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Themammalian gutmicrobiota is essential for normal intestinal development, renewal, and repair. Injury to the intestinal

mucosa can occur with infection, surgical trauma, and in idiopathic inflammatory bowel disease. Repair of mucosal

injury, termed restitution, aswell as restoration of intestinal homeostasis involves induced and coordinated proliferation

and migration of intestinal epithelial cells. N-formyl peptide receptors (FPRs) are widely expressed pattern recognition

receptors that can specifically bind and induce responses to host-derived and bacterial peptides and small molecules.

Here we report that specific members of the gut microbiota stimulate FPR1 on intestinal epithelial cells to generate

reactive oxygen species via enterocyte NADPH oxidase 1 (NOX1), causing rapid phosphorylation of focal adhesion

kinase (FAK) and extracellular signal-regulated kinase mitogen-activated protein kinase. These events stimulate

migration and proliferation of enterocytes adjacent to colonic wounds. Taken together, these findings identify a novel

role of FPR1 as pattern recognition receptors for perceiving the enteric microbiota that promotes repair of mucosal

wounds via generation of reactive oxygen species from the enterocyte NOX1.

INTRODUCTION

The gastrointestinal epithelium acts as a physiologic barrier
that separates the underlying systemic tissue compartments
from the microbe-rich gut luminal contents. Defects in this
barrier occur with inflammatory bowel diseases as well as
infectious and mechanical injury.1,2 In addition, intrinsic
defects in mucosal barrier homeostasis are likely central to the
pathogenesis of inflammatory bowel diseases and systemic
inflammatory syndromes. The mammalian intestinal tract is
host to, and coevolved with, a taxonomically diverse and
numerically vast prokaryotic microbiota. The resident micro-
bial community in the intestinal lumen is essential for
numerous beneficial functions including nutrient extraction,
immune development, and competitive exclusion of patho-
gens.3 In addition, recent data have implicated the microbiota
in the mucosal tissue development and renewal. Germ-free
mice exhibit slower turnover of the intestinal epithelial cells
(IECs)3 and epithelial regenerative responses to mucosal injury
are impaired, suggesting a role for themicrobiota in stimulation

of wound restitution and response to injury.4–6 However, the
mechanistic processes by which the host perceives the enteric
microbiota to stimulate these beneficial effects is largely
unknown.

The formyl peptide receptors (FPRs) are G-protein-coupled
transmembrane receptors originally characterized in phago-
cytes, which upon stimulation by microbially derived
formylated peptides, induce chemotaxis and reactive oxygen
species (ROS) generation in these cells,7–10 indicating the role of
FPRs as pattern recognition receptors. Functional FPRs are
described in the IECs that serve as receptors for endogenous
anti-inflammatory and proresolution mediators, including
annexin A1 (AnxA1), lipoxin A4, and resolving D1.11–14

Recently, Chen et al.15 utilized FPR2-null mice to demonstrate
defective healing in models of chemical colits, suggesting
functional roles of the FPRs in the intestinal mucosa.
Importantly, our prior work showed that AnxA1 requires
FPR1 and the enterocyte NADPH oxidase, NADPH oxidase 1
(NOX1), for mucosal wound healing13 in a ROS-dependent
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manner. Physiological levels of cellular ROS function as a
signaling molecule and modulate different homeostatic pro-
cesses, including those implicated in migration and cellular
proliferation.16–18 FPRs expressed in IECs are in direct contact
with the gut luminal contents11 and thus can also be activated
by exogenous ligands, including microbial formyl peptides and
certain taxa of the gut microbiota.15,19

We and others reported that specific taxa of enteric bacteria,
largely lactobacilli, stimulate ROS production in the gut of
animals as disparate as mammals and flies.13,20,21 (Jones et al.,
unpublished data). Recently, we demonstrated thatmicrobiota-
induced ROS generation promotes migration of cultured
enterocytes by activating phosphorylation of focal adhesion
kinase (FAK) in a redox-dependent manner.21 FAK is a key
regulatory protein of focal adhesion complex that mediates
turnover of cell adhesions, affects cell migration, and thus
regulates wound repair.22,23 However, the receptor that
recognizes bacterial signals and the cellular source of ROS
that promote enterocyte migration, and thus mediate micro-
biota-induced intestinal wound healing and homeostasis, are
unknown.

