
INTRODUCTION
Hepatic ischemia and reperfusion

(I/R) injury has potentially negative clin-
ical implications for patients undergoing
liver resection, transplantation and
trauma. It is characterized by direct cel-
lular damage as a result of the ischemic
insult, as well as delayed dysfunction
and damage that results from the activa-
tion of inflammatory pathways (1). The
mechanism of this injury response has

been extensively studied and is associ-
ated with the activation of pattern recog-
nition receptors such as toll-like receptor
4 (TLR4) by endogenous ligands (2–5).
TLR4-deficient mice have decreased lev-
els of inflammatory cytokines and are
significantly protected after liver I/R in-
jury (5–7). It is well known that TLR4
plays a proinflammatory role in liver I/R
through the activation of myeloid differ-
entiation primary response 88 (Myd88),

interferon regulatory factor 3 (IRF3), 
mitogen-activated protein kinase
(MAPK) and inflammatory cytokines
(3,5). Ultimately, activation of TLR4 by
endogenous and exogenous ligands
leads to hepatocellular apoptosis and
necrosis, liver failure and organ injury.

Interest in TLR4 antagonism originated
from sepsis studies, since TLR4 is known
to bind to the gram-negative lipopolysac-
charide (LPS) or endotoxin (8). Eritoran
tetrasodium (E5564; Eisai, Andover, MA,
USA) is a synthetic lipid A analog of
Rhodobacter sphaeroides that has been de-
signed to antagonize the effects of LPS
through TLR4 (8–11). Eritoran does not
directly interact with TLR4, but competes
with LPS for binding to the hydrophobic
pocket of the MD2 portion of the TLR4 re-
ceptor complex (9). It has been shown that
eritoran binding to the TLR4/MD2 com-
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plex blocks the activation of nuclear factor
(NF)-κB and production of inflammatory
mediators such as tumor necrosis factor
(TNF)-α and interleukin (IL)-6, both in
vivo and in vitro, in response to LPS
(9–15). Eritoran was investigated as a pos-
sible treatment of sepsis. Unfortunately,
the large phase III multicenter  ACCESS
Randomized Trial failed to show a differ-
ence in the 28-d all-cause mortality in sep-
tic patients who received eritoran com-
pared with placebo (16). Because TLR4 is
also involved in sterile inflammation, eri-
toran has been tested in models of nonin-
fectious pathobiology and has been
shown to be beneficial (17–21). We hy-
pothesized that TLR4 antagonists, such as
eritoran, would provide a similar protec-
tion after warm hepatic I/R, which is
heavily TLR4 mediated.

High-mobility group box protein B1
(HMGB1) is an important damage-
 associated molecular pattern (DAMP)
molecule found in the nucleus of most
eukaryotic cells, displays cytokine like
activity and mediates sterile inflamma-
tion by binding to MD2 in the TLR4 re-
ceptor complex (22–25). During liver I/R,
HMGB1 is released passively from necrotic
cells and can be actively secreted from
multiple cell types (22,26). Once bound to
TLR4, HMGB1 activates an intracellular
signaling cascade that involves recruiting
MyD88, IL-1 receptor–associated kinase
(IRAK-1), activating MAPK pathways
and NF-κB translocation (22,26). HMGB1,
like LPS, promotes inflammation, cell
death and organ injury. We have previ-
ously shown that HMGB1 is a key medi-
ator of liver I/R injury via its interaction
with TLR4 (22).

In our study, we sought to determine
whether eritoran blocks TLR4 signaling,
subsequent inflammatory cascades and
end-organ damage. We hypothesized
that pharmacological inhibition of TLR4
with eritoran would antagonize the in-
teraction between HMGB1 and TLR4,
since HMGB1 binding to TLR4 con-
tributes significantly to the injury re-
sponse associated with liver I/R. We
found that eritoran is protective in liver
I/R through inhibition of HMGB1-

 mediated inflammatory responses. Over-
all, our investigations reveal a dominant
role for the TLR4 antagonist, eritoran, in
ameliorating liver I/R injury.

MATERIALS AND METHODS

Materials
Eritoran tetrasodium (E5564) was ob-

tained from Eisai, Inc., and prepared in
phosphate-buffered saline (PBS). A dose of
5 mg/kg eritoran was used in vivo (dosage
adopted from Shimamoto et al. [19]) and 
8 ng/mL for in vitro experiments.

