
INTRODUCTION
Trauma ranks fifth as a cause of death

among people of all ages living in the
United States, and it is the leading cause
of death among people less than 45
years of age (1). In the United States,
traumatic injuries result in approxi-
mately 100,000 deaths per year (1). Early
deaths are secondary to exsanguination
or overwhelming central nervous system
injuries, whereas late deaths are second-
ary to sepsis and multiple organ system
dysfunction syndrome (MODS) (2,3).
Massive hemorrhage is a major risk fac-
tor for the development of MODS in
trauma victims (4,5).

Intestinal barrier dysfunction, mani-
fested by increased mucosal permeability
to hydrophilic macromolecules and/or

increased bacterial translocation to
mesenteric lymph nodes (MLN), occurs
following hemorrhagic shock and resus-
citation (HS/R) in rodents (6-13). These
findings may have clinical implications,
because increased intestinal permeability
has been shown to be associated with an
increased risk of complications, MODS,
or even mortality in critically ill patients
(14-17). The underlying mechanisms re-
sponsible for gut barrier dysfunction
after HS/R are not fully understood, but
increased production of certain proin-
flammatory mediators, such as IL-6 (11)
or nitric oxide (18), may be involved.

High-mobility group proteins are
small DNA-binding proteins that serve
an important role in transcriptional
regulation (19). One of these proteins,

HMGB1, has been identified as a late-
acting mediator of lipopolysaccharide
(LPS)-induced (20) or sepsis-induced (21)
lethality in mice. Additional studies have
documented that HMGB1 is a cytokine-
like molecule that can promote TNF re-
lease from mononuclear cells (22).
HMGB1 is actively secreted by im-
munostimulated macrophages (20,23-25)
and enterocytes (26) and is also released
by necrotic but not apoptotic cells (27).

In 1999, Ombrellino and co-workers
(28) described a patient with high circu-
lating levels of HMGB1 following an
episode of hemorrhagic shock, and Kim
et al. (29) recently reported data support-
ing the view that HMGB1 contributes to
the development of acute lung injury in
mice subjected to HS/R. These data,
along with results from our laboratory
showing that exposure to HMGB1 in-
creases the permeability of Caco-2
enterocyte-like monolayers in vitro (30),
prompted to us to measure circulating
HMGB1 levels in a cohort of adult
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trauma patients with physiological
and/or biochemical evidence of hemor-
rhagic shock. Because serum HMGB1
concentrations were significantly ele-
vated in patients with trauma-induced
hemorrhagic shock, we sought to deter-
mine whether HMGB1 contributes to
the development of gut barrier dysfunc-
tion in a well-characterized murine
model of HS/R.

MATERIALS AND METHODS

Materials
All chemicals were purchased from

Sigma-Aldrich Chemical Co. (St. Louis,
MO, USA) unless otherwise noted.
Polyclonal antibodies against HMGB1
were raised in rabbits (Cocalico
Biologicals, Reamstown, PA, USA) as
previously described (21). Polyclonal an-
tibodies against HMGB1 B box were pre-
pared as described previously (21).
Polyclonal antibodies against HMGB1 B
box were raised in rabbits, and titers
were determined by immunoblotting.
Anti–HMGB1 B box antibodies were
affinity-purified by using cyanogen bro-
mide–activated Sepharose beads follow-
ing standard procedures. Neutralizing
activity of anti-HMGB1 was confirmed in
HMGB1-stimulated macrophage cultures
by assay of TNF release. In the presence
of anti-HMGB1 antibody, neutralizing
antibody was defined as inhibiting >
80% of HMGB1-induced TNF release.
Nonimmune rabbit IgG (item I5006) was
purchased from Sigma-Aldrich.

Human Subjects Study Design
We carried out a single-center observa-

tional study of adult trauma victims. A
patient could be enrolled if all of the fol-
lowing criteria were satisfied: 1) admis-
sion to the hospital for nonpenetrating
trauma other than isolated head injuries;
2) absence of traumatic brain injury, de-
fined as Abbreviated Injury Score < 4
for the head region or Glasgow Coma
Scale motor score > 3 within 24 h of in-
jury (31); 3) arrival in the Emergency
Department at the University of
Pittsburgh Medical Center < 6 h after

injury; 4) transfusion of packed red
blood cells within 12 h of the time of
injury; 5) base deficit ≥ 6 mEq/L or sys-
tolic blood pressure < 90 mmHg within
60 min of arrival in the Emergency
Department; and 6) intact cervical spinal
cord. Blood samples for determination of
base deficit, lactate concentration, and
serum HMGB1 concentration were ob-
tained at the time of admission and ap-
proximately 24 h later. Control concen-
trations of HMGB1 also were measured
using blood samples obtained from 9
healthy adult volunteers. HMGB1 con-
centrations were determined by quantita-
tive Western blotting, as previously de-
scribed (20). The study was approved
by the Institutional Review Board for
the Protection of Human Subjects in
Research at the University of Pittsburgh.

