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The RAGE signaling pathway is involved in intestinal
inflammation and represents a promising therapeutic target for
Inflammatory Bowel Diseases
M. Body-Malapel1, M. Djouina1, C. Waxin1, A. Langlois1, C. Gower-Rousseau1, P. Zerbib1,2, A.-M. Schmidt3, P. Desreumaux1,
E. Boulanger1 and C. Vignal1

Inflammatory Bowel Diseases (IBD) are chronic inflammatory conditions of the intestinal tract. IBD are believed to result from an
inappropriate immune response against the intestinal flora in genetically predisposed patients. The precise etiology of these
diseases is not fully understood, therefore treatments rely on the dampening of symptoms, essentially inflammation, rather than on
the cure of the disease. Despite the availability of biologics, such as anti-TNF antibodies, some patients remain in therapeutic failure
and new treatments are thus needed. The multiligand receptor for advanced glycation end-products (RAGE) is a pattern recognition
receptor implicated in inflammatory reactions and immune system activation. Here, we investigated the role of RAGE in intestinal
inflammation and its potential as a therapeutic target in IBD. We showed that RAGE was upregulated in inflamed tissues from IBD
patients compared to controls. Rage−/− mice were less susceptible to intestinal and colonic inflammation development than WT
mice. WT mice treated with the RAGE-specific inhibitor FPS-ZM1 experienced less severe enteritis and colitis. We demonstrated that
RAGE could induce intestinal inflammation by promoting oxidative stress and endothelial activation which were diminished by FPS-
ZM1 treatment. Our results revealed the RAGE signaling pathway as a promising therapeutic target for IBD patients.

Mucosal Immunology (2019) 12:468–478; https://doi.org/10.1038/s41385-018-0119-z

INTRODUCTION
Inflammatory Bowel Diseases (IBD) which include Crohn’s disease
(CD) and ulcerative colitis (UC) are immune-mediated conditions
that involve a complex interplay of genetic, immunological, and
environmental factors.1,2 The gut is continuously facing harmful
and beneficial microbes, food antigens and xenobiotics. It is
therefore equipped with immune and non-immune cells and
soluble mediators to fine tune the balance between pro- and anti-
inflammatory responses to maintain homeostasis. In IBD, an
improper and dysregulated immune response develops against
the gut microbiota in genetically predisposed patients.2 The
precise etiology of these diseases still remains unclear and, in
consequence, there is no definitive treatment. A better under-
standing of their pathophysiology remains necessary to properly
treat them.3 Traditionally, management of CD and UC has focused
on broad spectrum anti-inflammatory and immunosuppressive
treatments. In the last 2 decades, a shift toward a pathway-based
approach occurred, targeting immunomodulatory molecules with
known physiopathological implications.4,5 Despite the advent of
anti-TNFα, which has constituted a major breakthrough for
patients, many patients remain refractory to treatment or lose
response over time.6 New therapeutics in IBD should not only lead
to clinical improvement but more importantly to deep remission
which will prevent long-term sequelae. The receptor for advanced
glycation end-products (RAGE) is a cell surface multiligand

receptor of the immunoglobulin superfamily. RAGE is expressed
in all tissues either constitutively or upon inflammation, and is
widely localized in many cell types (hepatocytes, smooth muscle
cells, neurons, peritoneal mesothelial cells, immune cells, or
epithelial cells…).7–10 RAGE is considered as a pattern recognition
receptor, responding to danger signals and recognizing a three-
dimensional structure rather than a specific amino acid
sequence.11 RAGE possesses ligand binding affinity for a wide
range of molecules including advanced glycation end products
(AGE),12 β-amyloid peptide,13 high mobility group box-1
(HMGB1)14, or S100/calgranulins.15 RAGE and its ligands are
upregulated in various inflammatory diseases and in cancer.16–19

Pro-inflammatory pathways such as nuclear factor kappa B (NF-
κB), mitogen-activated protein kinase (MAPK) or janus activated
kinase/signal transducers and activators of transcription (JAK/
STAT) are activated following engagement of RAGE.20 Several
studies showing an upregulation of RAGE in chronic inflammatory
diseases suggested its involvement maybe not only in perpetuat-
ing inflammation and immune response but also in the
pathological process.21,22 In CD patients, an upregulation of
RAGE23,24 and some of its ligands (S100A12, HMGB1)25,26 has been
observed. In mice, administration of HMGB1 aggravates small
intestine injury27 and conversely decreasing of HMGB1 by ethyl
pyruvate ameliorates colitis.28 The evidences of RAGE blockage
leading to dampening of intestinal inflammation are only indirect
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by blocking RAGE ligands rather than the RAGE itself, ligands that
are not RAGE specific. Here, we investigated the implication of
RAGE in small intestine and colon inflammation using human gut
biopsies and Rage−/− mice, and the therapeutic potential of the
high-affinity RAGE-specific inhibitor FPS-ZM1.29

