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Nucleotide-binding oligomerization domain-containing protein 2 (NOD2), an intracellular pattern recognition
receptor, induces autophagy on detection of muramyl dipeptide (MDP), a component of microbial cell walls.
The role of bacteria andNOD2 signaling toward ischemia/reperfusion (I/R)einduced intestinal injury response
is unknown. Herein, we report that I/R-induced intestinal injury in germ-free (GF) C57BL/6 wild-type (WT)
mice is worse than in conventionally derivedmice.More important,microbiota-mediated protection against I/
R-induced intestinal injury is abrogated in conventionally derived Nod2�/� mice and GF Nod2�/� mice. Also,
WT mice raised in specific pathogen-free (SPF) conditions fared better against I/R-induced injury than SPF
Nod2�/� mice. Moreover, SPF WT mice i.p. administered 10 mg/kg MDP were protected against injury
compared with mice administered the inactive enantiomer, L-MDP, an effect lost in Nod2�/� mice.
However, MDP administration failed to protect GF mice from I/R-induced intestinal injury compared with
control, a phenomenon correlating with undetectable Nod2 mRNA level in the epithelium of GF mice. More
important, the autophagy-inducer rapamycin protected Nod2�/� mice against I/R-induced injury and
increased the levels of LC3þ puncta in injured tissue of Nod2�/�mice. These findings demonstrate that NOD2
protects against I/R and promotes wound healing, likely through the induction of the autophagy response.
(Am J Pathol 2014, 184: 2965e2975; http://dx.doi.org/10.1016/j.ajpath.2014.07.014)
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The epithelium lining the intestinal track is composed of a
single layer sheet of epithelial cells that provides nutrient ab-
sorption, hormone secretion, and innate immune sampling of
luminal contents.1,2 In addition, the epithelium provides a
physical barrier between the host and gut microbes, where in-
testinal epithelial cells (IECs) are stitched together by tight
junctions that maintain the architecture of the epithelial sheet
and prevent uncontrolled access of luminal content (eg, mi-
crobes and dietary toxins) to subepithelial tissues.3 The
epithelium is preserved by the homeostatic migration and
proliferation of IECs from the base of the intestinal crypts to
tips of the villi. Events that disrupt this equilibrium could have
deleterious consequences for the host, as seen in patients
experiencing intestinal ischemia.4

Ischemia occurs when blood supply to the small bowel is
occluded, which is followed by reperfusion, the return of
stigative Pathology.

.

blood flood flow, and simultaneous re-oxygenation of the
tissue. During ischemia, an imbalance of metabolic demand
and supply results in hypoxic response with activation of
hypoxia-inducible factor-1 as well as cell death programs,5

autophagy,6e8 and necrosis (organelle swelling and plasma
membrane rupturing).4,9 Paradoxically, the restoration of
blood flow causes the release of inflammatory mediators,
such as IL-6, tumor necrosis factor-a, and IL-1b, which
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exacerbate the injury.4 As a result, extra-intestinal organs,
such as liver and the lung, may experience inflammatory
activation and fatal multiorgan dysfunction syndrome.
In the clinic, causes of intestinal ischemia/reperfusion
(I/R)einduced injury include atherosclerosis, hypotension,
blood clots, hernias, cardiac and mesenteric surgery, venous
thrombosis, and necrotizing enterocolitis.

Nucleotide-binding oligomerization domain-containing pro-
tein 2 (NOD2) is a pattern-recognition receptor whose function
is the intracellular reconnaissance of pathogen-associated mo-
lecular patterns. NOD2 is important for the recognition of
muramyl dipeptide,MDP, a component of peptidoglycan that is
present in the cell walls of Gram-positive and Gram-negative
bacteria. Loss-of-function mutations of NOD2 have been
associated with Crohn’s disease and, recently, NOD2-
associated autoinflammatory disease.10 The mechanism by
which NOD2 maintains intestinal homeostasis has yet to be
clearly defined, although a current paradigm suggests an
involvement of this innate sensor in controlling microbial
composition,11,12 likely through expression of antimicrobial
peptides fromPaneth cells.13 In addition,NOD2 is implicated in
other important biological responses, such as inflammasome
activation14 and autophagy.6 More important, in a preclinical
model of necrotizing enterocolitis, NOD2 signaling was shown
to protect against hypoxic stress through down-regulation of the
Toll-like receptor (TLR) 4 pathway.15 However, the role of
commensal bacteria andNOD2 signaling in intestinal I/R injury
response has not been elucidated.

