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Abstract
The idiosyncratic nature, severity and poor diagnosis of drug-induced liver injury (DILI) make these
reactions a major safety issue during drug development, as well as the most common cause for the
withdrawal of drugs from the pharmaceutical market. Elucidation of the underlying mechanism(s)
is necessary for identifying predisposing factors and developing strategies in the treatment and
prevention of DILI. Acetaminophen (APAP) is a widely used over the counter therapeutic that is
known to be effective and safe at therapeutic doses. However, in overdose situations fatal and non-
fatal hepatic necrosis can result. Evidence suggests that the chemically reactive metabolite of the
drug initiates hepatocyte damage and that inflammatory innate immune responses also occur within
the liver, leading to the exacerbation and progression of tissue injury. Here we investigate whether
following APAP-induced liver injury (AILI) damaged hepatocytes release “danger” signals or
damage associated molecular pattern molecules (DAMP), which induce pro-inflammatory activation
of hepatic macrophages, further contributing to the progression of liver injury. Our study
demonstrated a clear activation of Kupffer cells following early exposure to APAP (1hr.). Activation
of a murine macrophage cell line, RAW cells, was also observed following treatment with liver
perfusate from APAP-treated mice, or with culture supernatant of APAP-challenged hepatocytes.
Moreover, in these media, DAMP molecules, heat shock protein-70 (HSP-70) and high mobility
group box-1 (HMGB1) were detected. Overall, these findings reveal that DAMP molecules released
from damaged and necrotic hepatocytes may serve as a crucial link between the initial hepatocyte
damage and the activation of innate immune cells following APAP-exposure, and that DAMPs may
represent a potential therapeutic target for AILI.
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Introduction
Drug-induced liver injury (DILI) is the leading cause of acute liver failure in the United States,
contributing to approximately half of all cases (Gunawan et al., 2007;Ostapowicz et al.,
2002). In addition, DILI represents the primary reason for drug termination during clinical
development as well as withdrawal of FDA-approved drugs from the market, with both major
medical and economical consequences (Kaplowitz, 2005;Lee et al., 2005). The current
detection of DILI remains difficult during the early stages of drug development due to the lack
of screening methods, the relatively low incidence of these reactions and the limited knowledge
regarding the underlying mechanisms (Lee, 2003). Therefore, a better understanding of the
molecular and cellular mechanisms of DILI is imperative in order to identify susceptibility
factors and develop successful strategies in the treatment and prevention of DILI.

Acetaminophen (APAP) is a widely used analgesic and antipyretic known to be effective and
safe when consumed at therapeutic doses (1 – 4 g/day) (Kaplowitz, 2001;Rumack, 2004).
However, severe liver injury resulting in liver failure can occur in some cases following an
acute or cumulative overdose (10 – 15 grams) (Kaplowitz, 2001). APAP overdose accounts
for more than 56,000 emergency room visits, 2,600 hospitalizations and an estimated 458
deaths due to acute liver failure each year within the United States (Lee, 2004). Overdose of
APAP is also known to cause liver injury in laboratory animals with similar characteristics as
those found in patients. The murine model of APAP-induced hepatotoxicity represents the
most widely used model to study the pathogenesis of DILI. The initiation of APAP-induced
liver injury (AILI) results from the metabolism of APAP into a reactive metabolite, N-acetyl-
p-benzoquinone imine (NAPQI) (Nelson, 1990;Raucy et al., 1989). Ample evidence supports
that depletion of hepatic glutathione (GSH) and the covalent binding of NAPQI to cellular
macromolecules contributes to protein modification and mitochondrial dysfunction with ATP
depletion, culminating in massive centrilobular necrosis (Kaplowitz, 2004;Lee et al.,
1996;Pumford et al., 1997).

