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Abstract: The mortality rate due to intestinal ischemia/reperfusion (IR) remains at 60-80%. As toll-like receptor 
(TLR) 4 has been shown to be critical for IR injury in several organs, including the intestine, and TLR9 is necessary 
for IR-induced damage of the liver, we investigated the hypothesis that TLR9 is involved in intestinal IR-induced 
damage. Wildtype (C57Bl/6) and TLR9-/- mice were subjected to intestinal IR or Sham treatment. Several mark-
ers of damage and inflammation were assessed, including mucosal injury, eicosanoid production, cytokine secre-
tion and complement deposition. Although IR-induced injury was not altered, PGE2 production was decreased in  
TLR9-/- mice. Attenuated PGE2 production was not due to differences in percentage of lipids or COX-2 transcription. 
The data indicate that TLR9 is not required for IR-induced injury or inflammation of the intestine. 
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Introduction

Intestinal ischemia/reperfusion (IR), while not 
as common as myocardial or cerebral IR, is 
associated with a 60-80% mortality rate [1-3]. 
Mesenteric ischemia induces cellular damage 
which is exacerbated upon reperfusion result-
ing in tissue injury and often systemic inflam-
mation and death. Reperfusion initiates an 
excessive inflammatory response involving 
complement activation and cytokine and eico-
sanoid production which recruit inflammatory 
neutrophils and macrophages (reviewed in [4]).

In response to hypoxia, cells express cryptic 
antigens similar to those expressed on the 
plasma membrane of apoptotic cells [5, 6]. 
During reperfusion, naturally occurring antibod-
ies (Ab) recognize newly expressed antigens, 
triggering complement activation and the 
innate immune response. Identification of natu-
rally occurring monoclonal Ab which result in 
damage when administered to IR-resistant, 
Ab-deficient Rag-1-/- mice have suggested the 
neoantigens include DNA, non-muscle myosin, 
and cardiolipin [6-11]. Additionally, oxygen 
deprivation is known to cause membrane lipid 

alterations and results in the liberation of ara-
chidonic acid and subsequent production of 
eicosanoids. We have previously shown that 
prostaglandin E2 (PGE2) is necessary but not 
alone sufficient for tissue damage [12, 13]. 
Leukotriene B4 (LTB4) is chemotactic for neutro-
phils, which are also involved in IR-induced 
damage [14].

Recent studies indicate a significant role for 
toll-like receptors (TLRs) in IR-induced tissue 
damage and inflammation [12, 15]. As patho-
gen-associated molecular pattern receptors, 
TLRs recognize distinct microbial components. 
Although TLRs recognize commensal microflora 
to maintain intestinal homeostasis [16], activa-
tion of these pathogen recognition receptors 
also induces inflammation following tissue 
damage [17]. As a regulator of complement 
activation, TLR4 is required for IR-induced tis-
sue injury and inflammation in the intestine, 
kidney, brain, lung and heart [12, 18-23]. TLR9 
has been shown to be critical in liver IR [24, 25]. 
Upon activation, most TLRs, including TLR4 and 
TLR9, signal through the common MyD88 path-
way. Recently, we demonstrated that MyD88 is 
necessary for intestinal IR-induced tissue dam-
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age [12] and that both TLR4 and MyD88 are 
critical for PGE2 production and the inflamma-
tory response.

TLR9 localizes to endosomal and lysosomal 
compartments, where it can recognize internal-
ized ligand. In addition to bacterial CpG DNA, 
TLR9 recognizes self DNA, particularly histones 
and mitochondrial DNA [25, 26]. As IR-induced 
injury involves both cellular damage and death, 
self DNA is released into the extracellular envi-
ronment for uptake by macrophages and other 
cells. Furthermore, anti-DNA and anti-histone 
monoclonal Ab restored intestinal IR-induced 
injury in Rag-1-/- mice [9]. Although TLR9 is a key 
component for IR-induced liver damage, its role 
in intestinal IR is not clear. It is possible that 
TLR9 regulates complement activation, PGE2 
production or other critical components in 
IR-induced injury. We hypothesized that TLR9 is 
critical to IR-mediated intestinal damage. We 
tested the hypothesis by subjecting C57Bl/6 
and TLR9-/- mice to intestinal IR and examined 
several markers of intestinal tissue damage, 
including complement deposition, eicosanoid 
production and cytokine secretions, in both 
TLR9-/- and wildtype mice. Contrary to expecta-
tions, TLR9 appears to be dispensable in intes-
tinal IR-induced tissue injury.

Methods

Mice 

TLR9-/- mice were obtained from S. Akira (Osaka 
University, Osaka, Japan) and bred as homozy-
gote deficient mice along with C57Bl/6 mice 
(wildtype control) (Jackson Laboratory, Bar 
Harbor, ME) in the Division of Biology at Kansas 
State University with free access to food and 
water. All mice were backcrossed to the 
C57Bl/6 background for at least 9 generations 
and maintained as specific pathogen free 
(Helicobacter species, mouse hepatitis virus, 
minute virus of mice, mouse parvovirus, Sendai 
virus, murine norovirus, Mycoplasma pulmonis, 
Theiler’s murine encephalomyelitis virus, and 
endo- and ecto-parasites). Research was con-
ducted in compliance with the Animal Welfare 
Act and other federal statutes and regulations 
relating to animals and experiments involving 
animals and was approved by the Institutional 
Animal Care and Use Committee at Kansas 
State University. 

Ischemia/Reperfusion

Animals were subjected to IR using a protocol 
similar to that of previous studies [12]. Briefly, a 
laparotomy was performed on ketamine (16 
mg/kg) and xylazine (80 mg/kg) anesthetized 
mice with buprenorphine (0.06 mg/kg) admin-
istered for pain. After a 30 min equilibration 
period, ischemia was induced by applying a 
small vascular clamp (Roboz Surgical 
Instruments, Gaithersburg, MD) to the isolated 
superior mesenteric artery. Blanching of the 
intestine and absence of pulsations distal to 
the clamp confirmed ischemia. Covering the 
bowel with warm normal saline moistened sur-
gical gauze prevented desiccation. After 30 min 
of ischemia, the clamp was removed allowing 2 
h mesenteric reperfusion, confirmed by color 
change of the bowel and the return of pulsatile 
flow to the superior mesenteric artery. Some 
experiments reconstituted Rag-1-/- mice by i.v. 
injection of 200 µg of Protein L purified Ab from 
TLR9-/- or wildtype (C57Bl/6) mice at the time of 
laparotomy. Sham treated animals underwent 
the same surgical intervention except for ves-
sel occlusion. All procedures were performed 
with the animals breathing spontaneously and 
body temperature maintained at 37°C using a 
water-circulating heating pad. Additional ket-
amine and xylazine was administered as need-
ed and immediately prior to sacrifice. After sac-
rifice, 2 cm sections of the small intestine 10 
cm distal to the gastroduodenal junction were 
harvested for histologic evaluation, and eico-
sanoid determination. 

