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The mobilization and extracellular release of nuclear high
mobility group box-1 (HMGB1) by ischemic cells activates in-
flammatory pathways following liver ischemia/reperfusion
(I/R) injury. In immune cells such as macrophages, post-trans-
lational modification by acetylation appears to be critical for
active HMGBI release. Hyperacetylation shifts its equilibrium
from a predominant nuclear location toward cytosolic accu-
mulation and subsequent release. However, mechanisms gov-
erning its release by parenchymal cells such as hepatocytes are
unknown. In this study, we found that serum HMGBI released
following liver I/R in vivo is acetylated, and that hepatocytes
exposed to oxidative stress in vitro also released acetylated
HMGBI. Histone deacetylases (HDACsS) are a family of en-
zymes that remove acetyl groups and control the acetylation
status of histones and various intracellular proteins. Levels of
acetylated HMGBI1 increased with a concomitant decrease in
total nuclear HDAC activity, suggesting that suppression in
HDAC activity contributes to the increase in acetylated
HMGBI release after oxidative stress in hepatocytes. We iden-
tified the isoforms HDAC1 and HDAC4 as critical in regulat-
ing acetylated HMGBI1 release. Activation of HDAC1 was de-
creased in the nucleus of hepatocytes undergoing oxidative
stress. In addition, HDAC1 knockdown with siRNA promoted
HMGBI1 translocation and release. Furthermore, we demon-
strate that HDAC4 is shuttled from the nucleus to cytoplasm
in response to oxidative stress, resulting in decreased HDAC
activity in the nucleus. Together, these findings suggest that
decreased nuclear HDAC1 and HDAC4 activities in hepato-
cytes following liver I/R is a mechanism that promotes the hy-
peracetylation and subsequent release of HMGBI1.

High Mobility Group Box Protein 1 (HMGB1)? is a ubiqui-
tously expressed nuclear molecule that functions as a struc-
tural protein of chromatin (1). In addition to its nuclear role,
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HMGB1 also functions as an inflammatory cytokine when
released from necrotic cells or actively secreted from stressed
cells. Its proinflammatory properties were first highlighted in
experiments showing that HMGBI is actively secreted by ac-
tivated macrophages, serving as a late mediator of lethality in
sepsis (2). Whereas HMGBI is involved in the late systemic
inflammatory response to sepsis, our laboratory demonstrated
that HMGBI1 is a central and necessary mediator of organ
damage following acute, sterile organ injury (3, 4). HMGBL is
rapidly mobilized and released by hepatocytes in the setting of
hepatic ischemia and reperfusion injury. Extracellular
HMGBI functions as a damage-associated molecular pattern
(DAMP) molecule and activates proinflammatory signaling
pathways by activating pattern recognition receptors includ-
ing Toll-like receptor 4 (TLR4) and the receptor for advanced
glycation end-products (RAGE) (5, 6). Mounting evidence
suggests HMGB1 may also function to facilitate the recogni-
tion of other immune co-activators such as LPS, DNA, and
IL-1 through avid binding to these molecules (7-9).
Thorough understanding of the pathophysiology of liver
I/R is vital, as it is commonly encountered clinically during
elective liver surgical procedures, solid organ transplantation,
trauma, and hypovolemic shock. The liver exhibits both direct
cellular damage as the result of the ischemic insult as well as
further dysfunction and damage resulting from activation of
inflammatory pathways (10). We have previously shown that
hepatocytes actively release HMGBI1 in response to oxidative
stress, suggesting that these parenchymal cells can provide
danger signals to neighboring immune cells in the liver to
promote inflammation and organ damage (11). Although
HMGBI1 can be passively released following necrosis, our
findings demonstrate that oxidative stress in hepatocytes
leads to early shuttling from the nucleus to cytoplasm, fol-
lowed by its subsequent release in the absence of cell death.
This suggests that HMGB1 mobilization in these cells is an
active, regulated process. The pathways governing HMGB1
release from hepatocytes are unclear, although proximal
events are known to involve TLR4 activation and calcium sig-
naling through calcium/calmodulin-dependent protein ki-
nases (CaMKs) (11). In other cell types, downstream events
governing HMGBI1 release have been linked to oxidation/
reduction (12) and post-translational modifications that in-
clude phosphorylation (13) and acetylation (14). However, in
liver I/R it is unknown if post-translational modifications of
HMGBI regulate its release from hepatocytes.
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Histone deacetylases (HDACs) are a family of enzymes,
which remove acetyl groups from lysine residues (15). While
these enzymes were named according to their ability to mod-
ify histone proteins, they also play important roles in regulat-
ing the acetylation status of non-histone proteins (16, 17).
Recent findings demonstrate that HMGB1 export from the
nucleus and subsequent excretion in monocytes stimulated
with bacterial lipopolysaccharide (LPS) involved hyperacetyla-
tion. Interestingly, HDAC inhibition also promoted HMGB1
hyperacetylation and extracellular release, suggesting a role
for HDAC: in regulating HMGB1 (14).