In addition to direct hepatic cellular dysfunction and death, the pathogenesis of APAP-induced
hepatotoxicity also involves the release of a variety of inflammatory mediators that may
influence individual susceptibility. It has been demonstrated that macrophage migration
inhibitory factor (MIF) (Bourdi et al., 2002b), interferon (IFN)-γ (Ishida et al., 2002), and
tumor necrosis factor (TNF)-α (Blazka et al., 1996) contribute to the severity of AILI, while
interlukin (IL)-6 (Masubuchi et al., 2003), cyclooxygenase (COX)-2 (Reilly et al., 2001) and
IL-10 (Bourdi et al., 2002a) have been shown to promote resolution and regeneration following
the initial hepatic damage. Recent studies have also reported the activation and involvement
of various innate immune cells, including natural killer (NK) cells and NK cells with T cell
receptor (NKT) (Liu et al., 2004;Masson et al., 2008), hepatic macrophages (Ju et al.,
2002;Laskin et al., 2001;Michael et al., 1999), and neutrophils (Cover et al., 2006;Ishida et
al., 2006;Liu et al., 2006) during APAP-induced hepatotoxicity. However, the exact role of
these cells in the pathogenesis of injury remains controversial. Importantly, it remains unknown
as to the specific factors that trigger the recruitment and activation of these cells within the
liver.

It is possible that damaged hepatocytes themselves can trigger inflammation through the release
of various mediators. One hypothesis proposes the critical role of damage associated molecular
pattern (DAMP) molecules in this process. Numerous studies have demonstrated that apoptotic
and necrotic cells release DAMP molecules such as high mobility group box-1 (HMGB1),
S-100 proteins, heat-shock proteins (HSPs), hyaluronan, surfactant protein, interferon-alpha,
uric acid, fibronectin, beta defensin, and cardiolipin, which act as endogenous stimulators of
immune responses following tissue damage (Asea et al., 2002;Biragyn et al., 2002;Lotze et
al., 2005;Okamura et al., 2001;Peitsch et al., 1988;Seong et al., 2004;Shi et al., 2003;Termeer
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et al., 2002;Wallin et al., 2002;Wang et al., 1999). The function of HMGB1 and HSP-70 as
pro-inflammatory mediators has been extensively studied in recent years. HMGB1 is a nuclear
binding protein that can be passively released from necrotic cells or secreted by activated
macrophages (Shi et al., 2003). HMGB1 has been demonstrated to function as both a
chemokine and cytokine, thereby playing a critical role in the initiation of inflammation (Lotze
and Tracey, 2005;Wang et al., 1999). HSP-70 is an inducible stress-response protein that can
undergo translocation to the cell surface or release into the extra-cellular milieu during periods
of cellular stress or necrotic death (Wallin et al., 2002). It has been revealed that extra-cellular
HSP-70 can stimulate dendritic cells and macrophages to promote immune responses and
inflammation (Asea et al., 2002;Hickman-Miller et al., 2004;Vabulas et al., 2002). However,
the release of HMGB1 and HSP-70 by damaged hepatocytes and their specific role in the
pathogenesis of DILI have not been investigated.

The objectives of the present study were to examine: i) whether the DAMP molecules HMGB1
and HSP-70 are released from damaged hepatocytes following APAP-challenge in vivo and
in vitro, and ii) whether these molecules can trigger the activation of hepatic macrophages,
Kupffer cells (KC). Our results provide evidence that APAP-challenged hepatocytes do release
HMGB1 and HSP-70. In addition, rHSP-70 can activate isolated primary liver non-
parenchymal cells (NPC), as well as purified KC, to produce proinflammatory mediators.

Experimental Procedures
Cell lines and culture conditions

RAW 264.7, a murine macrophage cell line [obtained from American Type Culture Collection
(Manassas, VA)] was maintained in RPMI 1640 media supplemented with 10 % fetal bovine
serum, 10 mM HEPES and 1× penicillin/streptomycin. TAMH, a hepatocyte cell line [provided
by Christopher C. Franklin, Department of Pharmaceutical Sciences, University of Colorado
Denver (UCD), CO, USA] was maintained in Dulbecco's modified Eagle's medium/Hams's
F12 (Gibco) supplemented with 5 μg/mL insulin, 5 μg/mL transferring, 5 ng/mL selenium
(Fisher), 0.1 μmol/L dexamethasone, 10 mM nicotinamide, and 50 μg/mL gentamicin. Cultures
were maintained at 37°C in a humidified 95 % air and 5 % CO2 atmosphere.

