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Short title 20 
A novel rat model of NASH; cholesterol induces pathogenesis 21 
 22 
Summary 23 
 Non-alcoholic fatty liver disease (NAFLD) is a general term for fatty liver disease not caused by 24 
viruses or alcohol. Fibrotic hepatitis, cirrhosis, and hepatocellular carcinoma can develop. The recent 25 
increase in NAFLD incidence worldwide has stimulated drug development efforts. However, there is 26 
still no approved treatment. This may be due in part to the fact that non-alcoholic steatohepatitis 27 
(NASH) pathogenesis is very complex, and its mechanisms are not well understood. Studies with 28 
animals are very important for understanding the pathogenesis. Due to the close association between 29 
the establishment of human NASH pathology and metabolic syndrome, several animal models have 30 
been reported, especially in the context of overnutrition. In this study, we investigated the induction 31 
of NASH-like pathology by enhancing cholesterol absorption through treatment with hydroxypropyl-32 
β-cyclodextrin (CDX). Female Sprague-Dawley rats were fed a normal diet with normal water (control 33 
group); a high-fat (60 kcal%), cholesterol (1.25%), and cholic acid (0.5%) diet with normal water 34 
(HFCC group); or HFCC diet with 2% CDX water (HFCC+CDX group) for 16 weeks. Compared to 35 
the control group, the HFCC and HFCC+CDX groups showed increased blood levels of total 36 
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cholesterol, aspartate aminotransferase, and alanine aminotransferase. At autopsy, parameters related 37 
to hepatic lipid synthesis, oxidative stress, inflammation, and fibrosis were elevated, suggesting the 38 
development of NAFLD/NASH. Elevated levels of endoplasmic reticulum stress-related genes were 39 
evident in the HFCC+CDX group. In the novel rat model, excessive cholesterol intake and accelerated 40 
absorption contributed to NAFLD/NASH pathogenesis. 41 
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Introduction 46 
 Non-alcoholic fatty liver disease (NAFLD) is a general term for chronic liver disease in which a fatty 47 
liver is present and there are no other causes of liver injury, including alcoholic or viral liver 48 
disease[1,2]. The accumulation of triglycerides in the liver is a relatively benign condition and is the 49 
result of a mechanism that protects the liver by converting incoming harmful fatty acids into relatively 50 
safe forms. However, in some fatty liver patients, the condition progresses to non-alcoholic 51 
steatohepatitis (NASH), which is characterized by persistent hepatitis, tissue damage, and liver 52 
fibrosis[2]. In particular, liver fibrosis correlates most strongly with prognosis and mortality in NASH 53 
patients because it can progress to cirrhosis and hepatocarcinoma[3]. The prevalence of NAFLD and 54 
NASH continues to increase and has reached 30% and 12%, respectively, in the United States[4]. Liver 55 
disease due to NASH is predicted to become a major cause of liver transplantation[5]. Accordingly, 56 
drug development for NAFLD/NASH has become a research priority. Clinical trials are underway for 57 
many candidate compounds. While a drug treatment for NAFLD/NASH will likely be available in the 58 
near future, no approved treatment presently exists. Factors hindering drug development include the 59 
complex and poorly understood mechanisms of NAFLD/NASH pathogenesis, a very heterogeneous 60 
liver disease that is unlikely to respond to a single-drug approach, and the lack of a gold standard 61 
animal model. 62 

The etiology of the progression from simple fatty liver to NASH remains unclear. The “two-hit 63 
hypothesis” proposed that the first hit, hepatic steatosis, is followed by a second hit, stress, which 64 
causes inflammation and liver injury. The latter lead to the progression to NASH. This hypothesis does 65 
not adequately explain some of the molecular and metabolic changes that occur in NAFLD and is now 66 
considered outdated. The “multiple-hit hypothesis” proposes that NASH is induced by the addition of 67 
multiple factors in genetically predisposed patients[6,7]. These factors include insulin resistance, 68 
hormones, and gut microbiota. In recent years, metabolic (dysfunction)-associated fatty liver disease 69 
(MAFLD) has been proposed, considering its close association with metabolic abnormalities[8,9]. In 70 
fact, NAFLD is frequently complicated by various dysmetabolic diseases, such as obesity, type 2 71 
diabetes, dyslipidemia, and chronic kidney disease[10–15].  72 

