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1.1 Definition and classification of NAFLD/NASH 

 

 Nonalcoholic fatty liver disease (NAFLD), one of the most common causes of 

chronic liver disease worldwide, is characterized by excessive fat accumulation in the 

liver, referred to as steatosis, in patients without a history of alcohol abuse and infection 

by hepatitis B virus (HBV) or hepatitis C virus (HCV) [1]. The disease is asymptomatic 

and usually diagnosed in patients who have received a medical examination based on 

the elevation of liver aminotransferases or steatosis identified by abdominal ultrasound 

examination [1,2]. The disease covers a wide spectrum of liver disorders, from simple 

steatosis to nonalcoholic steatohepatitis (NASH). Simple steatosis, a benign type, has 

only the histological findings of steatosis, whereas NASH is a more severe and 

progressive type. In patients with NASH, the disease can progress to cirrhosis, which 

results in liver failure, portal hypertension, and hepatocellular carcinoma (HCC). 

 The only method to obtain a definitive diagnosis between steatosis and NASH is a 

liver biopsy followed by histopathological analysis [3]. Typical histological features of 

NASH are steatosis, lobular inflammation, hepatocellular ballooning, and fibrosis [4]. 

Matteoni et al. reported the long-term outcomes of patients with NAFLD classified into 

four subgroups, based on their hepatic histopathological findings: type 1, fatty liver 

alone; type 2, fat accumulation and lobular inflammation; type 3, fat accumulation and 

hepatocellular ballooning degeneration; and type 4, fat accumulation, hepatocellular 

ballooning degeneration, and either Mallory’s hyaline or fibrosis [5]. In their study, the 

progression to cirrhosis and liver-related deaths was observed almost exclusively in 

patients diagnosed with types 3 or 4 [5]. Based on the evidence, they proposed the 

presence of ballooning degeneration, accompanied by fat accumulation and lobular 
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inflammation, as a definition of NASH. Therefore, ballooning degeneration is currently 

regarded as a hallmark of NASH. 

 However, the dichotomous assessment of either having NASH or not, by 

Matteoni’s classification is less helpful for the evaluation of therapeutic agents that may 

ameliorate NASH in clinical trials. Therefore, a scoring system is required that covers 

the full spectrum of NAFLD and to quantify histological changes with greater accuracy. 

To meet this demand, a semiquantitative scoring system of NAFLD activity score 

(NAS) and fibrosis staging was developed by the NASH Clinical Research Network [6]. 

NAS is defined as the sum of the scores for steatosis (0–3), lobular inflammation (0–3), 

and ballooning (0–2); patients with NAS ≥ 5 are diagnosed as having NASH. Currently, 

the scoring system is widely utilized in NAFLD-related clinical trials. 

 

1.2 Clinical importance of NAFLD/NASH 

 

 Recent studies have indicated that the prevalence of NAFLD in adults in Western 

countries was estimated to be between 20% and 40% [1,7–9], which was higher than 

those in Asian countries [1,7,10–13]. A large, Japanese, multicenter, retrospective study 

demonstrated that approximately 30% of subjects who received health checkups in 

Japan were affected by NAFLD [14]. The prevalence of NAFLD varies with age and 

gender; in general, the prevalence increases with age and is especially higher in men 

between 40–65 years of age [15]. Recent studies have shown that the prevalence of 

NAFLD was higher in men than in women [1,14], which contrasted with publication 

before 1990 reporting that NAFLD was more common among middle-aged women [16–

18]. 
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 As liver biopsy is limited by the invasiveness and the subsequent histological 

analysis includes referral bias, it is difficult to determine the true prevalence of NASH. 

From the limited evidence, which may be subjected to bias, NASH was diagnosed by 

biopsy in approximately 30% of patients with NAFLD in the U.S.; subsequently, NASH 

prevalence in adults was estimated to range from 3% to 5% [1,8]. The progression to 

NASH can increase the risk of cirrhosis, liver failure, and HCC, whereas simple 

steatosis does not appear to be associated with short-term morbidity or mortality. In 

particular, approximately 9% to 20% of patients with NASH will subsequently develop 

liver cirrhosis; 10% of patients with cirrhosis can develop HCC, and 22% to 33% of 

these patients die of complications of liver failure or require a liver transplant within 5 

to 7 years [19]. 

 HCC is the sixth leading cause of cancer and the second leading cause of 

cancer-related deaths worldwide [20]. Although HCV infection is the leading cause of 

HCC, some reports have suggested that NASH is the cause of its rapid growth. A 

retrospective cohort study demonstrated that the proportion of patients undergoing liver 

transplantation for HCC, secondary to NASH, increased rapidly from 8.3% to 13.5% 

between 2002 and 2012, whereas that of HCV increased steadily from 43.4% to 49.9% 

in the U.S. [21]. In 2012, NASH was the second leading cause of HCC leading to liver 

transplant [21]. Furthermore, novel direct-acting antiviral agents for HCV have recently 

emerged and showed robust efficacy for sustained virologic response [22]. Given the 

robust efficacy, the etiology of HCC caused by HCV may decrease over time, whereas 

that of NASH may increase. Owing to the increased prevalence, NAFLD/NASH should 

be considered as the next main etiology of cirrhosis and HCC in the near future. 

 Metabolic syndrome (MS) is a cluster of medical conditions, including obesity, 
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type 2 diabetes, hypertension, and dyslipidemia. The presence of MS and its individual 

components is associated with an increased risk of cardiovascular disease (CVD) [23]. 

Given the spread of Western lifestyle with excessive food intake, especially of junk food, 

and sedentary habits, particularly in developed countries, the occurrence of MS has 

increased, and it is estimated that approximately one quarter of the adult population 

worldwide currently have MS [24]. 

 The comorbidity of NAFLD in patients with MS is high: the prevalence of NAFLD 

was 80%–90% in obese adults, 30%–50% in patients with type 2 diabetes, and up to 

90% in those with hyperlipidemia [25]. Furthermore, the prevalence of NAFLD 

prevalence is closely related to fasting plasma glucose levels [26]. Accompanied by the 

above-mentioned increase in the population of individuals with MS, the number of 

patients with NAFLD has increased. A Japanese cohort study showed that the 

prevalence of NAFLD identified by using ultrasound increased 2.7-fold between 1994 

and 2004 [27]. Owing to the close link with MS and the increasing prevalence, NAFLD 

has received increasing attention as a hepatic component of MS [28]. 

 The available evidence to indicate the prognosis of NAFLD/NASH is accumulating. 

A population-based cohort study showed that overall mortality among patients with 

NAFLD was significantly higher than that in a matched control population [29]. The 

most common cause of death in patients with NAFLD is CVD [5,29], which may be 

caused by the high comorbidity of MS and NAFLD given the close link between MS 

and increased CVD risk. Liver-related diseases have also been studied as the second or 

third most common cause of death [5,29]. Furthermore, clinical evidence has suggested 

that the presence of NASH among patients with NAFLD may be a function of their 

liver-related and overall mortality. In a recent meta-analysis, liver-specific and overall 
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mortality rates among patients with NAFLD were determined to be 0.77 per 1,000 and 

15.44 per 1,000, respectively, whereas those among patients with NASH were 11.77 per 

1,000 and 25.56 per 1,000, respectively [30]. A similar relationship between NASH and 

mortality was also reported by Matteoni et al. [5]. In addition to the presence of NASH, 

the stage of fibrosis in patients with NAFLD was also significantly associated with 

death or liver transplantation [31]. These results were suggestive of the close 

relationship of NAFLD and its histological severity with mortality. 

 

1.3 Pathophysiology of NASH 

 

 As mentioned above, some patients with steatosis can progress to NASH, which 

has the features of inflammation and fibrosis, whereas the majority of patients remain 

free of inflammation or fibrosis. The natural progression of NAFLD/NASH has not 

completely been elucidated; in particular, the factors that determine whether a patient 

will progress to NASH or not are uncertain. To explain the pathophysiology of NASH, 

Day and James put forward the “two-hit theory” in 1998 [32]. In this theory, the 

accumulation of fat and fatty acids in the hepatocyte acts as the “first hit” and the 

sensitization of the liver to further insults acts as the “second hit”. The second hit 

activates the inflammatory cascade, fibrogenesis, and cell death. 

 Steatosis, the first hit, may be caused by four main mechanisms: (1) increased 

supply of free fatty acids (FFAs) from circulation; (2) increased de novo lipogenesis; (3) 

insufficient fatty acid oxidation; and (4) insufficient triglyceride secretion [33,34]. 

Clinical trials have demonstrated that insulin resistance, defined as a reduced cellular 

response to insulin, was closely linked to NAFLD [35–37]. First, the increase in 

lipolysis from adipose tissue owing to insulin resistance and/or increased intake of 
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dietary fat causes an increase in FFAs in the plasma. The increase in circulating FFAs 

produced from peripheral lipolysis represents the main source of accumulated 

triglycerides in the liver [38]. Second, in addition to the increased uptake of FFAs, the 

transcription of fatty acid synthase in the liver is upregulated owing to insulin resistance 

in patients with NAFLD, which causes an increase of de novo lipogenesis [39]. Third, 

free fatty acids are metabolized through β-oxidation in the mitochondria of hepatocytes 

and ω-oxidation in the endoplasmic reticulum. Although metabolism is highly activated 

in patients with NAFLD, the degradation is insufficient and accumulation of 

triglycerides occurs [40]. Finally, although hepatic triglyceride accumulation and insulin 

resistance increase the excretion of fat as very-low-density lipoprotein (VLDL) 

cholesterol, the excretion of fat is insufficient to normalize hepatic triglyceride content 

in NAFLD [33,41]. 

 Free radical generation in hepatocytes, the second hit, is caused by insulin 

resistance and increased FFAs in the liver through the mitochondrial oxidation of fatty 

acids [42]. The attack of hepatocytes by free radicals releases apoptotic bodies and 

modified lipoproteins, such as oxLDL, which activate Kupffer cells, a hepatic 

macrophage [43–45]. Activated Kupffer cells produce cytokines and chemokines, such 

as tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and monocyte 

chemoattractant protein-1 (MCP-1), which lead to the recruitment and activation of 

inflammatory cells such as monocytes and natural killer T cells [46]. Activated Kupffer 

cells can also accelerate fat accumulation in hepatocytes in a TNF-α- and 

IL-1β-dependent manner [47,48]. Neutrophils also infiltrate the steatotic liver and are 

associated with the progression of NASH [49]. A number of clinical and preclinical 

studies demonstrated that myeloperoxidase (MPO), a lysosomal enzyme produced by 
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neutrophils, is a key factor of the progression of disease such as hepatocyte injury, 

inflammation, oxidative stress, and fibrogenesis [50–52]. 