RESULTS
Rage is expressed in the colon and small intestine of human and
mouse and is upregulated under inflammatory conditions
The expression of RAGE was assessed in the different segments of
the human and mouse digestive tract under steady state and
inflammatory conditions.
In human, ELISA quantification revealed that RAGE was barely

expressed whether at the colonic or the small intestinal levels in
control (C) samples (Fig. 1a; open circles). In non-inflamed areas
from CD or UC patients, RAGE was also weakly expressed (Fig. 1a;
open squares and triangles). However, an increased expression of
RAGE was observed in inflamed areas from the ileum and colon in
CD and UC (Fig. 1a; black symbols). These results were confirmed
by RAGE immunostaining (Fig. 1b, c and Supplementary Figure S1a
and b). In control or in non-inflamed (ni) colonic and ileal samples

from CD patients, RAGE was weakly detected and its localization
was confined to the epithelial cells, highlighted by Keratin 20 and
hematoxylin eosin staining. RAGE staining was increased in
inflamed areas of the ileum and colon of CD (i CD) and UC (i
UC) patients both in epithelial cells and in immune cells recruited
in the lamina propria. Finally, biopsies inflammatory status was
evaluated by IL1β and IL8 ELISA quantification and a positive
correlation was showed between inflammation and RAGE expres-
sion (Fig. 1d, e and Supplementary Figure S1c and d).
In mice, under steady state conditions, RAGE was detected at

the mRNA and protein levels all along the digestive tract (Fig. 2a,
b; white histograms). RAGE mRNA and protein levels were
increased during inflammation; in the colon after TNBS-induced
colitis and in the ileum and jejunum after indomethacin-induced
enteritis (Fig. 2a, b; black histograms). At the histological level,
RAGE immunostaining was weak both in the colon and the small
intestine under non-inflamed conditions (Fig. 2c). After
indomethacin-induced enteritis, RAGE expression was increased
in the jejunum and in the ileum, with a staining in villi, crypts and
in the lamina propria. RAGE expression was also increased in the
colon following TNBS-induced colitis, both within necrotic area of
the epithelium and in the lamina propria. The inflammatory status

Fig. 1 RAGE is weakly expressed in the colon and ileum of controls and in non-inflamed segments of Crohn’s Disease and Ulcerative Colitis
patients, but is upregulated under inflammatory conditions. a ELISA quantification of RAGE in the colon and ileum of controls (〇 C, n= 8–10),
in non-inflamed segments of Crohn’s Disease (▯ CD, n= 9–10) and Ulcerative Colitis (▽ UC, n= 9) patients and in inflamed segments of CD (∎,
n= 8–9) and UC (▼, n= 9) patients. b Representative hematoxylin/eosin, RAGE and Keratin 20 staining of Ileum of controls (C) and non-
inflamed (ni CD) and inflamed (i CD) segments of CD patients. Scale bar, 50 µm. c Representative RAGE and Keratin 20 immunostaining of
colon of controls (C) and non-inflamed (ni CD) and inflamed (i CD and i UC) segments of CD and UC patients. Scale bar, 50 µm. d ELISA
quantification of IL1β in the colon and ileum of controls (○ C, n= 8–10), in non-inflamed segments of Crohn’s Disease (▯ CD, n= 9–10) and
Ulcerative Colitis (▽ UC, n= 9) patients and in inflamed segments of CD (∎, n= 8–9) and UC (▼, n= 9) patients. e Pearson correlation
between RAGE and IL1β quantification in pooled samples of ileum and colon from controls and CD and UC patients. *p < 0.05, **p < 0.01, ***p
< 0.005, ****p < 0.001 determined by Mann–Whitney test
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of the mice samples was assessed by ELISA quantification of IL1β
and KC and this was correlated with RAGE expression (Fig. 2d, e
and Supplementary Figure S2a and b).

Rage−/− mice are protected from indomethacin-induced enteritis
and DSS- and TNBS-induced colitis
As RAGE was upregulated in the digestive tract during inflamma-
tory conditions, we wondered if RAGE could have a role in
intestinal inflammation development. For this purpose, several
models of small intestinal and colonic inflammation were applied
to wild-type (WT) and Rage−/− mice.
Small bowel inflammation was induced by oral gavage with

indomethacin and inflammation was monitored 24 h later. To
allow a better visualization of lesions, Evans blue dye was
intravenously injected to mice 30 min before necropsy. Rage−/−

mice developed less severe enteritis in the ileum and jejunum
compared to WT mice, duodenum being less affected by
indomethacin treatment (Fig. 3a). The number and area of
lesions were lowered in the ileum and jejunum of Rage−/− mice
compared to WT mice (Fig. 3b, c). Indomethacin administration
induced extensive intestinal ulcers and a massive inflammatory
infiltrate in the jejunum and ileum of WT mice (Fig. 3d). The
lesions were less severe in Rage−/− mice, with a shortening of

villus shape, crypt loss and a moderate inflammatory infiltrate. A
trend toward a diminution of myeloperoxidase (MPO) activity, a
marker of inflammation, and a significant decrease of mal-
ondialdehyde (MDA), a marker of lipid peroxidation, were
observed in the ileum and jejunum of Rage−/− mice compared
to WT mice (Fig. 3e, f). Moreover, IL1β and KC protein levels
were decreased in the ileum and jejunum of Rage−/− mice
compared to WT mice (Fig. 3g, h).
Colitis was induced in WT and Rage−/− mice either by oral