An ideal animal model would mimic the pathophysiology of NASH in humans. It should have the 73 
typical features of NASH, such as obesity, liver fat deposition, inflammation, and ballooning. For drug 74 
development, it is also important to assess liver fibrosis, which is highly correlated with NASH 75 
prognosis. Animal models of NASH used in non-clinical settings can be classified into three 76 
categories: dietary burden, genetically modified, and drug-induced models[16]. Dietary burden 77 
models are frequently used because of their simplicity. However, their drawback is that long-term 78 
dietary challenges are required for the development of NASH pathophysiology.  79 
In the context of NAFLD/NASH, we focused on the possibility of animal models of NASH caused 80 

by the hepatic accumulation of cholesterol as the cause of metabolic abnormalities. Liver is important 81 



in cholesterol homeostasis. Similar to triglycerides, cholesterol esters are a relatively safe form of lipid 82 
storage. However, accumulation of free cholesterol in the liver is highly toxic to multiple intracellular 83 
processes and organelles[17]. Although there are many cholesterol-loaded NASH models, a model of 84 
very early onset of NASH pathology has recently been reported in mice fed a high-fat, high-cholesterol, 85 
and cholic acid-containing diet with hydroxypropyl-β-cyclodextrin (CDX) water[18,19]. In these 86 
reports, CDX was used to increase cholesterol absorption.  87 
We evaluated the potential of cholesterol overload and its absorption enhancement in Sprague-88 

Dawley (SD) rats as a new NAFLD/NASH model. We measured liver steatosis, inflammation, and 89 
fibrosis-related parameters in response to high-fat and cholesterol loads and determined the 90 
pathogenesis of NASH pathology in the rats. In addition, we investigated oxidative stress and 91 
endoplasmic reticulum (ER) stress in the liver. 92 
 93 
 94 
Methods 95 
Animals 96 
 Four-week-old female SD rats were purchased from CLEA Japan (Tokyo, Japan) and acclimatized 97 
for 2 weeks. Female rats were chosen because CDX toxicity occurs at lower doses in male rats than in 98 
females[20]. The animals were kept individually in cages in a room climate-controlled for temperature 99 
(23±3°C), humidity (55±15%), and lighting (12 h dark-light cycle). At 6 weeks of age, the animals 100 
were divided into three groups (n=6 per group) with equal mean values for body weight, blood 101 
aspartate aminotransferase (AST), alanine aminotransferase (ALT), and total cholesterol (TC) levels. 102 
During the experimental period, each group of animals was fed a normal diet (CRF-1, Oriental Yeast 103 
Co., Ltd., Tokyo, Japan) with normal water (control group); high-fat (60 kcal%), cholesterol (1.25%), 104 
and cholic acid (0.5%) diet (HFCC; D11061901, Research Diets, New Brunswick, New Jersey, USA) 105 
with normal water (HFCC group); or HFCC diet with 2% CDX water (HFCC+CDX group). The 106 
animals were dissected at 22 weeks of age and liver samples were collected. All animals were handled 107 
in strict compliance with the laboratory guidelines for animal experimentation set by the Ethics 108 
Committee for Animal Use at Central Pharmacological Research Institute, Japan Tobacco Inc. Body 109 
weights were measured at 6, 10, 14, 18, and 22 weeks of age. Daily calorie intake was calculated from 110 
the average daily food intake (g/day) at 6, 10, 14, 18, and 22 weeks of age and calorie per weight of 111 
the normal diet (CRF-1; 3.57 kcal/g) and HFCC diet (D11061901; 4.80 kcal/g). 112 
 113 
Tissue sampling and immunostaining 114 
 All animals were exsanguinated and dissected under isoflurane anesthesia at 22 weeks of age. Liver 115 
samples were collected for lipid content measurement, gene expression analysis, and histopathological 116 
evaluation. Intestinal samples were collected for gene expression analysis. Samples other than those 117 