 In addition to its role as the source of FFAs, adipose tissue may also contribute to 

the development of inflammation and insulin resistance in NASH. In adipose tissues of 

obese patients, macrophages and lymphocytes are accumulated and secrete cytokines 

such as TNF-α and IL-6 [53]. Furthermore, the secretion of adiponectin from adipocytes, 

which regulates insulin sensitivity in the liver and muscle, is decreased in obese patients, 

and this decrease may accelerate insulin resistance [54]. 

 Hepatocellular injury and inflammation can also trigger the differentiation of 

hepatic stellate cells into proliferative, migratory, and contractile myofibroblasts, which 

is known as activation [55]. Transforming growth factor-β (TGF-β) is one of key 

regulatory factors of hepatic stellate cell activation [56]. Activated hepatic stellate cells 

have pro-fibrogenic transcriptional and secretory profiles and secrete extracellular 

matrix (ECM) materials, such as collagen, which accumulate and form scars in the liver 

[55]. 

 Although the two-hit theory is generally considered a simplified theory to explain 

NASH pathogenesis, Buzzetti et al. modified this theory into “multiple-hit theory” [57]. 

The multiple-hit theory is based on two pieces of emerging evidence: that the 

accumulation of triglycerides in hepatocytes may be a protective mechanism from liver 

damage and that hepatic inflammation can both precede simple steatosis and be a cause 

of steatosis. In the theory, the aforementioned multiple factors act in parallel and are 

synergistically implicated in the pathogenesis and progression of NASH. 

 

1.4 Current status of therapeutic options for NASH 
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 There are currently no approved drugs for the treatment of NASH. According to the 

practice guidelines of the American Association for the Study of Liver Diseases 

(AASLD), weight management by lifestyle intervention, including caloric restriction 

and physical exercise, is the only standard care for NASH [3], and was shown to 

improve hepatic steatosis, lobular inflammation, ballooning, and NAS of obese patients 

with NASH in a randomized controlled trial [58]. The goal of body weight loss in the 

guidelines is a loss of more than 7% of body weight to improve the histological features 

of NASH, including fibrosis [3]. However, there remains a problem of low compliance 

with treatment, as only approximately 40% of patients who received this intervention 

were able to achieve the necessary weight loss goal, despite aggressive dietary 

counseling and exercise recommendations [59]. Therefore, pharmacological therapies 

are urgently needed. 

 In the guidelines of AASLD, vitamin E and pioglitazone are now recommended for 

the treatment of NASH, although they are not yet approved [3]. Vitamin E is a 

well-known inhibitor of oxidative stress, a key mechanism of hepatocellular injury and 

disease progression in patients with NASH. In the trial of pioglitazone versus vitamin E 

versus Placebo for the Treatment of Nondiabetic Patients with Nonalcoholic 

Steatohepatitis (PIVENS), vitamin E improved the hepatic features of NASH, such as 

steatosis, lobular inflammation, hepatocellular ballooning, and NAS in patients with 

NASH but without diabetes [60]. However, there are also concerns about the long-term 

safety of vitamin E, as it has been reported to be associated with increased mortality and 

a modest increase in the risk of prostate cancer [61,62]. In contrast, pioglitazone is a 

peroxisome proliferator-activated receptor γ (PPARγ) agonist commonly prescribed for 
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type 2 diabetes. A meta-analysis indicated that pioglitazone was efficacious for the 

improvement of hepatic histological findings, such as ballooning, fibrosis, lobular 

inflammation, and steatosis in addition to reducing aminotransferase levels in patients 

with NASH in multiple randomized, placebo-controlled clinical trials [63]. However, 

pioglitazone has a side effect of weight gain and presents the risk of bone loss [60,64]. 

Thus, although there is evidence to support the positive efficacy of both vitamin E and 

pioglitazone, they also have safety issues. Therefore, their risks and benefits should be 

considered before starting treatment. 

 In addition to these two promising drugs, other pharmacological agents have also 

been tested in clinic, such as metformin, ursodeoxycholic acid, omega-3 fatty acids, and 

statins. As these agents mainly target the medical features of MS, their repositioning to 

NASH is theoretically reasonable. However, clinical trials and meta-analyses of these 

concluded that no trials recorded an improvement of liver histology in patients with 

NASH in clinical trials, although decreases in serum aminotransferases were found in 

some trials [65]. Therefore, the AASLD guidelines do not recommend these agents for 

the treatment of NASH [3]. 

 To address the unmet medical needs for the treatment of NASH, many 

pharmacological candidates with various mechanisms of action are currently in clinical 

trials [66]. Obeticholic acid (OCA) and elafibranor are promising agents for NASH 

therapy that have entered phase III trials. OCA, a farnesoid X receptor (FXR) agonist, is 

a synthetic variant of a natural bile acid, chenodeoxycholic acid, and has already been 

approved for primary biliary cholangitis. OCA improved hepatic steatosis, lobular 

inflammation, hepatocellular ballooning, NAS, and fibrosis in patients with NASH in a 

multicenter, randomized, placebo-controlled trial (FLINT study) [67]. However, several 
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safety issues associated with OCA were observed, such as elevated LDL cholesterol and 

pruritus [67]. Elafibranor is a dual agonist of PPARα and δ, which has exhibited efficacy 

in animal models of NAFLD [68]. Although elafibranor failed to meet its primary 

endpoint of a certain percentage disappearance of steatohepatitis without worsening of 

fibrosis in a randomized, double-blind placebo-controlled trial of patients with NASH 

(GOLDEN-505 trial), a post-hoc analysis showed that elafibranor met the primary 

endpoint in subjects with moderate-to-severe NASH with NAS ≥ 4 [69]. 

 

1.5 Animal models of NASH 

 

 As NAFLD/NASH is a disease in which a variety of cells and soluble factors can 

be intricately interrelated, as described above, the development of animal models of the 

disease is critical for a better understanding of the pathophysiology and to validate 

novel agents for the disease. An ideal animal model of NASH should reflect the features 

of human NASH, including hepatic histopathology and pathophysiology, as well as the 

pathogenetic background of human disease. Many rodent models have been established 

as an animal model of NASH. Most can be categorized as dietary-induced, genetic, and 

combination models [70]. Some of these models successfully mimicked the early 

phenotypes of NASH, such as steatohepatitis and hepatic fibrosis [71,72]. The 

diet-induced mouse model, a methionine- and choline-deficient (MCD) diet-fed model, 

has been frequently used [73]. The MCD diet induces a decrease in hepatic β-oxidation 

and the production of VLDL [73]. In addition, a choline-deficient diet impairs hepatic 

VLDL secretion [74]. These changes lead to the accumulation of intrahepatic lipids and 

the rapid development of severe and persistent steatohepatitis in 10–14 weeks [75]. 
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However, the MCD diet also has some disadvantages, including severe weight reduction 

and lack of insulin resistance, as obesity and diabetes are both key etiological factors of 

NASH [72,76]. The choline-deficient, amino acid-defined (CDAA) diet is another diet 

commonly used to induce hepatic fibrosis and exerts minimal effects on body weight 

and glucose metabolism in mouse [77,78] or rat [79]. Many other studies have 

suggested that dietary lipid conditions, such as high cholesterol, high fat, trans fat, or 

high fructose, could accelerate NASH formation in rodents [78,80–84]. Therefore, 

further modification of dietary compositions may offer a valuable approach to induce 

advanced NASH. 

 Recently, low-density lipoprotein receptor knockout (LDLR
–/–

) mouse, a 

well-known animal model of dyslipidemia and atherosclerosis [85,86], was reported to 

develop NASH-like phenotypes under high cholesterol or high fat dietary conditions 

[80,83,87–89]. However, 12–24 weeks were required to induce hepatic fibrosis, even 

with a cholesterol diet [80,83], and there are also no reports on advanced diseases, such 

as cirrhosis or hepatocellular carcinoma in LDLR
–/–

 mice. In addition, mice with 

naturally occurring genetic mutations, such as db/db mice and ob/ob mice, and mice 

with targeted genetic mutations, such as melanocortin 4 receptor knockout mice and 

liver-specific phosphatase and tensin homolog deleted from chromosome 10 knockout 

mice, have been used for the study of NASH, as they have overlapping phenotypes with 

the risk factors of NASH [70]. 

 A combined model of genetic modification and dietary challenge is theoretically 

expected to replicate more severe and relevant phenotypes of human NASH and 

develop form the early to the end stage of the disease [70]. For example, db/db mice, a 

well-known animal model of type 2 diabetes and obesity, showed features of NASH, 
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including hepatic fibrosis and inflammation, when fed an MCD diet for 4 weeks; 

however, the development of advanced cirrhosis or HCC by this model is not well 

characterized [90]. In addition to the model, many other combined models have been 

reported using mice [91,92] and rats [93]. 

 

1.6 Objectives of this research 

 

 Overall, given the clinical importance and lack of approved agents for NASH, there 

is an urgent need for a novel therapeutic agent to reverse or prevent the progression of 

the disease. The final goal of this research is to provide therapeutic options in the form 

of pharmacological candidates for the treatment of NASH.  

 To address the goal, this research was performed in three phases. First, a novel 

mouse model of NASH using the LDLR
–/–

 mouse fed a modified CDAA diet was 

developed and comprehensively profiled to investigate whether the model showed 

appropriate pathophysiological features that overlap with NASH (Chapter 2). Second, 

the mouse model was pharmacologically benchmarked by using clinically-proven drugs 

(Chapter 3). As pioglitazone was reported to improve the liver histology in patients with 

NASH [63], the effect of the drug on hepatic injury, steatosis, and fibrosis in the mouse 

model was examined. Finally, the therapeutic potential of novel agents for the treatment 

of NASH was evaluated (Chapter 4). A drug repositioning approach, a process of 

converting marketed drugs to new indications, was used in this research to allow the 

administration of drugs to patients with NASH over a shorter timeframe. Similar to 

pioglitazone, dipeptidyl peptidase-4 (DPP-4) inhibitors, which have been prescribed for 

type 2 diabetes, were also reported to improve NAFLD in clinic [94–96]. Therefore, the 
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concomitant therapy of pioglitazone and alogliptin, a DPP-4 inhibitor, was compared 

with the relevant monotherapies using the developed mouse model. 
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Chapter 2  

 

Comprehensive profiling of a novel mouse model of NASH 
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2.1 Objectives 

 

 The main purpose of this study was to establish a novel mouse model of NASH 

which shows more severe and relevant phenotypes of human disease compared with 

those reported before. LDLR
–/–

 mice under the modified CDAA diet was 

comprehensively profiled over 1 year to investigate whether this model developed 

hepatic steatosis, cirrhosis, or HCC in this study. LDLR
–/–

 mice which has the 

background of dyslipidemia were selected since they were reported to develop 

NASH-like phenotypes under high-cholesterol or high-fat diet condition [80,83,87–89]. 

CDAA diet was modified by addition of 1% cholesterol since it would be expected to 

induce severe NASH-like phenotype without showing body weight reduction 

[77,78,83]. 

