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Abstract
Chronic ethanol exposure impairs insulin signaling in the liver. Peroxisome-proliferator activated
receptor (PPAR) agonists function as insulin sensitizers and are used to treat type 2 diabetes
mellitus. We examined the therapeutic effectiveness of PPAR agonists in reducing alcoholic
hepatitis and hepatic insulin resistance in a model of chronic ethanol feeding. Adult male Long
Evans rats were pair fed with isocaloric liquid diets containing 0% (control) or 37% ethanol
(caloric content; 9.2% v/v) for 8 weeks. After 3 weeks on the diets, the rats were treated with
vehicle, or a PPAR-α, PPAR-δ, or PPAR-γ agonist twice weekly by i.p. injection. Livers were
harvested for histopathological, gene expression (RT-PCR), protein (Western and ELISA), and
receptor binding studies. Ethanol-fed rats developed steatohepatitis with disordered hepatic chord
architecture, increased hepatocellular apoptosis, reduced binding to the insulin, IGF-1, and IGF-2
receptors, and decreased expression of glyceraldehyde-3-phosphate dehydrogenase and aspartyl-
(asparaginyl)-β-hydroxylase (mediates remodeling), which are regulated by insulin/IGF signaling.
PPAR-α, PPAR-δ, or PPAR-γ agonist treatments reduced the severity of ethanol-mediated liver
injury, including hepatic architectural disarray and steatosis. In addition, PPAR-δ and PPAR-γ
agonists reduced insulin/IGF resistance and increased insulin/IGF-responsive gene expression. In
conclusion, PPAR agonists may help reduce the severity of chronic ethanol-induced liver injury
and insulin/IGF resistance, even in the context of continued high-level ethanol consumption.
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Introduction
Chronic high-level ethanol consumption inhibits DNA synthesis and compromises the
regenerative and reparative capacities of the liver (1), which in part are due to inhibition of
insulin signaling (2). Insulin mediates its pro-growth and pro-metabolic effects by binding to
its cell surface receptors and activating signal transduction pathways through the insulin
receptor substrate, type 1 (IRS-1). IRS-1 activates downstream pathways through SH2 and
SH3 domain-containing proteins, phosphatidylinositol-3-kinase (PI3 Kinase), and c-Jun N-
terminal kinase (JNK) (2). IRS-1 phosphorylation of Syp, an SH2 domain containing protein
tyrosine phosphatase, and Grb2, which recruits Sos1, results in activation of the Ras-MAPK
growth-promoting pathway. IRS-1 activation of PI3 kinase catalyzes the formation of
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phosphatidylinositol-3,4,5-triphosphate, a lipid second messenger, which activates Akt and
atypical protein kinase C. Akt mediates pro-growth, pro-survival, and pro-metabolic
signaling through PRAS40, mammalian target of rapamycin (mTOR), and S6 kinase (3,4).
Inhibitory effects of ethanol on insulin signaling are due to reduced ligand binding to the
insulin receptor (2,5), reduced tyrosine phosphorylation and activation of insulin receptor
tyrosine kinase (6), and inhibition of signaling through IRS-1 (7), PI3 Kinase-Akt (8,9),
PRAS40-mTOR-S6Kinase (10), and Erk MAPK (11).

Peroxisome proliferator-activated receptors (PPARs) are nuclear hormone receptors that
bind to DNA and regulate gene transcription in a broad range of cells and tissues (12-15).
PPARs are regulated by ligand binding, and they mediate their effects by heterodimerizing
with the retinoid × receptor (13). Three distinct isoforms of PPARs exist, PPAR-α, PPAR-δ
(also referred to as PPAR-β), and PPAR-γ. PPAR-α is most abundantly expressed in brown
adipose tissue and liver, followed by kidney, heart and skeletal muscle. PPAR-α is activated
by polyunsaturated fatty acids and fibrates, and it regulates adipocyte growth and
differentiation, lipid metabolism, lipoprotein synthesis, and tissue inflammatory responses.
PPAR-δ is widely expressed, but most abundant in gut, kidney and heart. PPAR-δ regulates
expression of acyl-CoA synthetase 2 in brain, and may also participate in placental
implantation and decidualization. In addition, PPAR-δ has a functional role in adaptive
responses to the environment. PPAR-γ is primarily expressed in adipose tissue, followed by
colon, immune cells, and retina (12,14). PPAR-γ influences storage of fatty acids in adipose
tissue by regulating lipogenic metabolic and transport pathways. The enhanced insulin
sensitivity imparted by PPAR-agonists led to their common use for treating type 2 diabetes
mellitus (16-19).