The purpose of this study was to examine the role of
HDAC:s in mediating HMGB1 acetylation and release in
hepatocytes following liver I/R. We show in an in vivo model
that serum HMGBI is acetylated, and that this process is de-
pendent on a reduction in nuclear HDAC activity in response
to oxidative stress. Thus, the fraction of hyperacetylated
HMGBI increases, promoting its translocation and release.
We further investigate the role of the HDAC isoforms,
HDAC1 and HDACY4, in regulating post-translational modifi-
cations of HMGBI to influence its translocation and release
from oxidative stressed hepatocytes.

EXPERIMENTAL PROCEDURES

Animals—All animals were maintained in a laminar-flow,
pathogen-free atmosphere at the University of Pittsburgh.
Animal protocols were approved by the Animal Care and
Use Committee of the University of Pittsburgh, and the
experiments were conducted in adherence to the National
Institute of Health Guidelines for the Use of Laboratory
Animals. Male C57BL/6 mice were purchased from Jackson
Laboratories and were used at the age of 8 —12 weeks and
the weight of 25-35 g.

In Vivo Warm I/R Model—A previously described I/R pro-
tocol involving a nonlethal model of segmental (70%) hepatic
warm ischemia was used (18). Sham animals underwent anes-
thesia, laparotomy, and exposure of the portal triad without
hepatic ischemia. Baseline or untreated animals were given
anesthesia and sacrificed without exposure of the portal triad.

Hepatocyte Isolation—Hepatocytes were isolated from mice
by an in situ collagenase (type IV, Sigma) perfusion technique
as described previously (19). Hepatocyte purity exceeded 98%
as assessed by light microscopy, and viability was typically
greater than 95% as determined by trypan blue exclusion
assay.

Cell Culture and Treatment—Hepatocytes (3 X 10°) were
plated onto 6-cm gelatin-coated plastic tissue culture dishes.
The initial culture medium was William’s medium E contain-
ing 10% calf serum, 15 mMm Hepes, 2 mm L-glutamine, and 100
units/ml of penicillin and streptomycin. Hepatocytes were
allowed to attach to the plates overnight. The medium was
then changed before addition of chemical inhibitors. For hy-
poxia experiments, the medium was replaced with hypoxic
medium (equilibrated with 1% O,, 5% CO,, and 94% N,), and
placed into a hypoxia chamber (Coy).

Isolation of Nuclear and Cytoplasmic Proteins—Frozen liver
tissues were suspended in a buffer that contained 10 mm Tris,
pH 7.5, 1.5 mm MgCl,, 10 mm KCl, and 0.1% Triton X-100
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and lysed by homogenization. The samples were gently vor-
texed every 5 min for 30 min and then centrifuged at 7,500
rpm for 5 min. The supernatant that contained cytoplasmic
and membrane protein was collected and stored at —80 °C.
Nuclear proteins were extracted at 4 °C by gently resuspend-
ing the nuclei pellet in buffer that contained 20 mm Tris, pH
7.5, 20% glycerol, 1.5 mm MgCl,, 420 mm NaCl, 0.2 mm
EDTA, and 0.1% Triton X-100. After 1 h with occasional vor-
texing, resuspended nuclear proteins were centrifuged at
13,000 rpm for 15 min at 4 °C, and the supernatant that con-
tained nuclear proteins was collected. Protein concentration
was determined with BCA protein assay reagent (Pierce).

SDS-PAGE and Western Blotting—20 ug of protein was
diluted in SDS buffer and run on SDS-PAGE gels (8, 10, 12%).
Samples were transferred to nitrocellulose overnight, and
blocked with 5% BSA for 8 h. They were then incubated over-
night with primary antibodies, which included anti-HMGB1
(1:1000; Abcam); anti-acetyl-lysine (1:1000, Cell Signaling),
anti-HDACI1 (1:1000; Santa Cruz Biotechnology); anti-
pHDACT1 (1:1000; Abcam); anti-HDAC4 (1:1000; Santa Cruz
Biotechnology); anti-pHDAC4 (1:1000; Abcam), anti-histone
H3, Ac-H3 Lys9, Ac-H3 Lys18 (1:1000; Cell Signaling). After
washing, membranes were incubated with horseradish peroxi-
dase-coupled rabbit or mouse secondary antibodies (1:5000 to
1:10,000) in 5% milk for 1 h and developed with the Super
Signal West Pico chemiluminescent kit (Pierce).