Experimental Protocol for Studies
Using Mice

This research protocol complied with
the regulations regarding the care and
use of experimental animals published
by the National Institutes of Health and
was approved by the Institutional
Animal Use and Care Committee of the
University of Pittsburgh School of
Medicine. Male C57Bl/6 mice weighing
20 to 25 g (Jackson Laboratories, Bar
Harbor, ME, USA) were used in this
study. The animals were maintained at
the University of Pittsburgh Animal
Research Center with a 12-h light-dark
cycle and free access to standard labora-
tory feed and water. Animals were not
fasted before the experiments, but were
acclimatized for 7 days before being
studied.

Cannulae, syringes, and tubing were
flushed with heparin sodium (1000
units/mL) before all procedures. For the
experiments, the mice were anesthetized
with pentobarbital (90 mg/kg intramus-
cularly). Both femoral arteries were sur-
gically prepared and cannulated. One
femoral cannula was used for continuous
blood pressure monitoring, and the other
was used for blood withdrawal or fluid
administration. Animals were shocked
by withdrawal of blood over 10 min to

achieve a mean arterial pressure (MAP)
of 25 mmHg. MAP was maintained at 25
to 30 mmHg for 2 h by withdrawing or
returning blood as needed. For resuscita-
tion, MAP was increased to ≥ 80 mmHg
by infusing over a period of 30 min all of
the remaining shed blood plus a volume
of Ringer’s lactate solution equal to twice
the total volume of shed blood. Time-
matched sham-operated mice underwent
anesthesia and bilateral femoral artery
cannulation but were not bled or resusci-
tated. Immediately after completion of
the resuscitation protocol, the mice were
injected intraperitoneally with either
600 μg anti-HMGB1 neutralizing anti-
body (aHMGB1 group) or 600 μg non-
immune rabbit IgG (IgG group) in 500 μL
PBS. Mice in the sham group were in-
jected with a similar volume of PBS. All
animals were returned to their cages and
allowed free access to food and water.

In experiment 1, 24 h after resuscita-
tion, all surviving mice were re-anes-
thetized with sodium pentobarbital
(90 mg/kg intramuscularly), and the
following procedures were performed:
1) blood was aspirated from the heart for
the subsequent measurement of serum
concentrations of IL-6, IL-10, nitrite, and
alanine aminotransferase (ALT); 2) a seg-
ment of ileum was harvested for deter-
mination of mucosal permeability;
3) ileal mucosa was scraped for measure-
ments of the expression of TNF, IL-6, and
iNOS mRNA and the tight junction pro-
teins, ZO-1 and occludin; and 4) the
MLN complex was harvested to measure
bacterial translocation.

In experiment 2, the mice were re-
anesthetized 4 h after resuscitation,
blood was aspirated from the heart to
measure the serum concentration of
IL-6, IL-10, and ALT, a segment of ileum
was harvested for determination of mu-
cosal permeability, and the MLN com-
plex was harvested to measure bacterial
translocation.

Determination of Intestinal Mucosal
Permeability

Ileal mucosal permeability to the fluo-
rescent tracer, FITC-dextran with a mo-
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lecular mass of 4000 Da (FD4), was deter-
mined using an everted gut sac method,
as previously described (7). Briefly, gut
sacs were prepared in ice-cold modified
Krebs-Henseleit bicarbonate buffer
(KHBB), pH 7.4. One end of the gut seg-
ment was ligated with suture, and then
the segment was everted onto a thin
plastic rod. The resulting sac was se-
cured with another suture to the grooved
tip of a 3-mL plastic syringe containing
KHBB. The sac was gently distended by
injecting 1.5 mL KHBB and suspended
for 30 min in a 50-mL beaker containing
40 mL KHBB plus FD4 (40 mg/mL). The
solution in the beaker was temperature
jacketed at 37 °C and was continuously
bubbled with a gas mixture containing
95% O2, 5% CO2. The FD4 concentration
of the fluid in the beaker and the inside
of the sac was determined spectrofluoro-
metrically, and permeability was ex-
pressed as the mucosal-to-serosal clear-
ance of FD4.

Estimation of Bacterial Translocation
The skin was cleaned with 10% povi-

done-iodine. Using sterile technique, the
abdominal cavity was opened and the
viscera exposed. The MLN complex was
removed, weighed, and placed in a
grinding tube containing 0.5 mL ice-cold
PBS. The MLN were homogenized with
glass grinders, and a 250-μL aliquot of
the homogenate was plated onto brain-
heart infusion and MacConkey’s agar
(Becton Dickinson, Sparks, MD, USA).
The plates were examined 24 h later after
being aerobically incubated at 37 °C. The
colonies were counted and results ex-
pressed as colony-forming units (CFU)
per gram of tissue.

Measurement of IL-6, IL-10, and Nitrite
Concentrations in Serum

Blood (200 μL) was obtained by car-
diac puncture and placed in a 0.5-mL
centrifugation tube on ice. The samples
were centrifuged at 5000g for 3 min. The
serum was collected and stored frozen at
–80 °C until assayed for IL-6 and IL-10
using ELISA kits from R&D Systems
(Minneapolis, MN, USA) according to

the manufacturer’s instructions. Serum
nitrite concentration was measured using
the Greiss reaction, as described (32).