A balance between innate inflammatory responses and
cytoprotective mechanisms dictates the extent of end-organ
damage during I/R injury. During injury-induced hypoxic
stress, cells undergo a prosurvival process called autophagy.16

This autophagic response occurs on inhibition of mammalian
target of rapamycin, thereby inducing the encapsulation of
cytoplasmic components in a double membrane (autophago-
some), which is delivered to the lysosome for degradation.16 In
hepatic ischemia, autophagy has been shown to be a protective
mechanism that favors cell survival and proliferation,8 two key
processes in epithelial injury response. Interestingly, NOD2
recruits ATG16L1 to the plasma membrane to initiate auto-
phagosome formation in response to MDP and at the site of
Shigella flexneri entry.17 However, the role of commensal
bacteriaeinduced autophagy in the context of hypoxic stress
and intestinal damage is currently unknown.

Herein, we investigated the role of microbes and NOD2
signaling in I/R-induced intestinal injury using germ-free (GF)
and conventionally derived (CONV-D) Nod2�/� mice. We
demonstrate that microbes are important for optimal intestinal
response to injury, an effect mediated by NOD2 signaling.

Materials and Methods

Mice

Wild-type (WT) and Nod2�/� mice (C57BL/6 background)
were maintained in GF conditions at the National Gnotobiotic
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Rodent Resource Center at University of North Carolina at
Chapel Hill (Chapel Hill, NC), the gnotobiotic Facility at the
University of Florida (Gainesville, FL), or in specific
pathogen-free (SPF) conditions in a standard animal facility.
To study the impact of microbiome on I/R injury, cohorts of
GFWT and GF Nod2�/� mice were split, such that one group
was CONV-D by transfer to SPF conditions for 4 weeks,
whereas another group was kept in GF conditions.

I/R-Induced Injury

I/R-induced injury was performed as previously described.18

Briefly, mice were anesthetized by 2% isoflurane. To
minimize pain during surgery and reperfusion, mice were
injectedwith 10mg/kg ketamine and 0.1mg/kg buprenorphine
injected s.c. A midline laparotomy was performed. Then, the
peripheral branches of coronal mesenteric artery and collateral
blood flow were occluded using 50-g aneurysm clips (Kent
Scientific, Torrington, CN) to generate a 3- to 5-cm region of
ischemic ileum adjacent to the cecum. Hematoxylin was used
to mark the edges of ischemic tissue to allow harvesting
ischemic tissue and adjacent healthy tissue from the same
mouse for comparison. This control is more appropriate than
the sham operated on control mice, because sham operated on
mice do not undergo a systemic reaction to I/R-induced
injury.18,19 The clips were removed after 60 minutes of
ischemia, and the mice were maintained in a heated room for a
variable amount of time (0, 1.5, or 3 hours) without anesthesia
for the reperfusion phase of injury. Mice were administered 10
mg/kgMDP (Invitrogen, SanDiego, CA) or 10mg/kg inactive
enantiomer L-MDP (Invitrogen) 24 hours before injury.
Rapamycin (3 mg/kg; LC Laboratories, Woburn, MA) or its
vehicle [dimethyl sulfoxide (DMSO)] was administered 1 hour
before injury. All animal experiments were approved by the
InstitutionalAnimalCare andUseCommittee of theUniversity
of North Carolina at Chapel Hill and the University of Florida.

Murine Sample Collection and Histological Evaluation

Ileal sectionswere dissected, splayed, Swiss rolled,fixed in 30%
phosphate-buffered formalin for 24 hours, and then embedded
in paraffin. Damage severity was evaluated using hematoxylin
and eosin (H&E)estained sections by a blinded investigator
(M.M.). The scoring system is based on an IEC apoptosis/ne-
crosis system,where a score of1 signifieda lossof only thevillus
tips; 2, loss of 50% of the villus; 3, a loss of the entire villus, but
with maintenance of the crypt; and 4, complete loss of the
epithelial layer, as previously described.20 The ischemic tissue
was divided into four quarters, and a score was given to each
quarter separately and added to generate a final damage score.

Electron Microscopy

Ileal sections were fixed in 4% paraformaldehyde overnight
at 4�C. Sections were fixed for 1 hour in potassium ferro-
cyanideereduced osmium, followed by dehydration through
ajp.amjpathol.org - The American Journal of Pathology
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a graded series of ethanol. Then, they were embedded in
Polybed 812 epoxy resin (Polysciences, Warrington, PA).
Transverse sections (1 mm thick) were cut at several loca-
tions along the epithelium, stained with 1% toluidine blue
and 1% sodium borate, and examined by light microscopy
to confirm the region of interest. Ultrathin sections were cut
with a diamond knife (70 to 80 nm thick), mounted on 200
mesh copper grids, and stained with 4% aqueous uranyl
acetate for 15 minutes, followed by Reynolds’ lead citrate
for 8 minutes. The sections were analyzed using a LEO
EM-910 transmission electron microscope (Carl Zeiss SMT,
Peabody, MA), operating at an accelerating voltage of 80
kV. Digital images were taken using a Gatan Orius SC 1000
charged-coupled device Camera and Digital Micrograph
software version 3.11.0 (Gatan, Pleasanton, CA). All images
were acquired at room temperature.

