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Abstract
Background/Aims: Alcoholic liver disease (ALD) is one of the leading causes of
cirrhosis and yet efficient therapeutic strategies are lacking. Polyenephosphatidylcholine
(PPC), a major component of essential phospholipids, prevented alcoholic liver fibrosis
in baboons, but its precise mechanism remains uncertain. We aimed to explore the
effects of PPC on ALD using ethanol-fed peroxisome proliferator-activated receptor α
(Ppara)-null mice, showing several similarities to human ALD. Methods: Male
wild-type and Ppara-null mice were pair-fed a Lieber-DeCarli control or 4%
ethanol-containing diet with or without PPC (30 mg/kg/day) for 6 months. Results: PPC
significantly ameliorated ethanol-induced hepatocyte damage and hepatitis in
Ppara-null mice. These effects were likely a consequence of decreased oxidative stress
through down-regulation of reactive oxygen species (ROS)-generating enzymes,
including cytochrome P450 2E1, acyl-CoA oxidase, and NADPH oxidases, in addition
to restoration of increases in Toll-like receptor 4 and CD14. PPC also decreased Bax
and truncated Bid, thus inhibiting apoptosis. Furthermore, PPC suppressed increases in
transforming growth factor-β1 expression and hepatic stellate cell activation, which
retarded hepatic fibrogenesis. Conclusions: PPC exhibited anti-inflammatory,
anti-apoptotic, and anti-fibrotic effects on ALD as a result of inhibition of the
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overexpression of ROS-generating enzymes. Our results demonstrate detailed molecular
mechanisms of the anti-oxidant action of PPC.
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1. Introduction
Chronic alcohol consumption can cause a wide spectrum of liver abnormalities that
ranges from simple steatosis to hepatitis, cirrhosis, and hepatocellular carcinoma. It has
been reported that alcoholic liver disease (ALD) remains the most common cause of
liver cirrhosis in Western countries [1]. Since the appearance of hepatitis is a predictor
of progression to cirrhosis and liver cancer, appropriate therapeutic intervention at this
point is important in treating ALD.
Numerous data on the pathogenesis of ALD have been obtained from animal
studies [1-3]. Chronic alcohol consumption induces hepatic oxidative stress due to
increased generation of reactive oxygen species (ROS) and/or reduced anti-oxidant
capacity. Oxidative stress causes further lipid peroxidation, which can directly damage
the membranes of cells and organelles and lead to release of reactive aldehydes with
potent pro-inflammatory and pro-fibrotic properties. Chronic alcohol intake also
increases gut-derived lipopolysaccaride (LPS) concentration in portal blood, which
binds to Toll-like receptor 4 (TLR4)/CD14 complexes and activates nuclear
factor-kappa B (NF-κB), triggering pro-inflammatory responses such as induction of
tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β). Furthermore, ethanol is
singularly so toxic that it can induce hepatocyte apoptosis by itself. These mechanisms
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are all presumed to contribute to human ALD to varying degrees.
Peroxisome proliferator-activated receptors (PPARs) are ligand-activated nuclear
receptors belonging to the steroid/thyroid hormone receptor superfamily. Three isoforms
of PPARs exist, designated as PPARα, PPARβ/δ, and PPARγ. Of these, PPARα is
associated with the control of fatty acid transport and metabolism primarily in the liver
[4]. A close relationship between PPARα and the development of ALD is believed to
exist since chronic alcohol consumption decreases hepatic PPARα expression and
suppresses the transcriptional activity of PPARα-regulated genes [5,6]. We previously
reported that PPARα-null (Ppara-/-) mice fed a 4% ethanol-containing Lieber-DeCarli
diet for 6 months exhibited hepatomegaly, macrovesicular steatosis, hepatocyte
apoptosis, mitochondrial swelling, hepatitis, and hepatic fibrosis, all of which resembled
the clinical and pathological features of patients with ALD [7]. These abnormalities
appeared with very high reproducibility and stressful surgical procedures to increase
alcohol levels, such as gastric tube insertion, were not required. Therefore, Ppara-/- mice
are regarded as a useful animal model to investigate the pathogenesis of human ALD.
Essential

