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Abstract

Objectives This study aimed to show the molecular mechanisms underlying high-fat
and high-cholesterol (HFC) diet-induced steatohepatitis and associated liver fibrosis
progression in a novel stroke-prone, spontaneously hypertensive 5/Dmecr
(SHRSP5/Dmcr) rat model.

Methods SHRSP5/Dmecr rats were treated with the control or HFC-diet for 2, 8, and
16 weeks. Plasma and hepatic gene expressions of key molecules involved in fatty acid
oxidation, inflammation, oxidative stress and fibrosis were analyzed.

Results The HFC-diet increased plasma tumor necrosis factor-o. (TNF-a) and hepatic
p50/p65 signals, but reduced hepatic Cu®/Zn**-superoxide dismutase across the
treatment period and plasma total adiponectin at 8§ weeks. While transforming growth
factor-B1 (TGF-B1) was elevated before obvious liver fibrosis pathology appeared at 2
weeks, the HFC-diet-induced platelet-derived growth factor-B (PDGF-B) and
a-smooth muscle actin (a-SMA) corresponding to evident liver fibrosis at 8 weeks was
followed by a, type I collagen production at 16 weeks. The HFC-diet increased hepatic
total cholesterol accumulation although hepatic triglyceride declined by 0.3-fold from
2 to 16 weeks due to reduced hepatic triglyceride synthesis, as suggested by

diacylglycerol acyltransferase 1 and 2.
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Conclusions 'TNF-o and p50/p65 molecular signals appeared to be major factors for

HFC-diet-induced hepatic inflammation and oxidative stress facilitating liver disease

progression. While TGF-B1 being up-regulated before any evident liver fibrosis

appeared could be an early signal for progressive liver fibrosis, PDGF-B and a-SMA

signified evident liver fibrosis at 8 weeks followed by increased a, type I collagen

production and reduced triglyceride synthesis underlying extensive liver fibrosis at 16

weeks in novel SHRSP5/Dmecr model.
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Introduction

Patients with fatty liver, nonalcoholic steatohepatitis (NASH), and associated

fibrosis and cirrhosis, generically called nonalcoholic fatty liver disease (NAFLD), are

increasing worldwide due to excess fat intake coupled with less physical activity in

modern-day lifestyle [1-4]. While all stages of NAFLD, including NASH and

associated liver fibrosis, have in common the fat infiltration of hepatocytes, the

biochemical mechanisms behind the disease progression in humans have not been fully

established [2]. Those are constrained by ethical issues with respect to repeated liver

biopsies and by a limited ability to delineate cause-and-effect from complex interactive

metabolic disease pathogeneses. This makes it difficult to distinguish NASH within

NAFLD patients simply by clinical laboratory assessment [4, 5].

While various animal models with genetic, chemically-induced (e.g., carbon

tetrachloride), or dietary (e.g., methionine and choline-deficient (MCD) diet)

alterations show progression to the inflammatory condition of NASH [5], only a few

rodent models appear to mimic the NASH pathology and the over-nutritional

metabolic abnormality contexts of disease progression relevant to patients with liver

diseases [5, 6]. In addition, many animal studies only characterize a limited

experimental condition without sequentially following a time-course of liver disease
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progression in detail. Indeed, these problems are partly due to the lack of good animal

models with dietary-induced NASH and associated liver fibrosis, allowing a

time-course evaluation of liver disease progression within a practically short period.

We have reported the stroke-prone spontaneously hypertensive 5/Dmcr rat

(SHRSP5/Dmecr) strain, historically called arteriolipidosis-prone rats. They are

registered at the National BioResource Project for the Rat in Japan [7], and are the 5th

substrain of original SHRSP rat descended from the normotensive Wistar-Kyoto rat in

Japan [8]. We have incidentally found extensive enlargement and whitish color of the

fibrotic liver with extensive lipid accumulation in the SHRSP5/Dmecr [8] when we

were investigating the effects of a high-fat and high-cholesterol containing (HFC) diet

on arteriosclerosis rats in a nutritional research. The HFC-diet-induced steatohepatitis

and liver fibrosis in the SHRSP5/Dmecr reflected pathological features closely

resembling the steatohepatitis and liver fibrosis progression in patients despite no

apparent hyperglycemia, insulin resistance and obesity [8]. From those pathological

findings, perturbed lipid metabolism and increased inflammatory and pro-fibrogenic

reactions from the HFC-diet were expected.