Animals
Male C57BL/6 mice, weighing 20–30 g,

were purchased from The Jackson Labora-
tory (Bar Harbor, ME, USA) and used for
experiments at the age of 8–12 wks. Hous-
ing conditions and access to food and
water were the same for all mice. All 
animal protocols were approved by the
Animal Care and Use Committee of the
University of Pittsburgh. Experimental
protocols were followed in strict adher-
ence to the regulations set forth by the Na-
tional Institutes of Health (NIH) guide-
lines for the use of laboratory animals (27).

Liver I/R
A hepatic warm ischemia and reperfu-

sion model was used as previously de-
scribed (28). In brief, a midline laparo-
tomy incision was made, the blood
supply to the left and median lobes of the
liver were occluded with a microvascular
clamp for 60 min and then 1 or 6 h of
reperfusion was initiated once the clamp
was removed. Sham animals had anes-
thesia and a laparotomy incision with ex-
posure of the portal triad, without clamp-
ing. After 6 h of reperfusion, the mice
were killed. The ischemic portions of the
liver tissue were collected for Western
blot, polymerase chain reaction (PCR),
histological, and immunofluorescent
analysis. Of note, mice received either eri-
toran (5 mg/kg) or vehicle control in-
traperitoneally 30 min before ischemia
and recombinant HMGB1 (25 μL/ mouse)
injected intraperitoneally before the initi-
ation of reperfusion.

Isolation, Culture and Treatment of
Hepatocytes and RAW 264.7 Cells 
In Vitro

Murine macrophages of the RAW 264.7
cell line (donated from Matthew Rosen-
gart’s laboratory, University of Pittsburgh)
were cultured in Dulbecco’s modified
Eagle medium (DMEM) supplemented
with 7.5 mL 4-(2-hydroxyethyl)-1-
 piperazineethanesulfonic acid (HEPES), 
5 mL L-glutamine, 5 mL penicillin-
 streptomycin and 25 mL fetal bovine
serum. RAW 264.7 cells were scraped 
and resuspended at a concentration of 1 ×
106 cells/mL per well of a six-well plate.
Cells were allowed to adhere overnight.
Before each experiment, cells were
washed with PBS, and new media were
placed into the wells. RAW 264.7 cells
were incubated with LPS (1 μg/mL), eri-
toran (8 ng/mL) and/or recombinant
HMGB1 in the disulfide form (1 μg/mL,
donated from Timothy Billiar’s laboratory,
University of Pittsburgh) for 18 h. All
treatments were performed in duplicate.
After the incubation period, the media
and cells were collected for  analysis.

Hepatocytes were cultured in Wil-
liams E. Medium containing 10% calf
serum, 15 mmol/L HEPES, 2 mmol/L 
L-glutamine and 100 U/mL penicillin
and streptomycin. Hepatocytes were iso-
lated from mice by an in situ collagenase
perfusion technique (type VI, Worthing-
ton), as previously described (29). Hepa-
tocytes were separated from the non-
parenchymal cells by two cycles of
differential centrifugation and further
purified over a 30% Percoll gradient
(Sigma-Aldrich, St. Louis, MO, USA).
Cells were allowed to adhere overnight.
Before each experiment, cells were
washed with PBS and new media placed
into the wells. Hepatocytes were exposed
to hypoxia as previously described (1). In
brief, cells were placed in the hypoxia
chamber for 18 h, whereas normoxic cells
remained in the incubator. All treatments
were performed in duplicate. After the
incubation period, the media and cells
were collected for analysis.

Of note, the in vitro activity of eritoran
has been confirmed by treating whole
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blood with increasing concentrations of
eritoran (0 to 0.2 mol/L) (11). Plasma
TNF-α concentrations were found to be
reduced by >50% compared with control
at an eritoran dose of 6.25 nmol/L 
and >95% inhibited at eritoran doses
>25 nmol/L (11). Given that there was
significant inhibition of inflammatory cy-
tokines with low concentrations of eri-
toran in whole blood, we also trialed a
low dose of 8 ng/mL or 6.25 nmol/L eri-
toran when assessing HMGB1 release
and inflammatory cytokine expression in
vitro. The dose of 8 ng/mL eritoran was
used for all in vitro experiments after
performing titration studies, demonstrat-
ing similar inhibition to what was seen
in whole blood when measuring HMGB1
release. The data for these studies are not
shown.

