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Abstract

 

4-Hydroxy-2,3-nonenal (HNE) is an aldehydic end product
of lipid peroxidation which has been detected in vivo in clin-
ical and experimental conditions of chronic liver damage.
HNE has been shown to stimulate procollagen type I gene
expression and synthesis in human hepatic stellate cells
(hHSC) which are known to play a key role in liver fibrosis.
In this study we investigated the molecular mechanisms un-
derlying HNE actions in cultured hHSC. HNE, at doses
compatible with those detected in vivo, lead to an early gen-
eration of nuclear HNE-protein adducts of 46, 54, and 66
kD, respectively, as revealed by using a monoclonal anti-
body specific for HNE-histidine adducts. This observation is
related to the lack of crucial HNE-metabolizing enzymatic
activities in hHSC. Kinetics of appearance of these nuclear
adducts suggested translocation of cytosolic proteins. The
p46 and p54 isoforms of c-Jun amino-terminal kinase
(JNKs) were identified as HNE targets and were activated
by this aldehyde. A biphasic increase in AP-1 DNA binding
activity, associated with increased mRNA levels of 

 

c-jun

 

,
was also observed in response to HNE. HNE did not affect
the Ras/ERK pathway, 

 

c-fos

 

 expression, DNA synthesis, or
NF-

 

k

 

B binding. This study identifies a novel mechanism
linking oxidative stress to nuclear signaling in hHSC. This
mechanism is not based on redox sensors and is stimulated
by concentrations of HNE compatible with those detected in
vivo, and thus may be relevant during chronic liver diseases.
(

 

J. Clin. Invest.
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Introduction

 

Hepatic stellate cells (HSC),

 

1

 

 also referred to as Ito cells, lipo-
cytes, or fat-storing cells, are liver-specific pericytes which are
known to play a major role in the development of liver fibrosis
(1–4). During chronic liver injury HSC transdifferentiate to an

activated myofibroblast-like phenotype which is characterized
by marked proliferation and secretion of extracellular matrix
components (1–4).

Generally, it is believed that reactive oxygen species (ROS)
and other free radicals can play a role in the development of
several chronic diseases, including liver fibrosis (5–7). In par-
ticular, ROS have been considered relevant since they have
been shown to modulate gene expression and cell proliferation
through involvement of 

 

c-jun

 

 and 

 

c-fos

 

 and activation of AP-1
and NF-

 

k

 

B (8–11). However, most of these studies have been
performed using hydrogen peroxide concentrations (usually
100–300 

 

m

 

M) that cannot be reached in vivo even under condi-
tions of acute oxidative stress (12). In particular, it has been re-
ported recently that administration of an acute oxidative stress
to liver parenchyma results in steady-state concentrations of
only 0.15 

 

m

 

M hydrogen peroxide and no greater than 0.25 

 

m

 

M
ROS (13).

Hepatic lipid peroxidation, either stimulated by ROS or by
prooxidant agents, consists in the oxidative decomposition of

 

v

 

-3 and 

 

v

 

-6 polyunsaturated fatty acids of membrane phos-
pholipids leading to the formation of a complex mixture of al-
dehydic end products such as malondialdehyde, 4-hydroxy-2,3-
nonenal (HNE), and other 4-hydroxy-2,3-alkenals of different
chain lengths (14–16). These compounds have been proposed
as possible molecular mediators responsible for the close asso-
ciation between lipid peroxidation and enhanced deposition of
extracellular matrix reported in vivo and in cell culture systems
(5, 7, 17, 18). HNE and 4-hydroxy-alkenals have been detected
in vivo in experimental and clinical conditions of chronic liver
injury associated with active fibrogenesis, including chronic
administration of CCl

 

4 

 

(19), chronic ethanol consumption
alone (20, 21) or in association with iron (22), extrahepatic
cholestasis (23), and primary biliary cirrhosis and chronic hep-
atitis C (24, 25). HNE and other 4-hydroxy-2,3-alkenals of dif-
ferent chain lengths have been shown to stimulate procollagen
type I synthesis in human HSC (hHSC; 26, 27) at concentra-
tions (10

 

2

 

6

 

 M) which are compatible with a mild to moderate
oxidative stress (i.e., lipid peroxidation) occurring in vivo (16).
A similar effect has been shown also on rat HSC (6). More-
over, HNE is effective as a profibrogenic stimulus on hHSC at
concentrations which are 100–200 times lower than the effec-
tive concentrations of malondialdehyde (28), the other major
aldehydic end product of lipid peroxidation. Biological effects
of HNE strictly depend on its ability to form aldehyde-protein
adducts by interacting with sulfhydryl groups or amino groups
of lysine and of histidine. In particular, recent studies have em-
phasized the biological relevance of adducts formed between
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HNE and the nitrogen of histidine imidazole ring (16). How-
ever, the molecular mechanisms involved in HNE-dependent
modulation of gene expression have not yet been defined.

