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Abstract
Hepatic stellate cells (HSCs) are responsible for type I collagen deposition in liver fibrosis that
leads to cirrhosis. The purpose of this study was to examine potential molecular signals that lead
to increased α2(I) collagen gene expression by acetaldehyde, the primary metabolite of alcohol and
malondialdehyde (MDA), a lipid peroxidation product known to be associated with chronic liver
injury. MDA and the combination of MDA and acetaldehyde were employed to determine the
effect on α2(I) collagen gene expression as assessed by transient transfection analysis and reverse
transcriptase polymerase chain reaction (RT-PCR). Immunoblot and subsequent
immunoprecipitation analysis examined stress-activated protein kinase (SAPK) activity.
Cotransfection with a dominant negative mutant for c-jun nuclear kinase (dnJNK1) was also
employed with the α2(I) collagen promoter. MDA increased α2(I) collagen gene expression nearly
2.5- to 3-fold, however there was no synergistic effect of the combination of acetaldehyde and
MDA on α2(I) collagen gene activation and expression. Acetaldehyde, MDA, or both significantly
increased JNK activity when compared to untreated stellate cells. The dnJNK1 expression vector
abrogated α2(I) collagen transgene activity. In conclusion, JNK activation appears to be critical in
the signaling cascade of oxidative metabolites of chronic alcohol-related liver injury and collagen
gene activation.
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INTRODUCTION
Chronic liver disease is a leading cause of morbidity and mortality worldwide; and,
alcoholic liver disease remains the leading cause of cirrhosis in Western countries. Over the
past twelve years, investigators have examined whether or not the oxidative metabolite of
alcohol, acetaldehyde, plays a role in augmenting the transcriptional activation of type I
collagen genes. In 1987, Brenner and Chojkier were the first to report that acetaldehyde
increased collagen gene transcription in cultured fibroblasts [1]. Lieber and colleagues
shortly thereafter made an important observation that acetaldehyde stimulates collagen gene
activation and protein synthesis in hepatic stellate cells, but not hepatocytes [2]. Indeed, the
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hepatic stellate cell is widely accepted as the principal collagen-producing cell once it
becomes activated. Mezey and his colleagues confirmed that acetaldehyde can activate the
α2(I) collagen promoter in NIH-3T3 fibroblasts [3]. In previous work in conjunction with
this group we found that acetaldehyde could increase α2(I) collagen promoter gene
activation, which was critically dependent on the nuclear factor I (NF-I) binding region in
the gene’s promoter [4,5]. This region had been shown by deletion mutation analysis to be
required for the transcriptional activation of the mouse α2(I) collagen promoter [6].

It is also evident, however, that acetaldehyde is not believed to be a major factor in the
activation of hepatic stellate cells during alcoholic liver injury [7]. Furthermore, Maher and
colleagues reported, after an exhaustive investigation, that acetaldehyde did not have a
significant effect on collagen gene transcription, and concluded that further study was not
warranted [8]. Nevertheless, the pathogenesis of alcoholic liver injury raises important
questions regarding potential signaling mechanisms employed by highly reactive aldehydes.
Furthermore, alcoholic hepatitis is not necessarily required for progression to cirrhosis, since
periportal sclerosis and cirrhosis have been demonstrated in the absence of hepatocellular
inflammation and necrosis [9]. Hence, the absence of conclusive evidence that
necroinflammation is an absolute prerequisite for the development of fibrosis has led to a
search for alternative mediators of liver fibrosis. These not only include acetaldehyde, but
also products of lipid peroxidation, in particular malondialdehyde (MDA) and 4-
hydroxynonenal.

Lipid peroxidation is a particular type of oxidation reaction resulting from attack by reactive
free radicals on the polyunsaturated fatty-acid side chains of membrane phospholipids or
lipoproteins. This reaction can lead to complete decomposition of the phospholipids,
resulting in membrane disruption and the generation of aldehyde end products, including
MDA [10]. There is sufficient evidence suggesting that lipid peroxidation can occur in both
acute and chronic liver injury due to alcohol as reviewed by Cederbaum [11]. Lipid
peroxidation products such as MDA may also play a role in other chronic liver diseases,
including hepatitis C [12].

Because similar concentrations of acetaldehyde and MDA can coexist in the liver during
ethanol metabolism it is not surprising that both acetaldehyde and MDA adducts have been
detected in livers of ethanol-fed animals [13]. Tuma and colleagues recently demonstrated
that acetaldehyde and MDA can react together in a synergistic manner and generate hybrid
MDA-acetaldehyde protein adducts (MAA-adducts) and suggest that MAA adducts may
represent a major species of adducts formed in the liver during ethanol metabolism in vivo
[14]. A major aim of the present study was to determine whether a link between
extracellular signaling by putative profibrogenic aldehydes can potentiate the activation of
one or more members of the mitogen-activated (MAPK) or stress-activated (SAPK) protein
kinase superfamily, which are known to be activated by extracellular stress [15,16]. Also,
since MAA adducts have been immunologically detected in animals chronically fed alcohol
[17], we examined whether the presence of both acetaldehyde and MDA would act in a
synergistic manner to increase collagen gene expression. The work presented here
demonstrates that c-jun N-terminal kinase (JNK), one of the major SAPK members, is
critical to α2(I) collagen promoter activation in HSCs.