Animal treatment
Female C57Bl/6J mice (Jackson Laboratories) were maintained under pathogen-free
conditions in the Center for Laboratory Animal Care at UCD. For all experiments, mice (7 –
10 weeks of age) were allowed food and water ad libitum until experimental use. Prior to
treatment, food was withheld overnight (16 hr), as described previously (James et al., 2003),
to deplete hepatic GSH stores. Mice were administered APAP (350 mg/kg, dissolved in warm
saline) or saline (as control) via intraperitoneal (i.p.) injection, whereupon food was restored.

Immunoblot analysis of liver perfusate
Mice were anesthetized with Isoflurane (Vedco) and livers perfused in situ via the portal vein
with a calcium free HBSS perfusion buffer. Perfusate was collected (10 mL/mouse) and
concentrated using a Millipore Amicon Ultra centrifugal filter device (Fisher). Protein
concentration was determined via the BCA assay. Forty μg of samples, diluted in Laemmli
sample buffer, were resolved on 12 % polyacrylamide gels. Following transfer onto
nitrocellulose membranes, the blots were probed with a rabbit anti-HMGB1 polyclonal
antibody (1:3000, Abcam) or rat anti-Hsp70 monoclonal antibody (1:3000, Stressgen). A
horseradish peroxidase-conjugated secondary antibody was then applied. Membranes were
developed using ECL-plus reagent (Amersham Biosciences) and visualized using a STORM
860 scanner (GE Healthcare Bio-Science Corporation).
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Immunoblot analysis of TAMH cell culture supernatant
TAMH cells were grown in T-75 flasks (Costar) to 70 % confluency prior to treatment with
APAP (1, 10 or 30 mM) for 15 hr. Culture supernatant was collected and concentrated using
a Millipore Amicon Ultra centrifugal filter device (Fisher). Residual APAP was removed via
a desalting column (Pierce). Protein concentration was determined using the BCA assay. Forty
μg of samples were diluted in Laemmli sample buffer and resolved on 12 % polyacrylamide
gels. Following transfer onto nitrocellulose membranes, the blots were probed with a rabbit
anti-HMGB1 polyclonal antibody (1:1000, Abcam) or rat anti-Hsc70 monoclonal antibody
(1:1000, Stressgen). A horseradish peroxidase-conjugated secondary antibody was then
applied. Membranes were developed using ECL-plus reagent (Amersham Biosciences) and
visualized using a STORM 860 scanner (GE Healthcare Bio-Science Corporation).

KC isolation and treatment
Liver NPC were isolated following a previously established method (Fennekohl et al.,
2002;Smedsrod et al., 1985) with slight modifications. In brief, mice were anesthetized, and
liver tissues were perfused in situ via the superior vena cava with perfusion buffer (1× HBSS),
followed by a digestion buffer (1× HBSS, supplemented with 0.05% collagenase (Type IV;
Sigma Chemical Co., St. Louis, MO, USA), 1.23mM CaCl2, 4mM MgSO4, and 10mM
HEPES). Following digestion, the liver was disrupted in anticoagulant-citrate-dextrose (Acd)
and the cells passed through a 100 μm cell strainer before centrifugation at 30 × g for 3 min to
pellet hepatocytes. Cells in the supernatant were centrifuged at 300 × g for 5 min. The pellets
were collected, resuspended in Acd solution and fractionated by centrifugation using 30 % (w/
v) Nycodenz (Axis-Shield) at 1.155 g/mL to yield liver NPC free of cell debris and erythrocytes.
To further purify KC and liver sinusoidal endothelial cells (LSEC), liver NPC were stained
with the following antibodies from eBioscience: anti-mouse CD45-FITC, anti-mouse F4/80-
APC and anti-mouse CD11b-PE. KC (CD45+ F4/80high, CD11blow) and LSEC (CD45-) were
then purified by fluorescence-activated cell sorting (FACS) using a MoFlo High Performance
Cell Sorter (Cytomation).

For the experiments of rHSP-70 treatment, KC were purified from liver NPC by positive
selection, using biotin anti-mouse F480 in conjunction with the biotin selection kit (EasySep
Biotin Selection kit, Stem Cell Technologies). NPC or KC were plated 1×106 cells/well and
allowed to adhere for 24 hr prior to treatment with media alone, or rHSP-70 (50 ug/ml,
Stressgen) in the presence and absence of polymyxin B (PMB) (20 ug/mL, Fisher Scientific)
for 24 hr.