 The additional purpose of this study was to confirm that the mouse model shows 

relevant phenotypes of NASH independently of obesity. Some studies in Asian countries 

demonstrated that NAFLD could be also found in subjects without obesity (body mass 

index < 25 kg/m
2
) although obese is generally associated with the development and 

progression of NAFLD [97,98]. In fact, 15% to 21% of Asian subjects with NAFLD 

were reported to be non-obese [98]. In addition, another report demonstrated that 

NAFLD patients without obesity were at a higher risk for diabetes, hypertension, and 

MS than those with obesity [97]. A mouse model of NASH without obesity is required 

as well as that with obesity to develop novel agents especially for NASH patients 

without obesity. Therefore, we investigated whether LDLR
–/–

 mice with the modified 

CDAA showed relevant phenotypes of NASH independently of obesity in this study. 
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2.2 Materials and methods 

 

2.2.1 Animal 

 

 Homozygous LDLR
–/–

 mice were originally obtained from Jackson Laboratories 

(Bar Harbor, ME, U.S.A.), and a colony was maintained in Takeda Rabics (Osaka, 

Japan). Six-week-old male LDLR
–/–

 mice were used in this study. After an acclimation 

period for a few weeks under normal chow diet (CE-2, Clea Japan, Tokyo, Japan), 

animals were fed with chow or modified CDAA diet (A08111307, Research Diets, New 

Brunswick, NJ, U.S.A.). The components of the modified CDAA diet are described in 

Table 1. All animal experiments were carried out according to the guidelines of the 

Institutional Animal Care and Use Committee in Takeda Pharmaceutical Company Ltd 

(Kanagawa, Japan). 
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Table 1  Components of the modified CDAA diet 

 

Cholesterol was added as 1 w/w%. Fat weight was increased up to 41 kcal% and fat 

origin was changed to palm oil as palmitate-rich oil. Choline was deficient and 

methionine was restricted. 

  

Total (g) 864.75

Total L-amino acids (g) 164.5

(L-Methionine (g)) (1.5)

Corn Starch (g) 274

Maltodextrin10 (g) 125

Cellulose (g) 50

Corn oil (g) 25

Palm Oil (g) 150

Mineral Mix S10026B (g) 50

Sodium Bicarbonate (g) 7.5

Vitamin Mix V10001 (g) 10

Choline Bitrartrate (g) 0

Cholesterol (g) 8.7

FD&C Blue Dye #1 (g) 0.05

Protein (w/w%(kcal%)) 19 (17)

Carbohydrate (w/w%(kcal%)) 47 (42)

Fat (w/w%(kcal%)) 20 (41)

Kcal/g 4.5
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2.2.2 Sample collection 

 

 Body weight was monitored once weekly throughout the experiments. Blood 

samples were collected from tail vein under a non-fasted state. After the diet feeding 

periods, the mice were anesthetized with isoflurane and euthanized by over-bleeding 

from the abdominal aorta, and thoracic and abdominal organs were examined 

macroscopically. The liver was collected and weighed. Liver samples were kept in 10% 

neutral buffered formalin for histology or in RNAlater (Life Technologies, Carlsbad, 

CA, U.S.A.) for RNA analysis. The sample sets of experimental groups are described in 

Table 2. 
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Table 2  Liver samples from each experiment to develop a mouse model of 

NASH-associated hepatic fibrosis and HCC using genetic modification and dietary 

challenge 

 

Liver samples were collected from LDLR–/– mice fed normal chow or a modified 

choline-deficient, amino acid-defined (mCDAA) diet, weighed, and submitted to 

histological evaluation, immunohistochemistry, and RNA analysis. N.D.; not 

determined 

  

Diet
Experiment

number

Diet

feeding period

Liver weight

measurement

Hematoxylin

Eosin stain

Sirius red

stain

Fibrosis area

measurement

mRNA

measurement

Immuno-

histochemistry

mCDAA Experiment-1 1W 4 4 4 4 4 N.D.

4W 12 12 12 12 12 N.D.

8W 10 10 10 10 10 3

Experiment-2 1W 10 10 10 N.D. N.D. 3

4W 10 10 N.D. N.D. N.D. 3

Experiment-3 16W 10 10 10 10 10 3

Experiment-4 24W 4 4 4 N.D. N.D. N.D.

31W 4 4 4 N.D. N.D. N.D.

Experiment-5 39W 5 5 5 N.D. N.D. N.D.

47W 5 5 5 N.D. N.D. N.D.

Experiment-6 24W 6 6 6 N.D. N.D. N.D.

32W 6 6 6 N.D. N.D. N.D.

39W 8 8 8 N.D. N.D. N.D.

47W 7 8 8 N.D. N.D. N.D.

Chow Experiment-1 4W 3 N.D. N.D. N.D. N.D. N.D.

Experiment-2 1W 8 N.D. N.D. N.D. N.D. N.D.

Experiment-3 16W 8 8 8 7 7 3

Experiment-6 32W 5 5 5 N.D. N.D. N.D.

39W 6 6 6 N.D. N.D. N.D.

47W 6 6 6 N.D. N.D. N.D.

Experiment-7 32W 4 4 4 N.D. N.D. N.D.

39W 4 4 4 N.D. N.D. N.D.

47W 4 4 4 N.D. N.D. N.D.
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2.2.3 Blood biochemistry 

 

 Plasma glucose, triglyceride, total cholesterol, high-density lipoprotein (HDL) 

cholesterol, aspartate aminotransferase (AST), and alanine aminotransferase (ALT) 

levels were measured using an automatic analyzer (type 7180 HITACHI, Tokyo, Japan). 

Non-HDL cholesterol was calculated as the difference between total cholesterol and 

HDL cholesterol. 

 

2.2.4 Measurement of hepatic mRNA level 

 

 Total RNA was isolated with RNeasy Mini Kit (Qiagen, Valencia, CA, U.S.A.) 

from the RNAlater-fixed liver samples. Reverse transcription into cDNA was carried 

out using a High Capacity cDNA Reverse Transcription Kit (Life Technologies). Gene 

expression was quantified by TaqMan real-time PCR using the ABI prism 7900HT 

Sequence Detection system (Life Technologies). Gene expression was normalized by 

glyceraldehyde 3-phosphate dehydrogenase expression. 

 

2.2.5 Histological evaluation 

 

 Livers were fixed in formalin, embedded in paraffin, sectioned, stained with 

hematoxylin-eosin and Sirius red and examined microscopically by a certificated 

pathologist. Histopathological evaluation on hepatocellular proliferative lesions was 

carried out according to the International Harmonization of Nomenclature and 

Diagnostic Criteria [99]. Briefly, the diagnostic criteria were as follows: Hepatocellular 
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hyperplasia: the lesions spanning several hepatic lobules in which portal triads and 

central veins are present, Hepatocellular adenoma, lesions that are greater than several 

lobules and have no portal triads and central veins, HCC, neoplastic hepatocytes 

forming trabeculae of multiple cell layers are evident. The findings and diagnosis were 

reviewed by another certified pathologist to improve the quality of the pathology data. 

For quantitative analysis of Sirius red-positive fibrosis areas, four bright field images of 

a stained section of left lateral lobe for each animal from weeks 1 to 16 were captured 

using a BX53 microscope and a DP-20 digital camera (both Olympus, Tokyo, Japan) at 

113–fold magnification. We captured four digital pictures which excluded existing 

connective tissue areas around large vasculature and bile ducts as much as possible. 

Fibrosis areas were measured using the WinROOF image analyzing system (Mitani 

Corp., Tokyo, Japan) and the results were determined as the means of the four fields of 

each section. 

 

2.2.6 Immunohistochemistry 

 

 Immunohistochemical analysis was carried out for animals treated from week 1 to 

16 using following the primary antibodies: rat anti-mouse monoclonal antibody for 

F4/80 as a marker of macrophages (Ready to use; Abcam, Cambridge, UK), goat 

polyclonal antibody for desmin as a marker of stellate cells (1:100 dilution; Abcam), 

rabbit polyclonal antibody for MPO as a marker of neutrophils/monocytes (1:50 

dilution; Abcam), mouse anti-human monoclonal antibody for α-smooth muscle actin 

(α-SMA) as a marker of activated stellate cells (1:100 dilution; Dako, Glostrup, 

Denmark), rabbit monoclonal antibody for Ki-67 as a marker of cellular proliferation 
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(1:400 dilution, Abcam), and ApopTag peroxidase in situ apoptosis detection kit was 

used for TdT-mediated dUTP nick end labeling (TUNEL) method (Millipore, Billerica, 

MA, U.S.A.). 

 

2.2.7 Hepatic triglyceride measurement 

 

 Liver tissues were homogenized in 3.35% sodium sulfate solution. After extracting 

lipid with hexane:isopropanol (3:2), samples were dried and redissolved with 

isopropanol. Triglyceride content was measured by an automatic analyzer. 

 

2.2.8 Statistical analysis 

 

 Statistical significance between the normal chow group and the modified CDAA 

diet group was analyzed with Student's t-test or Aspin–Welch test with or without 

Bonferroni adjustments. Associations between hepatic fibrosis area and hepatic gene 

expression in the diet-fed mice were measured with Pearson correlation coefficient. 

P-value less than 0.05 was statistically significant. Data was represented as mean ± 

standard deviation (SD). 

 

2.3 Results 

 

2.3.1 Time-course changes in body weights, liver weights, and plasma parameters 

 

 Body weight in the diet-fed mice mildly increased, but was significantly smaller 
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compared with chow-fed mice between weeks 4 and 31/32 (Figure 1A). Unlike MCD 

models, continued and severe weight loss could be avoided under modified CDAA diet 

conditions. Liver weight continued to increase from week 1 and throughout the 

experimental period (Figure 1B). Epididymal white adipose tissue weights in the 

modified CDAA diet group were not changed statistically compare to those in the 

normal chow group (data not shown). 

 Plasma glucose levels were slightly but significantly lower with modified CDAA 

diet (Figure 2A). Although the modified CDAA diet contained a high calorie compared 

to normal chow, insulin resistance were not observed. Plasma triglyceride, total 

cholesterol, and non-HDL cholesterol levels were significantly increased, in particular, 

after week 23 (Figure 2B–D), which might be the result of maxed-out accumulation of 

hepatic lipids although the exact reason was unclear. Plasma AST and ALT levels, as 

markers of hepatic injury, were dramatically increased by the diet challenges, peaked at 

week 4 and sustained the high levels thereafter (Figure 2E,F).  

  



27 

 

 

Figure 1  Body weights (A) and liver weights (B) in LDLR
–/–

 mice with or without 

modified CDAA diet. 

Body weights were measured over time from the same individuals (n = 10–56). Liver 

weights were measured under non-fasted state in each week (n = 3–22). *P < 0.05 vs 

normal chow control each week by Student's t test with Bonferroni adjustments. 
#
P < 

0.05 vs normal chow control each week by Aspin–Welch test with Bonferroni 

adjustments. Mean ± SD. N.D., not determined. 
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Figure 2  Blood biochemistry in LDLR
–/–

 mice with or without modified CDAA 

diet. 