Measurement of Liver Function Tests
Approximately 1.5 mL blood was ob-

tained from each animal via cardiac
puncture. The serum was extracted and
analyzed for alanine transaminase (ALT)
levels using the DRI-CHEM 4000 Chem-
istry Analyzer System (Heska, Loveland,
CO, USA).

Histological Analysis of Necrosis
Liver tissue was immediately placed

in a solution of 4% paraformaldehyde
after liver I/R. The extent of parenchy-
mal necrosis in the ischemic lobes was
evaluated using hematoxylin and eosin
(H&E)-stained histological sections at
40× magnification on an Nikon Eclipse
E800 microscope (Nikon Instruments
Inc., Melville, NY, USA) (30). The
necrotic area was quantitatively assessed
with ImageJ (NIH, Bethesda, MD, USA;
http://rsb.info.nih.gov/ij/) software.
Results are presented as the mean of
percentage of necrotic area (mm2) with
respect to the entire area of one capture
(mm2).

SYBR Green Real-Time Reverse-
Transcription PCR

Total RNA was isolated by using 
TRIzol (Life Technologies [Thermo Fisher
Scientific, Waltham, MA, USA]). In brief,

50–100 mg liver tissue was homogenized
in 1 mL TRIzol reagent, and then 0.2 mL
chloroform was added to each sample,
incubated for 2–3 min at room tempera-
ture and then centrifuged at 12,000g for
15 min at 4°C. The RNA was extracted
from the aqueous phase, and 0.5 mL
100% isopropanol was added to each
sample of RNA, incubated for 10 min
and centrifuged at 12,000g for 10 min at
4°C. Finally, the RNA pellet was washed
with 1 mL 75% ethanol and centrifuged
at 7,500g for 5 min at 4°C. The RNA pel-
let was air-dried for 5 min, resuspended
in 20–60 μL RNA-free water and dis-
solved at 60°C. Total RNA was measured
using the NanoDrop 2000 machine
(Thermo Scientific [Thermo Fisher Scien-
tific]), and 1 μg RNA was reverse-tran-
scribed to cDNA by using RNA to cDNA
EcoDry Premix (Clontech Laboratories
Inc., Mountain View, CA, USA). The re-
sultant cDNA was subjected to quantita-
tive real-time PCR on the Applied
Biosystems StepOnePlus Real-Time PCR
System (Thermo Fisher Scientific).
mRNA for TNF-α, IL-6 and β-actin was
quantified in triplicate by using de-
scribed primers (1).

Sodium Dodecyl Sulfate–
Polyacrylamide Gel Electrophoresis
(SDS-PAGE) and Western Blotting

Western blot assays were performed by
using whole cell lysates from liver tissue
or media from cell cultures as previously
described (22). In brief, protein was ex-
tracted from liver tissue, and the concen-
tration was determined by bicinchoninic
acid (BCA) assay. Equal amounts of pro-
tein were loaded onto the SDS-PAGE gel,
which ran for 1.5–2 h. The protein was
then transferred from the gel to the mem-
brane and blocked with 5% bovine serum
albumin (BSA) in Tris-buffered saline
with Tween (TBST) for 1 h at room tem-
perature. The membrane was then incu-
bated with the primary antibody
overnight at 4°C. Membranes were incu-
bated by using the following antibodies:
HMGB1 (Abcam, Cambridge, MA, USA)
and β-actin (Sigma-Aldrich), phospho-
p38, p38, phospho–c-Jun N-terminal ki-

nase (JNK), JNK, extracellular signal–reg-
ulated kinase (ERK), phospho-ERK, p65,
phospho-p65 (Cell Signaling Technology
Inc., Danvers, MA,  USA), Myd88
(Abcam), IRAK-1 and phospho–IRAK-1
(Cell Signaling Technology Inc.). Mem-
branes were developed with the Odyssey
Detection Systems (LI-COR, Lincoln, NE,
USA).

Immunofluorescent Staining
Liver tissue was immediately placed in

a solution of 4% paraformaldehyde for
2 h and then transferred to a 30% sucrose
solution for 24 h. Liver sections were
fixed, stained and imaged with the Flu-
oview 500 confocal microscope (Olym-
pus, Center Valley, PA, USA) at the Cen-
ter for Biologic Imaging, as previously
described (1,31). Liver tissue or hepato-
cytes were incubated with HMGB1 pri-
mary antibody (1:1,000; Abcam) to assess
nuclear release of HMGB1.