RNA Isolation, RT-PCR, and Real-Time Quantitative PCR

RNA isolation from IECs, ileal tissues, and subsequent cDNA
amplification and analysis were performed as previously
described.19,21 The following primers were used to amplify
Nod2: forward, 50-CCAGCGTCTTTGGCCATTCAACAT-30;
and reverse, 50-TTGAGCTCATCCAGTGCTTGGAGT-30.
The purity of IECs was confirmed using the IEC-specific gene
product Villin (forward, 50-CCCACGCAAAGAACTGAA-
GG-30; reverse, 50-TCCCGTCATCCACCATTTTC-30), b-actin
(forward, 50-TTACCAACTGGGACGACATG-30; reverse,
50-CTGGGGTGTTGAAGGTCTC-30), as previously de-
scribed.19 The PCR product was run on a 2% agarose gel.
The following primers were used to amplify Xbp1: forward,
50-AAACAGAGTAGCAGCGCAGACTGC-30; and reverse,
50-TCCTTCTGGGTAGACCTCTGGGAG-30.22 The PCR
product was run on a 3% agarose gel to resolve the spliced
variant. For quantitative real-time PCR, relative fold changes of
Il6, Il1, and Tnfa were determined using the DDCT calculation
method, as previously described.23 Values were normalized to
the internal controls, b-actin and Gapdh. Primers were as fol-
lows: Gapdh (forward, 50-GGTGAAGGTCGGAGTCAAC-
GGA-30; reverse, 50-GAGGGATCTCGCTCCTGGAAGA-30),
b-actin (forward, 50-TGGAATCCTGTGGCATCCATGAA-
AC-30; reverse, 50-TAAAACGCAGCTCAGTAACAGTC-
CG-30), Il6 (forward, 50-CGGAGGCTTGGTTACACATGTT-
30; reverse, 50-CTGGCTTTGTCTTTCTTGTTATC-30), Tnfa
(forward, 50-ATGAGCACAGAAAGCATGATC-30; reverse,
50-TACAGGCTTGTCACTCGAAT-30), Il1b (forward, 50-GC-
CCATCCTCTGTGACTCAT-30; reverse, 50-AGGCCACAG-
GTATTTTGTCG-30).23,24

Cell Culture and Immunocytochemistry

Human colonic HCT-116 cells were grown in 60-mm tissue
culture dishes to 70% to 80% confluency. Cells were treated
with 10 mg/mL pepstatin A (MP Pharmaceuticals, Santa Ana,
CA) and 10 mg/mL E-64-d (Peptide Institute, Osaka, Japan) 1
hour before exposure to 1 hour of normoxia or hypoxia [1%
The American Journal of Pathology - ajp.amjpathol.org
O2, hypoxic glove box (Coy Labs, Grass Lake, MI)] and
stimulated by 5 mg/mL rapamycin (LC Laboratories). Cells
were fixed and permeabilized, as previously described.25 The
primary antibody for LC3 (1:200; number 4108; Cell
Signaling, Danvers, MA) was used according to the manufac-
turer’s specifications, followed by fluorescein isothiocyanatee
conjugated goat anti-rabbit secondary antibody (1:1000;
number A-11008; Invitrogen). Images were acquired using a
Zeiss 710 microscope and Zeiss Zen software version 2009
(Carl Zeiss, Thornwood, NY). Then, puncta (green fluorescent
protein) and cells (DAPI; number H-1200; Vector Labora-
tories, Burlingame, CA) were counted using ImageJ software
version 1.48u4 (Wayne. S. Rasband, NIH, Bethesda, MD).

Immunofluorescence

WT healthy and injured ileal tissues were deparaffinized
using ethanol and xylenes. Antigen retrieval was performed
by using citrate buffer (pH 6) in a pressure cooker. Primary
LC3 antibody (1:200; number 4108; Cell Signaling, Dan-
vers, MA) was incubated overnight according to manu-
facturer’s specifications, followed by Alexa Fluor 647 goat
anti-rabbit secondary antibody (1:1000; Invitrogen). DAPI
(number H-1200; Vector Laboratories, Burlingame, CA)
was used to counterstain the sections. Images were acquired
by a Leica SPA microscope (Leica Microsystems Inc.,
Buffalo Grove, IL). Analysis of LC3 puncta was performed
using ImageJ software, generating a basal cutoff of LC3
puncta (threshold, 10), then using the Analyze Particle
feature for counting to generate a mean of positive pixels
per cell (%) � SEM of three fields of view per sample.26

Immunofluorescence experiments were performed using
this secondary antibody instead of the one previously
mentioned, because of the change in confocal microscope.

Statistical Analysis

Unless specifically noted, statistical analyses were performed
using GraphPad Prism version 5.0a (GraphPad, La Jolla, CA).
Comparisons of mouse studies were made with nonparametric
analysis of variance and then a U-test. All graphs depict
means � SEM. Experiments were considered statistically
significant if P < 0.05.