Since our previous studies demonstrated that chronic ethanol-induced liver injury was partly
mediated by hepatic insulin resistance (2,11,20), we utilized a robust experimental animal
model of chronic ethanol feeding to evaluate the effectiveness of PPAR agonists in reversing
hepatic steatosis and improving insulin receptor binding and insulin-responsive gene
expression. Insulin-like growth factor (IGF) types 1 and 2 polypeptide and receptor
expression and ligand-receptor binding were also evaluated because cross-talk and
functional overlap occur among the corresponding signal transduction pathways, and
previous studies demonstrated that PPAR agonists can affect IGF receptor binding and IGF-
responsive gene expression (21,22).

Methods
Chronic ethanol exposure model

Adult male (∼200-250 g) Long Evans rats (Harlan Sprague Dawley, Inc., Indianapolis,
Indiana) were pair-fed isocaloric liquid diets (BioServ, Frenchtown, NJ) containing 0%
(control) or 37% ethanol by caloric content (9.2% v/v) for 8 weeks (2,5,11). Rats were
monitored daily to ensure equivalent food consumption and maintenance of body weight.
During the last 3 weeks, rats were administered twice weekly (Mondays and Thursdays)
intra-peritoneal (i.p.) injections of vehicle (saline), a PPAR-α (GW7647; 25 μg/Kg), PPAR-
δ (L-160,043; 2 μg/Kg), or PPAR-γ (F-L-Leu; 20 μg/Kg) agonist (CalBiochem, Carlsbad,
CA). The PPAR doses, routes of administration, and frequency were based on empirical in
vivo and in vitro studies demonstrating effectiveness of this approach for restoring insulin
responsiveness following ethanol exposure. The i.p. rather than p.o. route of drug delivery
ensured that treatment was the same for all rats. At the conclusion of the experiment, rats
were anesthetized with vaporized isofluorane (SurgiVet, Inc. Waukesha, WI), and liver and
blood were harvested for analysis. Liver samples were fixed in Histochoice (Amresco Corp.,
Solon, OH) and embedded in paraffin. Histological sections were stained with Hematoxylin
and Eosin, periodic acid-Schiff (PAS), or Gomori Trichrome, and examined under code.
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Liver tissue was also snap-frozen and stored at -80°C for mRNA and protein studies. Rats
were housed under humane conditions and kept on a 12-hour light/dark cycle with free
access to food. All experiments and protocols conformed to guidelines established by the
National Institutes of Health and were approved by the Institutional Animal Care and Use
Committee at the Lifespan-Rhode Island Hospital.

Analysis of mRNA
Total RNA was extracted from liver using TRIzol® (Invitrogen, Carlsbad, CA) according to
the manufacturer's protocol. RNA concentrations and purity were determined from the
absorbances measured at 260 nm and 280 nm. RNA (2 μg) was reverse transcribed using the
AMV First Strand cDNA synthesis kit (Roche Diagnostics Corporation, Indianapolis, IN)
and random oligodeoxynucleotide primers. Quantitative reverse transcriptase polymerase
chain reaction (qRT-PCR) assays were used to measure specific mRNA transcripts as
previously described (2,5,11) using gene-specific primer pairs as published previously (2,5).

Receptor Binding Assays
Competitive saturation binding studies were used to determine if the PPAR agonist
treatments improved ethanol-impaired insulin and IGF receptor binding in liver. Fresh
frozen liver tissue was homogenized in buffer containing 50 mM Tris-HCl, pH 7.5, 1%
NP-40, 150 mM NaCl, 1 mM EDTA, 2 mM EGTA), plus protease (1 mM PMSF, 0.1 mM
TPCK, 1 μg/ml aprotinin, 1 μg/ml pepstatin A, 0.5 μg/ml leupeptin, 1 mM NaF, 1 mM
Na4P2O7) and phosphatase (2 mM Na3VO4) inhibitors. Protein concentration was
measured with the bicinchoninic acid (BCA) assay (Pierce, Rockford, IL). Exploratory
studies determined that to achieve 20% specific binding, insulin receptor binding assays
required 100 μg of sample protein, while IGF-1 receptor binding required 25 μg protein,
and IGF-2 receptor binding required 10 μg protein per reaction. Binding curves were
generated using pooled samples from 8 rats per group. Total binding and non-specific
binding were measured in duplicate reactions containing binding buffer (100 mM HEPES,
pH 8.0, 118 mM NaCl, 1.2 mM MgSO4, 8.8 mM dextrose, 5 mM KCl, 1% bovine serum
albumin), and 0.0031 to 1 μCi/ml of [125I] (2000 Ci/mmol) insulin, IGF-1, or IGF-2, in the
absence or presence of 0.1 μM unlabeled ligand (5,23). After 16-hours incubation at 4°C,
reactions were vacuum harvested (Corning, Lowell, MA) onto GF/C filters (5,23), and
bound [125I] insulin, IGF-1, or IGF-2 was measured in a TopCount machine (Packard
Instrument Company, Meriden, CT). Specific binding (fmol/mg protein) was calculated by
subtracting non-specifically bound isotope from the total bound isotope. The data were
analyzed using GraphPad Prism 5 software (GraphPad Software, Inc., San Diego, CA).