used for pathological evaluation were stored at -80°C until use. Histopathological evaluation was 118 
performed as described previously[21,22]. Liver samples for pathological evaluation were fixed in 119 
10% neutral-buffered formalin immediately after collection. The fixed tissues were paraffin-embedded 120 
and thinly sliced (3–5 μm). The prepared liver sections were stained with hematoxylin and eosin 121 
(H&E) or Sirius Red for pathological evaluation. The prepared Sirius Red stained slides were observed 122 
under a microscope and the multiple perivenular areas were photographed. The images were captured 123 
using analysis software (inForm, Akoya Biosciences, Marlborough, MA, USA), and the area fraction 124 
of the stained area was calculated. 125 
 126 
Hepatic lipid contents 127 
 The liver was removed from each rat and approximately 100 mg of each section was collected in 128 
tubes. Zirconia beads and methanol (0.5 mL) were added to the tube and the samples were 129 
homogenized using a model MM300 mixer mill (Retsch GmbH, Haan, Germany) at 25 Hz for 10 min. 130 
One milliliter of chloroform was added to all homogenates, mixed well, and centrifuged (10,000 × g, 131 
5 min, 4°C) to extract lipids. Then, 0.2 mL of the supernatant was dried with nitrogen gas for 132 
approximately 40 min. The residue was redissolved in 0.5 mL 2-propanol and used for subsequent 133 
lipid measurements. Levels of triglyceride (TG), TC, phospholipid (PL), and non-esterified fatty acid 134 
(NEFA) in the liver extract were measured using a model 3500 biochemistry automatic analyzer 135 
(Hitachi, Tokyo, Japan). Lipid hydroperoxide (LPO) content was determined using the LPO-CC kit 136 
(Kamiya Biomedical Company, Seattle, WA, USA) according to the manufacturer’s protocol. 137 
  138 
Biological parameters 139 
 Blood samples were collected from the tail vein of all rats at 6, 14, and 22 weeks of age for 140 
biochemical measurements of AST, ALT, glucose (GLU), TC, TG, and PL. These levels were 141 
measured using respective product kits (Roche Diagnostics, Tokyo, Japan) and an automatic analyzer 142 
(Hitachi). 143 
 144 
RNA extraction and real-time quantitative PCR analysis 145 
 Total RNA was prepared from approximately 20 mg of liver or small intestine samples using the 146 
GenElute™ Mammalian Total RNA Miniprep Kit (MilliporeSigma, Burlington, MA, USA), according 147 
to the manufacturer’s protocols. Extracted RNA was suspended in DNAse/RNAse-free water and its 148 
concentration was measured using a NanoDrop spectrophotometer (Thermo Fisher Scientific, 149 
Waltham, MA, USA).  150 
 Reverse transcription of 1 μg of total RNA to complementary DNA (cDNA) was performed using 151 
the High-Capacity cDNA Reverse Transcription Kit with an RNase Inhibitor (Applied Biosystems, 152 
Foster City, CA, USA) to synthesize cDNA. Reverse transcription reactions were performed using the 153 



following temperature and time cycles: 25°C for 10 min, 37°C for 120 min, and 85°C for 5 min. 154 
Gene expression was quantified by real-time PCR using QuantStudio 7 Flex (Thermo Fisher 155 