In this report, we examined the role of FPR1 as pattern
recognition receptors in perception of enteric commensal-
mediated signaling in vivo and demonstrated that FPR1
mediates commensal bacteria-stimulated NOX1-dependent
ROS generation in colonic enterocytes, which in turn activates
phosphorylation of FAK and extracellular signal-regulated
kinase (ERK) in vivo, culminating in migration and prolifera-
tion that are required for intestinal homeostasis and wound
restitution. Overall, these results identify redox signaling as a
key mechanism in the host crosstalk of the microbiota in
homeostatic and restitutive processes.

RESULTS

Enteric commensal bacteria-stimulated colonic mucosal
wound healing requires FPR1 and NOX1

To assess the extent to which FPR1 and NOX1 function in
microbiota-induced restitution, discrete, and reproducible
mechanical wounds (Supplementary Figure S1 online and
Figure 1a) were inflicted in murine colonic epithelial mucosa
with veterinary endoscopic biopsy forceps, followed by
intrarectal administration of control (Hank’s buffer; Hank’s
balanced salt solution (HBSS)) or Lactobacillus rhamnosus GG
(LGG), a representative commensal bacterium that activates
FPRs in cultured IEC.19 LGG-treated wound beds rapidly
re-epithelialized within 2 days, whereas HBSS treated wounds
re-epithelialized at a significantly slower rate demonstrated by
the monolayer of b-catenin-containing epithelial cells (green)
covering the wound beds (Figure 1b and Supplementary
Figure S1c). LGG-enhanced wound closure was quantified
utilizing the method described by Seno et al.24 in wild-type
(WT) mice, in mice with germline mutations in FPR1 (Fpr1� /

� ), and in mice harboring an epithelial specific knockout
in Nox1 (Noxfl/FL�Villin-Cre, designated Nox1� /� IEC)
(Supplementary Figure S1d and Figure 1c,d). In WT
mice, wounds treated with LGG for 6 days showed

enhanced mucosal closure (78.5%) when compared with
control treatment (57.4%). However, LGG failed to enhance
wound closure in Fpr1� /� and Nox1� /� IEC mice (59.3% and
62.7%, respectively) (Figure 1c,d). Untreated Fpr1� /� and
Nox1� /� IEC mice did not show significant delays (48.0% and
53.1%, respectively) in wound healing when compared with
WT mice. These data demonstrate that commensal bacteria
augment repair of mucosal injury that requires FPR1 and
NOX1 signaling pathways. In a separate model of epithelial
restitution, mice were given 4.0% dextran sodium sulfate (DSS)
in drinking water and disease activity index (body weight loss,
stool consistency, and occult blood) was recorded. DSS was
withdrawn and replaced with water, and animals were
subsequently treated with intrarectal administration of LGG
suspension or control for 3 days. As reported previously,21 LGG
treatment (red) enhanced recovery from DSS-induced injury
(Figure 1e). Importantly, the beneficial effects of LGG after
DSS treatment were absent in Fpr1� /� mice (violet).
Collectively, these data demonstrate that FPR1 is also
necessary in microbiota-induced recovery from intestinal
injury induced by DSS treatment.

Enteric commensal bacteria induce FPR1- and NOX1-
dependent ROS generation in murine colonic epithelia

We hypothesized that, similar to AnxA1, products of the
resident microbiota recognized by FPR1 require epithelial
NOX1 to generate ROS and activate signaling pathways that
eventuate in epithelial migration and restitution. Therefore, we
investigated the extent to which commensal bacteria or fMet-
Leu-Phe (fMLF) activated FPRs situated on the apical surface of
epithelial cells and mediated ROS response. Cellular ROS was
determined in cultured polarized SK-CO15 colonic epithelial
cells using redox-sensitive CM-H2DCF-DA dye. We demon-
strated that both LGG and fMLF stimulated ROS generation
within 15min in cultured SK-CO15 epithelial cells in a dose-
dependent manner (Supplementary Figure S2a), highlighting
the enterocytes’ ability to generate independently cellular ROS
following bacterial contact. In addition, these ROS were
produced in the cytoplasmic area of the epithelial cells but
not in the nucleus (Supplementary Figure S2a, right panel).
Next, we examined effects of fMLF and LGG to induce ROS
generation in wounded model polarized epithelial cells. ROS
were rapidly generated in cells within 15min of applicationwith
fMLF and LGG (Figure 2a) Intriguingly, in response to
application of fMLF and LGG, cells located in close
proximity of the wound edges produced more ROS evident
from the stronger fluorescent signals generated from CM-
H2DCF-DA. In addition, LGG-induced ROS generation in
wounded cultured enterocytes was abrogated in cells pretreated
with Boc2, a specific and competitive inhibitor of fMLF binding
to FPRs, and also by N-acetyl-cysteine (NAC), a glutathione
precursor and ROS scavenger (Figure 2a). These data
demonstrate that LGG activated FPR to induce ROS
generation in the wounded model polarized epithelial cells.