MATERIALS AND METHODS
Materials

Dulbecco’s minimal essential medium (DMEM), fetal bovine serum (FBS), penicillin-
streptomycin, fungizone, trypsin, EDTA, dithiothreitol, cesium chloride, acrylamide,
molecular weight markers, Lipofectamine, and agarose were purchased from Gibco-BRL
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(Rockville, MD, USA). Plastic 10 cm2 culture dishes and 75 cm2 culture flasks were from
Falcon Division, Becton Dickinson Co. (Mountain View, CA, USA). 4-Methylpyrazole,
cyanamide, pronase E, collagenase type IV, phenylmethylsulfonyl fluoride (PMSF), β-
glycerophosphate, sodium orthovanadate, antipain, leupeptin, aprotinin, cymostatin, and
pepstatin were all purchased from Sigma Chemical Co. (St. Louis, MO, USA).
Acetaldehyde and dimethyl sulfoxide (DMSO) were obtained from Sigma-Aldrich
(Milwaukee, WI, USA). Malondialdehyde was purchased as malonaldehyde diethylacetate
from Aldrich Chemical Co. (Milwaukee, WI, USA).

Luciferase reporter vectors and pCMVβ were purchased from Promega (Madison, WI,
USA). The mouse α2(I) collagen cDNA was provided by Dr. Benoit de Crombrugghe from
M. D. Anderson Hospital and Tumor Institute (Houston, TX, USA). Dr. T. H. Tan, Baylor
College of Medicine (Houston, TX, USA), provided the dominant negative mutant
expression vector construct dnJNK1. RNAzol B was from Tel-Test Inc. (Friendswood, TX,
USA). Goat antirabbit IgG horseradish peroxidase (HRP) conjugate, protein A-agarose
beads, antibodies to extracellular regulated kinase (ERK), c-jun N-terminal kinase (JNK),
p38/mitogen-activated protein kinase (MAPK), and antiphosphospecific JNK, ERK, and p38
antibodies, as well as myelin basic protein substrate, ATF-2, SB202190 were all purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Stellate cell isolation and culture
Stellate cells were isolated from male Sprague-Dawley rats (500 g) obtained from Hilltop
Lab Animals (Scottdale, PA, USA) or Charles River (Charles River, MA, USA). The
animals received humane care in compliance with the guidelines of the Animal Care and
Use Committee of the Johns Hopkins University and the University of Maryland. The
method for isolation of hepatic stellate cells is described in detail in previous publications
[5,18] and utilizes a Nycodenz gradient [19]. After harvest, stellate cells were cultured in
DMEM containing penicillin (100 units/ml), streptomycin (100 μg/ml), fungizone (2.5 μg/
ml), and 10% FBS. Cells were grown at 37°C in a humidified atmosphere of 5% CO2 and
95% air. The medium was changed every 48 h. Cells were passaged as activated stellate
cells and frozen. Cells used in these experiments were passaged up to 6 times after thawing.

Cell culture with acetaldehyde and malondialdehyde
After several passages, activated stellate cells were seeded into 75 cm2 sealable flasks until
the monolayers were 75–80% confluent. The cell cultures were then incubated with 200 μM
of acetaldehyde, or 200 μM of MDA, or both. MDA was generated from malondialdehyde
bis (diethyl acetal) (Aldrich Chemical Co.) by incubation with sulfuric acid and neutralized
with sodium bicarbonate. The generation of MDA is described in more detail by Esterbauer
and colleagues [20]. The concentration of 200 μM MDA was based on the previous work by
Maher and seminal work by Chojkier demonstrating that collagen synthesis in culture-
activated hepatic stellate cells or fibroblasts was enhanced by 200 μM MDA [21,22]. The
concentration of 200 μM acetaldehyde was determined based on previous determinations of
acetaldehyde in culture for 24 h following initial incubation, which we described previously
[4]. Cell viability was monitored under these culture conditions by trypan blue exclusion.
All cell-culture additives were placed in serum-free (SF) medium containing 1mM 4-
methylpyrazole, and 100 μM cyanamide. These agents inhibit alcohol and aldehyde
dehydrogenase, respectively.

Identical studies were performed without either MDA or acetaldehyde, but with SF media
alone. To account for artificial increases in acetaldehyde by the presence of aldehyde
dehydrogenase inhibitors, studies were performed in the absence of 4-methylpyrazole or
cyanamide. MDA is not metabolized by either alcohol or aldehyde dehydrogenase, and none
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of the experiments designed contained glutathione-S-transferase inhibitors. The data
presented here represent the results of studies with and without 4-methylpyrazole and
cyanamide. Typically, five supplemental growth factors were added to SF media in the
absence of serum. These factors include transferrin (0.5 mg/l), selenous acid (5 μg/l), fetuin
(0.5 mg/l), bovine serum albumin (0.5 mg/l), and linoleic acid (0.5 mg/l). Serum-free media
were used to prevent formation of adducts between acetaldehyde and serum proteins.