Protein Studies
Immunoreactivity to aspartyl-(asparaginyl)-β-hydroxylase (AAH), glyceraldehydes-3-
phosphate dehydrogenase (GAPDH), p85 subunit of PI3 kinase (control) and β–actin
(control) was examined by Western blot analysis or enzyme-linked immunosorbant assay
(ELISA) (2,5,11). Tissues were homogenized in radio-immunoprecipitation assay (RIPA)
buffer containing protease and phosphatase inhibitors (2,5,11). Protein concentrations were
determined using the BCA assay (Pierce, Rockford, IL). Western blot membranes were
incubated with primary antibody (0.5-1 μg/ml) over night at 4°C. Immunoreactivity was
detected with horseradish peroxidase (HRP) conjugated secondary antibody, enhanced
chemiluminescence (ECL) reagents (Pierce, Rockford, IL), and the Kodak Digital Science
Imaging Station (NEN Life Sciences, Boston, MA). ELISAs were performed as previously
described (2) and used to confirm results obtained by Western blot analysis. ELISA
immunoreactivity was detected with HRP-conjugated secondary antibody and the Amplex
Red soluble fluorophore (Invitrogen, Carlsbad, CA). Fluorescence was measured (Ex 530/
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Em 595) in a SpectraMax M5 micro-plate reader (Molecular Devices Corp., Sunnyvale,
CA).

Source of reagents
The PPAR agonists, GW7647 (PPAR-α), L165, 041 (PPAR-δ), and Fmoc-Leu (PPAR-γ)
were purchased from Calbiochem (EMD Chemicals, Gibbstown, NJ). Human recombinant
[125I] Insulin, IGF-1, and IGF-2 were purchased from Amersham Biosciences (Boston,
MA). Unlabeled human insulin, recombinant IGF-1, and recombinant IGF-2 were purchased
from Bachem (Torrance, CA). QuantiTect SYBR Green PCR Mix was obtained from
(Qiagen Inc, Valencia, CA). Monoclonal antibodies to GAPDH and β-actin were purchased
from Chemicon (Temecula, CA). The A85G6 mouse monoclonal antibody used to detect
AAH was generated with purified recombinant human protein (24). All other fine chemicals
were purchased from CalBiochem (EMD Chemicals, Gibbstown, NJ) or Sigma-Aldrich (St.
Louis, MO).

Statistical Analysis
Data depicted in graphs represent the mean ± S.E.M. Inter-group comparisons were made
using repeated measures two-way analysis of variance (ANOVA) and the post-hoc
Bonferroni test of significance. Statistical analyses were performed using GraphPad Prism 5
software (GraphPad Software, Inc., San Diego, CA).

Results
PPAR Agonists Reverse Ethanol-Induced Liver Pathology

Livers from control rats (liquid diets and chow) exhibited the expected well-organized
lobular architecture with minimal evidence of steatosis, variation in nuclear size, or
hepatocyte drop-out (Figures 1A, 1E, 1I). In contrast, ethanol exposed livers had
microvesicular and macrovesicular steatosis with multiple foci of intralobular lympho-
mononuclear inflammatory cell infiltrates, scattered areas of apoptosis and/or necrosis
(Figures 2A, 2E, 2I), and hepatic architectural disarray with loss of regular chords and
increased variability in size of hepatocyte nuclei. There was no evidence of increased
fibrosis, regenerating nodule formation, or cirrhosis in ethanol-exposed livers (Gomori
trichrome stain). Control rats treated with the PPAR-α agonist had no detectable histological
changes in liver (Figures 1B, 1F, 1J) relative to vehicle-treated controls. In contrast, control
rats treated with the PPAR-δ (Figures 1C, 1G, 1K) or PPAR-γ (Figures 1D, 1H, 1L) agonist
had less well-organized hepatic architecture due to sinusoidal widening and apparently
increased hepatocyte crowding. In addition, PPAR-δ or PPAR-γ agonist treatments resulted
in increased nuclear prominence and micro-vacuolation of hepatocyte cytoplasm. The
micro-vacuolation was associated with increased PAS staining, corresponding to glycogen
accumulation (data not shown). Among ethanol-fed rats, treatment with PPAR agonists had
variable effects on liver histology in terms of reducing the architectural disarray, steatosis,
and cell death (Figure 2). Treatment with the PPAR-α, PPAR-δ, or PPAR-γ agonist reduced
the disordered architecture and resulted in more of a chord-like arrangement of hepatocytes,
and both micro- and macrosteatosis were reduced. Nonetheless, small foci of necrosis
(Figure 2J, insets), inflammation (Figure 2G, inset and Figure 2H, arrow), and apoptosis
(Figure 2L, inset) were still readily detected, although these lesions were less conspicuous
than in vehicle-treated, ethanol-exposed livers. The most striking improvements in liver
histology occurred in ethanol-fed rats that had been treated with the PPAR-δ (Figures 2C
and 2K) or PPAR-γ (Figures 2D and 2L) agonist.
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PPAR agonist treatments alter cell population profiles in liver
Liver mRNA levels of albumin, apical sodium-dependent bile transporter protein (ASBT),
glial fibrillary acidic protein (GFAP), Kupffer cell receptor (KCR), desmin, and collagen
were measured by qRT-PCR analysis. Albumin expression was used as an index of
hepatocyte abundance/function. ASBT reflects bile duct epithelium. GFAP is an early
marker of stellate cell activation and desmin marks transdifferentiation of hepatic stellate
cells into myofibroblasts. KCR is a maker of Kupffer cells and increased expression could
reflect an intra-hepatic response to injury. Collagen gene expression corresponds to
fibrogenic potential or active fibrogenesis. Altogether, these assessments of gene expression,
which we have termed “cell profiling”, enabled us to quantify ethanol and PPAR agonist
associated shifts in liver cell type and function. In previous studies, we used this approach to
characterize differential in vivo effects of chronic ethanol exposure or gene delivery on
survival and proliferation of specific cell populations in relation to disease (5).