phospholipids

are

highly-purified

phosphatidylcholine

fractions

containing linoleic acid and other unsaturated fatty acids. Polyenephosphatidylcholine
(PPC), a major active ingredient in essential phospholipids, has a high bioavailability
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and affinity for cellular and subcellular membranes and maintains membrane fluidity
and function. Several experiments have demonstrated the hepatoprotective effects of
PPC [8-10]. However, the precise molecular mechanism of PPC action against ethanol
toxicity has not been fully elucidated in vivo, which prompted us to evaluate the effects
of PPC on ALD in greater detail using Ppara-/- mice.
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2. Methods
2.1. Mice and Treatment
Generation of Ppara-/- mice on a Sv/129 genetic background was described previously
[11]. The mice were housed in an environment controlled for temperature, humidity, and
light (25oC, 12-h light/dark cycle) and maintained with standard laboratory chow and
tap water ad libitum until 12 weeks of age. Male 12-week-old Sv/129 wild-type or
Ppara-/- mice (n = 24 in each genotype) weighing 31-35g were selected, randomly
divided into 4 groups, and pair-fed the following diet for 6 months: (1) control
Lieber-DeCarli liquid diet (n = 6); (2) control liquid diet with PPC (30 mg/kg/day) (n =
6); (3) 4% ethanol-containing Lieber-DeCarli liquid diet (n = 6); and (4) 4%
ethanol-containing liquid diet with PPC (30 mg/kg/day) (n = 6). The ethanol-containing
diet consisted of 19.4% (per weight basis) protein as casein, 51.0% carbohydrate as
sucrose, 13.2% olive oil, 3.6% corn oil, 4.5% cellulose, 2.9% mineral mix, 1.1%
vitamin mix, 0.3% choline bitartrate, and 4% ethanol (Oriental Yeast Co., Ltd, Tokyo,
Japan). The control diet was replaced ethanol with isocaloric sucrose. PPC was provided
from Alfresa (Osaka, Japan), and mixed in with the diet. Ethanol concentrations were
raised gradually from 2% to 4% over the first month and maintained at 4% for the
remainder of the administration period. Dietary intake was recorded every day and body
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weight was measured once a week. Six months after commencing treatment, all mice
were sacrificed under anesthesia. After obtaining portal blood, livers were removed and
weighed. All animal experiments were conducted in accordance with animal study
protocols outlined in the “Guide for the Care and Use of Laboratory Animals’’ prepared
by the National Academy of Sciences and approved by Shinshu University School of
Medicine.
2.2. Measurement of Plasma Ethanol Concentrations
To ascertain the amount of ethanol intake, blood was obtained from a tail vein at the
same time (AM 10:00) of the first day of each month, and plasma ethanol concentration
was determined using the vial equilibration method, as described elsewhere [7].
2.3. Preparation of Nuclear and Cytosolic Fractions
Nuclear and cytosolic fractions were prepared as described previously [12].
2.4. Immunoblot Analysis
Protein concentrations were measured colorimetrically with a BCATM Protein Assay kit
(Pierce, Rockford, IL, USA). For analysis of NF-κB, nuclear fractions (100 µg of
protein) were subjected to 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE).
For analysis of other proteins, whole lysate or cytosolic fractions (50-100 µg of protein)
were subjected to 8-10% SDS-PAGE [12-15]. The samples were obtained from all
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Ppara-/- mice (n = 6 in each group). In each electrophoresis assay, samples from 3
different mice in the same group were loaded. After electrophoresis, the proteins were
transferred to nitrocellulose membranes and incubated with the primary antibody
followed by alkaline phosphatase-conjugated goat anti-rabbit IgG. Antibodies raised
against cytochrome P450 2E1 (CYP2E1), acyl-coenzyme A oxidase (AOX), and
catalase were described previously [4,7]. Antibodies against other proteins were
purchased commercially (BD Transduction Laboratories, San Diego, CA, USA for
cytochrome C antibody, Cell Signaling Technology, Beverly, MA, USA for
phosphorylated kinases, and Santa Cruz Biotechnology, Santa Cruz, CA, USA for
others). The antibody against protein kinase C (PKC) recognized all PKC isoforms.
Actin or histone H1 bands were used as loading controls. Band intensity was measured
densitometrically, normalized to that of actin or histone H1, and expressed as fold
change relative to that of Ppara-/- mice fed a control Lieber-DeCarli liquid diet without
addition of PPC. For confirmation of data reproducibility, immunoblot analysis using
the same samples was done twice. Similar immunoblot analysis was also performed
with the remaining 3 samples from each group. Overall, 4 independent assays were
carried out for each target molecule and the data of 12 band intensities were obtained
for each group and subjected to statistical analysis.