RNA isolation and reverse transcriptase-polymerase chain reaction (RT-PCR) analysis for
α2(I) collagen messages

Total RNA was isolated from cultured stellate cells by the method described by
Chomczynski and Sacchi [23]. For each PCR, 1 μg of total RNA was reverse-transcribed to
complementary DNA (cDNA) using RETRO-script First Strand Synthesis Kit for RT-PCR
(Ambion Inc., Austin, TX, USA) as recommended by the manufacturer. The resulting cDNA
was then subjected to 30 cycles of PCR. The set of primers for the α2(I) collagen gene,
which give an amplified fragment of 183 bp, consisted of a forward primer
5′TCGACTAAGTTGGAGG-GAACGGTC3′ and a reverse primer 5′TTGGCATGT-
TGCTAGGCACGAC3′ from rat [accession #X66209]. PCR products were quantified by
Quantum RNA 18S Internal Standards (Ambion Inc.). After amplification, each sample was
then applied to 1.2% agarose/ethidium bromide gel and electrophoresed. The resulting gel
was photographed under ultraviolet illumination. Scanning laser densitometry was used to
quantitate PCR products. Previously we confirmed PCR product identity by sequencing
collagen gene products. Data are expressed as relative density units of PCR products.

Transient transfection analysis
To determine the effect of the additives in vitro, transient transfection with the α2(I) collagen
promoter was performed. The original promoter (−2000 to +54 bp) was subcloned into the
pGL3-enhancer luciferase reporter vector (Promega) by the Mezey laboratory. This wild-
type α2(I) collagen vector is termed pGL3-1009. Transfections were conducted by the
calcium phosphate precipitation method [24] or with the use of Lipofectamine (Life
Technologies, Inc.; Gaithersburg, MD, USA). Two to 10 μg of pGL3-1009 were added to
80% confluent cell cultures in sealable flasks. After 4 h incubation, the cells were washed
twice with PBS and shocked with 10% DMSO in DMEM for 3 min. The media were
removed, and the cells were provided with fresh DMEM containing 10% FBS for 16 h for
recovery.

To downregulate JNK, the expression vector dnJNK 1 was cotransfected with the α2(I)
collagen promoter using Lipofectamine. One day before transfection, HSCs were seeded in
T-25 plug-sealed flasks at a density of 20 × 104 cells per flask in DMEM containing 10%
FBS. The transfection mixture contained 2μg of pGL3-1009, 2μg of dnJNK1, 0.5μg of the
internal control plasmid pSV-βgal, and the transfection reagents. After 3 h incubation, 4 ml
of DMEM containing 15% FBS was added to the transfection mixture and the cells were
incubated at 37°C in 5% CO2 for 12 h. Following this incubation, cells were treated with
SF-DMEM for 12 h, after which HSCs were treated with nothing, acetaldehyde (200 μM),
MDA (200 μM), or both. After 24 h, HSCs were fed with fresh SF medium containing the
additives. Total additive exposure time to HSCs was 40 h. The basic pGL3 vector, which
lacks either a promoter or enhancer, was used as one negative control; whereas the pGL3
control vector, which contains both the SV40 promoter and enhancer, was used as a positive
control. Luciferase activity was determined using a Monolight 3010 Luminometer
(Analytical Luminescence Laboratory; San Diego, CA, USA). Results are expressed in
relative light units per microgram of protein quantitated by the method of Lowry [25].
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Western blot of whole stellate cell lysates
To determine whether the oxidant additives resulted in phosphorylation of p38, JNK, and
ERK in stellate cell culture, in vitro, cells were harvested and lysates subjected to SDS-
PAGE and immunoblot as described previously. Antibodies to phosphorylated p38, JNK,
and ERK were employed at 1:500 dilution. Stellate cell lysates from sealed-cell culture
flasks under one of four conditions (no additives, acetaldehyde, acetaldehyde and MDA, or
MDA alone) were grown as described and collected following 40 h incubation with
additives in serum-free media. Cells were washed with PBS and collected by rubber
policemen in 50 mM Tris-HCl (pH 7.5), 2 mM EDTA, 10 mM MgCl2, 5 mM DTT, and 5
mM PMSF. On ice, the harvested cells were homogenized with a Dounce homogenizer.
Homogenates were resuspended in 250 mM Tris-HCl (pH 7.5), 0.25 M KCl, 10 mM MgCl2,
5 mM DTT, 5 mM PMSF, 2 mM EDTA, and 50% glycerol. Cell extracts were centrifuged
at 15,000 × g. Sixty μg of extract was then subject to 10% SDS-PAGE at 50 V for 16 h [26].
Equal protein loading was confirmed by immunoblot for β-actin. Following electrophoresis,
the gels were equilibrated in 50 mM Tris-HCl, 40 mM glycine, 130 μM SDS, and 5 M
methanol. Gel transfer was completed to Bio-Rad Trans-blot 0.45 micron nitrocellulose
membrane. The membrane was blocked with TBS-Tween20 containing 5% milk for 1 h.
The membranes were subsequently washed with Tris-buffered saline and Triton X.
Antiphospho JNK and p38 were applied at 1:1000 dilution. After subsequent washes, the
blots were exposed to 1:5000 dilution of antirat IgG peroxidase conjugate for 1 h.
Membrane-bound antigen-antibody complexes were detected with an enhanced
chemiluminescence system from Amersham (Braunschweig, Germany). Protein loading was
standardized according to the method of Lowry [25].