Results

Microbes Protect WT Mice, But Not Nod2�/� Mice,
against Intestinal I/R-Induced Injury

Antibiotic treatments have recently been shown to
ameliorate host response to I/R-induced injury.27 However,
antibiotic exposure disrupts a large segment of the micro-
bial community and damages epithelial barrier function,
adding a confounding element to the approach.28 To avoid
this limitation, we used GF WT and Nod2�/� mice to
test the relationship between microbes and NOD2 on
2967
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Figure 1 Microbial signaling protects against I/R-induced injury. Cohorts
of GF, WT mice and GF, Nod2�/� mice were split into two groups. One group
remained in germ free (GF) conditions, whereas the other was CONV-D with
commensal microbes in a SPF facility. Mice were subjected to 60 minutes of
ischemia, followed by 3 hours of reperfusion. Necrosis was assessed using an
established necrosis scoring system. Histological intestinal damage scores of
individual mice are depicted (means � SEM), and representative images of
H&E-stained ileal sections of WT (A) and Nod2�/� (B) mice are shown. Results
are representative of two independent experiments (n � 4 per group). *P <

0.05. Scale bar Z 100 mm (A and B). H, healthy; I/R, 1 hour ischemia, fol-
lowed by 3 hours’ reperfusion.

Figure 2 MDP signaling protects against I/R-induced injury. WT and
Nod2�/� mice were subjected to ileal ischemia for 1 hour, followed by 1.5
hours of reperfusion. NOD2 ligand, 1 mg/kg MDP, or 1 mg/kg of its enan-
tiomer, L-MDP, was injected i.p. in WT mice 24 hours before I/R exposure.
Healthy and injured tissues were collected, Swiss rolled, and stained with
H&E. Necrosis was assessed using an established necrosis scoring system. A
and B: Histological intestinal damage scores of individual mice are depicted.
C: Representative images of H&E-stained ileal sections. Results are repre-
sentative of three independent experiments (n � 4 per group). Data are
given as means � SEM (A and B). *P < 0.05. Scale bar Z 100 mm (C).
H, healthy; I/R, 1 hour ischemia, followed by 1.5 hours’ reperfusion.
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I/R-induced injury. Cohorts of GF WT and GF Nod2�/�

mice were separated into two groups: one that remained in
GF conditions and another that was CONV-D by transfer to
an SPF housing facility for 4 weeks. Mice were subjected to
1 hour of ischemia, followed by 3 hours of reperfusion, at
which point ischemic and healthy portions of the ileum
were harvested for histological analysis. Although GF and
CONV-D mice exhibited a comparable degree of injury
after 1 hour of ischemia (data not shown), CONV-D WT
mice displayed attenuated necrosis compared with GF WT
mice after reperfusion (scores: 10.7� 1.5 versus 4.1� 1.6;
P< 0.05) (Figure 1A). Histological representation of tissue
injury showed that GF mice displayed midvillus denude-
ment of the epithelium, whereas CONV-D mice showed
restituted, nascent villi (Figure 1A). Interestingly, there
was no difference in injury between GF Nod2�/� mice and
CONV-D Nod2�/� mice after I/R-induced injury (scores:
9.3 � 2.3 versus 9.2 � 2.3) (Figure 1B). These results
suggest that microbes harbor protective function during I/
R-induced injury.

NOD2 Signaling Protects against I/R-Induced Injury

To test the protective capacity of NOD2 signaling, we
subjected cohorts of WT and Nod2�/� mice raised to
2968
I/R-induced injury in the presence of the NOD2 agonist
MDP or its inactive enantiomer, L-MDP. We first per-
formed a time course (up to 6 hours of reperfusion) to better
define the kinetics of I/R injury response (data not shown).
On the basis of these findings, the reperfusion time was
shortened to 1.5 hours to better evaluate the modulatory
effect of bacteria and NOD2 signaling on injury response.
We previously used this timeline to measure the modula-
tory effect of the opioid agonist Dermorphin [D-Arg2,
Lys4] (1-4) amide (DALDA) on I/R-induced injury.12,18