11

2.5. Analysis of mRNA
Total liver RNA was extracted from all Ppara-/- mice (n = 6 in each group) using an
RNeasy Mini Kit (Qiagen, Tokyo, Japan), and cDNA was generated by SuperScript II
reverse transcriptase (Gibco BRL, Paisley, Scotland) [16]. Quantitative RT-PCR was
performed using a SYBR green PCR kit and ABI Prism 7700 Sequence Detection
System (Applied Biosystems, Foster City, CA, USA). The primer pairs used are shown
in

supplementary

Table

1.

Measured

mRNA levels

were

normalized

to

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA levels, and expressed as
fold change relative to those of Ppara-/- mice fed a control Lieber-DeCarli liquid diet
without addition of PPC.
2.6. Histological Evaluation
Small blocks of liver tissue from each mouse were fixed in 4% paraformaldehyde in
phosphate-buffered saline and embedded in paraffin. Sections (4 µm thick) were stained
with hematoxylin and eosin or Azan-Mallory method. At least three discontinuous liver
sections were evaluated in each mouse. Histological findings were scored by an
independent pathologist in a blinded fashion according to the following criteria: (1)
grade of steatosis: 0, none; 1, mild (5-33% of parenchymal involvement by steatosis); 2,
moderate (33-66%); 3, severe (>66%); (2) activity of inflammation: 0, none; 1, mild; 2,
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moderate; 3, severe; and (3) stage of fibrosis: 0, none; 1, mild perisinusiodal fibrosis
mainly in zone 3; 2, moderate perisinusoidal fibrosis in zone 3; 3, perisinusoidal or
portal/periportal fibrosis; 4, perisinusoidal and portal/periportal fibrosis. The overall
inflammation score was expressed as the sum of portal (0-3) and lobular (0-3)
inflammation scores and ranged from 0-6. The number of necrotic foci was counted in
20 randomly selected x200 microscopic fields per section and expressed as number per
square millimeter [17]. The number of neutrophils infiltrating into liver lobuli was
counted in 20 randomly selected x400 microscopic fields per section and expressed as
number per high-power field. To assess hepatocyte apoptosis, the terminal
deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling
(TUNEL) assay was performed using MEBSTAIN Apoptosis Kit II (Medical &
Biological Laboratories, Nagoya, Japan). Two-hundred hepatocytes were examined in
each section, and the number of TUNEL-positive hepatocytes was expressed as a
percentage [12].
2.7. Other Methods
Assays for enzymatic activity were carried out as described previously [7,18]. Plasma
concentrations of aspartate and alanine aminotransferase (AST and ALT) were
examined using a GOT and GPT-test kit (Wako), respectively. Plasma LPS level was
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measured by means of an endotoxin single-test kit (Wako ). Total hepatic lipids were
extracted according to a method by Folch et al. [19], and levels of triglycerides (TG)
and lipid peroxides [malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE)] were
measured with a Triglyceride E-test (Wako ) and LPO-586 kit (OXIS International,
Portland, OR, USA), respectively.
2.8. Statistical Analysis
Statistical analysis was performed using the two-tailed Student’s t-test. Quantitative data
were expressed as mean + standard deviation (SD). A probability value of less than 0.05
was considered to be statistically significant.
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3. Results
3.1. General Effect of PPC in 4% Ethanol-fed Mice
All mice survived treatment and the body weights of mice did not differ in each
genotype (Fig. 1A). Although liver TG contents were increased in wild-type and Ppara-/
mice fed a 4% ethanol-containing diet, hepatomegaly and significant elevation of serum
AST and ALT levels were observed only in ethanol-treated Ppara-/- mice (Fig. 1B, D,
and E), which were consistent with the previous report [7]. In histological examinations,
focal necrosis of hepatocytes and infiltration of inflammatory cells, mainly neutrophils,
were detected only in Ppara-/- mice fed the liquid diet containing ethanol, but ballooned
hepatocytes or Mallory’s hyaline were not found (Fig. 2A, C-E). Moderate-to-severe
macrovesicular steatosis was seen in all groups (Fig. 2A and B). PPC did not have any
effects on hepatomegaly or hepatic TG accumulation (Fig. 1B and C), but significantly
improved serum AST and ALT levels (Fig. 1D and E) and activity of hepatitis (Fig. 2A,
C-E) in ethanol-fed Ppara-/- mice. These results demonstrate that PPC could alleviate
ethanol-induced hepatocyte damage and hepatitis occurred specifically in Ppara-/- mice.
3.2. Effect of PPC on Ethanol Metabolism
To explore the mechanism of PPC action on ALD in Ppara-/- mice, we first examined
the changes in ethanol-metabolizing enzymes in the liver. Plasma ethanol concentrations
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were similar between Ppara-/- mice fed ethanol-containing diets with or without PPC
(36 + 12 vs. 34 + 14 mM at one month; 45 + 12 vs. 44 + 10 mM at 2 months; and 46 +
16 vs. 47 + 14 mM at 4 months), as well as those at the endpoint (Fig. 3A). Although
PPC did not change the levels of alcohol dehydrogenase (ADH) or aldehyde
dehydrogenase (ALDH) activity (Fig. 3B and C), it normalized increases in the