This initial study focused on revealing how a few key underlying molecular

mechanisms, particularly genes associated with peroxisome proliferator-activated
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receptor o (PPARa), tumor necrosis factor-a (TNF-a), transforming growth factor-p1
(TGF-B1), and platelet-derived growth factor-B (PDGF-B), would change at each stage
of liver disease progression, as bland steatosis advanced through progressive
inflammatory, oxidative stress, and fibrotic conditions, in this newly recognized
SHRSP5/Dmecr model. We found rather dynamic interplays and simultaneous changes
in the state of liver biochemical balance and the roles played by each gene associated
with hepatic inflammation, fibrosis, and fatty acid oxidation in novel SHRSP5/Dmcr

model.
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Materials and methods
Animals

This animal study was approved by the Committee of Animal Experimentation

(Approval No. 10) and conducted at Kinjo Gakuin University in accordance with its

Animal Experiment Guidelines [8]. We obtained 30 male rat offspring at the age of 10

weeks that were used throughout our experiment by mating and housing, as described

elsewhere [8]. They were provided with stroke-prone control chow (SP-diet)

(Funabashi Farm, Chiba, Japan) [9] and water ad libitum. The nutrient components

(weight %) of the SP-diet and the HFC-diet were described earlier [8]. At 10 weeks of

age, 30 male rats were randomized to 6 groups: 3 groups were fed SP-diet (control),

and the remaining groups were fed HFC-diet for 2, 8, and 16 weeks, respectively.

During feeding, 2 out of 5 rats in the HFC-diet group died at 16 weeks (n = 3) due

possibly to spontaneous stroke of SHRSPS5/Dmcr rats [7]. At each time point, blood

was collected from the abdominal aorta via syringe under pentobarbital anesthesia and

directed into chilled tubes, and plasma was separated by centrifugation at 3000 rpm for

10 minutes. Then, all animals in each group were sacrificed under pentobarbital

anesthesia, and the livers were quickly removed and weighed. A small liver section
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174  was fixed in 4% buffered paraformaldehyde. The remaining liver and the plasma were

175  stored at -80°C until use [8].

176
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Biochemical measurements in plasma and liver

Plasma aspartate amonitransferase (AST) and alanine aminotransferase (ALT)

activities were measured by the colorimetric method using a Transaminase C II Test

Kit (Wako Pure Chemical Industries, Osaka, Japan). Plasma triglyceride and total

cholesterol were quantified by TG E and TC E WAKO Kit, and liver triglyceride and

total cholesterol concentrations were obtained from aliquots of lipid extracts prepared

by the Folch method [10]. Furthermore, plasma total adiponectin concentration was

determined by an enzyme-linked immunosorbent assay (ELISA) kit (Otsuka

Pharmaceutical, Tokyo, Japan). Similarly, plasma TNF-a concentrations were

quantitatively measured by Quantikine® ELISA kit (R&D Systems, Minneapolis, MN,

USA).

Preparation of liver homogenate and nuclear fraction

Sections of whole rat liver samples were homogenized with three-fold (vol/wt) 10

mM phosphate buffer (pH 7.4) containing 0.25 M sucrose. Nuclear fraction from the

frozen liver of each rat was prepared using a CelLyticTM NuCLEARTM Extraction

Kit (SIGMA, Tokyo, Japan). Protein concentrations of the whole liver homogenate and
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nuclear fraction were measured using Bio-Rad Protein Assay (Bio-Rad Laboratories,

Tokyo, Japan) [11, 12].

Westemn blot analyses

Samples of whole liver homogenate were subjected to 10% or 12.5%

polyacrylamide gel electrophoresis as described elsewhere [11-14]. The primary

polyclonal antibodies against adiponectin receptor 1 (AdipoR1) and 2 (AdipoR2)

(Alpha Diagnostic International, San Antonio, TX, USA), or a-smooth muscle actin

(a-SMA) (Sigma Aldrich, St. Louis, MO, USA) were purchased from a source shown

herein. The band was analyzed by densitometry, using the Lane and Spot Analyzer

version 5.0 (ATTO Corporation, Tokyo, Japan). Proteins measured from whole liver

tissue homogenate or nuclear fraction were normalized by the

glyceraldehydes-3-phosphate dehydrogenase (GAPDH) or histone H1, respectively,

within the same gel preparation.

Quantitative real-time PCR

mRNA concentration monitoring, total RNA isolation and complementary DNA

synthesis, and PCR primer mixture and PCR amplification cycle steps, were performed

by methods described elsewhere [11]. Primers were designed by using Primer Express

software (Applied Biosystems, Foster City, CA, USA), based on the sequence of
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accession and GI numbers shown in Supplemental Table 1. Each mRNA level was

normalized to the level of GAPDH mRNA expression in the same preparation [11, 12].

Statistical analysis

Results are expressed as a mean ratio value = SD to show the variance of original

data. Wilcoxon rank-sum test with the two-sided exact-test [15, 16] was performed at

each time-point of 2, 8, and 16 weeks (Windows SAS software version 8.2, Cary, NC,

USA) in order to statistically and precisely test the difference between the means of

two diet treatments (SP- and HFC-diet) for plasma, Western blot and mRNA data with

a significance of P < 0.05.
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Results

Body and liver weight

Body weight showed no statistically significant differences between the two diet

groups at each treatment period (Table 1). Liver weight and ratio of liver and body

weight did not change in the SP-diet group throughout the treatment period, whereas it

increased significantly across 2, 8, and 16 weeks in the HFC diet group.