Histology and immunohistochemistry

Mid-jejunal specimens were promptly fixed in 
10% buffered formalin phosphate prior to being 
embedded in paraffin, sectioned transversely 
(8 µm), and H & E stained. The mucosal injury 
score was graded on a six-tiered scale defined 
by Chiu et. al. [27]. Briefly, the average damage 
score of the intestinal section (75-150 villi) was 
determined after grading each villus from 0-6. 
Normal villi were assigned a score of zero; villi 
with tip distortion were assigned a score of 1; a 
score of 2 was assigned when Guggenheims’ 
spaces were present; villi with patchy disrup-
tion of the epithelial cells were assigned a 
score of 3; a score of 4 was assigned to villi 
with exposed but intact lamina propria with epi-
thelial sloughing; a score of 5 was assigned 
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when the lamina propria was exuding; last, villi 
that displayed hemorrhage or were denuded 
were assigned a score of 6. Photomicrographs 
were obtained from H & E stained slides using 
a 20X, 0.5 Plan Fluor objective on Nikon 80i 
microscope and images acquired at room tem-
perature using a Nikon DS-5M camera with 
DS-L2 software (Nikon, Melville, NY). 

An additional 2 cm intestinal section was imme-
diately snap-frozen in O.C.T. freezing medium 
and 8 μm sections were transversely cut and 
placed on slides for immunohistochemistry. 
Nonspecific antigen binding sites were blocked 
via treatment with a solution of 10% donkey 
sera in phosphate buffered saline (PBS) for 30 
min. After washing in PBS, the tissues were 
incubated with primary Ab overnight at 4°C. 
The C3 deposition, IgM and F4/80 expression 
on the tissue sections was detected by staining 
with a purified rat-anti-mouse C3 (Hycult 
Biotechnologies, Plymouth Meeting, PA) or anti-
IgM Ab (eBioscience, San Diego, CA) or anti-
F4/80 Ab (eBioscience) followed by a Texas-red 
conjugated donkey-anti-rat IgG secondary Ab 
(Jackson Immunoresearch, West Grove, PA). 
Each experiment contained serial sections 
stained with the appropriate isotype control 
Abs. All slides were mounted with ProLong Gold 
(Invitrogen, Grand Island, NY). A blinded observ-
er obtained images at room temperature using 
a Nikon Eclipse 80i microscope equipped with 
a CoolSnap CF camera (Photometrics, Tucson, 
AZ) and analyzed using Metavue software 
(Molecular Devices, Sunnyvale, CA).

Eicosanoid and cytokine determination

The ex vivo generation of eicosanoids in small 
intestine tissue was determined as described 
previously [28]. Briefly, fresh mid-jejunum sec-
tions were minced, washed and resuspended 
in 37°C oxygenated Tyrode’s buffer (Sigma, St. 
Louis, MO). After incubating for 20 min at 37°C, 
supernatants were collected and supernatants 
and tissue were stored at -80°C until assayed. 
The concentration of LTB4 and PGE2 were deter-
mined using an enzyme immunoassay kit 
(Cayman Chemical, Ann Arbor, MI). Cytokine 
analysis of the same intestinal supernatants 
was determined using a Milliplex MAP immuno-
assay kit (Millipore, Billerica, MA) and read on a 
Milliplex Analyzer (Millipore, Billerica, MA). The 
tissue protein content was determined using 
the bicinchoninic acid assay (Pierce, Rockford, 

IL) adapted for use with microtiter plates. 
Eicosanoid and cytokine production was 
expressed per mg protein per 20 min. 

Lipid extraction

Lipids were extracted as described previously 
[13]. Briefly, after Sham or IR treatment, intesti-
nal sections (jejunum) were snap frozen in liq-
uid nitrogen. Samples were ground into a fine 
powder using a liquid nitrogen-cooled stainless 
steel mortar and pestle. Samples were trans-
ferred to glass tubes that had been washed 
with a cation/phosphate-free liquid detergent 
(Contrex, Decon Labs, King of Prussia, PA). One 
ml chloroform and 2 ml methanol were added 
and tubes shaken vigorously. An additional 1 ml 
chloroform and 1 ml distilled water were added 
and tubes shaken vigorously again. Tubes were 
centrifuged at 4000 rpm for 5 min at 4°C. The 
organic layer was transferred to a clean glass 
tube and 1 ml chloroform added to the aque-
ous phase. Twice more, the tubes were shaken, 
centrifuged, and organic layer removed. 
Distilled water (0.5 ml) was added to the com-
bined organic layers for each sample; the tubes 
were shaken and centrifuged once more. The 
organic layer was submitted to the Kansas 
Lipidomics Research Center for mass spec-
trometry analysis. 

Mass spectrometry

Mass spectrometry analysis was carried out 
similar to that described previously [13]. An 
automated electrospray triple quadrupole 
mass spectrometry (ESI-MS/MS) approach was 
used and data acquisition and analysis carried 
out at the Kansas Lipidomics Research Center 
as described previously with modifications [29, 
30]. Solvent was evaporated from the extracts 
and each was dissolved in 1 ml of chloroform. 
Precise amounts of internal standards, 
obtained and quantified as previously described 
[31], were added to each sample to be ana-
lyzed. The sample and internal standard mix-
ture were combined with solvents, such that 
the ratio of chloroform/methanol/300 mM 
ammonium acetate in water was 300/665/35, 
and the final volume was 1.2 ml. These unfrac-
tionated lipid extracts were introduced by con-
tinuous infusion into the ESI source of a triple 
quadrupole MS (API 4000, Applied Biosystems, 
Foster City, CA) using an autosampler (LC Mini 
PAL, CTC Analytics AG, Zwingen, Switzerland) 
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fitted with the required injection loop for the 
acquisition time and presented to the ESI nee-
dle at 30 µl/min.