expression and activity of CYP2E1 (Fig. 3D and E). Quantitative RT-PCR analysis
revealed that the changes in CYP2E1 expression were due to a post-transcriptional
mechanism (Fig. 3F).
3.3. Effect of PPC on Hepatic Oxidative Stress
To test specifically whether PPC modified the ROS production caused by ethanol intake,
the hepatic content of lipid peroxides MDA and 4-HNE were determined. As expected,
PPC halted increases in these byproducts (Fig. 4A and B). PPC diminished the induction
of ROS-generating enzymes AOX and NADPH oxidase NOX-2 (Fig. 4C), and the same
was true for changes in their mRNA levels (Fig. 4D). Furthermore, PPC alleviated the
increases in NOX-4 (Fig. 4C). On the other hand, PPC did not influence either the
expression of ROS-eliminating enzymes, such as Cu, Zn-superoxide dismutase (SOD),
Mn-SOD, catalase, and glutathione peroxidase (GPx), or the activities of SOD and GPx
(Fig. 4C, E, and F). Additionally, PPC did not have any impact on the activity of
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glutathione S-transferase or glutathione content in the liver (data not shown). Overall, it
appears that PPC contributed to decreases in ethanol-derived oxidative stress by
inhibiting the overexpression of ROS-generating enzymes, but not by reinforcing
anti-oxidant defense capacity.
3.4. Effect of PPC on Kinase Phosphorylation
Since ROS can serve as a second messenger in signal transduction by activating various
stress kinases, the degree of phosphorylation of these enzymes was examined.
Continuous ethanol administration increased the phosphorylated forms of apoptosis
signal-regulating kinase 1 (ASK1), p38 mitogen-activated protein kinase (p38 MAPK),
PKC, and phosphatidylinositol-3 kinase (PI3K) (Fig. 5). However, PPC significantly
suppressed the increases in each of these proteins (Fig. 5).
3.5. Effect of PPC on the NF-κB-mediated Signaling Pathway
PPC normalized the increases in NF-κB subunits p65 and p50 in hepatocyte nuclei of
ethanol-fed mice (Fig. 6A). To determine whether the activation of NF-κB was the
result of degradation of IκB-α, an inhibitor of NF-κB, the expression of IκB-α and its
phosphorylated form (p-IκB-α) was assessed by immunoblot analysis. Ethanol caused
marked decreases in IκB-α and increases in p-IκB-α, but PPC corrected these changes
(Fig. 6B), thus ameliorating the ethanol-enhanced increases in mRNA levels of
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NF-κB-regulated genes, including TNF-α, IL-1β, cyclo-oxygenase 2 (COX-2),
inducible nitric oxide synthase (iNOS), intercellular adhesion molecule 1 (ICAM-1),
and monocyte chemotactic protein 1 (MCP-1) (Fig. 6C). Collectively, these results
indicate that PPC significantly attenuated NF-κB activation and the resultant
pro-inflammatory responses induced by persistent ethanol consumption.
3.6. Effect of PPC on the LPS-mediated Signaling Pathway
Since gut-derived LPS is also known to be a potent activator of NF-κB, the effect of
PPC on portal LPS concentrations was examined. These concentrations were raised by
the end of the treatment period in ethanol-fed mice, but were not improve by PPC (Fig.
7A). On the other hand, PPC suppressed ethanol-induced increases in mRNA levels of
TLR4 and CD14 (Fig. 7B). The mRNA levels of myeloid differentiation factor 88
(MyD88), an essential adapter molecule that combines with TLR4/CD14, remained
unchanged in all groups (Fig. 7B). PPC appears to prevent ethanol-induced
amplification of the LPS-mediated signaling pathway.
3.7. Effect of PPC on Hepatocyte Apoptosis
PPC significantly decreased the number of TUNEL-positive hepatocytes and caspase 3
activity in ethanol-fed mice (Fig. 8A-C). PPC also suppressed increases in Bax and
truncated Bid (Fig. 8D) and blocked activation of mitochondrial permeability transition
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(MPT), as revealed by the absence of cytochrome C leakage to the cytoplasm (Fig. 8E).
In contrast, PPC did not influence the expression of anti-apoptotic proteins, such as
Bcl-2 and Bcl-xL (Fig. 8D).
3.8. Effect of PPC on Hepatic Fibrosis
Lastly, PPC inhibited perisinusoidal fibrosis in chronically ethanol-administered mice
(Fig. 9A and B). This finding was corroborated by quantification of collagen type 1 α1
(COL1A1) mRNA levels (Fig. 9C). PPC also inhibited ethanol-induced increases in the
expression of pro-fibrotic cytokines transforming growth factor-β1 (TGF-β1) and
TGF-α, as well as that of α-smooth muscle actin (αSMA), an indicator of hepatic
stellate cell activation (Fig. 9D). Taken together, these results demonstrate that PPC
exhibited an anti-fibrotic effect against ALD.
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4. Discussion
The present study characterized the diverse hepatoprotective effects of PPC on ALD in
Ppara-/- mice. Namely, we identified a novel and unique mechanism involving
attenuation of hepatic ROS generation through down-regulation of CYP2E1, AOX,
NOX-2, and NOX-4. Such action differs from that of well-known anti-oxidants
tocopherol and S-adenosyl methionine, which restores glutathione content [1,20]. The
peculiar properties of PPC to inhibit ROS production are considered to be essential in
the down-regulation of several signal transduction pathways activated by ethanol, i.e.,
ROS-PKC-PI3K-NF-κB,