Albumin expression was similar in livers of control and ethanol fed vehicle- or PPAR-α
agonist-treated rats (Figure 3A). Treatment with the PPAR-δ or PPAR-γ agonist increased
albumin expression in control livers, resulting in significantly higher levels of albumin
mRNA relative to the corresponding ethanol-exposed livers (both P<0.001).

ASBT expression was significantly higher in vehicle-treated control livers relative to all
other groups (P<0.001). Among rats treated with a PPAR-agonist, ASBT expression was
similar for corresponding control and ethanol-exposed groups (Figure 3B).

KCR expression was lowest in vehicle-treated control and ethanol-exposed livers. In the
control group, treatment with a PPAR agonist did not significantly alter KCR expression. In
ethanol exposed livers, KCR expression was significantly increased by treatment with the
PPAR-α (P<0.05), PPAR-δ (P<0.01), or PPAR-γ (P<0.01) agonist. However, there were no
significant differences in KCR expression between control and ethanol-fed rats within
corresponding treatment groups (Figure 3C).

GFAP is an early marker of stellate cell activation. Hepatic GFAP mRNA levels were not
significantly different between control and ethanol-fed rats, and the levels were not
significantly altered by PPAR agonist treatments (Figure 3D).

Desmin is an intermediate filament expressed in stellate cells during transdifferentiation into
myofibroblast-like cells. Desmin expression was similar in vehicle-treated control and
ethanol-exposed livers. Among control rats, desmin expression was significantly reduced by
PPAR-δ agonist treatment relative to vehicle (P<0.05). In addition, PPAR-γ agonist
treatment significantly increased desmin expression in ethanol-exposed relative to
corresponding control livers (P<0.01) (Figure 3E).

Collagen gene expression reflects fibrogenesis. Collagen mRNA levels were similar for each
of the corresponding control and ethanol groups (Figure 3F). However, collagen expression
was reduced by PPAR-δ agonist treatment in ethanol-fed rats, although the difference
resulting from that response did not reach statistical significance (P=0.08).

Effects of ethanol and PPAR agonists on hepatic expression of insulin and IGF
polypeptides, their receptors, and IRS molecules

QRT-PCR studies demonstrated expression of insulin, IGF-1, IGF-2 polypeptide genes, their
corresponding receptors, and IRS-1, IRS-2, and IRS-4 in livers of both control and ethanol-
fed rats (Figure 4), indicating that the upstream genes required for insulin and IGF signaling
are all expressed in adult rat livers. Among the polypeptide genes, insulin was least
abundant, followed by IGF-2; IGF-1 was most abundantly expressed (Figures 4A-4C).
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Insulin gene expression was similar in vehicle-treated control and ethanol-exposed livers.
Although PPAR-δ and PPAR-γ agonists increased insulin expression in control rats, and
PPAR-α and PPAR-δ agonists reduced insulin expression in ethanol-fed rats, the inter-
group differences did not reach statistical significance (Figure 4A).

IGF-1 mRNA levels were similar in vehicle-treated control and ethanol-exposed livers
(Figure 4B). PPAR agonist treatments did not significantly change IGF-1 expression relative
to vehicle among control or ethanol-fed rats. However, the mean hepatic levels of IGF-1
were significantly lowered by PPAR-δ (P<0.001) or PPAR-γ (P<0.01) treatment of ethanol-
fed relative to corresponding control rats.