Sequential precursor and neutral loss scans of 
the extracts produce a series of spectra with 
each spectrum revealing a set of lipid species 
containing a common head group fragment. 
Lipid species were detected with the following 
scans: phosphatidylcholine (PC), sphingomyelin 
(SM), and lysoPC, [M + H]+ ions in positive ion 
mode with Precursor of 184.1 (Pre 184.1); 
Phosphatidylethanolamine (PE) and lysoPE, [M 
+ H]+ ions in positive ion mode with Neutral 
Loss of 141.0 (NL 141.0); phosphatidylinositol 
(PI), [M + NH4]

+ in positive ion mode with NL 
277.0; phosphatidylserine (PS), [M + H]+ in posi-
tive ion mode with NL 185.0; phosphatidic acid 
(PA), [M + NH4]

+ in positive ion mode with NL 
115.0; phosphatidylglycerol (PG), [M + NH4]

+ in 
positive ion mode with NL 189.0; lysoPG, [M – 
H]- in negative mode with Pre 152.9; and free 
fatty acids (i.e., free arachidonic acid, (AA)), [M 
- H]- in negative mode with single stage MS 
analysis. For each spectrum, 9 to 150 continu-
um scans were averaged in multiple channel 
analyzer (MCA) mode.

The background of each spectrum was sub-
tracted, the data were smoothed, and peak 
areas integrated using a custom script and 
Applied Biosystems Analyst software (Applied 
Biosystems, Carlsbad, CA). The lipids in each 
class were quantified in comparison to the two 
internal standards of that class. The first and 
typically every 11th set of mass spectra were 
acquired on the internal standard mixture only. 
Peaks corresponding to the target lipids in 
these spectra were identified and molar 
amounts calculated in comparison to the inter-
nal standards on the same lipid class. To cor-
rect for chemical or instrumental noise in the 
samples, the molar amount of each lipid 
metabolite detected in the “internal standards 
only” spectra was subtracted from the molar 
amount of each metabolite calculated in each 
set of sample spectra. An “internal standards 
only” sample was included for each set of 10 
samples. Finally, the data were expressed as 
percent of the signal (intensity) of total lipid 
analyzed after the described normalization to 
internal standards. Each class of lipid was also 
normalized to intestinal proteins and expressed 
as nmol lipid class per mg protein.

Real-time PCR

Total RNA was isolated from the jejunum, liver 
and spleen using TRIzol reagent (Invitrogen, 
Grand Island, NY) according to manufacturer’s 
instructions. RNA integrity and genomic DNA 
contamination was assessed using a 
BioAnalyzer (Agilent, Santa Clara, CA) and the 
quantity was determined by Nanodrop 
(Nanodrop 1000 spectrophotometer) evalua-
tion. Only samples with no measurable DNA 
contamination and RIN values greater than 7.0 
were used for cDNA synthesis. Total RNA (2 ug) 
was reverse transcribed using RevertAid first 
strand cDNA synthesis kit (Fermentas, Glen 
Burnie, MD) using random primers. Quantitative 
real-time PCR was performed in 25 ul volumes 
using a Mini-Opticon real time thermal cycler 
(Bio-Rad, Hercules, CA) and B-R SYBR Green 
Supermix for iQ reagent (Quanta Biosciences, 
Gaithersburg, MD) using the following protocol: 
3 min at 95°C; 50 cycles of 10 sec at 95°C, 20 
sec at Tm, 10 sec at 72°C; melt curve starting 
at 65°C, increasing 0.5°C every 5 sec up to 
95°C. Primer sequences for Cox-2 were for-
ward: 5’ATCCTGCCAGCTCCACCG and reverse: 
5’TGGTCAAATCCTGTGCTCATACAT with Tm 54oC. 
After amplification, gene of interest Ct values 
were normalized to 18s rRNA (forward: 
5’GGTTGATCCTGCCAGTAGC and reverse: 
5’GCGACCAAAGGAACCATAAC with Tm 58°C) 
and then ΔΔCt fold change relative to Sham-
treated wildtype mice was determined as 
described previously [32]. Melt-curve analysis 
of the PCR products ensured amplification of a 
single product.

Statistical analysis

Data are presented as mean ± SEM and were 
compared by one-way analysis of variance with 
post hoc analysis using Newman-Kuels test 
(Graph Pad/Instat Software Inc., Philadelphia, 
PA) unless otherwise specified. The difference 
between groups was considered significant 
when p < 0.05.

Results

TLR9 deficiency does not protect from intesti-
nal ischemia/reperfusion-induced injury

Previous studies indicated that MRL/lpr auto-
immune mice sustain greater tissue damage 
than wildtype mice following intestinal IR [33]. 
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In addition, administration of anti-DNA or anti-
histone Ab (also found in systemic lupus erythe-
matosus) resulted in intestinal injury in 
Ab-deficient Rag-1-/- mice after IR treatment 
[33]. As TLR9 recognizes CpG DNA, we hypoth-
esized that intestinal IR-induced damage would 
be attenuated in TLR9-/- mice. We tested the 
hypothesis by subjecting TLR9-/- mice to intesti-
nal Sham or IR treatment. As indicated in Figure 
1, Sham treatment did not result in injury in 
either strain of mice with injury scores of 0.35 

± 0.07 in wildtype and 0.64 ± 0.10 in TLR9-/- 
mice (Figure 1A-C). As expected, after IR, wild-
type C57Bl/6 mice sustained significant tissue 
injury (Figure 1A and 1D). To our surprise, the 
injury sustained by the TLR9-/- mice (2.02 ± 
0.21) was not significantly different from wild-
type (2.52 ± 0.27) (Figure 1A and 1E), suggest-
ing that TLR9 is not required for intestinal 
IR-induced injury.

TLR9 deficiency attenuates prostaglandin 
production

Previous studies indicated that Cox-2-mediated 
PGE2 production is required for IR-induced tis-
sue damage and that the signal is transduced 
via MyD88 [12, 15]. As TLR9 also signals 
through MyD88, we examined the intestinal 
eicosanoid production in response to IR in the 
TLR9-/- mice. Similar to intestinal damage, Cox-2 
transcript was elevated in response to IR in 
wildtype and TLR9-/- mice (Figure 2A). Although 
IR resulted in an increase of PGE2 production in 
the TLR9-/- mice, it was attenuated in compari-
son to wildtype PGE2 levels (Figure 2B). To 
determine if the decreased PGE2 levels were 
specific for PGE2 or common to all eicosanoids, 
we examined the secretion of LTB4 which 
recruits neutrophils. Neither the production of 
the chemotactic eicosanoid LTB4 nor peroxi-
dase secretion from the intestine was signifi-
cantly different between the strains (Figure 2C 
and data not shown). Thus, it appears that neu-
trophils may be recruited normally but PGE2 
production is decreased. 