ROS-ASK1-p38

MAPK,

ROS-TLR4/CD14,

and

ROS-Bax/tBid-MPT activation. These findings enabled us to propose detailed
mechanisms of the anti-oxidant effect of PPC.
Chronic ethanol exposure leads to a metabolic shift from ADH to CYP2E1 in the
liver, which is largely responsible for the overproduction of ROS [1-3]. Our results
demonstrated that ethanol significantly increased hepatic CYP2E1 expression at the
post-transcriptional level in mice. Chronic ethanol consumption is also known to cause
protein accumulation in hepatocytes because of decreased protein-catabolizing ability in
proteasomes [21]. Considering that there was an inverse correlation between
proteasomal activity and hepatic amounts of lipid peroxides [22], as well as the fact that
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decreases in proteasomal activity were not detected in ethanol-fed CYP2E1-knockout
mice [23], we can speculate that CYP2E1-derived oxidative stress plays an essential
role in proteasomal dysfunction in ALD. Since CYP2E1 itself is also degraded by
proteasomes [24], ethanol-induced oxidative stress may down-regulate the proteasomal
degradation pathway and increase CYP2E1 expression, thus further overproducing ROS.
The finding that PPC can discontinue this vicious cycle is consistent with recent
evidence that choline facilitates proteasomal degradation of phosphoethanolamine
methyltransferase [25]. However, it remains to be elucidated how either PPC or choline
improves proteasomal activity.
A novel and unexpected result in this study was that AOX mRNA levels, encoding
a rate-limiting enzyme in the peroxisomal β-oxidation pathway, were increased in
ethanol-fed Ppara-/- mice but normalized by PPC. The same alterations were confirmed
in the expression of other peroxisomal enzymes, such as peroxisomal hydratase and
thiolase (data not shown). Since these enzymes are known to be induced by
PPARα activation [4], it is plausible that PPARα-independent mechanisms also exist to
induce such enzymes [26]. Indeed, Latruffe et al. previously showed that PKC
activation might be associated with increases in mRNA levels of peroxisomal
β-oxidation enzymes [27]. PKC was markedly phosphorylated in ethanol-treated
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Ppara-/- mice, implying that ethanol-derived ROS may have activated PKC resulting in
induction of AOX in a PPARα-independent manner, thus generating further ROS.
Therefore, we believe that PPC reduces CYP2E1-derived ROS, prevents activation of
PKC, and possibly inhibits overexpression of AOX.
The observation that PPC inhibits NF-κB activation is consistent with the previous
result that dilinoleoylphosphatidylcholine decreases acetaldehyde-induced NF-κB
activation and TNF-α generation in isolated Kupffer cells [9]. NF-κB activated by ROS
and acetaldehyde induces the enhancement of NOX-2 expression, whose gene contains
an NF-κB response element in its promoter region [28]. Furthermore, NF-κB activation
can induce the expression of iNOS, another major source of ROS. Therefore, activated
NF-κB strongly amplifies generation of ROS, which further activates oxidative
stress-responsive transcriptional factors, including NF-κB itself and activator protein 1
(AP-1). PPC is presumed to block this harmful spiral.
PPC did not decrease portal concentrations of LPS, suggesting only a minor
contribution to gut flora and integrity of the intestinal mucosal barrier. On the other
hand, we found for the first time that PPC significantly suppressed increases in
TLR4/CD14 expression, which probably prevented amplification of LPS-mediated
signals by ethanol. The transcriptional activity of TLR4/CD14 is enhanced by NF-κB