Scientific) and TaqMan Gene Expression Assays (Table 1). The reaction mixture for real-time PCR 156 
contained 10 ng of cDNA. The temperature and time cycles were 10 min at 95°C, followed by 157 
40 cycles of 15 s at 95°C, and 60 s at 60°C. 158 
 159 
Statistical analyses 160 
 All values are expressed as mean ± standard deviation. The multiple-group test was performed as 161 
follows. Initially, equal variances were assessed using the Bartlett’s test. The Tukey–Kramer method 162 
was used to analyze the homoscedasticity data. Otherwise, the Steel-Dwass method was used as a 163 
nonparametric test for heteroscedastic data. Two-way repeated measure ANOVA followed by Tukey’s 164 
multiple comparison test was performed for analyzing time course of each parameter between three 165 
groups. All statistical analyses were performed using GraphPad Prism® 9.0.1 (GraphPad Software, 166 
San Diego, CA, USA). For all tests, statistical significance was set at P<0.05.  167 
 168 
 169 
Results 170 
Weight change by HFCC or HFCC + CDX feeding 171 
 The HFCC or HFCC+CDX feeding period for female SD rats was set at 16 weeks. This period was 172 
selected because preliminary results from an 8-week feeding study suggested that a longer period was 173 
necessary. During the study period, there was significant gain in body weight of rats in the HFCC 174 
group compared to that of rats in the control group. In contrast, the HFCC+CDX group showed no 175 
weight gain compared with the control group throughout the study period (Fig. 1A). The daily caloric 176 
intake did not change in any of the groups throughout the study period (Fig. 1B). In addition, there 177 
was no evidence of overeating or significant obesity in this model. 178 
 179 
Changes in blood biochemistry values by HFCC or HFCC+CDX feeding 180 
 Blood AST, ALT, TC, and PL were significantly elevated after 16 weeks of HFCC or HFCC+CDX 181 
feeding compared to control (Fig. 1C, D, F, H). Blood ALT tended to be higher in the HFCC+CDX 182 
group than in the HFCC group at 8 weeks (14 weeks of age) of feeding (Fig. 1D). At this point, 183 
excessive cholesterol intake and liver damage began to occur. On the other hand, blood GLU was 184 
slightly elevated only in the HFCC group (Fig. 1E). No significant changes were observed in the blood 185 
TG levels throughout the study period (Fig. 1G). Adequate cholesterol feeding and hepatic injury were 186 
observed throughout the study. 187 
 188 
Effects of cholesterol loading on liver weight and hepatic lipids 189 



 Analysis of liver lipid content revealed fatty liver formation as a major component of NAFLD 190 
pathogenesis. At 16 weeks after the start of feeding (22 weeks of age), significant increases in hepatic 191 
TG, TC, NEFA, and LPO levels and liver weight per body weight were observed in the HFCC and 192 
HFCC+CDX groups compared to the control (Fig. 2A-C, E, F). Furthermore, hepatic PL content was 193 
significantly lower (Fig. 2D). Contrary to expectations, however, liver TC content did not increase in 194 
the HFCC+CDX group compared to that in the HFCC alone group (Fig. 2C). These results suggest 195 
that the HFCC diet induces hepatic lipid and cholesterol accumulation.  196 
 197 
Liver histopathologic evaluation 198 
 Histopathological analysis of the liver is the most important evaluation method used to definitively 199 
diagnose NASH. We evaluated H&E-stained specimens for hepatosteatosis, hepatocyte hypertrophy, 200 
and inflammatory cell infiltration in the liver (Fig. 3A, Table 2). Animals in the control group showed 201 
no pathological changes in any of the parameters. In contrast, all animals in the HFCC and 202 
HFCC+CDX groups showed fatty liver and inflammatory cell infiltration. Large lipid droplets in the 203 
liver, a hallmark of NASH pathology, tended to be observed more in animals in the HFCC+CDX group 204 
than in those in the HFCC group.  205 
The degree of liver fibrosis is an important indicator that strongly correlates with the prognosis of 206 

patients with NASH. Sirius Red-stained specimens and analysis of the positive area fraction were used 207 
to evaluate the progression of liver fibrosis in all animals (Fig. 3A, B). Sirius Red staining of the tissue 208 
surrounding the vessel wall was stronger in animals in the HFCC group compared to the control group, 209 
but no significant change in the fibrosis area fraction was observed. In contrast, in the HFCC+CDX 210 
group, Sirius Red staining was observed between the liver parenchymal tissues and the fibrosis area 211 
ratio increased significantly. These results suggest that HFCC with CDX intake might have caused 212 
more severe NASH pathogenesis than the HFCC diet alone. 213 
 214 