HDAC Colorimetric Activity Assay—HDAC Activity Colori-
metric Assay kit (Abcam, ab1432) was used according to the
manufacturer’s protocol. Briefly, 100 ug of nuclear protein
was diluted in a final volume of 85 ul of ddH,O and placed in
a round bottom 96-well plate. 10 ul of the 10X assay buffer
was added to each well followed by 5 ul of the HDAC colori-
metric substrate. The mixture was incubated at 37 °C for 3 h.
10 ul of Lysine Developer was then added, and the plate was
incubated at 37 °C for 30 min. The sample was read in an
ELISA plate reader at 405 nm.

Immunofluorescent Staining—Cells were cultured on cover-
slips and washed twice with cold PBS, fixed with 2%
paraformaldehyde in PBS for 15 min, permeabilized with 0.1%
Triton X-100 in PBS for 30 min at room temperature, and
blocked for 1 h with 5% BSA in PBS. Then cells were incu-
bated with the specific primary antibody for HMGB1 (Abcam,
ab18256) in 1% BSA for 1 h, washed, and incubated with sec-
ondary antibody (AlexaFluor 488 goat anti-rabbit, Invitrogen).
F-actin was stained with rhodamine phalloidin (Invitrogen).
Cells were mounted with Vecta-Shield Mounting media with
DAPI nuclear stain. Slides were viewed with Olympus Provis
and Leica TSL-SL immunofluorescent microscopes.

Cell Transfection and RT-PCR—Murine hepatocytes at a
concentration of 2.0 X 10° were seeded in 6-cm dishes. Hepa-
tocytes were allowed to adhere overnight. Cells were washed
and transfected for 6 h in Opti-Mem serum-free medium with
siRNA for HDACI1 (Santa Cruz Biotechnology, sc-29344) or a
scrambled, control siRNA (Santa Cruz Biotechnology,
sc-37007) using Lipofectin transfection reagent (Invitrogen).
Total levels of HDAC1 mRNA and protein were analyzed at
24 h and 40 h, respectively. For HDAC1 mRNA expression,
total RNA was extracted using TRIzol reagent (Invitrogen)
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FIGURE 1. HMGB1 is acetylated and released in warm liver I/R injury and hypoxia. Co-immunoprecipitation analysis from mouse liver tissue lysates and
serum following I/R. Mice were divided into sham or I/R groups. I/R groups underwent 60 min of warm ischemia followed by reperfusion. Blot shown is rep-
resentative of three experiments with similar results. A, ischemic liver tissue lysates were immunoprecipitated with an anti-acetyl antibody and immuno-
blotted for HMGB1. Anti-rabbit IgG was used as a negative control. The blot shown is representative of three experiments with similar results. B, Western
blot of mouse serum samples following I/R for anti-acetyl-lysine. C, co-immunoprecipitation of mouse serum following I/R. Samples were pulled down with
anti-HMGB1 and immunoblotted with anti-acetyl-lysine. The blot was then stripped and re-probed for HMGB1. D, whole cell lysates of hepatocytes exposed
to 1% hypoxia were immunoprecipitated with an anti-acetyl-lysine antibody and immunoblotted for HMGB1. The blot shown is representative of three ex-

periments with similar results. £, co-immunoprecipitation of cell culture supernatants following stimulus with hypoxia (1% O,) for acetylated HMGB1.

according to the manufacturer’s instructions. RT-PCR was
performed using the Titanium One-Step PCR kit (Clontech)
with primers for HDAC1-HDACO9.

Co-immunoprecipitation—Immunoprecipitation was per-
formed with 1 ug of antibodies against acetyl-lysine or
HMGBI1 in 200 ug whole lysate protein or 40 ul of serum di-
luted in IP buffer (50 mm Hepes, 0.5% Nonidet P-40, 150 mm
NaCl, 10% glycerol, 1 mm EDTA). Normal rabbit IgG was
used as a negative control. Samples were first precleared with
a nonspecific IgG antibody. Precleared lysates were then incu-
bated with antibody either to anti-acetyl-lysine or HMGB1
overnight, and then incubated for 2 h with protein A/G-aga-
rose. Samples were washed four times with PBS and subjected
to Western blot analysis.

HMGBI Translocation Quantification—Hepatocytes were
analyzed using a high content analysis platform on an Array-
scan VTi (Cellomics). Hepatocytes in 96-well plates were
fixed and stained for HMGBI1, and subsequently analyzed for
nuclear and cytoplasmic staining intensities using Spotfire
Decisionsite software. Hepatocytes that accumulated HMGB1
in the cytoplasm in each treatment group were quantified
using a staining intensity threshold for cytoplasmic HMGB1.