RT-PCR analysis
Total RNA was isolated from cells using either RNeasy mini or micro kits (Qiagen, Valencia,
CA, USA), as described by the manufacturer. RNA (1 μg) was reverse-transcribed to cDNA
and amplified using JumpStart Taq DNA polymerase (Sigma) and gene-specific primers for
β-actin, TNF-α, monocyte chemotactic protein-1 (MCP-1), IL-1β and IL-6 were used. All PCR
products were resolved on 1.5 % agarose gels and visualized using ethidium bromide staining.

Data analysis
Mean ± SEM values were calculated for each experimental group and compared using unpaired
Student's t-test. Probability levels were considered significant when, *, P < 0.05.
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Results
Macrophage activation following APAP treatment

To investigate whether APAP treatment can activate hepatic NPC, these cells were isolated
from the liver of mice at 1 hr post-APAP challenge. Compared with cells isolated from saline-
treated control mice, liver NPC obtained from APAP-challenged mice exhibited a significant
increase in the mRNA expression of pro-inflammatory cytokines, including TNF-α, IL-6 and
IL-1β (Fig. 1). Hepatic NPC consist of both KC and LSEC. To identify which cell population
represents the predominant source of these increased inflammatory cytokines, KC and LSEC
were further purified by FACS. KC obtained from APAP-treated mice were observed to be
responsible for the increase in the mRNA expression levels of TNF-α, IL-6 and IL-1β (Fig. 2).
It appeared that the up-regulation of pro-inflammatory cytokines in KC in Fig. 2 was less
profound than that in NPC shown in Fig.1. This may be explained by the increased background
expression of TNF-α and IL-1β (Fig. 2), perhaps due to the slight activation of KC during the
purification step by FACSorting. This discrepancy is also possibly due to pooling NPC isolated
from 3 mice per group in order to obtain sufficient numbers of KC and LSEC in Fig. 2.

We hypothesized that the activation of KC in APAP-treated mice was triggered by DAMP
molecules released from damaged hepatocytes. To examine this hypothesis, liver perfusate
was collected from mice at 6 hr following either saline or APAP challenge.

This perfusate was used to treat RAW 264.7 cells, a macrophages cell line, for 3 hr and the
induction of pro-inflammatory cytokines was determined by RT-PCR analysis. The data
demonstrated that liver perfusate obtained from APAP-challenged mice induced a pro-
inflammatory response in RAW cells, as evidenced by the statistically significant up-regulation
of mRNA expression levels of MCP-1 and IL-1β (Fig. 3).

Release of HSP-70 from APAP-challenged hepatocytes
To determine whether HSP-70 represents a DAMP molecule released during AILI in mice,
immunoblot analysis was performed using liver perfusate obtained from mice treated with
either saline or APAP. The release of HSP-70 from the liver was observed as early as 1 hr
following APAP challenge (data not shown) and remained detectable by 24 hr (data not shown).
The level of HSP-70 released into the extracellular milieu peaked at 3-6 hr (Fig.4), at which
time significant elevation of serum alanine transaminase (ALT) activities were observed 3000
and 5000 IU/L respectively (data not shown). Multiple types of cells could be responsible for
the release of HSP-70 within the liver. To investigate whether APAP-induced necrotic
hepatocytes can release HSP-70, a mouse hepatocyte cell line (TAMH cells) were treated in
vitro with various concentrations of APAP. Fifteen hr after treatment, culture supernatants
were collected to measure aspartate transaminase (AST) levels and detect the release of
HSP-70. The AST levels were 328 and 556 IU/L in media collected from TAMH cells after
treatment with 10 and 30mM APAP respectively (data not shown), suggesting the occurrence
of cell stress and/or death. Correlating with APAP-induced cytotoxicity, the release of HSP-70
was detected in the supernatant collected from cells treated with 10 and 30mM APAP (Fig. 5).
The data confirmed that damaged hepatocytes can release HSP-70 following APAP-challenge.