Gene expression analysis in liver and intestinal tract 215 
 Fig. 4 shows the expression analysis results of NASH pathogenesis-related genes in the liver. The 216 
mRNA expression levels of lipid synthesis-related genes (Srebp1, Scd1, and Pemt), inflammation-217 
related genes (Tnf, Ccl2, and Il6), and fibrosis-related genes (Col1a1, Acta2, and Tgfb) were compared. 218 
Consistent with the results of changes in liver TG content (Fig. 2B), expression levels of the 219 
lipogenesis gene Scd1 and its transcription factor Srebp1 were significantly elevated in the HFCC and 220 
HFCC+CDX groups compared to the control (Fig. 4A, B). In contrast, the expression of Pemt, which 221 
plays an important role in phospholipid synthesis, decreased in the loaded groups (Fig. 4C), suggesting 222 
a possible influence on the decreased PL content in the liver. Compared to the control group, 223 
upregulation of inflammation- and fibrosis-related gene expression in the liver was observed in both 224 
the HFCC and HFCC+CDX groups (Fig. 4D-I). In addition, the HFCC+CDX group tended to have a 225 



greater upregulation of inflammation-related genes than the HFCC group, although without a 226 
significant difference (Fig. 4D-F). 227 
 We then evaluated changes in the expression of genes related to cholesterol metabolism and ER stress 228 
in the liver and genes contributing to lipid absorption in the intestinal tract. There was a trend toward 229 
a decrease or significant decrease in hepatic Srebp2 and gut Npc1l1 mRNA expression in the HFCC 230 
and HFCC+CDX groups (Fig. 4J, O). The significant downregulation of hepatic Fxr in these groups 231 
(Fig. 4K) may contribute to the induction of NASH pathogenesis. Cholesterol accumulation in the 232 
liver causes liver damage, mainly through ER stress. The expression of the ER stress-related gene Atf4 233 
in the liver was elevated only in the HFCC+CDX group (Fig. 4M). 234 
 235 
 236 
Discussion 237 
 The lack of animal disease models hinders the elucidation of pathomechanisms and complicates drug 238 
development. In response to the lack of animal models of NASH, we validated the use of a cholesterol 239 
overload and absorption enhancement to create a new rat model of NASH that features more severe 240 
disease formation. SD rats were fed a high-fat, high-cholesterol, and cholic acid-containing diet with 241 
CDX. In a previous study, it was reported that HFCC+CDX feeding in mice can induce NASH 242 
pathology with fatty liver, inflammation, and mild fibrosis within 3 weeks[18,19]. Accordingly, we 243 
subjected SD rats to this dietary load to determine whether the pathophysiology could be made more 244 
severe compared to that in a simple cholesterol-induced NASH model.  245 

The diet used in this study contained cholic acid. This bile acid is involved in the reduction of hepatic 246 
NEFA, TG, and very-low-density lipoprotein synthesis via farnesoid X receptor (FXR) signaling. In 247 
addition, mice fed a high-fat diet containing cholic acid reportedly displayed inhibited body weight 248 
gain due to increased energy expenditure[23]. Thus, while cholic acid might improve NASH pathology, 249 
it can also increase cholesterol absorption in the intestinal tract and induce multiple collagen-related 250 
genes in the liver[24,25]. In rats, high-fat, cholesterol, and cholate diets have been reported to cause 251 
hyperlipidemia, hyperglycemia, and liver damage[26]. Cholic acid is often used in the diet to create 252 
NASH models. CDX is a cyclodextrin derivative with practical pharmaceutical, cosmetic, and 253 
industrial applications. CDX has hydrophobic cavities inside its ring structure, enabling the uptake 254 
organic compounds and other substances to increase their solubility. It has been suggested that the 255 
inclusion complex formation of CDX with cholesterol makes the latter more water-soluble than 256 
cholesterol alone[27], thereby promoting cholesterol absorption in the gut. On the other hand, 257 
cyclodextrins are known to form inclusion complexes with various bile acids in aqueous solution. It 258 
is possible that the hydroxyl-β-cyclodextrin used in this study, like other cyclodextrins, forms inclusion 259 
complexes with cholic acid, resulting in increased absorption of cholic acid. In other words, the 260 
HFCC+CDX group showed a greater effect of cholic acid on energy expenditure and may have 261 