We next investigated whether commensal bacteria-induced
ROS generation occurs in vivo in biopsy-wounded intestinal
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epithelia by measuring cellular ROS using hydrocyanine 3, a
stable intracellular ROS-sensitive fluorophore.21,25 Within
15min of intrarectal administration of LGG suspension
(2.5� 109 CFU), but not HBSS control, WT mice showed
rapid generation of ROS in the colonic epithelial cells
(Supplementary Figure S2b and Figure 2b,c, white
arrows), predominately in close proximity of the wounded
area. Furthermore, administration of NAC in the mouse distal
colon abrogated LGG-stimulated ROS generation (Figure 2b,
c). Importantly, administration of Escherichia coli did not
induce ROS generation, consistent with our past data indicating
that specific strains of bacteria differ in their capacity to induce
ROS generation.20 Minimal ROS generation was detected in
IECs of Fpr1� /� mice administered LGG (Figure 2b,c),
implicating that this receptor is required for commensal-
mediated ROS generation. The NADPH oxidase family
enzymes are the major sources of cellular ROS generation in
non-phagocytic cells,26 with NOX1 abundantly expressed in

IECs along the crypt–luminal axis.27 ROS generation was
markedly reduced in the IECs of Nox1� /� IEC but remained
at WT levels in the Nox2� /� (the phagocyte NADPH
oxidase) mouse treated with LGG. Finally, we found
that the TLR signaling adaptor MyD88 was not necessary
for LGG-stimulated ROS generation (Figure 2b, c). Taken
together, these data show that recognition of the microbiota by
FPR1 induced NOX1-dependent ROS generation within the
enterocytes.

Enteric commensal bacteria-stimulated FAK activation in
murine colon depends on FPR1 and NOX1

ROS modulate regulatory pathways important for wound
healing18 by reversible oxidative modification of redox-
sensitive signaling intermediates, often enzymes bearing a
low pKa ‘‘sensor’’ cysteines in their active sites, which thereby
results in their catalytic inactivation.26,28 We recently demon-
strated that enteric microbiota-induced ROS generation
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Figure 1 Enteric commensal bacteria require formyl peptide receptor 1 (FPR1) and NADPH oxidase 1 (NOX1) to enhance colon mucosal healing.
(a) Schematic diagram showing a transverse section of a wound bed surrounded by crypts where epithelial cells proliferate in and migrate from to cover
the wound bed.24,29 (b) Immunofluorescence staining of wound beds in the colon of wild-typemice using antibody against b-catenin (green) and stained
with actin (red) andDNA (blue).Micewere treated intrarectally with Lactobacillus rhamnosusGG (LGG) (2.5�109CFU) or Hank’s balanced salt solution
(HBSS) for 2 days. The wound bed center is described in Methods and Supplementary Figure S1. Bar¼ 50mm. (c) Endoscopic images of colonic
wounds in mice (wild type (WT), Fpr1� /, andNox1� /� IEC) at days 1 and 6. Bioptic injuries were inflicted following the method described by Seno et al.24