Pro-inflammatory activation of NPC and KC in vitro by rHSP-70
To determine whether DAMP molecules released from necrotic hepatocytes serve to promote
further tissue inflammation during AILI, we examined the ability of recombinant HSP-70
(rHSP-70) to stimulate NPC and KC in vitro. Hepatic NPC were isolated from naïve mice and
treated in vitro with low endotoxin containing rHSP-70 (50 ug/mL).
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Twenty-four hr after treatment, NPC demonstrated a significant increase in the expression
levels of TNF-α and IL-1β (Fig. 6). To further investigate whether KC were the source of
increased expression of pro-inflammatory cytokines, KC were further purified from NPC by
F480+ biotin bead selection. KC were treated with rHSP-70 (50 ug/ml) in the presence or
absence of PMB for 24 hr. PMB, a known neutralizer of lipopolysaccharide (LPS), was used
to deplete residue LPS contamination within rHSP-70, to ensure that the stimulatory effect was
due to rHSP-70. KC demonstrated a significant increase in the expression levels of TNF-α,
MCP-1 and IL-1β (Fig. 6) following treatment with rHSP-70. Additionally, PMB did not
appear to decrease this stimulatory effect, confirming that LPS did not contribute to the
induction of proinflammatory cytokine expression by KC.

Release of HMGB1 from APAP-challenged Hepatocytes
Aside from HSP-70, there may exist additional DAMP molecules released during APAP-
induced hepatotoxicity. HMGB1 represents one such molecule that is known to possess
adjuvant-like effects when released into the extra-cellular milieu. To investigate the
involvement of HMGB1 in the pro-inflammatory response following AILI, immunoblot
analysis was performed using liver perfusate obtained from mice treated with either saline or
APAP. Similar to HSP-70, HMGB1 release from the liver was detected as early as 1 hr
following APAP challenge (data not shown), peaked at 3 – 6 hr (Fig. 7) and remained present
up to 24 hr (data not shown). To further examine the release of HMGB1 by APAP-induced
necrotic hepatocytes, TAMH cells were treated in vitro with various concentrations of APAP
and the culture supernatant was collected for immunoblot analysis, as described above.
HMGB1 was detected in media collected from TAMH cells treated with 10 and 30mM APAP
(Fig. 8), which induced cell damage and the release of AST. The data revealed that damaged
hepatocytes can release HMGB1 upon APAP challenge.

Discussion
APAP overdose represents a major cause of acute liver failure in the United States each
year.8 While hepatocyte damage is initiated by the formation of NAPQI, studies using the
murine model of AILI have suggested a role of inflammatory responses in the progression of
hepatic injury (Blazka et al., 1995;Blazka et al., 1996;Bourdi et al., 2002b;Bourdi et al.,
2002a;Ishida et al., 2002;Laskin and Laskin, 2001;Liu et al., 2004;Liu et al., 2006;Masubuchi
et al., 2003;Michael et al., 1999 However, the mechanism by which the innate immune cells
are activated is not clear. A recent report showed that DNA isolated from UV irradiation-
induced apoptotic hepatocytes could stimulate LSEC production of IL-1β and IL-18 through
activating Toll-like receptor (TLR)9 (Imaeda et al., 2009). Nonetheless, it has not been
investigated whether APAP-challenged hepatocytes could release immunogenic DNA or other
DAMP molecules. The present study provides evidence to support the hypothesis that the initial
hepatocyte damage following APAP overdose causes the subsequent activation of innate
immune cells via the release of DAMP molecules, such as HSP-70 and HMGB1.