Plasma and hepatic lipid levels and plasma aminotransferase activities

To evaluate a state of lipid accumulation and metabolism, we measured triglyceride

and total cholesterol content in plasma and liver tissue. The plasma triglyceride levels

at 8 and 16 weeks in the HFC-diet group were greater than those in the SP-diet group

over the treatment period. It was considerably elevated at 16 weeks (a 5.1-fold change

in the mean from the 2-week period), although the inter-individual variance

contributed largely at 16 weeks. Liver triglyceride content at 2 weeks in the HFC-diet

group was significantly greater, although it declined by 0.3-fold from 2 to 16 weeks.

Plasma total cholesterol in the HFC-diet group showed a significantly higher

concentration than the SP-diet group across the treatment period, with a 1.6-fold rise

from 2 to 16 weeks. Furthermore, hepatic total cholesterol content in the HFC-diet
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group was significantly greater than those in the SP-diet group across the treatment

period, exhibiting a 1.7-fold change from 2 to 16 weeks.

To evaluate a state of liver injuries, we measured typical clinical markers of plasma

ALT and AST values. For plasma ALT, mean values in the HFC-diet group were

significantly different from those of the SP-diet group throughout the treatment period,

with a 3.6-fold change from 2 to 16 weeks over time. Similarly, for plasma AST, a

statistically significant difference was observed at 16 weeks with a 3.6-fold change

from 2 to 16 weeks.

TNF-a, nuclear factor-xB (NF-«xB) and oxidative stress responses

In order to evaluate response of inflammatory cytokine and association with total

adiponectin, we measured TNF-a in plasma and liver. First, plasma TNF-a values in

the HFC-diet group showed a convex time-course profile with significantly greater

values than the SP-diet group, and a pronounced peak at 8 weeks, which was a 4.1-fold

change from the mean value of the HFC-diet group at 2 weeks. In addition, hepatic

TNF-a protein expression did not show any statistically significant differences

between the diet groups at each treatment period (data not shown) because it might be

released to the blood circulation. On the other hand, hepatic TNF-a mRNA expression
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261  in the HFC-diet group was significantly up-regulated at each treatment period (Fig.

262  1A), and exhibited an identical convex time-course profile to plasma TNF-o

263  concentration in the HFC-diet group.

264 Second, for evaluation of NF-xB inflammatory signals in liver, we analyzed p50,

265  p65 and the inhibitor of kBa (IkBa). Hepatic p50 protein and mRNA expression in the

266  HFC-diet group were significantly up-regulated across the treatment period relative to

267  the SP-diet group (Fig. 1B, 1C and 1D). Moreover, p65 protein expression in the

268  HFC-diet group showed a significant 1.6-fold up-regulation at 8 weeks (Fig. 1E) while

269  its mRNA expression also demonstrated significantly greater values (1.7-, 2.4- and

270  2.2-fold at each respective week) than the SP-diet group at 2 and 16 weeks (Fig. 1F).

271  Furthermore, IxBa protein expression in the HFC-diet group was significantly

272  up-regulated at 2 and 8 weeks and declined by 0.9-fold at 16 weeks (Fig. 1G). The

273  mRNA expression of IkBa in the HFC-diet group did not show a statistically

274  significant difference between the diet groups (Fig. 1H).

275 Lastly, for evaluation of hepatic oxidative stress in relation to PPARa expression
276 [17], Cu2+/Zn2+—superoxide dismutase (SOD1) protein expression for the HFC-diet
277  group was significantly down-regulated across 2, 8, and 16 weeks (Fig. 1I), and its

278  mRNA expression was also significantly reduced from 8 weeks over the 16-week



279

280

281

282

period (Fig. 1J). This suggested a decrease in anti-oxidative stress within the liver,

because SOD1 is known to catalyze the dismutation of superoxide radicals produced

from the biological oxidation process and environmental stresses [17].

17
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283  Plasma adiponectin and hepatic adiponectin receptors and 5’-adenosine
284  monophosphate-activated protein kinase & (AMPKa) responses

285 To evaluate mechanistic association of adiponectin with liver diseases, in the early

286  phase of diet treatment at 2 weeks, the mean total adiponectin concentration in plasma

287  for the HFC-diet group was significant and 1.3-fold greater than that of the SP-diet

288  group. Conversely, total adiponectin concentration at 8 weeks in the HFC-diet group

289  was significantly reduced by 0.8-fold relative to the SP-diet group.

