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Abstract
Background & Aims—Hepatocellular carcinoma (HCC) develops in response to chronic
hepatic injury. Although induced cell death is regarded as the major component of p53 tumor-
suppressive activity, we recently found that sustained p53 activation subsequent to DNA damage
promotes inflammation-associated hepatocarcinogenesis. Here we aim to explore the mechanism
linking p53 activation and hepatic inflammation during hepatocarcinogenesis.

Methods—p53−/− hepatocytes expressing inducible p53 and primary wild type hepatocytes were
treated to induce p53 expression. The supernatants were collected and analyzed for the presence of
released inflammatory cytokines. Ethyl pyruvate was used in a rat model of carcinogen-induced
hepatocarcinogenesis to examine its effect on p53-dependent chronic hepatic injury, inflammation
and tumorigenesis.

Results—Here we show that cytoplasmic translocation and circulating levels of potent
inflammatory molecule high-mobility group protein 1 (HMGB1) were greater in wild-type rats
than in p53+/− rats following carcinogen administration. Restoration of p53 expression in p53-null
hepatocytes or induction of endogenous p53 in wild-type hepatocytes gives rise to the release of
HMGB1. Administration of the HMGB1 release inhibitor ethyl pyruvate, which does not affect
p53-mediated hepatic apoptosis, substantially prevented carcinogen-induced cirrhosis and
tumorigenesis in rat livers.

Conclusions—These results suggest that although p53 is usually regarded as a tumor
suppressor, its constant activation can promote pro-tumorigenic inflammation, at least in part, via
inducing HMGB1 release. Application of HMGB1 inhibitors when restoring p53 in cancer therapy
might protect against pro-tumorigenic effects while leaving p53-mediated clearance of malignant
cells intact.
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Introduction
A strong association between chronic tissue injury and tumorigenesis has been established
by many clinical data [1–3]. The mammalian liver is vulnerable to damage induced by toxic
chemicals and hepatitis viruses, all of which increase the risk of hepatocellular carcinoma
(HCC). Chronic hepatic inflammation, as a consequence of chronic injury, frequently
precedes the development of HCC[4]. However, the molecular mechanisms responsible for
chronic hepatic injury and inflammation remain elusive.

The tumor suppressor p53 is activated by a wide variety of stress signals that a cell might
encounter during malignant progression—genotoxic damage, oncogene activation, and
hypoxia. Induction of apoptosis or senescence is the key mechanism by which p53
eliminates cancer cells. p53 can also prevent cancer development through a number of other
mechanisms. p53 has been shown to promote autophagy through negative regulation of
mTOR signaling and act as an antioxidant to prevent DNA damage and genome instability
[5, 6]. When the liver is poisoned by genotoxic chemicals, p53 induces hepatocytes to
commit suicide or go into growth arrest. It is therefore conceivable that p53 contributes to
chronic tissue injury especially in livers exposed to agents that inflict mutagenic DNA
damage. Consistent with this notion, we recently found that in a rat model of carcinogen-
induced hepatocarcinogenesis, heterozygous deficiency of p53 results in attenuated hepatic
injury, inflammatory responses and tumorigenesis [7]. However, it is still unknown how p53
links hepatocyte death to the activation of tissue inflammation.

High-mobility group box 1 (HMGB1) is a nuclear constituent loosely bound to chromatin
that signals tissue damage when released into the extracellular medium, and thus acts as a
damage-associated molecular pattern (DAMP) [8]. Extracellular HMGB1 is responsible for
the inflammatory response to hepatic injury, as shown in models of acute liver toxicity and
liver ischemia-reperfusion [9]. Here we show that sustained p53 activation causes chronic
liver injury and gives rise to the release of HMGB1, which may contribute to inflammation-
associated hepatocarcinogenesis.

Materials and methods
Animals

Generation of rats lacking one or both alleles of p53 by gene targeting of DAc8 rat ES cells
has been described previously [10]. Rats that were p53 heterozygous were intercrossed to
produce rats with no, one, or two p53-null alleles. These rats were designated wild-type,
heterozygotes (p53+/−) or homozygotes (p53−/−), respectively, and were monitored for DEN-
induced hepatocarcinogenesis.

