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Abstract. Nonalcoholic fatty liver disease (NAFLD) is a
chronic liver disease, and is commonly observed in patients
with obesity or type 2 diabetes. The pathogenesis of hepatic
fibrosis is clinically important to the outcome of NAFLD,
however, is not well understood. Since dietary habits are
often considered to be responsible for NAFLD, we used a
synthetic diet rich in disaccharides (12.1% calorie sucrose
and lactose), which can be considered for human consumption.
We examined the long-term (24 weeks) effect of this diet on
the liver of Zucker (fa/fa) rats. The synthetic diet-fed Zucker
(fa/fa) rats showed hepatic fibrosis during the development
of NAFLD with no apparent infiltration of inflammatory
cells. They showed significantly elevated hepatic mRNA levels
of proinflammatory and profibrogenic cytokines. These
findings suggest that excess long-term feeding of a diet similar
to the synthetic diet used in our study leads to hepatic fibrosis
during the development of NAFLD in patients with obesity
or type 2 diabetes. Our results were different from NAFLD
accompanied by infiltration of inflammatory cells. However,
they also suggest that long-term feeding of this synthetic diet
to Zucker (fa/fa) rats is useful for studying the hepatic
fibrogenesis during the pathogenesis of NAFLD.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is commonly
observed in obese and in type 2 diabetic patients, and is
emerging as the most common liver disease in industrialized
countries (1-3). NAFLD is a clinical and pathological term
that includes a disease spectrum ranging from simple tri-
glyceride (TG) accumulation in hepatocytes to steatosis with
inflammation, referred to as nonalcoholic steatohepatitis
(NASH) (4,5). The pathogenesis of NASH, which is the more
advanced form of NAFLD, has yet to be clearly defined.
According to the currently accepted ‘two-hit” hypothesis for the
progression of NAFLD, hepatic steatosis is a risk factor for
NASH and hepatic fibrosis (6,7). However, while there has
recently been an interest as to how hepatic steatosis develops
in humans, the mechanism of progressive hepatic fibrosis in
NAFLD has not been clearly defined (8,9).

Since useful non-invasive techniques for studying hepatic
steatosis, steatohepatitis, and hepatic fibrosis in humans are
limited, our current knowledge of the pathogenesis is based
on data from several animal models. Several animal models
for NAFLD, based on the feeding of functional diets such as
a methionine-choline-deficient (MCD) diet or high-fat diet
(HFD), have been developed (10,11). However, these animal
models do not correctly reflect the human pathophysiology of
NAFLD, because humans are not able to eat the diet components
daily. Since the pathogenesis of human NAFLD is associated
with daily diet, studies matched to components of a diet that
can be considered for human consumption are necessary to
study effective therapies for NAFLD.

Zucker (fa/fa) rats, which are homozygous for a leptin
receptor mutation, have a deficiency of leptin signaling, and
exhibit hyperphagia, obesity, and type 2 diabetes. It was earlier
reported that short-term (1 or 3 weeks) feeding of a diet rich
in sucrose to Zucker (fa/fa) rats induces NAFLD with no
fibrosis and no infiltration of inflammatory cells (12).

Because NAFLD is often associated with obesity and
type 2 diabetes in humans, we used Zucker (fa/fa) rats that
developed obesity and type 2 diabetes in the present study.
According to human lifestyles, on a long-term basis we fed these
animals a synthetic diet rich in sucrose and lactose (synthetic
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Figure 1. Development of obesity in Zucker (fa/fa) rats fed the synthetic or regular diet. Data are shown as the mean +SD (™"

diet), which can be considered for human consumption, and
examined the effects of this diet on their liver.

Materials and methods

Animals. Six-week-old male Zucker (fa/fa) and control (fa/-)
rats were purchased from Nippon SLC Co. Ltd. (Shizuoka,
Japan). The rats were housed in plastic cages for 24 weeks in
an animal room under a 12-h light/12-h dark cycle, controlled
temperature (22+1°C), and controlled humidity (50+10%),
with ad libitum access to food and tap water.