Blood samples were collected under non-fasted state over time from the same 

individuals (n = 8–84). Plasma glucose (A), triglyceride (B), total cholesterol (C), 

non-high-density lipoprotein (non-HDL) cholesterol (D), aspartate aminotransferase 
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(AST) (E), and alanine aminotransferase (ALT) (F) levels were measured using an 

automatic analyzer. *P < 0.05 vs normal chow control each week by Student's t-test 

with Bonferroni adjustments. 
#
P < 0.05 vs the normal chow control each week by 

Aspin–Welch test with Bonferroni adjustments. Mean ± SD. 

  



30 

 

2.3.2 Time-course changes in histopathological and immunohistochemical findings 

 

 At week 1, macrovesicular steatosis characterized by hepatocytes with a 

cytoplasmic single large vacuole and microvesicular steatosis characterized by 

hepatocytes with foamy appearing cytoplasm were observed around periportal and 

centrilobular areas, respectively (Figure 3A). The degree of microvesicular steatosis was 

decreased gradually and disappeared at week 8. In contrast, macrovesicular steatosis 

continuously progressed and was observed in almost all hepatocytes, including those in 

the centrilobular area at week 8. It was slightly attenuated at week 16 (Figure 3A–D). 

As with the histological findings, hepatic triglyceride levels were massively increased 

from week 1 (Figure 4). Hepatic fibrosis was observed from week 4 and was 

exacerbated with time (Figure 3F–I), and advanced hepatic fibrosis was observed at 

week 16 (Figure 3I). In the study designed to compare the degree of fibrosis progression 

between LDLR
–/–

 mice with modified CDAA diet and C57BL/6J mice with the 

modified CDAA diet, LDLR
–/–

 mice showed more prominent fibrosis than C57BL/6J 

mice in week 12 (Figure 5). Although hepatocellular ballooning is one of the 

characteristic findings of NASH in human [6,100], the mice did not show hepatocellular 

ballooning throughout the experiments. 

 Inflammatory cell infiltration was observed at week 1, and its severity increased by 

week 4 and remained constant thereafter (Figure 3K–N). Infiltrated cells consisted 

mainly of F4/80-positive macrophages and MPO-positive neutrophils and monocytes 

(Figure 6), and some of the cells showed the immunoreactivity for Ki-67, indicating the 

increased proliferative activity of these cells (Figure 6). 

 Single cell necrosis of the hepatocytes was observed from week 1 throughout the 
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experiments (Figure 3M, N); however, TUNEL staining showed that most of the 

apoptotic cells were inflammatory cells but not hepatocytes (Figure 6). In addition, 

Ki-67-positive hepatocytes were noted at week 1, and increased until week 4 and 

remained constant thereafter (Figure 6). 

 Preceding the development of fibrosis, populations of both desmin-positive hepatic 

stellate cells and α-SMA-positive activated stellate cells were increased 

time-dependently from week 1 (Figure 6). Increased desmin-positive cells were mainly 

seen around inflammatory cell foci, and in these areas, Ki-67-positive spindle cells, 

possibly proliferating stellate cells, were also observed (Figure 6). 

 Macroscopically, rough surface and multiple nodules were observed in the liver 

from week 24, and were apparent with time (Figure 7). Microscopically, multiple 

hepatocellular hyperplasia was observed from week 24 (Figure 8A). The incidence of 

hyperplasia was increased at weeks 31–32 and was almost 100% thereafter (Table 3). 

Hepatocellular adenomas developed at weeks 31–32 (Figure 8B, C) and the incidence 

increased over time to 9 of 13 mice (69%) and 11 of 13 mice (85%) at weeks 39 and 47, 

respectively (Table 3). Hepatocellular carcinoma was observed in 2 of 13 mice fed 

modified CDAA (15%) at week 39 (Figure 8D, E); however, the incidence was not 

increased at week 47 (Table 3). 

 In the chow diet-fed group, microvesicular steatosis and inflammatory cell 

infiltration was observed after weeks 32 and 39, respectively. One mice developed 

hepatocellular adenoma at week 39 in this group; however, neither hyperplasia nor 

hepatocellular carcinoma were observed throughout the experiment (Table 3). 
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Figure 3  Histopathological features of liver in LDLR
–/–

 mice with or without 

modified CDAA diet. 

(A–E, K–O), hematoxylin-eosin stain; (F–J) Sirius red stain. (A) Macrovesicular and 

microvesicular steatosis were observed at week 1 (1W) around periportal and 

centrilobular areas, respectively. (B–D) Macrovesicular steatosis was exacerbated with 

time and was observed in almost all hepatocytes including the centrilobular area at week 

8, but was slightly decreased at week 16. (F–I) Fibrosis was observed from week 4 and 

exacerbated with time. (K–N) Inflammatory cell infiltration, mainly composed of 

macrophages and neutrophils, was observed from week 1, increased and kept the same 

degree from week 4 and thereafter. Single cell necrosis of hepatocytes (arrows) was also 

seen in all experiment period. (E, J, O) No histopathological abnormalities were 

observed in the liver of mice fed with normal chow diet. Bar = 100 μm. 
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Figure 4  Hepatic triglyceride level in LDLR
–/–

 mice with or without modified 

CDAA diet. 

Liver tissues were homogenized in 3.35% sodium sulfate solution. After extracting lipid 

with hexane:isopropanol (3:2), samples were dried and redissolved with isopropanol. 

Triglyceride content was measured by an automatic analyzer. The results were 

determined as the triglyceride content in each whole liver (n = 4–12). 
#
P < 0.05 vs the 

normal chow control at week 16 by Aspin–Welch test. Mean ± SD. 
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Figure 5  Comparison of histopathological features of the liver in LDLR
–/–

 mice 

and C57BL/6J mice with modified CDAA diet. 

Nine-week-old, male LDLR
–/–

 mice and age-matched C57BL/6J mice were fed a 

mCDAA diet for 12 weeks (n = 8). The LDLR
–/–

 mice showed more prominent fibrosis 

than C57BL/6J mice. Typical images of hepatic fibrosis stained with Sirius red in 

C57BL/6J mice (A) and LDLR
–/–

 mice (B). Bar = 500 μm. 
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Figure 6  Immunohistological features of liver in LDLR
–/–

 mice with or without 

modified CDAA diet. 

F4/80-positive macrophages, myeloperoxidase (MPO)-positive monocytes and 

neutrophils (inset), and Ki-67-positive proliferating cells were noted at week 1 (1W); 

the degree increased by week 4 and was maintained thereafter. Most Ki-67-positive 



36 

 

cells were hepatocytes (arrow), however, some spindle cells, possibly hepatic stellate 

cells (arrowhead), and inflammatory cells were also positively immunostained for Ki-67. 

Some terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)-positive 

cells were also observed and most of these cells were mixed inflammatory cells. 

Desmin-positive hepatic stellate cells and α-smooth muscle actin (α-SMA)-positive 

activated stellate cells appeared at week 1 and increased with time. Desmin-positive 

hepatic stellate cells were observed around inflammatory foci (inset). α-SMA-positive 

cells were slightly decreased at week 16. Bar = 100 m. 
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Figure 7  Representative macroscopic features of liver in the LDLR
–/–

 mice with 

modified CDAA diet. 

(A) Multiple white nodules were noted at week 32. (B) Gross lesions were more 

apparent at week 39. Bar = 5 mm. 
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Figure 8  Representative microscopic features of neoplastic lesions of liver in 

LDLR
–/–

 mice with modified CDAA diet. 

Hematoxylin–eosin stain. (A) Hepatocellular hyperplasia was observed at week 24. The 

lesion spanned several hepatic lobules. Bar = 200 m. (B) Hepatocellular adenoma was 

obserbed at week 32. The lesion was larger than several hepatic lobules. Bar = 1 mm. 

(C) No portal triads were observed in the lesion. High magnification of (B). Bar = 200 

m. (D) Hepatocellular carcinoma was observed at week 39. Bar = 3 mm. (E) 

Hepatocytes forming trabeculae of mutiple cell layers was noted. High magnification of 

(D). Bar = 100 m. 
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Table 3  Prevalence of histological features in LDLR
–/–

 mice with or without 

modified CDAA diet. 

 

Histological features were graded as minimal, mild, and moderate. N.D., not determined 

  

Duration of chow feeding (week) 24 32 39 47

Animal number (n) 0 9 10 10

Hepatocellular vacuolation, centrilobular Minimal N.D. 2 (22%) 3 (30%) 2 (20%)

Mild N.D. 5 (56%) 6 (60%) 3 (30%)

Moderate N.D. 0 (0%) 1 (10%) 2 (20%)

Single cell necrosis, hepatocyte Minimal N.D. 0 (0%) 4 (40%) 3 (30%)

Inflammatory cell infiltration Minimal N.D. 0 (0%) 4 (40%) 3 (30%)

Fibrosis Minimal N.D. 0 (0%) 0 (0%) 0 (0%)

Hepatocellular adenoma Present N.D. 0 (0%) 1 (10%) 0 (0%)

Duration of mCDAA feeding (week) 24 31~32 39 47

Animal number (n) 10 10 13 13

Hepatocellular vacuolation, large Mild 0 (0%) 0 (0%) 1 (8%) 2 (15%)

Moderate 10 (100%) 10 (100%) 12 (92%) 11 (85%)

Single cell necrosis, hepatocyte Minimal 10 (100%) 10 (100%) 13 (100%) 13 (100%)

Inflammatory cell infiltration Mild 10 (100%) 10 (100%) 13 (100%) 13 (100%)

Fibrosis Moderate 10 (100%) 10 (100%) 13 (100%) 13 (100%)

Hepatocellular hyperplasia, multiple Present 6 (60%) 10 (100%) 12 (92%) 13 (100%)

Hepatocellular adenoma Present 0 (%) 3 (30%) 9 (69%) 11 (85%)

Hepatocellular carcinoma in adenoma Present 0 (%) 0 (0%) 2 (15%) 0 (0%)
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2.3.3 Hepatic gene expression and fibrosis area 

 

 In parallel with inflammatory cell infiltration into the liver, hepatic gene expression 

of TNF-α, IL-1β, and TGF-β mRNA was increased at week 1 (Figure 9A–C). Although 

there was large variability of α-SMA mRNA expression, perhaps due to the differences 

in existing vasculatures, significant increases in expression levels of α-SMA mRNA 

were observed at week 16 (Figure 9D). Expression of fibrosis-related genes such as 

collagen-1, tissue inhibitor of metalloproteinase 1 (TIMP-1), and osteopontin were 

gradually increased after week 4 and significantly elevated at week 16 (Figure 9E–G). 

Matrix metalloproteinase-9 (MMP-9) expression stayed high after the diet initiation 

(Figure 9H). 