HCC induction by DEN
HCCs in rats were chemically induced by weekly intraperitoneal (i.p.) administration of
DEN (70 mg/kg body weight; Sigma-Aldrich) for 10 weeks as described previously [11, 12].
At the indicated times, rats were sacrificed and the livers immediately removed, weighed,
and placed in ice-cold phosphate-buffered saline (PBS). The externally visible tumors (≥ 2
mm) were counted and measured by stereomicroscopy. Tumor size was measured using a
vernier caliper. Parts of the livers were fixed in 4% paraformaldehyde and paraffin-
embedded for histological evaluation. p53−/− rats were excluded from the study due to early
spontaneous tumor development. p53+/− rats that developed hemangiosarcoma after DEN
treatment were also excluded from analysis.
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Animal treatment
For ethyl pyruvate (EP) treatment, pathogen-free male Sprague-Dawley (SD) rats (weighing
160–180 g) were grouped randomly and treated with saline or 40 mg/kg ethyl pyruvate
(Sigma-Aldrich) i.p. every other day. The EP regimen started 1 week prior to DEN injection
and continued until six weeks after the 10-week DEN treatment had ended. For in vivo
adenoviral delivery of HMGB1, 200µl of saline or 3×109 pfu of Ad5-CMV-GFP or Ad5-
CMV-HMGB1 were administered via tail vein injection into male SD rats (5 animals per
group). All procedures were performed according to investigator’s protocols approved by
the USC Institutional Animal Care and Use Committee (IACUC) or the Second Military
Medical University Animal Ethics Committee.

Cell culture
Hepatic Kupffer cells and stellate cells were isolated according to the methods of Mello et.
al. [13]. Primary hepatocytes were isolated from 250–300 g WT, p53+/−, and p53−/− (p53-
null) rats by a two-step perfusion method. The animals were anesthetized by injecting
sodium pentobarbital solution (0.1 mL/100 g of body wt) intraperitoneally and their livers
were removed intact. The liver was first perfused in vitro via the portal vein with warmed
(37°C) Ca2+ and Mg2+ free Hanks balanced salt solution at a flow rate of 5–8 ml/min for 15
min, and then perfused with 0.05% collagenase (Sigma, Type IV) in the same solution
supplemented with CaCl2 to a final concentration of 5 mM and HEPES to a final
concentration of 50 mM. The reperfusion with collagenase solution lasted 25 min at a rate of
5 ml/min at 37°C. After 10 min of incubation (37°C) with gentle shaking, the suspension
was filtered and hepatocytes were sedimented at 70 g for 1 min. All harvests yielded
hepatocytes with viability exceeding 90% as indicated by trypan-blue dye exclusion.
Isolated hepatocytes were seeded on rat tail collagen I-coated tissue culture dishes and
cultured in DMEM/F12 with ITS (Sigma) plus growth factors EGF and HGF (20 ng/ml of
each, Peprotech) as the standard medium. Propagation of the p53-null hepatocyte line was
performed by passaging cells at a ratio of 1:3 twice per week in the standard medium.

Generation of ip53-hepatocytes
To achieve post-translational regulation of p53 in these cells, rat p53 was fused to an
FK506- and rapamycin-binding protein (FKBP)-based destabilizing domain and a transgene
for expressing this fusion protein was stably integrated into the p53-null hepatocyte cell line.
Expression of this p53 fusion protein can be reversibly modulated by adding or removing
the synthetic stabilizing ligand Shield1 (1:2000, Clontech).

ELISArray and ELISA assay
Amounts of inflammatory cytokines in serum of rat and supernatants of macrophages or
hepatocytes were measured by a commercially available EILSA kit (Peprotech). To survey
p53-induced pro-inflammatory cytokines, we treated the ip53-hepatocytes or primary WT
hepatocytes with Shield1 (S1) or Nutlin-3 for 6 or 24 hours. The conditioned media were
filtered and qualitatively assayed for various cytokines using Rat Inflammatory Cytokines
Multi-Analyte ELISArray Kit (Qiagen).