withn¼ 5miceper group.Micewere treated asabove for 6 days. Dotted lines outline the depressedareamargin of the lesion at each timepoint. (d)Graph
shows percent wound closure on day 6. Results are shown as means±s.d. and *Po0.05, by Student’s t-test. (e) Clinical disease activity index of mice
subjected to dextran sodium sulfate (DSS) colitis for 7 days followed by recovery from colitis for 7 days. Graph is highlighted for intrarectal administration
of LGG or HBSS for 3 days after DSS replacement with water; n¼ 6 mice per group. Data in the graph are presented as mean±s.e.m. *Po0.05, WT
HBSS (blue) vs. WT LGG (red), and WT LGG vs. Fpr1� /� LGG (violet) by analysis of variance (ANOVA) with Tukey’s multiple comparison post-test.
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inactivates LMW_PTP and SHP-2, two related redox-sensitive
FAK phosphatases, and thereby activates FAK and paxillin
phosphorylation in vitro;21 nonetheless, the receptor that
recognized microbial signals and the cellular source that
generatedROS remained unidentified. As these proteins are key
regulators of epithelial cell migration, in this current study we
investigated the role of FPR1 and NOX1 in FAK and paxillin
phosphorylation in vivo (Figure 3). Within 15min of the

intrarectal administration of LGG suspension, but not HBSS,
FAK was rapidly phosphorylated at tyrosine residue 861
(pFAK-Y861) over physiological steady-state conditions
(control) as detected by immunoblotting ((Supplementary
Figure S3a and Figure 3a) or immunofluorescence
microscopy (Figure 3c, d) in WT mice. Phosphorylated
FAK was located at the basal surface of the epithelial
cells (Figure 3c,d). Importantly, phosphorylation of FAK
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was markedly decreased in Fpr1� /� and Nox1� /� IEC mice
(Figure 3a,c) and in WT mice pretreated with NAC
(Figure 3d). Equal basal levels of unphosphorylated FAK
were detected in WT, Fpr1� /� , and Nox1� /� IEC mice (data
not shown). Similarly, although much weaker, FPR1- and
NOX1-dependent FAK activation was seen in unwounded
mucosa (Figure 3e). Taken together, these data indicate that
FPR1 and NOX1 are required for enteric commensal bacteria-
stimulated activation of FAK in IECs.

Enteric commensal bacteria-stimulated epithelial cell
migration in murine colon requires FPR1 and NOX1

During restitution of colonic wounds, the epithelial cells
migrate from the crypts adjacent to the wound site24,29

(Supplementary Figure S3b, left panel). Figure 4a displays
crypts adjacent to the wound bed at day 2 in the mouse

distal colon. We measured the migration of enterocytes
covering the wound bed by a pulse–chase experiment
using EdU (5-ethynyl-20-deoxyuridine) labeling of crypt
epithelial cells following bioptic injury (Supplementary
Figure S3b, right panel). EdU is a thymidine analog,
which is incorporated in cells only at the S phase. Once
labeled, EdU-positive cells can be detected after several days.
To determine the migration of enterocytes, colonic epithelial
wounds were inflicted by biopsy forceps and EdUwas injected
intraperitonially. Wound bed tissues were subsequently
harvested at different days after biopsy injury. Serial
sections of wound beds were stained for EdU-positive
cells (red) as well as immunostained for b-catenin to
identify epithelial cells (green). Emigration of EdU-labeled
enterocytes is seen (red) from the adjacent crypts one day after
injury (Figure 4b). In addition, after a 4-day chase period,
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we readily found EdU-positive cells in the monolayer of
b-catenin containing epithelial cells completely covering
the wound beds in WT control mice (Figure 4c).
Interestingly, in the LGG-treated WT mice, wounds were
covered with a monolayer of epithelial cells containing
the EdU-marked cells within 2 days (Figure 4d,e). By
comparison, the wound beds in the WT control or LGG-
treated Fpr1� /� and Nox1� /� IEC mice were only partially
re-epithelialized at this time point (Figure 4d, e). A similar
EdU labeling pulse–chase approach revealed that FPR1 is

required in LGG-enhanced crypt–luminal migration of IECs
in intact mucosa (Supplementary Figure S3c). Collectively,
these data show that LGG-stimulated enterocyte migration is
dependent on epithelial FPR1 and NOX1.