reduced weight gain. Because of these characteristics of CDX, it is necessary to pay attention to 262 
changes in its absorbency when using this model to evaluate drugs. In other words, the dosage of the 263 
compound should be carefully controlled, and its pharmacological effects should be evaluated. 264 
In this study, NASH-like pathogenesis of fatty liver and hepatitis was observed in all animals treated 265 

with HFCC or HFCC+CDX for 16 weeks. Elevated liver NEFA and LPO levels may contribute to 266 
liver injury from lipotoxicity and oxidative stress, respectively. Decreased hepatic PL is one of the 267 
features observed in NASH. In addition, Sirius Red staining of the liver tissue in the HFCC+CDX 268 
group revealed a significant increase in the fibrotic area fraction. The trend toward higher expression 269 
levels of liver inflammation-related gene markers in the HFCC+CDX group than in the HFCC group, 270 
together with significantly higher expression of ER stress-related genes, suggests that NASH 271 
pathology was more potently induced by the presence of CDX. However, there was no significant 272 
difference in the liver TC content between the HFCC and HFCC+CDX groups. The cause of this 273 
discrepancy remains unclear. CDX-induced toxicity induced by oral intake in female rats has been 274 
previously studied. Oral CDX intake of 5000 mg/kg/day for 12 months resulted in increased body 275 
weight, leukocytosis, thrombocytopenia, and lung abnormalities, with no evidence of toxicity in the 276 
liver[20]. Therefore, it is unlikely that CDX-induced toxicity was the cause of the more severe NASH 277 
pathology that we observed in the HFCC+CDX group. Several data points led us to consider the 278 
possibility that there is a difference in the speed of pathogenesis. Eight weeks after the start of feeding 279 
(14 weeks of age), blood ALT levels were higher in the HFCC+CDX group. Preliminary studies also 280 
showed increased expression of liver inflammation- and fibrosis-related markers in the HFCC+CDX 281 
group at the same time point (8 weeks after the start of feeding; data not shown). This suggests that 282 
accelerated cholesterol absorption in the CDX-loaded group might have contributed to an earlier 283 
plateau in hepatic cholesterol accumulation, leading to more severe NASH pathogenesis. Evaluations 284 
of liver TC content and other NASH-related parameters from early autopsies are needed to confirm 285 
this suggestion. 286 
Despite increased expression of liver fibrosis-related genes in the HFCC group, histopathological 287 

analysis revealed no progression of liver fibrosis. This result seemingly contradicts the results of the 288 
histopathological evaluation of liver fibrosis. It is possible that HFCC alone induced liver fibrosis but 289 
did not reach a definite pathological stage. 290 

Hydroxymethylglutaryl-CoA (HMG-CoA) reductase and low-density lipoprotein (LDL) receptor, 291 
which play important roles in cholesterol homeostasis in the liver, are regulated by sterol regulatory 292 
element-binding protein 2. An important pathway for cholesterol metabolism in the liver is its 293 
conversion to bile acids and their excretion, which is controlled by the FXR and other nuclear receptors. 294 
In the present study, the expression of these two key genes was significantly downregulated in the 295 
HFCC and HFCC+CDX groups. This may be a feedback response to the accumulation of cholesterol 296 
in the liver to inhibit its synthesis and uptake. The gene expression of Fxr is important for inhibiting 297 



cytotoxic bile acid synthesis and promoting efflux[28,29]. It is very likely that reduced Fxr activity 298 
contributes to cholesterol accumulation in the liver. In addition, FXR in hepatic stellate cells reportedly 299 
induces cell quiescence and apoptosis-promoting phenotypes that promote resolution of hepatic 300 
fibrosis[30]. The importance of FXR as a crucial nuclear receptor in NASH pathogenesis is evidenced 301 
by the many drugs targeting FXR that are being explored as NASH treatments. Reduced Fxr 302 
expression is an important feature of our novel animal model.  303 
Similar to our study, several previous reports described NASH models in which rats were fed high-304 