Detection of HMGB1 release and immunodepletion of HMGB1 from supernatants
For detection of secreted HMGB1 by Western blotting, serum or cell culture-conditioned
medium was first filtered through a Centrifugal Filter Unit with Ultracel-50 membrane
(Millipore) to clear the samples of cell debris and macromolecular complexes. Samples then
were concentrated 15-fold with a Centrifugal Filter Unit with Ultracel-10 membrane and
subjected to Western blotting. Amounts of HMGB1 in serum of rats were also measured by
a commercially available EILSA kit (IBL international). HMGB1 depletion was performed
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in two rounds by incubating 0.5 ml of cell supernatant with 20 µg anti-HMGB1 for 16 h at
4°C. Immune complexes were removed by incubation in the presence of 75µl protein G
sepharose for 1 h at 4°C under agitation.

LDH (lactate dehydrogenase) release assay
Cell viability was measured by calculating the ratio of released LDH activity to total activity
as described by the manufacturer (CytoTox 96® Non-Radioactive Cytotoxicity Assay Kit,
Promega).

Histological analysis
Immunohistochemistry staining was performed [on formalin-fixed 5-µm paraffin-embedded
tissue sections using UltraVision Quanto Detection System AP (Alkaline Phosphatase) or
HRP. Quantification was done using Image J (National Institutes of Health, Bethesda, MD,
USA) and Photoshop software (Adobe Corporation, San Jose, CA, USA) using at least 50
images per rat at ×20 magnification for cytoplamic HMGB1 staining.

Antibodis
The antibodies used and the dilution factors were as follows: anti-p53 (1C12) (Cell
Signaling; 1:1000 for WB), anti-cleaved caspase-3 (5A1E) (Cell Signaling; 1:1000 for WB),
anti-HMGB1 (ab18256) (Abcam; 1:1000 for WB, 1:500 for IHC). IHC,
immunohistochemistry; WB, Western blot.

ROS detection
The generation of hydrogen peroxide and superoxide in cell culture was detected using
CellROX™ Deep Red dye and MitoSOX™ Red mitochondrial superoxide indicator
(Invitrogen), respectively, following the manufacturer's instructions.

Statistical analysis
All data are expressed as means with error bars representing the standard deviation.
Statistical calculations were performed using Prism (Graphpad). For comparisons of two
groups, two-tailed unpaired Student’s t-tests were performed. For multiple group
comparisons with normal distribution, ANOVA with Tukey’s analysis was performed. A p
value < 0.05 was considered statistically significant.

Results
p53 deficiency does not affect the innate inflammatory response of non-parenchymal cells
in liver

We recently found that p53 deficiency mitigates carcinogen-induced hepatic inflammation,
cirrhosis and tumorigenesis [14]. Kupffer cells and hepatic stellate cells (HSCs) are key
mediators of hepatic inflammation and fibrogenesis. They have critical roles in both HCC
initiation and various key steps in tumor promotion and show a remarkable degree of
plasticity in phenotypes during the course of tumor progression [15, 16]. To explore whether
they mediate p53-dependent inflammatory effects in the DEN model, we isolated Kupffer
cells resident in the unmanipulated or DEN-treated wild-type or p53+/− rats to compare their
inflammatory responses to either the exogenous ligand lipopolysaccharide (LPS) or the
endogenous stimuli, like necrotic hepatocyte debris. Kupffer cells of both genotypes
produced comparable levels of TNFα, a major mediator of stellate cell collagen synthesis,
when incubated with either LPS or cellular debris from necrotic hepatocytes (Fig.1A,B). The
activation of hepatic stellate cells (HSCs) was also similar between both genotypes as
indicated by loss of the characteristic autofluorescence under ultraviolet excitation and
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induction of the bona-fide HSC activation marker collagen-α1 (Fig. 1C,D). These results
indicate that p53-dependent profibrogenic effects in the DEN model might not be due to
innate differences between Kupffer cell- and stellate cell-mediated inflammatory reactions.
Given DEN is metabolically inactive in these non-parenchymal liver cells, we postulated
that parenchymal cells, such as hepatocytes, secrete factors responsible for eliciting the
inflammatory response that sustains liver damage and promotes tumor progression. We
reasoned that constant p53 activation in hepatocytes triggers the secretion of such
inflammatory factors.