Experimental designs. Rats were fed either a synthetic diet
(Clea Japan Inc., Tokyo, Japan) or a regular diet (Funahashi
Farm, Chiba, Japan). The calories/g were the same in both
diets. The calorie % (cal%) of protein, fat, and nitrogen free
extract was 20.7, 9.8, and 69.5 cal%, respectively, in the
synthetic diet. In the regular diet, these percentages were 20.7,
12.5, and 66.8 cal%, respectively, the values thus being similar
to those of the synthetic diet. The difference in the 2 diets
was the content of disaccharides. The synthetic diet contained
12.1 cal% (17.4 cal% to carbohydrate) of sucrose and lactose,
whereas the regular diet contained only 0.1 cal% (0.17 cal% to
carbohydrate) of sucrose and lactose. The rats were divided
into the following 4 experimental groups: (i) regular diet-fed
control (fa/-) rats (n=4); (ii) synthetic diet-fed control (fa/-)
rats (n=4); (iii) regular diet-fed Zucker (fa/fa) rats (n=4); and
(iv) synthetic diet-fed Zucker (fa/fa) rats (n=4). After having
been fed the respective diets for 24 weeks, the rats were fasted
overnight, and blood and liver samples were taken for further
experiments. In addition, to compare the histological findings
of previous studies (7), and to confirm the changes in the
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“p<0.05).

hepatic tissue during the experimental period, we added the
following 2 groups: rats fed the diets for 3 or 12 weeks. All
surgical and experimental procedures were performed according
to the guidelines for the care and use of animals approved by
Osaka Medical College. One set of experiments for a 24-week
feeding was carried out three times.

Measurement of plasma biochemical parameters. Plasma
alanine aminotransferase (ALT), insulin, glucose, leptin,
adiponectin, and free fatty acid (FFA) levels were measured
by a local laboratory that performs clinical examinations (SRL
Co. Ltd., Tokyo, Japan).

Measurement of hepatic biochemical parameters. Hepatic
tissues were homogenized with a Janke and Kunkel Polytron
homogenizer (Ultra-Turrax TP18/1051; IKA-Labortechnik,
Staufeni, Germany) in buffer, pH 7.4, containing 20 mM
Tris HCI, 1 mM EGTA, 2 mM EDTA, and protease inhibitor
(2 pg/ml leupeptin cocktail). Hepatic tissue TG levels were
measured by SRL Co. Ltd. (Tokyo, Japan).

Histology. Livers were formalin-fixed, paraffin-embedded and
processed for hematoxylin and eosin (H&E) or Azan staining.

Measurement of mRNA levels in the liver. Total RNA was
extracted by using Trizol reagent (Qiagen, Tokyo, Japan)
according to the manufacturer's protocol. cDNAs were
synthesized from 1 pg of the isolated RNA by using a First-
Strand cDNA Synthesis Kit for Reverse-transcription poly-
merase chain reaction (RT-PCR) (AMV)* (Roche Diagnostics,
Mannheim, Germany). Real-time quantitative RT-PCR was
performed for quantitative assessment of mRNA by using a
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Regular diet Synthetic diet

(fa/-), n=4 (fa/fa), n=4 (fa/-), n=4 (fa/fa), n=4
Liver/body ratio (%) 2.1+0.081 2.95+0.013" 2.15+0.17 3.45+0.041"
ALT (IU/D) 59.82+8.76 79.0+17.3" 70.61+£64.16 601.4+123.18"
Leptin (ng/ml) 6.39+1.26 98.56+4.06" 10.65+4 .54 161.31£34.21%
Adiponectin (ug/ml) 18.18+0.43 18.77+1.09 19.42+2 92+ 16.23+0.57
FFA (LEQ/1) 674.05+51.33 873.65+£57 .42+ 700.32+115.06 1452.4+277 .77+
Hepatic TG (mg/dl) 40.25+24.14 38.62+8.85 62.94+30.45 116.38+13.6%*

Data are shown as the mean +=SD. "p<0.05 vs. regular diet-fed control (fa/-) rats; “p<0.05 vs. regular diet-fed Zucker (fa/fa) rats; “"p<0.05
vs. synthetic diet-fed control (fa/-) rats; ““p<0.05 vs. synthetic diet-fed Zucker (fa/fa) rats.

