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Exposure to Bacterial DNA Before Hemorrhagic Shock
Strongly Aggravates Systemic Inflammation and Gut Barrier

Loss via an IFN-�-Dependent Route

Misha D. Luyer, MD, PhD,* Wim A. Buurman, PhD,* M’hamed Hadfoune,* T. Wolfs,*
Cornelis van’t Veer, PhD,‡ Jan A. Jacobs, MD, PhD,† Cornelis H. Dejong, MD, PhD,*

and Jan Willem M. Greve, MD, PhD*

Objective: To investigate the role of bacterial DNA in development
of an excessive inflammatory response and loss of gut barrier loss
following systemic hypotension.
Summary Background Data: Bacterial infection may contribute to
development of inflammatory complications following major sur-
gery; however, the pathogenesis is not clear. A common denomina-
tor of bacterial infection is bacterial DNA characterized by unmeth-
ylated CpG motifs. Recently, it has been shown that bacterial DNA
or synthetic oligodeoxynucleotides containing unmethylated CpG
motifs (CpG-ODN) are immunostimulatory leading to release of
inflammatory mediators.
Methods: Rats were exposed to CpG-ODN prior to a nonlethal
hemorrhagic shock. The role of interferon-gamma (IFN-�) was
investigated by administration of anti IFN-� antibodies.
Results: Exposure to CpG-ODN prior to hemorrhagic shock signif-
icantly augmented shock-induced release of IFN-�, tumor necrosis
factor-alpha (TNF-�) (P � 0.05), interleukin (IL)-6 (P � 0.05), and
nitrite levels (P � 0.05), while there was a defective IL-10 response
(P � 0.05). Simultaneously, expression of Toll-like receptor (TLR)
4 in the liver was markedly enhanced. Furthermore, intestinal
permeability for HRP significantly increased and bacterial translo-
cation was enhanced in hemorrhagic shock rats pretreated with
CpG-ODN. Interestingly, inhibition of IFN-� in CpG-treated ani-
mals reduced TNF-� (P � 0.05), IL-6 (P � 0.05), nitrite (P � 0.05),
and intestinal permeability following hemorrhagic shock (P � 0.05)
and down-regulated expression of TLR4.
Conclusion: Exposure to bacterial DNA strongly aggravates the in-
flammatory response, disrupts the intestinal barrier, and up-regulates

TLR4 expression in the liver following hemorrhagic shock. These
effects are mediated via an IFN-�-dependent route. In the clinical
setting, bacterial DNA may be important in development of inflamma-
tory complications in surgical patients with bacterial infection.

(Ann Surg 2007;245: 795–802)

An excessive systemic inflammatory response following
severe blood loss or major surgery may lead to potentially

fatal syndromes such as sepsis.1 Although it is not clear what
the determinants are for development of an excessive inflam-
matory response, it is suggested by some that sequential
physiologic injuries prime the host for a subsequent trigger.2

In many clinical circumstances, severe blood loss is followed
by a “second” hit leading to an excessive inflammatory
response to an otherwise low-grade trigger, probably medi-
ated by bacterial ligands such as endotoxin.3

However, bacterial infection preceding an inflamma-
tory “stress” event such as major surgery is also an important
prognostic risk factor for development of surgical site infec-
tions and inflammatory syndromes such as sepsis.4,5 The
underlying mechanisms for this potential priming effect are
yet unknown. Recently, it has been shown that bacterial
DNA, a common denominator of bacterial infection, is im-
munostimulatory. Bacterial DNA is structurally different
from eukaryotic DNA by the prevalence of unmethylated
cytosine-phosphate-guanine dinucleotides, termed CpG mo-
tifs.6 Both bacterial DNA and synthetic oligodeoxynucleoti-
des (ODN) containing unmethylated CpG motifs are potent
inducers of inflammatory mediators such as TNF-�, and
IFN-� via Toll-like receptor (TLR) 9.7,8