To confirm the presence of ERK activity in HSCs, cells were pretreated with 10 ng/ml of
EGF and treated and untreated lysates were subjected to SDS-PAGE, transblotting, and
immunodetection of phosphorylated ERK.

Immunoprecipitation and kinase assays for MAPK pathways
Stellate cell culture and the four experimental conditions described previously were
established exactly as conducted in transfection and RT-PCR analysis. Cells were washed
twice with ice-cold PBS. Protein was extracted on ice with a lysis buffer by cell scraper and
included 20 mM Tris-HCl, pH 7.4, 1% Triton X-100, 10% glycerol, 137 mM NaCl, 2 mM
EDTA, 25 mM β-glycerophosphate, 1 mM Na orthovanadate, and 1 mM PMSF. Protease
inhibitor buffers included 1 mg/ml antipain, 1 mg/ml leupeptin, 10 mg/ml aprotinin, 1 mg/
ml chymostatin, and 1 mg/ml pepstatin. Stellate cell extracts were passed through a 20-
gauge sterile syringe and centrifuged at 6000 × g for 10 min. The resultant supernatant was
transferred to a fresh tube and the lysate was precleared with 20 μl of protein A-agarose
beads. Fifty microliters were stored for protein assay. After subsequent centrifugation at
1000 × g for 5 min, the second supernatant was transferred to a new microfuge tube. All
experiments were done in triplicate on ice at 4°C. One microgram of polyclonal antibodies
to ERK, JNK, and p38 was added to the cell supernatant protein A-agarose extracts for 2 h
at 4°C.

The antibody-supernatant mixture was subsequently incubated for 16 h with 20 μl of protein
A-agarose beads on a laboratory rocker. The beads were collected following centrifugation
at 1000 × g for 5 min. Each experimental tube included 18 μl of kinase buffer including 20
mM Hepes, pH 7.4, 20 mM β-glyercophosphate, 20 mM MgCl2, 2 mM DTT, and 100 μM
sodium orthovanadate. The kinase assay was initiated by addition of 1 μl of myelin basic
protein for ERK activity, or 5 μl of ATF-2 protein substrate for either JNK or p38 activity.
Five microcuries of 32P[γ]ATP were added last at room temperature. Assays were incubated
for 30 min in a 30°C water bath and terminated with Laemmli loading buffer. Resultant
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assays were subjected to 10% SDS-PAGE at 50 V for 16 h [26]. Dried gels were exposed to
Kodak X-Omat film at −80°C for autoradiography.

Statistical analysis
Data comparison was analyzed between means ± standard error (SE) of each of the three
treatment groups (acetaldehyde, MDA, or both) compared to results from untreated stellate
cells. Results were considered significant if p < .05, by the Student’s t-test.

RESULTS
Since MDA may play a role in the pathogenesis of liver diseases other than alcoholic liver
disease, we initially examined whether MDA alone would increase corresponding RNA
production, by RT-PCR with the α2(I) collagen primers. The time of exposure to the
additives was 48 h. Figure 1 demonstrates a representative agarose gel image for RT-PCR
analysis of the α2(I) collagen message following HSCs exposure to 200 μM MDA, 200 μM
acetaldehyde, or equimolar concentrations of both for 48 h. These RT-PCR data have been
quantitated by scanning laser densitometry as indicated. The α2(I) collagen products were
expressed relative to 18S RNA product. These data indicate that 200 μM MDA, 200 μM
acetaldehyde, or equimolar concentrations of both, significantly increase the α2(I) collagen
message (p < .03 Student’s t-test) compared to untreated cells. We have previously
demonstrated that 200 μM acetaldehyde increases α2(I) collagen message in prior
publications by Northern analysis [5] and RT-PCR [27]. These data, while indicating a
significant increase in α2(I) collagen gene expression compared to untreated HSCs by
acetaldehyde or MDA, show no significant difference in resultant gene expression between
treatment conditions. Also, no synergy appeared to exist from the presence of HSC exposure
to both aldehydes.

Similarly to determine whether MDA alone or the combination of MDA and acetaldehyde
activate the collagen reporter gene more than either aldehyde alone, transient transfection
analysis was performed with the α2(I) collagen promoter. These experiments, repeated three
times in triplicate, reveal in Fig. 2 that 200 μM MDA had a significant effect (p < .04) at 48
and 72 h (p < .02) on α2(I) collagen transgene activity compared to control activity. Note
that data for each time point was compared to untreated HSCs lysates for identical lengths of
time. These time points were chosen based on prior findings in Fig. 1, that at 48 h MDA was
found to increase α2(I) collagen gene transcription. While transcriptional activation did
appear to begin increasing at 24 h, this was not statistically significant compared to basal
luciferase transgene activity at 24 h. Note that these experiments did not contain inhibitors
of glutathione-S-transferase, the key metabolizing enzyme for MDA. Similar transfection
experiments with the combination of 200 μM MDA and varying concentrations of
acetaldehyde 50 and 100 μM with and without inhibitors of alcohol and aldehyde
dehydrogenase did not act synergistically to increase α2(I) collagen transgene activity. In
fact, the combination of both aldehydes was inhibitory until 200 μM concentrations of both
MDA and acetaldehyde were employed (data not shown). Even with both aldehydes present
(Fig. 3) there was no statistical difference between luciferase activity from MDA and
acetaldehyde-treated HSCs when compared to 200 μM acetaldehyde or 200 μM MDA alone.