Hepatic IGF-2 mRNA levels were similar for corresponding vehicle- or PPAR-agonist
treated control and ethanol-exposed rats (Figure 4C). However, PPAR-γ treatment
significantly reduced IGF-2 expression relative to vehicle (P<0.05) among ethanol-fed rats,
whereas among controls, PPAR agonist treatments did not significantly alter hepatic IGF-2
expression.

Insulin receptor expression was similar among controls treated with vehicle or a PPAR
agonist, whereas among ethanol-fed rats, insulin receptor was significantly reduced
following PPAR-δ agonist treatment relative to vehicle, PPAR-α, and PPAR-γ treatment
(P<0.05) (Figure 4D). In addition, insulin receptor expression was significantly reduced in
ethanol-fed, PPAR-δ agonist treated relative corresponding controls (P<0.01), whereas for
the other treatment groups, there were no significant differences between control and ethanol
associated levels of hepatic insulin receptor expression.

IGF-1 receptor expression was higher in vehicle-treated, ethanol-fed versus control rats
(P<0.05) (Figure 4E). PPAR agonist treatments had no significant effect on IGF-1R
expression among control rats. In contrast, PPAR-α (P<0.01) and PPAR-δ (P<0.001)
agonist treatments significantly down-regulated IGF-1R expression in livers of ethanol-fed
rats. In addition, IGF-1R expression was also lower in ethanol+PPAR-γ treated rats, but the
difference from vehicle treatment did not reach statistical significance. Consequently, the
mean hepatic IGF-1R mRNA levels were similar in control and ethanol-fed rats that
received the same treatments.

IGF-2 receptor expression was highest in vehicle-treated control and ethanol-fed rats.
Treatment with PPAR agonists reduced hepatic IGF-2R expression in both control and
ethanol-fed rats, but the differences relative to vehicle treatment were significant only with
respect to PPAR-α treatment (Figure 4F). There were no significant differences in the mean
levels of IGF-2R between similarly treated control and ethanol-exposed livers (Figure 4F).

In livers of both control and ethanol-exposed rats, IRS-1 mRNA levels were highest (Figure
4G), followed by IRS-2 (Figure 4H), and then IRS-4 (Figure 4I). The mean levels of IRS-1
were similar for control and ethanol-fed rats (Figure 4G). There were no significant
differences in the mean levels of IRS-1, IRS-2, or IRS-4 between control and ethanol
exposed rats that had similar treatments. However, modest reductions (not statistically
significant) in IRS-1, IRS-2, and IRS-4 expression occurred in ethanol-fed rats that were
treated with the PPAR-δ or PPAR-γ agonist (Figures 4G-4I).

Effects of ethanol and PPAR agonist treatments on insulin and IGF receptor binding
Competitive saturation binding assays were used to demonstrate the effects of ethanol and
PPAR agonist treatments on insulin, IGF-1 and IGF-2 receptor binding. Binding curves ±
95% C.I.L. (data not shown), computations of Kd (dissociation constant; affinity) and
BMAX (top-level binding), and inter-group statistical comparisons (Table 1) were generated
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with Prism Graphics 5 software. In all experimental conditions, a single-site model produced
the highest R2, i.e. best fit. Among controls, the BMAX and Kd for insulin receptor binding
were similar following vehicle, PPAR-δ, or PPAR-γ treatment, whereas both were
significantly reduced after PPAR-α treatment relative to vehicle (Table 1A). Among ethanol
fed rats, the BMAX and Kd for insulin receptor binding were similar, irrespective of
treatment. However, the BMAX and Kd were significantly reduced relative to
correspondingly treated controls, except for PPAR-α treatment, which significantly
increased the BMAX for insulin receptor binding in ethanol fed rats (Table 1A).

Among controls, PPAR-α and PPAR-δ agonist treatments reduced the BMAX for IGF-1R
binding, the PPAR-α agonist also reduced the Kd, whereas the PPAR-γ agonist increased
both the BMAX and Kd. Chronic ethanol feeding (vehicle treated) significantly reduced the
BMAX (P<0.05) and Kd (P<0.01) for IGF-1R binding relative to control (+vehicle), but
those adverse effects of ethanol were rescued by PPAR agonist treatments (Table 1B).

For IGF-2R binding, the BMAX was similar in livers from vehicle and PPAR-α-treated
controls, but significantly reduced in control rats that had been treated with the PPAR-δ or
PPAR-γ agonist (both P<0.001). The Kd's were similar for all but PPAR-γ treated group, in
which it was significantly reduced relative to control (P<0.01). Chronic ethanol feeding
reduced the BMAX of IGF-2R binding relative to vehicle-treated control (P<0.05).
Treatment with PPAR agonists restored IGF-2R binding, and resulted in similar BMAX
levels in livers of ethanol-fed and corresponding controls. In contrast, the Kd's of IGF-2R
binding were not significantly altered by ethanol feeding, irrespective of treatment (Table
1C).