Enteric commensal microbiota-stimulated ERK activation
in murine colon requires FPR1 and NOX1

Signaling pathways involved in cellular proliferation, including
ERK mitogen-activated protein kinase pathways, are pivotal
components ofwoundhealing.Wepreviouslydemonstrated that
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commensal bacteria-induced ROS generation causes oxidative
inactivation of the ERK phosphatase DUSP3 and increases ERK
phosphorylation;30 however, sources of cellular ROS remained
unidentified. In this current study, we thus assessed the role of
FPR1 and NOX1 in ERK phosphorylation in vivo by inflicting
biopsy injury in the mouse distal colon. Within 15min of the
intrarectal administration of LGG suspension, but not HBSS,
ERK was rapidly phosphorylated in WT mice (Supplementary
Figure S4 and Figure 5a,b). Interestingly, most phospho-ERK
immunolocalized to the 4–5 crypt–villus units adjacent
to the biopsy wounds (Figure 5b). Importantly, in response
to LGG, markedly reduced levels of ERK phosphorylation
was observed in Fpr1� /� and Nox1� /� IEC mice and WT
mice pretreated with NAC (Figure 5a,b,d and Supplementary
Figure S4). Similarly, althoughmuchweaker, FPR1- andNOX1-
dependent ERK activation was observed in the unwound intact
mucosa (Figure 5c,e).

FPR1 and NOX1 are required for enteric commensal
bacteria-stimulated proliferation of wound-associated
colonic epithelial cells

Next, we examined IEC proliferation in crypts adjacent
to the biopsy wound bed by EdU incorporation assay
(Supplementary Figure S5a). Colonic epithelial wounds
were inflicted by biopsy forceps and tissues were collected
at different days after biopsy injury. EdU was injected
intraperitoneally 2 h before harvesting the wound beds to
label proliferating cells at the S phase. As described before,24 4–
5 crypts adjacent to wound bed showed increase in IEC
proliferation (EdU positive; red) within 2 days of inflicting
biopsy injury inWT control mice (Supplementary Figure S5b
online and Figure 6a). To investigate the role of FPR1 and
NOX1 in commensal microbiota-induced IEC proliferation,
wounds were treated intrarectally with HBSS or LGG for 2 days
and proliferation was assessed by EdU incorporation and
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Figure 5 Commensal bacteria-stimulated ERK activation in crypts adjoining mucosal wounds requires formyl peptide receptor 1 (FPR1) and NADPH
oxidase 1 (NOX1). (a) Immunoblot analysis for phospho-ERK (P-ERK) in colonic epithelial scrapings from harvested biopsy wounds located in the distal
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15min. Data are representative of two independent experiments with n¼3 mice per group. (b and c) Immunofluorescence analysis of P-ERK in thin
sections of colonic tissues frommice treated intrarectally with LGG (2.5�109CFU) or HBSS for 15min. (b) Biopsy wounds with n¼7 lesions per group.
Bar¼ 50mm. (c) Intact colonic mucosa. (d and e) Quantitative representation of immunofluorescence analysis of P-ERK in panels b and c. Results are
shown as means±s.d. and *Po0.05 by Student’s t-test. Data are representative of three independent experiments with n¼ 3 mice per group.
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immunostainingwith anti-Ki67 (Supplementary Figure S5c, d
and Figure 6a,c). Treatment of wounds with LGG significantly
increased the number of EdU-positive cells (red) in the 4–5
colonic crypts adjacent to wounds in WT mice. However, no
significant increase in proliferation was detected in wound
associated colonic crypts of Fpr1� /� and Nox1� /� IEC mice
(Figure 6a,c). Similarly, although much weaker, FPR1- and
NOX1-dependent LGG-stimulated proliferative response was
detected in the unwounded mucosa (Figure 6b,d). Taken
together, these data indicate that FPR1 and NOX1 are required
for enteric commensal bacteria-stimulated activation of ERK
and induction of proliferation of IECs, cellular processes
important for mucosal wound healing and homeostasis.

DISCUSSION

Repair of mucosal injury, termed restitution, requires induced
and coordinated proliferation and migration of IECs. On the
basis of our past demonstration of functional FPR on the apical
surface of gut epithelia and our findings showing prorestitutive
effects of FPR ligandAnxA1, we sought to investigate the role of
FPR in host–commensal interactions that promote mucosal
wound healing. FPRs represent an important class of pattern
recognition receptor that can bind an array of exogenous
bacterial peptides as well as endogenous mediators including
AnxA1, lipoxin A4, and resolving D1.13,14,31 Neutrophils and

monocytes perceive bacterial products via the FPRs, which elicit
key innate immune processes in phagocytes, including onset of
motility (chemotaxis), NOX2-catalyzed ROS generation, and
regulation of signaling pathways.7