Our data demonstrated that hepatic KC were activated to express TNF-α, IL-6 and IL-1β as
early as 1 hr after APAP challenge to mice (Fig. 2). Although it cannot be ruled out that KC
can metabolize APAP, resulting in the direct activation of these cells, it is widely believed that
APAP is metabolized by hepatocytes, and that the generation of NAPQI leads to cellular
dysfunction. Damaged hepatocytes could release DAMP molecules that act as immuno-
stimulatory danger signals (Matzinger, 1994) and elicit activation of innate immune cells
within the liver. In support of this hypothesis, our data revealed the induction of IL-1β and
MCP-1 expression in RAW cells following treatment with the liver perfusate obtained from
APAP-challenged mice (Fig. 3). This result suggests that certain mediators in the liver perfusate
can stimulate macrophage activation. Our data further demonstrated that DAMP molecules,
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HMGB1 and HSP-70, were released into the extracellular milieu in the liver of mice treated
with APAP (Figs. 4 and 7), as well as in the culture supernatant of APAP-challenged
hepatocytes (Figs. 5 and 8). Hepatocyte damage upon APAP challenge in vitro and in vivo was
assessed by the release of AST and ALT, respectively. The increase of such enzymes correlated
with the observed release of DAMP molecules. In addition, we found that rHSP-70 could
activate primary hepatic KC and up-regulate their expression of pro-inflammatory mediators
(Fig. 6). Collectively, these results suggest a role for DAMP molecules in the activation of KC
during APAP-induced hepatotoxicity. Since APAP is predominantly metabolized within the
liver, the release of DAMP molecules is expected to reach a much higher level within the liver,
thereby exerting much greater effects on nearby KC. However, it is plausible that DAMP
molecules could be released systemically and off target reaction may occur.

In the present study, we examined KC expression of TNF-α, MCP-1, and IL-1β as indicators
for the activation of these cells. It is possible that they also express anti-inflammatory cytokines,
as it has been shown that KC represent a major source of both pro- and anti-inflammatory
mediators, and play both pro-toxicant and protective roles during AILI (Ju et al., 2002;Laskin
and Laskin, 2001;Michael et al., 1999). While our finding provides insight into the mechanism
by which KC are activated, it does not indicate the precise role of KC in the pathogenesis of
AILI. Aside from macrophages, other innate immune cells, particularly NK and NKT cells,
reside in the liver in large numbers. Although their pathological role in AILI remains
controversial (Liu et al., 2004;Masson et al., 2008), NKT cells have been shown to become
activated by known DAMPs, such as catecholamines (Minagawa et al., 2000) and NAD+

(Kawamura et al., 2006). While our study presents hepatic KC as a major target of DAMP
molecules, it is possible that other innate immune cells within the liver can also be activated
as a result of DAMP molecule release following the initial tissue injury.

Several DAMP molecules have been demonstrated to act as endogenous stimulators of immune
responses following tissue damage (Asea et al., 2002;Biragyn et al., 2002;Lotze and Tracey,
2005;Okamura et al., 2001;Peitsch et al., 1988;Seong and Matzinger, 2004;Shi et al.,
2003;Termeer et al., 2002;Wallin et al., 2002;Wang et al., 1999). HSPs represent one class of
DAMP molecules that have been extensively studied over the recent years. HSPs were first
considered possible DAMP molecules due to their up-regulation during periods of cellular
stress throughout a variety of disorders (Mambula et al., 2006;Sapozhnikov et al., 1999).
HSP-60, -70 and -90 are presented on the cell surface (Martin et al., 2003;Theriault et al.,
2005;Vabulas et al., 2001;Vabulas et al., 2002) and have been shown to activate antigen
presenting cells (APC), specifically macrophages and dendritic cells, via engagement of Toll-
like receptors (TLR) (Asea et al., 2000;Chen et al., 1999;Vabulas et al., 2001;Vabulas et al.,
2002). A marked increase of HSP-70 within whole liver homogenate has been demonstrated
following APAP-induced liver injury (Welch et al., 2006). However, the release of HSP-70
into the extra-cellular milieu during APAP-induced hepatotoxicity has not been assessed. Our
detection of HSP-70 within the liver perfusate of APAP-challenged mice (Fig. 4) is the first
to demonstrate its release during this pathological condition. The detection of HSP-70 in the
supernatant of TAMH cells treated with APAP (Fig. 5) further confirmed that APAP-
challenged hepatocytes represent a major source of HSP-70. Moreover, rHSP-70 was able to
stimulate pro-inflammatory responses in vitro of purified NPC and KC (Fig. 6), which is
consistent with previous studies on the ability of HSPs to activate APC (Chen et al.,
1999;Martin et al., 2003). To address the concern that the immuno-stimulatory ability of
HSP-70 might be due to LPS contaminants, we chose to use a rHSP-70 protein containing an
extremely low level of endotoxin (< 50 EU/mg protein). This yielded the total amount of
endotoxin present during cell treatment to be less than 2.5 EU. Further, PMB was included in
some cultures to remove any residual LPS contamination. The addition of PMB did not inhibit
rHSP-70-induced activation of hepatic KC (Fig. 6), confirming that the pro-inflammatory
response of KC was due to the stimulatory ability of HSP-70 and not due to LPS contamination.
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In order to further confirm the effects of HSP70 on macrophages, we performed the experiment
of treating RAW cells with APAP-liver perfusate in the presence of a commercially available
anti-HSP70 neutralizing antibody. While the HSP70 neutralizing antibody was able to
attenuate the pro-inflammatory effect of the APAP-liver perfusate, decreases were also
observed in samples treated with the control IgG, thus lending our data inconclusive (data not
shown). The data suggest that HSP70 within the liver perfusate does not play a predominant
role in the induction of pro-inflammatory cytokines. It is likely that both HSP70 and HMGB1
together contribute to the activation of RAW cells, and that depletion of HSP70 alone is not
sufficient to significantly attenuate the stimulatory effect of the liver perfusate.