Effects of ethanol and PPAR agonist treatments on insulin/IGF responsive gene
expression related to energy metabolism and tissue remodeling

AAH expression increases with insulin, IGF-1, or IGF-2 stimulation (25), and has positive
effects on hepatocellular growth and motility (25,26). GAPDH is an insulin-responsive gene
that has an important role in glucose metabolism. Western blot analysis detected AAH,
GAPDH, and β-actin expression in all samples (Figure 5A). Re-probing the blots with
monoclonal antibody to β-actin demonstrated approximately equal protein loading in all
lanes. Digital image quantification of the Western blot signals revealed similar levels of
AAH (Figure 5B), GAPDH (Figure 5C), and β-actin (Figure 5D) expression across all
control groups, irrespective of PPAR agonist treatment. Chronic ethanol feeding (+ vehicle
treatment) reduced AAH (P<0.05) and GAPDH (P<0.05), but not β-Actin expression
relative to control. The PPAR agonist treatments slightly increased AAH immunoreactivity;
this effect abolished the statistical significance of the inter-group differences. In contrast,
GAPDH expression remained similarly reduced in livers of ethanol-fed rats, although the
differences from corresponding controls were not significant for the PPAR-δ and PPAR-γ
treated rats. β-actin expression was similar in control and ethanol-fed rats that received
similar treatments. These results were confirmed by ELISA studies (data not shown).

Discussion
Previous studies demonstrated that Long Evans rats were highly susceptible to the
hepatotoxic effects of ethanol (5,11,27) since, within a period of 5 or 6 weeks of ethanol
feeding, Long Evans rats develop prominent macrosteatosis, inflammation, DNA damage,
and hepatocellular apoptosis (5,11,27). Therefore, the histopathological abnormalities
produced in the Long Evans rat model resemble chronic alcoholic hepatitis seen in humans.
Given the known inhibitory effects of ethanol on insulin signaling and insulin-responsive
gene expression in liver, and the adverse consequences of these abnormalities in terms of
liver regeneration (1,28,29), we sought to determine if chronic alcoholic liver disease (ALD)
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produced in the Long Evans rat model was associated with hepatic insulin resistance, and at
the same time, explored the hypothesis that insulin sensitizer agents could be used to restore
liver histology in the clinical setting of continued ethanol consumption. To conduct these
studies, we treated the rats with a PPAR-α, PPAR-δ, or PPAR-γ agonist, since all three
receptors are expressed in liver, and it was not certain which class of PPAR agonist would
be most effective for treating ALD.

The chronic ethanol feeding produced histopathological changes that resemble ALD in
humans, including prominent architectural disarray with variation in nuclear size and
hepatocyte drop-out, yet there was no evidence of interlobular or bridging fibrosis, cirrhosis,
or regenerative nodule formation, or neoplastic transformation. Treatment with a PPAR-α,
PPAR-δ, or PPAR-γ agonist produced minimal changes in control liver histology, but they
strikingly reduced ethanol-associated architectural disarray and steatosis, despite continued
ethanol exposure. The PPAR-δ and PPAR-γ agonists were more effective than the PPAR-α
agonist in restoring hepatic architecture and reducing foci of inflammation and necrosis or
apoptosis. These effects of the PPAR agonists correspond with their known anti-
inflammatory actions, in addition to their insulin sensitizer properties (19).

To further examine effects of PPAR agonist treatments on liver function, we utilized a qRT-
PCR-based method of measuring gene expression corresponding to different cell types in
liver. Although chronic ethanol feeding did not impair albumin expression, it did inhibit
PPAR-δ and PPAR-γ agonist stimulated increases in albumin, which is a marker of
hepatocyte function. Ethanol inhibition of ASBT expression, further suggests that bile duct
epithelial cell function is impaired in ALD. The studies also demonstrated increased KCR
expression in PPAR agonist treated, ethanol-exposed livers. One possible interpretation is
that, in correlation with the improvements in liver histology, increased Kupffer cell function
is needed to manage the repair process (30,31). Corresponding with the absence of collagen
deposition, none of the biomarkers of stellate cell activation (GFAP and desmin) (32,33) or
fibrogenesis (collagen) were significantly increased in ethanol-exposed livers. On the other
hand, PPAR-δ agonist treatment reduced desmin expression in control livers, and collagen
expression in ethanol-exposed livers. These trends suggest that progression of ALD might
be reduced by PPAR agonist treatments.