Enzyme-Linked Immunosorbent Assay
Murine serum and media from RAW

264.7 cells were analyzed for TNF-α and
IL-6 levels using an enzyme-linked im-
munosorbent assay (ELISA) kit (R&D
Systems, Minneapolis, MN, USA).
HMGB1 levels were measured in the
media from hepatocytes and the in vivo
serum samples by using an ELISA kit
(IBL International Corp., Toronto, ON,
Canada).

Statistical Analysis
Data are presented as means ± standard

deviation. Group comparisons were per-
formed by using a Student t test or analy-
sis of variance (ANOVA). Differences
were considered significant at p < 0.05.

RESULTS

Pharmacological Inhibition of TLR4
with Eritoran Is Protective in Liver I/R

To determine the impact of TLR4 antag-
onism on the injury and histological re-
sponse induced by I/R, C57BL/6 mice
were subjected to warm hepatic I/R. Ani-
mals were given eritoran (5 mg/kg) or ve-
hicle control 30 min before ischemia. Sixty
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minutes of warm hepatic ischemia fol-
lowed by 6 h of reperfusion significantly
decreased serum ALT levels in  eritoran-
treated mice compared with  vehicle-
treated controls (Figure 1A). In addition,
liver histology correlated with the serum
ALT estimation of liver damage. Mice that
were treated with vehicle control demon-
strated severe sinusoidal congestion and
hepatocellular necrosis, whereas mice that
were treated with eritoran had minimal
damage to the liver architecture (Supple-
mentary Figure 1). The extent of necrotic
area was significantly decreased in eri-
toran-treated mice at 6 h of reperfusion
(Figure 1B). These results demonstrate
that the TLR4 antagonist eritoran is pro-
tective in liver I/R and confirms the role
of TLR4 in liver damage in warm I/R.

Eritoran Suppresses TLR4 Signaling
Pathways in Liver I/R

Most TLRs use MyD88 to initiate intra-
cellular signaling (3). MyD88 recruitment
initiates activation of additional interme-
diate signaling molecules; these proteins
include IRAK-1 and eventually culmi-
nates in the activation of MAPK cascades
(3). In I/R injury, the cascade of events
that result in organ damage is initiated at
the onset of ischemia (22,32). To provide
evidence that eritoran inhibited TLR4
signaling, we next examined the down-
stream mediators associated with TLR4
and MAPK signaling pathways. We
found that after 1 h of reperfusion,
Myd88 and the phosphorylation of
IRAK-1 were suppressed in eritoran-
treated mice compared with controls
(Figure 2A). In addition, the phosphory-
lation of JNK, p38, ERK and NF-κB (p65
subunit) were less in eritoran-treated
mice (Figure 2B). These results demon-
strate that the action of eritoran on TLR4
reduces the activation of the inflamma-
tory signaling cascade in liver I/R.

Eritoran Decreases Production of 
I/R-Induced Inflammatory Mediators

Inflammatory cytokines, such as 
TNF-α and IL-6, have been shown to
play key roles in the pathophysiology of
hepatic I/R injury (22,33,34). Using real-
time PCR (RT-PCR), we measured
mRNA levels for these cytokines in the
liver after I/R. Compared with control
animals subjected to I/R, eritoran treat-
ment significantly suppressed expression
of TNF-α and IL-6 mRNA after 6 h of
reperfusion (Figure 3). This result is con-
sistent with our previous finding demon-
strating that eritoran diminishes TLR4
and MAPK signaling.

Eritoran Has the Capacity to
Attenuate HMGB1-Mediated Liver 
I/R Injury

Considerable evidence supports a role
for HMGB1 as a DAMP that promotes in-
flammation and liver damage in liver I/R
(22). In addition, evidence suggests that
TLR4 acts as a receptor to HMGB1 (23).
Knowing that HMGB1 has such an im-