 Hepatic fibrosis area measured by digital morphometric analysis was increased 

from week 4 (Figure 10). Interestingly, expression levels of not only collagen-1 and 

α-SMA but also TIMP-1 and osteopontin mRNA were strongly related to the fibrosis 

area (Table 4). Hepatic gene expression of IL-1β was significantly associated with 

hepatic fibrosis area, however, those of TNF-α or TGF-β levels did not correlated with 

fibrosis area (Table 4). 
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Figure 9  Expression levels of hepatic mRNA in LDLR
–/–

 mice fed modified CDAA 

diet or chow. 

RNAlater-rinsed samples were collected from left lateral lobe under non-fasted state. 

Gene expression was quantified by TaqMan real-time polymerase chain reaction using 

the ABI prism 7900HT Sequence Detection system. Gene expression was normalized by 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression. (n = 4–12) *P < 0.05 

vs normal chow control at week 16 by Student's t-test.
 #

P < 0.05 vs normal chow control 

at week 16 by Aspin–Welch test. Mean ± SD. TNF-α, tumor necrosis factor-α; IL-1β, 

interleukin-1β; TGF-β, transforming growth factor-β; α-SMA, α-smooth muscle actin; 

TIMP-1, tissue inhibitor of metalloproteinase 1; MMP-9, matrix metalloproteinase-9. 
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Figure 10  Hepatic fibrosis area in LDLR
–/–

 mice fed modified CDAA diet or 

chow. 

Images in Sirius red-stained sections in each week were captured and fibrosis area was 

quantified by using the WinROOF image analyzing system (n = 4–12). 
#
P < 0.05 vs 

normal chow–control at week 16 by Aspin–Welch test. Mean ± SD. 
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Table 4  Associations between hepatic fibrosis area and hepatic gene expression in 

LDLR
–/–

 mice fed modified CDAA diet. 

 

Associations between hepatic fibrosis area (%) and hepatic gene expression were 

measured with the Pearson’s correlation coefficient (n = 36). P < 0.05 was statistically 

significant. TNF-α, tumor necrosis factor-α; IL-1β, interleukin-1β; TGF-β, transforming 

growth factor-β; α-SMA, α-smooth muscle actin; TIMP-1, tissue inhibitor of 

metalloproteinase 1; MMP-9, matrix metalloproteinase-9. 

  

Items (mRNA relateive expression) P values

TNF-α 0.3178

IL-1β 0.0211

TGF-β 0.3599

α-SMA 0.0160

Collagen-I <0.0001

TIMP-1 0.0007

Osteopontin <0.0001

MMP-9 0.4339
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2.4 Discussion 

 

 LDLR
–/–

 mouse has been recently introduced as a useful animal model for NASH 

[87,88]. Although high-fat and/or high-cholesterol condition induced fibrosis formation 

in LDLR
–/–

 mice [80,83,87–89], there is no report on NASH-associated advanced stages 

such as cirrhosis and HCC, in the LDLR
–/–

 mouse. The CDAA diet is another 

well-known NASH-inducible diet without weight loss [78,79]. Therefore, we attempted 

to combine depletion of LDLR and CDAA diet containing high-fat, high-cholesterol 

and found this novel rodent model developed end stage diseases, cirrhosis, 

hepatocellular hyperplasia, adenoma, and carcinoma. 

 Although obesity is considered as a risk factor for NASH and is generally 

associated with the disease progression, NASH is also found in lean subjects, especially 

frequently in Asians [97,98]. Furthermore, leanness in NASH is associated with a high 

risk for comorbidity of diabetes and hypertension [97]. These results suggest that lean 

NAFLD patients may have different underlying pathophysiology from obese patients 

and can be regarded as a subpopulation of NASH. In order to develop a novel drug for 

the subpopulation, a mouse model of NASH without obesity should be required. In this 

study, LDLR
–/–

 mice showed relevant phenotypes of NASH independently of obesity 

and diabetes under the modified CDAA diet. Therefore, this model may represent a 

subpopulation of lean NASH patients. Furthermore, similar to this model, lean patients 

may have pathophysiology to accelerate accumulation of intrahepatic lipids, although 

biochemical and histopathological difference between lean and obese patients has not 

been reported yet. 

 The two-hit theory to induce hepatic fibrosis has been proposed and widely 
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accepted [32,101]. Consistent with the theory, microvesicular steatosis at week 1 and 

macrovesicular steatosis accompanied with inflammation and hepatic injury was 

observed prior to fibrosis formation in the current model. A previous report suggested 

that not only macrophages but also neutrophils played an important role in NASH 

progression in LDLR
–/–

 mice [50]. MPO-positive neutrophils were also observed in this 

study and should play a role in inflammatory processes in this model. Given these 

results, the LDLR
–/–

 mice fed the modified CDAA diet could develop important 

steatotic and inflammatory features within 4 weeks.  

 Plasma levels of hepatic transaminases, including AST and ALT, are commonly 

used biomarkers for hepatic injury. In this study, the LDLR
–/–

 mice fed the modified 

CDAA diet showed drastic increases in hepatic transaminases, peaked at week 4 and 

sustained levels with a decreasing trend. In parallel with hepatic transaminases, the mice 

exhibited continuous progression in hepatic macrovesicular steatosis until week 8 with a 

slight attenuation at week 16. Similar results were also reported in mice fed a MCD diet 

[75]. Although the reason for this decreasing trend in hepatic transaminases was 

uncertain, it may be associated with the decline in newly-formed hepatic injury 

probably caused by hepatic steatosis. However, given the continued presence of hepatic 

inflammatory cell infiltration and fibrosis, the declined hepatic injury should be 

sufficient to maintain the histopathological changes in this model. 

 Hepatic fibrosis was increased from week 4 to 16 (Figure 3). Compared to 

periportal fibrosis under high-fat diet condition in LDLR
–/–

 mice [88], the hepatic 

fibrosis in this model was spread the whole liver at week 8. Although the degree of 

hepatic fibrosis in this model has not been compared directly in parallel with those in 

other LDLR
–/–

 models, hepatic fibrosis formation in LDLR
–/–

 mouse with the modified 
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CDAA diet tends to progress rapidly [80,83,87,88]. Moreover, the LDLR
–/–

 model with 

modified CDAA diet showed similar or quick fibrosis progression compared to mouse 

models with MCD [75] or CDAA diets [77,78,102]. Advanced hepatic fibrosis was 

observed at week 16 (Figure 3I), but unlike humans, bridging fibrosis was not fully 

developed in this model. Similar to other models [75,78,81,82], bridging fibrosis may 

be difficult to be reproduced in a diet-induced murine model of NASH. In addition, 

hepatocellular ballooning, defined as cellular enlargement 1.5–2 times the normal 

hepatocytes diameter, with rarefied cytoplasm [99], was not observed in this NASH 

model. Ballooning degeneration is one of the important findings of NASH and reported 

to indicate poor outcome in humans [5]. However, some NASH models reported 

previously also did not show hepatocellular ballooning, although they had other 

appropriate liver pathology for NASH such as steatosis, inflammation, hepatocyte 

injury and fibrosis [103–105]. 

 The modified CDAA diet contains 1% cholesterol, and it was reported that 

cholesterol could induce several signals such as free cholesterol-driven oxidative stress 

or oxysterol-induced hepatocyte apoptosis [106]. Not only choline-deficiency, but also 

dietary cholesterol, might accelerate inflammatory cell infiltration in the liver, as 

previously observed [83,89]. Otherwise, as it was suggested that palm oil-derived 

saturated fat could trigger inflammasomes through toll-like receptor 4 [107] and 

palmitate but not oleate was reported to induce hepatic injury [108]; palm oil saturated 

fat in the modified CDAA diet might initiate hepatic injury in this model. Moreover, as 

it was suggested that saturated fat and cholesterol could accelerate inflammation and 

hepatic fibrosis [83,89,109]; saturated fat and/or dietary cholesterol in the modified 

CDAA diet might contribute to the fibrosis formation in this model. 
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 In addition to the dietary lipids, LDLR-deficient condition might be important for 

hepatic fibrosis progression. It was reported that lipogenic genes were down-regulated 

by cholesterol diet challenge in wild-type mice [110]. In contrast, lipogenesis-related 

genes were reported to be up-regulated in LDLR
–/–

 mice even under dietary cholesterol 

condition, and increase in oxidative stress was observed under the diet condition [83]. 

Furthermore, inflammatory signals could be activated in LDLR
–/–

 mice with dietary 

cholesterol and fat, but not in wild-type mice [80]. The combination of these genetic and 

dietary backgrounds with choline-deficient and methionine-restricted conditions could 

accelerate NASH progression. 

 Up-regulation of gene expression of TIMP-1 was observed in parallel with fibrosis 

formation and elevation of collagen-1 gene in the liver (Figure 9F, Table 4). These data 

are consistent with the previous report [87,101] and support that not only a 

transcriptional regulation of collagen-1 but also a fibrolytic modulation is involved in 

hepatic fibrosis formation [111]. As TIMP-1 expression is correlated more closely with 

hepatic fibrosis area compared to MMP-9 expression, which peaked at week 1, 

inhibition of the fibrolytic pathway may play an important role in fibrosis formation in 

this LDLR
–/–

 model. Interestingly, hepatic osteopontin mRNA was also significantly 

correlated with hepatic fibrosis area (Figure 9G, Table 4). Osteopontin is known to be 

up-regulated in the liver of NASH patients and a dietary murine model of NASH 

[112,113]. As osteopontin itself activates hepatic stellate cells [114], osteopontin may 

directly contribute to hepatic fibrosis formation. 

 As hepatocellular hyperplasia is one of the typical findings of cirrhosis [99], the 

histological features in the mice after week 24 might be classified as cirrhosis. Although 

the incidence was not high, this LDLR
–/–

 model developed HCC at a relatively early 
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time point. NASH-associated HCC was observed in wild-type mouse fed CDAA diet at 

week 84 [77], or in genetic mice such as melanocortin 4 receptor-deficient, phosphatase 

and tensin homolog-deficient, or galectin-3 knockout mice with normal chow or 

high-fat diet at approximately 1 year of age [115–118]. Nutritional challenges such as 

high-cholesterol, high-fructose or high-sucrose diet were alternative options to induce 

hepatic fibrosis [81,83,84]. However, it took approximately 1 year to observe nodular 

hyperplasia and tumors [82,110]. Therefore, the combination of genetic modification 

and CDAA diet including high-fat and high-cholesterol might accelerate carcinogenesis. 

In the current animal model, hepatocellular hyperplasia and adenoma was observed 

prior to HCC, sequentially, after week 24. 

 

2.5 Chapter summary 

 A rodent model of NASH using LDLR
–/–

 mice fed a modified CDAA diet was 

comprehensively profiled in this study. The mice showed NASH-like phenotypes such 

as hepatic steatosis, inflammatory cell infiltration, hepatic injury, and hepatic fibrosis. 