TLR9 deficiency does not alter cellular lipid 
composition or metabolism following IR

As eicosanoids are derived from the fatty acid 
arachidonic acid, we examined the lipid profiles 
of both wildtype and TLR9-/- mice by mass spec-
trometry. The relative intestinal lipid composi-
tion between Sham treated wildtype and TLR9-/- 

mice was not different (Table 1). However, the 
relative amounts of several classes of phos-
pholipids did change with IR treatment (Table 
1). The relative amount of PC decreased from 
25.07 ± 1.88 to 13.41 ± 1.66 after IR treat-
ment in the wildtype mice and from 25.98 ± 
4.16 to 14.05 ± 1.83 in the TLR9-/- mice. PE 
similarly decreased in both strains of mice fol-
lowing IR treatment (wildtype: 14.15 ± 1.35 to 
7.81 ± 1.56; TLR9-/-: 15.31 ± 3.44 to 7.47 ± 
1.28). In contrast, IR treatment resulted in an 

Figure 1. TLR9-/- mice sustain intestinal injury follow-
ing ischemia/reperfusion. Wildtype and TLR9-/- mice 
were subjected to Sham or intestinal IR treatment. 
Intestinal sections were collected and formalin fixed 
following 30 min ischemia and 120 min reperfu-
sion. A: intestinal injury scores as determined by 
H&E stained intestinal sections and described in 
Methods; B-E: representative images of H&E stained 
intestinal sections; each bar represents 10-11 ani-
mals; * indicates p<0.05 compared to Sham treat-
ment.
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increase in the relative amount of free arachi-
donic acid in the intestine. Free arachidonic 
acid increased from 2.67 ± 0.34 to 7.62 ± 0.89 
in the wildtype mice and from 2.59 ± 0.53 to 
7.49 ± 0.88 in the TLR9-/- mice. We previously 
identified specific lipid species, that upon deg-
radation, would likely result in release of free 
arachidonic acid [13]. The changes in these 
specific lipid species as a result of IR were simi-
lar between wildtype and TLR9-/- mice, except 
for the PC species where a greater decrease 
from Sham levels occurred in the wildtype mice 

subjected to IR than the TLR9-/- mice subject-
ed to IR (Figure 3A). The relative amount of free 
arachidonic acid released as a result of 
IR-induced injury was comparable between 
strains (Figure 3B).

TLR9-/- mice produce an antibody repertoire 
conducive to damage

Previous studies indicated that the appropriate 
Ab repertoire is required for recognition of 
IR-induced neo-antigens and complement acti-

Figure 2. The absence of TLR9 attenuates intestinal PGE2 production but not LTB4 production. Wildtype and TLR9-/- 

mice were subjected to Sham or intestinal IR treatment. Intestinal sections were collected following 30 min isch-
emia and 120 min reperfusion. A: RNA was extracted from snap frozen intestinal sections and fold change in Cox-2 
transcript determined by real time PCR using ΔΔCt values; B-C: Intestinal sections were minced in oxygenated Ty-
rode’s buffer and incubated at 37°C for 20 min. Supernatants were collected for PGE2 (B) and LTB4 (C) quantitation 
by EIA; values are expressed as pg eicosanoid secreted per mg protein per 20 min; each bar represents 5-6 animals 
(A) or 8-11 animals (B-C); * indicates p<0.05 compared to Sham treatment and Ф indicates p<0.05 compared to 
wildtype IR.

Table 1. Lipid composition of intestinal sections from mice subjected to Sham and IR treatment
Lipid class C57Bl/6 Sham% of total C57Bl/6 IR% of total TLR9-/- Sham% of total TLR9-/- IR% of total
LysoPC 1.10 ± 0.29 1.03 ± 0.21 0.58 ± 0.09 1.43 ± 0.22*

PC 25.07 ± 1.88 13.41 ± 1.66* 25.98 ± 4.16 14.05 ± 1.83*

SM + DSM 4.52 ± 0.51 2.67 ± 0.37 3.53 ± 0.23 2.30 ± 0.26*

ePC 1.42 ± 0.12 0.92 ± 0.13 1.36 ± 0.20 0.87 ± 0.12
LysoPE 0.19 ± 0.03 0.14 ± 0.01* 0.16 ± 0.04 0.17 ± 0.03
PE 14.15 ± 1.35 7.81 ± 1.56* 15.31 ± 3.44 7.47 ± 1.28*

PE-cer 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
ePE 3.24 ± 0.43 2.03 ± 0.45 2.94 ± 0.65 1.60 ± 0.19*

PI 2.09 ± 0.17 1.55 ± 0.33* 2.23 ± 0.16 1.19 ± 0.18*

PS 1.63 ± 0.34 1.25 ± 0.36 2.53 ± 1.08 0.99 ± 0.31
ePS 0.04 ± 0.00 0.02 ± 0.01 0.05 ± 0.02 0.02 ± 0.01
PA 0.28 ± 0.06 0.11 ± 0.02* 0.12 ± 0.02 0.05 ± 0.02*

PG 0.45 ± 0.09 0.32 ± 0.04 0.24 ± 0.07 0.39 ± 0.07
Free AA 2.67 ± 0.34 7.62 ± 0.89* 2.59 ± 0.53 7.49 ± 0.88*