Since Mendelson and colleagues have implicated that oxidative stress in the liver results in
the activation of JNK [28], we set out to examine whether acetaldehyde and/or MDA would
result in downstream phosphorylation of the transcription factor ATF-2 or MBP. These 2
molecules serve as in vitro phosphorylation substrates for JNK, p38, and ERK, respectively.
To examine these potential MAPK pathways, we first performed immunoblot analysis under
the treatment conditions outlined in Figs. 1–3 and probed HSC lysates for phosphorylated
JNK (p-JNK), p38 (p-p38), and ERK (p-ERK). Such information would implicate MEK
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activation or mitogen-activated protein kinase kinase activation by oxidant byproducts.
Figure 4 is a representative immunoblot demonstrating that phosphorylated ERK, or p-ERK,
was detectable under the three experimental conditions defined in experiments outlined, but
there did not appear to be an increase in phosphorylated ERK from treatment.
Phosphorylated p38 (p-p38) was detectable under all conditions, including the control HSC
extracts, but again, no significant difference between control HSC extracts or treatment
groups was observed. By contrast, however, a characteristic doublet pattern of
phosphorylated JNK (p-JNK) was demonstrated and was repeatedly detectable from HSCs
extracts exposed to MDA, acetaldehyde, or both. In these studies, there was a significant
difference between p-JNK in the control cell extracts and that of the treated cells. Note that
the antibody used did not cross-react with other MAPKs and reflects the dually
phosphorylated JNK isoforms p46 and p54.

Based on the immunoblot analysis we determined, by immunoprecipitation, whether JNK,
p38, or ERK activation resulted in phosphorylation of the downstream substrate, ATF-2.
Similarly, we examined whether experimental treatment outlined resulted in ERK
phosphorylation of its substrate myelin basic protein (MBP). Figure 5 is a representative
immunoprecipitation analysis obtained following the experimental rationale outlined. ERK
phosphorylation of MBP was barely detectable under either control or experimental
conditions. P38 activity was present under all conditions but did not differ significantly from
basal (C) activity in lane 4 of Fig. 5. JNK activity, however, was significantly increased
under each of the three experimental conditions to which the cells were exposed as
compared to untreated HSCs extract activity. However, no difference in JNK
phosphorylation activity was observed between treatment groups (lanes 1–3 of Fig. 5).
Taken together, Figs. 4 and 5 indicate that JNK activation and its subsequent
phosphorylation of downstream elements is significantly affected by the presence of either
MDA, acetaldehyde, or the combination of both. Again, there did not appear to be more
ATF-2 phosphorylation by the immunoprecipitation of activated JNK activity from stellate
cell lysates exposed to both MDA and acetaldehyde compared to lysates from exposure to
either aldehyde alone.

We gratefully obtained a dominant negative mutant for JNK1 (dnJNK1), and cotransfected it
with the wild-type α2(I) collagen promoter. We hypothesized that if JNK activity, and the
presence of phosphorylated JNK, was increased by the presence of either acetaldehyde or
MDA, and that if both metabolites have the potential to increase collagen gene expression,
then the absence of JNK activity should decrease collagen transgene expression. Figure 6
represents the summary of triplicate transfection analysis designed exactly as in Figs. 4 and
5 employing equimolar (200 μM) of acetaldehyde, MDA, or both. The dnJNK1 mutant
significantly decreased the luciferase transgene activity under all conditions (p < .041,
Student’s t-test). The empty vector pCMVβ, in which the mutant was inserted, did not
significantly affect α2(I) collagen transgene activity. Acetaldehyde alone, or the combination
of MDA and acetaldehyde, did increase α2(I) collagen transgene activity, but no significant
difference between treatment groups was observed; and, as in the all the previous studies, no
synergy between MDA and acetaldehyde to increase transgene activity was apparent.
Transfection efficiency in all studies was measured by β-galactosidase activity and was
calculated to be between 75 and 85%.

Figure 7 is the correlating RT-PCR analysis corresponding to the series of transfection
studies displayed in Fig. 6, and demonstrates a statistically significant reduction in α2(I)
collagen PCR products, following stellate cell transfection with the dnJNK1, when
compared to basal collagen gene expression. These data again confirm that JNK activity
appears to be central in mediating the effect of either or both aldehydes; on the other hand,
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we failed to demonstrate synergy in collagen mRNA expression from transgene studies with
both MDA and acetaldehyde.