Reverse-Transcriptase Polymerase
Chain Reaction (RT-PCR)

Total RNA was extracted from thawed
ileal mucosal tissue samples with chloro-
form and TRI Reagent (Molecular
Research Center, Cincinnati, OH, USA)
exactly as directed by the manufacturer.
The total RNA was treated with
DNAFree (Ambion, Houston, TX, USA)
as instructed by the manufacturer using
10 units of DNase I/10 μg RNA. Total
RNA (2 μg) was reverse transcribed in a
40-μL reaction volume containing 0.5 μg
oligo(dT)15 (Promega, Madison, WI,
USA), 1 mM of each dNTP, 15 units
AMV reverse transcriptase (Promega),
and 1 unit/μL recombinant RNasin ri-
bonuclease inhibitor (Promega) in 5 mM
MgCl2, 10 mM Tris-HCl, 50 mM KCl, and
0.1% Triton X-100, pH 8.0. The reaction
mixtures were preincubated at 21 °C for
10 min before DNA synthesis. The re-
verse transcription reactions were carried
out for 50 min at 42 °C and were heated
to 95 °C for 5 min to terminate the reac-
tions. Reaction mixtures (50 μL) for PCR
were assembled using 5 μL cDNA tem-
plate, 10 units AdvanTaq Plus DNA
Polymerase (Clontech, Palo Alto, CA,
USA), 200 μM of each dNTP, 1.5 mM
MgCl2, and 1.0 μM of each primer in
1× AdvanTaq Plus PCR buffer. PCR reac-
tions were performed using a Model 480
thermocycler (Perkin Elmer, Norwalk,
CT, USA). Amplification of cDNA was
initiated with 5 min of denaturation at
94 °C. The PCR conditions for amplify-
ing cDNA for TNF and IL-6 were as
follows: denaturation at 94 °C for 45 s,
annealing at 61 °C for 45 s, and polymer-
ization at 72 °C for 45 s. To ensure that
amplification was in the linear range, we
empirically determined that 33 was the
optimal number of cycles for TNF and
IL-6 cDNA. After the last cycle of ampli-
fication, the samples were incubated at
72 °C for 10 min and then held at 4°C.
The 5′ and 3′ primers for TNF were GGC
AGG TCT ACT TTG GAG TCA TTG C

and ACA TTC GAG GCT CCA GTG
AAT TCG G, respectively; the expected
product length was 307 bp. The 5′ and
3′ primers for IL-6 were TTC CAT CCA
GTT GCC TTC TTG G and TTC TCA
TTT CCA CGA TTT CCC AG, respec-
tively; the expected product length was
174 bp. 18S ribosomal RNA was ampli-
fied to verify equal loading. For this reac-
tion, the 5′ and 3′ primers were CCC
GGG GAG GTA GTG ACG AAA AAT
and CGC CCG CTC CCA AGA TCC
AAC TAC, respectively; the expected
product length was 209 bp. Ten micro-
liters of each PCR reaction was elec-
trophoresed on a 2% agarose gel and
scanned using a NucleoVision imaging
workstation (NucleoTech, San Mateo,
CA, USA). Densitometry was carried out
using GelExpert release 3.5 (NucleoTech).

Western Blotting
For preparation of samples, small in-

testinal mucosa was gently scraped with
a glass microscope slide. The scrapings
were homogenized on ice with a
Polytron tissue homogenizer in 1 mL
RIPA buffer [1× PBS, 1% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS, 0.1
mg/mL phenylmethylsulfonyl fluoride,
1.0 mM sodium orthovanadate, and
1× mammalian protease inhibitor cocktail
(Sigma-Aldrich catalog #P 8340)]. The
homogenate was transferred to a 1.5-mL
microfuge tube.

The samples were sonicated 3 times
for 30 s on ice using a 0.1-W Fisher
Scientific Sonic Dismembrator fitted with
a microtip on power setting 3. The lysate
was transferred to a microcentrifuge tube
and incubated for 30 min on ice. The
lysate was centrifuged at 10,000g for 20
min at 4 °C, and then the supernatant
was transferred to a new tube. Total pro-
tein concentration was determined using
the Bio-Rad (Hercules, CA, USA) protein
reagent.