fat, high-cholesterol, and cholic acid diets[31,32]. Ichimura et al. described a diet composition similar 305 
to ours. The authors observed significantly decreased expression levels of Srebp2 and Fxr as 306 
cholesterol- and bile acid-related genes in the liver, which is consistent with our results, while their 307 
model showed more advanced NASH pathology, including liver fibrosis[32]. The fact that the HFCC 308 
feeding period of their animals was 2 weeks longer than ours might not be a sufficient explanation for 309 
this difference. We focused on differences in the pathogenesis of NASH between the sexes of rats. In 310 
our model, female SD rats were used to eliminate the toxic effects of orally ingesting CDX. It is well 311 
known that the incidence of NASH is higher in males than in females in humans[33]. This is 312 
considered to be due to the antimetabolic syndrome and hepatoprotective effects of female 313 
hormones[34]. In addition to the influence of sex hormones, the female-specific phase of the ovarian 314 
cycle may also influence the degree of NASH pathogenesis. We cannot rule out the possibility that the 315 
limitation of using female rats to establish the NASH model might have resulted in milder NASH 316 
pathology compared to male rats subjected to a similar high-cholesterol load.  317 
A typical rat model of NASH is the choline-deficient L-amino denatured (CDAA) diet model [35] 318 

which is superior to the HFCC+CDX model in that the progression of NASH is rapid, but the 319 
mechanism is different. The CDAA diet causes increased lipid synthesis in the rat liver and decreased 320 
TG secretion from the liver, leading to marked hepatic steatosis in a short period of time. In other 321 
words, the type of lipid accumulation in the liver may be different from the HFCC+CDX model where 322 
cholesterol accumulation is predominant. In human NASH, a correlation between cholesterol and 323 
pathophysiology has been consistently reported [17] and the HFCC+CDX model may be a more useful 324 
model and potentially a better model for studying NASH pathophysiology in relation to cholesterol. 325 

It is possible that differences in diet and cholesterol metabolism between mice and rats may have 326 
contributed to the difference in the time required for NASH pathogenesis with the same HFCC+CDX 327 
diet. Because rats lack a gallbladder, they are unable to store bile acids, the major metabolite of 328 
cholesterol, and cholesterol clearance may be faster in rats than in mice. There are also significant 329 
differences between humans and mice/rats. Specifically, the type of major lipoproteins in the blood 330 
and the presence or absence of cholesteryl ester transfer protein. The details of how these differences 331 
may contribute to the pathogenesis of NASH are not clear. However, the consistently reported 332 
correlation between cholesterol and the development of NASH in humans and the findings in 333 



HFCC+CDX mice in the previous study and in HFCC+CDX rats in the present study certainly suggest 334 
that cholesterol is an important factor in NASH. Although the feeding of female SD rats with 335 
HFCC+CDX has some limitations, such as the lack of body weight gain, it may provide useful 336 
information for future animal model studies, showing that the enhancement of cholesterol absorption 337 
in rats may promote NASH-like pathology. 338 
In conclusion, we successfully induced NASH-like pathogenesis in female SD rats by feeding HFCC 339 

diet. HFCC+CDX feeding induced abnormal hepatic cholesterol homeostasis, a tendency to 340 
upregulate inflammation-related marker genes, and induction of ER stress. As a result, liver fibrosis 341 
was exacerbated. These results suggest the possibility of a new NASH model that focuses on 342 
cholesterol overload and accelerated absorption. 343 
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Table 1 TaqMan Gene Expression Assays used for real-time PCR 456 
Gene classification Gene name TaqMan ID 