DSS or intrarectal TNBS treatment. In both models, Rage−/−

mice developed less severe colitis. In the DSS-induced model,
weight loss was decreased in Rage−/− mice compared to WT
mice (Fig. 4a). At necropsy, colon weight/size ratio (Fig. 4b),
colonic MPO activity (Fig. 4c) and iNOS and IL1β mRNA levels
(Fig. 4d, e) were lowered in Rage−/− mice. In the TNBS model,
macroscopic Wallace and histologic ameho scores were lower in
the colon of Rage−/− mice, showing ulcerations with deep
extension into the muscularis mucosae in WT mice and less
extensive ulcerations in Rage−/− mice (Fig. 4f–h). Within lesions,
mRNA expression of iNOS and IL1β were minored in Rage−/−

mice (Fig. 4d, e). Taken together, our results show that Rage−/−

mice are less susceptible to gut inflammation, suggesting a role
for RAGE in the regulation of intestinal inflammation.

Fig. 2 RAGE is detected from the duodenum to the colon of healthy mice and is upregulated following experimentally induced inflammation.
a RAGE mRNA level expression in the duodenum, jejunum, ileum and colon of mice under steady state conditions (white histograms, n= 5 for
small intestinal tissues, n= 10 for colon) and following experimentally induced inflammation (black histograms, n= 10 for all segments). b
ELISA quantification of RAGE in the duodenum, jejunum, ileum and colon of mice under steady state conditions (white histograms) and
following experimentally induced inflammation (black histograms). c Representative RAGE immunostaining of the duodenum, jejunum, ileum
and colon of mice under non-inflamed and inflamed conditions. Scale bar, 100 µm. d ELISA quantification of KC in the duodenum, jejunum,
ileum and colon of mice under steady state conditions (white histograms) and following experimentally induced inflammation (black
histograms). e Pearson correlation between RAGE and KC quantification in pooled samples of duodenum, jejunum, ileum and colon from mice
under non-inflamed and inflamed conditions. *p < 0.05, **p < 0.01, ***p < 0.005, determined by Mann–Whitney test
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Given that RAGE has a ubiquitous expression both on
immune cells and in the gut epithelium, we wanted to define
whether Rage deficiency in hematopoietic versus non-
hematopoietic cells was responsible for mice protection during
DSS-induced colitis. For this purpose, we set up bone marrow
(BM) chimeras, transferring BM either from Rage-deficient
donors into wild-type hosts (Rage−/−→WT) or from WT
donors into Rage-deficient hosts (WT→ Rage−/−). Both types of
chimeras showed lowered histological score compared to WT
mice reconstituted with WT BM (WT→WT) (Fig. 4i). WT→WT
mice showed extensive epithelial damages with transmural
leukocytes infiltration, in Rage−/−→ Rage−/− mice and chimeras,
mucosal architecture is preserved, inflammatory cells infiltrate
persist but less extensively, most often confined to the submucosa
(Fig. 4j). Colonic iNos and IL1b expression were attenuated in
Rage−/−→ Rage−/− mice and chimeras compared to WT→WT
mice (Fig. 4k, l). These results revealed that RAGE exerted
deleterious functions in both epithelial and hematopoietic cells.
However, mice with Rage deficiency in the hematopoietic
compartment exhibiting an intermediate phenotype in term of
body weight variation (Fig. 4m), it may suggest that RAGE
activation in immune cells is particularly important for the
development of colitis.

Treatment with the RAGE-specific inhibitor FPS-ZM1 protects mice
from indomethacin-induced enteritis and DSS-induced colitis
To further explore the role of RAGE and its potential as
a therapeutic target in IBD, we tested the effects of the
RAGE-specific inhibitor FPS-ZM1 on intestinal inflammation

development during indomethacin-induced enteritis and DSS-
induced colitis.29

The effect of FPS-ZM1 was first assessed on mice under basal
condition. Globally, FPS-ZM1 did not induce variations in all tested
parameters (Supplementary Figure S3a-k). To evaluate the
therapeutic effect of FPS-ZM1 on small bowel inflammation, the
RAGE inhibitor FPS-ZM1 was intraperitoneally administrated, at
the dosages of 1 and 5mg/kg/day, once daily for 9 days before
indomethacin gavage, and mice were sacrificed 24 h after
indomethacin administration (Fig. 5a). FPS-ZM1 administration
protected mice from indomethacin-induced enteritis with no
difference between the 2 dosages of FPS-ZM1 (Fig. 5b). The
number and area of lesions were lower in the ileum and jejunum
of mice treated with FPS-ZM1 compared to untreated mice
(Fig. 5c, d). Consistently, MPO activity, MDA and IL1β and KC levels
were decreased in mice treated with FPS-ZM1 compared to non-
treated mice (Fig. 5e–h).
In the model of DSS-induced colitis, FPS-ZM1 was intraper-

itoneally administered to mice at a dosage of 1 and 5mg/kg/day
during the course of DSS treatment (Fig. 6a). Both FPS-ZM1
dosages protected mice from colonic inflammation. Compared to
DSS-treated mice, mice receiving DSS and the RAGE inhibitor did
not lose weight during the course of DSS (Fig. 6b and
Supplementary Figure S4a). The clinical score, gathering stool
consistency and occult blood, was less severe in RAGE inhibitor-
treated mice compared to control DSS mice (Fig. 6c). The colon
weight/size ratio was lower in mice treated with FPS-ZM1
compared to control DSS mice (Fig. 6d). Consistently, histological
score (Fig. 6e and Supplementary Figure S4b), colonic MPO