Data are presented as percent of mass spectral signal after normalization of signal to internal standards of each lipid class. 
Mean and SEM are reported. Lipids were extracted from intestinal sections of Sham and IR treated wildtype and TLR9-/- mice 
and subjected to analysis by mass spectrometry. Each treatment group includes 3-6 animals. * indicates a significant difference 
(p < 0.05) from respective Sham by Students t-test.  SM + DSM = sphingomyelin + dihydrosphingomyelin; ePC = ether-linked 
phosphatidylcholine; PE-cer = ceramide phosphatidylethanolamine; ePE = ether-linked phosphatidylethanolamine; ePS = ether-
linked phosphatidylserine.
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vation [7, 34, 35]. In addition, Ab appeared to 
be required for IR-induced PGE2 production 
[13]. To verify that TLR9-/- mice have the proper 
Ab repertoire, we injected Ab deficient, 
IR-resistant, Rag-1-/- mice with purified Ab 
obtained from wildtype or TLR9-/- mice and sub-
jected the mice to IR. As indicated in Figure 4, 
after IR, addition of Ab purified from wildtype 
mice induced significant intestinal damage and 
eicosanoid production in Rag-1-/- mice. Similarly, 
Rag-1-/- mice administered Ab from TLR9-/- mice 
sustained significant intestinal damage in 
response to IR (Figure 4A). In addition, eico-
sanoid production was at wildtype levels in 
TLR9-/- Ab reconstituted Rag-1-/- mice after IR 
treatment (Figure 4B and 4C). Thus, the Ab rep-
ertoire of TLR9-/- mice is sufficient to induce 
intestinal damage, PGE2 production and inflam-
mation in response to IR. 

Complement deposition and inflammatory 
cytokine production are TLR9 independent

Similar to eicosanoid production and previous 
studies with TLR4-/- or MyD88-/- mice [15], intes-

tinal production of IL-6, IL-12p40 and TNFα 
increased in response to IR in both wildtype 
and TLR9-/- mice (Figure 5). Similar to myocar-
dial ischemia, intestinal IR induced significant 
KC and MCP-1 (CCL2) production in wildtype 
mice that was significantly reduced in TLR9-/- 
mice (Figure 5 and data not shown). These find-
ings are in contrast with previous reports of IR 
in the liver, where IL-6 and TNFα levels were 
significantly lowered in TLR9-/- mice [24].

Because Ab activation of complement C3 is 
required for IR-induced intestinal damage, C3 
and IgM deposition within the intestinal villi 
were determined by immunohistochemistry. As 
indicated in Figure 6, neither C3 nor IgM were 
deposited in response to Sham treatment. 
However, significant deposits of both IgM and 
C3 were present in wildtype and TLR9-/- mice 
after mesenteric IR. Furthermore, macro-
phages were identified in both wildtype and 
TLR9-/- IR-treated tissues, as detected by F4/80 
staining (Figure 6). Both the immunohisto-
chemistry staining and cytokine data support 
the conclusion that intestinal macrophages are 
not affected by the presence or absence of 
TLR9 in the context of IR. 

Discussion

This is the first study, to our knowledge, to 
examine the role of TLR9 in intestinal IR-induced 
injury. As TLR9 is critical to IR-induced liver 
damage, we hypothesized that intestinal IR 
would also require TLR9. Surprisingly, TLR9-/- 
mice sustained significant tissue damage and 
inflammation following intestinal IR. Mucosal 
injury scores and the production of eicosanoids 
and cytokines were very similar between TLR9-/- 

and wildtype mice. In addition, it was verified 
that TLR9-/- mice produce an Ab repertoire con-
ducive to injury. The intestinal lipids and release 
of arachidonic acid as well as complement 
deposition mimic that observed for wildtype 
mice. These data support the conclusion that 
TLR9 is not required for intestinal tissue dam-
age or inflammation following IR.

TLRs, while originally identified as pathogen-
associated molecular pattern receptors, recog-
nize various self ligands. As IR-induced tissue 
injury results in cellular damage and apoptosis, 
several self ligands are released and available 
for TLR recognition. TLR4 has been shown to be 
involved in mediating IR-induced injury in sev-
eral organs. We have previously shown TLR4 to 

Figure 3. Arachidonic acid release is TLR9 indepen-
dent. Extracted intestinal lipids from Sham and IR 
treated wildtype and TLR9-/- mice were quantitated 
by ESI-MS/MS. A: percent of signal of lipids analyzed 
for selected phospholipids as determined by mass 
spectrometry; B: percent of signal of lipids analyzed 
for free arachidonic acid as determined by mass 
spectrometry; each bar represents 5-8 animals; * 
indicates p<0.05 compared to Sham treatment.
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be involved in intestinal IR, as TLR4 mutant 
mice had attenuated injury and eicosanoid and 
cytokine secretion [12, 36]. Furthermore, TLR4 
mutant mice were protected from liver injury in 
a model of liver IR [37]. Additionally, TLR2 has 
been implicated in IR-induced damage to the 
kidney [38]. 

Limited data exists regarding the role of TLR9 
in sterile inflammation and injury models. 
However, recent studies have demonstrated 
involvement of TLR9 in the pathogenesis of tis-
sue injury and inflammation of the liver in both 

an IR model [25] and a hemorrhagic-shock and 
trauma model [39]. In addition, inhibitory CpG 
oligodeoxynucleotides (ODN) attenuated liver 
IR-induced injury [40]. Oka, et. al. found TLR9-/- 
mice to experience attenuated injury and less 
severe cardiac failure following transverse aor-
tic constriction [26] and inhibitory CpG ODN 
attenuated cardiac IR, suggesting a role for 
TLR9 [41]. In contrast, there are conflicting 
data on the role of TLR9 in brain IR. The 
absence of TLR9 in brain IR was not protective 
[42] but CpG ODN was protective when admin-
istered prior to IR [43]. These conflicting data 
may be resolved by a current study which indi-
cates that complement receptor 2 may func-
tion as a receptor for DNA in addition to TLR9 
[44]. Similar to brain IR, our data indicate that 
TLR9-/- mice are not protected from injury fol-
lowing intestinal IR. It is currently unknown if 
CpG ODN attenuates intestinal IR; however, 
complement receptor 2 deficient mice are pro-
tected from IR-induced tissue damage [34]. 
These data provide another mechanism by 
which IR-induced injury differs between organs. 
This is an important finding as the field contin-
ues to uncover contributing factors to 
IR-induced damage and the differences 
between organs. 