The aim of this study was to elucidate the molecular mech-
anism underlying HNE action on HSC. We report that HNE
forms adducts with c-Jun amino-terminal kinases (JNKs) and
that this event leads to JNKs nuclear translocation and activa-
tion as well as to 

 

c-jun 

 

and AP-1 induction. These findings
identify a novel mechanism linking oxidative stress to nuclear
signaling in HSC.

 

Methods

 

Materials.

 

HNE and the monoclonal antibodies (1g4h7) recognizing
HNE-histidine adducts specifically have been provided by Prof. Her-
mann Esterbauer (Department of Biochemistry, University of Graz,
Graz, Austria). The monoclonal antibodies 1g4h7 were found to be
reliable for immunocytochemistry/immunofluorescence and Western
blot applications, but unsuitable for immunoprecipitation. Polyclonal
antibodies against JNK isoforms, c-Fos, c-Jun, ATF-2, and recombi-
nant ATF-2 were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Polyclonal antibodies specifically directed against phos-
phorylated JNK isoforms were obtained from New England BioLabs
(Beverly, MA). All the other reagents were from Sigma Chemical Co.
(St. Louis, MO).

 

Cell isolation and culture.

 

hHSC were isolated from wedge sec-
tions of normal human liver tissue unsuitable for transplantation by
collagenase-pronase digestion and centrifugation on stractan gradi-
ents. Procedures used for cell isolation and characterization have
been described extensively elsewhere (29, 30). Cells were cultured in
Iscove’s medium supplemented with 20% FBS, subcultured when
confluent at 1:3 split ratio, and used between passages 4 and 7. Data
presented herein were obtained using three separate cell lines.

In all the experiments in which HNE has been used, confluent
hHSC were left for 24 h in serum-free and insulin-free Iscove’s me-
dium (SFIF medium) before the addition of the aldehyde in order to
obtain quiescent cells and to avoid aspecific binding of HNE to serum
proteins. HNE has been used in the 1–10 

 

m

 

M range (i.e., the range de-
tected in vivo), a range which does not exert toxic effects on hHSC, and
it has been shown to elicit biologic responses in these cells (26, 27).

 

HNE metabolism in hHSC.

 

The consumption of HNE by hHSC
was monitored essentially as described previously (31). In brief,
hHSC were incubated in 100-mm petri dishes in the presence of 10

 

m

 

M HNE for up to 60 min in 5 ml of SFIF medium. At defined time
points an equal volume of ice-cold acetonitrile/acetic acid (96:4, vol/
vol) was added to the dishes in order to inactivate HNE-metabolizing
enzymes. Samples were quickly centrifuged at 2,000 

 

g

 

 for 20 min at
4

 

8

 

C to remove protein material and the content of HNE was deter-
mined exactly as described previously by means of an HPLC proce-
dure (31, 32).

HNE metabolism was further evaluated by determining the
following enzymatic activities which are known to be involved in its
disposal: aldehyde dehydrogenase (EC 1.2.1.3) was evaluated in cell
homogenates; inverse alcohol dehydrogenase (EC 1.1.1.1), glu-
tathione-

 

S

 

-transferase (EC 2.5.1.18), and aldehyde reductase (EC
1.1.1.2) were evaluated in cytosolic fractions. Analytical procedures
were exactly as previously described (31, 32).

 

Immunofluorescence and confocal laser microscopy.

 

hHSC were
cultured on glass coverslips in SFIF medium for 24 h and then left un-
treated or incubated with HNE. At defined time points the cells were
fixed with 4% buffered formalin, pH 7.4, for 10 min and then perme-
abilized for 10 min with PBS containing 0.1% Triton X-100. The cells
were then stained for indirect immunofluorescence using the mono-
clonal antibody 1g4h7, developed against HNE-histidine adducts as
previously described (33), as primary antibody at 1:100 (vol/vol) dilu-
tion in PBS. A goat anti–mouse FITC-conjugated affinity-purified an-

tibody (Sigma, Milano, Italy) was used as secondary antibody at 1:250
dilution (vol/vol) in PBS. Cells were viewed with a laser scanner con-
focal microscope (MRC 600; Bio-Rad, Richmond, CA) equipped
with a Nikon diaphot inverted microscope with a 60/1.40 objective.
Six focal frames were taken along the 

 

z

 

 axis at 1-

 

m

 

m intervals and
then merged to obtain a reconstructed image. To exclude artifacts
in the intracellular localization of the antigen, single median focal
frames of 1 

 

m

 

m were also collected. Fluorescence was transformed in
pseudocolors (see reference scale proportional to the intensity of flu-
orescence). Intracellular localization of fluorescence was also evalu-
ated quantitatively by image analysis at defined time points.