290 On the other hand, hepatic AdipoR1 protein expression detected in the HFC diet

291  group was 2.8-fold, 1.3-fold and 1.6-fold relative to the SP-diet group at each

292  respective week, with a 2.0-fold change from 2 to 16 weeks over the treatment period

293 (Fig. 2A and 2B). Similarly, hepatic AdipoR1 mRNA expression in the HFC-diet

294  group at 2 weeks was significantly higher than those in the SP-diet group (Fig. 2C).

295 AdipoR2 protein expression in the liver of the HFC-diet group showed a significant

296  increase at 8 and 16 weeks (Fig. 2D). This was contrary to hepatic AdipoR2 mRNA

297  expression in the HFC-diet group, which showed significantly lower expression than

298  the SP-diet group at 8 weeks (Fig. 2E). Hepatic AdipoR2 mRNA expression in the

299  HFC-diet group exhibited a 0.3-fold change from 2 to 16 weeks, which corresponded

300 to the 0.8-fold decrease in plasma total adiponectin concentration over time.
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We further analyzed AMPKa subunit 1/2 (AMPKa1/2) and phosphorylated
AMPKo (p-AMPKa) in the liver to further evaluate as a marker of energy metabolism
associated with adiponectin and PPARa [20]. Hepatic protein expression in the
HFC-diet group was significantly down-regulated at 16 weeks for AMPKa.1/2 and
p-AMPKa relative to the SP-diet group (Fig. 2F and 2G). This connoted a downstream

decrease of various energy metabolism regulated by AMPKa [18-20].

PPARSs and associated gene responses

As a primary regulator of peroxisomal, mitochondrial and microsomal fatty acid
oxidation [21], hepatic PPARa protein expression in the HFC-diet group was induced
by 1.3-fold at 2 weeks and was significantly up-regulated at 8 weeks, but suppressed at
16 weeks compared with the SP-diet group (Fig. 3A and 3B). Hepatic PPARa mRNA
expression in the HFC-diet group was significantly up-regulated at 2 weeks, followed
by an earlier significant down-regulation at 8 and 16 weeks (Fig. 3C) relative to its
own protein expression after 2 weeks, while the SP-diet group exhibited almost the
same constant protein and mRNA expressions across the treatment period. Similarly,
as an indicator of hepatic lipid metabolism and fibrosis by stellate cells, peroxisome

proliferator-activated receptor y (PPARY) protein expression in the HFC-diet group
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was induced by 1.5-fold at 2 weeks and was significantly up-regulated at 8§ weeks,

whereas it was suppressed by 0.5-fold at 16 weeks compared with the SP-diet group

(Fig. 3D). PPARy mRNA expression in the HFC-diet group was induced by 3.8-fold at

2 weeks followed by a large reduction at 8 and 16 weeks (Fig. 3E).

To confirm changes in down-stream target of PPARGa. transcription, protein

expression of peroxisomal bifunctional protein (hydratase+3-hydroxyacyl-CoA

dehydrogenase) (PH) in the HFC-diet group was elevated 1.4-fold at 2 weeks and

declined significantly at 16 weeks (Fig. 3F), while its mRNA expression also increased

significantly by 3.5-fold at 2 weeks followed by a significantly large reduction at 16

weeks (Fig. 3G). Medium chain acyl-CoA dehydrogenase (MCAD) protein expression

in the HFC-diet group was significantly suppressed over § to 16 weeks (Fig. 3H),

while mRNA expression was elevated 1.7-fold at 2 weeks, followed by a significant

reduction at 8 and 16 weeks, when compared with the SP-diet group (Fig. 31).

As a marker of triglyceride synthesis in liver, hepatic mRNA expression of

diacylglycerol acyltransferase 1 (DGAT1) and 2 (DGAT2) in the HFC group was

significantly down-regulated at 8 and 16 weeks (Fig. 3J and 3K), suggesting an

inhibition of triglyceride synthesis in liver [22-24].
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Fibrosis-associated gene responses

We studied how well liver fibrogenesis (TGF-B1, PDGF-B and 0-SMA) and

cellular matrix molecular markers (o type I collagen) associated with our prior

pathological observations [8]. With regard to TGF-1, both hepatic proteins at 2 and

16 weeks, and mRNA expression at each respective week in the HFC-diet group were

significantly greater than those of the SP-diet group over time (Fig. 4A, 4B and 4C).