The extent of necrosis between WT and Nod2�/� mice
was comparable after 0.5 and 1 hour of ischemia
(Supplemental Figure S1). However, WT mice exhibited
improved recovery outcome over Nod2�/� mice after
reperfusion (scores: 4.5 � 0.3 versus 8.6 � 1.4; P < 0.05)
(Figure 2A). More important, i.p. administration of 10 mg/kg
MDP, but not the inactive enantiomer, L-MDP, protected WT
mice against I/R-induced injury (scores: 6.6 � 0.9 versus
3.3 � 0.8; P < 0.05) (Figure 2B), whereas it failed to protect
Nod2�/� mice (scores: 8.3 � 1.4 versus 8.6 � 1.4)
(Figure 2B). The improved intestinal response after MDP
treatment in theWTmice is noted by the restitution of the villi,
whereas Nod2�/� mice showed epithelium denudement of the
villi, leaving only the crypts (Figure 2C).
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 Microbial induction of NOD2 expression in IECs is necessary for protection against injury. A: Germ free (GF), WT mice were subjected to ileal
ischemia for 1 hour, and followed by 3 hours of reperfusion. NOD2 ligand, 1 mg/kg MDP, or 1 mg/kg of its enantiomer, L-MDP, was injected i.p. in mice 24
hours before I/R exposure. Healthy and injured tissue was collected, Swiss rolled, and stained with H&E. Necrosis was assessed using an established necrosis
scoring system. Histological intestinal damage scores of individual mice are depicted (left), and representative images of H&E-stained ileal sections are shown
(right). B: IECs were isolated from GF and CONV-D WT mice, and Nod2 mRNA level was assessed using RT-PCR. Actin and Villin mRNAs were amplified as loading
and isolation efficacy, respectively. Scale bar Z 100 mm (B). H, healthy; I, ischemia only; I/R, 1 hour ischemia, followed by 3 hours’ reperfusion.

NOD2 Signaling in Intestinal Injury
Microbially Induced Expression of NOD2 in IECs Is
Necessary for Protection against Injury

A previous report showed that Nod2 expression in the in-
testine is lower in GF mice than SPF mice.12 Therefore, we
hypothesized that MDP-mediated protective effects would be
ablated in GF mice because of impaired NOD2 expression.
Indeed, MDP-administered GF mice were not protected from
I/R-induced injury compared with L-MDP controls (scores:
7.2 � 3.0 versus 8.3 � 3.7) (Figure 3A), a phenomenon
correlating with lack of detectable Nod2 mRNA in IECs
isolated from the terminal ileum of GF mice (Figure 3B).
Transferring GF mice in SPF condition for 4 weeks resulted
in detectable NOD2 mRNA expression (Figure 3B), sug-
gesting that bacteria regulate Nod2 expression and signaling.
Taken together, these results suggest that Nod2 expression/
signaling is dependent on commensal microbes signaling,
likely mediating protection against I/R-induced injury.
I/R-Induced Injury Causes Hypoxic Stress and
Autophagy in WT and Nod2�/� Mice

Further evaluation of the injury using electron microscopy
analysis showed cytoplasmic thinning, mitochondrial swelling,
and autophagosome and late endosome formation, all cellular
characteristics of hypoxic tissues29,30 (Supplemental Figure S2).
In related models of I/R-induced injury, the endoplasmic retic-
ulum (ER) stressmarkerXPB1has been shown to accumulate in
hypoxic tissues.31,32 We evaluated the expression of spliced
Xbp1mRNA in injured tissues fromWTmice and compared it
with adjacent healthy tissue. We observed an accumulation of
spliced Xbp1 mRNA in the injured tissue of both WT and
Nod2�/�mice (Figure 4A). In addition, cytokine expression has
been used as an indicator of hypoxia in I/R-induced injury,33 as
well as in related models of hypoxia in vitro34 and in vivo.6e8,35

Therefore, we evaluated Tnfa, Il-6, and Il-1b mRNA accumu-
lation in ileal tissue of WT and Nod2�/� mice that underwent
The American Journal of Pathology - ajp.amjpathol.org
I/R-induced injury. As expected, I/R-induced injury increased
Tnfa, Il-6, and Il-1bmRNA accumulation in WT and Nod2�/�

mice compared to cytokine levels in adjacent healthy tissue to
the site of ischemia (Figure 4B). No noticeable differences were
observed in ER-stress response (Xbp1 or cytokines) between
WT and Nod2�/� mice, suggesting that increased tissue
damage in Nod2�/� mice (Figure 2) is not related to the extent
of ER-stress response.

Recent studies show that hypoxic stress in the intestinal
mucosa occurs during I/R-induced injury,4 which associates
with increased expression of autophagy marker, LC3, in the
small bowel.29 Therefore, we determined LC3 levels in WT
and Nod2�/� mice exposed to I/R conditions. At homeostasis,
healthy tissue of WT and Nod2�/� mice show low detectable
amounts of cytoplasmic LC3-positive (LC3þ) puncta. On I/R-
induced injury, the amount of LC3þ puncta per cell increased
substantially in the epithelium of WT mice (37.8 � 10.37
puncta per cell), compared with Nod2�/� mice (5.0 � 0.4
puncta per cell) (Figure 5). Taken together, these results
indicate that I/R-induced injury is associated with ER stress
and induction of autophagy, a phenomenon dependent on
NOD2 signaling.
Rapamycin Rescues Autophagy-Mediated Protection in
Nod2�/� Mice, But Not WT Mice, from I/R-Induced Injury