Equivalent amounts of protein were
mixed with Laemmli buffer (20% glyc-
erol; 10% β-mercaptoethanol; 5% SDS;
0.2 M Tris·HCl, pH 6.8; and 0.4% bro-
mophenol blue). After boiling for 5 to 10
min, the protein samples were centrifuged
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for 10 s. Samples of the supernatants con-
taining 100 μg mucosal protein/lane
were electrophoresed at 100 mÅ for 40
min on 7.5% precast SDS-polyacrylamide
gels (Bio-Rad). The size-fractionated pro-
teins were electroblotted onto a Hybond-P
PVDF membrane (Amersham Pharmacia
Biotech, Leicester, Denmark) and blocked
with Blotto (1× TBS, 5% milk, 0.05%
Tween-20, and 0.2% NaN3) for 60 min.
The membranes were then incubated at
4 °C overnight with rabbit anti-ZO-1
polyclonal antibody from Zymed Labora-
tories (South San Francisco, CA, USA)
used at a 1:2000 dilution, rabbit anti-
occludin polyclonal antibody (Zymed;
1:2000 dilution), rabbit anti-RAGE poly-
clonal antibody (product number sc-5563)
from Santa Cruz Biotechnology (Santa
Cruz, CA, USA) used at a 1:500 dilution,
or anti-β-actin monoclonal antibody
(Santa Cruz; 1:4000 dilution). Antibodies
were diluted using TBST (1× TBS, 0.1%
Tween-20, and 5% BSA). After washing 3
times in 1× PBST, immunoblots were ex-
posed at room temperature for 1 h to a
1:10,000 dilution of the appropriate horse-
radish peroxidase–conjugated secondary
antibody (Jackson ImmunoResearch
Laboratories; West Grove, PA, USA).
After 3 washes in PBST and 2 washes in
PBS, the membranes were impregnated
with the enhanced chemiluminescence
(ECL) substrate (Amersham Pharmacia
Biotech) and used to expose X-ray
film according to the manufacturer’s
instructions.

Statistical Methods
Results are presented as median values

or means ± SEM, as appropriate.
Differences in serum HMGB1 concentra-
tions or CFU between groups were ana-
lyzed using the Wilcoxon U test. Other
continuous data were analyzed using
Student t test or analysis of variance fol-
lowed by Fisher’s LSD test, as appropri-
ate. P values < 0.05 were considered sig-
nificant. Differences in survival were
assessed using Fisher’s exact test.
Summary statistics are presented for
densitometry results from studies using
RT-PCR to estimate TNF and IL-6 mRNA

expression, but these results were not
subjected to statistical analysis because
the method employed was only semi-
quantitative and the sample sizes were
small (n = 3–4) (7).

RESULTS

Circulating HMGB1 Concentrations in
Trauma Victims with Hemorrhagic
Shock

Serum concentrations of HMGB1 were
determined in blood samples from 25 pa-
tients (20 men and 5 women) admitted to
the University of Pittsburgh Medical
Center from January 2004 through May
2005. The median age of the patients
was 32 years (range, 18-54). The median
blood lactate concentration measured
at the time of presentation in the
Emergency Department was 3.5 mM
(range, 0.99-6; upper limit of normal is
2 mM). Increased blood lactate concen-
tration is a cardinal biochemical feature
of hemorrhagic shock (33). When serum
HMGB1 concentration was measured in
blood samples from 9 healthy human
volunteers, the median was 9.6 ng/mL
(range, 0-20.8) (Figure 1). In contrast, the
median serum HMGB1 concentration in
blood samples obtained within 6 h of in-
jury was 54 ng/mL (range, 25.1-162.9)

(P < 0.0001 vs. normal volunteers). The
median serum HMGB1 concentration in
blood samples obtained about 24 h after
injury was 57.2 ng/mL (range, 21.3-
112.6) (P < 0.0001 vs. normal volunteers).

Survival of Mice Subjected to HS/R
As expected, all 10 mice in the sham

group were alive 24 h after HS/R. In
contrast, only 6 of 13 IgG group mice
(46%) survived after being subjected to
HS/R and treated with nonimmune IgG
(P = 0.007). When mice subjected to
HS/R were treated with anti-HMGB1
antibody, 9 of 10 mice (90%) survived for
24 h (P = 0.037 vs. IgG group).

HS/R-Induced Intestinal Barrier
Dysfunction

Relative to values obtained by study-
ing sham-hemorrhaged controls, ileal
mucosal permeability to the fluorescent
macromolecule, FD4, was significantly
increased in surviving mice studied 24 h
after being subjected to HS/R and treat-
ment with nonimmune IgG (Figure 2A).
Similarly, bacterial translocation to MLN
was minimal in the sham group, but was
extensive in the IgG group (Figure 2B).
Treatment with anti-HMGB1 antibody at
the time of resuscitation, however, signif-
icantly ameliorated the development of
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Figure 1. Serum HMGB1 concentrations in trauma victims with hemorrhagic shock and
healthy human volunteers (n = 9). Blood samples from the trauma victims were obtained
as soon as possible after admission to the Emergency Department and always < 6 h after
the time of injury (n = 25) and again the next day (i.e., approximately 24 h after injury; n =
24). Serum HMGB1 concentrations in the trauma victims at either time point were signifi-
cantly greater than the values measured in the healthy subjects (P < 0.0001).