portant role in triggering inflammation in
liver I/R, we next sought to determine
whether eritoran could block the down-
stream inflammatory signaling cascade
associated with the HMGB1–TLR4 inter-
action. We found that recombinant
HMGB1 significantly increased serum
ALT levels compared with control. Eri-
toran blocked the enhancement of liver
damage induced by recombinant HMGB1
treatment (Figure 4A). Liver histology
confirmed the ALT estimation of liver
damage. Mice that were treated with ve-
hicle control demonstrated severe sinu-
soidal congestion and hepatocellular
necrosis, which was even more exagger-
ated with the addition of recombinant
HMGB1 treatment. However, mice that
received both eritoran and recombinant
HMGB1 had minimal changes in liver ar-
chitecture and a significant protection
from hepatocellular necrosis (Figure 4B).
Using ELISA, we found that eritoran also
blocked the increase in circulating TNF-α
and IL-6 resulting from HMGB1 treatment
during I/R (Figure 4C). These results con-
firm that HMGB1 enhances liver damage
and inflammation in I/R via TLR4.

Eritoran Suppresses HMGB1 Release
During Liver I/R in a TLR4-Dependent
Manner

TLR4 not only functions as a receptor
for HMGB1, but also mediates its nucleo-
cytoplasmic shuttling and subsequent re-
lease in ischemic hepatocytes (1,35,36). To
determine whether eritoran diminishes
I/R-induced HMGB1 release, nuclear and
cytoplasmic fractions were separated
from whole cell lysate and HMGB1 pro-
tein expression was determined. We
found that eritoran prevented HMGB1
loss from the nucleus induced by I/R
(Figure 5A). This result was confirmed,
with HMGB1 ELISA demonstrating sig-
nificantly lower HMGB1 serum levels in
eritoran-treated mice during liver I/R
(Figure 5B). Immunofluorescent images
reveal increased nuclear staining and
minimal cytoplasmic HMGB1 in hepato-
cytes of eritoran-treated mice compared
with controls undergoing liver I/R, where
there was loss of HMGB1 from the nu-
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Figure 1. Pharmacological inhibition of
TLR4 with eritoran protects against liver I/R
injury. (A) Sham or I/R-treated mice were
given eritoran (5 mg/kg body weight) or
vehicle control intraperitoneally 30 min
before ischemia. Data represent the
mean ± SEM (n ≥ 6 mice per group). Gray,
eritoran; black, control. *P < 0.05, by one-
way ANOVA. (B) Quantification of
necrotic hepatocytes in H&E-stained liver
sections from sham, control and eritoran-
treated animals 6 h after reperfusion. The
graph is representative of liver sections
from three or more mice per group. *P <
0.05, by one-way ANOVA.



cleus (Figure 5C). Furthermore, we have
redemonstrated that in TLR4 wild-type
mice undergoing liver I/R, HMGB1 levels
in serum collected 6 h after reperfusion is
significantly decreased in the mice treated
with eritoran. However, in TLR4 knock-
out mice, eritoran did not cause a signifi-
cant decrease in released HMGB1 com-
pared with controls (Figure 5D). This
shows that eritoran decreases HMGB1 re-
lease through a TLR4- dependent mecha-
nism. This result is in concordance with
our previous work that HMGB1 release
from hepatocytes during ischemia is TLR4
dependent (36). Thus, by inhibiting TLR4,
eritoran blocks the release of HMGB1. In

addition, as a result of restricted hepatic
inflammation with TLR4 blockade,
HMGB1 release is further decreased.
Overall, these results highlight that eri-
toran attenuates HMGB1 release in a
TLR4-dependent manner during liver
I/R, a novel role for this TLR4 antagonist.

Eritoran Decreases HMGB1 Release
by Hepatocytes and Interferes with
HMGB1 Activation of RAW 264.7 Cells
In Vitro

Hepatocytes contribute significantly to
the evolution of liver I/R injury by gen-
erating reactive oxygen species, releasing
proinflammatory cytokines and