In addition to HSP-70, HMBG1 represents another DAMP molecule that would otherwise be
retained within the cell, except during periods of pathological damage. HMGB1 is normally
tightly bound to chromatin, thereby facilitating the coiling of DNA. HMGB1 was first
identified as a DAMP molecule due to its release from necrotic cells and its ability to further
stimulate a pro-inflammatory state in monocytes and dendritic cells (Scaffidi et al., 2002;Tsung
et al., 2005;Yang et al., 2007). Our data showed that HMGB1 could be detected in the liver
perfusate of APAP -challenged mice (Fig. 7), as well as in culture supernatant of APAP-treated
TAMH cells (Fig. 8), suggesting that hepatocytes represent a critical source of HMGB1 release.
While our study is the first to demonstrate the release of HMGB1 into extracellular milieu, the
role of HMGB1 in propagating AILI has been implicated in two published studies. Antibodies
directed against HMGB1 have been able to reduce tissue inflammation, as indicated by a
decrease in the myeloperoxidase (MPO)/alanine transaminase (ALT) ratio, following APAP-
induced hepatotoxicity (Scaffidi et al., 2002). A more recent publication provides insight into
the mechanism of HMGB1-induced inflammation (Chen et al., 2009). HMGB1 was proposed
to from a tri-molecular complex with CD24 and Siglec-G, which act as negative regulators of
the pro-inflammatory function of HMGB-1, as both CD24-/- and Siglec-G-/- mice were more
susceptible to AILI than their WT counterparts. Administration of an anti-HMGB1 neutralizing
antibody was able to attenuate AILI in WT, as well as in CD24-/- and Siglec-G-/- mice.

In summary, the present study is the first to demonstrate the release of DAMP molecules,
HSP-70 and HMGB1, from APAP-challenged hepatocytes in vitro and in vivo. The data also
provide evidence for a link between APAP-induced hepatocyte death and activation of hepatic
macrophages. Further studies to establish whether one or multiple DAMP molecules are
responsible for the activation of hepatic innate immune cells are warranted.
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DILI drug-induced liver injury

APAP acetaminophen

AILI acetaminophen-induced liver injury

NAPQI N-acetyl-p-benzoquinone imine

GSH glutathione

MIF migration inhibitory factor

IFN interferon

TNF tumor necrosis factor

IL interleukin

COX cyclooxygenase

NK natural killer

DAMP damage associated molecular pattern
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HMGB1 high mobility group box-1