ZO-1 and Occludin Expression
The regulation and maintenance of

normal intestinal mucosal barrier func-
tion depends on the proper assembly
and functioning of the tight junctions be-
tween adjacent epithelial cells. Formation
of tight junctions requires the assembly
of several proteins, including the trans-
membrane protein, occludin, and the in-
tracellular protein, ZO-1 (41,42).
Therefore, we used Western blotting of
whole-cell extracts prepared from mu-
cosal scrapings to assess changes in the
expression of these proteins. Compared
with the results obtained by studying
ileal mucosal scrapings from sham-hem-
orrhaged mice, the expression of ZO-1
and occludin was substantially decreased
in mice subjected to HS/R and treated
with nonimmune IgG (Figure 5).
Treatment with anti-HMGB1 antibody,
however, preserved the expression of
both of these proteins after HS/R.

Ileal Mucosal RAGE Expression
The receptor for advanced glycation

end-products (RAGE), a member of the
immunoglobulin superfamily of proteins,
is activated by a wide variety of ligands,

both ileal mucosal hyperpermeability
and bacterial translocation.

Serum IL-6, IL-10, and Nitrite
Concentrations

Increased IL-6 synthesis (11) and in-
creased iNOS-derived nitric oxide pro-

duction (34-37) have been implicated
as important factors leading to the de-
velopment of gut epithelial hyperper-
meability or increased bacterial trans-
location in a variety of inflammatory
states. By the same token, increased
endogenous production of the anti-
inflammatory cytokine, IL-10, has been
proposed as a factor that protects gut
barrier function under certain condi-
tions (38,39). Accordingly, we measured
circulating levels of IL-6, IL-10, and
nitrite (NO metabolite) in sham-
hemorrhaged mice, mice subjected to
HS/R and treated with nonimmune
IgG, and mice subjected HS/R and
treated with anti-HMGB1 antibody.
Mean serum IL-6 (Figure 3A) and IL-10
(Figure 3B) concentrations 24 h after
HS/R were significantly greater in the
IgG and aHMGB1 groups than in the
sham group. However, the mean circu-
lating levels of both of these cytokines
were significantly lower in the aHMGB1
group than in the IgG group. Mean
serum nitrite concentrations were simi-
lar (40-60 μM) in all 3 groups.

Ileal Mucosal TNF and IL-6 mRNA
Expression

A number of studies using in vitro
model systems suggest that the pro-
inflammatory cytokine, TNF, is capable
of disrupting intestinal epithelial bar-
rier function (38-40). Moreover, in-
creased systemic and/or local produc-
tion of IL-6 has been implicated as
being important in the pathogenesis of
gut barrier dysfunction associated with
HS/R (11). Accordingly, we used semi-
quantitative RT-PCR to estimate
changes in the expression of TNF
(Figure 4A) and IL-6 (Figure 4B) mRNA
in ileal mucosal scrapings after HS/R.
In mice treated with with nonimmune
IgG, steady-state levels of transcripts
for both of these cytokines were in-
creased in mucosa 24 h after resuscita-
tion. However, increased expression of
TNF or IL-6 mRNA was not detectable
in scrapings from mice subjected to
HS/R and treated with anti-HMGB1
antibody.
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Figure 3. Effect of treatment with anti-
HMGB1 antibody on HS/R-induced
changes in serum IL-6 (A) and IL-10 (B)
concentrations. Cytokine levels were as-
sessed 24 h after HS/R (or the sham proce-
dure). Groups and sample sizes are the
same as in Figure 1. Results are means ±
SEM. *P < 0.05 vs. sham; †P < 0.05 vs. IgG.

Figure 2. Effect of treatment with anti-
HMGB1 antibody on HS/R-induced gut
mucosal permeability (A) and bacterial
translocation to MLN (B). Ileal mucosal
permeability and bacterial translocation
were assessed 24 h after HS/R (or the
sham procedure). Mice in the sham
group (n = 6) were subjected to anesthe-
sia and vascular cannulation but not
hemorrhage. Mice in the IgG (n = 6) and
aHMGB1 (n = 8) groups were shocked by
withdrawal of blood over 10 min until
MAP decreased to 25 mmHg. MAP was
maintained at 25 to 30 mmHg for 2 h, and
then the mice were resuscitated by infus-
ing all of the remaining shed blood plus a
volume of Ringer’s lactate solution equal
to twice the total volume of shed blood.
Mice in the IgG group were treated with
a single intraperitoneal dose of rabbit IgG
(600 μg in 500 μL) immediately after the
resuscitation procedure. Mice in the
aHMGB1 group were similarly treated, ex-
cept these animals received a dose of a
polyclonal rabbit neutralizing aHMGB1
antibody. Mice in the sham group were
treated with PBS (500 μL intraperitoneally).
Results are means ± SEM. *P < 0.05 vs.
sham; †P < 0.05 vs. IgG.



including products of the nonenzymatic
oxidation of glucose (AGEs) (43), the
amyloid-β peptide cleavage product of β-
amyloid precursor protein (44), and the
S100/calgranulin family of pro-inflamma-
tory cytokine-like mediators (45). HMGB1
also binds to RAGE with high affinity
(46,47), and at least some of the pro-in-
flammatory and cytopathic effects of
HMGB1 appear to be mediated by bind-
ing of HMGB1 to RAGE (30,48-50).
Therefore, we used Western blotting of
whole-cell extracts prepared from mu-
cosal scrapings to assess the expression of
RAGE in mice subjected to HS/R or the
sham procedure. As shown in Figure 5C,
expression of RAGE was barely detectable
in the sham group. However, 24 h after
HS/R, RAGE expression was upregulated
in both the IgG and aHMGB1 groups.

