FPR-rs2.
However, the reduction of ALX/FPRL-1 in AnxA1 (−/−) animals was pronounced and these
animals also demonstrated a decrease in FPR-rs2 expression. The reduction in the expression
of these anti-inflammatory receptors, particularly FPR-rs2, could at least partially account for
the increased susceptibility to and impaired recovery from DSS treatment. Additionally, these
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findings also suggest that AnxA1 may regulate the expression of FPRs since AnxA1 (−/−)
animals exhibited reduced FPR-rs2 expression following DSS treatment that was not observed
in WT animals.

Another mechanism by which AnxA1 may modulate inflammatory responses is via regulation
of cytokine production. For example, studies have shown that AnxA1 negatively regulates the
expression of the proinflammatory cytokine IL-6 (65). Additionally, AnxA1 has been shown
to influence T cell differentiation and activation that influences the balance of cytokine
production following stimulation. Differentiation of T cells in AnxA1 (−/−) mice has been
shown to be skewed toward a Th2 phenotype following immunization with keyhole limpet
hemocyanin or during allergic inflammation (66). We therefore examined cytokine profiles in
control and DSS-treated WT and AnxA1 (−/−) animals. For these studies, serum samples were
isolated and subjected to multiplex cytokine analysis at the National Institute of Allergy and
Infectious Diseases Centers for Human Immunology and Biodefense Central Cytokine Core
Facility under the direction of J. E. Connolly (Baylor Institute for Immunology Research,
Dallas, TX; supported by funds from the Baylor Health Care System Foundation and National
Institutes of Health 5U19AI057234 and U-19 5U19 AI062623). The levels of a variety of key
cytokines including IL-1, IL-2, IFN-γ, and TNF-α were determined. We did not observe any
significant differences in the cytokine profiles between WT and AnxA1 (−/−) DSS-treated and
nontreated animals (data not shown). Therefore, the increased susceptibility of AnxA1 (−/−)
mice to DSS colitis does not appear to be related to alterations in expression of the above key
cytokines.

In summary, we have demonstrated that AnxA1 is expressed by murine intestinal epithelial
cells and its expression is increased following DSS administration. Mice lacking AnxA1
exhibit increased susceptibility to DSS-induced mucosal injury, which results in an increase
in associated morbidity. AnxA1-deficient mice also exhibit impaired clinical and
histopathologic recovery following DSS administration. Furthermore, stimulation of ALX/
FPRL-1 in AnxA1 (−/−) animals diminishes the severity of disease induced by DSS to that of
WT animals but does not significantly improve the severity of disease in WT animals. Lastly,
AnxA1 (−/−) mice exhibit reduced levels of murine lipoxin receptors following DSS treatment
compared with WT animals. Taken together, these data support a protective role of AnxA1
following acute intestinal mucosal injury where it also facilitates epithelial barrier recovery.
Our data also implicate a role for ALX/FPRL-1 activation in mediating the protective effects
of AnxA1 against intestinal mucosal injury. Insight into the mechanisms by which AnxA1
protects against intestinal injury and promotes mucosal restitution may contribute to the
development of therapies to prevent intestinal mucosal injury and enhance wound healing.
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FIGURE 1.
Increased expression of AnxA1 in colonic mucosal tissues following DSS treatment. Western
blot analysis of mucosal lysates from nontreated and DSS-treated WT BALB/c animals (A)
revealed increased AnxA1 protein. Based on densitometric analysis of Western blots from
these studies (B), AnxA1 levels were increased 1.5-fold following DSS treatment (*, p-value
<0.05). No AnxA1 expression was observed in mucosal lysates from AnxA1 (−/−) mice (C).
Western blot for actin was used as loading control.