 

Preparation of cell lysates and nuclear extracts (NEs).

 

Confluent,
serum-starved hHSC were treated with the appropriate conditions,
quickly placed on ice, and washed with ice-cold PBS. Cell lysates, cy-
tosolic fractions, and NEs were obtained as described (34).

 

Western blot analysis.

 

Cytosolic fractions and NEs obtained by
hHSC were subjected to SDS-PAGE on 10% acrylamide gels using
the mini-PROTEAN II electrophoresis cell (Bio-Rad) according to
Laemmli (35). The proteins were transferred electrophoretically to
nitrocellulose membranes (Hybond-C extra; Amersham Life Science,
Arlington Heights, IL). Unspecific binding was blocked with 5% (wt/
vol) nonfat dry milk in 50 mM Tris-HCl, pH 7.4, containing 200 mM
NaCl and 0.05% (vol/vol) Tween 20 (TBS-Tween). The blots were in-
cubated with the different primary antibodies, followed by incubation
with peroxidase-conjugated anti–mouse or anti–rabbit immunoglobu-
lins in TBS-Tween containing 1% (wt/vol) nonfat dry milk. Immuno-
blots were developed with the ECL reagents from Amersham accord-
ing to the manufacturer’s instructions.

 

JNK activity. 

 

JNK activity was determined essentially as re-
ported by Lo et al. (36). In brief, proteins were immunoprecipitated
with polyclonal anti-JNK antibodies (Santa Cruz Biotechnology). Af-
ter washing, immunobeads were incubated in reaction buffer (20 mM
Hepes, pH 7.6, 20 mM MgCl

 

2

 

, 2 mM DTT, 25 mM 

 

b

 

-glycerophos-
phate, and 0.1 mM sodium orthovanadate) containing 20 mM ATP, 5

 

m

 

Ci [

 

g

 

-

 

32

 

P]ATP, and 1 

 

m

 

g recombinant ATF-2 (Santa Cruz Biotech-
nology) for 30 min at 37

 

8

 

C. Reaction was stopped by addition of
Laemmli buffer and then subjected to 10% SDS-PAGE. The gel was
stained with Coomassie blue, dried, and autoradiographed; bands
corresponding to ATF-2 were evaluated by laser densitometry. In
some experiments, in order to evaluate the influence of upstream ki-
nases, JNK kinase assay was performed after incubation of immuno-
beads with recombinant low molecular weight phosphotyrosine pro-
tein phosphatase (LMW-PTP, 5 

 

m

 

g) for 3 min at 37

 

8

 

C in a buffer of
the following composition: 20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5
mM EDTA, 1 mM PMSF, and 0.05% aprotinin. This enzyme, which
has been characterized extensively in the past, selectively dephosphor-
ylates phosphotyrosine residues but not phosphoserine or phospho-
threonine (37, 38). In addition, in vitro studies suggest that LMW-
PTP is active on different phosphotyrosine substrates with limited
specificity in vitro (37, 38). This enzyme was chosen in order to avoid
treatment with a less specific phosphatase which could bring about
dephosphorylation of ATF-2 in the subsequent step.

 

ERK assay.

 

ERK activity was detected using myelin basic pro-
tein (MBP) as substrate. In brief, proteins were immunoprecipitated
with polyclonal anti-ERK antibodies (Santa Cruz Biotechnology).
After washing, immunobeads were incubated in reaction buffer (20
mM Hepes, pH 7.4, 1 mM sodium orthovanadate, 1 mM MgCl

 

2

 

, 1 mM
DTT, containing 1 mM ATP, 1 

 

m

 

Ci [

 

g

 

-

 

32

 

P]ATP, and 0.4 mg MBP) for
30 min at 30

 

8

 

C. Reaction was stopped by addition of Laemmli buffer
and then subjected to 15% SDS-PAGE. The gel was stained with
Coomassie blue, dried, and autoradiographed; bands corresponding
to MBP were evaluated by laser densitometry.

 

Electrophoretic mobility shift assay (EMSA).