DISCUSSION
Since the discovery that HSCs are the principal collagen-producing cells in the liver,
intensive investigation has been focused on oxidant stress and liver fibrosis. Several
investigators, including our group, have reported that acetaldehyde, the oxidative metabolite
of alcohol, may in part be responsible for increased collagen gene activation and
transcription in the activated stellate cell phenotype. This is significant in alcoholic liver
disease, since inflammation is not necessarily a requirement for collagen deposition in the
natural history.

Since available animal models do not reliably reproduce alcoholic cirrhosis, exacting the
signaling pathogenesis of collagen gene activation is difficult to demonstrate in vivo. Also
the limitations of studying oxidative metabolites in vitro are equally challenging because of
the inability to maintain steady state concentrations of acetaldehyde. However, several
important in vivo studies in which rats were chronically fed ethanol, do implicate the role of
other aldehydes—including MDA in the pathogenesis of chronic alcoholic liver disease
[29,30]. Moreover, recent studies implicate the probable formation of malondialdehyde-
acetaldehyde protein adducts with albumin [31], and more importantly, a role for such
adducts in atherosclerotic-induced vascular disease [32] as well as in animals chronically fed
ethanol [14]. Therefore, the purpose of the current studies was dual. First, to determine, in
an in vitro model for liver fibrosis, whether the combination of MDA and acetaldehyde
could synergistically increase collagen gene expression and transgene activation. Second, to
determine which of the stress-activated protein kinases is responsible for aldehydes
enhancing HSC-associated collagen gene expression.

From the work presented here we did not find that the combination of acetaldehyde and
malondialdehyde together acted synergistically to increase collagen gene transcription or
promoter activation. Similarly, we did not, in the immunoprecipitation experiments (Fig. 5)
demonstrate a quantitative increase in the phosphorylation of ATF by JNK from HSC
lysates exposed to both aldehydes when compared to either aldehyde alone. We did examine
whether altering the concentration (50, 100, or 150 μM) of either MDA or acetaldehyde
together would change these outcomes, but in fact 200 μM concentrations of both additives
together was optimal; lesser concentrations of both aldehydes together resulted in less
transgene activity or mRNA expression than either alone. Furthermore, using confocal
microscopy with anti-MAA antibodies [17] we failed to detect specific MAA epitopes in
cultured HSC, since similar staining patterns were obtained with cells exposed to MDA
alone. We also did not detect protein adducts by immunoblot analysis with these antibodies.

It may not be surprising that the combination of acetaldehyde and MDA failed to result in a
synergistic response in vitro. Acetaldehyde is much more highly reactive than MDA and
may have effectively removed both aldehydes from potentially altering collagen gene
expression in the culture model we employed. The immunoblot probing for p-JNK (Fig. 4)
and the immunoprecipitation analysis (Fig. 5) also corroborate the findings that a lack of
synergy exists between acetaldehyde and MDA in activation of JNK and phosphorylation of
its downstream transcription factors. Recently Parola and colleagues suggested that 4-
hydroxy-2, 3-nonenal (HNE), another aldehydic end product of lipid peroxidation, interacts
directly with JNK isoforms to alter gene transcriptional regulation [33]. This observation is
related to the lack of crucial HNE-metabolizing enzymatic activities in HSCs and may
explain that aldehyde altering adducts affecting transcription may not require cell-surface
signaling to alter collagen gene expression. Indeed while we demonstrate that JNK
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activation is critical in aldehyde-associated HSC collagen gene activation, the
phosphorylation activity was from whole cell lysates. This work clearly shows, nonetheless,
that JNK is critical to stress-induced collagen gene expression, however.

Whalen and colleagues have recently reported that activated HSC lose most forms of
glutathione-S-transferase [34]. Thus, lipid peroxidation products such as MDA do not
require inhibitors to prevent elimination of the culture additive in order to study the potential
long-term effect of aldehydes in vitro. MDA, or in the future HNE, would serve as more
stable, less volatile aldehydes in vitro, and will be useful in studying signal transduction
mechanisms that are activated not only in alcohol-related liver disease but other chronic
liver diseases in which lipid peroxidation products have been implicated [35–37].

We anticipated that ERK activity would not be increased by the presence of MDA,
acetaldehyde, or both, because of the role of ERK in mitogenic control of cell proliferation
[38] (Figs. 4 and 5). None of these oxidative metabolites is known to activate HSC
proliferation. Conversely, we did expect that either JNK or p38 MAPK activities, or both,
might be increased by the presence of these metabolites. We found that JNK activity, and
the presence of phosphorylated JNK (p-JNK), was increased under the three experimental
conditions to which stellate cells were subjected when compared to untreated stellate cells.
Phosphorylated JNK, however, was found to be increased in the presence of MDA alone or
in combination with acetaldehyde as well as with acetaldehyde alone. A significant increase
in JNK activity, as measured by phosphorylation of ATF-2, and p-JNK, was present in the
MDA-treated HSCs, as well as activity from the combination of acetaldehyde and MDA or
acetaldehyde alone (Fig. 5).