Fig. 3 Rage−/− mice are protected from indomethacin-induced enteritis. a Representative pictures of small intestinal lesions. b–g Area (b); and
number (c) of lesions; representative pictures of MGG staining of intestinal lesions (scale bar, 50 µm) (d); quantification of MPO activity (e); and
MDA (f); ELISA quantification of IL1β (g); and KC (h) in the ileum, jejunum and duodenum of WT (n= 10) and Rage−/− (n= 9) mice 24 h
following indomethacin treatment. Data are from 5 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001 determined by
Mann–Whitney test
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activity (Fig. 6f) and iNOS and IL1β mRNA levels (Fig. 6g, h) were
decreased after FPS-ZM1 treatment in treated DSS mice compared
to untreated DSS mice. Finally, mice treated with DSS and RAGE
inhibitor did not exhibited differences, for all the studied
parameters, with mice not treated with DSS, showing a full
protection of colitis development by FPS-ZM1 treatment.
Together, our results demonstrate that targeting RAGE strongly
decreases small bowel inflammation and abolishes colitis devel-
opment, arguing in favor of the use of RAGE as a new therapeutic
target in IBD.

RAGE-dependant endothelial activation mediates colitis
development
As RAGE is expressed in endothelial cells and is suggested to play
a role in vascular dysfunction and as endothelial dysfunction is a
key feature in IBD development, we tested the impact of RAGE
deficiency in endothelial activation during intestinal inflamma-
tion.30–32 We previously showed that Rage−/− mice expressed less
iNos compared to WT mice during DSS and TNBS-induced colitis
(Fig. 4d). We observed that expression of the cellular adhesion

molecule Icam-1 and the endothelial cells proliferating factor Igf-1
were decreased in Rage−/− mice compared to WT mice under DSS
and TNBS colitis (Fig. 7a). We also showed a decreased expression
of the neoangiogenic factor KC in Rage−/− mice compared to WT
mice (Fig. 7b). Together, these results suggested that the
reduction of endothelial activation by RAGE deficiency may partly
account for the reduction of colitis development. We then tested
the effect of the therapeutic inhibition of RAGE on endothelial
dysfunction. We already showed that FPS-ZM1 administration
decreased the DSS-induced expression iNos (Fig. 6g). We then
evidenced that FPS-ZM1 diminished the DSS-induced expression
of Icam-1, Igf-1, and KC (Fig. 7c). Blocking RAGE in vivo, reduced
endothelial activation which may be a mechanism for the
protection during colitis development.

DISCUSSION
Inflammatory Bowel Diseases (IBD) including Crohn’s disease (CD)
and ulcerative colitis (UC) are inflammatory conditions of the
colon and small intestine. CD can affect the small intestine and

Fig. 4 Rage−/− mice are less susceptible than WTmice to DSS- and TNBS-induced colitis. a–c Body weight variation (a); colon weight/size ratio
(b); and quantification of colonic MPO activity (c) of WT (n= 10) and Rage−/− (n= 12) mice administered with 2.5% DSS for 8 days. iNos (d) and
IL1β (e) mRNA quantification in the colon of control, DSS- and TNBS-treated WT and Rage−/− mice. f–h Colonic macroscopic (f) and Ameho (g)
scores; and representative pictures of colonic lesions (scale bar, 100 µm) (h) of WT (n= 5) or Rage−/− (n= 6) mice 48 h after TNBS treatment.
WT and Rage−/− bone marrow (BM) chimeras were generated and DSS colitis was induced. i–m Histological score (i); representative pictures of
colonic sections (scale bar, 100 µm) (j); iNos (k) and IL1β (l) mRNA quantification in the colon; and body weight variation (m) of WT→WT (n=
9), Rage−/−→ Rage−/− (n= 10), Rage−/−→WT (n= 10) and WT→ Rage−/− (n= 9) mice. For both DSS and TNBS, data are from three
independent experiments. *p < 0.05, **p < 0.01, ***p < 0.005 determined by Mann–Whitney test

The RAGE signaling pathway is involved in intestinal inflammation and. . .
M Body-Malapel et al.