Although the role of FPRs in microbial perception and
effector function in phagocytes goes back decades, only recently
have they been detected in non-hematopoietic tissues including
colonic and gastric epithelia, lung and nasal epithelia, as well as
lens and retinal pigment epithelia,32,33 FPRs mediate migration
of cultured IECs and enhance wound gap closure in response to
bacterial formyl peptides.11,12 FPR ligands also promote wound
closure in lung epithelial cells32 and human retinal pigment
epithelial cell.33 Recently, FPR2-nullmice have been reported to
be involved in repair of chemically inducedmucosal injury.15 In
addition, during the resolution phase of inflammation, there is a
temporal increase in proresolving mediators including resolvin
D1 and lipoxin A4, which stimulate resolution via FPR2
receptor.14 Our laboratory previously demonstrated that the
commensal microbiota enhance migration of IECs by mod-
ulating cell adhesion complexes,21 called focal adhesions (FAs)
that stabilize migrating cells to the underlying matrix. One
of the key regulatory proteins of FA complex is FAK, a
cytoplasmic protein tyrosine kinase, which is under the
regulation of ROS-sensitive phosphatases including PTPs,
PTEN, and SHP2.17,34,35 We specifically demonstrated that
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Figure 6 Commensal bacteria-stimulated enterocyte proliferation in crypts adjoining mucosal wounds requires formyl peptide receptor 1 (FPR1) and
NADPHoxidase 1 (NOX1). (a andb) Determination of enterocyte proliferation on day 2.Micewere treated intrarectally with Hank’s balanced salt solution
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enteric microbiota-induced ROS generation inactivates redox-
sensitive tyrosine phosphatases toward FAK, and thereby
upregulating its phosphorylation in vitro.21 By making
endoscopic bioptic mucosal wounds in murine model, in this
current report, we specifically show that commensal activate
rapid phosphorylation of FAK and paxillin in an FPR1-
dependent manner. Importantly, these events were also
abolished in Fpr1� /� , Nox1� /� IEC, and WT mice pretreated
with NAC, strongly implicating involvement of FPR1-
dependent redox signaling. These present findings are con-
sistent with our recent report that AnxA1, an endogenous FPR
ligand, induces NOX1-dependent ROS generation via FPR1
leading to the oxidative inactivation of regulatory phos-
phatases including PTP-PEST and PTEN, resulting in the
upregulation of FAK phosphorylation and subsequent wound
gap closure.13

A number of studies implicated FPRs in epithelial cell
proliferation,36,37 a critical component of wound restitution.
Intriguingly, Helicobacter pylori Hp (2–20) peptide, an
exogenous ligand derived from gastric epithelial microbiota,
can also promote proliferation of gastric epithelial cells by
interacting with FPRs;8 however, the molecular mechanism of
microbiota-induced epithelial proliferation during wound
repair via FPRs remained poorly understood. Cellular ROS
generated from NOX enzymes mediate intracellular signaling
important in wound repair and homeostasis, including cell
cycle regulation, proliferation, and differentiation.18,26 Nox1 is
abundantly transcribed in IECs located both in the colonic
crypts and luminal tips.27 Recently, Coant et al.38 showed that
mice with a germline deletion in Nox1 demonstrated defective
intestinal epithelial differentiation. In this current study, our
findings specifically established that microbiota-induced ERK
phosphorylation and subsequent IEC proliferation in wound-
associated enterocytes were dependent on ROS generation
mediated by FPR1 and NOX1.

The mechanisms by which the host perceives prokaryotic
contact and transduces this into physiological, rather than
pathological, results are largely unknown.We identify a central
role of FPR1 and NOX1 in mediating the commensal
microbiota-stimulated proproliferative and promigratory
effects on enterocytes that facilitate mucosal repair and
homeostasis (Figure 7). Identification of the optimal
commensal species and/or microbial products as well as
indigenous host molecules that modulate the physiological
ROS generation through epithelial FPR1-NOX1 signaling
pathways will be crucial for developing future therapeutic
approaches for a range of mucosal disorders.