22

and/or AP-1, whose binding sites are found in the promoter regions of both genes
[29,30]. Moreover, induction of the TLR4 gene can also result from post-transcriptional
stabilization of mRNA by activation of p38 MAPK [29]. Therefore, the suppressive
effect of PPC on hepatic TLR4/CD14 levels seems to occur through the diminishment
of oxidative stress.
COL1A1 and COL1A2 genes, encoding collagen I α1 and α2 chains, respectively,
are highly sensitive to ROS. The COL1A2 promoter possesses TGF-β1-, TNF-α-, and
NF-κB-binding sites, and its transcription is reported to be activated through a lipid
peroxidation-PKC-PI3K-NF-κB-driven mechanism [31]. Thus, PPC is suspected to
inhibit collagen synthesis by reducing ROS, down-regulating TGF-β1, and inactivating
the PKC- PI3K-NF-κB-mediated pathway.
It is quite noteworthy that PPC markedly corrected the increases in hepatic NOX-4
expression caused by chronic ethanol consumption. Because of trace amounts of
NOX-4 in normal livers, little information has been available regarding the contribution
of this NOX isoform to various liver diseases. However, a recent study demonstrated a
central role in the process of TGF-β-induced hepatocyte apoptosis [32]. Furthermore,
overexpression of NOX-4 was detected in the livers of human ALD [33]. Thus,
down-regulation of NOX-4 by PPC is considered to be one of the molecular
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mechanisms of its anti-oxidant and anti-apoptotic properties.
It has been reported that the expression of molecules contributing to fibrogenesis
(TGF-β1, collagen 1A1, and αSMA) and inflammation (MCP-1) was significantly
up-regulated in human livers with alcoholic hepatitis, and was strongly correlated with
disease severity [33]. Since these increases were also found in 4% ethanol-fed Ppara-/mice, the mechanism documented in the present study might, at least in part, apply to
human ALD. Although there was a trend towards improvement of serum ALT levels in
PPC-treated groups in a long-term trial in patients with alcoholic cirrhosis, the full
spectrum of PPC benefits have not been evaluated appropriately because of the dramatic
reduction in alcohol consumption in the treated and placebo groups [34]. Thus, PPC
might deserve re-examination for its efficacy in patients with alcoholic hepatitis,
especially in non-cirrhotic ones.
In conclusion, we were able to uncover the precise mechanism of PPC in the
amelioration of ethanol-induced oxidative stress, which was distinct from other
anti-oxidants. These data raise the possibility that PPC might be beneficial in chronic
liver diseases associated with increased oxidative stress, including ALD, nonalcoholic
steatohepatitis, and chronic hepatitis C [35,36]. Further studies are needed to confirm
the efficacy of PPC against these diseases.
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Figure Legends
Fig. 1. General effects of PPC in 4% ethanol-treated mice
Male wild-type (+/+) and Ppara-null (-/-) mice were pair-fed a control- or 4% ethanol
(EtOH)-containing liquid diet with or without PPC (30 mg/kg/day) for six months. The
body weights (A), the degrees of hepatomegaly and liver TG accumulation (B and C),
and serum levels of AST and ALT (D and E) are shown. Results are expressed as mean
+ SD (n = 6/group). **, P<0.01; *, P<0.05.