The link between JNK activation and collagen gene expression is substantiated by the results
shown in Fig. 6. The dnJNK1 mutant significantly reduced α2(I) collagen luciferase
transgene activity under all experimental conditions while the pCMVβ vector, an expression
vector, lacking the dnJNK1 construct, did not. These transfection data clearly corroborate
the finding that increased JNK phosphorylation activity is required for stress-induced
collagen gene activation in HSCs by these aldehydes. More convincingly, neither significant
phosphorylation of ATF-2, detection of p-JNK, or abrogation of collagen transgene activity
by dnJNK1, was found in untreated HSC collagen gene expression.

The data presented here relating acetaldehyde and MDA to increased JNK phosphorylation
and collagen gene expression, raise important questions for future investigation and provide
a framework for potential signaling of aldehydes in liver fibrosis. These data strongly
suggest that JNK activation is a requisite for oxidant stress-induced collagen gene
expression, and as such, SAPK activation is not required in basal collagen gene activity. It is
worthwhile noting that Chen and Davis also very recently reported that acetaldehyde-
induced collagen gene expression is JNK-dependent [39]. Our report strongly implicates
JNK in lipid peroxidation-associated collagen gene activation. While circulating antibodies
to MAA adducts, and MAA adducts themselves, have been detected in rats chronically fed
ethanol, it does not appear that the in vitro model used here would best serve to determine
the pathologic significance of such adducts. Perhaps an immune-mediated phenomenon does
take place in vivo that has potential for enhancing liver fibrosis. Such a hypothesis should be
further examined in vitro to elucidate a putative mechanism relating anti-MAA antibodies
and HSC-associated collagen production.