PDGF-B also showed a similar significant profile for both protein and mRNA

expression at 8 and 16 weeks, respectively, although those expressions at 2 weeks were

2.3- and 2.5-fold, respectively (Fig. 4D and 4E). Furthermore, significant up-regulation

of hepatic a-SMA protein at 8§ weeks and mRNA expression at 16 weeks in the

HFC-diet group became evident from the 8-week period over 16 weeks, compared to

the SP-diet group (Fig. 4F and 4@G). Similar time-course profiles were observed for the

significant increase in o type I collagen protein expression at 16 weeks, as well as its

mRNA expression at 8 and 16 weeks in the liver for the HFC-diet group (Fig. 4H and

41).
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Discussion

As we reported earlier [8], the present SHRSPS/Dmcr model under the HFC-diet
treatment for 16 weeks demonstrated a transition from steatosis, inflammation with
hepatocyte injury or ballooning, and a distinctive pattern of perivenular or pericellular
liver fibrosis that resembled key features observed in NASH and liver fibrosis patients
[1, 5, 25]. At a molecular level, unlike the contemporary notion of step-wise two- or
multiple-hit hypothesis [26, 27], we observed rather dynamic interplays and
simultaneous changes in the state of liver biochemical balances with TNF-o and
p50/p65 hepatic inflammatory reactions, in conjunction with pro-fibrogenic TGF-31
responses that led to shift the liver disease progression to extensive liver fibrosis
underlaid by PDGF-B, 0-SMA and o, type I collagen up-regulation, by PPARa, PH,
MCAD, AMPKa1/2 and p-AMPKa protein eventual down-regulation, and by DGAT]I
and DGAT2 mRNA down-regulation.

Increased TNF-a gene expression and oxidative stress in the liver has been
observed in NASH patients [1, 28, 29] and other rodent models [6, 30-32], as well as
more advanced liver fibrosis accompanied by extensive hepatic TNF-a expression in
advanced NASH patients [1, 28]. We found the HFC-diet treatment appeared to

facilitate TNF-o-induced inflammatory reactions throughout the experimental period
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with a pronounced peak at 8 weeks. Furthermore, significant up-regulation in hepatic

p50 and p65 protein in the HFC-diet group at 8§ weeks implied liver inflammation

induced by NF-kB, the p50/p65 heterodimer [33, 34]. This elevation in p50 and p65

protein might be due to the reduced anti-inflammatory functions of PPARa [21, 35-37],

since the induction PPARa protein at 8 weeks did not activate its target genes of PH

and MCAD during the same §8-week treatment period. This elevation in pS0 and p65

protein in the HFC-diet group could also be explained by continuous inflammatory

reactions of TNF-a, because NF-kB is located downstream of the TNF-a signal

pathways and activated by TNF-a [21, 33]. Similarly, evident down-regulation of

SOD1 protein in the HFC-diet group across the treatment period was observed despite

the induction of PPARa. protein at 8 weeks, regulating SOD1 for anti-oxidative effects

in liver [17, 21, 38]. This reduced abundance of SOD1 protein appeared to be driven

primarily by TNF-a liver inflammation and partially by PPARa-induced fatty acid

oxidation generating cytotoxic reactive molecules, facilitating a decrease in

concentration of anti-oxidant enzymes in liver [21, 32]. Moreover, a decline in plasma

total adiponectin at 8 weeks inversely corresponded to the peak in plasma TNF-a,

antagonizing anti-inflammatory effects of adiponectin [6, 39-41] and further

supporting the presence of TNF-a-induced hepatic inflammation. Taken together with
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increased plasma ALT and AST levels and aggravated liver pathological features [8],

the hepatic inflammation and cell injury induced by TNF-a at 2 weeks were rather

mild, but facilitated oxidative stress. In addition, TNF-a and NF-kB-dependent

inflammation and the superimposed oxidative stress became evident at 8 weeks,

facilitating the progression of steatosis to steatohepatitis and extensive liver fibrosis

after the 8-week treatment period in this SHRSPS5/Dmcr model.

For fibrosis molecular markers, TGF-B1 in the HFC-diet group was clearly

up-regulated at 2 weeks without any presence of fibrosis features observed in the liver

pathology of our prior report [8]. While TGF-31 is a cytokine known to facilitate

pro-fibrogenic reactions and liver fibrosis via hepatic stellate cells (HSC) activation

[25, 42, 43], this initial increase at 2 weeks might be triggered by the dietary cholate

contained in the HFC-diet stimulating the expressions of TGF-B1, a-SMA, and

collagen genes [44], in parallel with hepatic Kupffer cell or HSC sensitization

generating TGF-B1 in response to hepatic inflammation and cell injury [25, 42, 43].

However, a-SMA and a; type I collagen were not induced at 2 weeks, thereby

precluding a possibility of dietary effect by cholate in the HFC-diet at 2 weeks. Thus,

initial TGF-B1 activation at 2 weeks in association with TNF-a induction in liver might

be a good early signal for progressive liver fibrosis, at least in current SHRSPS/Dmcr
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model. Following early TGF-f31 sensitization, the significant up-regulation of PDGF-B

and a-SMA protein expressions in the HFC-diet group at 8 weeks, indicating the

extensive activation of HSC in the HFC-diet group at 8§ weeks [42, 43, 45], clearly

corresponded to the initial appearance of liver fibrosis in our prior pathology results at

the same treatment period [§]. With diminishing hepatic anti-oxidant enzymes as well

as increasing hepatic inflammation after 8 weeks, the significant up-regulation of

hepatic a; type I collagen protein with continuing effects of TGF-B1 and PDGF-B at

16 weeks suggested that the fundamental shifts in the extracellular matrix composition

and collagen production for wound healing from liver cell injury [42] underlaid the

progression to extensive liver fibrosis at the 16-week treatment period.