The TH1-like immune response induced by CpG-ODN
is increasingly being used as adjuvant in models of vaccina-
tion and cancer.9–11 However, this immune-enhancing prop-
erty of CpG-ODN may also lead to an unwanted and strong
inflammatory response as shown in D-galactosamine-sensi-
tized mice leading to a lethal toxic shock.12 An important
factor in the pathogenesis of postoperative inflammatory
syndromes such as sepsis is the development of an exagger-
ated (uncontrolled) inflammatory response and loss of gut
barrier function. It is thought that low concentrations of
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IFN-� cause lipid-raft mediated translocation of bacteria,
thereby stimulating the inflammatory response.13 Subsequent
release of inflammatory mediators such as TNF-� and IFN-�
disrupts intestinal tight junctions, leading to loss of gut
barrier integrity and a viscous circle of inflammation and
remote tissue damage.14

In addition, multiple stress sessions or multiple “hits”
enhance the inflammatory response and disrupt the colonic
epithelial barrier via an IFN-�-dependent route.15

We hypothesized that release of bacterial DNA contrib-
utes to development of an excessive inflammatory response
and loss of gut barrier loss following major surgery via
IFN-�. The current study was designed to investigate the
effect of exposure to bacterial DNA on the inflammatory
response and loss of gut barrier following hemorrhagic shock
in rats. The role of IFN-� was assessed using anti IFN-�
antibodies.

MATERIALS AND METHODS

Reagents
CpG oligodeoxynucleotide (ODN) (5�-TGACTGT-

GAACGTTCGAGATGA-3�� phosphorothioate backbone16)
and nonimmunostimulatory non-CpG-ODN (5�-GCTTGAT-
GACTCAGCCGGAA-3�) was purchased from Eurogentec (Se-
raing, Belgium) and dissolved in sterile, pyrogen-free saline to a
final concentration of 500 �mol/L. A monoclonal antibody
directed against rat IFN-� was kindly provided by Dr. P. van der
Meide (University Medical Center Utrecht, the Netherlands).
This is an IgG1 antibody with a high-affinity for rat IFN-�
with proven in vitro and in vivo IFN-� functional inhibit-
ing capacity.17,18

Animals
Healthy male Sprague-Dawley rats, weighing 303 to

425 g (average, 355 g) were purchased from Charles River
(Maastricht, the Netherlands) and housed under controlled
conditions of temperature and humidity. Before the start of
the experiments, rats were fed ad libitum with standard rodent
chow and had free access to water. The experimental protocol
was performed according to the guidelines of the Animal
Care Committee of the University of Maastricht and ap-
proved by the committee.

Isolation and Stimulation of Peritoneal
Macrophages

Sprague-Dawley rats (n � 8) were not exposed (con-
trols), injected with non-CpG (180 �g) or CpG (180 �g) with
or without anti IFN-� (5 mg/kg) 18 hours prior to stimulation.
Peritoneal macrophages were harvested under sterile condi-
tions, washed 5 times in RPMI (GIBCO Europe, Paisley, UK)
with 1% penicillin/ streptomycin and incubated in 96-well
culture plates (Costar, Cambridge, MA) at 2 � 105 cells per
well for 5 hours with LPS (1 and 10 ng/mL). After incuba-
tion, supernatants were collected and TNF-� was determined
by sandwich ELISA.19

NF-�B Assay
Peritoneal macrophages were isolated as described above

from rats injected with non-CpG, CpG-ODN, or CpG-ODN, and

anti IFN-� and stimulated with LPS (10 ng/mL) for 15 minutes.
Next, nuclear extracts were isolated and p65 activation was
quantified using an oligonucleotide-based ELISA (Active Motif,
Rixensart, Belgium) according to the supplier’s instructions.
Furthermore, TLR4 was determined using RT-PCR.