 

Equal amounts of
proteins of NEs (2–5 

 

m

 

g) were added to a reaction mixture containing
20 

 

m

 

g of BSA, 2 

 

m

 

g of poly (dI-dC) (Boehringer Mannheim, Mann-
heim, Germany), 2 

 

m

 

l of buffer A (20 mM Hepes, pH 7.9, 20% glyc-
erol, 100 mM KCl, 0.5 mM EDTA, 0.25% NP-40, 2 mM DTT, and
0.1% PMSF), 4 

 

m

 

l of buffer B (20% Ficoll-400, 100 mM Hepes, 300
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mM KCl, 10 mM DTT, and 0.1% PMSF), and 20,000 cpm of a 

 

32

 

P-
labeled oligonucleotide in a final volume of 20 

 

m

 

l. The reaction mix-
ture contained in addition 5 mM MgCl

 

2

 

. AP-1, and NF-

 

k

 

B oligonucle-
otides (Promega, Madison, WI) were labeled using [

 

32

 

P]ATP (3,000
Ci/mmol; Amersham Life Science, Milan, Italy) and T

 

4

 

 polynucle-
otide kinase (Boehringer Mannheim). After 20 min at room tempera-
ture, the reaction products were separated on a 4% nondenaturing
polyacrylamide gel. Radioactivity of dried gels was detected by expo-
sure to Kodak XAR-54 films and bands were analyzed by laser densi-
tometry.

To identify the composition of AP-1 complex, NEs from HNE-
treated cells at 15 and 150 min were either left untreated or preincu-

bated with antibodies specifically reacting with c-Jun, c-Fos, and
ATF-2, and then used in EMSA as described above.

 

RNA extraction and Northern blot.

 

For the extraction of cellular
RNA, after exposure to HNE, hHSC were washed twice in PBS, pH
7.4, then scraped with a rubber policeman in a 4 M guanidine isothio-
cyanate solution, vortexed, and immediately stored at 

 

2

 

80

 

8

 

C. Total
RNA was isolated as described previously (26) following a standard
procedure (39) and evaluated spectrophotometrically by the absor-
bance at 260 nm. Northern blot analysis of mRNA for 

 

c-jun

 

 and 

 

c-fos

 

was performed according to standard procedure (40) by using cDNA
probes (41) which were kindly provided by Dr. Ariane Mallat (IN-
SERM Unité 99, Créteil, France). To exclude significant sample load-

Figure 1. Appearance of nuclear HNE-protein adducts in hHSC. hHSC cultured on glass coverslips in Iscove’s medium were deprived of serum 
and insulin for 24 h. Cells were then left untreated (A) or incubated with 1026 M (F) or 1025 M HNE (B–E). At the indicated time points (B, 5 
min; C, 15 min; A and D–F, 30 min), cells were fixed and permeabilized, then stained for indirect immunofluorescence with the monoclonal anti-
body 1g4h7. Cells were then viewed with a laser scanner confocal microscope and six focal frames were taken along the z axis at 1-mm intervals 
and then merged to obtain a reconstituted image. E was obtained by collecting a simple median focal frame of 1 mm. Fluorescence was trans-
formed in pseudocolors (see reference scale proportional to the intensity of fluorescence in D).
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ing differences, filters were cohybridized with a 

 

32

 

P-labeled probe en-
coding for the ribosomal protein 36B4 (42).

 

Measurement of DNA synthesis.

 

Confluent hHSC in 24-well dishes
were washed with PBS and incubated in SFIF medium for 48 h. The
cells were then incubated with different concentrations of HNE for
24 h. DNA synthesis was measured as the incorporation of [

 

3

 

H]thymi-
dine as described elsewhere (43).

 

Results

 

We first investigated the formation of HNE-protein adducts in
HSC by indirect immunofluorescence using monoclonal anti-
bodies against HNE-histidine (33). Confocal laser microscopy

analysis demonstrated an early nuclear localization of HNE
adducts (Fig. 1). These adducts were evident, as defined spots
of fluorescence, as early as 2–5 min after the addition of either
10

 

2

 

6

 

 or 10

 

2

 

5

 

 M HNE. Computerized image analysis (Fig. 2 

 

A

 

)
indicated that nuclear fluorescence increased in a time-depen-
dent fashion, reaching a plateau level after 30 min of incuba-
tion. Comparison of nuclear versus cytosolic fluorescence (Fig.
2 

 

A

 

) indicated a 3:4 ratio in favor of the nuclear compartment.
HNE-protein adduct generation and their nuclear localization
occurred independently of intra- and extracellular Ca

 

2

 

1

 

 move-
ments and did not involve receptor or nonreceptor tyrosine ki-
nases, protein phosphatases, or PI-3 kinase (Fig. 2 

 

B

 