p53 activation leads to HMGB1 release in hepatocytes
To evaluate that hypothesis, we established a hepatocyte cell line isolated from p53-null rats,
based on the rationale that loss of p53 bypasses cell-cycle arrest and cellular senescence
(Supplementary Fig.1A,B). The cells were engineered to express a post-translationally
inducible version of p53 that can mimic the inherent instability of the wild-type protein
(ip53-hepatocytes, Supplementary Fig. 1C)[17]. Induction of p53 led to hepatocyte
apoptosis as indicated by cleavage of Caspase-3. No obvious senescence could be detected
based on the expression of p16INK4, a bona-fide marker of cellular senescence
(Supplementary Fig. 2A). Furthermore, a cytokine array revealed that production of
senescence-associated inflammatory cytokines such as IL-1 and IL-6 [18, 19] was
unaffected by p53 induction (Supplementary Fig. 2B).

Interestingly, the release of HMGB1, a key alarmin that triggers inflammatory responses,
was markedly increased following p53 induction and further enhanced in the presence of
doxorubicin, a DNA damaging agent. In the absence of p53, however, doxorubicin induced
relatively little HMGB1 release (Fig.2A), suggesting that p53 activation is mainly
responsible for HMGB1 release. Consistent with these findings, activation of p53 by Mdm2
inhibitor Nutlin-3, which was used to specifically stabilize p53 protein, or doxorubicin
elicited much more HMGB1 release from primary wild-type hepatocytes than from p53+/−

hepatocytes (Fig.2B). Nutlin-3 seemed to have more potent apoptotic effects than
doxorubicin did at the doses used as indicated by the increased cell death in Nutlin-3 treated
cells (Supplementary Fig. 2C). Furthermore, the exogenous expression of p53 by adenoviral
vector also led to substantial HMGB1 release from wild-type primary hepatocytes (Fig.2C).

Although ROS have been shown to activate HMGB1 release from cultured hepatocytes [20],
intracellular concentrations of hydrogen peroxide and superoxide were not elevated upon
p53 induction in hepatocytes (Supplementary Fig. 2D). ROS production was markedly
induced by doxorubicin but not by p53 (Supplementary Fig. 2D), while considerable
HMGB1 release was elicited by p53 but not doxorubicin (Fig.2A), suggesting that HMGB1
release from hepatocytes is mainly dependent on p53 rather than ROS production. In
accordance, treatment with the antioxidant N-acetylcysteine (NAC) exerted little effect on
p53-induced HMGB1 release (Fig.2C). By contrast, ethyl pyruvate (EP), a stable lipophilic
pyruvate derivative recently found to be a potent inhibitor of HMGB1 release from
endotoxin-stimulated macrophages [21], efficiently prevented the HMGB1 release induced
by exogenous p53 expression driven by adenoviral vector (Fig.2C).

As secreted HMGB1 is known to be a cytokine mediator of inflammation [22], we then
analyzed the functional requirement for HMGB1 in the p53-induced inflammatory response.
Exposing rat peritoneal macrophages to conditioned supernatants from ip53-hepatocytes
with p53 induction stimulated TNFα release, whereas immunodepletion of HMGB1 from
the supernatants eliminated this effect (Fig.2D). These data suggest a key role for HMGB1
in eliciting inflammatory responses in the context of p53-mediated hepatic injury.
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When ip53-hepatocytes were treated with pan-caspase inhibitor Z-VAD-fmk and p53
inhibitor pifithrin-µ, both of which were able to inhibit p53-induced apoptosis, HMGB1
release was largely abrogated (Fig.2E). We then tested whether EP has an inhibitory effect
on p53-induced cell death and HMGB1 release. Incubation with 5 mM EP did not affect
p53-induced apoptosis, as indicated by Caspase-3 cleavage, but efficiently prevented
HMGB1 release from ip53-hepatocytes with p53 induction (Fig.2E). Analysis of cell
viability revealed that p53 activation led to the increased cell death and loss of membrane
integrity, indicating possible leakage of cytoplasmic content to the outside (Fig. 2F). Taken
together, these results suggest that p53-induced cell death is mainly responsible for HMGB1
release in hepatocytes.