Circulating adiponectin is generally antagonized by TNF-a [6, 39-41], but we

observed increased plasma total adiponectin and TNF-a in the HFC-diet group in the

same 2-week treatment period that was consistently observed in our earlier report [8].

This increased plasma total adiponectin at 2 weeks might possibly be related to PPARY,

since mouse without liver-specific PPARy-gene has shown decreased serum

adiponectin levels [46], indicating a role for hepatic PPARYy in adiponectin regulations.

However, based on our results of plasma total adiponectin and TNF-a, and hepatic

PPARYy at 8 weeks, the significant hepatic PPARy protein induction did not lead to
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plasma total adiponectin elevation. Instead, the antagonizing effect of TNF-o against
adiponectin appeared to be greater. Furthermore, with the reduction of plasma total
adiponectin in the HCF-diet group at 8 weeks, we expected a corresponding reduction
of hepatic AdipoR1/R2 and downstream AMPKa1/2, and PPARa pathways based on
recently proposed molecular signal transduction cascade considered to be important for
the energy metabolism and fatty acid oxidation in liver [20, 47]. However, our results,
particularly those hepatic protein expressions, did not support links with the proposed
molecular signaling pathways. Hepatic AdipoR2, which is predominantly expressed in
the liver [20], showed rather increased protein expressions in the HFC-diet group
corresponding to the aggravation of liver fibrosis pathology at 8 and 16 weeks in our
prior report [8]. Hence, further research in both liver and adipose tissues is needed to
dissect adiponectin regulatory mechanisms in the progressive liver fibrosis.

A net retention of lipids within hepatocytes, mostly in the form of triglycerides, is a
prerequisite for the development of NASH and NAFLD in patients [2]. In the present
results, hepatic triglyceride contents in the HFC-diet group initially increased and
declined after 8 weeks, whereas hepatic total cholesterol kept accumulating with
increased liver weight and progressive liver pathological features [§]. We also

observed a sharp rise in plasma triglyceride from 8 to 16 weeks in the HFC-diet group,
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which may be a reflection of hepatocyte necrosis and liver disease progression since
increased levels of circulating blood triglyceride (hypertriglyceridemia) are a feature of
human NASH patients [2, 29]. In addition, despite a collapse in homeostatic fatty acid
oxidation and energy metabolism functions by diminishing PPARc, PH, MCAD,
AMPKal/2, and p-AMPKa proteins [20, 48, 49], hepatic triglyceride in the HFC-diet
group did not accumulate at 16 weeks. One explanation might lay in the other study
where the inhibition of triglyceride synthesis by DGAT2 inhibitor did not prevent
fibrosis in the MCD-diet fed mouse [24]. Their study suggested triglyceride itself
might not be hepatotoxic and ha\.IG a role in preventing progressive liver damages [24].
We actually observed clear down-regulation of DGAT1 and DGAT2 mRNA
expressions in the HFC-diet group at 8 and 16 weeks. Hence, from a perspective of
lipid metabolism, it appeared that the decline in hepatic triglyceride and its synthesis
might relate and aggravate the liver disease conditions so as to cause the extensive
liver fibrosis in the current SHRSP5/Dmecr model.

Our SHRSP5/Dmer model with non-obese feature has some limitations when
compared with a common metabolic abnormality observed in NAFLD or NASH
patients, such as obesity [1, 2, 5], due possibly to an intrinsic trait of rats [5]. Our

SHRSP5/Dmcr in the HFC-diet group suggested that most lipids, especially total
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cholesterol, accumulated in liver with increased liver weight, since we did not find any

extensive lipid accumulation in mesentery or visceral adipose tissue during rat

sacrifice. Moreover, unlike the fatty acid contents, our HFC-diet contained very high

cholesterol and relatively low carbohydrates compared with the daily dietary intake of

obese NASH patients [32, 50]. Hence, the biological investigation in a role of

cholesterol underlying steatohepatitis and liver fibrosis in the SHRSP5/Dmer is

necessary, and it is indeed a subject of on-going study by our co-workers [Naito, et al.

in preparation]. Lastly, we lost 2 out of 5 rats in the HFC-diet group under the 16-week

treatment period due possibly to spontaneous stroke of SHRSP5/Dmecr rats [7], and the

14-week treatment period might therefore be optimal for the current SHRSP5/Dmcr

model [8]. Besides other limitations, considering non-obese, lean human population

affected by NASH and liver fibrosis [51-54], as well as patients with non-obese,

non-diabetic NASH patients consuming high amounts of cholesterol and saturated fatty

acid [50], our novel SHRSP5/Dmcr model may be suited for investigating the

time-course of disease mechanisms for those lean, non-diabetic patients with

steatohepatitis and associated liver fibrosis.