RESULTS

HMGBI Is Acetylated and Released in Warm Liver I/R In-
jury and Hypoxia— Acetylation is a post-translational modifi-
cation that can influence protein localization and function. In

39890 JOURNAL OF BIOLOGICAL CHEMISTRY

monocytes stimulated with LPS, hyperacetylation of HMGB1
allows nuclear shuttling of the protein into the cytoplasm and
subsequent release (14). To determine the acetylation status
of HMGBI1 after liver I/R injury, mice were subjected to he-
patic I/R and levels of acetylated HMGB1 assessed by co-im-
munoprecipitation from liver whole cell lysates (Fig. 14). One
hour of ischemia without reperfusion induced a detectable
difference in the amount of acetylated HMGB], and it was
also detectable at 1 h of reperfusion. These results were fol-
lowed by the appearance of acetylated HMGB1 in the serum
after reperfusion (Fig. 1, B and C). First we immunoblotted
serum samples with anti-acetyl-lysine and observed a strong
band appearing at 29 kDa, the molecular mass of HMGBI.
Furthermore, the band intensity increased at 1 h and 6 h
reperfusion. To identify acetylated HMGBI in the serum, we
co-immunoprecipitated with anti-HMGB1 and immuno-
blotted with anti-acetyl-lysine. Again, the strongest signals
were observed at 1 h and 6 h of reperfusion. We should note,
however, that we observed a low but detectable signal in both
the control Rabbit IgG pull-down sample and sham-operated
animals co-immunoprecipitated with anti-HMGB1. We be-
lieve this is due to HMGB1’s nonspecific interaction IgG (20),
as we observed this phenomenon only in serum samples. The
blots were stripped and re-probed for HMGBI to confirm
pull-down, and we observed an identical pattern, suggesting
that serum HMGBI1 is acetylated after hepatic I/R injury.
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FIGURE 2. Nuclear HDAC activity is decreased after liver I/R and hypoxia. A, nuclear protein was extracted from mice livers subjected to a time course of
ischemia/reperfusion. HDAC activity was determined by colorimetric assay. *, p < 0.05. Assay shown is representative of three experiments with similar re-
sults. B, Western blot of acetylated (Lys-9 and Lys-18) and total H3 in sham and 1 h I/R mice. C, hepatocytes were exposed to hypoxia (1% O,) for 1, 4, 8, and
24 h and nuclear protein was analyzed for HDAC activity. *, p < 0.05. Assay shown is representative of three experiments with similar results.

To further investigate the role of acetylation in regulating
HMGBI release in vitro, we used primary cultured hepato-
cytes, which we have shown to be the main source of actively
secreted HMGBI in liver I/R injury. Hypoxia is believed to be
the initiating event during I/R; thus, we assessed acetylated
HMGBI1 in cultured hepatocytes exposed to hypoxia. We
found that 1% hypoxia also induced acetylation of HMGBLI in
hepatocytes (Fig. 1, D and E). Using co-immunoprecipitation
from hepatocyte whole cell lysates, we found a time-depen-
dent increase in acetylated HMGBI beginning as early as 3 h
of hypoxia. A parallel pattern was observed in the cell culture
supernatants (Fig. 1E). Combined, these findings demonstrate
that liver I/R and hypoxic stress in hepatocytes result in the
acetylation and release of HMGB1.