LightCycler (Roche Diagnostics) according to the manufacturer's
protocol. The mRNAs examined and the sequences of the
primers used were the following, TNF-a (TNFF3, 5'-CAAA
ACTCGAGTGACAAGCCCGT-3'; TNF-R3, 5'-GAGATCC
ATGCCATTGGC-3"); TGF-61 (TGF-F2, 5-TGCTTCAGCT
CCACAGAGAA-3'; TGF-R2, 5'-TACTGTGTGTCCAGGC
TCCA-3"); a-SMA (SMA-F1, 5-TGTGCTGGACTCTGGA
GATG-3'; SMA-R1, 5-TCCAGAGCGACATAGCACAG-3");
and type 1 collagen al (Col-F1, 5'-GAGAGCATGACCGAT
GGATT-3"; Col-R1, 5'-TTGAGGTTGCCAGTCTGTTG-3").
The relative levels of the target mRNAs were normalized to
the corresponding levels of GADPH mRNA (GADPH-F,
5'-TGAACGGGAAGCTCACTGG-3'; GADPH-R, 5'-TCCA
CCACCCTGTTGCTGTA-3") in the same cDNA sample
by using a standard curve method recommended in the
LightCycler Software Ver 3.5 (Roche Diagnostics). All PCR
reactions and analyses were performed according to the
manufacturer's protocols (Roche Diagnostics).

Statistical analysis. All data were expressed as the mean
+SD. The significance of differences among values was
analyzed by using the unpaired Student's t-test. Differences
were considered significant at p<0.05.

Results

According to our view that the MCD diet, HFD, and diet
reported by Novikoff (12) do not correspond to the diets
imposed by human lifestyles, we fed a synthetic diet that can be
considered for human consumption, to obese, diabetic Zucker
(fa/fa) rats. In most major models of NASH, such as MCD
diet-fed rats, the animals lose body weight. However, the
Zucker (fa/fa) rats given the dietary protocol in this study
gained body weight and developed hepatic steatosis with
fibrosis. Zucker (fa/fa) and control (fa/-) groups of 6- and
30-week-old male rats were fed the regular or synthetic diet
for 24 weeks. Thus, 4 groups of rats with 2 different diets
and of 2 different genetic backgrounds were compared for
physiological, and biochemical parameters related to the
development of NAFLD. These 4 groups were abbreviated as
follows: ZS, synthetic diet-fed Zucker (fa/fa) rat group (n=4);
ZR, regular diet-fed Zucker (fa/fa) rat group (n=4); CS,

synthetic diet-fed control (fa/-) rat group (n=4); CR, regular
diet-fed control (fa/-) rat group (n=4).

Body weight and liver/body weight ratio. Significant differences
in body weight were observed between the 2 groups on the
same diet but having a different genetic background (ZS vs.
CS and ZR vs. CR) at 24 weeks (p<0.05, Fig. 1). No
significant differences were observed between the 2 groups
with different diets on the same genetic background (ZS vs.
ZR and CS vs. CR) (Fig. 1). The liver/body weight ratio was
significantly increased in ZS compared with the ratio for CS
or CR (p<0.05, Table I).

Metabolic dysfunction in Zucker (fa/fa) rats. ZS showed the
significantly highest levels of plasma insulin among all groups
at 24 weeks (p<0.05, Fig. 2A). The levels in ZS rats increased
at 24 weeks by more than twice that at 12 weeks (p<0.05,
Fig. 2A). On the other hand, ZS animals showed the highest
level of plasma glucose among all groups at 24 weeks, but the
levels were found not to differ significantly among all groups
or between 12 and 24 weeks within each group (Fig. 2B).