In conclusion, TNF-a and pS0/p65 molecular signals appeared to be major factors

for the HFC-diet-induced hepatic inflammation and oxidative stress facilitating the
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liver disease progression. While TGF-B1 up-regulation occurring before any evident

liver fibrosis appeared could be an early signal for progressive liver fibrosis, PDGF-B

and a-SMA signified evident liver fibrosis at 8 weeks, followed by increased a; type I

collagen production and reduced triglyceride synthesis underlying extensive liver

fibrosis at 16 weeks in our novel SHRSP5/Dmcr model.
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Tables

Table 1. Effects of HFC-diet on body and liver weight, biochemical characteristics in

plasma and liver at each treatment period.

Footnote for Table 1

Data have a mean value + SD per each group. * p<0.05; **, p<0.01; compared with the

SP-diet group within each diet treatment period.

Supplemental Table 1. List of primers used for quantitative real-time- PCR.
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Diet treatment group

SP-diet group

HFC-diet group

Treatment period 2 weeks 8 weeks 16 weeks 2 weeks 8 weeks 16 weeks
Body and Liver weight:

Body weight (g) 224+ 17 256+ 13 271 £20 200 £25 237+ 15 260 +39

Liver weight (g) 6.4+£0.5 6.6 %03 70+0.4 8.6+0.7 ** 23.1+£24 % 31.1£2.6 **
Liver weight / Body weight ratio 0.03 % 0.001 0.03 +0.001 0.03 +£0.002 0.04 £ 0.005 == 0.10 + 0.008 ** 0.12 £ 0.009 **
Plasma measurements:

Triglyceride (mg/dl) 53.9+20.2 414%7.1 72.6+18.0 71.4+229 591+11.7%* 366.2+276.6 ¥
Total cholesterol (mg/dl) 29774 45.1+7.6 47.1+£12.6 1353 £57.0%* 112.6 £20.6 ** 213.0+116.8 *
ALT (1TU/hy 16,7+ 1.4 155+1.4 233+45 28.74+38* 355+£3.5 %= 103.4 £59.1*
AST (TU/) 5824123 101.6£11.6 1032+£259 68.8+£ 104 138.5+£35.6 2455+ 1174 *
Total adiponectin (pg/ml) 54+ 1.0 58+0.6 6.1£0.9 7.1£08* 47+04* 57+1.1
TNF-a (pg/ml) 17403 24£0.6 25%1.6 47+£19% 19178 % 13.7+1.0*
Liver measurements:

Triglyceride (mg/g liver) 13.4+£39 23.8+18.2 172439 47.8 4 5.7 ** 31.8+£3.5 12.5+43
Total cholesterol (mg/g liver) 2.3£0.5 1.7£05 1601 100.2 £ 6.6 ** 170.0 £ 12.9 ** 170.8 £24.6 *

Data have a mean value + SD per each group. * p<0.05; ** p<0.01; compared with the SP-diet group

within each diet treatment period.




Supplemental Table 1. List of primers used for quantitative real-time PCR.

Rodent genes Accession number  GI number Forward (5°-3’) Reverse (5’-37)
AdipoR1 NM_207587.1 46485455 CTACATGGCCACAGACCACCTAT CTGTGTGGATGCGGAAGATG
AdipoR2 NM_001037979.1 83816890 CAACCTTGCTTCATCTACCTGATTG  AACATGTCCCACTGAGAGACGAT
PPARo NM_013196.1 6981381 ATGGAGTCCACGCATGTGAAG ACGCCAGCTTTAGCCGAAT
PPARy NM_013124.2 148747595 CGCTGATGCACTGCCTATGA AGAGGTCCACAGAGCTGATTCC
PH NM_133606.1 19424317 TGGGCTGTCACTATCGGATTG AGAGCAACAGGAACTCCAACGA
MCAD NM_016986.1 8392832 AAAGCCTTCACCGGATTCATC CCGCTGACCCATGTTTAGTTC
SOD1 BC082800.1 52350648 GCAGGACCTCATTTTAATCCTCACT  GGTCTCCAACATGCCTCTCTTC
p50 XM_342346.1 34860606 GCACTATGGATTTCCTGCTTACG GGGTGATGCCTGTGTTGGAT
po6s AF079314.1 3388148 TCTGCCGAGTAAACCGGAACT CCGTGAAATACACCTCAATGTCTT
TNF-a X66539.1 395369 GACCCTCACACTCAGATCATCTTCT  TGCTTGGTGGTTTGCTACGA
IkBa XM_343065.3 109478176  GTGAGGATGAGGAGAGCTATGACA  AATGGACCACTCTGGCAGTAATG
TGF-B1 NM_021578.2 148747597  CAACAATTCCTGGCGTTACCTT GACGTCAAAAGACAGCCACTCA
PDGF-B NM_031524.1 158081746  ACCACTCCATCCGCTCCTTT CTTTCCGACTCGACTCCAGAA
a-SMA NM_031004.2 148298812  ATGGGCCAAAAGGACAGCTA TGATGATGCCGTGTTCTATCG
a, type I Collagen NM_053304.1 158711703 ATGCTTGATCTGTATCTGCCACAAT  ACTCGCCCTCCCGTTTTT
DGATI NM_053437 17865334 GGCGGTCCCCAACCAT GCTCTGCCACAGCATTGAGA
DGAT2 NM_001012345 59891414 TGGCCTGCAGTGTCATCCT GGGCGTGTTCCAGTCAAATG
GAPDH BC096440.1 66396585 AGAACATCATCCCTGCATCCA CCGTTCAGCTCTGGGATGAC