We previously demonstrated that tissue dam-
age requires PGE2 production and the PGE2 pro-
duction requires the appropriate Ab repertoire 
[12, 13] It is interesting to note that PGE2 was 
secreted but levels were attenuated in the 
TLR9-/- mice. However, the attenuated PGE2 

Figure 4. Antibodies produced by TLR9-/- mice are sufficient to induce intestinal injury following IR. Rag-1-/- mice were 
administered antibodies from wildtype or TLR9-/- mice prior to Sham or IR treatment. A: Intestinal injury scores were 
determined from H&E stained intestinal sections as described in Methods; B-C: Intestinal sections were minced in 
oxygenated Tyrode’s buffer and incubated at 37°C for 20 min. Supernatants were collected and assayed for PGE2 
(B) and LTB4 (C) by EIA. Values are expressed as pg eicosanoid secreted per mg protein per 20 min. Each bar repre-
sents 4-7 animals; * indicates p<0.05 compared to Sham treatment.

Figure 5. TLR9 deficiency does not affect cytokine 
secretion. Wildtype and TLR9-/- mice were subjected 
to Sham or IR treatment. Intestinal sections were 
minced in oxygenated Tyrode’s buffer and incubated 
at 37°C for 20 min. Supernatants were collected and 
assayed for cytokine secretion. Values are expressed 
as pg cytokine secreted per mg protein per 20 min. 
Each bar represents 4-8 animals. * indicates p<0.05 
compared to Sham treatment.
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production was not due to an improper Ab rep-
ertoire, as intestinal sections from Rag-1-/- mice 
administered Ab from TLR9-/- mice secreted 
similar concentrations of PGE2 as Rag-1-/- mice 
receiving Ab from wildtype mice. Thus, TLR9-/- 
mice contain the proper Ab repertoire to induce 
normal PGE2 production. 

PGE2 is produced from free arachidonic acid 
after conversion by Cox-2. It is possible that 
TLR9 influences the production or release of 
arachidonic acid to promote eicosanoid pro-
duction. Our data indicate that Cox-2 transcrip-
tion is normal despite the fact that previous 
studies indicated that CpG DNA stimulates 
Cox-2 production [45]. Other studies indicate 
that other TLR agonists also stimulate Cox-2 
[46]. Thus, IR-induced PGE2 production does 
not require TLR9 stimulation of Cox-2. It is pos-
sible that arachidonic acid is not released in 
the absence of TLR9 stimulation. Our data indi-
cate that the relative amount of free arachidon-

ic acid is the same between wildtype and TLR9-/- 

mice (and Rag-1-/- mice, data not shown). 
However, TLR9-/- mice do have significantly 
lower levels of arachidonic acid per mg protein 
(data not shown). Conflicting reports exist in the 
literature regarding arachidonic acid release 
following TLR9 stimulation. Lee, et. al. showed 
an increase in arachidonic acid release from 
RAW264.7 cells after stimulation with CpG 
ODN and that TLR9 knockdown reduced the 
amount of arachidonic acid released from the 
stimulated cells [47]. However, Ruiperez, et. al. 
found no release of arachidonic acid from 
RAW264.7 or P388D1 cells when stimulated 
with synthetic ODN 1826 [48]. Thus, further 
investigation on the effects of TLR9 stimula-
tion-induced release of arachidonic acid is 
needed.

Previous studies indicated that anti-DNA and 
anti-histone mAb restored injury in the Rag-1-/- 
mice, suggesting that DNA acted as a neo-anti-

Figure 6. IR-induced complement and IgM deposition occurs in both C57Bl/6 and TLR9-/- mice. Wildtype and TLR9-/- 
mice were subjected to Sham or IR treatment. Intestinal sections were frozen in OCT and serial sections cut for im-
munohistochemistry. Antibody staining for IgM deposition, C3 deposition and F4/80+ macrophages was performed 
as described in Methods. Original magnification was 200x. Each photomicrograph is representative of 5-6 photos 
per treatment in each of 3-4 experiments.
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gen. Our data indicate that while TLR9 is 
involved in IR-induced injury of some organs, it 
is not vital for injury of the intestine. A recent 
study suggests that in addition to TLR9, com-
plement receptor 2 functions as a receptor for 
DNA [44]. Thus, complement receptor 2 or 
other DNA receptors may be recognized by nat-
urally occuring Ab to promote tissue damage 
and inflammation in the absence of TLR9. 

Acknowledgements

This work was supported by NIH grant AI061691 
and P20 RR017686, and RR016475 from the 
Institutional Development Award Program of 
the National Center for Research Resources 
and the Johnson Center for Basic Cancer 
Research. We would like to thank Mr. Andrew 
Fritze for technical assistance with immunohis-
tochemistry and eicosanoid assays. 

Conflict of interest statement

The authors declare no conflicts of interest.

Address correspondence to: Dr. Sherry D Fleming, 
Division of Biology, 18 Ackert Hall, Kansas State 
University, Manhattan, KS 66506, USA. Tel: 785-
532-6130; Fax: 785-532-6653; E-mail: sdflemin@
ksu.edu

References

[1]	 Clark JA and Coopersmith CM. Intestinal cross-
talk: a new paradigm for understanding the gut 
as the “motor” of critical illness. Shock 2007; 
28: 384-393.

[2]	 Leaphart CL and Tepas JJ 3rd. The gut is a mo-
tor of organ system dysfunction. Surgery 2007; 
141: 563-569.

[3]	 Deitch EA. Role of the gut lymphatic system in 
multiple organ failure. Curr Opin Crit Care 
2001; 7: 92-98.

[4]	 Fleming SD. Natural antibodies, autoantibod-
ies and complement activation in tissue injury. 
Autoimmunity 2006; 39: 379-386.

[5]	 Holers VM and Kulik L. Complement receptor 
2, natural antibodies and innate immunity: In-
ter-relationships in B cell selection and activa-
tion. Mol Immunol 2007; 44: 64-72.

[6]	 Weiser MR, Williams JP, Moore FD, Kobzik L, 
Ma M, Hechtman HB and Carroll MC. Reperfu-
sion injury of ischemic skeletal muscle is medi-
ated by natural antibody and complement. J 
Exp Med 1996; 183: 2343-2348.

[7]	 Williams JP, Pechet TTV, Weiser MR, Reid R, 
Kobzik L, Moore FD, Carroll MC and Hechtman 

HB. Intestinal reperfusion injury is mediated by 
IgM and complement. J Appl Physiol 1999; 86: 
938-942.

[8]	 Zhang M, Austen WG, Chiu I, Alicot EM, Humg 
R, Ma M, Verna N, Xu M, Hechtman HB, Moore 
FD and Carroll MC. Identification of a specific 
self-reactive IgM antibody that initiates intesti-
nal ischemia/reperfusion injury. Proc Natl 
Acad Sci USA 2004; 101: 3886-3891.