The lack ofNod2mRNA expression in GF IECs and increased
expression of the innate sensor after bacterial colonization,
which correlated with protection against I/R-induced injury,
suggest that these cells may be important for injury response.
We hypothesized that inducing the autophagy response in
IECs would alleviate I/R-induced injury inNod2�/�mice. We
first tested whether the autophagy inducer, rapamycin, could
modulate hypoxia-induced autophagy using a reductionist
in vitro system. Rapamycin has previously been shown to
attenuate I/R-induced injury in the gut, pancreas, and
heart.8,36,37 Human colonic epithelial HCT116 cells, which
2969

http://ajp.amjpathol.org


Figure 4 I/R-induced injury induces ER stress in
WT and Nod2�/� mice. WT and Nod2�/� mice were
subjected to I/R-induced injury. A: RT-PCR of
ER-stress response marker, XBP1, was performed and
resolved on a 3% agarose gel. B: Il1b, Il6, and Tnfa
mRNAs from healthy and injured ileal tissues were
determined using ABI Prism 7900HT (Life Technolo-
gies, Grand Island, NY). Data were processed using
the DDCT method, normalized to b-actin, and set
relative to healthy tissue. Results are representative
of three independent experiments. *P< 0.05 (n� 4
per group). H, healthy; I/R, 1 hour ischemia, followed
by 1.5 hours’ reperfusion.
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constitutively expressed NOD2, were exposed to hypoxic
conditions (1% O2) using a Coy Labs hypoxic glove box and
then treated with 500 nmol/L rapamycin for 1 hour. To
monitor autophagic flux, the cells were pretreated for 1 hour
with proteasome inhibitors E-64-d and Pepstatin A and auto-
phagy response was evaluated by measuring LC3þ puncta per
cell using immunofluorescence staining. As expected, the
baseline of LC3þ puncta was elevated under hypoxic stress.
Remarkably, hypoxic cells exposed to rapamycin displayed a
strong increase in the number of LC3þ puncta per cell,
compared with un-stimulated conditions (Figure 6).

To specifically determine the beneficial effect of autophagic
response on I/R injury, we evaluated whether rapamycin could
rescue Nod2�/� mice from exacerbated I/R-induced injury.
Cohorts ofWT andNod2�/�micewere i.p. administered 3mg/
kg rapamycin or vehicle (DMSO) 1 hour before I/R-induced
injury and tissue damage evaluated using H&E staining.
Interestingly, rapamycin decreased I/R-induced injury in
Nod2�/� mice compared with the level of injury observed in
vehicle-treated mice (scores: 9.0 � 1.2 versus 5.2 � 1.0;
P < 0.05), as shown by the nascent villi of the restituted
epithelium (Figure 7, A and B). WT mice trended toward
protection against injury, but the effect of rapamycin was
marginal, likely due to functional NOD2 signaling in these
mice (data not shown). In addition, rapamycin treatment
increased the number of detectable LC3þ puncta per cell in
Nod2�/�mice (37.9� 13.9 puncta per cell) compared with the
number in vehicle-treated mice (5.9 � 2.0 puncta per cell),
suggesting that NOD2 contributes to autophagy response that
fosters the recovery of the intestinal epithelium (Figure 7, C and
D). Overall, our findings indicate that intestinal bacteria
contribute to epithelial cell recovery from I/R-induced damage
through NOD2 signaling and improved autophagy response.
2970
Discussion

Intestinal I/R-induced injury results from a wide range of
pathological conditions, such as inflammation, infection,
atherosclerotic clots, and surgery, and may lead to fatal mul-
tiple organ dysfunction syndrome.4 Because epithelial injury
occurs in the context of a complex and rich microbiota, which
significantly affects various intestinal functions, such as innate
and adaptive immune system toning, epithelial homeostasis,
and nutrient metabolism,38 one could posit that microbes
would influence injury response. Already, microbial sensors
have been linked to I/R injury response,39,40 although micro-
bial contribution to this phenotype has not been clearly
established. Herein, we directly address this possibility and
show that the microbiota is an essential component to optimal
epithelial recovery from injury. In addition, the beneficial ef-
fect of themicrobiota requires the presence of NOD2, a finding
consistent with a recent report showing that NOD2 engages
cytoprotective programs within intestinal stem cells after
chemical-induced damage.41 Nod2-deficient mice, unlike WT
mice, showed exacerbated injury response, even when transfer
from GF to SPF conditions. On colonization, the microbiota
induced the expression of Nod2 through stimulation of other
PRRs, which activate NF-kB in vivo,42,43 a key transcription
factor involved in NOD2 expression.44 At a mechanistic level,
NOD2 may be essential to activate a proper autophagic
response after hypoxia exposure because rapamycin partially
rescues Nod2�/� mice from I/R-induced injury.
The microbiota performs multiple tasks in the gut,