). Deple-
tion of classic isoforms of protein kinase C (PKC) or inhibition

Figure 2. Nuclear localization of 
HNE-protein adducts is time-
dependent but independent on 
Ca21 and defined signaling path-
ways. (A) Intracellular localiza-
tion of adduct fluorescence was 
evaluated by image analysis at 
the indicated time points in nu-
clear (open bars) and cytosolic 
(filled bars) compartments. Fluo-
rescence values, corrected for 
their respective background val-
ues, were expressed as arbitrary 
units and as means6SD of 20–30 
determinations at any time point. 
(B) To study if nuclear HNE-
protein adducts were related to 
Ca21 homeostasis or specific sig-
naling pathway, hHSC were de-
prived of serum and insulin for 
24 h and, before addition of
1025 M HNE for 30 min, were 
left untreated or processed as 

follows. To monitor dependence on Ca21 homeostasis, serum-free and insulin-free medium (SFIF medium) was substituted with fresh Ca21-
deprived, 1 mM EGTA supplemented SFIF medium just 5 min before HNE addition (EGTA). In some experiments, this procedure was pre-
ceded by 15 min of preincubation with 20 mM EGTA-AM. Dependence on defined signaling pathways was studied by adding, before HNE, the 
following inhibitors: tyrphostin 23 (TYR 23) and herbimycin A (Herb.; inhibitors of receptor and nonreceptor tyrosine kinases, respectively), 
okadaic acid (Ok. Ac.; inhibitor of protein phosphatases), apigenin (Apig.; inhibitor of classic PKC isoforms), wortmannin (WT; inhibitor of PI3 
kinase), PMA (depletion of classic PKC isoforms), or cycloheximide (C-Hex; inhibitor of de novo protein synthesis).

Figure 3. HNE metabolism 
in hHSC. (A and B) hHSC 
(open bars) and, for compari-
son, hepatocytes (filled bars) 
isolated from rat liver, were 
processed in order to obtain 
cytosolic fractions and to ana-
lyze HNE-metabolizing activi-
ties using HNE as substrate. 
Glutathione transferase activ-
ity (GST) was expressed as 
nmol of HNE consumed/min/
mg protein; inverse alcohol 
dehydrogenase (ADH) and 
aldehyde reductase (ALRED) 
as nmol NAD(P)H consumed/
min/mg protein; and ALDH 
as nmol of NADP(P) reduced/

min/mg protein. Values represent mean6SD of five experiments. ND, not detectable. (C) Time-dependent HNE disappearance in cultured 
hHSC exposed to 1025 M HNE was measured, by means of an HPLC procedure, in the presence (open circles) or in the absence (filled circles) of 
cyanamide, an ALDH inhibitor.
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Figure 4. Identification of JNKs as targets for the action of HNE. hHSC were cultured in SFIF medium for 24 h, left untreated (C) or exposed to 
HNE 1025 M for different times and lysed to obtain NEs and cytosolic fractions. (A) hHSC, exposed to HNE for 30 min, were analyzed for nu-
clear HNE-protein adducts by immunoblotting NEs with the monoclonal antibody 1g4h7 against HNE-protein adducts. (B) Cytosolic fractions 
from control cells (C) and cells treated with HNE for 10 or 30 min were immunoblotted with the 1g4h7 antibody. (C) NEs were tested by immu-
noblotting with a polyclonal antibody recognizing JNK1 (p46 and p54 or JNK g), JNK2 (p54 a) and p54 b (Santa Cruz Biotechnology) in control 
cells (C) or hHSC treated with HNE for 30 min. (D and E) NEs were immunoprecipitated using the same anti-JNKs antibody, 100 mg of nuclear 
proteins were loaded for each lane, and isoforms at 54 (D) and 46 kD (E) were revealed using the 1g4h7 antibody. (F) JNK activity was evalu-
ated by using an immune complex kinase assay with ATF-2 as substrate. In this figure a representative experiment is shown, whereas in G, data 
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of protein synthesis was also equally ineffective on the appear-
ance of HNE-protein adducts in HSC nuclei (Fig. 2 B).

Since the formation of HNE-protein adducts depends on
HNE metabolism in a given cell type (16, 31, 42) we evaluated
this aspect in HSC (Fig. 3). hHSC were shown to be devoid of
HNE-metabolizing glutathione-S-transferase and reverse alco-
hol dehydrogenase (Fig. 3 A) which have been reported to be
responsible for 90–95% of HNE enzymatic removal in liver
parenchymal cells (31, 44). Aldehyde reductase was equally
undetectable in these cells. Only a modest HNE metabolism
by aldehyde dehydrogenase (ALDH) was detectable in hHSC
(Fig. 3 B). However, 80–90% of HNE disappeared from the
culture medium within 30 min (Fig. 3 C) even in the presence
of the ALDH inhibitor cyanamide, thus indicating that in
these cells formation of adducts largely exceeds HNE metabo-
lism. Interestingly, kinetics of disappearance of HNE was in
agreement with the appearance of fluorescent nuclear HNE-
protein adducts.