Nuclear HDAC Activity Decreases after Liver I/R and
Hypoxia—Because the level of acetylated HMGB1 increased
with liver I/R and hypoxia, we used colorimetric assays to
asses nuclear HDAC activity during I/R. We found that nu-
clear HDAC activity was significantly decreased in liver tissue
from animals subjected to I/R compared with baseline ani-
mals during ischemia and early reperfusion (Fig. 2A4). Further-
more, levels of acetylated histone H3 were also increased after
I/R at Lys-9 and Lys-18 (Fig. 2B). These results suggest that a
reduction in nuclear HDAC activity leads a net increase in the
nuclear acetylation/deacetylation balance, which promotes
HMGBI hyperacetylation. In vitro, nuclear HDAC activity
was also suppressed in hepatocytes by 1% hypoxia at 8 h and
24 h (Fig. 2C). These findings suggest that HDAC activity is
suppressed in vivo during I/R and in vitro during hypoxia.
This, in turn, contributes to hyperacetylation of HDAC sub-
strates, including histones and HMGB1.
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Inhibition of HDACs Results in Nuclear-Cytosolic Translo-
cation of HM GBI and HMGBI Release—To further investi-
gate the relationship between HDACs and HMGB1, mouse
hepatocytes were treated with an HDAC inhibitor, trichosta-
tin A (TSA). TSA has previously been examined in cultured
rat hepatocytes (21, 22), with doses of up to 50 um being well
tolerated. We found a dose of 1 um to be non-toxic to hepato-
cytes in normoxic or hypoxic culture conditions up to 24 h
following treatment (Fig. 34). Hepatocytes were treated with
TSA for 24 h, and Western blot analysis of the cell culture
supernatants for HMGB1 was performed. In contrast to the
low amount of HMGBI in the supernatant seen at baseline,
TSA induced levels of HMGBI release into the supernatant
similar to that seen with H,O, treatment (Fig. 3B). In addi-
tion, we found a dose-dependent relationship between TSA
treatment and the amount of acetylated HMGBLI in cell cul-
ture supernatants, suggesting a relationship between HMGB1
acetylation and its extracellular release (Fig. 3C). Next, we
treated hepatocytes with TSA for 8 h and performed immuno-
fluorescent staining for HMGB1. Untreated hepatocytes ex-
hibited strong nuclear localization of HMGB1, while both
HDAC inhibition and stimulation with H,O, induced nuclear-
cytoplasmic translocation of HMGBI at 8 h (Fig. 3D). We also
used high content analysis to quantify the effect of HDAC
inhibition on HMGBI1 translocation in hepatocytes (Fig. 3E).
As expected, treatment with 8 h hypoxia resulted in a dra-
matic increase in the fraction of viable hepatocytes in which
HMGBI1 translocated from the nucleus to the cytoplasm. Fur-
thermore, TSA treatment in normoxia induced a dose-depen-
dent, statistically significant increase in the fraction of
HMGBI1 translocation-positive cells. We also used another
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FIGURE 3. Inhibition of HDAC results in nuclear-cytosolic translocation of HMGB1 and HMGB1 release. A, hepatocyte cell viability was examined by
Crystal Violet staining in normoxia and hypoxia following treatment with 1 um TSA. B, Western blot analysis of rat hepatocyte cell supernatants for HMGB1
after TSA treatment or 500 um H,0, treatment. Blot shown is representative of three experiments with similar results. C, co-immunoprecipitation of cell su-
pernatants following treatment with TSA. Cells were immunoprecipitated with anti-HMGB1 and immunoblotted for anti-acetyl-lysine. Blot shown is repre-
sentative of three experiments with similar results. D, rat hepatocytes were treated with 1 um TSA or 500 um H,0, and stained for HMGB1. Green, HMGB1;
blue, nuclei; red, F-actin. Imaging shown is representative of three experiments with similar results. £, high content analysis for HMGB1 translocation in
hepatocytes cell cultures. Cells were immunostained for HMGB1 and staining intensities were quantified in both nuclear and cytosplasmic compartments
using a Cellomics™ Arrayscan® platform. “HMGB1 translocation-positive” and “HMGB1 translocation-negative” cell populations were identified using Spot-
fire Decisionsite Software. *, p < 0.05. F, Western blot analysis for HMGB1 of nuclear and cytoplasmic protein from primary rat hepatocytes treated with 10
mwm of the HDAC inhibitor Scriptaid, or its inactive analog, Nullscript and subjected to hypoxia (1% O,) for various time points.

HDAC inhibitor, Scriptaid, and its inactive analog, Nullscript,
to investigate the effect of HDAC inhibition on HMGB1
translocation. Crystal violet staining revealed a dose of 10 mm
to be non-toxic to hepatocytes (data not shown). By Western
blot analysis, the majority of HMGB1 was found in the nu-
cleus at baseline. Addition of Scriptaid induced HMGB1
translocation from the nucleus to the cytosol at 8 h (Fig. 3F).
In contrast, the Nullscript-treated hepatocytes maintained a
constant nuclear-to-cytosolic ratio of HMGBI. These results
show that HDAC inhibition promotes nuclear-to-cytoplasmic
translocation and release of acetylated HMGB1 from hepato-
cytes, and they support a role for HDAC regulation of
HMGBI.
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HDACI and HDAC4 Are Expressed in Mouse Hepatocytes—
The above inhibitors of HDACs are not specific for a particu-
lar HDAC isoform, and the HDAC activity assays measure the
activity of all HDAC:s. To first determine HDAC subtype(s)
expressed most strongly in mouse hepatocytes, RT-PCR was
performed on RNA isolated from hepatocyte cultures. The
mostly highly expressed HDAC mRNAs were HDAC1 and 4
(Fig. 4A). Next, to assess whether HDAC1 and HDAC4 were
altered in response to I/R injury, mice were subjected to liver
I/R, and Western blots analysis was performed on protein
from sham and 1 h I/R animals. Consistent with the in vitro
results, HDAC1 and HDAC4 proteins were expressed in the
mouse liver (Fig. 4B). In addition, protein levels of HDAC1
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and HDAC4 were unchanged following I/R. Thus, we hypoth-
esized that that the reduction in overall nuclear HDAC activ-
ity following I/R or oxidative stress was due to regulation of
HDAC1 and HDAC4 rather than changes in their overall total
protein levels.