Furthermore, this model showed advanced stages associated with NASH such as 

hepatocellular hyperplasia, adenoma, and carcinoma. The formation of hepatic fibrosis 

and hepatocellular carcinoma in this model tended to progress rapidly compared with 

other reported mouse models. These results suggested that the combination of genetic 

modification and dietary challenge with choline-deficient and methionine-restricted 

conditions might accelerate NASH progression and carcinogenesis. 

 In contrast, the relevant phenotypes of NASH were independent of obesity and 

diabetes in the mice. These results suggested that this model may represent a 

subpopulation of lean patients with NASH, which were observed especially among 
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Asian subjects.  
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Chapter 3  

 

Pharmacologically benchmarking of a novel mouse model of NASH 
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3.1 Objectives 

 In general, an ideal animal model of human disease should show not only similar 

phenotypes and underlying mechanisms to the disease but also similar responsiveness to 

known drugs with clinical evidence [119]. Therefore, the pharmacological investigation 

is also required in order to validate the translatability of the animal model to human. 

 As described in Chapter 1, pioglitazone improved hepatic histological findings in 

patients with NASH by decreasing steatosis, ballooning degeneration, lobular 

inflammation, and fibrosis in a meta-analysis of randomized, placebo-controlled clinical 

trials [63]. In addition to the clinical evidence, pioglitazone improved hepatic steatosis 

and fibrosis in a rat model with CDAA diet and directly inhibited activation of rat 

Kupffer cells and hepatic stellate cells in vitro [120,121]. 

 Angiotensin II type 1 receptor blockers (ARBs), well-known anti-hypertensive 

drug class, have been tested in clinical trials and preclinical studies for NASH as well as 

pioglitazone. However, there have been a few conflicting clinical reports on the efficacy 

of ARBs for NASH. It is a very small non-controlled study, but losartan improved 

hepatic inflammation and fibrosis, and decreased serum aminotransferase levels in 

patients with NASH [122]. In contrast, combination therapy with rosiglitazone and 

losartan conferred no greater benefit than rosiglitazone alone in a randomized, 

prospective, open-label trial of NASH [123]. Preclinically, in many studies using rodent 

models of NASH, ARBs have been consistently efficacious. For instance, olmesartan 

attenuated increases in aminotransferase levels, activation of hepatic stellate cells, 

oxidative stress, and liver fibrosis in a rat model under MCD diet [124]. 

 As shown in Chapter 2, LDLR
–/–

 mice with modified CDAA diet developed 

NASH-like phenotypes such as hepatic steatosis inflammatory cell infiltration, hepatic 
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injury, and hepatic fibrosis. However, the similarity of this model to patients with 

NASH in the response to drugs was unclear. The purpose of this study was to 

pharmacologically benchmark and better understand the translatability of a mouse 

model of NASH, LDLR
–/–

 mice with modified CDAA diet using pioglitazone and 

candesartan cilexetil, an ARB. 

 

3.2 Materials and methods 

 

3.2.1 Animals 

 

 All experimental procedures were approved by the Institutional Animal Care and 

Use Committee of Takeda Pharmaceutical Company Ltd., which was fully accredited by 

the Association for Assessment and Accreditation of Laboratory Animal Care 

International. Breeding pairs of homozygous LDLR
–/–

 mice were obtained from Jackson 

Laboratories, and a colony was maintained in Takeda Rabics. Seven-week-old male 

mice were used. After an acclimation period of 2–3 weeks under normal chow diet, 

animals were fed with normal chow or the modified CDAA diet. 

 

3.2.2 Drugs 

 

 Candesartan cilexetil and pioglitazone were synthesized in Takeda Pharmaceutical 

Company Ltd. 

 

3.2.3 Experimental design 
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 After 1 week under the modified CDAA diet, animals were divided into study 

groups (week 0). Baseline characteristics of the mice subjected to this study are shown 

in Table 5. In experiment 1, candesartan cilexetil (3 mg/5 ml/kg, n = 10) was suspended 

in 0.5% methylcellulose and given orally once daily for 7 weeks. Mice fed with normal 

chow (n = 4) or the modified CDAA diet (n = 10) in the control groups received 0.5% 

methylcellulose. In experiment 2, pioglitazone (10 mg/5 ml/kg, n = 10) was suspended 

in 0.5% methylcellulose and given orally once daily for 7 weeks. Body weight and food 

intake were monitored once per week throughout the drug treatment period. Blood 

samples were collected from the tail vein at weeks 3 and 7 under a non-fasted state. On 

the day after the final dosing, blood samples were collected from abdominal vein under 

isoflurane anesthesia. Animals were then killed by cervical dislocation and liver tissues, 

kidney tissues, and epididymal white adipose tissues were harvested. 
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Table 5  Baseline characteristics of LDLR
–/–

 mice fed normal chow or a modified 

CDAA diet subjected to the experiments 1 and 2, at week 0. 

 

Experiment 1, mice were fed chow and 0.5% methylcellulose (vehicle), mCDAA and 

vehicle, or mCDAA and candesartan cilexetil (3 mg /kg) once daily for 7 weeks. 

Experiment 2, mice were fed mCDAA and vehicle, or mCDAA and pioglitazone (10 

mg/kg) once daily for 7 weeks. Blood samples were collected under a non-fasted state. 

Plasma parameters were measured using an automatic analyzer (n = 4–10). *P < 0.05 vs 

mCDAA–vehicle group by Student's t-test. 
#
P < 0.05 vs mCDAA–vehicle group by 

Aspin–Welch test. HDL, high density lipoprotein; AST, aspartate aminotransferase; ALT, 

alanine aminotransferase. Mean ± SD. 

  

Experiment 1 Experiment 2

Parameter Chow-Vehicle mCDAA-Vehicle mCDAA-Candesartan mCDAA-Vehicle mCDAA-Pioglitazone

( n  = 4) (n  = 10) (n  = 10) (n  = 10) (n  = 10)

Body weight (g) 24.5 ± 1.0 24.6 ± 1.4 23.8 ± 1.5 25.5 ± 1.6 25.7 ± 1.2

Glucose (mg/dL) 153.0 ± 1.9 155.0 ± 18.5 150.7 ± 12.4 188.8 ± 16.8 179.3 ± 10.7

Total cholesterol (mg/dL) 353.1 ± 29.9 411.5 ± 65.1 422.9 ± 73.5 510.5 ± 83.0 523.1 ± 137.8

  HDL (mg/dL) 89.4 ± 8.4* 63.6 ± 5.2 62.0 ± 7.4 71.5 ± 9.1 72.3 ± 10.3

  non-HDL (mg/dL) 263.7 ± 28.8* 347.9 ± 64.8 360.9 ± 69.9 439.0 ± 77.4 450.8 ± 134.7

Triglyceride (mg/dL) 191.4 ± 29.0* 84.3 ± 23.1 85.4 ± 21.4 158.8 ± 47.3 160.9 ± 49.3

AST (IU/L) 68.4 ± 4.0
#

205.7 ± 38.7 205.0 ± 25.1 196.3 ± 35.9 195.5 ± 30.2

ALT (IU/L) 28.4 ± 5.7
#

231.2 ± 56.0 236.0 ± 46.6 212.8 ± 57.8 220.3 ± 70.5
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3.2.4 Blood biochemistry 

 

 Blood samples were centrifuged and plasma samples were collected. Glucose, 

triglyceride, cholesterol, HDL cholesterol, AST, and ALT levels were measured by an 

automatic analyzer. Non-HDL cholesterol was calculated as the differences between 

total cholesterol and HDL cholesterol. 

 

3.2.5 Hepatic triglyceride measurement 

 

 Liver tissues were homogenized in 3.35% sodium sulfate solution. After extracting 

lipid with hexane:isopropanol (3:2), samples were dried and redissolved with 

isopropanol. Triglyceride content was measured by an automatic analyzer. 

 

3.2.6 Quantitative real-time polymerase chain reaction 

 

 Total RNA was isolated from liver and kidney with RNeasy Mini Kit. Reverse 

transcription into cDNA was carried out using a High Capacity cDNA Reverse 

Transcription Kit. Gene expression was quantified by TaqMan real-time polymerase 

chain reaction using the ABI prism 7900HT Sequence Detection system. Gene 

expression was normalized by glyceraldehyde 3-phosphate dehydrogenase expression. 

 

3.2.7 Histological analysis 

 

 Left lateral lobes of the livers were fixed in 10% formalin neutral buffered solution, 
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embedded in paraffin, sectioned, and stained with Sirius red. For quantitative analysis of 

Sirius red-positive fibrosis areas, four bright field images of a stained section for each 

animal were captured in a blinded manner using a BX53 microscope and a DP-20 

digital camera at 113–fold magnification. Fibrosis areas were measured using the 

WinROOF image analyzing system and expressed as the means of the four fields of 

each section. 

 

3.2.8 Statistical analysis 

 

 The results were presented as mean ± SD. All statistical analyses were undertaken 

using SAS version 8.2 (SAS Institute, Cary, NC, U.S.A.). Student’s t-test was used if 

the variance was homogenous. If the variance was heterogeneous, the Aspin–Welch test 

was performed. Differences were considered statistically significant at P < 0.05. 

  

3.3 Results 

 

3.3.1 Effects on body weight and food intake 

 

 Body weight of modified CDAA diet-fed mice was significantly lower compared to 

chow diet-fed mice (Figure 11A). Food intake of modified CDAA diet-fed mice was 

also lower than that of normal chow diet-fed mice (Figure 11B). Neither candesartan 

cilexetil nor pioglitazone had an effect on body weight (Figure 11A, C) or food intake 

(Figure 11B, D). 
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Figure 11  Body weight change and food intake in LDLR
–/–

 mice fed normal chow 

or a modified CDAA diet. 

Mice were treated with 0.5% methylcellulose (vehicle) and candesartan cilexetil (3 

mg/kg) (A, B) or pioglitazone (10 mg/kg) (C, D) once daily for 7 weeks. Body weight 

(A, C) and food intake (B, D) were monitored once per week throughout the drug 

treatment period (n = 4–10). *P < 0.05 vs mCDAA–vehicle group by Student t-test. 
#
P 

< 0.05 vs mCDAA–vehicle group by Aspin–Welch test. Mean ± SD. 
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3.3.2 Effects on tissue weight and hepatic triglyceride content 

 

 Liver weight of modified CDAA diet-fed mice at the end-point increased compared 

with that of normal chow diet-fed mice (Figure 12A). Treatment with pioglitazone 

significantly attenuated modified CDAA diet-induced increase in liver weight (Figure 

12C), but candesartan cilexetil did not (Figure 12A). The weight of epididymal white 

adipose tissue, which was surrogate for visceral adipose tissue mass, was not changed 

by either modified CDAA diet or drug treatment (Figure 12B, D). 