Experimental Design and Hemorrhagic
Shock Procedure

Rats were allocated to 7 groups (n � 7 per group)
before the start of the experiments. All animals were
starved overnight and killed at 4 hours after hemorrhagic
shock. Group 1: healthy controls not exposed to CpG-
ODN; group 2: rats exposed to CpG-ODN (25 nmol in 0.5
mL saline, equal to 180 �g) 18 hours before death; group
3: control rats subjected to hemorrhagic shock; group 4:
rats exposed to non-CpG (25 nmol in 0.5 mL saline, equal
to 180 �g) for 18 hours before subjection to hemorrhagic
shock; group 5: rats exposed to CpG-ODN for 18 hours
before subjection to hemorrhagic shock; group 6: control
rats injected with rat anti-IFN-� (5 mg/kg) 18 hours before
subjection to hemorrhagic shock; and group 7: rats ex-
posed to CpG-ODN and injected with rat anti-IFN-� (5
mg/kg) 18 hours before subjection to hemorrhagic. A
nonlethal hemorrhagic shock model was used as previ-
ously described.20,21 In short, rats were anesthetized with
sodium pentobarbital (50 mg/kg, i.p); the femoral artery
was dissected and cannulated with polyethylene tubing
(PE-10). Mean arterial pressure (MAP) and heart rate (HR)
were continuously recorded during a 50-minute observa-
tion period. At the time of shock (t � 0), 2.1 mL blood per
100 g of body weight was taken at a rate of 1 mL/min
(representing 30%– 40% of the total blood volume). The
severity of the hemorrhagic shock insult as reflected by
changes in MAP, HR, and hematocrit was similar for all
hemorrhagic shock groups and comparable with our earlier
data, using the same hemorrhagic shock model.20,21 At the
time of death (t � 4 hours), blood was taken and segments
of small bowel were harvested for determination of gut
permeability. Plasma was separated by centrifugation, fro-
zen immediately and stored (�20°C) until analysis.

Cytokine Analysis
TNF-� concentrations in supernatants of stimulated

cells were determined using a sandwich-ELISA.19 TNF-�,
IFN-�, IL-6, and IL-10 concentrations in arterial blood were
determined using standard ELISA’s for rat TNF-� and rat
IFN-� (both kindly provided by Hbt, Uden, the Netherlands),
rat IL-6 (BD Biosciences, San Diego, CA), and rat IL-10
(Biosource, Camarillo, CA).

Measurement of NO· Production
Nitrite (NO2

�) in rat plasma was measured using Griess
reagent. This primary oxidation product of NO· after reaction
with oxygen was used as an indicator of NO synthesis.

Intestinal Permeability and Microbiologic
Methods

Intestinal permeability for macromolecules was as-
sessed by measuring translocation of the 44-kDa enzyme
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horseradish peroxidase (HRP, Sigma) by the everted gut sac
method as described.21

Bacterial translocation to distant organs was assessed as
described.20,21 In short, mesenteric lymph nodes (MLN), the
midsection of the spleen and liver-segment (IV) were col-
lected aseptically in preweighed thioglycolate broth tubes
(Becton Dickinson, BBL, Microbiology Europe, Maylan,
France) in all rats. Tissue fragments were homogenized and
the entire suspension was transferred to agar plates (Colum-
bia III blood agar base supplemented with 5% vol/vol sheep
blood, BBL, duplicate plates, and Chocolate PolyviteX agar,
BioMérieux, Marcy L’Etoile, France). After 48 hours of
incubation, colonies were counted, determined using conven-
tional techniques, adjusted to tissue weight, and expressed as
number of colony forming units (CFU) per gram tissue.

Statistical Analyses
Bacterial translocation data are represented as median

and range; all other data are represented as mean � SEM. A
Mann–Whitney U test was used for between-group compar-
isons. Differences were considered statistically significant at
P � 0.05.