472

Mucosal Immunology (2019) 12:468 – 478



colon, and also but less frequently, the entire digestive tract from
the mouth to the anus, whereas UC affects the colon and the
rectum. IBD are believed to result from a complex interplay
between genetic susceptibility, host-microbe interaction and
environmental factors.33 The strategy in the treatment of IBD is
to control the gastrointestinal inflammation, with the ultimate
goal to achieve mucosal healing, signature for a good long-term
prognosis, such as low risk of recurrence or surgery. Although the
introduction of monoclonal antibodies targeting TNF-α has
revolutionized treatment for IBD, many patients do not respond
or progressively lose response to these drugs. Advances of
knowledge in pathophysiology of gut inflammatory processes will
made possible the identification of new molecular targets for
drugs. The global aim of our study was to assess the role of the
RAGE signaling pathway in the pathogenesis of intestinal diseases
and the opportunity of a RAGE-based therapeutic intervention in
IBD.
Our study first showed that RAGE was sparsely expressed in the

small intestine and in the colon under steady state conditions and
was upregulated during inflammation. Our results in human
extend previous investigations, which found an increase of RAGE
expression during CD.23,24 In the present study, samples from
Ulcerative Colitis patients were added and CD patients were
stratified according to disease localization (i.e., colonic vs ileal).
Moreover, a quantitative method based on ELISA quantification of
RAGE protein was included showing a positive correlation

between tissue levels of RAGE and the inflammatory status. In
mice, RAGE can be detected in the ileum and the colon in control
animals and is upregulated during inflammation with the
exception of the duodenum in indomethacin-treated mice. These
results are explained by the injury preferentially induced in the
ileum and jejunum but not in the duodenum by indomethacin
treatment.
In order to evaluate the potential role of the RAGE signaling

pathway during intestinal inflammation development, we applied
the well-described models of IBD, namely TNBS, DSS and
indomethacin models, in WT and Rage−/− mice.34–37 We found
that RAGE deficiency protected mice against enteritis as reflected
by a diminished number and severity of necrotizing lesions
induced by indomethacin and decreased inflammatory and
oxidative markers in the small intestine. Rage−/− mice were also
more resistant to colitis development as observed by improved
clinical and macroscopic parameters together with a less pro-
inflammatory and pro-oxidative environment. The results
obtained in chimeric mice demonstrated that the simultaneous
expression of RAGE in immune and non-immune cells is important
for colitis development. The importance of RAGE expression in
immune cells is consistent with the massive infiltrate observed
during intestinal inflammation. Our results on the implication of
RAGE in indomethacin-induced small intestine inflammation are
not in agreement with previous report showing an absence of
protection in Rage−/− mice.27 This can be explained by the

Fig. 5 The RAGE inhibitor FPS-ZM1 protects mice from indomethacin-induced enteritis. a Study design. b Representative pictures of ileal and
jejunal lesions. c–h Area (c); and number (d) of lesions; quantification of MPO activity (e); and MDA (f); ELISA quantification of IL1β (g); and KC
(h); in the ileum, jejunum and duodenum, of FPS-ZM1-treated and untreated mice with indomethacin-induced enteritis (n= 10 per group).
Data are from two independent experiments. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001 determined by Mann–Whitney test
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difference in the RAGE knockdown constructs though both
constructs result in absence of RAGE mRNA and protein
expressions.38,39 Moreover, the dose of indomethacin used was
not the same (10 mg/kg vs 20 mg/kg in our study), and the small
intestine was analyzed by segment in our study and globally in
the study by Nadatani and coll. Finally, and maybe more
importantly, indomethacin treatment did not induce small
intestinal RAGE expression in the study by Nadatani and coll.,
whereas an increased RAGE mRNA and protein levels were
observed in the ileum and jejunum in our study (Fig. 2a, b). Our
results in the protection of Rage−/− mice in the DSS model are not
in agreement with a previous study showing no difference in
severity of colitis, which however used the same mouse colony.24

The major difference between the two studies lies on the
experimental protocol used, with colonic inflammation studied
during the acute phase of colitis induction in our model compared
to the late phase during the recovery process in the study by
Däbritz and coll.
The involvement of RAGE as a central activator of inflammation

has already been demonstrated in other chronic inflammatory
diseases. RAGE ligands are generated in vivo during inflammation
and oxidative stress (such as during IBD) contributing to the
persistence of the inflammatory process and the subsequent
tissue damage.19,25,26,40 RAGE has been linked to the complica-
tions of diabetes such as accelerated atherosclerosis, nephropathy
and retinopathy.17,18 The implication of RAGE has also been

described in the pathogenesis of neurodegenerative diseases,
Alzheimer’s disease, Parkinson’s disease or amyloid lateral
sclerosis.18 Although less documented, the pathophysiology of
cardiac disorders also seems to involve the RAGE signaling
pathway.41 Inflammation and cancer sharing many signaling
pathways, the role of RAGE in carcinogenesis and the link with
cell transformation, apoptosis and metastasis has been estab-
lished.16,42,43 Therefore, RAGE has become an attractive target for
therapeutic purpose.7 In this study, we found that administration
of FPS-ZM1, a specific inhibitor of RAGE, resulted in improvements
of gut damage during enteritis and colitis development. Increased
expression of pro-inflammatory cytokines and oxidative stress
observed during these conditions were suppressed by FPS-ZM1
administration. This suggests that the protective effect of FPS-ZM1
is achieved by reducing the inflammatory and oxidative
responses.
RAGE signaling has been linked to endothelial activation and

dysfunction in a number of studies.30,31 Endothelial dysfunction
plays an important role in IBD development.44 Adhesion
molecules (ICAM-1, VCAM-1) are upregulated in IBD patients and
in experimental models of colitis and play a key role in leukocytes
recruitment and production of mediators of inflammation and
angiogenesis at the inflammatory site.45 INOS derived NO is an
important factor involved in pathological angiogenesis and
contributes to inflammatory cells recruitment by increasing the
expression of endothelial adhesion molecules. We demonstrated