Fig. 2. Effects of PPC on liver histology in 4% ethanol-treated mice
(A) Light micrographs of liver stained by hematoxylin and eosin method. Upper and
lower rows in each genotype show a magnification of x100 and x400, respectively.
Macrovesicular steatosis was found in all groups, but intralobular and periportal
inflammations (arrows) were evident only in ethanol (EtOH)-fed Ppara-null (-/-) mice
without PPC treatment.
(B-E) Semiquantitative evaluation of histological findings. These assays were carried
out as described in Methods. Results are expressed as mean + SD (n = 6/group). **,
P<0.01; *, P<0.05.
Fig. 3. Analyses of factors associated with ethanol metabolism in Ppara-/- mice
(A-C) Blood concentrations of ethanol (EtOH, A) and hepatic activities of ADH (B) and
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ALDH at low (0.5 mM) and high (5.0 mM) acetaldehyde concentrations (C). Results
are expressed as mean + SD (n = 6/group). **, P<0.01.
(D) Immunoblot analysis of CYP2E1. Whole liver lysates (50 µg of protein) obtained
from 3 different mice in each group were loaded. Actin was used as the loading control.
The bands shown are representative of four independent experiments. Band intensity
was quantified densitometrically, normalized to that of actin, and subsequently
normalized to that in control Ppara-/- mice. Results are expressed as mean + SD (n =
6/group). **, P<0.01.
(E) Hepatic activities of CYP2E1. Results are expressed as mean + SD (n = 6/group).
**, P<0.01.
(F) Levels of CYP2E1 mRNA. CYP2E1 mRNA levels were normalized to those of
GAPDH and subsequently normalized to those in control Ppara-/- mice. Results are
expressed as mean + SD (n = 6/group).
Fig. 4. Ethanol-induced increases in oxidative stress were inhibited by PPC
treatment in Ppara-/- mice.
(A) Hepatic contents of lipid peroxides. Results are expressed as mean + SD (n =
6/group). **, P<0.01.
(B and C) Immunoblot analysis of 4-HNE and ROS-generating and ROS-eliminating
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enzymes. The same samples used in Fig. 3D (whole liver lysate, 50 µg of protein) were
adopted. The bands shown are representative of four independent experiments. Band
intensity was quantified densitometrically, normalized to that of actin, and subsequently
normalized to that in control Ppara-/- mice. Results are expressed as mean + SD (n =
6/group). A and B bands of AOX, full-length and truncated AOX, respectively; **,
P<0.01; *, P<0.05.
(D) Levels of AOX and NOX-2 mRNA. The mRNA levels were normalized to those of
GAPDH and subsequently normalized to those in control Ppara-/- mice. Results are
expressed as mean + SD (n = 6/group). **, P<0.01.
(E and F) Activities of SOD and GPx in the liver. **, P<0.01; *, P<0.05.
Fig. 5. Immunoblot analysis of representative stress kinases and their
phosphorylated forms using Ppara-/- mouse livers
The same samples used in Fig. 3D (whole liver lysate, 100 µg of protein) were used.
The bands shown are representative of four independent experiments. The band
intensity of phosphorylated proteins was quantified densitometrically, normalized to that
of the corresponding total protein, and subsequently normalized to that in the EtOH-fed
Ppara-/- mice without PPC treatment since phosphorylated proteins could not be
detected in controls. Results are expressed as mean + SD (n = 6/group). p,