Whether oxidant stress-related collagen gene signaling in activated HSCs results in signal
“cross-talk” will be worthwhile to pursue. In prior work, we, and others, have shown that
acetaldehyde increases protein kinase C (PKC) activity [27,40], and that PKC activation also
increases collagen gene transcription. Our data implicating aldehyde-associated SAPK
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activation, parallels recent data in which stretch and phorbol ester (PMA) increase nuclear
protein binding to AP-1 in kidney mesangial cells, which are known to be responsible for
glomerulosclerosis. The mechanism of enhanced AP-1 binding activity, a putative binding
site in collagen gene regulation [41,42], appears to be mediated by PKC and subsequent
activation of SAPK/JNK [43]. Similar PKC-JNK activation mechanisms were also recently
reported in an in vivo ischemic injury model in rabbits [44]. There are emerging data
suggesting that the perpetuation of nascent collagen gene expression in hepatic stellate cells
may not require the TGFβ1 signaling mechanism [45]. Hence, current investigations are
ongoing to examine the critical role of oxidant stress in cross-talk signaling between two
potentially important pathways in fibrosis—the SAPK pathway and the TGFβ pathway.
Establishing a molecular link in a culture model between lipid peroxidation products,
including MDA, and HNE, and specific signal transduction pathways augmenting collagen
gene activation will provide critical answers to key questions regarding perpetuation of liver
fibrosis. Furthermore, such information will lay the groundwork for novel pharmacologic
and molecular agents that inhibit liver fibrosis.
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Fig. 1.
RT-PCR analysis of α2(I) collagen message after treatment of hepatic stellate cell cultures
(HSC) with 200 μM MDA, 200 μM acetaldehyde, or the combination of both MDA and
acetaldehyde. Total RNA from HSCs grown in SF media containing 200 μM MDA, 200 μM
acetaldehyde (AC), or both (MDA/AC) was reverse transcribed with primer pairs for α2(I)
collagen gene and 18S RNA. Control RNA was from untreated HSCs grown in SF media in
the absence of additives. Results are expressed as relative units quantitated to 18S RNA.
This experiment was performed three times in triplicate. Data analysis of resolved agarose
gel electrophoresis products by Student’s t-test. All treatment data compared to controls, *p
< .03.
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Fig. 2.
Transient transfection of primary passaged stellate cells with the α2(I) collagen collagen
promoter exposed to 200 μM MDA for increasing time intervals as compared to untreated
cells. Ten μg of the wild-type (pGL3-1009) promoter was transfected by the calcium
phosphate precipitation method [24]. Exposure time to MDA is as indicated and pGL3-1009
luciferase transgene activity was measured at these time points. Experiments shown were
performed in triplicate on three separate occasions and transfection efficiency was assayed
by cotransfection with 0.5 μg β-galactosidase. The data shown represent the average of these
studies ± SE. Data analysis was by Student’s t-test. Results shown were standardized to
protein assayed (RLU/μg protein). Forty-eight hour and 72 h transgene results were
significant compared to control (untreated) cells. Protein sample analysis by the method of
Lowry [25]. Transfection efficiency for all transfection assays was between 75–85%.
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Fig. 3.
Transient transfection of the α2(I) collagen promoter in hepatic stellate cells exposed to 200
μM acetaldehyde, MDA, or both. Two to ten μg of the wild-type (pGL3-1009) promoter was
transfected by the calcium phosphate precipitation method [24] or by Lipofectamine.
Exposure time to all culture additives was 48 h. Experiments shown were performed in
triplicate on three separate occasions and transfection efficiency was assayed by
cotransfection with 0.5 μg β-galactosidase. The data shown represent the average of these
studies ± SE. Data analysis was by Student’s t-test. Results shown were standardized to
protein assayed (RLU/μg protein). Protein sample analysis by the method of Lowry [25]. No
significant difference exists between treatment groups, but a significant difference (p < .05)
did exist between each treatment group and untreated, or control lysates.
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Fig. 4.
Immunoblot analysis to detect phosphorylated MAPK proteins (p-JNK, p-p38, or p-ERK) in
rat hepatic stellate cells exposed to MDA and/or acetaldehyde. Fifty μg of cell lysate were
subjected to 10% SDS-PAGE and transblotted [26]. Equal protein loading was based on
Lowry protein assay and immunodetection of β-actin [25]. Primary antibodies to
phosphorylated kinases were diluted at 1:1000; secondary conjugate antibodies for enhanced
chemiluminescence were diluted at 1:5000. The results shown represent of five separate
studies. Lane 1: Cell exposure to both 200 μM MDA and 200 μM acetaldehyde (AC). Lane
2: Exposure to 200 μM MDA alone. Lane 3: Exposure to 200 μM AC alone. Lane 4: SF
media only, control (C). Phosphorylated proteins were detected for all MAPKs examined.
Only pJNK was significantly different under the experimental conditions compared to
untreated, or control experiments. No significant difference appeared present between
treatment groups. Time of exposure to aldehydes was 48 h.
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Fig. 5.
Immunoprecipitation of MAPK activity in cultured rat hepatic stellate cells exposed to
MDA and/or acetaldehyde. One microgram of polyclonal antibodies to ERK, JNK, or p38
were added to cell lysate bound to protein A-agarose beads. The kinase assay was initiated
by addition of 1 μl myelin basic protein (MBP) for ERK activity and 5 μl of ATF-2 for
either JNK or p38 activity. These studies were performed three times in triplicate for each
MAPK activity. Equal protein loading was based on Lowry protein assay [25]. Assays were
subjected to 10% SDS-PAGE and autoradiography [26]. Lane 1: Cell exposure to both 200
μM MDA and 200 μM acetaldehyde (AC). Lane 2: Exposure to 200 μM MDA alone. Lane
3: Exposure to 200 μM AC alone. Lane 4: SF media only, control (C). JNK activity was
significantly higher in the treatment groups (lanes 1–3) compared to control (lane 4). P38
activity was not significantly different between treatment groups (lanes 1–3) compared to
control activity. ERK phosphorylation activity, as measured here by MBP phosphorylation,
was barely detectable. Phosphorylation activity between treatment groups was not
significantly different.
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Fig. 6.
Effect of MDA and/or acetaldehyde on the α2(I) collagen promoter cotransfected with a
dominant negative expression vector for JNK (dnJNK1). Transient transfection experiments
with HSCs were identical to those described previously, except that either 2 μg of dnJNK1,
or 2 μg pCMVβ, the empty vector in which dnJNK1 was inserted were cotransfected with 2
μg of the α2(I) collagen promoter. Assays were performed three times in triplicate. The
symbol * indicates p values (Student’s t-test), comparing collagen transgene expression
between cotransfection experiments with pCMVβ and the collagen promoter, and the same
experiments with the collagen promoter and dnJNK1. DnJNK1 did reduce collagen
transgene activity in the absence of additives, however this was not significant. By contrast,
the presence of dnJNK1 significantly decreased collagen transgene activity that was
enhanced by MDA, acetaldehyde, or both. Transfection efficiency was assayed by
employing β-galactosidase at 0.5 μg/flask. U = untreated; MDA = malondialdehyde; AC =
acetaldehyde; MDA/AC = both; DnJNK1 = dominant negative mutant for JNK. X-axis
summarizes each experimental condition. Aldehyde concentrations were 200 μM.

Anania et al. Page 19

Free Radic Biol Med. Author manuscript; available in PMC 2010 August 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7.
RT-PCR analysis of α2(I) collagen message from stellate cells transfected with dnJNK1 and
treated with 200 μM MDA, acetaldehyde, or both. To determine whether the transfection
data in Fig. 6 corresponds to JNK-mediated collagen gene transcription, total RNA from
stellate cells grown in SF media containing 200 μM MDA, 200 μM acetaldehyde, or both
and previously transfected with 2 μg of dnJNK1, was reverse transcribed with primer pairs
for α2(I) collagen and 18S RNA. Control RNA was from stellate cells grown in SF media in
the absence of additives alone, and in the absence of additives and dnJNK1. Results are
expressed as relative units quantitated to the 18S RNA product. These experiments were
performed three times in triplicate. Data analysis by Student’s t-test. P values were
measured against PCR product for each treatment in the absence of dnJNK1. To control for
the insertion of the expression vector, the pCMVβ empty vector was used as a control. U =
untreated; MDA = malondialdehyde; AC = acetaldehyde; MDA/AC = both; DnJNK1 =
dominant negative mutant for JNK. X-axis summarizes each experimental condition.
Ethidium bromide stained agarose gel (top) corresponds to densitometric histogram for each
experimental condition.
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