 Hepatic triglyceride content of modified CDAA diet-fed mice was higher than that 

of chow diet-fed mice (Figure 13A). Treatment with pioglitazone decreased hepatic 

triglyceride content (Figure 13B), whereas candesartan cilexetil had no effect (Figure 

13A). Representative images of the liver sections stained with hematoxylin–eosin stain 

in the mice treated with vehicle and pioglitazone are shown in Figure 14. 
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Figure 12  Tissue weight in LDLR
–/–

 mice fed normal chow or a modified CDAA 

diet at week 7. 

Mice were treated with 0.5% methylcellulose (vehicle [Veh]) and candesartan cilexetil 

(Can; 3 mg/kg) (A, B) or pioglitazone (Pio; 10 mg/kg) (C, D) once daily for 7 weeks. 

Livers (A, C) and epididymal white adipose tissues (WAT) (B, D) were weighed (n = 4–

10). *P < 0.05 vs mCDAA–vehicle group by Student’s t-test. 
#
P < 0.05 vs mCDAA–

vehicle group by Aspin–Welch test. Mean ± SD. 
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Figure 13  Hepatic triglyceride content in LDLR
–/–

 mice fed normal chow or a 

modified CDAA diet. 

Mice were treated with 0.5% methylcellulose (vehicle [Veh]) and candesartan cilexetil 

(Can; 3 mg/kg) (A) or pioglitazone (Pio; 10 mg/kg) (B) once daily for 7 weeks. Liver 

tissues were homogenized in 3.35% sodium sulfate solution. After extracting lipid with 

hexane:isopropanol (3:2), samples were dried and redissolved with isopropanol. 

Triglyceride content was measured by an automatic analyzer. The results were 

determined as the triglyceride content in each whole liver (n = 4–10). *P < 0.05 vs 

mCDAA–vehicle group by Student’s t-test. 
#
P < 0.05 vs mCDAA–vehicle group by 

Aspin–Welch test. Mean ± SD. 
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Figure 14  Representative images of liver sections stained with hematoxylin–eosin. 

Hepatic macrovesicular steatosis and inflammatory cell infiltration (arrows) in modified 

CDAA diet-fed LDLR–/– mice received 0.5% methylcellulose (A, B) and pioglitazone (C, 

D). The left lateral lobes of the livers were fixed in 10% formalin neutral buffered 

solution, embedded in paraffin, sectioned, and stained with hematoxylin–eosin, and 

examined microscopically. The severity of the macrovesicular steatosis was graded 

based on the percentage of hepatocytes involved: moderate, >50% of hepatocytes; 

marked, >70% of hepatocytes. Most animals showed marked macrovesicular steatosis 

(9 of 10 mice received 0.5% methylcellulose and 7 of 10 mice received pioglitazone). 

The severity of the inflammatory cell infiltration was graded as mild for all the animals 

based on the distribution of the foci. As noted above, there were no significant 

differences in the incidence or severity of macrovesicular steatosis and inflammatory 

cell infiltration between 0.5% methylcellulose and pioglitazone groups. Bar = 100 μm 
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3.3.3 Effects on plasma parameters 

 

 Plasma ALT levels were elevated with modified CDAA diet through the study 

period and peaked at week 3 (Figure 15A). Pioglitazone significantly decreased plasma 

ALT levels at week 3 of treatment, but not at week 7 (Figure 15B). Candesartan had no 

effect on plasma ALT levels (Figure 15A). 
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Figure 15  Plasma ALT levels in LDLR
–/–

 mice fed normal chow or a modified 

CDAA diet. 

Mice were treated with 0.5% methylcellulose (vehicle) and candesartan cilexetil (3 

mg/kg) (A) or pioglitazone (10 mg/kg) (B) once daily for 7 weeks. Blood samples were 

collected under a non-fasted state. ALT levels were measured using an automatic 

analyzer (n = 4–10). *P < 0.05 vs mCDAA–vehicle group by Student’s t-test. 
#
P < 0.05 

vs mCDAA–vehicle group by Aspin–Welch test. Mean ± SD. 
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3.3.4 Effects on hepatic gene expression 

 

 Expression of fibrosis-related genes including collagen-1, TGF-β, osteopontin, and 

TIMP-1 was increased in livers of mice with modified CDAA diet (Figure 16A). 

Treatment with pioglitazone and candesartan cilexetil decreased collagen-1 gene 

expression by 43% and 33%, respectively (Figure 16A, B). Treatment with pioglitazone 

decreased expression of other genes such as TGF-β, osteopontin, and TIMP-1 (Figure 

16B), but candesartan cilexetil did not. In addition, pioglitazone suppressed IL-6 gene 

expression, but not IL-1β (Figure 16A). 
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Figure 16  Hepatic gene expression in LDLR
–/–

 mice fed chow or modified CDAA 

diet. 

Mice were treated with candesartan cilexetil (3 mg /kg) (A) or pioglitazone (10 mg /kg) 

(B) once daily for 7 weeks. RNAlater-rinsed samples were collected from left lateral 

lobe under non-fasted state. Gene expression was quantified by TaqMan real-time 

polymerase chain reaction using the ABI prism 7900HT Sequence Detection system. 

Gene expression was normalized by GAPDH expression (n = 4–10). Data are shown by 

relative gene expression to mCDAA-Vehicle (group). *P < 0.05 vs mCDAA–vehicle 

group by Student’s t-test. 
#
P < 0.05 vs mCDAA–vehicle group by Aspin–Welch test. 

Mean ± SD. TGF-β, transforming growth factor-β; TIMP-1, tissue inhibitor of 

metalloproteinase 1; IL-6, interleukin-6; IL-1β, interleukin-1β. 
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3.3.5 Effects on renal gene expression 

 

 Gene expression of Renin 1 increased in the kidney from candesartan 

cilexetil-treated mice (data not shown), suggesting that a sufficient dose of candesartan 

cilexetil was given in this study and target engagement was achieved. 

 

3.3.6 Effects on hepatic fibrosis area 

 

 The increase in collagen deposition was observed in the liver from modified CDAA 

diet-fed mice at week 7, whereas the liver from chow diet-fed mice exhibited a small 

amount of collagen expression only around the vessels (Figure 17A). Corresponding to 

the increase in hepatic collagen-1 gene expression, fibrosis areas were remarkably 

increased in the liver from the modified CDAA diet-fed mice (Figure 17B). Pioglitazone 

decreased fibrosis area by 49% (Figure 17C), but candesartan cilexetil did not (Figure 

17B). 
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Figure 17  Hepatic fibrosis in LDLR
–/–

 mice fed normal chow or a modified 

CDAA diet. 

Mice were treated with 0.5% methylcellulose (vehicle [Veh]) and candesartan cilexetil 

(Can; 3 mg/kg) (experiment [Exp.] 1) (A, B) or pioglitazone (Pio; 10 mg/kg) (Exp. 2) 

(A, C) once daily for 7 weeks. The left lateral lobes of the livers were fixed in 10% 

formalin neutral buffered solution, embedded in paraffin, sectioned, and stained with 

Sirius red, and examined microscopically. (A) Representative images of liver sections 

0

1

2

3

4

Veh Pio

F
ib

ro
si

s 
ar

ea
 (

%
)

#

0

1

2

3

4

Veh Veh Can

Chow mCDAA

F
ib

ro
si

s 
ar

ea
 (

%
)

#
B C

A



68 

 

stained with Sirius red. Bar = 100 μm. (B, C) Fibrosis areas in Sirius red stained 

sections were quantified by using the WinROOF image analyzing system and the results 

were determined as the means of four fields of each section (n = 4–10). 
#
P < 0.05 vs 

mCDAA–vehicle group by Aspin–Welch test. Mean ± SD. 
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3.4 Discussion 

 

 In order to validate novel pharmacological interventions for NASH, establishing 

animal models, which reflect the disease pathophysiology, is crucial. As shown in 

Chapter 2, the modified CDAA diet-fed LDLR
–/–

 mice exhibited phenotypes 

overlapping with NASH including steatosis, inflammatory cell infiltration, hepatic 

injury, and fibrosis. In order to further elucidate translatability, this animal model was 

benchmarked using pioglitazone and candesartan cilexetil that have been tested in 

clinical studies and whose clinical efficacy is known at some extent. 

 Pioglitazone, a PPARγ activator, is commonly used for the treatment with type 2 

diabetes to improve insulin sensitivity of the liver, muscle, and adipose tissue, promote 

hepatic fatty acid oxidation and inhibit hepatic lipogenesis [65]. Since MS including 

type 2 diabetes is a major cause of NASH [2], pioglitazone has been studied in multiple 

clinical trials for NASH. In a meta-analysis from five independent trials, pioglitazone 

improved histological findings including hepatocellular ballooning, fibrosis, lobular 

inflammation, and steatosis [63]. Consistent with the clinical findings, in this study, 

pioglitazone improved hepatic transaminase activity, hepatic lipid accumulation, 

inflammatory gene expression, and fibrosis formation in LDLR
–/–

 mice. Although no 

histological change in infiltration of inflammatory cells was observed in 

pioglitazone-treated group, pioglitazone might exhibit clearer improvement of 

inflammation at an earlier time point given the significant reduction in plasma ALT 

levels at week 4. In previous reports, pioglitazone improved hepatic steatosis and 

ameliorated hepatic fibrosis in diet-induced models [121,125,126]. Similar to these 

rodent models of NASH, our model may represent some aspects of hepatic 
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pathophysiology resembling NASH, in which hepatic lipid metabolism had significant 

contribution to fibrogenesis. 

 Candesartan cilexetil, an ARB, is a well-known antihypertensive. Since 

renin-angiotensin system plays a key role in insulin resistance and activation of hepatic 

stellate cells [127], blocking renin-angiotensin system seems a reasonable target for the 

treatment of NASH. ARBs have been tested in a few clinical trials. Losartan showed 

some benefits such as an improvement of hepatic inflammation and fibrosis in NASH 

patients in a very small non-controlled study [122]. In a randomized, prospective, 

open-label trial of NASH, however, losartan in combination with rosiglitazone gave no 

benefit compared with rosiglitazone alone [123]. Thus, the efficacy of ARBs for NASH 

is controversial. Larger controlled clinical trials are necessary to determine clinical 

benefits of ARBs for NASH and a randomized, placebo-controlled trial of losartan has 

just completed (ClinicalTrials.gov ID: NCT01051219). In contrast, preclinically, there 

has been reported positive efficacy of ARBs in multiple NASH models. Olmesartan 

attenuated increases in aminotransferase levels, activation of hepatic stellate cells, 

oxidative stress, and liver fibrosis in a MCD model [124]. Candesartan cilexetil showed 

anti-steatotic and anti-inflammatory effects in KK-A
y
 mice [128], and losartan 

attenuated hepatic fibrosis induced by CDAA diet in rats with insulin resistance, obesity, 

and diabetes [129]. In this study, despite a sufficient target engagement, candesartan 

cilexetil did not inhibit liver injury and prevent from developing steatosis and fibrosis 

although candesartan cilexetil only suppressed hepatic collagen-1 gene expression.  