39
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Figure Legends

Fig 1. Effects of HFC-diet treatment on hepatic TNF-a, p50/p65 (NF-kB), IxBa,
SOD1 protein and mRNA expressions. (A) TNF-o mRNA expression ratio. (B)
Western blot results of respective protein expressions in whole liver tissue
homogenates or nuclear fractions. (C) Hepatic p50 protein and (D) mRNA expression
ratio. (E) Hepatic p65 protein and (F) mRNA expression ratio. (G) Hepatic IxBa
protein and (H) mRNA expression ratio. (I) Hepatic SODI1 protein and (J) mRNA
expression ratio. Each histogram represents a mean ratio = SD. * p<0.05; ** p<0.01;

compared with the SP-diet group within each diet-treatment period.

Fig 2. Effects of HFC-diet treatment on hepatic AdipoR1, AdipoR2, AMPKa1/2
and p-AMPKao protein and mRNA expressions. (A) Western blot results of
respective protein expressions in whole liver tissue homogenates. (B) Hepatic
AdipoR1 protein and (C) mRNA expression ratio. (D) Hepatic AdipoR2 protein and
(E) mRNA expression ratio. (F) AMPKoe.1/2 and (G) p-AMPKa. protein expression
ratio. Each histogram represents a mean ratio = SD. * p<0.05; ** p<0.01; compared

with the SP-diet group within each diet-treatment period.
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Fig 3. Effects of HFC-diet treatment on hepatic PPARa, PPARy, PH, MCAD,
SOD1, DGAT1 and DGAT?2 protein and mRNA expressions. (A) Western blot
results of respective protein expressions in whole liver tissue homogenates or nuclear
fractions. (B) Hepatic PPARa protein and (C) mRNA expression ratio. (D) Hepatic
PPARYy protein and (E) mRNA expression ratio. Ratio of hepatic protein and mRNA
expressions for PH (F and G), MCAD (H and I). (J) Hepatic DGAT]1 and (K) DGAT2
mRNA expression ratio. Each histogram represents a mean ratio + SD. * p<0.05; **

p<0.01; compared with the SP-diet group within each diet-treatment period.

Fig 4. Effects of HFC-diet treatment on hepatic TGF-p1, PDGF-B, a-SMA and o,
type I collagen protein and mRNA expressions. (A) Western blot results of
respective protein expressions in whole liver tissue homogenates. (B) Ratio of TGF-f1
protein and (C) mRNA expressions. (D) Ratio of PDGF-B protein and (E) mRNA
expressions. (F) Ratios of a-SMA protein and (G) mRNA expressions. (H) Ratio of a4
type I collagen protein and (I) mRNA expressions. Each histogram represents a mean
ratio £ SD. * p<0.05; ** p<0.01; compared with the SP-diet group within each

diet-treatment period.

Fig §. Schematic model for time-course changes in hepatic gene expressions of key
factors during steatohepatitis and fibrosis progression in SHRSP5/Dmer rat
under HFC-diet treatment. Current SHRSP5/Dmecr rat model appeared to show
rather dynamic interplays and changes in the state of liver biochemical balances with
initial TNF-o and pS0/p65 (NF-xB) hepatic inflammatory reactions, in conjunction
with pro-fibrogenic TGF-31 responses that led to shift the liver disease progression to
extensive liver fibrosis underlaid by PDGF-B, 0-SMA and o, type I collagen
up-regulation, by PPARs and AMPKa associated proteins’ eventual down-regulation,
and by DGATT and DGAT2 mRNA down-regulation.
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Gene Expressions

“Normal” level for
SHRSP5/Dmcr rat
under the control diet

Figure 5.
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