RESULTS

Preexposure to CpG-ODN Enhanced Plasma
IFN-� Levels After Hemorrhagic Shock

Hemorrhagic shock was followed by a rise in circulat-
ing IFN-� levels already after 90 minutes (data not shown)
and became more pronounced at 4 hours after shock (1.3 �
0.1 ng/mL) in control rats and rats pretreated with non-CpG
(0.9 � 0.1 ng/mL) (Fig. 1). Interestingly, administration of
CpG-ODN 18 hours prior to hemorrhagic shock doubled
circulating plasma levels of IFN-� at 4 hours after shock
(2.6� 0.5 ng/mL, #P � 0.05). In contrast, exposure to
CpG-ODN alone resulted in detectable, however, low plasma
IFN-� levels (34 pg/mL, P � 0.003) after 18 hours.

Preexposure to CpG-ODN Significantly
Elevated TNF-�, IL-6, and NO Release in
Plasma After Hemorrhagic Shock, Whereas
IL-10 Was Down-Regulated

Hemorrhagic shock typically results in a TNF-� re-
sponse that peaks at 90 minutes and rapidly fades.21,22 As
expected, circulating TNF-� was no longer detectable in
control rats and non–CpG-pretreated rats at 4 hours after
hemorrhagic shock (Fig. 2A), while circulating IL-6 levels
were still detectable at low levels (control, 12 � 6 pg/mL;
and non-CpG, 12 � 5 pg/mL) (Fig. 2B). Exposure to CpG-
ODN alone led to a mild increase of plasma TNF-� levels
(14 � 6 pg/mL) even after 18 hours after exposure, whereas
IL-6 was not demonstrable (Fig. 2A, B). In contrast, admin-
istration of CpG-ODN prior to hemorrhagic shock resulted in
elevated TNF-� (68 � 13 pg/mL, P � 0.001) and plasma
IL-6 levels (171 � 33 pg/mL, P � 0.005) compared with
control shock rats at 4 hours after hemorrhagic shock. Next,
nitrite (NO2

�) was measured as marker for nitric oxide (NO)
release. Administration of CpG-ODN alone led to elevated
NO2

� levels after 18 hours compared with background levels

in nonexposed controls. Hemorrhagic shock by itself en-
hanced NO2

� levels (97 � 7 �mol/L). However, hemorrhagic
shock in CpG-ODN rats caused a significant rise in NO2

�

levels (169 � 38 �mol/L, *P � 0.05) (Fig. 2C). Preexposure
to CpG-ODN resulted in a significant rise in circulating IL-10
levels (68 � 12 pg/mL) compared with background levels in
controls (13 � 11 pg/mL, P � 0.01), in line with previous in
vitro studies.23 Hemorrhagic shock resulted in a marked
increase of plasma IL-10 in nontreated rats (148 � 13 pg/mL,
*P � 0.01) and non–CpG-treated rats (133 � 7 pg/mL, *P �
0.01) compared with rats not subjected to shock (Fig. 2D).
However, this increase of circulating IL-10 after hemorrhagic
shock was not observed in rats exposed to CpG-ODN (62 �
4 pg/mL). These data show that, although exposure to CpG-
ODN alone has relatively modest effects, inflammation is
strongly aggravated in combination with hemorrhagic shock.

Preexposure to CpG-ODN Impairs Intestinal
Barrier Function and Further Enhances
Hemorrhagic Shock-Induced Intestinal
Permeability

Intestinal permeability for the 44-kDa macromolecule
HRP was significantly elevated following CpG-ODN expo-
sure (5.5 � 0.5 �g/mL) compared with controls (1 � 0.1,
P � 0.006) (Fig. 3). As expected, hemorrhagic shock resulted