Serum ALT Concentration
Other anti-inflammatory therapeutic

agents have been shown to ameliorate

hepatocellular injury after HS/R in ro-
dents (7,51). In the present study, how-
ever, treatment with anti-HMGB1 anti-
body was not demonstrably effective in
this regard. As expected, the serum con-
centration of ALT, a marker of hepatocel-
lular damage, was significantly increased
in mice subjected to HS/R 24 h earlier
(Figure 6). Although the mean concentra-
tion of ALT was somewhat lower in the
aHMGB1 group, the treatment effect was
not statistically significant. However, by
the same token, the mean serum ALT
concentration in the aHMGB1 group was
not significantly greater than the mean
value measured in the SHAM group.

Effect of Anti-HMGB1 4 Hours After
Resuscitation

In previous studies, we have shown
that HS/R in mice leads to ileal mucosal
hyperpermeability and increases bacter-
ial translocation to MLN as early as 4 h
after resuscitation (7,8,11). Prompted by

the data presented here indicating that
treatment with anti-HMGB1 antibody
ameliorated gut barrier dysfunction as-
sessed at 24 h after resuscitation, we
sought to determine whether this ther-
apy would also ameliorate gut barrier
dysfunction at the 4-h time point.
Because the sham procedure clearly rep-
resents a form of trauma, in this second
study we also included a group of com-
pletely untreated mice in addition to the
sham group. Although the combination
of general anesthesia and the trauma as-
sociated with vascular cannulation and
HS/R clearly caused derangements in
gut barrier function 4 h after resuscita-
tion, these changes were not ameliorated
by treatment with anti-HMGB1 antibody
(Table 1). Similarly, treatment with the
antibody also failed to significantly alter
circulating concentrations of IL-6, IL-10,
or ALT measured 4 h after resuscitation.

DISCUSSION
HMGB1, which has been shown to be

a late mediator of lethality in murine
models of endotoxemia and sepsis, does
not reach maximal levels in the circula-
tion until about 15 to 18 h after the initia-
tion of these inflammatory processes
(20,21). Similarly, in a recent study that
used an animal model very similar to the
one employed here, Kim and colleagues
(29) reported that plasma HMGB1 levels
are undetectable 4 h after HS/R but are
elevated 24 after HS/R. The clinical data
reported here present a somewhat differ-
ent picture. Our results indicate that cir-
culating HMGB1 levels are increased in
human trauma victims with physiologi-
cal or biochemical evidence of shock
(low systolic blood pressure or high base
deficit, respectively) within 6 h of injury.
We can only speculate about the mecha-
nisms responsible for the observation
that circulating HMGB1 levels are in-
creased relatively sooner after hemor-
rhage in trauma patients compared with
mice subjected to HS/R (29). One obvi-
ous difference between the murine para-
digm and the clinical situation is that
hemorrhage in humans is typically asso-
ciated with extensive soft tissue and/or
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Figure 4. Effect of treatment with IgG or HMGB1 antibody on the expression of TNF, iNOS,
and IL-6 mRNA in samples of intestinal mucosal tissue. RT-PCR was performed using tissue
samples obtained 24 h after HS/R. Bands visualized after agarose gel electrophoresis of
PCR reaction products were scanned using a NucleoVision imaging workstation and
quantified using GelExpert release 3.5. Data are means ± SE (n = 3 per condition). A typi-
cal gel is depicted.



bony trauma, whereas most hemorrhage
models using rodents, including the one
employed for the present studies and the
one employed by Kim et al. (29), subject
the animals to only minimal mechanical
tissue damage (from the surgical manip-
ulation needed to gain vascular access).

HMGB1 is present in most nucleated
cells, and it is known that HMGB1 is re-
leased when cells undergo necrosis (27),
so it seems probable to us that soft
and/or bony tissue trauma leads to
HMGB1 release on the basis of direct me-
chanical damage to cells. Although
Ombrellino et al. (28) previously re-
ported a single case of hemorrhagic

shock (due to rupture of an abdominal
aortic aneurysm) that was associated
with increased circulating levels of
HMGB1, the data reported by us here are
the first to document that serum HMGB1
levels are significantly increased in
trauma patients with hemorrhagic shock.