Inhibition of HMGB1 release mitigates DEN-induced hepatic injury and tumorigenesis
We have recently shown that DEN treatment results in sustained DNA damage and p53
activation in rat livers [14]. To investigate whether DEN treatment could also lead to
HMGB1 release in vivo, the cellular localization of HMGB1 in DEN-treated livers was
examined as HMGB1 must transit from the nucleus, through the cytoplasm, to the outside of
the cell, where it can act as an inflammatory cytokine. This translocation could represent the
passive release of HMGB1 during liver cell death [23]. Immunohistochemistry analysis
revealed that the cytoplasmic translocation of HMGB1 was more frequent in wild-type
livers than in p53+/− livers at day 7 as well as 10 weeks post DEN administration (Fig.
3A,B). Nuclear accumulation of p53 in wild-type liver provided direct evidence of sustained
p53 activation after 10-week DEN treatment (Fig.3A). Furthermore, after long-term DEN
treatment, the circulating levels of HMGB1 were also substantially elevated in wild-type rats
compared with p53+/− rats (Fig.3C). To test the in vivo effects of secreted HMGB1 in DEN-
induced hepatic injury, we generated adenoviruses that target expression of HMGB1 or GFP
to the liver. Adenovirally expressed HMGB1 in liver without DEN injection did not cause
observable hepatic injury inflammatory response (Fig.3D,E). However, liver toxicity and
inflammatory cytokine production were significantly greater in DEN-treated rats
intravenously injected with Ad-HMGB1 than in equivalently treated GFP control rats (Fig.
3D,E), suggesting that the increased HMGB1 expression and release exacerbated DEN-
induced hepatic injury, possibly via stimulating the inflammatory reaction.

We next attempted to examine the therapeutic potential of the HMGB1-targeting agent EP in
DEN-induced hepatocarcinogenesis. EP was administered to rats starting one week prior to
DEN injection and continued until six weeks after the 10-week DEN treatment. Examination
of ALT levels after one week EP treatment showed minimal change in the serum enzyme
level, suggesting the safety of the EP application (data not shown). EP was used until the
end of the experiment because the hepatic injury persisted due to the inflammatory
responses following DEN-induced liver damage. Immunohistochemical analysis revealed
that HMGB1 cytoplasmic translocation was substantially reduced in EP-treated rats after
DEN administration (Fig.4A). Furthermore, the circulating levels of HMGB1 were also
significantly inhibited in EP-treated rats after long-term DEN treatment (Fig.4B). Most
importantly, long-term administration of EP substantially inhibited DEN-induced chronic
hepatic injury and tumorigenesis in rat livers (Fig.4C–E).

Discussion
A key feature of p53 is that its function is significantly dependent on the cellular
microenvironment. The regulation of cell fate by p53 in the liver also seems to be context-
dependent. p53 activation in murine liver carcinomas has been shown to trigger cell cycle
arrest and cellular senescence but not apoptosis [24]. Using hepatocyte-specific Mdm2-
knockout mice, however, Hayashi et al reported that persistent p53 activation in hepatocytes
led to increased hepatocyte apoptosis and spontaneous liver fibrosis [25]. In addition, p53-
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mediated liver cell apoptosis also plays a crucial role in injury associated with primary
biliary cirrhosis and cholestasis, where the accumulation of toxic bile salts within the liver is
a key event [26, 27]. In our recent [7, 14] and current studies, we demonstrate that sustained
p53 activation mediated by carcinogen-induced DNA damage responses leads to pro-
tumorigenic liver inflammation, at least in part by triggering HMGB1 release. Cell viability
and apoptosis assays revealed that sustained p53 activation resulted in late apoptosis,
necrotic cells death and loss of membrane integrity, which eventually caused the release of
HMGB1. This phenomenon might not represent p53-specific regulation of HMGB1 release.
Constant p53 activation may promote this process by inducing cell death. Extracellular
HMGB1 can act both as a chemoattractant for leukocytes and as a proinflammatory
mediator to induce both recruited leukocytes and resident immune cells to release TNF,
IL-1, IL-6 and other cytokines [28]. Consistent with these observations, we recently showed
that inflammatory infiltration of p53+/− rat livers was much less than that of wild-type
controls, as evidenced by lower numbers of neutrophils, lymphocytes and macrophages
within portal tracts [14]. Accordingly, the circulating levels of HMGB1 as well as
proinflammatory cytokines such as IL-6 and TNFα were detected to be lower in p53+/− rats.
Importantly, immunodepletion of HMGB1 from the conditioned supernatants of ip53-
hepatocytes with p53 induction eliminated TNFα release from macrophages treated with
these supernatants. These results suggest that HMGB1 is a critical mediator of p53-
dependent hepatic inflammation that exerts an important pathogenic role in
hepatocarcinogenesis.