Liver damage in Zucker (fa/fa) rats. To examine whether the
synthetic diet induced liver damage, we quantified the plasma
ALT level. The levels in the ZS group were ~8-10 times
significantly higher than those in the other groups at 24 weeks
(p<0.05, Table I). The accumulation of TG within the liver is
a hallmark of NAFLD. Therefore, hepatic TG levels were
compared among the groups at 24 weeks and found to be
~2-3 times significantly higher in ZS than in the other groups
at 24 weeks (p<0.05, Table I). In addition, plasma free fatty
acid (FFA) levels were significantly higher in ZS and ZR
than in CS or CR (p<0.05, Table I). In particular, ZS showed
~2 times higher levels of plasma FFA than ZR (p<0.05,
Table I). The presence of excess plasma FFA has been
validated in animal models of NASH (13,14).

Next, plasma leptin levels were evaluated for each group
because leptin regulates appetite and energy expenditure and
contributes, to some extent, to hepatic fibrosis in the
development of NAFLD (15-17). Remarkably high levels of
leptin were observed in ZS and ZR, being ~15 times higher
than those in CS and CR (Table I). The plasma adiponectin
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Figure 2. Effects of feeding the diets for 12 or 24 weeks on plasma activities of insulin resistance-associated parameters. (A) plasma glucose in control (fa/-)
rats and in Zucker (fa/fa) rats fed the regular diet or synthetic diet for 12 or 24 weeks. (B) Plasma insulin in control (fa/-) rats and in Zucker (fa/fa) rats fed the

regular diet or synthetic diet for 12 or 24 weeks (“*"p<0.05).
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Figure 3. Effects of feeding the synthetic diet on Zucker (fa/fa) rats. Most small fatty droplets were observed in the liver of Zucker (fa/fa) rats fed the synthetic

diet for 24 weeks. H&E staining (original magnification, x100).

level, a hallmark of NAFLD, is decreased in patients with
obesity or type 2 diabetes, and adiponectin has a preventive
effect on hepatic fibrosis (18,19). The level in the ZS showed
the lowest level among all groups (Table I).

Histology. Biochemical examinations of blood and liver
suggested liver damage and steatosis. To compare our data
with those of Novikoff (12), we examined the liver histology.
Large amounts of fatty droplets were observed only in the ZS
group at 24 weeks (Fig. 3). Furthermore, the liver of the ZS
rats showed remarkable fibrosis in perivenous and periportal
areas, which were bridged in some areas (Fig. 4). A striking
finding was that no apparent infiltration of inflammatory
cells was found, despite the appearance of hepatic fibrosis.

Expression of hepatic mRNAs in Zucker (fa/fa) rats. Such
histological findings suggest the expression of cytokines
involved in inflammation and fibrosis. Hepatic tumor necrosis
factor (TNF)-a and transforming growth factor (TGF)-1

mRNAs were examined and found to be relatively increased
in the ZS rats (Fig. 5A and B), the latter of the expressed
products is known to activate hepatic stellate cells (HSCs)
(20). Activation of the cells were then confirmed by increased
expression of a-smooth muscle actin (SMA, Fig. 5C), a marker
of HSC activation, which resulted in the accumulation of type 1
collagen, a molecule that plays a central role of fibrosis in the
liver (Fig. 5D) (21,22).

Discussion

To evaluate the pathogenesis of NAFLD under the dietary
components that can be considered for human consumption,
we fed a synthetic diet rich in sucrose and lactose, long-term,
to Zucker (fa/fa) rats, which developed obesity and type 2
diabetes. We found that our protocol led to the development of
NAFLD in Zucker (fa/fa) rats, as confirmed by histological
findings. Elevation of plasma ALT levels and increased
accumulation of hepatic TG indicated liver damage and
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Figure 4. Effects on Zucker (fa/fa) rats fed a synthetic diet for 24 weeks. Remarkable fibrosis is observed in the liver of the rats fed the synthetic diet for 24 weeks.
Azan staining (original magnification, x100).
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Figure 5. (A) Expression of TNF-a; (B) Expression of TGF-81; (C) Expression of a-SMA; (D) Expression of type 1 collagen «l in the liver of the synthetic
diet-fed Zucker (fa/fa) rats. Quantitative RT-PCR reveals that mRNA levels of TNF-a, TGF-81, a-SMA and type 1 collagen al are significantly increased in
synthetic diet-fed Zucker (fa/fa) rats. Data are shown as the mean +SD (****p<0.05).