To identify which proteins formed adducts with HNE, NEs
were immunoblotted using the monoclonal antibody against
HNE-histidine adducts. Two major nuclear adducts with mo-
lecular masses of 46 and 54 kD and a minor adduct of 66 kD
were detected in hHSC treated with HNE (Fig. 4 A). Immuno-
blotting of the corresponding cytosolic fractions revealed the
presence of the same bands, the intensity of which decreased
in a time-dependent fashion, suggesting nuclear translocation
of the HNE-protein adducts (Fig. 4 B). This observation and
the apparent molecular weights of the proteins reacting with
HNE (46 and 54 kD), compatible with those of JNKs (45),
prompted us to investigate the possible involvement of this
class of protein kinases. Nuclear proteins were immunoblotted
using an anti-JNK antibody recognizing both the 54 and 46 iso-
forms (Fig. 4 C). A marked increase in the intensity of both
bands was observed upon HNE stimulation, in agreement with
a possible nuclear translocation of JNKs. To confirm the in-
volvement of JNKs, NEs from control and HNE-treated cells
were sequentially immunoprecipitated with anti-JNKs anti-
bodies and blotted with antiadduct antibodies (Fig. 4, D and
E). Exposure to HNE resulted in the appearance of HNE-JNK
adducts in HSC nuclei, as evidenced by a 20–40-fold increase
in the intensity of the band at 54 kD (Fig. 4 D). In addition,
prolonged exposure of the blots revealed that also the intensity
of the band at 46 kD was increased, although to a lesser extent
(Fig. 4 E). To establish whether JNK translocation to the nu-
clei is associated with increased enzymatic activity, NEs were
used to measure JNK activity using recombinant ATF-2 as a
substrate. These experiments (Fig. 4 F) provided evidence for
an HNE-induced increase in JNK enzymatic activity in HSC
NEs. To establish whether the increase in JNK activity was
brought about by phosphorylation of critical threonine and ty-
rosine residues, we performed Western blot analysis of NEs
from HNE-treated cells using antibodies specifically recogniz-
ing phosphorylated JNK. Whereas IL-1a, used as a positive
control, was able to induce an evident increase in phosphory-

lated JNK isoforms, HNE had no effect (Fig. 4 G). To further
confirm that phosphorylation of JNK is not involved in the ob-
served effects of HNE, samples were treated with recombinant
LMW-PTP after immunoprecipitation with JNK antibodies. In
fact, to achieve complete activation, phosphorylation of the
TPY motif of JNK on threonine and tyrosine residue is re-
quired. LMW-PTP treatment greatly reduced the stimulatory
effect of IL-1 on JNK activity, compatible with dephosphoryla-
tion of the critical tyrosine residue (Fig. 4 I, panel A). In con-
trast, phosphatase treatment did not inhibit the increase in JNK
activity in NEs of HSC exposed to HNE (Fig. 4 I, panel B).

Proteins of the Jun family together with c-Fos and ATF-2
participate in the formation of AP-1, a transcriptional activa-
tor which regulates several genes (45). Activation of JNKs by
HNE was associated with a biphasic increase in AP-1 DNA
binding activity (Fig. 5 A). A first increase was observed 15
min after HNE, whereas a second wave of increase in AP-1
binding activity was detected starting at 60–90 min after HNE.
c-Jun was primarily involved in the early AP-1 complex (Fig. 5
B), since the band at 15 min almost completely disappeared
when NEs were preincubated with anti–c-Jun antibodies.
However, the late AP-1 complexes were only partially inhib-
ited by anti–c-Jun antibodies and almost unaffected by anti–
c-Fos or anti–ATF-2 antibodies. To establish whether this de-
layed activation of AP-1 could be related to changes in c-jun
expression, we analyzed c-jun mRNA levels in response to
HNE. As shown in Fig. 5 C, a marked upregulation of c-jun
mRNA levels was observed 30–60 min after exposure to the al-
dehyde. This behavior is in agreement with the observed in-
crease in JNK activity.

The involvement of ERK, potentially leading to AP-1 in-
crease through c-Fos phosphorylation, was also evaluated.
However, HNE did not modify ERK activity (Fig. 5 D), nor
did it stimulate DNA synthesis (Fig. 5 E). Along these lines,
HNE did not stimulate c-fos mRNA expression (data not
shown). A known target of oxidative stress is represented by
NF-kB, which usually increases early after exposure to ROS.
However, HNE did not affect NF-kB binding activity at any of
the time points tested (Fig. 5 F).