chemokines and thus enhancing the in-
flammation (37). Hepatocytes are the
major source of HMGB1 (38), and our
lab has previously shown that hypoxia
induces HMGB1 release in a time-
 dependent manner (36). Thus, we further
investigated the effect of eritoran on he-
patocyte HMGB1 release in the setting of
hypoxia in vitro. We found that eritoran
(8 ng/mL) suppressed the release of
HMGB1 into the media of hypoxic hepa-
tocytes (18 h) (Figure 6A). Immunofluo-
rescent images corroborate these find-
ings. Images reveal increased nuclear
staining and minimal cytoplasmic
HMGB1 in hypoxic hepatocytes cultured
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Figure 2. Eritoran suppresses TLR4 signaling pathways and mediates inflammatory signaling in liver I/R. (A) Myd88 and the phosphorylation
of IRAK-1 were determined by Western blot and quantitative densitometry analysis of the protein expressions in eritoran-treated mice
and control mice that underwent ischemia, and 1 h of reperfusion was determined. Hepatic protein lysates from ischemic lobes were ob-
tained; each lane represents a separate animal. The blots shown are representative of three experiments with similar results. *P < 0.05 ver-
sus control, by Student t test. (B) MAPK activation and phosphorylation at serine 536 of the p65 subunit of NF-κB were determined by
Western blot and quantitative densitometry analysis of the protein expressions in eritoran-treated mice and control mice that underwent
ischemia and 1 h of reperfusion. Hepatic protein lysates from ischemic lobes were obtained; each lane represents a separate animal.
The blots shown are representative of three experiments with similar results. *P < 0.05 versus control, by Student t test.



with eritoran (Figure 6B). These findings
confirm the in vivo results and suggest
that eritoran has the capacity to decrease
hypoxia-induced HMGB1 release.

It is well known that LPS stimulation
of the RAW 264.7 macrophage cell line
leads to the production of inflammatory
cytokines. It has also been shown that
 eritoran can block LPS activation of in-
nate immune cells (5,10) and induction of
inflammatory cytokines by LPS stimula-
tion in ex vivo blood samples from septic
patients (11). HMGB1, like LPS, can acti-
vate macrophages and cause the release
of TNF-α and IL-6 in vitro (24,39,40–43),
but it is unknown whether eritoran can
block activation of immune cells by
HMGB1. We sought to investigate this by
culturing RAW 264.7 cells with recombi-
nant HMGB1 (1 μg/mL), LPS (1 μg/mL),
eritoran (8 ng/mL) with LPS and eritoran
with HMGB1 for 18 h. We found that 
eritoran blocked TNF-α and IL-6 produc-
tion induced by recombinant HMGB1
(Figure 6C). Thus, eritoran interferes with
HMGB1 recognition in macrophages.

DISCUSSION
The pathogenesis of hepatic I/R re-

sults from a local inflammatory response
caused by cessation of blood flow and
subsequent reperfusion injury. The exces-
sive generation of inflammatory media-
tors can lead to hepatic nonfunction.
Therefore, suppression of the excessive
release of such mediators provides one
avenue by which potential therapies may
be beneficial. This study was undertaken
to determine whether a well character-
ized inhibitor of the TLR4/MD2 complex
protected mice during liver I/R. We pos-
tulated that blocking the TLR4 receptor
would reduce liver damage during I/R
because of the known role of TLR4 in
driving the inflammatory response (4–7).
Our results showed that eritoran was
protective and revealed a valuable role
for TLR4 antagonism in the pathophysi-
ology of liver I/R injury. In this study,
we have illustrated that blocking the in-
nate immune receptor TLR4 with eri-
toran leads to two major intracellular
changes responsible for decreasing hepa-
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Figure 4. Treatment with eritoran attenuates HMGB1-mediated liver I/R injury. (A) Sham,
control, eritoran-treated, control with recombinant HMGB1, and eritoran with recombinant
HMGB1-treated mice underwent 6 h of reperfusion, and serum ALT levels were analyzed.
Eritoran (5 mg/kg body weight) administered intraperitoneally 30 min before ischemia
and recombinant HMGB1 (25 μL/mouse) administered intraperitoneally immediately be-
fore reperfusion. Data represent the mean ± SEM (n ≥ 3 mice per group). *P < 0.05, by
one-way ANOVA. (B) Quantification of necrotic hepatocytes in H&E-stained liver tissue.
The graph is representative of liver sections from three or more mice per group. *P < 0.05,
by one-way ANOVA. (C) Hepatic TNF-α and IL-6 ELISA. Data are expressed as mean ± SEM
of three independent experiments. *P < 0.05, by one-way ANOVA.

Figure 3. Eritoran decreases I/R-induced inflammatory cytokine gene expression. Serum lev-
els of TNF-α and IL-6 obtained from control and eritoran-treated mice at 6 h after reperfusion
were measured by RT-PCR. Results are expressed as a relative increase of mRNA expression
compared with sham-treated animals. Data represent the mean ± SEM (n ≥ 3 mice per
group). *P < 0.05. 



tocellular injury, including (a) decreased
inflammatory mediators associated with
the TLR4 signal transduction pathway
and (b) inhibition of HMGB1 release
from hepatocytes leading to decreased
production of inflammatory cytokines.