FIGURE 1. Preexposure to CpG-ODN results in significantly
higher plasma IFN-� levels after hemorrhagic shock. Plasma
IFN-� levels were measured in (nonexposed) controls and
rats preexposed to non-CpG or CpG-ODN at 18 hours after
exposure and at 4 hours after hemorrhagic shock (n � 7 per
group). Administration of CpG-ODN alone resulted in detect-
able, significantly increased plasma IFN-� (34 � 2 pg/mL,
†P � 0.003) compared with nonexposed control rats after 18
hours. Hemorrhagic shock caused a rise of circulating IFN-�
levels at 4 hours after shock in control (1.3 � 0.1 ng/mL,
*P � 0.01) and non-CpG treated rats (0.9 � 0.1 ng/mL,
†P � 0.01) compared with nonexposed control rats not sub-
jected to shock. Preexposure to CpG-ODN followed by hem-
orrhagic shock doubled circulating plasma levels of IFN-� at
4 hours after shock (2.6 � 0.5 ng/mL, #P � 0.05) compared
with control rats and non-CpG treated rats (#P � 0.05) sub-
jected to hemorrhagic shock.
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in an increased leakage of HRP (36 � 3 �g/mL). Preexposure
to CpG-ODN followed by hemorrhagic shock almost doubled
leakage of HRP (60 � 11 �g/mL, P � 0.01) compared with
non–CpG-treated shock rats (33 � 1 �g/mL).

In line, exposure to CpG-ODN caused a mild bacterial
translocation in all rats with a median total number of 103
CFU/g tissue, whereas bacterial cultures of control rats were
sterile (Table 1). As reported, hemorrhagic shock caused
bacterial translocation to MLN, spleen, and liver.20,21 Expo-
sure to CpG-ODN prior to hemorrhagic shock more than

doubled bacterial translocation (CpG-treated shock rats, total
819 CFU/g vs. nontreated, total 330 CFU/g, P � 0.05; and
non–CpG-treated shock rats, total 165 CFU/g, P � 0.05). In
conclusion, these data indicate that exposure to CpG-ODN
impaired gut barrier function and significantly worsened
hemorrhagic shock-induced intestinal barrier failure.

Administration of anti-IFN-� reduces TNF-�, IL-6, and
NO release in plasma, restored the defective IL-10 response,
and preserved gut barrier function in CpG-exposed rats after
hemorrhagic shock.

FIGURE 2. Preexposure to CpG-ODN significantly elevated TNF-�, IL-6, and nitrite (NO2
�) and down-regulated IL-10 via an

IFN-�-dependent route. TNF-�, IL-6, nitrite, and IL-10 levels were determined in plasma of controls and CpG-ODN-exposed
rats at 18 hours after exposure and at 4 hours after hemorrhagic shock (n � 7 per group). A, Administration of CpG-ODN
alone enhanced plasma TNF-� (14 � 6 pg/mL, †P � 0.05). CpG-ODN preexposure together with hemorrhagic shock elevated
TNF-� (68 � 13 pg/mL, *P � 0.001). Anti-IFN-� reduced TNF-� after hemorrhagic shock in CpG-ODN-treated rats
(27 � 8 pg/mL, #P � 0.05). B, Preexposure to CpG-ODN strongly enhanced hemorrhagic shock-induced IL-6 (171 � 33 pg/mL,
*P � 0.01), which was reduced by administration of anti IFN-� (52 � 20 pg/mL, #P � 0.05). C, Administration of CpG-ODN
alone increased nitrite (NO2

�) (91� 7 �mol/L, †P � 0.01). Hemorrhagic shock caused a marked increase in NO2
� compared

with controls (97 � 6 �mol/L, **P � 0.01). CpG-ODN preexposure elevated hemorrhagic shock-induced NO2
� (169 � 38

�mol/L, *P� 0.05). Treatment with anti IFN-� reduced nitrite levels following hemorrhagic shock in CpG-ODN rats (83 � 12
�mol/L, #P � 0.05). D, Administration of CpG-ODN alone enhanced plasma IL-10 levels (68 � 12 pg/mL, †P � 0.006). Hem-
orrhagic shock caused a marked increase of plasma IL-10 (148 � 13 pg/mL, *P � 0.01) in control and non-CPG-treated rats
(133 � 7 pg/mL, *P � 0.01). CpG-ODN preexposure together with hemorrhagic shock caused a defective IL-10 response
that was restored by administration of anti IFN-� (109 � 12 pg/mL, #P � 0.01): **,†compared with control; *compared with
control hemorrhagic shock; #compared with CpG-ODN shock.
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The increased IFN-� levels observed after CpG-ODN
administration and the synergistic effect of CpG-ODN pre-
exposure and hemorrhagic shock stimulated us to investigate
the role of IFN-� in the aggravated host response to shock.
Anti IFN-� pretreatment did not significantly affect plasma
TNF-�, IL-6, nitrite (NO2