Discussion

In this study we report that HNE, an aldehydic end product of
lipid peroxidation, is able to specifically interact with JNK iso-
forms, to lead to their nuclear translocation and activation, and
to elicit a JNK/c-jun/AP-1 pathway. HNE and other 4-hydroxy-
alkenals have been detected unequivocally in fibrotic livers by
several laboratories (17–25). These aldehydes may originate
during chronic liver diseases either as a consequence of lipid
peroxidation induced by prooxidant agents or after activation
of inflammatory cells (5–7, 16, 18). HNE has been shown to
regulate gene expression in HSC, the key effectors in hepatic
fibrogenesis. In particular, different laboratories have reported
that HNE and other structurally related aldehydes upregulate

Fig. 4 legend (Continued)

are expressed as mean6SD of three different experiments. (H) The state of phosphorylation of JNK isoforms was evaluated in NEs from control 
and HNE-treated cells as well as from IL-1a–treated hHSC as positive control by using specific antibodies against phosphorylated JNK isoforms. 
(I) Cell lysates from HSC treated with IL-1a (A) or NEs from cells treated with HNE (B) were immunoprecipitated with anti-JNK antibodies 
and incubated with or without LMW-PTP. At the end of the incubation, the immunobeads were extensively washed and JNK assay was per-
formed as described in Methods. Fold increase was determined by means of laser densitometry.
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the expression and secretion of procollagen I, thus directly
contributing to the deposition of extracellular matrix during fi-
brogenesis (6, 26, 27). Data from this study elucidate for the
first time the signaling pathways elicited by HNE and establish
a potential link with the regulation of gene expression in HSC.
Moreover, our studies indicate HSC as a preferential target for

HNE-mediated effects in the liver in view of their inability to
rapidly metabolize this aldehyde.

HNE is known to act as a nonoxidant and highly reactive
compound able to form adducts with cysteine, lysine and, in
particular, histidine by a Michael type reaction (16, 33). The
data herein reported indicate that JNK nuclear translocation

Figure 5. Effect of HNE on AP-1 and NF-kB transcription factors, 
c-Jun protooncogene, ERK activity, and DNA synthesis. hHSC were 
cultured for 24 h in SFIF medium, left untreated (C), exposed to
1026 M HNE (unless otherwise stated) or to other agonists (see below) 
for different times and then processed as follows. (A) NEs were as-
sayed for AP-1 binding activity in control and HNE-treated hHSC us-
ing EMSA. For control purposes, HSC were incubated with 50 ng/ml of 
PMA for 45 min and competition experiments were performed by incu-
bating NEs with the labeled probe in the presence of 100-fold excess of 
unlabeled AP-1 oligonucleotide (specific oligonucleotide or S) or unla-
beled NF-kB oligonucleotide (unspecific oligonucleotide or U) for 45 
min. (B) NEs from HNE-treated cells at 15 (top) and 150 min (bottom) 
were either left untreated or pretreated with antibodies directed 
against c-Jun, c-Fos, and ATF-2, respectively, and then assayed for AP-1 

binding activity using EMSA. (C) Total RNA was isolated at the indicated time points and mRNA levels for c-Jun were evaluated by standard 
Northern blot analysis. A probe encoding for the microsomal protein 36B4 was used to monitor equal loading of samples. (D) ERK activity was 
evaluated in nuclear extracts from control and HNE-treated cells by using MBP as substrate. (E) DNA synthesis was evaluated by incorporation 
of [3H]thymidine at the end of 24 h of incubation in the absence of stimuli (C) or in the presence of PDGF-BB 10 ng/ml or different HNE con-
centrations. (F) EMSA for NF-kB on NEs from control (C) and HNE-treated cells. For control purposes, HSC were incubated with 50 ng/ml of 
PMA for 45 min and competition experiments were performed by incubating NEs with the labeled probe in the presence of 100-fold excess of 
unlabeled NF-kB oligonucleotide (specific oligonucleotide or SO) or unlabeled AP-1 oligonucleotide (unspecific oligonucleotide or UO). Fold 
increase was determined by means of laser densitometry.
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and activation are strictly related to the formation of these ad-
ducts. In turn, JNK effectively activated downstream events
such as AP-1 binding activity and increased expression of c-jun
protooncogene. This mechanism of action differs from the one
elicited by ROS on so-called redox sensors, which has been
mostly related to the oxidation of critical sulfhydryl groups and
to the alteration of intracellular redox state (8–11). This oxi-
dizing mechanism accounts for the recently reported activation
of JNKs by hydrogen peroxide and nitric oxide (36). Impor-
tantly, HNE concentrations used in the present study are not
toxic for hHSC and have been shown to be reached in vivo or
in vitro in whole livers or isolated hepatocytes undergoing lipid
peroxidation (for review see reference 16).