The generation of inflammatory cy-
tokines after I/R injury is one of the early
events that leads to the propagation of
the injury response (2). TNF-α is the cen-
tral component of the proinflammatory
cytokine cascade (2). TNF-α recruits neu-
trophils to the ischemic liver and further
increases the inflammatory response via

the release of cell-specific cytokines, re-
sulting in a vicious cycle of inflammation
and organ damage. Previous work using
animal models of kidney and cardiac I/R
have consistently shown that eritoran is
capable of attenuating inflammation, as
evidenced by a decrease in TNF-α and
IL-6 (18,19). Our results are consistent
with previously published work showing
decreased inflammation with eritoran
treatment. This finding not only provides
evidence that eritoran is antagonizing
TLR4, but also shows that eritoran has
therapeutic potential in liver I/R.

We found that not only does eritoran
decrease the inflammatory response as-
sociated with liver I/R, but it also re-
duces the inflammation associated with
HMGB1 signaling. HMGB1 is upregu-
lated by hypoxia during warm I/R
(6,22). It is well established that HMGB1
plays a central role in sterile inflamma-
tion (44–46) and that it functions as a
proinflammatory DAMP via TLR4 (22).
Administration of recombinant HMGB1
worsens hepatic injury only in TLR4-
competent mice, while neutralizing anti-
body to HMGB1 decreases liver damage
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Figure 5. Eritoran treatment suppresses HMGB1 release in vivo. (A) Nuclear and cytoplasmic HMGB1 levels were determined by Western
blot and quantitative densitometry analysis of the protein expressions in eritoran-treated mice and control mice that underwent ische-
mia and 6 h of reperfusion determined. Hepatic protein lysates from ischemic lobes were obtained; each lane represents a separate an-
imal. The blots shown are representative of two experiments with similar results. (B) Serum HMGB1 ELISA after 6 h of reperfusion. Data are
representative of two experiments with similar results. Gray, eritoran; white, control. *P < 0.05 when compared against control by one-way
ANOVA. (C) Immunofluorescent stain of HMGB1 from sections of sham liver and liver 6 h after I/R in placebo control, and eritoran-treated
mice (magnification 40×). Images are representative of liver sections from two mice per group. Red, HMGB1; blue, nuclei; green, F-actin.
(D) TLR4 wild-type and knockout mice were given eritoran (5 mg/kg body weight) or vehicle control intraperitoneally 30 min before is-
chemia. HMGB1 levels in serum were collected 6 h after reperfusion and quantified using ELISA. Data represent the mean ± SEM (n ≥ 6
mice per group). Gray, eritoran; white, control. *P < 0.05, by one-way ANOVA. 



and suppresses the activation of inflam-
matory cascades, mimicking the TLR4-
deficient state (6,22). We show that eri-
toran decreases DAMP signaling in liver
I/R as evidenced by decreased serum
ALT levels, decreased necrosis and re-
duced expression of inflammatory cy-
tokines. It is also known that HMGB1
modulates inflammatory responses in
LPS-activated macrophages (24). We
show that eritoran reduces inflammatory
cytokine production in HMGB1-stimu-
lated macrophages. Together, our results
demonstrate that eritoran attenuates
HMGB1’s activation of inflammatory sig-
naling in vitro and in vivo and therefore

counteracts not only LPS recognition by
TLR4 but also the capacity of the TLR4
receptor complex to react to HMGB1.

In addition to blocking the cytokine-
like properties of HMGB1, we chose to
further investigate the potential role of
eritoran on HMGB1 release from the
liver, since we have previously published
that HMGB1 release is TLR4 dependent
(35,36). We show that eritoran attenuates
the release of HMGB1 from hepatocytes
both in vivo and in vitro. More specifi-
cally, eritoran treatment during liver I/R
was associated with decreased nuclear-
to-cytoplasmic translocation of HMGB1,
which was confirmed with an HMGB1