Fig. 6 The RAGE inhibitor FPS-ZM1 protects mice from DSS-induced colitis. a Study design. b–h Body weight variation (b); clinical score (c);
colon weight/size ratio (d); Histological score (e); quantification of colonic MPO activity (f); and iNos (g) and Il1β (h) mRNA quantification in the
colon of control mice without DSS (−DSS, n= 5) and of FPS-ZM1-treated and untreated mice with DSS-induced colitis (+DSS, n= 10). Data are
from two independent experiments. *p < 0.05, **p < 0.01, ***p < 0.005 determined by Mann–Whitney test. See Fig. S4 for body weight variation
statistical analysis
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here that RAGE deficiency or blockage of RAGE by the FPS-ZM1
inhibitor decreased adhesion molecule, angiogenic factor, oxida-
tive stress, and inflammatory mediators expression, all involved in
endothelial activation and dysfunction during colitis. One
mechanism by which RAGE activation might affect the intestinal
inflammation is by amplifying expression of inflammatory
mediators and adhesive receptors promoting leukocyte recruit-
ment. Our results are in agreement with recent findings
suggesting a role for RAGE in the activation of the lung
endothelium contributing to the development of asthma/allergic
airway inflammation.46

The FPS-ZM1, whose full chemical name is N-Benzyl-N-
cyclohexyl-4-chlorobenzamide, binds specifically to the variable
Immunoglobulin-like domain (V domain) of RAGE.29 FPS-ZM1 has
been experimentally demonstrated to block RAGE binding to Aβ,

S100B, and HMGB1, but might block binding to AGEs or S100P
proteins, ligands that also interact with the V domain of RAGE.7

FPS-ZM1-RAGE targeting has been shown to be efficient in several
other preclinical models with few toxic long-term side effects.47–50

Other synthetic small-molecule inhibitors of RAGE have been
developed.7 Among them, Azelarigon (also called PF-04494700 or
TTP488) inhibits RAGE binding to Aβ, S100B, HMGB1, and CML and
showed improved performance in Alzheimer’s disease mice
models.51,52 Azelarigon successfully achieved a Phase II clinical
trial offering a slowed cognitive decline for mild Alzheimer’s
disease patients, and a phase III trial is ongoing.53 Strategies using
anti-RAGE antibodies or antagonistic peptides are also devel-
oped.54,55 Our results represent a proof of principle study showing
that antagonizing RAGE might be an efficient therapeutic strategy
in IBD.

Fig. 7 RAGE-dependant endothelial activation mediates colitis development. Icam-1 and Igf-1 (a) and KC (b) mRNA quantification in the colon
of WT (n= 10) and Rage−/− (n= 12) mice administered with 2.5% DSS for 8 days, and of WT (n= 5) or Rage−/− (n= 6) mice 48 h after TNBS
treatment. Data are from 3 independent experiments. Icam-1, Igf-1, and KC (c) mRNA quantification in the colon of FPS-ZM1-treated and
untreated mice with DSS-induced colitis (n= 10). Data are from 2 independent experiments. *p < 0.05, **p < 0.01 determined by
Mann–Whitney test
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METHODS
Human samples
Human gut samples were collected upon surgical resection. The
study was approved by the local ethics committee (Comité de
Protection des Personnes Nord Ouest IV, CHRU Lille, France, No.
DC-2008-642). All the subjects gave their informed consent. The
characteristics of patient cohort are detailed in Supplementary
Table 1.

Mice
All animal procedures were conducted in accordance with the
institutional guidelines approved by the institutional Animal Care
and Ethical Use Committee of the University of Lille (committee
no. 75; authorization no. CEEA2016100410284439). Rage−/− mice
were generated as previously described,39 backcrossed to C57BL/6
for more than 12 generations and the colony (Rage−/− and WT)
was bred in-house at the animal facility of Lille University Hospital.
C57BL/6 mice were obtained from Janvier Labs. Male and female
mice from 7 to 12 weeks old were used in the study. Age and sex
matched mice were used in all experiments. Mice were randomly
assigned to experimental groups.