35

phosphorylated protein; t, total protein; **, P<0.01.
Fig. 6. Ethanol-induced NF-κB activation and increases in pro-inflammatory
responses were blocked by PPC treatment in Ppara-/- mice.
(A) Immunoblot analysis of NF-κB subunits p65 and p50. Nuclear fractions obtained
from 3 different mice in each group (100 µg of protein) were loaded. Histone H1 was
used as the loading control. The bands are representative of four independent
experiments. Band intensity was quantified densitometrically, normalized to that of
histone H1, and subsequently normalized to that in the control Ppara-/- mice. Results are
expressed as mean + SD (n = 6/group). **, P<0.01.
(B) Immunoblot analysis of IκB-α and its phosphorylated form. Cytosolic fractions
obtained from 3 different mice in each group (100 µg of protein) were loaded. The
bands shown are representative of four independent experiments. Band intensity was
quantified densitometrically, normalized to that of actin, and subsequently normalized to
that in the control Ppara-/- mice. Results are expressed as mean + SD (n = 6/group). **,
P<0.01.
(C) Levels of mRNA of NF-κB-regulated genes. The mRNA levels were normalized to
those of GAPDH and subsequently normalized to those in control Ppara-/- mice. Results
are expressed as mean + SD (n = 6/group). **, P<0.01.
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Fig. 7. Ethanol-induced increases in TLR4/CD14 were suppressed by PPC
treatment in Ppara-/- mice.
(A) Portal LPS concentrations. **, P<0.01.
(B) Levels of mRNA of genes associated with the LPS-mediated signaling pathway.
Results are expressed as mean + SD (n = 6/group). **, P<0.01.
Fig. 8. Ethanol-induced hepatocyte apoptosis was prevented by PPC treatment in
Ppara-/- mice.
(A and B) Apoptotic hepatocytes as determined by TUNEL staining. Two-hundred
hepatocytes were examined for each section, and the number of TUNEL-positive
hepatocytes was expressed as a percentage. Results are expressed as mean + SD (n =
6/group). **, P<0.01.
(C) Activity of caspase 3. **, P<0.01.
(D) Immunoblot analysis of apoptosis-related proteins. The same samples in Fig. 3D
(whole liver lysate, 50 µg of protein) were used. The bands shown are representative of
four independent experiments. Band intensity was quantified densitometrically,
normalized to that of actin, and subsequently normalized to that in control Ppara-/- mice.
Results are expressed as mean + SD (n = 6/group). tBid, truncated Bid; **, P<0.01.
(E) Immunoblot analysis of cytochrome C (cyt. C). The same samples used in Fig. 3D
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(whole liver lysate, 50 µg of protein) and Fig. 6B (cytosolic fraction, 100 µg of protein)
were adopted. Results are representative of four independent experiments.
Fig. 9. Ethanol-induced hepatic fibrosis was alleviated by PPC treatment in Ppara-/mice.
(A and B) Liver sections were subjected to Azan-Mallory staining and the degree of
fibrosis was assessed according to the grading system described in Methods. Results are
expressed as mean + SD (n = 6/group). **, P<0.01.
(C) Levels of COL1A1 mRNA. COL1A1 mRNA levels were normalized to those of
GAPDH and subsequently normalized to those in control Ppara-/- mice. **, P<0.01.
(D) Immunoblot analysis of molecules contributing to fibrogenesis. The same samples
in Fig. 3D (whole liver lysate, 50 µg of protein) were used. The bands shown are
representative of four independent experiments. Band intensity was quantified
densitometrically, normalized to that of actin, and subsequently normalized to that in
control Ppara-/- mice. Results are expressed as mean + SD (n = 6/group). **, P<0.01.
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