Prompted by our clinical findings and
our previous observation that HMGB1 is
capable of increasing the permeability of
Caco-2 enterocyte-like monolayers in
vitro (30), we hypothesized that treat-
ment with a neutralizing polyclonal anti-
HMGB1 antibody at the time of resusci-
tation would ameliorate the deleterious
effects of HS/R on gut barrier function.
When measurements were made at 24 h
after resuscitation, treatment with a
single intraperitoneal injection of anti-
HMGB1 antibody provided significant
protection against the development of
ileal mucosal hyperpermeability to the
fluorescent macromolecule, FD4, and
also significantly decreased the extent of
bacterial translocation to MLN relative to
that measured in hemorrhaged control
mice treated with nonimmune IgG.
These beneficial effects of anti-HMGB1
on gut barrier function were associated
with a significant improvement in sur-
vival. Whereas only 46% of the mice in
the IgG group survived to 24 h, 90% of
the mice in the aHMGB1 group survived
to this time point. Although we did not
assess survival past 24 h, our previous
experience with this murine model of
HS/R indicates that most animals alive
at 24 h will be permanent survivors (R.Y.
and M.P.F., unpublished observations).
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Figure 5. Effect of treatment with anti-HMGB1 antibody on HS/R-induced changes in
ZO-1, occludin, and RAGE protein expression in gut mucosal tissue lysates. Western blots
were performed using mucosal extracts prepared from tissues obtained 24 h after HS/R or
the sham procedure. The groups are same as in Figure 4. The figure depicts results from
representative assays that were performed 3 or 4 times with comparable findings. Typical
gels are depicted.

Figure 6. Effect of treatment with anti-
HMGB1 antibody on HS/R-induced
changes in serum ALT concentration as-
sessed 24 h after HS/R (or the sham proce-
dure). Groups and sample sizes are the
same as in Figure 1. Results are means ±
SEM. *P < 0.05 vs. sham; †P < 0.05 vs. IgG.

Table 1. Effect of treatment with anti-HMGB1 antibody on several parameters measured
at 4 h after HS/R or the sham procedure in mice.

Parameter Normal Sham IgG aHMGB1

n 6 6 6 6
FD4 clearance (nL min–1 cm–1) 14 ± 1 24 ± 2a 35 ± 6b 29 ± 6
Bacterial translocation (CFU/g) 17 ± 17 374 ± 251a 258 ± 216 241 ± 198 
Serum IL-6 concentration (pg/mL) 0 ± 0 49 ± 8a 360 ± 161b 262 ± 54b

Serum IL-10 concentration (pg/mL) 7 ± 2 19 ± 5a 173 ± 35b 193 ± 40b

Serum ALT concentration (pg/mL) 40 ± 2 55 ± 4 130 ± 22b 103 ± 20b

aP < 0.05 sham vs. normal; bP < 0.05 IgG vs. sham. None of the contrasts between the IgG
and aHMGB1 groups were statistically significant.



Because of the marked difference in sur-
vival between the 2 groups, our results
probably underestimated the degree of
protection against post-HS/R gut barrier
dysfunction that was provided by the
anti-HMGB1 antibody, because it is likely
that the most severely affected animals in
the IgG group did not survive long
enough to be included among those used
to assess ileal mucosal permeability and
bacterial translocation at 24 h.

Multiple mechanisms are probably re-
sponsible for gut barrier dysfunction
after HS/R. One factor that is important
in the first few hours after resuscitation
is depletion of adenosine triphosphate
within mucosal cells (10). By 24 hours
after resuscitation, it seems unlikely that
derangements in cellular adenosine
triphosphate production still play an
important role. Deleterious redox-
mediated effects related to the forma-
tion of toxic reactive oxygen species also
probably contribute to the development
of post-HS/R intestinal barrier dysfunc-
tion (6,7,52,53). Additionally, there is
abundant evidence to support the no-
tion that inflammatory processes are
very important. This notion is sup-
ported by many studies, showing that
pro-inflammatory cytokines, such as in-
terferon-γ, TNF, and IL-1β, increase the
permeability of enterocyte-like mono-
layers growing on filters in diffusion
chambers (35,40,54,55). In the context of
the present study, it is worth pointing
out that HMGB1 has been added to the
list of cytokines that increase intestinal
epithelial permeability in vitro, because
Sappington et al. (30) reported that both
HMGB1 and the B box portion of this
molecule increase the clearance of FD4
across monolayers of Caco-2 cells grow-
ing in culture. The notion that inflam-
matory processes contribute to post-
HS/R gut barrier dysfunction is also
supported by results from a previous
study by our laboratory, wherein we
showed that IL-6–deficient mice are pro-
tected from the development of ileal
mucosal hyperpermeability and in-
creased bacterial translocation after
HS/R (11). Various anti-inflammatory

pharmacological strategies also have
been shown to be effective. For exam-
ple, Luyer et al. (56) recently reported
that treatment of rats with a high-fat en-
teral diet protects against late bacterial
translocation after HS/R, probably by
downregulating the inflammatory re-
sponse. Moreover, Goldman et al. (57)
reported that treatment with an anti-
TNF antibody ameliorates bacterial
translocation in rats after HS/R. The
data presented herein add strong sup-
port for the idea that inflammatory
mechanisms contribute to intestinal
barrier dysfunction after HS/R, particu-
larly during the later phases of this pro-
cess (for example, 24 h after resuscita-
tion). Furthermore, our results indicate
that increased release of HMGB1 may
be a key element in a “final common
pathway” that promotes intestinal
epithelial barrier dysfunction after
hemorrhage.