METHODS

Mouse models. All animal experiments were approved by the
Institutional Animal Care and Use Committee at Emory
University (Atlanta, GA) and performed according to the
National Institutes of Health guidelines. The mice had ad
libitum access to a standard diet and water until reaching
the desired age and/or weight. Animals were maintained
on a 12-h light/12-h dark cycle under pathogen-free

conditions. Fpr1 � /� mouse were purchased from Taconic
(Germantown, NY). Colonies of Fpr1� /� , Nox1� /� IEC, and
MyD88� /� mice were established and maintained in our
research facility. Nox1� /� IEC mice were described by Leoni
et al.24 Nox2-null mice were purchased from the Jackson
Laboratory (Bar Harbor, ME). Genotyping was accomplished
by PCR of the WT mFpr1 allele or mutated gene carrying the
neomycin resistance gene (neor).

Endoscopeused in livemice. To create discrete mucosal injuries
in themouse colon and tomonitor their regeneration, we used a
high-resolution miniaturized colonoscope system (Coloview
Veterinary Endoscope; Karl Stortz, Goleta, CA). This system
consisted of a miniature rigid endoscope (1.9-mm outer
diameter), a xenon light source, a triple chip high-resolution
CCD camera, and an operating sheath with instrument
channels and an air/water injection bulb to regulate inflation
of the mouse colon (all from Karl Storz). The endoscope with
outer operating sheath was inserted into the mid-descending
colon and the mucosa was surveyed to the anorectal junction.
Then, the flexible biopsy forceps with a diameter of 3 French
were inserted to remove single full-thickness areas of the entire
mucosa and submucosa. Endoscopic procedures were viewed
with high resolution (1,024� 768 pixels) images on a flat panel
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Figure 7 Model depicts the effects of commensal bacteria on restitution
of colonic epithelial wounds. Formyl peptide receptor 1 (FPR1) receptors
are expressed on the apical surface of colonic enterocytes. The FPR1
receptor perceives signals from commensal bacteria to elicit reactive
oxygen species (ROS) via activation of NOX1. ROS mediates activation/
phosphorylation of ERK (P-ERK) and focal adhesion kinase (P-FAK) with
resultant effects on proliferation and also turnover of focal adhesions.
Overall enhancement of cell proliferation and migration promotes wound
closure and contributes to overall homeostasis.
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colormonitor. This enabled us to take both video and still images
of the endoscopic procedures.24 The Image J software (National
Institutes of Health, Bethesda, MD) was used to analyze the
wound sizes. The night before the initial biopsy injury, food was
removed from the mouse cages. The following morning, mice
were anesthetized using ketamine and xylazine. We took parti-
cular care to avoid penetration of the muscularis propria.

Wound bed tissue preparation. Wound bed gross morphology
was studied with a dissection microscope. Mucosal tissues with
the wound bed were preserved in OCT media and frozen to
perform immunofluorescence microscopy and histopathologic
analysis. For histological analysis, wounds were oriented and
cut in a proximal to distal manner and sections were prepared
in 7-mm increments.24,39 The sections with the largest area of
the wound bed (highlighted by dashed lines in Supplementary
Figure S1a and with asterisk in Supplementary Figure S1b)
were considered the center of the wound24,39 and used for
immunofluorescence staining.

Cellmigration in vivo. To assess for epithelial migration to cover
a wound bed, mice were injected intraperitoneally with EdU
(100 mg g� 1 body weight) at the time of biopsy injury and were
euthanized 2–4 days later (chase: 2–4 days). Immunohisto-
chemical localization of EdU-labeled cells were carried out by
Click-iT EdU Alexa Fluor Imaging Kit (Life Technologies,
Carlsbad, CA). Nuclei were stained with the To-pro 3
(Molecular Probes, Eugene, OR). Sections were also immuno-
stained for b-catenin to identify enterocytes.
To assess for epithelial migration in intact colonic tissue, mice

were injected intraperitoneally with EdU. Migration of
enterocytes was measured by determining locations of the
foremost EdU-labeled enterocytes’ colonic crypt and was
recorded as the percent of epithelial cell positions along the
crypt–luminal axis of well-oriented crypt units.

Cell proliferation in vivo. After inflicting biopsy injury in mice,
EdU was administered intraperitoneally at different time points
(days 0, 1, and 2). Mice were killed 2 h after EdU administration
(pulse: 2 h); tissue sections containingwound bedswere collected
in OCT medium and were frozen. S-phase cells were detected
with procedure described above. Proliferating cells were also
determined by immunofluorescence using anti-Ki67 antibody.