Next, we focused on deacetylase activity of HDACI, as its
activity is determined, in part, by its phosphorylation status
(23, 24). We examined if liver I/R altered HDAC1 phosphory-
lation status. Compared with baseline, 1 h of ischemia re-
sulted in a decrease in phosporylated HDACI1 (Fig. 4C). Upon
reperfusion, levels of phosphorylated HDAC1 remained low
but increased compared with ischemia. We then exposed
hepatocytes to 1% hypoxia and Western blot analysis for
phosphorylated HDACI in nuclear extracts was performed.
By 2 h, levels of phosporylated HDAC1 decreased signifi-
cantly. Thus, hypoxia appears to be a strong stimulus for the
dephosphorylation of HDAC1 in hepatocytes.

Specific Inhibition of HDACI Promotes Translocation of
Nuclear HM GBI to the Cytoplasm and Increases HMGBI
Release—To more specifically investigate the role of HDAC1
in HMGBI1 release, hepatocytes were transfected with
HDACT siRNA and subjected to 8 h of hypoxia. Addition of
HDACIT siRNA, but not scrambled siRNA, decreased the lev-
els of HDAC1 mRNA and protein in both normoxia and hy-
poxia (Fig. 5, A and B). We then assessed HMGB1 localization
under baseline and hypoxia conditions in the HDAC1 siRNA
treated cells. Addition of HDACI siRNA to normoxic cells
mobilized HMGBI out of the nucleus into the cytoplasm, and
after hypoxia, even more HMGBI translocated into the cyto-
plasm (Fig. 5C). Western blot analysis of supernatants from
these hepatocytes supported these findings. Hypoxia alone
caused an increase in HMGBI release. This effect was aug-
mented by HDAC1 knockdown, while the addition of scram-
bled siRNA had no effect (Fig. 5D). Our findings show
HDACT has a potential role in altering HMGBI localization
and release.
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HDACH4 Is Shuttled from the Nucleus to the Cytoplasm dur-
ing I/R—The nuclear activities of class Il HDACs (e.g
HDAC4) are regulated in part by shuttling between the nu-
cleus and cytoplasm. Phosphorylation of HDAC4 promotes
its translocation to the cytoplasm, resulting in decreased
HDAC activity in the nucleus (25, 26). We hypothesized
that liver I/R is also a stimulus for HDAC4 phosphoryla-
tion and cytoplasmic shuttling. We performed Western
blot analysis for phospho-HDAC4 on nuclear and cytoplas-
mic fractions of liver tissue from mice subjected to I/R (Fig.
6A). In sham-treated animals, a low basal level of phospho-
HDAC4 was detected in both the nuclear and cytoplasmic
fractions. Nuclear phospho-HDAC4 levels increased as
early as 30 min reperfusion and peaked at 1 h. By 2 h reper-
fusion, the amount of nuclear phospho-HDAC4 began to
decrease. This pattern was consistent with results observed
in the cytoplasmic fraction. We observed a time-dependent
increase in cytoplasmic phospho-HDAC4 from baseline
sham levels. We also measured total cytoplasmic HDAC
activity in these samples by colorimetric HDAC assay.
Compared with sham-operated mice, total cytoplasmic
HDAC activity increased following I/R (Fig. 6B). We inter-
pret these results to indicate that the overall cytoplasmic
HDAC activity increase is due, at least in part, to shuttling
of active, phosphorylated HDAC4 into the cytoplasm. We
also investigated HDAC4 shuttling in vitro in hepatocytes.
In response to oxidative stress by H,O, and hypoxia, in-
creased levels of phospho-HDAC4 were observed in the
cytoplasm. Western blot analysis for HDAC4 and phoso-
pho-HDAC4 were performed on hepatocyte cytoplasmic
fractions following H,O, stimulation, where we observed a
time-dependent increase in this compartment (Fig. 6C).
Immunofluorescent staining for phospho-HDAC4 was also
performed on hepatocytes stimulated with hypoxia for 1 h
(Fig. 6D). In normoxic controls, phospho-HDAC4 staining
was positive in both the nuclear and cytoplasmic compart-
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FIGURE 5. Specific inhibition of HDAC1 promotes translocation of nuclear HMGB1 to the cytoplasm and increases HMGB1 release. Mouse hepato-
cytes were transfected with scrambled siRNA or HDAC1 siRNA and subjected to RT-PCR 24 h post-transfection (A) or Western blot (B) analysis 40 h post-
transfection. Blots shown are representative of three experiments with similar results. C, hepatocytes were transfected with 10 um HDAC1 siRNA analyzed
by immunofluorescent staining 40-48 h later. Cells were analyzed in normoxia or after 1, 4, and 8 h of hypoxia (1% O,) by immunostaining. Green, HMGB?1;
blue, nuclei. Imaging shown is representative of three experiments with similar results. D, Western blot for HMGB1 in cell supernatants of hepatocytes trans-
fected with HDAC1 siRNA following 8 h of hypoxia. The blot shown is representative of three experiments with similar results.
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pho-HDAC4 during I/R. B, total HDAC activity as measured by colorimetric assay at 1 h reperfusion. C, in vitro, hepatocytes were stimulated with 500 um
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for 1 h and stained for phospho-HDAC4.