Although originally described as a
nonhistone DNA-binding protein,
HMGB1 is now recognized to function
in the extracellular milieu as a pro-
inflammatory cytokine (58). HMGB1 has
been shown to activate DNA binding by
the pro-inflammatory transcription fac-
tor, NF-κB, in Caco-2 enterocyte-like
cells (30), murine neutrophils (59),
human microvascular endothelial cells
(50), and murine bone marrow–derived
macrophages (60). HMGB1 also has
been shown to activate pro-inflamma-
tory signaling via p38 mitogen-activated
protein kinase in dendritic cells (61), en-
dothelial cells (50), and neutrophils (62),
and to promote cytokine production by
various cell types (22,61). Based on the
results from the present study, HMGB1
appears to be an important signal for
the release of key pro-inflammatory cy-
tokines, namely IL-6 and TNF, and a
key anti-inflammatory cytokine, namely
IL-10, at 24 h after HS/R in mice. This
idea is supported by our data showing
that circulating IL-6 and IL-10 levels
were decreased in the aHMGB1 group
(relative to those measured at the same
time point in the IgG group). This idea
also is supported by our observation

that steady-state IL-6 and TNF mRNA
levels were lower in mucosal samples
obtained at 24 h from mice in the
aHMGB1 group.

It is possible, of course, that HMGB1 is
not directly responsible for the release of
anti-inflammatory mediators after HS/R,
but rather IL-10 (and perhaps other un-
measured counterregulatory factors) is
released in response to increased expres-
sion of various “classical” pro-inflamma-
tory mediators (exemplified by TNF and
IL-6). According to this model, the ob-
served blunting of the IL-10 response
after HS/R in the aHMGB1 group could
be explained by the effect of the antibody
treatment on the release of pro-inflam-
matory mediators, such as TNF and IL-6.

In the present study, we did not at-
tempt to measure circulating levels of
HMGB1 because there was insufficient
serum remaining after we ran the assays
for IL-6, IL-10, nitrite, and ALT.
Furthermore, as noted above, another
laboratory using a model very similar to
ours recently reported that plasma
HMGB1 levels increase dramatically
after HS/R in mice, but only at 24 h and
not at 4 h (29). These findings in con-
junction with our results showing pro-
tection at 24 h but not 4 h following
treatment with an anti-HMGB1 antibody
support the conclusion that HMGB1 is a
late-acting mediator of HS/R-induced
intestinal barrier dysfunction, but other
factors are more important at an earlier
time point (4 h).

Even though serum HMGB1 levels in-
crease after hemorrhagic shock in both
humans (data presented here) and mice
(29), HMGB1 in the circulation may not
be the primary or only target that is re-
sponsible for the salutary effects of neu-
tralizing anti-HMGB1 antibody treat-
ment. Recently, our laboratory reported
that immunostimulated enterocytes (both
Caco-2 cells and primary murine gut ep-
ithelial cells) secrete HMGB1 (26).
Moreover, in this recent report, we
showed that the HMGB1 that is secreted
by activated enterocytes amplifies the in-
crease in epithelial permeability that is
initiated by other pro-inflammatory me-
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diators (26). Thus, it is conceivable that
HMGB1 secreted into the local milieu in
the region of the gut epithelium, rather
than HMGB1 in the general circulation,
is the primary target for neutralizing
anti-HMGB1 antibodies.

HMGB1 initiates cellular responses by
interacting with at least 3 different cell-
surface receptors: Toll-like receptor
(TLR) 2, TLR 4, and RAGE
(30,59,60,63,64). The relative importance
of these various receptors for initiating
HMGB1-mediated inflammation due to
HS/R is not known. Recently, however,
our laboratory carried out a series of
studies wherein we compared the ef-
fects of HS/R on gut barrier function in
wild-type and RAGE-deficient mice and
in wild-type mice treated with a control
protein or recombinant sRAGE, the ex-
tracellular domain of RAGE (65). In
these studies, RAGE-deficient mice and
mice treated with sRAGE were pro-
tected from the late development of mu-
cosal hyperpermeability and increased
bacterial translocation induced by
HS/R, findings that support the view
that RAGE-dependent signaling is very
important for the development of gut
barrier dysfunction after hemorrhage. It
is noteworthy, therefore, that we
showed that HS/R induced ileal mu-
cosal RAGE expression in mice, al-
though treatment with anti-HMGB1 an-
tibody failed to downregulate this
response.

In summary, we showed for the first
time in an in vivo model that treatment
with a neutralizing anti-HMGB1
antibody can improve survival and
ameliorate gut barrier dysfunction in a
clinically relevant model of HS/R.
Importantly, we used a posttreatment
design (i.e., the therapeutic intervention
was initiated at the time of resuscita-
tion, rather than prior to traumatic in-
sult). In the clinical setting, of course,
only a posttreatment approach would
be feasible. Our data suggest that anti-
HMGB1 strategies warrant further eval-
uation for the prevention of organ sys-
tem injury and mortality after trauma
and hemorrhage.
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