Immunofluorescence staining of human and mice tissues
Human and mice samples were fixed for one night in 4%
formaldehyde, dehydrated successively in ethanol and xylene, and
then embedded in paraffin. 4 µm sections were cut on a
Microtome Leica RM2245 and laid on Superfrost Plus slides. For
Immunofluorescence staining, epitope retrieval was performed in
0.01 M Tris-sodium citrate (Sigma-Aldrich), pH 6, in a 600 W
microwave for 20min. After cooling and rinsing in PBS, 0.1%
Tween20, sections were blocked in PBS, 0.1% Tween20, 5% BSA.
Sections were stained with a goat anti-RAGE antibody (Abcam)
and, for human sections, a rabbit anti-keratin 20 antibody (Cell
Signaling Technology). Detection was performed with an Alexa
fluor 488-conjugated anti-goat antibody and an Alexa fluor 647-
conjugated anti-rabbit antibody (Thermo Fisher Scientific). Nuclear
staining with Hoechst was performed before adding a fluorescent
mounting medium. For haematoxylin eosin staining, briefly,
sections were stained in Harris haematoxylin for 8 min, rinse in
water then in 95% alcohol and counterstained in eosin Y solution
for 1 min. For human samples, microscopy was performed using a
slide scanner (Axioscan Z1), and data were processed with ZEN
2010 software. For mice samples, microscopy was performed
using a microscope Leica DM5500 B and data were processed with
the Leica LAS V3.8 software.

Protein extraction for ELISA quantification
Human and mice tissues were immediately frozen after sampling
and proteins were extracted using TRIzol® Reagent according to
the manufacturer (Thermo Fisher Scientific). Briefly, tissues were
homogenized in TRIzol® Reagent with a Precellys® 24 homo-
genizer (Bertin Technologies) and chloroform was added separat-
ing DNA and proteins in an organic layer. Proteins were
precipitated by isopropanol, washed with 0.3 M guanidine
hydrochloride in 95% ethanol and 100% ethanol. Proteins were
then resuspended in 1% SDS, 8 M urea (Sigma-Aldrich). The total
quantity of proteins was determined using the DCTM protein assay
kit (Bio-Rad) and human ELISA for RAGE (R&D Systems), IL8 and
IL1β (Thermo Fisher Scientific) and mice ELISA for RAGE, KC (R&D
Systems) and IL1β (Thermo Fisher Scientific) were performed as
described by the manufacturer.

Induction and macroscopic evaluation of small intestinal
inflammation induced by indomethacin
To induce small intestinal injury, 20 mg/kg bw indomethacin
(Sigma-Aldrich) dissolved in 0.5% carboxymethyl cellulose (CMC)
was orally administered to mice.35–37 At the end of the experiment
(24 h after indomethacin injection), mice were intravenously

administered with 1% Evans blue (Sigma-Aldrich) in 0.9% NaCl
and sacrificed 30min later. Evans blue is used to visualize
macroscopic lesions. At necropsy, ileum, jejunum and duodenum
were separately harvested, longitudinally opened and photo-
graphed. Tissues were then immediately frozen for subsequent
analysis. The number and area of lesions and tissues were
quantified using Image J software.

Induction and macroscopic evaluation of colonic injury induced by
dextran sulfate sodium (DSS)
Colitis was induced by adding 2.5% (w/v) DSS (TdB Consultancy) in
the drinking water of mice for 8 days. For experiments using FPS-
ZM1, colitis was induced with 1% DSS for 6 days. Fresh DSS
solutions were prepared every two days. Mice body weight was
recorded during the experiment. Clinical score calculation is based
on the scoring of the stool consistency and occult blood. The
presence of blood in the stool was assessed with ColoScreen
Occult blood test (ELITech Group). At necropsy, colon was carefully
dissected and its weight and size were measured. Colon was then
either immediately frozen or fixed in 4% formaldehyde (VWR
Chemicals).

Induction and macroscopic evaluation of colonic injury induced by
2,4,6-trinitrobenzene sulfonic acid (TNBS)
TNBS colitis was induced in anesthetised C57BL/6 mice by
intrarectal administration of TNBS (150 mg/kg) (Sigma-Aldrich)
diluted in a 1:1 (v/v) mix of 0.9% NaCl and 100% ethanol as
described previously.34 Control animals received NaCl/ethanol mix
using the same technique. Mice were euthanized 4 days after
TNBS/ethanol administration. The colon of each mouse was
dissected and cut longitudinally to reveal the colonic mucosa.
Intensity of colonic lesions was evaluated macroscopically
according to the Wallace score. The Wallace score rates
macroscopic lesions on a scale from 0 to 10 based on features
reflecting inflammation, such as hyperemia, thickening of the
bowel, and extent of ulceration. A colon specimen located within
the ulceration was frozen for subsequent analysis of mRNA
expression.

Generation of bone marrow chimeras
WT and Rage−/− recipient mice were exposed to two doses of 5
Gy, 4 h apart. Twenty-four hours later, irradiated recipient mice
were reconstituted by intravenous injection of 10 × 106 BM cells,
obtained from femurs and tibias of donor mice, resuspended in
0.1 ml of 0.9% NaCl. Chimeric mice were provided with 0.2 mg/ml
ciprofloxacin (Sigma-Aldrich) for 3 weeks after BM transplantation
and housed for 6 weeks before DSS treatment. Efficient
reconstitution by donor bone marrow cells was confirmed by
PCR for the Rage gene in splenocytes from BM chimeric mice.