steatosis in the rats. In addition, the decreased level of plasma  The results of biochemical examinations showed that our
adiponectin was also associated with hepatic vulnerability.  protocol induced NAFLD with metabolic abnormalities in the
Furthermore, the observed elevated plasma glucose and insulin ~ rats, as is the case in human NAFLD. In addition to these
levels indicated the induction of insulin resistance in the rats.  metabolic abnormalities, our protocol stimulated the expression
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of profibrogenic mRNAs such as those of TNF-a, TGF-31,
a-SMA, and type 1 collagen al in the liver. The increased
expression of these hepatic mRNAs, corresponded to the
histological findings made on the liver of the synthetic diet-
fed Zucker (fa/fa) rats.

Interestingly, our protocol induced hepatic fibrosis with
no apparent infiltration of inflammatory cells in the synthetic
diet-fed Zucker (fa/fa) rats, whereas no fibrosis was observed
in the regular diet-fed Zucker (fa/fa) rats. Thus, long-term
feeding of the synthetic diet induced NAFLD with fibrosis in
the Zucker (fa/fa) rats. In addition, elevation of plasma leptin
levels also may be associated with the development of hepatic
fibrosis in these synthetic diet-fed Zucker (fa/fa) rats (15-17).

In this study, it was important that our protocol increased
the body weight of Zucker (fa/fa) rats, as such an increase is
observed in human NAFLD. Since histological features of
the liver in the MCD diet model are similar to those of human
NAFLD, a number of significant studies have been performed
on the MCD diet model (23). However, body weight in
experimental rats and mice decreases when the animals are
given the MCD diet; whereas a decrease in body weight is
rarely observed in actual human NAFLD (24,25). Therefore,
we conclude that the MCD diet does not coincide with the
development of NAFLD, at least in part.

The histological findings in our study might provide
insight, which the MCD diet model has not shown yet, into
the relationship between hepatic fibrosis and infiltration of
inflammatory cells with respect to the development of NAFLD.

The Zucker (fa/fa) rat lacks the leptin signaling due to
mutated leptin receptors. Although this lack is rarely seen in
obese patients, Zucker (fa/fa) rats reflect metabolic abnormalities
found in humans (26). Leptin is involved in immune responses
and to some extent in fibrosis in the liver (27,28). The increase
in the plasma leptin level in ZS rats observed in this study may
be associated with the development of hepatic fibrosis. This
association leads us to the conclusion that obesity itself is a
risk factor for hepatic fibrosis.

Dietary habits seem to be deeply involved in the development
of NAFLD. Novikoff reported an experimental model diet
containing a high content of disaccharides such as sucrose
(12). Short-term (1-3 weeks) consumption of this diet caused
Zucker (fa/fa) rats to develop hepatic steatosis with no apparent
infiltration of inflammatory cells nor fibrosis. Hepatic steatosis
in this model must be due to such a high content of sucrose
(85.7 cal% to carbohydrate) in the diet, an unusual amount in
human daily diets (12). On the other hand, the ratio of
disaccharides (17.4 cal% to carbohydrate) contained in the
synthetic diet used in our study is common in the human daily
diet, compared to the MCD diet and the diet reported by
Novikoff. Disaccharides such as sucrose and lactose raise the
blood glucose level rapidly. In the setting of energy excess
caused by the excessive intake of disaccharides, the glucose is
converted to fatty acids in hepatocytes. As a result, these cells
use these fatty acids to synthesize TG. Therefore, long-term
feeding of the diet to Zucker (fa/fa) rats may result in an
energy excess, and result in the development of NAFLD.

In conclusion, we showed metabolic abnormalities and
obesity in Zucker (fa/fa) rats fed a long-term, synthetic diet
containing disaccharides. Our results suggest that daily intake
of products containing disaccharides induces NAFLD in type 2

FUKUNISHI et al: HEPATIC FIBROSIS IN NAFLD IN ZUCKER RATS

diabetes and obese patients. Although some issues remain to
be elucidated, the synthetic diet-fed Zucker (fa/fa) rats will
assist in advancing our understanding of the relationship
between hepatic fibrosis and infiltration by inflammatory
cells with respect to the development of NAFLD.
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