including pathogen exclusion, immune system toning, and
metabolic functions.45 Several reports demonstrate that the
microbiota also contributes to various aspects of barrier
function.46 For example, GF animals have decreased rates
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 I/R-induced injury induces autophagy through NOD2. Immuno-
fluorescence staining of LC3 was performed on paraffin-embedded healthy and
injured ileal tissue from WT and Nod2�/� mice. NOD2 ligand, 1 mg/kg MDP, or
1 mg/kg of its enantiomer, L-MDP, was injected i.p. in mice 24 hours before I/R
exposure. The average number of LC3þ puncta per cell in the injured and healthy
portions of the terminal ileum of untreated WT and Nod2�/� mice and corre-
sponding representative images of the intestinal epithelium of mice. *P< 0.05
(results are representative of threefields of view per sample). Scale barZ 5mm.
H, healthy; I/R, 1 hour ischemia, followed by 1.5 hours’ reperfusion.

Figure 6 Rapamycin (Rapa) enhances hypoxia-induced autophagy in
human colon colorectal carcinoma HCT116 cells. HCT116 cells were treated
with 10 mg/mL pepstatin A and 10 mg/mL E-64-d 1 hour before exposure to 1
hour of normoxia or hypoxia (1% O2, Coy Labs hypoxic glove box) and stim-
ulated by 5 mg/mL Rapa. LC3þ puncta (green fluorescent protein) and cells
(DAPI) were counted using ImageJ software. A: Representative images of
LC3þ puncta in HCT116 cells stimulated with Rapa in normoxic and hypoxic
conditions. B: The average number of puncta per cell of cells stimulated with
Rapa in normoxic and hypoxic conditions. Results are representative of three
independent experiments. *P < 0.05. Veh, vehicle.
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of epithelial cell turnover in the small bowel, as well as
decreased TLR and antimicrobial peptide expression.47 In
addition, GF mice exhibited heightened dextran sodium
sulfate (DSS)-,48 radiation-,49 and thermal-induced
injury,50 when compared with CONV-D mice. Our find-
ings that recovery from I/R-induced injury is impaired in GF
mice compared with CONV-D mice add to the growing
evidence that microbes play a protective role against a
multitude of injury insults.

The microbiota could benefit the host against injury through
several mechanisms, including activation of the PRR signaling
pathway (eg, TLR2 or TLR4)51 and production of bacterial-
derived metabolites, such as short chain fatty acids.52 Because
CONV-D Nod2�/� mice do not show protection against I/R-
induced injury relative to GF Nod2�/� mice, and MDP
greatly improved injury recovery inWTmice, but notNod2�/�

mice, we conclude that the presence of this innate sensor, and
not microbial metabolites, is essential for microbiota-mediated
injury response. Regarding PRR pathways, TLR4 signaling
has been shown to protect against I/R-induced intestinal
The American Journal of Pathology - ajp.amjpathol.org
injury.40 Moreover, lipopolysaccharide (LPS)/TLR4 signaling
increases NOD2 mRNA expression in macrophages.53 A
similar regulatory system was shown to induce NOD2 expres-
sion and function in other epithelial cells.54 Whether TLR4-
mediated intestinal protection is mediated through NOD2
function is currently unknown. Interestingly, i.p. LPS injection
in GF mice rapidly induces (approximately 4 hours) Nod2
mRNA accumulation in IECs (E.P.-C. and C.J., personal
observation). Because MDP failed to protect GF mice from I/
R-induced injury, it is tempting to speculate that bacteria/
LPS-induced Nod2 expression in GF mice is required for
MDP-mediated effect. The interplay between TLR4 andNOD2
signaling inmediating host response to intestinal injury remains
to be defined.

Our findings, however, are contrary to previous studies
using antibiotics as a means to modulate bacterial load.27 This
discrepancy highlights the complexity behind the host-
microbe relationship and suggests that perturbations to the
existing microbial community by antibiotics affect the un-
derlying signaling mechanisms implicated in epithelial resti-
tution. For instance, the extirpation of specific beneficial
microbial taxa and the bloom of resistant organisms likely
affect the production of metabolic products that modulate the
host’s response to injury.55,56 Whether antibiotics alter a
2971
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Figure 7 Rapamycin (Rapa)einduced autophagy protects Nod2�/� mice against I/R-induced injury. WT and Nod2�/� mice were subjected to ileal
ischemia, followed by 1.5 hours of reperfusion. Autophagy-inducer, Rapa (3 mg/kg), or its vehicle (Veh), DMSO, was injected i.p. in Nod2�/� 1 hour before I/R
exposure. Healthy and injured tissues were collected, Swiss rolled, and stained with H&E. Necrosis was assessed using an established necrosis scoring system.
A: Histological intestinal damage scores of individual. B: Representative images of H&E-stained ileal sections. Results are representative of two independent
experiments (n � 4 per group). C and D: The average number of LC3þ puncta per cell and representative images of the intestinal epithelium of mice
administered either Rapa or Veh. Results are representative of three independent fields of view per sample. Data are given as means � SEM (A). *P < 0.05.
Scale bars: 100 mm (B); 5 mm (C and D). H, healthy; I/R, 1 hour ischemia, followed by 1.5 hours of reperfusion; Veh, vehicle.
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selective group of bacteria implicated in tissue injury is
currently unknown. Antibiotics reduce type 17 helper T-cell
(Th17) lymphocyte populations in the small bowel in the
hosts.57 Because Th17 cells contribute to intestinal I/R
injury,58 antibiotics may benefit epithelial restitution through
depletion of Th17-associated pathogenic effects. Nevertheless,
the extent to which antibiotics interfere with microbial
signaling requires further study.