[9]	 Fleming SD, Egan RP, Chai C, Girardi G, Holers 
VM, Salmon J, Monestier M and Tsokos GC. 
Anti-phospholipid antibodies restore mesen-
teric ischemia/reperfusion-induced injury in 
complement receptor 2/complement receptor 
1-deficient mice. J Immunol 2004; 173: 7055-
7061.

[10]	 Zhang M, Alicot EM, Chiu I, Li J, Verna N, Vorup-
Jensen T, Kessler B, Shimaoka M, Chan R, 
Friend D, Mahmood U, Weissleder R, Moore FD 
and Carroll MC. Identification of the target self-
antigens in reperfusion injury. J Exp Med 
2006; 203: 141-152.

[11]	 Keith MP, Moratz C, Egan R, Zacharia A, Gre-
idinger EL, Hoffman RW and Tsokos GC. Anti-
ribonucleoprotein antibodies mediate en-
hanced lung injury following mesenteric 
ischemia/reperfusion in Rag-1(-/-) mice. Auto-
immunity 2007; 40: 208-216.

[12]	 Moses T, Wagner L and Fleming SD. TLR4-me-
diated Cox-2 expression increases intestinal 
ischemia/reperfusion-induced damage. J Leu-
koc Biol 2009; 86: 971-980.

[13]	 Sparkes BL, Slone EE, Roth M, Welti R and 
Fleming SD. Intestinal lipid alterations occur 
prior to antibody-induced prostaglandin E2 
production in a mouse model of ischemia/re-
perfusion. Biochim Biophys Acta 2010; 1801: 
517-525.

[14]	 Simpson R, Alon R, Kobzik L, Valeri CR, Shepro 
D and Hechtman HB. Neutrophil and nonneu-
trophil-mediated injury in intestinal ischemia-
reperfusion. Ann Surg 1993; 218: 444-453.

[15]	 Pope MR, Hoffman SM, Tomlinson S and Flem-
ing SD. Complement regulates TLR4-mediated 
inflammatory responses during intestinal isch-
emia reperfusion. Mol Immunol 2010; 48: 
356–364.

[16]	 Rakoff-Nahoum S, Paglino J, Eslami-Varzaneh 
F, Edberg S and Medzhitov R. Recognition of 
commensal microflora by toll-like receptors is 
required for intestinal homeostasis. Cell 2004; 
118: 229-241.

[17]	 Mollen KP, Anand RJ, Tsung A, Prince JM, Levy 
RM and Billiar TR. Emerging paradigm: toll-like 
receptor 4-sentinel for the detection of tissue 
damage. Shock 2006; 26: 430-437.

[18]	 Takeishi Y and Kubota I. Role of Toll-like recep-
tor mediated signaling pathway in ischemic 
heart. Front Biosci 2009; 14: 2553-2558.

mailto:sdflemin@ksu.edu
mailto:sdflemin@ksu.edu


TLR9 is not required for gut IR injury

134	 Am J Clin Exp Immunol 2012;1(2):124-135

[19]	 Wu H, Chen G, Wyburn KR, Yin J, Bertolino P, 
Eris JM, Alexander SI, Sharland AF and Chad-
ban SJ. TLR4 activation mediates kidney isch-
emia/reperfusion injury. Journal of Clinical In-
vestigation 2007; 117: 2847-2859.

[20]	 Li C, Ha T, Kelley J, Gao X, Qiu Y, Kao RL, 
Browder W and Williams DL. Modulating Toll-
like receptor mediated signaling by (1-->3)-be-
ta-D-glucan rapidly induces cardioprotection. 
Cardiovascular Research 2004; 61: 538-547.

[21]	 Gao Y, Fang X, Tong Y, Liu Y and Zhang B. TLR4-
mediated MyD88-dependent signaling path-
way is activated by cerebral ischemia-reperfu-
sion in cortex in mice. Biomed Pharmacother 
2009; 63: 442-450.

[22]	 Victoni T, Coelho FR, Soares AL, de Freitas A, 
Secher T, Guabiraba R, Erard F, de Oliveira-Fil-
ho RM, Vargaftig BB, Lauvaux G, Kamal MA, 
Ryffel B, Moser R and Tavares-de-Lima W. Lo-
cal and remote tissue injury upon intestinal 
ischemia and reperfusion depends on the 
TLR/MyD88 signaling pathway. Med Microbiol 
Immunol 2010; 199: 35-42.

[23]	 Yang J, Ding JW, Chen LH, Wang YL, Li S and 
Wu H. Sequential expression of TLR4 and its 
effects on the myocardium of rats with myocar-
dial ischemia-reperfusion injury. Inflammation 
2008; 31: 304-312.

[24]	 Bamboat ZM, Balachandran VP, Ocuin LM, 
Obaid H, Plitas G and DeMatteo RP. Toll-like re-
ceptor 9 inhibition confers protection from liver 
ischemia-reperfusion injury. Hepatology 2010; 
51: 621-632.

[25]	 Huang H, Evankovich J, Yan W, Nace G, Zhang 
L, Ross M, Liao X, Billiar T, Xu J, Esmon CT and 
Tsung A. Endogenous histones function as 
alarmins in sterile inflammatory liver injury 
through Toll-like receptor 9 in mice. Hepatology 
2011; 54: 999-1008.

[26]	 Oka T, Hikoso S, Yamaguchi O, Taneike M, 
Takeda T, Tamai T, Oyabu J, Murakawa T, Na-
kayama H, Nishida K, Akira S, Yamamoto A, 
Komuro I and Otsu K. Mitochondrial DNA that 
escapes from autophagy causes inflammation 
and heart failure. Nature 2012; 485: 251-255.

[27]	 Chiu C-J, McArdle AH, Brown R, Scott HJ and 
Gurd FN. Intestinal mucosal lesion in low-flow 
states. I. A morphological, hemodynamic, and 
metabolic reappraisal. Arch Surg 1970; 101: 
478-483.

[28]	 Sjogren RW, Colleton C and Shea-Donohue TS. 
Intestinal myoelectric response in two differ-
ent models of acute enteric inflammation. 
American Journal of Physiology 1994; 267: 
G329-G337.