Liver lipid-related genes Scd1 Rn06152614_s1 

 Srebp1 Rn01495769_m1 

 Srebp2 Rn01502638_m1 

 Pemt Rn00564517_m1 

 Fxr Rn00572658_m1 

Liver fibrosis-related genes Col1a1 Rn01463848_m1 

 Acta2 Rn01759928_g1 

 Tgfb Rn99999016_m1 

Liver inflammation-related genes Tnf Rn99999017_m1 

 Ccl2 Rn00580555_m1 

 Il6 Rn01410330_m1 

Liver ER stress-related genes Chop Rn00492098_g1 

 Atf4 Rn00824644_g1 

Gut absorption-related genes Cd36 Rn00580728_m1 

 Npc1l1 Rn01443503_m1 

Endogenous control gene Gapdh Rn99999916_s1 

 457 



Table 2 Histopathological findings in liver 458 
 Control HFCC HFCC+CDX 

 1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6 

Hepatosteatosis 

(Vacuolation/Fatty change) 
– – – – – – ± ± + + ± ± ± + + ± + 2+ 

Hypertrophy of hepatocytes – – – – – – + + + + ± ± ± + ± + + + 

Infiltration, 

inflammatory cells 
– – – – – – ± + ± ± ± ± + + ± ± ± ± 

–, negative; ±, very slight; +, slight; 2+, moderate; 3+, severe 459 
The results are the summary of pathological evaluation by H&E staining (hepatosteatosis and hypertrophy of hepatocytes) (n=6)460 



 461 
Fig. 1 Body weight, daily caloric intake, and blood biochemical values 462 
Average body weight and caloric intake at 6, 10, 14, 18, and 22 weeks of age, and blood biochemical 463 
values at 6, 14, and 22 weeks of age. (A) Body weight, (B) Daily caloric intake, (C) Plasma aspartate 464 
transaminase (AST), (D) Plasma alanine transaminase (ALT), (E) Plasma glucose (GLU), (F) Plasma 465 
total cholesterol (TC), (G) Plasma triglyceride (TG), (H) Plasma phospholipid (PL). Data represent 466 
the mean ± standard deviation (n=6). *P<0.05, **P<0.01 control vs. HFCC, #P<0.05, ##P<0.01 467 
control vs. HFCC+CDX, ††P<0.01 HFCC vs. HFCC+CDX (two-way repeated measure ANOVA 468 
followed by Tukey’s multiple comparison test). HFCC: high-fat, high-cholesterol, and cholic acid diet; 469 
CDX: hydroxypropyl-β-cyclodextrin 470 
  471 



 472 

 473 
Fig. 2 Liver weight and liver lipid content at 22 weeks of age 474 
(A) Liver weight (mg) per g body weight, (B) Liver triglyceride (TG), (C) Liver total cholesterol (TC), 475 
(D) Liver phospholipid (PL), (E) Liver non-esterified fatty acid (NEFA), (F) Liver lipid hydroperoxide 476 
(LPO). Data represent the mean ± standard deviation (n=6). #P<0.05, ##P<0.01 (Tukey-Kramer 477 
method, $P<0.05, $$P<0.01 (Steel-Dwass method). 478 

479 



 480 

Fig. 3 Histopathology immunostaining of liver at 22 weeks of age 481 
(A) Upper panel: H&E staining of liver sections (Scale bars: 100 μm); lower panel: Sirius Red staining 482 
of liver sections (Scale bars: 100 μm). (B) Sirius Red positive area fraction (%). Data represent the 483 
mean ± standard deviation (n=6). $P<0.05 (Steel-Dwass method). 484 

485 



 486 
Fig. 4 Expression of genes related to lipid, inflammation, fibrosis, and ER stress in the liver and 487 
lipid absorption in the intestinal tract at 22 weeks of age 488 
(A) Hepatic Srebp1, (B) hepatic Scd1, (C) hepatic Pemt, (D) hepatic Tnf, (E) hepatic Ccl2, (F) hepatic 489 
Il6, (G) hepatic Col1a1, (H) hepatic Acta2, (I) hepatic Tgfb, (J) hepatic Srebp2, (K) hepatic Fxr, (L) 490 
hepatic Chop, (M) hepatic Atf4, (N) gut Cd36, and (O) gut Npc1l1  491 
Data represent the mean ± standard deviation (n=6). #P<0.05, ##P<0.01 (Tukey-Kramer method), 492 
$P<0.05 (Steel-Dwass method). 493 
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