ments, while in hypoxic cells the nuclear phospho-HDAC4
signal was not observed. Collectively, these data demon-
strate that nuclear HDAC4 is phosphorylated in vivo by I/R
and in vitro by oxidative stress, where it is rapidly shuttled
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into the cytoplasm. This shuttling contributes to a
decrease in total nuclear HDAC activity observed after
liver I/R, which favors hyperacetylation and release of
HMGBI.
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FIGURE 7. I/R induces release of acetylated-HMGB1 from hepatocytes
through HDAC1 deactivation and HDAC4 shuttling. The proposed
model showing release of acetylated HMGB1 following I/R. Both de-activa-
tion of nuclear HDAC1 and cytosplasmic shuttling of HDAC4 contribute to a
reduction in overall nuclear HDAC activity, tilting the acetylation/deacetyla-
tion balance of HMGB1 toward net acetylation and release.

DISCUSSION

Damaged cells activate innate immunity and recruit inflam-
matory cells by releasing danger signals collectively known as
DAMPs. One such molecule is HMGB1, which has been im-
plicated as an early mediator of organ damage in I/R injury
and hemorrhagic shock, as well as a late mediator of lethality
in endotoxic shock (2, 3, 27). HMGBI1 release occurs passively
through necrosis (28), but it is also actively secreted by apo-
ptotic (29) and oxidative-stressed (11) cells. In most cases the
cells actively secreting HMGB1 appear to be immune cells
such as macrophages, natural killer cells (30), and dendritic
cells (31). However, it is becoming increasingly clear that non-
immune parenchymal cells also participate in active HMGB1
secretion (32, 33). Our previous work demonstrated that the
main source of actively secreted HMGB1 comes from paren-
chymal cells of the liver, hepatocytes. It has also been shown
that neutralizing antibodies to HMGB1 ameliorate liver I/R
injury, thereby suggesting a therapeutic benefit of blocking
active HMGBI release to minimize I/R-associated damage.
This study was undertaken to determine the role of acety-
lation in ischemia-induced HMGB1 mobilization and re-
lease from hepatocytes following I/R. We provide evidence
that ischemia reduces total nuclear HDAC activity by inac-
tivation of HDACI1 and cytoplasmic shuttling of HDACA4.
This, in turn, is associated with an increase in HMGB1
acetylation, translocation to the cytoplasm, and extracellu-
lar release (Fig. 7).

It has not yet been shown that HMGB1 can be acetylated in
an in vivo model of acute, sterile organ injury. Here, we show
that liver I/R injury induced HMGBL1 acetylation in hepato-
cytes as early as 1 h of ischemia and that acetylated HMGB1
was released into the serum. The ability of oxidative stress to
induce acetylation of HMGBI1 was also confirmed in an in
vitro model, whereby 1% hypoxia induced HMGB1 acetyla-
tion. These data suggest that acetylation is a post-transla-
tional modification that directs HMGB1 movement across the
nuclear membrane in non-hematopoietic cells under redox
stress. Understanding mechanisms of HMGBI release in re-
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dox-stressed cells is a crucial step in devising therapies to
limit injury after I/R. A number of mechanisms have been
described about the regulation of HMGB1 translocation and
release in various cell types.