Activation of JNK has been reported to occur after expo-
sure to ultraviolet light, heat shock, and cytokines (45–47). All
of these stimuli operate through small G proteins of the Ras
superfamily and sequential activation of the protein kinases
MEKK1 and MEKK4 (45–47). This cascade is likely to be op-
erating also when JNK activation is induced by hydrogen per-
oxide and nitric oxide (36). In this study we provide evidence
that translocation and activation of JNK in HNE-treated cells
occur independently of phosphorylation. Translocation of
JNK with presumably low enzymatic activity, due to the lack
of phosphorylation, may also explain the quantitative discrep-
ancy between the amount of JNK translocated to the nucleus
and the increase in JNK activity. Interestingly, the presence of
multiple histidine residues particularly in the p54JNK isoform
(48) may provide the basis for a conformational change poten-
tially responsible for nuclear translocation, and possibly acti-
vation, in the absence of phosphorylation. Data reported in
Fig. 4, H and I, further support the concept of a direct interac-
tion between HNE and JNK isoforms since JNKs were not
phosphorylated and the pretreatment of hHSC extracts with a
LMW-PTP did not affect JNK activation, then excluding an in-
volvement of upstream kinases. Moreover, the observation
that HNE does not affect the activation of the transcription
factor NF-kB supports the concept that HNE does not induce
JNK phosphorylation. Indeed, it has been shown recently that
the activation of MEKK1 leads also to the activation of the
IkBa kinase complex and then to an increased NF-kB binding
activity (49). In addition, the lack of effect of HNE on NF-kB,
a classic redox sensor, further suggests that this aldehyde acts
by a nonoxidant mechanism.

HNE elicited in hHSC a biphasic increase in AP-1 binding
activity. The first peak, which occurred immediately after stim-
ulation, presumably involved phosphorylation of preexisting
c-Jun/AP-1 proteins (45) as indicated by experiments performed
using specific anti–c-Jun antibodies. Accordingly, early activa-
tion of JNKs induced by HNE (10 min) temporally preceded
the first peak of AP-1. The second wave possibly involved in-
creased synthesis of c-Jun, mediated by the interaction of AP-1
with the c-jun promoter, as indicated by Northern blot experi-
ments showing increased c-jun expression 30–60 min after
stimulation with HNE (45). However, c-Jun only partially con-
tributed to the formation of the second peak of AP-1 activity,
since specific antibodies inhibited formation of the complex
only by 30–40%. It remains to be established whether the sec-
ond peak of AP-1 may be directly related to HNE-JNK inter-
action and activation.

Regulation of procollagen I expression, the major biologic
effect of HNE on hHSC, has been the focus of extensive inves-
tigation, and several transcription factors and regulatory ele-

ments have been shown to be implicated (for review see refer-
ence 50). In particular, AP-1 has been shown to be relevant for
the induction of procollagen type I gene expression in HSC us-
ing a 360-bp human collagen type I promoter-enhancer con-
struct and a reporter gene (51). Deletion of the AP-1 motif
from this construct drastically reduced procollagen a1(I) tran-
scription. Furthermore, treatment of HSC extracts with anti-
sera against c-Jun was much more effective in reducing AP-1
binding to the procollagen I promoter than antisera against
c-Fos, suggesting a major role for c-Jun in the formation of the
AP-1 complex (51). Therefore, the effects on JNK by HNE re-
ported herein may be relevant for the understanding of the bi-
ologic effects so far ascribed to HNE.

The precise role of JNKs in liver physiology and patho-
physiology, as recently reviewed (52), is presently unclear, al-
though recent studies suggest that this pathway could be in-
volved in several biologic processes. JNK activation after
carbon tetrachloride–induced oxidative stress has been linked
to inhibition of hepatocyte proliferation, and induction of apop-
tosis (53), and activation of this pathway has also been de-
scribed after warm reperfusion after experimental liver trans-
plantation (54). On the other hand, JNK activation has been
reported to occur after partial hepatectomy and to be a rele-
vant event in hepatic regeneration (55). Moreover, c-Jun null
mice show several developmental abnormalities, including he-
patic agenesia, suggesting that c-Jun is required for liver devel-
opment (56). Although limited to a nonparenchymal liver cell
type, the data herein reported indicate a possible additional
role for JNK in the development of liver fibrogenesis, and pro-
vide a mechanism of action for the biological effect of HNE on
hHSC.

In conclusion, this study identifies for the first time a novel
nonoxidant mechanism linking oxidative stress to nuclear sig-
naling in hHSC through the action of an aldehydic end prod-
uct of lipid peroxidation. This mechanism may be relevant in
sustaining oxidative stress–mediated effects in conditions of
chronic liver diseases.
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