The autophagy response is the culminationofhypoxia andER
stress during ischemia. Hypoxia has been previously shown to
be an outcome of intestinal I/R-induced injury.59 Moreover,
autophagy resulting from hypoxia is a protective mechanism in
the heart36,60 and in I/R-induced kidney injury.61 During the
hour-long ischemic insult, the damage to the intestinal epithe-
lium is similar between WT and Nod2�/� mice. Both WT and
Nod2�/�mice are able to effectively activate ER-stress response
programs, as seen by Xbp1 splicing, electron microscopy, and
the induction of inflammatory mediators Il1b, Il6, and Tnfa.
However, the presence of NOD2 is necessary for effective
epithelial restitution after ischemia, likely through induction of
autophagy. Hypoxia-induced autophagy is potentiated by mi-
crobial signaling through NOD2, as demonstrated by the higher
abundance of LC3 puncta in the epithelium of injuredWTmice
compared with Nod2�/� mice. In addition, increased LC3þ

puncta is observed in the epithelium of rapamycin-treated
Nod2�/� mice, with a concomitant improved epithelial injury
response. The exact role of autophagy in I/R-induced injury is
not clear but could represent an essential cellular adaptation,
2972
maintaining cellular energy balance when access to external
nutrients and oxygen is ablated, as in the case for ischemic
tissues.
Microbial dysbiosis has been linked to various diseases,

including inflammatory bowel diseases62 and colorectal can-
cer,63 and one could postulate that defective injury response
observed in Nod2�/� mice is due to altered microbiome
composition. Interestingly, DSS-induced colitis and colitis-
associated colorectal cancer in Nod2�/� mice could be trans-
mitted to WT mice by fecal transplantation,64 suggesting that
microbial dysbiosis in Nod2�/� mice could transfer disease
phenotype. However, whether NOD2 signaling influences
microbial composition is controversial because Shanahan
et al65 demonstrated that Nod2�/� mice and cohoused WT
littermates displayed comparable AMP expression patterns and
identical antimicrobial activity against commensal and patho-
genic bacteria. In addition, microbial composition was not
influenced by NOD2 status.66 Because we observed that GF
Nod2�/� and GF WT mice showed enhanced I/R-induced
injury, it is unlikely that this response is due to a dysbiotic
microbiome. The fact thatMDP partially restores host response
to injury in WT mice indicates that microbial products, rather
than alteration inmicrobial composition, are responsible for the
beneficial effect.
Recently, Mühlbauer et al19 showed that specific removal of

MyD88 signaling from IECs attenuates intestinal injury, sug-
gesting that this pathway promotes intestinal injury. Because
MyD88 is a key signaling protein implicated in activation of
ajp.amjpathol.org - The American Journal of Pathology
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numerous microbial detection systems (TLR2, TLR4, TLR5,
and TLR9), our finding that bacteria use NOD2 to mediate a
protective function highlights the complex interaction between
bacteria, innate signaling, and intestinal homeostasis. It is likely
that an ensemble of forward, feedback, and negative signaling
cascades co-exist in the intestine to regulate intestinal homeo-
stasis and response to various insults, including I/R.Differential
engagement of this complex signaling network would dictate
the final physiological outcome (deleterious or beneficial).

In summary, this study identified a protective role for mi-
crobial signaling through NOD2 in I/R-induced injury. The
microbiota protects the intestinal epithelium from injury by
inducing Nod2 expression and signaling in IECs, which in-
duces the autophagy response. Although NOD2 deficiency
worsens injury, rapamycin rescues epithelial restitution and
the autophagy response in Nod2�/� mice. These findings
indicate that NOD2 may induce the canonical autophagy
response as a cytoprotective response to injury, allowing cells
to survive and recover from the insult. Further studies using
genetically engineered mice will delineate the NOD2
signaling compartment (IEC versus immune cells) involved in
injury response as well as define signaling molecules down-
stream of NOD2 bywhich autophagy is in this process. On the
basis of the absence of Nod2 mRNA in the IECs of GF mice
and induction ofNod2message in IECs after colonization, we
predict that NOD2-derived IEC signaling is the main cellular
compartment mediating intestinal recovery to I/R injury.
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