We used qRT-PCR analysis to assess the integrity of “machinery” required for insulin and
IGF signaling. The studies demonstrated that the expression levels of the insulin, IGF-1 and
IGF-2 polypeptides, their corresponding receptors, and IRS molecules were relatively
preserved in chronic ethanol-exposed livers, indicating that impairments in insulin or IGF
signaling caused by chronic ethanol exposure could not be attributed to local growth factor
deficiencies, down-regulation or loss of receptors, or impaired expression of major docking
molecules that transmit downstream signals. Of note was that treatment with the PPAR-δ or
PPAR-γ agonist significantly increased IGF-1 expression in control livers, but either
inhibited or had no significant effect on trophic factor expression in ethanol-exposed livers.
Similarly, insulin, IGF-1, and IGF-2 receptors, and IRS-1, IRS-2, and IRS-4 expression
levels were generally not significantly modulated by PPAR agonist treatments. Therefore,
any improvements in liver histology associated with PPAR agonist treatment in ethanol-fed
rats were not likely due to enhanced expression of local growth factors, growth factor
receptors, or IRS genes.

Effective ligand binding is critical to the signaling cascade, and many of the downstream
effects of impaired insulin signaling that have been reported in ethanol-exposed livers,
including reduced cell survival, could be mediated by inhibition of insulin binding to its
receptor (2,11,25). Given the fact that signaling through IGF-1 or IGF-2 activates IRS
pathways either directly or via cross-talk (22,25), it was of interest to also measure IGF-1
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and IGF-2 receptor binding in our model. The studies using competitive saturation binding
assays demonstrated that chronic ethanol exposure significantly impairs ligand binding to
the insulin, IGF-1, and IGF-2 receptors as manifested by the reduced BMAX (top-level
binding). The PPAR-δ, and in some instances PPAR-γ agonist treatments significantly
increased insulin, IGF-1, and/or IGF-2 receptor binding, resulting in higher, i.e. normalized
BMAX values in ethanol-exposed livers. Although the mechanism of increased receptor
binding has not yet been determined, this effect could have been mediated by corrections in
membrane lipid composition, since in previous studies, we and others demonstrated that
ligand binding to the insulin and IGF receptors is impaired by membrane cholesterol
depletion, and restored by membrane cholesterol repletion (34-36). Regardless of the
mechanism, it is likely that the PPAR agonist-associated increases in insulin and IGF
receptor binding had critical roles in restoring liver structure and function, including insulin/
IGF responsive gene expression, despite continued ethanol exposure.

To examine the consequences of PPAR agonist-mediated increases in insulin and IGF
receptor binding in ethanol-exposed livers, we assessed insulin and IGF responsive gene
expression by Western blot analysis and ELISA. As expected, the ethanol-exposed livers of
vehicle-treated rats had significantly reduced levels of GAPDH and AAH, which
respectively mediate energy metabolism and cell motility required for regeneration and
remodeling of tissue (26,37). Treatment with a PPAR agonist increased AAH expression to
levels that were no longer significantly reduced relative to control. PPAR agonist treatment
was less effective with respect to ethanol's inhibitory effects on GAPDH expression,
although the slight increased resulting from PPAR-δ or PPAR-γ agonist treatments rendered
the differences from corresponding controls not statistically significant. Therefore, the
downstream consequences of increased ligand-receptor binding included increased insulin/
IGF responsive gene expression and/or improved liver histology, despite continued ethanol
exposure. Increased GAPDH expression could have helped reduce hepatic steatosis due to
improved energy metabolism and ATP production, whereas increased AAH expression may
have aided in liver remodeling and repair, and thereby helped to restore the normal liver
architecture. Together, the results suggest that PPAR agonist treatments may help reverse
some of the adverse effects of chronic ALD, particularly with respect to restoring liver
structure and function. However, the findings also suggest that different subtypes PPAR
agonists may differ in their therapeutic effects on ALD.
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Figure 1.
Peroxisome-proliferator activated receptor (PPAR) agonists produce subtle changes in
normal liver histology: Adult male Long Evans rats were pair-fed for 8 weeks with
isocaloric liquid diets containing 0% or 37% ethanol by caloric content. After 3 weeks on
liquid diets, control rats were subdivided into groups and treated with (a, e, i) vehicle, or a
(b, f, j) PPAR-α, (c, g, k) PPAR-δ, or (d, h, l) PPAR-γ agonist, twice weekly by i.p.
injection for the duration of the study (see Methods). Liver samples were immersion fixed,
embedded in paraffin, and histological sections were stained with H&E. Note regular chord-
like architecture in (a, e, i) vehicle-treated and (b, f, j) PPAR-α agonist control livers, and
slight architectural disorganization with increased crowding and cytoplasmic vacuolation in
livers from (c, g, k) PPAR-δ and (d, h, l) PPAR-γ agonist treated rats. (Original
magnifications: a–d, ×200; e–h, ×400; i–l, ×600).
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Figure 2.
Peroxisome-proliferator activated receptor (PPAR) agonists partially reverse ethanol-
induced liver histopathology: Adult male Long Evans rats were pair-fed for 8 weeks with
isocaloric liquid diets containing 0% or 37% ethanol by caloric content. After 3 weeks on
liquid diets, ethanol-fed rats were subdivided into groups and treated with (a, e, i) vehicle, or
a (b, f, j) PPAR-α, (c, g, k) PPAR-δ, or (d, h, l) PPAR-γ agonist, twice weekly by i.p.
injection for the duration of the study (see Methods). Livers were immersion fixed,
embedded in paraffin, and histological sections were stained with H&E. (a, e, i) Chronic
ethanol feeding resulted in (a) hepatic architectural disorganization with (e) increased
steatosis, inflammation (not shown), and (i) apoptosis (arrow). (b, f, j) PPAR-α agonist
treatment (b) improved hepatic chord architecture, (f) reduced the steatosis, but (j) was still
associated with foci of chronic inflammation (insets). (c, g, k) PPAR-δ agonist treatment
also (c) improved hepatic chord architecture and reduced (g) steatosis and (k) apoptosis, but
was associated with (g) small foci of inflammation. (d, h, l) PPAR-γ agonist treatment (d)
had little effect on hepatic architecture, and although it reduced both (h) steatosis and
inflammation, (l) foci of apoptosis were still readily detected. (Original magnifications: a–d,
×200; e–h, ×400; i–l, ×600).