�), and IL-10 levels following
hemorrhagic shock in nonexposed rats (Fig. 2A–D). How-
ever, anti-IFN-� markedly reduced circulating TNF-�,
plasma IL-6, NO2

�, and the enhanced permeability for HRP
(17 � 0.5 �g/mL, P � 0.002) in rats exposed to CpG-ODN

18 hours before hemorrhagic shock (Figs. 2A–C, 3). Further-
more, the defective IL-10 response upon hemorrhagic shock
in rats preexposed to CpG-ODN was partly restored (109 �
12 pg/mL, P � 0.01) (Fig. 2D). A similar effect was observed
with bacterial translocation (Table 1). Bacterial translocation
to distant organs was markedly reduced in anti IFN-�-treated
rats (**P � 0.01). In conclusion, it is shown that the en-
hanced inflammatory response and gut barrier failure caused
by CpG-ODN exposure prior to hemorrhagic shock can be
effectively reduced by treatment with anti-IFN-�.

Preexposure to CpG-ODN Enhances Expression
of TLR4 In Vitro and In Vivo and Increases
Intracellular Signaling via an IFN-�-Dependent
Route

Endotoxin is a major player in the inflammatory re-
sponse following hemorrhagic shock22,24 and triggers inflam-
matory cells via TLR4. Our group previously showed that
IFN-� is involved in regulation of the expression of TLR4 in
the kidney following ischemia and reperfusion.25 To further
delineate the IFN-�-dependent exacerbating effect of CpG-
ODN, we investigated a possible role for TLR4. TLR4
expression was enhanced following 18 hours exposure to
CpG-ODN and strongly increased after hemorrhagic shock in
the liver, importantly involved in the inflammatory response
(Fig. 4A). This enhancement of TLR4 was not observed in
non–CpG-treated shock rats and abolished by pretreatment
with anti-IFN-�. To measure the impact of this enhanced
TLR4 expression translocation of NF-�B to the nucleus was
determined in peritoneal macrophages. Peritoneal macro-
phages isolated from CpG-treated rats did not show an
enhanced expression before stimulation with LPS compared
with non–CpG-treated controls (Fig. 4B). However, stimula-
tion with LPS strongly augmented TLR4 expression and
resulted in increased translocation of NF-�B to the nucleus
(Fig. 4C) via an IFN-�-dependent route. Stimulation of peri-
toneal macrophages from rats exposed to CpG-ODN to en-
dotoxin also caused a significantly enhanced release of
TNF-�, compared with controls (*P � 0.01, Fig. 4D).

TABLE 1. Bacterial Translocation to MLN, Spleen, and Liver at 18 Hours After Exposure to CpG-ODN and at
4 Hours After Hemorrhagic Shock

Group
(n � 7)

Hemorrhagic
Shock

Mesenteric Lymph Nodes
(MLN) �median (range)	

Spleen
�median (range)	

Liver
�median (range)	

Total
(median)

Control � 0 (0) 0 (0) 0 (0) 0

CpG-ODN � 27 (10–132)†
 19 (0–63)†
 44 (0–93)†
 103†


Control � 99 (46–164) 72 (0–115) 163 (29–798) 330

CpG-ODN � 248 (177–533)*‡ 275 (28–427)*‡ 320 (19–954)‡ 819*‡

Non-CpG-ODN � 80 (52–95) 49 (12–71) 52 (36–70) 165

Anti-IFN-� � 57 (26–69)* 40 (25–61)* 58 (19–104)* 151*

Anti-IFN-� � 135 (74–175)§ 70 (38–170)§ 131 (18–259) 267§

Data are number of median colony forming units (cfu)/gram tissue (range).
*P � 0.05 versus hemorrhagic shock controls.
†
P � 0.01 versus normal control.
‡P � 0.05 versus non-CpG controls.
§P � 0.05 versus hemorrhagic shock treated with CpG-ODN.