Babbin et al. Page 14

J Immunol. Author manuscript; available in PMC 2009 November 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 2.
AnxA1 expression is increased in intestinal epithelial cells following DSS treatment.
Immunofluorescence analysis of WT BALB/c mucosa revealed expression of AnxA1 in both
crypt and surface intestinal epithelial cells (A; arrows) [Bar = 50 μm]. In surface enterocytes
(B), AnxA1 localizes in the apical and lateral plasma membranes as well as in the cytoplasm,
whereas in crypt epithelial cells it appears to be exclusively in the cytoplasm (C) [Bars = 20
μm]. Following DSS treatment, AnxA1 levels are increased in both surface and crypt epithelial
cells compared with nontreated animals (B-E; images taken at identical detector gain settings)
[Bars = 20 μm]. Integrated pixel intensity analysis (F) revealed a 1.7-fold increase in AnxA1
levels in intestinal epithelial cells after 7 days of DSS treatment (*, p-value <0.05). A secondary
Ab control (G) and staining of AnxA1 (−/−) mucosa (H) demonstrated no tissue staining [Bars
= 50 μm].
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FIGURE 3.
AnxA1-deficient mice exhibit increased susceptibility to DSS-induced acute colitis. AnxA1
(−/−) mice demonstrated a significantly higher weight loss compared with WT controls
beginning at day 3 of DSS treatment (A; *, p-value <0.05, n = 7 mice). A sustained increase
in the DAI in AnxA1 (−/−) mice compared with WT controls was observed on days 1–7 of
DSS treatment (B; *, p-value <0.05, n = 7 mice). Rectal bleeding scores (C) were also increased
in AnxA1 (−/−) animals compared with WT controls during DSS treatment (*, p-value <0.05,
n = 7 mice). An increase in the colon weight/length ratio was observed in AnxA1 (−/−) mice
compared with WT controls following 7 days of DSS administration (D; *, p-value <0.05, n
= 7 mice).
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FIGURE 4.
AnxA1-deficient mice have more severe histopathologic injury in DSS-induced colitis.
Representative photomicrographs of H&E-stained histologic sections (A) demonstrate more
severe colonic injury in AnxA1 (−/−) animals compared with WT controls following 7 days
of DSS treatment. Note the increased degree of epithelial injury, increased leukocyte
infiltration, and involvement of submucosal tissues in AnxA1 (−/−) mice (inset, arrows).
Histologic scoring of colonic injury (B) is significantly higher than that of WT DSS-treated
animals (*, p-value <0.05, n = 7 mice). Colonic MPO activity (C) is also significantly higher
in AnxA1 (−/−) mice compared with WT BALB/c animals following DSS treatment (*, p-
value <0.05, n = 7 mice).
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FIGURE 5.
AnxA1-deficient mice exhibit impaired clinical and histopathologic improvement following
withdrawal of DSS treatment. AnxA1 (−/−) mice exhibited a significant reduction in the rate
of weight gain following withdrawal of DSS treatment compared with WT controls (A; *, p-
value <0.05, n = 7 mice). Similarly, AnxA1 (−/−) animals showed an impairment in recovery
following DSS withdrawal as determined by DAI (B; *, p-value <0.05, n = 7 mice).
Representative photomicrographs of H&E-stained histologic sections (C) demonstrate more
severe histopathologic injury following 7 days of DSS treatment in AnxA1 (−/−) animals
compared with WT controls. After 7 days of recovery, WT animals appeared to exhibit slightly
less epithelial injury and reduced inflammation. However, a mild degree of architectural
irregularity as evidenced by minor irregular crypt spacing was identified. In contrast, while the
inflammation in AnxA1 (−/−) animals was improved to a small extent following 7 days of
recovery from DSS-induced colitis, significantly increased epithelial injury with the
development of architectural irregularity was observed (C). Histologic scoring (D) of colonic
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injury revealed some improvement of histopathologic changes in WT animals, whereas an
overall increase in injury was found in AnxA1 (−/−) animals (*, p-value <0.05, n = 7 mice).
Measurement of MPO activity (E) did not reveal a statistically significant difference in
leukocyte infiltration in WT animals between 7 days of DSS treatment and after 7 days of
recovery. MPO activity in AnxA1-deficient animals improved to a degree similar to that of
WT controls at day 7 of DSS treatment and was less than that of WT controls following a 7
day recovery period (*, p-value <0.05, n = 7 mice).
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FIGURE 6.
ALX/FPRL-1 stimulation rescues the susceptibility of AnxA1-deficient mice to DSS-induced
colitis. AnxA1 (−/−) animals demonstrated a more pronounced weight loss following DSS
treatment that was restored to that of WT controls with ALX/FPRL-1 stimulation via
administration of 15-epi-lipoxin A4 (denoted as L in the figure) (A; *, p-value <0.05, n = 7
mice). Conversely, WT animals did not show a reduction in weight loss due to ALX/FPRL-1
stimulation during DSS treatment. AnxA1 (−/−) mice exhibit an increased DAI over the course
of DSS treatment which was restored similar to that of WT controls on days 4–7 with
simultaneous ALX/FPRL-1 agonization via 15-epi-lipoxin A4 treatment (B; *, p-value <0.05,
n = 7 mice). Treatment of WT animals with 15-epi-lipoxin A4 did not results in a consistent
decrease in the DAI during DSS administration. Representative photomicrographs of H&E-
stained histologic sections (C) and histologic scoring (D; *, p-value <0.05, n = 7 mice)
demonstrate a similar degree of DSS-induced colonic injury in AnxA1-deficient animals
treated with 15-epi-lipoxin A4 and WT controls (*, p-value <0.05). 15-epi-lipoxin A4 did not
significantly improve the histologic injury induced by DSS in WT BALB/c mice.
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FIGURE 7.
AnxA1 (−/−) mice exhibit reduced ALX/FPRL-1 expression following DSS treatment. Total
RNA was extracted from mucosal tissues from control and DSS-treated WT and AnxA1 (−/−)
mice and subjected to RT-PCR analysis for ALX/FPRL-1, FPR-rs2, and FPR1. Although ALX/
FPRL-1 levels were suppressed in WT type animals treated with DSS, a further diminishment
of ALX/FPRL-1 mRNA was observed in AnxA1 (−/−) animals following DSS treatment (A;
n = 3 animals). FPR-rs2 expression did not change following DSS administration in WT
animals but was dramatically reduced in AnxA1 (−/−) mice following a 7 course of DSS
treatment (B; n = 3 animals). A similar reduction in FPR1 expression was observed following
DSS treatment in WT and AnxA1 (−/−) animals (C; n = 3 animals).
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