ELISA demonstrating reduced serum
HMGB1. Our studies show that the
mechanism by which eritoran suppresses
HMGB1 release is TLR4 dependent,
which is in concordance with our previ-
ous work that HMGB1 release from he-
patocytes during ischemia is TLR4 de-
pendent (35,36). Of note, eritoran can
also block HMGB1 release in the absence
of I/R. In culture, we show that eritoran
decreases the release of HMGB1 in the
setting of hypoxia from hepatocytes, the
main source of HMGB1 (38). Our find-
ings corroborate our previous work illus-
trating the dependence on TLR4 for
HMGB1 release and are unique from
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Figure 6. Eritoran decreases HMGB1 release by hepatocytes and blocks the inflammatory response of RAW 264.7 cells by HMGB1 in vitro.
(A) Eritoran-treated (8 ng/mL) or control hepatocytes were cultured under normoxia or 18 h hypoxia. The media were then analyzed
using ELISA for HMGB1. White, control; gray, eritoran. *P < 0.05 when compared against control by one-way ANOVA. (B) Immunofluores-
cent staining depicting the translocation of HMGB1 in cultured hepatocytes from eritoran-treated (8 ng/mL) or control hepatocytes that
were stimulated with either 18 h hypoxia or normoxia was visualized and observed under confocal microscope (magnification ×120).
Green, actin; blue, nuclei; red, HMGB1. (C) Hepatocytes were stimulated with LPS (1 μg/mL), recombinant HMGB1 (1 μg/mL), or eritoran
(8 ng/mL) in the above combinations for a total of 18 h of stimulation. The media were then analyzed using ELISA for TNF-α and IL-6. Data
are representative of two experiments with similar results. White, PBS; gray, eritoran. *P < 0.05 versus control, by one-way ANOVA.



other studies where the more global ef-
fect of TLR4 antagonism with eritoran
has been demonstrated.

We believe that the protective effect of
eritoran in liver I/R is related to HMGB1
and eritoran binding to the MD2 portion
of the TLR4 receptor. The interaction of
MD2 with eritoran has been extensively
studied and has been described above
(8). Yang et al. (26) showed that HMGB1
binds to MD2 with high affinity and is
unable to stimulate macrophages in
which MD2 was knocked down. It is
known that efficient recognition of
HMGB1 by the TLR4/MD2 complex re-
quires the appropriate redox status of the
three cysteine groups on HMGB1 (47).
There are two main redox states of
HMGB1: the disulfide HMGB1 and the
all-thiol HMGB1 (48,49). The three con-
served cysteines of HMGB1 are in posi-
tions 23 and 45 within the A box and po-
sition 106 in the B box (48,49). The
cysteines in the A box are ideally placed
to form a disulfide bond, while C106 in
the B box remains unpaired (48,49). Be-
cause of the strongly reducing redox po-
tential inside the cell, intracellular
HMGB1 is largely in the reduced state
(48,49). Therefore, HMGB1 release by
passive mechanisms is typically in the
all-thiol configuration. However, mild
oxidizing conditions convert all-thiol
HMGB1 to C23-C45 disulfide (49). The
disulfide-containing form of HMGB1 is
the state that was shown to bind the
MD2 domain within the TLR4 receptor
complex and induce an inflammatory re-
sponse as long as C106 is in the thiol
configuration (49). Therefore, eritoran
appears to compete with disulfide
HMGB1 for binding to MD2/TLR4 and
thus ameliorates the driving force of the
immunopathology of liver I/R. The exact
binding domain within MD2 for HMGB1
is yet to be resolved, and further studies
are needed to examine whether eritoran
and HMGB1 bind the same or adjacent
domains within MD2. In addition, by in-
hibiting the release of all-thiol HMGB1,
eritoran would also indirectly ameliorate
function of HMGB1 as a chemoattractant.
Therefore, eritoran can block the two

main functions of HMGB1 as a chemoat-
tractant and as a proinflammatory cy-
tokine; as a result, it confers protection in
liver I/R.

CONCLUSION
In summary, the present study demon-

strates that pharmacological inhibition of
TLR4 with eritoran is protective in a
mouse model of liver I/R. By antagoniz-
ing the HMGB1–TLR4 interaction, eri-
toran is capable of interfering with
HMGB1 release from hepatocytes and at-
tenuating the cytokine-like actions of
HMGB1 on innate immune cells. There-
fore, targeting the TLR4 receptor directly
with agents such as eritoran provides 
an avenue to reduce I/R-related hepatic
injury.
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