Immunoblotting and immunofluorescence. To collect epithelial
cells, intrarectal administrations ofHBSS (Hank’s buffer), LGG,
or fMLF for the indicated times were performed in anesthetized
mice. Mice were euthanized, colons were opened along the
mesenteric border, epithelial tissues were scrapped and lysed in
radioimmunoprecipitation assay buffer (100mg tissue per ml
of buffer) followed by centrifugation at 16,000 r.p.m. for 20min
at 4 1C. Antibodies were obtained as follows: anti-ERK,
phospho-ERK (Cell Signaling, Danvers, MA), b-actin (Sigma-
Aldrich Corp., St Louis, MO), phospho-FAK (Sigma-Aldrich
Corp.), phospho-paxillin (Abcam, Cambridge, MA), fluorescein
isothiocyanate-conjugated goat anti-rabbit IgG (Jackson
ImmunoResearch,West Grove, PA), and horseradish peroxidase-

conjugated donkey anti-rabbit or sheep anti-mouse secondary
antibody (GEHealthcare, Little Chalfont, Buckinghamshire, UK).
Immunoblot and immunofluorescent labeling slips were
performed as described previously.13 Nuclei were stained with
To-Pro-3 iodide (Molecular Probes). Fluorescent images were
acquired by laser confocal microscopy.

ROS assay in vivo. For detection of ROS in the murine biopsy
injurymodel, a nontoxic ROS-sensitive dye hydrocyanine 3was
used.25 Mice were anesthetized, followed by intrarectal injection
with nontoxic ROS-sensitive dye hydrocyanine 3 that fluoresces
when oxidized. After 30min of Hydro-Cy3 injection, biopsy
injuries were made, and administration of HBSS, LGG (2.5�
109CFU), or fMLF for different time points were performed.
Mice were killed, the colons were opened along the mesenteric
border, and tissues were collected. After mounting on slides,
samples were examined by confocal laser scanning microscopy.
Images were captured using 535nM laser extinction and 560nM
emission filter. ImageJ software (National Institutes of Health)
was used to analyze fluorescence intensity.

ROS assay in vitro

Cell Culture. Human IEC line SK-CO15 was grown on
membrane inserts in high glucose (4.5 g l� 1) Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine
serum, 100Uml� 1 penicillin, 100mgml� 1 streptomycin,
15mMHEPES (pH7.4), 2mM L-glutamine, and 1%nonessential
amino acids at 37 1C in a 4% CO2 incubator.

ROS detection. Scratch wounds were performed with plastic
micropipette tips on polarized SK-CO15 cells grown on
membrane inserts. Epithelial cells were treated with LGG
(5� 107 CFUml� 1) (ATCC, Manassas, VA; 53103) or fMLF
(500 nM) (Sigma-Aldrich) for the indicated times were washed
with HBSS and incubated in the dark with CM-H2DCF-DA
(Molecular Probes) for an additional 5min as described
previously by Wentworth et al.30 All images were acquired
using a confocal laser scanning microscope (Zeiss LSM 510,
Jena, Germany) at � 40 magnification. Images were captured
using 488 nM laser for excitation and a 515–540 nM emission
filter. Quantification of fluorescence intensity was determined
using ImageJ (National Institutes of Health, Bethesda, MD).

Induction of colitis. Four percent (wt vol� 1) DSS (molecular
mass, 36–50 kDa) was dissolved in purified water and orally
administered to mice as described previously.13,21 Mice were
allowed free access to food and water containing 4% DSS from
day 0 until day 7 andDSS was withdrawn to allow recovery from
colitis for additional 4 days. Mice were administered with
intrarectal injections of LGG suspension in HBSS buffer for
additional 3 days. Mice were killed on day 14. Daily clinical
assessment of DSS-treated animals included evaluation of stool
consistency, detection of blood in stool, and body weight loss
measurements. An individual score (ranging from 0 to 4)
was attributed for each one of these parameters, and a disease
activity index ranging from0 to4was calculatedby combining all
three scores.
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Statistics. Quantitative data are expressed as mean±s.e.m. or
s.d. for each treatment group. Statistical comparisons were
performed by two-tailed Student’s t-test or analysis of variance
with Tukey’s multiple comparison post-test (GraphPad Prism;
GraphPad Software, La Jolla, CA). P-values o0.05 were
considered significant.

SUPPLEMENTARYMATERIAL is linked to the online version of the paper

at http://www.nature.com/mi
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