FPS-ZM1 preparation and administration
FPS-ZM1 (Merck Millipore) was diluted in 150mM cyclodextrin
(Sigma-Aldrich) prepared in sterile water, and intraperitoneally
administered to mice at a final concentration of 1 or 5 mg/kg bw/
day. Control mice were injected with cyclodextrin.

May-Grünwald and Giemsa staining of intestinal tissues from mice
and histological evaluation
Colon, ileum or jejunum samples were fixed in 4% formaldehyde
for one night, and then embedded in paraffin. Tissue sections
were stained with May-Grünwald and Giemsa (MGG) (Carlo Erba
reagents) and evaluated blindly by two investigators. In TNBS-
induced colitis, histological lesions were quantified in the colon
using the modification by Ameho of the histopathological grading
system of Macpherson and Pfeiffer (ranging from 0 to 6). Briefly,
histological findings identical to normal mice were scored as 0,
mild mucosal and/or submucosal inflammatory infiltrate and
edema, punctuate mucosal erosions, and muscularis mucosae
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intact were scored as 1, the same histological findings involving
50% of the specimen were scored as 2, prominent inflammatory
infiltrate and edema, deeper areas of ulceration extending
through the muscularis mucosae into the submucosa, and rare
inflammatory cells invading the muscularis propriae but without
muscle necrosis were scored as 3, the same histological findings
involving 50% of the specimen were scored as 4, extensive
ulceration with coagulative necrosis with deep extension of the
necrosis into the muscularis propria were scored as 5, the same
histological findings involving 50% of the specimen were scored
as 6.
In DSS-induced colitis experiments, histological lesions were

assessed using a score quantifying the intensity of the inflamma-
tory cell infiltrate (score 0–3) and the tissue damage (score 0–3).
Briefly, the presence of occasional inflammatory cells in the lamina
propria was scored as 0, increased numbers of inflammatory cells
in the lamina propria as 1, confluence of inflammatory cells
extending into the submucosa as 2, and transmural extension of
the infiltrate as 3. For tissue damage, scores were: 0, no mucosal
damage; 1, lymphoepithelial lesions; 2, surface mucosal erosion or
focal ulceration; 3, extensive mucosal damage and extension into
deeper structures of the bowel wall. The combined histological
score ranged from 0 (no changes) to 6 (extensive infiltration and
tissue damage).

Determination of myeloperoxidase (MPO) activity
MPO is a protein found in granules of neutrophils, its quantifica-
tion is used as a marker of inflammation. Small intestine and colon
specimens were homogenized with a Precellys®24 homogenizer
in a phosphate buffer (pH 6.0) containing 0.5% hexadecyltrimethyl
ammonium (Sigma-Aldrich), and subjected to two sonication and
freeze-thaw cycles. The suspensions were centrifuged at 14,000 ×
g for 15 min at 4 °C and the supernatants were reacted with 1 mg/
ml o-dianisidine hydrochloride and 0.0005% hydrogen peroxide.
Optical density of each sample was read at 450 nm with a
Versamax microplate reader (MDS analytical technologies). One
unit of MPO activity was defined as the amount that degraded 1
µmol peroxidase per minute at 25 °C. The results were expressed
as absorbance per total quantity of proteins determined using the
DCTM protein assay kit.

Assessment of lipid peroxidation
Quantification of malondialdehyde (MDA) is used as a marker of
lipid peroxidation. Tissues were homogenized with a Precellys®24
homogenizer (Bertin Technologies) in cold Phosphate-Buffered
Saline and centrifuged at 10,000 × g for 15min at 4 °C. Super-
natants were incubated with acetic acid, 2-Thiobarbituric acid and
SDS at 95℃ for 1 h. Supernatants were transferred to a 96-well
plate and the fluorescence was measured at λex= 532 and λem =
553 nm with a microplate reader fluostar omega (BMG Labtech).
1,1,3,3-Tetramethoxypropane was used as a standard. Protein
concentration in samples was determined using a DCTM protein
assay (Bio-Rad).

Real-time quantitative PCR
Total RNA was extracted from small intestine and colonic samples
with the NucleoSpin RNAII commercial kit as described by the
manufacturer (Macherey-Nagel). cDNA was synthesized with the
High Capacity cDNA Reverse Transcription kit and qPCR was
performed with SyBrGreen fluorescence detection in a StepOne
system (Thermo Fisher Scientific). The primer sequences were
designed using Primer Express 3 and are available upon request.
Melting curve analyses were performed for each sample and gene
to confirm the specificity of the amplification. The relative
expression of each target gene was normalized to the relative
expression of the Polr2a gene. The quantification of the target
gene expression was based on the comparative cycle threshold

(Ct) value. The fold changes in the target genes were analyzed by
the 2−ΔΔCt method.

Statistical analysis
Data are presented as the mean ± SEM. Comparison
between different treatment groups was performed using
the Mann–Whitney test. Analyzes were performed using
the GraphPad Prism5 Software. Statistical significance was
defined as p < 0.05. For all experiments, *p < 0.05, **p < 0.01,
***p < 0.005, ****p < 0.001. Number of samples and
animals was indicated as “n” and described in figure legends.
Number of independent experiments are indicated in figure
legends.
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