de la Monte et al. Page 13

Hepatol Res. Author manuscript; available in PMC 2012 July 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Peroxisome-proliferator activated receptor (PPAR) agonist treatments alter cell population
profiles in liver: Control and chronic ethanol-fed rats were treated twice weekly by i.p.
injection of vehicle, or a PPAR-α, PPAR-δ, or PPAR-γ agonist (see Methods). RNA
extracted from liver was used to measure gene expression corresponding to (a) albumin, (b)
apical sodium-dependent bile transporter protein (ASBT), (c) Kupffer cell receptor (KCR),
(d) glial fibrillary acidic protein (GFAP), (e) desmin, and (f) collagen by qRT-PCR (See
Methods). Gene expression levels were normalized to 18S rRNA. Graphs depict the mean ±
S.E.M. of each specific mRNA/18S ratio. Inter-group comparisons were made using two-
way repeated measures analysis of variance (ANOVA) with the post hoc Tukey-Kramer test
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for significance. Significant P-values reflecting pairwise differences are indicated over the
bars. Significant differences relative to the corresponding vehicle-treated, control or ethanol
diet fed groups are indicated by asterisks (*P < 0.05; **P < 0.001). Black bars represent
control, while hatched bars represent ethanol.
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Figure 4.
Ethanol and Peroxisome-proliferator activated receptor (PPAR) agonists minimally alter
expression of genes required for insulin and IGF signaling. Effects of ethanol and PPAR
agonist treatments on hepatic mRNA expression of (a) insulin, (b) insulin-like growth factor,
type 1 (IGF-I), (c) IGF-II, (d) insulin receptor (R), (e) IGF-I receptor, (f) IGF-II receptor, (g)
insulin receptor substrate, type 1 (IRS-1), (h) IRS-2, and (i) IRS-4 were demonstrated using
qRT-PCR (See Methods). mRNA levels were normalized to 18S rRNA. Graphs depict the
mean ± S.E.M. of each specific mRNA/18S ratio. Inter-group comparisons were made using
two-way repeated measures analysis of variance (ANOVA) with the post-hoc Tukey-
Kramer test for significance. Significant P-values reflecting pair-wise differences are
indicated over the bars. Significant differences relative to the corresponding vehicle-treated
control are indicated by asterisks over the bars (*P < 0.05).
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Figure 5.
Peroxisome-proliferator activated receptor (PPAR) agonists increase insulin and insulin-like
growth factor (IGF) responsive gene expression in ethanol-exposed livers. Effects of ethanol
and PPAR agonist treatments on insulin/IGF responsive gene expression related to tissue
remodeling and energy metabolism were examined by (a) Western blot analysis with (b–d)
digital image quantification. Control and chronic ethanol-fed rats were treated twice weekly
by i.p. injection of vehicle, or a PPAR-α, PPAR-δ, or PPAR-γ agonist (see Methods).
Western blot analysis, performed with specific monoclonal antibodies (0.5–1 μg/ml),
horseradish peroxidase (HRP)-conjugated secondary antibody, and enhanced
chemiluminescence reagents, was used to detect aspartyl-asparaginyl-β-hydroxylase (AAH),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and β-actin. Representative
immunoblot results are shown in Panel (a). The Western blot signals corresponding to (b)
AAH, (c) GAPDH, and (d) β-actin were quantified (arbitrary densitometry units; D.U.) with
the Kodak Digital Science Imaging Station. Results (mean ± S.E.M) are depicted
graphically. Inter-group comparisons were made using two-way repeated measures analysis
of variance (ANOVA) with the post-hoc Tukey-Kramer test for significance. Significant P
values reflecting pair-wise differences are shown over the bars.
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