Acetylation, phosphorylation, and redox control of
HMGB1 have all been shown to influence its subcellular loca-
tion in response to various stimuli (12, 14, 34). Acetylated
HMGBI was first identified in 1979 (35) and has since been
shown to be involved in regulating HMGB1 DNA binding
properties along with its subcellular location, as hyperacetyla-
tion of HMGB1 shifts its equilibrium from a predominant
nuclear location toward cytosolic accumulation. In vitro ex-
periments showed that in macrophages, lysine residues of
HMGB1 between 27 and 43 represent functional nuclear lo-
calizing signals (14). Phosphorylation of HMGBL is another
regulatory mechanism that influences its subcellular loca-
tion(13). Recently, it was shown that HMGB1 phosphoryla-
tion by calcium/calmodulin protein kinase IV caused nuclear-
to-cytoplasmic shuttling and release in LPS-stimulated
macrophages (34). Also, phosphorylation mechanisms involv-
ing the classical Protein Kinase C have been described (36).
Redox control mechanisms are less well known; however, it
has been shown that Cys-106 of HMGBI1 is required for its
nuclear import (12). In all of these instances, post-transla-
tional modifications influence HMGBI1 subcellular location by
altering the availability or binding properties of its nuclear
localization signals or nuclear export signals. Because these
modifications occur at different amino acid residues on the
HMGBI protein, it is likely that a combination of these mech-
anisms work in parallel to regulate HMGBI1 release.

Our observation that hepatocytes treated with HDAC in-
hibitors, TSA or Scriptaid, induced nuclear-cytosolic translo-
cation and extracellular release of HMGB1 suggests that one
or more HDAC subtypes control acetylation status of
HMGBL. TSA is a pan-HDAC inhibitor with the ability to
induce apoptosis in certain cell types, and recently it has been
shown that HMGBI can be released from late apoptotic cells
(29, 37). Whereas it is a possibility that HMGBI1 release oc-
curred secondary to the induction of apoptosis in TSA-
treated cells, we confirmed (data not shown) the finding that
TSA does not induce apoptosis in primary cultured hepato-
cytes (38, 39), although this effect is observed in a number of
other liver cancer cell lines (40, 41).

Histone deacetylase activity is dependent on a multitude of
signaling pathways that control gene expression, growth, and
response to stress. They are subjected to a number of post-
translational modifications that have been well characterized
(42). Phosphorylation is a key mechanism regulating virtually
all members of the HDAC family. HDAC1 phosphorylation
has been associated with both an increase and a decrease in
enzymatic activity along with disruption of HDAC1 protein
complexes. Although not well delineated, it is generally re-
garded that phosphorylation of HDAC1 promotes its activity,
while de-phosphorylation decreases its activity. Thus, our
observation that I/R and hypoxia caused de-phosphorylation
of HDACI and a concomitant decrease in HDAC activity sup-
ports the idea that de-phosphorylation of HDACI decreases
its enzymatic activity. In contrast, HDAC4 is a class Il HDAC

JOURNAL OF BIOLOGICAL CHEMISTRY 39895



HDAC in Liver I/R

enzyme and is regulated by cytoplasmic shuttling (25). In re-
sponse to upstream signaling pathways, nuclear HDAC4 is
phosphorylated and binds 14-3-3 proteins which facilitate its
export from the nucleus (26). As a result, phosphorylated
HDAC4 is exported from the nucleus and inhibited from act-
ing on its nuclear substrates. Thus the regulation of HDAC
activities are dynamic and depend on a multitude of factors
including specific cell type and the initiating stimulus. While
our findings point to HDAC1 and HDAC4 as the isoforms
associated with HMGBI acetylation and release, other
HDACs may participate in the process, and our laboratory
will continue to investigate this in future studies.

Whereas this report examines the role of HDACs in regu-
lating the acetylation status of HMGB], it is also known that
histone acetyltransferases (HATSs) also participate in HMGB1
acetylation. Increased acetylation and decreased deacetylation
are not mutually exclusive, and HAT and HDAC enzymes can
dynamically regulate HM GBI acetylation. Indeed, a number
of studies have studied the role of HAT on HMGB1 acetyla-
tion in vitro (43, 44).

Whereas this study did not examine the role of HAT en-
zymes in hepatic I/R, recent findings from our laboratory sug-
gest that HAT activation during I/R also contributes to
HMGBI acetylation (45). Our ongoing investigations are fo-
cused on understanding the balance between both HAT and
HDAC activities in the mobilization and release of HMGB1.

In summary, we have identified the acetylation of HMGB1
as a key mechanism of regulating its active release from hepa-
tocytes undergoing oxidative stress. We also determined the
role of histone deacetylates in regulating this phenomenon.
Our data further support the idea that HDAC enzymes are
participate in cellular responses to ischemic stress by regulat-
ing the acetylation status of HMGBLI. These novel findings
further elucidate signaling pathways governing cellular re-
sponses to ischemic stress through HDAC-mediated regula-
tion of HMGBI1 release, and may be important for designing
therapies to prevent organ damage during ischemic
conditions.
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