HMGB1 is known to activate immune cells through the differential engagement of multiple
surface receptors including RAGE (receptor for advanced glycation end products) and TLR4
(Toll like receptor 4), which was recently shown to link inflammation and carcinogenesis in
the chronically injured liver [12, 29, 30]. Our results support the notion that endogenous
damage-associated molecular patterns (DAMPs), such as HMGB1, not only trigger
protective immunity against damaged cells but also contribute to inflammation-associated
tumorigenesis. Importantly, we observed that EP efficiently inhibited HMGB1 release from
hepatocytes after p53 induction in vitro and in rat livers treated with DEN, which caused
persistent DNA damage and p53 activation in vivo. The inhibition of HMGB1 release
mitigated DEN-induced hepatic injury and hepatocarcinogenesis, giving direct evidence that
HMGB1 is an important mediator of pro-tumorigenic inflammation following genetic
damage and p53 activation. In line with our results, glycyrrhizin, which has been used
clinically [31, 32] and experimentally [33, 34] for decades to prevent liver cirrhosis and
HCC, was recently proved to be a direct inhibitor of HMGB1 [35].

Emerging data have revealed paradoxical functions of genes previously identified as
prooncogenic or tumor suppressive in hepatocarcinogenesis [36]. The tumor suppressor p53
pathway has evolved to restrict malignant transformation by mounting cooperative cellular
damage and immune responses. Inactivation of p53 is thought to be required for tumor
maintenance, prompting efforts to restore p53 activity as an anticancer therapeutic approach.
Our prior and current results, however, provide evidence that sustained p53 activation in
response to a persistent DNA damage signal, as occurs in livers infected with hepatitis virus
or exposed to carcinogen [37, 38], might lead to unresolved inflammation that drives
progression to malignancy. These findings also have important implications for p53
restoration in cancer therapy. As restoring p53 culls only the most aggressive cells within
tumors [39, 40], its reactivation in unresponsive tumor cells or adjacent normal cells could
instead accelerate tumorigenesis. Strategies that specifically mitigate p53-mediated
inflammatory effects, such as the use of HMGB1 inhibitors, as studied here, might represent
an adjunct therapeutic approach for p53 reactivation. Based on our observation, HMGB1
inhibitors can be used before any p53 restoration therapy, and can also be used after liver
injury is established but p53 is not yet mutated or otherwise inactivated.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. p53 deficiency does not affect the innate inflammatory response of non-parenchymal
cells in liver
(A–B) Kupffer cells were isolated from untreated or DEN-treated (i.p. injection with 70 mg/
kg DEN weekly for one month) WT and p53+/− rats of the same littermate and treated with
lipopolysaccharide (LPS, 10 ng/ml) or necrotic cellular debris prepared by cycles of freeze-
thawing of primary hepatocytes for 16 h. Following treatment, cultures were analyzed for
morphological evidence of Kupffer cell activation (A) and TNFα production in the media
using ELISA (B).
(C–D) Quiescent hepatic stellate cells from WT and p53+/− rats were cultured on plastic for
7 days. Activation of stellate cells is characterized by the development of fibroblastic
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morphology as well as loss of intracellular vitamin A content as assessed by UV-excited
autofluorescence (UV) (C), concomitant with induction of the HSC activation marker
Col1a1 (D). Data are presented as mean ± s.d. Cells isolated from heterozygous
p53tm1(EGFP-pac) rats (p53+/− rats) express GFP as a conceptual proof.
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Figure 2. p53 activation leads to HMGB1 release in hepatocytes
(A) The ip53-hepatocytes were treated with Doxorubicin (DX), Shield1 (S1) or both (DX/
S1) for 6 h. Concentrated supernatants and total cell lysates were sampled and subjected to