[29]	 Bartz R, Li WH, Venables B, Zehmer JK, Roth 
MR, Welti R, Anderson RG, Liu P and Chapman 
KD. Lipidomics reveals that adiposomes store 
ether lipids and mediate phospholipid traffic. J 
Lipid Res 2007; 48: 837-847.

[30]	 Devaiah SP, Roth MR, Baughman E, Li M, 
Tamura P, Jeannotte R, Welti R and Wang X. 
Quantitative profiling of polar glycerolipid spe-
cies from organs of wild-type Arabidopsis and 
a phospholipase Dalpha1 knockout mutant. 
Phytochemistry 2006; 67: 1907-1924.

[31]	 Welti R, Li M, Li W, Sang Y, Biesiada H, Zhou 
H-E, Rajashekar CB, Williams TD and Wang X. 
Profiling membrane lipids in plant stress re-
sponses: Role of phospholipase Da in freezing-
induced lipid changes in Arabidopsis. Journal 
of Biological Chemistry 2002; 277: 31994-
32002.

[32]	 Zhao A, Urban JF Jr, Anthony RM, Sun R, Stiltz 
J, Rooijen NV, Wynn TA, Gause WC and Shea-
Donohue T. Th2 cytokine-induced alterations 
in intestinal smooth muscle function depend 
on alternatively activated macrophages. Gas-
troenterology 2008; 135: 217-225.

[33]	 Fleming SD, Monestier M and Tsokos GC. Ac-
celerated ischemia/reperfusion-induced injury 
in autoimmunity-prone mice. J Immunol 2004; 
173: 4230-4235.

[34]	 Fleming SD, Shea-Donohue T, Guthridge JM, 
Kulik L, Waldschmidt TJ, Gipson MG, Tsokos 
GC and Holers VM. Mice deficient in comple-
ment receptors 1 and 2 lack a tissue injury-in-
ducing subset of the natural antibody reper-
toire. J Immunol 2002; 169: 2126-2133.

[35]	 Zhang M, Alicot EM and Carroll MC. Human 
natural IgM can induce ischemia/reperfusion 
injury in a murine intestinal model. Mol Immu-
nol 2008; 45: 4036-4039.

[36]	 Pope MR, Hoffman SM, Tomlinson S and Flem-
ing SD. Complement regulates TLR4-mediated 
inflammatory responses during intestinal isch-
emia reperfusion. Mol Immunol 2010; 48: 
356–364.

[37]	 Zhai Y, Shen XD, O’Connell R, Gao F, Lassman 
C, Busuttil RW, Cheng G and Kupiec-Weglinski 
JW. TLR4 activation mediates liver ischemia/
reperfusion inflammatory response via IFN 
regulatory factor 3-dependent MyD88-inde-
pendent pathway. J Immunol 2004; 173: 
7115-7119.

[38]	 Shigeoka AA, Holscher TD, King AJ, Hall FW, 
Kiosses WB, Tobias PS, Mackman N and McK-
ay DB. TLR2 is constitutively expressed within 
the kidney and participates in ischemic renal 
injury through both MyD88-dependent and -in-
dependent pathways. J Immunol 2007; 178: 
6252-6258.

[39]	 Gill R, Ruan X, Menzel CL, Namkoong S, 
Loughran P, Hackam DJ and Billiar TR. System-
ic inflammation and liver injury following hem-
orrhagic shock and peripheral tissue trauma 
involve functional TLR9 signaling on bone mar-
row-derived cells and parenchymal cells. 
Shock 2011; 35: 164-170.



TLR9 is not required for gut IR injury

135	 Am J Clin Exp Immunol 2012;1(2):124-135

[40]	 Wang J, Liu Y, Zhang A, Li C and Dong J. Inhibi-
tory CpG sequences reduced ischemia/reper-
fusion-induced hepatic metastases of liver tu-
mor in a murine model. J Surg Res 2012; Epub 
ahead of Print.

[41]	 Mathur S, Walley KR and Boyd JH. The Toll-like 
receptor 9 ligand CPG-C attenuates acute in-
flammatory cardiac dysfunction. Shock 2011; 
36: 478-483.

[42]	 Hyakkoku K, Hamanaka J, Tsuruma K, Shima-
zawa M, Tanaka H, Uematsu S, Akira S, Inagaki 
N, Nagai H and Hara H. Toll-like receptor 4 
(TLR4), but not TLR3 or TLR9, knock-out mice 
have neuroprotective effects against focal ce-
rebral ischemia. Neuroscience 2010; 171: 
258-267.

[43]	 Stevens SL, Ciesielski TM, Marsh BJ, Yang T, 
Homen DS, Boule JL, Lessov NS, Simon RP 
and Stenzel-Poore MP. Toll-like receptor 9: a 
new target of ischemic preconditioning in the 
brain. J Cereb Blood Flow Metab 2008; 28: 
1040-1047.

[44]	 Asokan R, Banda NK, Szakonyi G, Chen XS and 
Holers VM. Human complement receptor 2 
(CR2/CD21) as a receptor for DNA: Implica-
tions for its roles in the immune response and 
the pathogenesis of systemic lupus erythema-
tosus (SLE). Mol Immunol 2012; 53: 99-110.

[45]	 Yeo SJ, Gravis D, Yoon JG and Yi AK. Myeloid 
differentiation factor 88-dependent transcrip-
tional regulation of cyclooxygenase-2 expres-
sion by CpG DNA: role of NF-kappaB and p38. 
J Biol Chem 2003; 278: 22563-22573.

[46]	 Fukata M, Chen A, Klepper A, Krishnareddy S, 
Vamadevan AS, Thomas LS, Xu R, Inoue H, Ar-
diti M, Dannenberg AJ and Abreu MT. Cox-2 is 
regulated by Toll-like receptor-4 (TLR4) signal-
ing: Role in proliferation and apoptosis in the 
intestine. Gastroenterology 2006; 131: 862-
877.

[47]	 Lee SH, Lee JG, Kim JR and Baek SH. Toll-like 
receptor 9-mediated cytosolic phospholipase 
A2 activation regulates expression of inducible 
nitric oxide synthase. Biochem Biophys Res 
Commun 2007; 364: 996-1001.

[48]	 Ruiperez V, Astudillo AM, Balboa MA and 
Balsinde J. Coordinate regulation of TLR-medi-
ated arachidonic acid mobilization in macro-
phages by group IVA and group V phospholi-
pase A2s. J Immunol 2009; 182: 3877-3883.