HSP heat shock protein

KC Kupffer cells

NPC non-parenchymal cells

LSEC liver sinusoidal endothelial cells

FACS fluorescence-activated cell sorting

MCP-1 monocyte chemotactic protein-1

rHSP recombinant heat shock protein

PMB polymyxin B

LPS lipopolysaccharide

APC antigen presenting cells

TLR toll-like receptor

MPO myeloperoxidase

ALT alanine transaminase
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Fig. 1. In vivo activation of liver NPC at 1 hr post-APAP challenge
(A) NPCs were isolated from female C57Bl/6J mice treated with either saline or APAP (350
mg/kg) at 1 hr post-treatment. Total RNA was extracted and the mRNA expression of
inflammatory mediators by NPC was determined by RT-PCR analysis. Densitometric
quantification of (B) TNF-α, (C) IL-6 and (D) IL-1β mRNA expression by NPC. *, P < 0.05,
compared with NPC isolated from saline-treated mice.
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Fig. 2. In vivo activation of KC at 1 hr post-APAP challenge
(A) KC and LSEC were purified via FACS from NPC isolated from female C57Bl/6J mice
treated with either saline or APAP (350 mg/kg) at 1 hr post-treatment. Total RNA was extracted
and the mRNA expression of inflammatory mediators by KC and LSEC was determined by
RT-PCR analysis. Densitometric quantification of (B) TNF-α, (C) IL-6 and (D) IL-1β mRNA
expression by KC. * P < 0.05, compared with KC isolated from saline-treated mice.
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Fig. 3. Activation of RAW 264.7 cells by liver perfusate obtained from APAP-challenged mice
(A) RAW cells were plated in a 48-well cell culture plate and treated for 3 hr with liver perfusate
obtained from mice challenged for 6 hr with either saline or APAP (350 mg/kg). Cells cultured
in RPMI media alone served as control. Total RNA was extracted and the mRNA expression
of inflammatory mediators by RAW cells was determined by RT-PCR analysis. Densitometric
quantification of (B) MCP-1 and (C) IL-1β mRNA expression by RAW cells. *, P < 0.05,
compared with cells cultured in RMPI and cells treated with liver perfusate obtained from
saline-treated mice.
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Fig. 4. Release of HSP-70 into the extra-cellular milieu of APAP-challenged mice
Liver perfusate was obtained from mice challenged with either saline or APAP (350 mg/kg)
for 3 and 6 hr. (A) Liver perfusates were immunoblotted with the anti-HSP70 antibody (1:3000)
and anti-albumin antibody (1:3000), which served as a loading control. (B) Quantification of
HSP-70 release into the extra-cellular milieu by densitometry. *, P < 0.05, compared with
saline group.
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Fig. 5. Release of HSP-70 into the culture supernatant of APAP-treated TAMH cells
TAMH cells were treated with APAP (0, 1, 10 or 30 mM) for 15 hr. Following treatment,
cellular supernatant was collected, concentrated and residual APAP was removed via a
desalting column. (A) Immunoblot analysis of HSP-70 release into the cellular supernatant.
(B) Quantification of HSP-70 release into the cellular supernatant by densitometry. *, P < 0.05,
compared with cells treated with 0 mM APAP.
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Fig. 6. Activation of isolated NPC and KC following treatment with rHSP-70
NPCs were isolated from naïve female C57Bl/6J mice, cultured in a 96 well plate, and treated
with rHSP-70 for 24 hr. Cells cultured in RPMI media alone served as control. Total RNA was
extracted and the mRNA expression of inflammatory mediators by NPC was determined by
RT-PCR analysis. Densitometric quantification of (A) TNF-α and (B) IL-1β mRNA expression
by NPC. *, P < 0.05, compared with cells cultured in media alone (C) KC were purified via
F480+ bead selection from NPC isolated from naïve female C57Bl/6J mice, cultured in a 96
well plate, and treated with rHSP-70 in the presence or absence of PMB. mRNA expression
of TNF-α, MCP-1 and IL-1β by KC was determined by RT-PCR analysis.
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Fig. 7. Release of HMGB1 into the extra-cellular milieu of APAP-challenged mice
Liver perfusate was obtained from mice challenged with either saline or APAP (350 mg/kg)
for 3 and 6 hr. (A) Liver perfusates were immunoblotted with the anti-HMGB1 antibody
(1:3000) and anti-albumin antibody (1:3000), which served as a loading control. (B)
Quantification of HMGB1 release into the extra-cellular milieu by densitometry. *, P < 0.05,
compared with saline group.
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Fig. 8. Release of HMGB1 into the cellular supernatant of APAP-treated TAMH cells
TAMH cells were treated with APAP (0, 1, 10 or 30 mM) for 15 hr. Following treatment,
cellular supernatant was collected, concentrated and residual APAP was removed via a
desalting column. (A) Immunoblot analysis of HMGB1 release into the cellular supernatant.
(B) Quantification of HMGB1 release into the cellular supernatant by densitometry. *, P <
0.05, compared with cells treated with 0 mM APAP.
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