FIGURE 3. Preexposure to CpG-ODN followed by hemor-
rhagic shock enhanced intestinal permeability for horseradish
peroxidase (HRP) via an IFN-�-dependent route. Exposure to
CpG-ODN increased permeability for HRP (5.5 � 0.5 �g/mL,
†P � 0.01) compared with control rats (1.0 � 0.1 �g/mL).
Hemorrhagic shock caused a substantial leakage of HRP (36
� 3 �g/mL, **P � 0.01). Preexposure to CpG-ODN fol-
lowed by hemorrhagic shock strongly aggravated intestinal
permeability for HRP (60 � 11 �g/mL, *P � 0.05). Adminis-
tration of anti IFN-� markedly reduced permeability for HRP
in both control (‡P � 0.05) and CpG-ODN-treated rats
(#P � 0.01) subjected to hemorrhagic shock: **,†compared
with control; *compared with control hemorrhagic shock;
#compared with CpG-ODN shock; ‡compared with control
hemorrhagic shock.
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DISCUSSION
Bacteria can trigger the immune system via several

specific pathways. In the past decade Toll-like receptors have
been discovered, which are able to bind specific bacterial
components like bacterial DNA leading to an inflammatory
response via an intracellular signaling pathway.26 Bacterial
DNA is the common denominator of bacterial infection and
causes release of inflammatory cytokines such as IFN-� via
Toll-like receptor 9.27,28

The current data show that IFN-� is released in the
circulation shortly following hemorrhagic shock. The mean-
ing of this elevation of IFN-� is not clear. Previous studies
have shown that exogenous administration of IFN-� increases
the ability of the host defense system to combat bacterial
infections after hemorrhage; therefore, IFN-� may be essen-
tial in the host response to bacterial infection.29,30 However,
IFN-� is also involved in modulation of intestinal barrier
integrity. It has recently been described that low levels of
IFN-� may cause bacterial translocation via an active lipid
raft-mediated process.13 Furthermore, both IFN-� and TNF-�
lead to degradation of intestinal integrity by breakdown of
intestinal tight junction proteins, such as zonula occludens

proteins.31,32 This is in line with our data in which is shown
that exposure to CpG-ODN strongly enhanced IFN-� levels
following hemorrhagic shock, which was associated with an
increased loss of gut barrier integrity. The finding that anti-
IFN-� prevented hemorrhagic shock-induced gut barrier fail-
ure in nonexposed control rats is new and indicates an
important role of this lymphokine in the pathogenesis of
shock-induced intestinal permeability. Our data further dem-
onstrate that exposure to CpG-ODN appears to induce a
so-called “two-hit” phenomenon,33 which could be controlled
by inhibition of IFN-�. CpG-ODN seems to be a stress factor
that on itself is rather harmless but in combination with
another event such as severe blood loss primes the host and
drives a stronger and potentially harmful response resulting in
exacerbation of the inflammatory response.

These data must be seen in the light of a time-dependent
effect of bacterial DNA in which prolonged exposure to CpG-
ODN (for several days) may provide protection to a second
challenge, whereas short-term exposure might exacerbate the
inflammatory response to a subsequent stimulus.34,35 The poten-
tial effects of prolonged exposure to CpG-ODN before hemor-
rhagic shock remain subject of investigation.