Western blot analysis for HMGB1 and p53. Veh, vehicle only; Lys, total cell lysate; Sup,
concentrated supernatant.
(B) Primary WT and p53+/− hepatocytes were treated with Nutlin-3 (N3) or doxorubicin
(DX) for 6h and the HMGB1 release in the concentrated supernatants was measured by
immunoblotting.
(C) Primary WT hepatocytes were infected with blank control adenovirus (Ad-blank) or
p53-expressing adenovirus (Ad-p53) for 12 hours. EP (5 mM) or NAC (N-acetylcysteine, 10
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mM) were added to some Ad-p53-infected cells for the last 6 hours of incubation. The
released HMGB1 in the concentrated supernatants was measured by immunoblotting.
(D) Primary WT rat macrophages were stimulated with the conditioned medium from
Shield1-treated ip53-hepatocytes with or without HMGB1 immunodepletion. Supernatants
were collected after 16 hours and TNFα levels were quantified using a commercial ELISA
kit. w/o, without; IP, immunodepletion. Results are means ± s.d., n = 3 in each group, p =
0.0231.
(E) The ip53-hepatocytes were treated with Shield1 in the presence of Z-VAD-FMK (50
µM, z), Pifithrin-µ (10 µM, µ) or ethyl pyruvate (5 mM, EP) for 6h, and the HMGB1 release
was measured by immunoblotting. Note that EP does not inhibit p53-induced apoptosis
(Caspase-3 cleavage) but efficiently prevented HMGB1 release.
(F) The ip53-hepatocytes were treated as above in (E) and the cell viability was measured by
calculating the ratio of released LDH activity to total activity.
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Figure 3. Secreted HMGB1 contributes to DEN-induced chronic hepatic injury and
tumorigenesis
(A) Immunohistochemistry analysis of HMGB1 and p53 in liver sections of WT rats
compared with p53+/− rats 7 days or 10 weeks after DEN treatment. Red arrowheads
indicate areas showing cytoplasmic translocation of HMGB1 or nuclear accumulation of
p53. Scale bars, 50 µm.
(B) Quantification of cells positive for cytoplasmic HMGB1 in liver sections of (A). Results
are mean±s.d., *P<0.05, **P<0.01.
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(C) Circulating levels of HMGB1 were measured by immunoblotting in WT and p53+/− rats
on week 10 of DEN treatment. Albumin in serum was blotted as loading control. Numbers
indicate individual rats.
(D) Wild-type rats were i.v. injected with recombinant adenoviruses expressing GFP or
HMGB1 and, 24h later, were treated with saline or DEN. Forty eight hours later, serum
levels of ALT were measured. Results are means ± s.d., n = 5 in each group. p = 0.0345 for
ALT
(E) Serum levels of IL-6 and TNFα were measured in rats treated in (D). Results are means
± s.d., n = 5 in each group. and p= 0.0163 for IL-6 levels and p = 0.0333 for TNFα levels,
respectively.
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Figure 4. Eythl pyruvate mitigates chronic hepatic injury and tumorigenesis after DEN
treatment
(A) Wild-type rats were administered with DEN together with saline or EP for 10 or 14
weeks. Immunohistochemistry analysis of HMGB1 shows the preventive effects of EP on
cytoplasmic translocation of HMGB1. Red arrowheads indicate areas showing cytoplasmic
translocation of HMGB1. 100× and 200× magnifications are shown as indicated. Scale bars,
50 µm.
(B) The circulating levels of HMGB1 were measured by ELISA analysis in saline- or EP-
treated groups at the indicated times during DEN treatment. Results are means ± s.d., n = 5.
p < 0.05.
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(C) The serum levels of ALT were measured in saline- or EP-treated groups at the indicated
times during DEN treatment. Results are means ± s.d., n = 5. p < 0.0001.
(D) Representative photographs of livers from DEN-treated rats with or without EP
treatment.
(E) Number (p = 0.0264) and Largest tumor size of HCCs (≥ 2 mm, p = 0.01361) were
quantified in DEN+saline and DEN+EP groups on week 16, six weeks after the end of DEN
treatment. Results are means ± s.d., n = 5.
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