FIGURE 4. Exposure to CpG-ODN up-regulates expression of TLR4 in macrophages and in the liver leading to increased intra-
cellular signaling via an IFN-�-dependent route. Cell lysates and nuclear extracts were isolated from peritoneal macrophages
of rats exposed to non-CpG, CpG-ODN or CpG-ODN and anti-IFN-� before and after stimulation with LPS. Exposure to CpG-
ODN alone caused enhanced expression of TLR4 in vivo in the liver, which was strongly enhanced 90 minutes following hem-
orrhagic shock in an IFN-�-dependent manner (A). Expression of TLR4 and translocation of NF-�B to the nucleus in peritoneal
macrophages following stimulation were markedly enhanced following CpG-ODN treatment (B, C). This enhanced expression
of TLR4 and translocation of NF-�B to the nucleus were reduced after administration with anti IFN-�. Stimulation of peritoneal
macrophages from rats exposed to CpG-ODN with LPS (1 and 10 ng/mL) caused a significantly increased release of TNF-�
(D), (*P � 0.01 compared with control).
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Release of endotoxin following hemorrhagic shock is
thought to be pivotal in development of the observed inflam-
matory response.24 Therefore, enhanced release of inflamma-
tory mediators in response to combined exposure to CpG-
ODN and hemorrhagic shock confirms earlier in vitro
findings from our group in which we showed that CpG-ODN
augmented the inflammatory response to endotoxin in RAW
264.7 cells.36 Nevertheless, others demonstrated that CpG-
ODN interacts with bacterial toxins such as endotoxin in an
ambiguous manner.37,38 CpG-ODN can synergize with bac-
terial toxins but may also induce cross-tolerance leading to a
hyporesponse. Cytokines such as IFN-�, IL-10, and poten-
tially suppressors of cytokine signaling proteins are thought
to play a role in this interrelation.23,34,39 Interestingly, DNA
isolated from probiotic bacteria has a potent anti-inflamma-
tory effect,36,40 indicating that different kinds of bacterial
DNA have different effects.

The discrepancy between the rather mild effects of
administration of CpG-ODN without an extra stimulus and
the strong IFN-�-dependent synergistic effect of CpG-ODN
followed by hemorrhagic shock indicate a priming effect of
CpG-ODN. IFN-� is known to prime macrophages via the
Toll-like receptor that binds with endotoxin (TLR4) and
induce LPS responsiveness through up-regulation of TLR4
expression in intestinal epithelial cells.41,42 We show an
association at the molecular level between inhibition of
IFN-�, expression of TLR4, and increased translocation of
NF-�B to the nucleus in CpG-ODN-treated animals and cells.
These findings suggest that TLR4 up-regulation via IFN-�
may be importantly involved in the underlying mechanism of
the found effects. Although up-regulation of IFN-� via bac-
terial DNA is detrimental in the current setting, release of
IFN-� is also essential in the host response to bacterial
infection.30 Therefore, further research is needed to clarify
the exact role of IFN-� in modulation of these processes.

Besides a sensitizing effect of IFN-�, the defective IL-10
response following hemorrhagic shock in CpG-ODN-treated
animals may yet provide an additional explanation for the
observed events.43 IL-10 has an important role as inhibitor of
TH1-type cytokine production and functions primarily to limit
the TH1-type inflammatory response.44 In this way, the balance
necessary for controlling inflammation is dysregulated, favoring
an uncontrolled pro-inflammatory response.

CONCLUSION
Exposure to bacterial DNA strongly aggravates the

inflammatory response and disrupts the intestinal barrier
following hemorrhagic shock. Release of IFN-� seems piv-
otal in this exacerbating effect of CpG-ODN prior to hemor-
rhagic shock and is associated with up-regulation of TLR4 in
the liver. In the clinical setting, bacterial DNA may play a
role in the increased postoperative inflammatory complica-
tions in surgical patients with preexisting bacterial infection.
However, in most clinical circumstances, hypovolemic
shock, severe hemorrhage, or major surgery often precedes an
infectious event, leading to priming of the host and an
excessive response to an otherwise low-grade inflammatory
trigger. Whether exposure to bacterial DNA after a stress

event such as hemorrhagic shock or major surgery has a role
in development of an increased inflammatory response is
unknown and remains yet to be investigated.
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