 One of postulated mechanisms of pioglitazone and candesartan cilexetil for NASH 

is considered to improve insulin sensitivity. In fact, most of animal models that are 

sensitive to both classes showed insulin resistance. However, LDLR
–/–

 mice that we 
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used lack at least obesity and hyperglycemia although it is unclear whether the mice 

exhibited insulin resistance. Activation of renin-angiotensin system is caused by obesity 

and plays a central role in insulin resistance [130]. Renin-angiotensin system may not 

be activated and have little contribution to the pathophysiological changes in liver of 

LDLR
–/–

 mice. Therefore, the potency of pioglitazone and candesartan cilexetil which 

target insulin sensitivity may be underestimated in this animal model. In other words, 

pioglitazone would have other mechanisms to improve NASH besides improvement of 

insulin sensitivity such as direct inhibition of activation of Kupffer cells and hepatic 

stellate cells as reported before [120,121]. 

 

3.5 Chapter summary 

 

 In this study, the translatability of the established mouse model to NASH was 

investigated by a pharmacological approach using two drugs with clinical evidence and 

different mechanisms. Specifically, the effects of pioglitazone and candesartan cilexetil 

were examined in LDLR
–/–

 mice with a modified CDAA diet. 

 Pioglitazone showed anti-fibrotic effects accompanied by improving hepatic 

transaminase activity and hepatic lipid accumulation in the mice. As the 

pharmacological effects of pioglitazone in this model were similar to those reported in 

NASH patients, this model may represent some aspects of the pathophysiology of 

NASH. 

 In contrast, candesartan cilexetil did not improve hepatic injury, steatosis and 

fibrosis in this model, unlike previous preclinical reports for ARBs. As this model did 

not have phenotypes leading to insulin resistance such as obesity and hyperglycemia, 
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the effect of candesartan cilexetil might be underestimated in this model. 
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Chapter 4  

 

Combination effects of alogliptin and pioglitazone  

in a mouse model of NASH 
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4.1 Objectives 

 

 Drug repositioning is a process to discover a marketed drug for a different 

indication. The process is generally applied in expectation of reduced time, risk and cost 

in pharmaceutical research and development [131]. One approach for repositioning of 

drugs is to find their new indications based on common pathophysiological traits or 

molecular pathways to their original indications. Given the close link of MS such as 

type 2 diabetes to NASH [25], repositioning of anti-diabetic drugs theoretically seems 

reasonable in order to deliver drugs to patients with NASH in a shorter time. 

 NASH is a complex disease where multiple factors act in parallel and are 

associated with the development and progression of disease [57]. Therefore, 

simultaneous inhibition of multiple targets may be required to show clinical benefit in 

NASH. In fact, several preclinical and clinical results suggest potential utility of 

combination therapy of anti-diabetic agents on NASH, e.g. combination of insulin and 

metformin on hepatic steatosis in NAFLD patients [132]. In addition, GFT505 showed 

preferable effects in NASH patients based on its PPARα and PPARδ activities [133]. 

Given these results, combination therapy or combination of different mechanisms would 

be an attractive medical approach to patients with NASH. 

 DPP-4 inhibitors are well-known anti-diabetic drugs widely used in clinic. 

Therapeutic effects of DPP-4 inhibitors as well as pioglitazone have been evaluated also 

in NASH owing to the common pathophysiological traits of type 2 diabetes and NASH. 

Several studies suggested DPP-4 inhibitors improved NASH clinically [94–96] and 

preclinically [134–138]. Sitagliptin improved hepatic ballooning, NASH scores, and 

plasma aminotransferase levels in NASH patients with type 2 diabetes in an open-label, 
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single-arm observational pilot study [94]. Sitagliptin also improved hepatic steatosis in 

patients with type 2 diabetes in a prospective, single-center, open-label comparative 

study [94]. Alogliptin decreased NAFIC score (diagnosed by serum ferritin, fasting 

insulin, and type IV collagen 7S) in NAFLD patients with type 2 diabetes in a single 

arm, multi-center, non-randomized study [95]. Interestingly, the anti-steatotic and 

anti-fibrotic effects of sitagliptin seem to be independent of the glucose-lowering effects 

in mice fed MCD diet [136]. 

 Benefits of the concomitant use of pioglitazone and DPP-4 inhibitors has been 

well-demonstrated in type 2 diabetes [139,140], and their fixed-dose combination 

products have been marketed. A single tablet by the fixed-dose combination should be 

considerable to achieve better compliance to therapy. Given their anti-fibrotic and 

anti-inflammatory potentials besides glucose-lowering effects [136,141–143], we 

hypothesized that combination therapy using pioglitazone and a DPP-4 inhibitor would 

provide additional clinical benefits in the treatment of NASH. Combination effects of 

pioglitazone and a DPP-4 inhibitor on NASH have never been evaluated either 

preclinically or clinically. 

 In case pioglitazone is thought to be one of drugs in a single tablet, metformin plus 

pioglitazone is another candidate of a fixed-dose combination [144] and may be 

potential combination therapy for NASH patients with type 2 diabetes. Although the 

fixed-dose combination has never been tried in NASH either preclinically or clinically, 

clinical evidence does not support therapeutic role of metformin monotherapy in 

NAFLD [145], and use of metformin in NASH patients is not recommended in the 

guideline [3]. 

 Therefore, the purpose of this study was to evaluate a concomitant treatment of 
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pioglitazone and a DPP-4 inhibitor alogliptin against their monotherapies in a non-obese 

and normoglycemic animal model of NASH. To our knowledge, this is the first report to 

show combination utility of DPP-4 inhibitor and pioglitazone in NASH. 

 

4.2 Materials and methods 

 

4.2.1 Animals 

 

 All animal experiments were carried out according to the guidelines of the 

Institutional Animal Care and Use Committee in Takeda Pharmaceutical Company Ltd. 

LDLR
–/–

 mice fed a modified CDAA diet were used as an animal model of NASH as 

described in Chapter 2. Breeding pairs of homozygous LDLR
–/–

 mice were obtained 

from Jackson Laboratories, and a colony was maintained at Takeda Rabics. 

Six-week-old male LDLR
–/–

 mice were used. The mice were acclimatized on a normal 

chow diet and subsequently fed either chow or a modified CDAA diet. 

 

4.2.2 Drug administration 

 

 Alogliptin benzoate and pioglitazone hydrochloride were synthesized at Takeda 

Pharmaceutical Company Ltd. The doses of alogliptin and pioglitazone were expressed 

as the free base form. In a single-dosing study, alogliptin (30–200 mg/kg) was orally 

administered to the mice (n = 6). For the multiple-dose monotherapy, alogliptin (10–200 

mg/kg) and pioglitazone (6–20 mg/kg) were orally administered to the mice once daily 

for 7 weeks; the administration commenced after the mice had received the modified 
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CDAA diet for 1 week (n = 10). For the multiple-dose combination therapy, alogliptin 

(30 mg/kg), pioglitazone (20 mg/kg), and their combination were orally administered 

for 3 weeks to the mice fed the diet for 1 week (n = 16). Mice in the control groups were 

given orally 0.5% methylcellulose solution once daily (5 mL/kg, n = 4–16). 

 

4.2.3 Sample collection 

 

 Blood samples were collected from the tail vein under a non-fasted state. In the 

pharmacodynamic study, blood samples were collected over time after the single dosing. 

After the multiple-dosing studies, the mice were anesthetized under a non-fasted state 

and euthanized by over-bleeding from the abdominal aorta. Whole liver and adipose 

tissue weights were measured. Liver samples from the left lateral lobes were 

immediately separated and stored as formalin-fixed, frozen, or fixed in RNAlater (Life 

Technologies) for subsequent analyses. 

 

4.2.4 Plasma DPP-4 assay 

 

 The plasma DPP-4 assay was carried out in accordance with a previous report [146]. 

In detail, 10 μL of the plasma sample was mixed with 90 μL of reagent (100 μmol/L 

H-Gly-Pro-7-amino-4-methylcoumarin; Bachem, Bubendorf, Switzerland) and 

incubated for 30 min. After incubation, the reaction was stopped with the addition of 

100 μL of 25% acetic acid. For the reaction controls, 10 μL of the plasma samples was 

mixed with 100 μL of 25% acetic acid and 90 μL of the substrate. To generate a 

standard curve, H-Gly-Pro-7-amino-4-methylcoumarin was serially diluted 100 μL of 
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the H-Gly-Pro-7-amino-4-methylcoumarin solutions in each concentration were mixed 

with 100 μL of 25% acetic acid. The release of H-Gly-Pro-7-amino-4-methylcoumarin 

was measured fluorometrically at an excitation wavelength of 380 nm and an emission 

wavelength of 460 nm. The fluorescence intensity of each sample was calculated by the 

subtraction of the control fluorescent intensity from the sample fluorescent intensity. 

From the standard curve, H-Gly-Pro-7-amino-4-methylcoumarin content (μmol/L) was 

calculated by the fluorescence intensity. DPP-4 activity (nmol/min/mL) was calculated 

by the following formula: H-Gly-Pro-7-amino-4-methylcoumarin content (μmol/L) × 

reaction volume (0.1 mL)/sample volume (0.01 mL)/reaction time (30 min). The 

inhibition rate of DPP-4 activity was defined as the DPP-4 activity of each sample 

divided by the DPP-4 activity of the vehicle sample, and expressed as a percentage. 

 

4.2.5 Blood biochemistry 

 

 Plasma glucose, non-esterified fatty acid, and ALT levels were measured using an 

automatic analyzer. 

 

4.2.6 Histological evaluation 

 

 The quantitative analysis of Sirius red-positive fibrosis areas was performed as 

described in Chapter 2 and 3. In brief, livers were fixed in 10% neutral buffered 

formalin, embedded in paraffin, sectioned, and stained with Sirius red. Four bright field 

images of a stained section of the left lateral lobe for each animal were captured by 

using a BX53 microscope and a DP-20 digital camera. Fibrosis areas were evaluated 
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using the WinROOF image analyzing system and the results were determined as the 

mean of the four fields of each section. 

 

4.2.7 Measurement of hepatic triglyceride levels 

 

 Hepatic triglyceride levels were measured as described in Chapter 2 and 3. Briefly, 

frozen liver samples were homogenized in Na2SO4 solution and the total lipids were 

extracted with hexane and 2-propanol. The levels of triglycerides in the lipid extract 

were measured using an automatic analyzer. 

 

4.2.8 Measurement of liver mRNA levels 

 

 Hepatic gene expression was measured as described in Chapter 2 and 3. Total RNA 

was isolated from the liver samples that were stored in RNAlater. The gene expression 

was quantified using a TaqMan real-time polymerase chain reaction using the ABI 

prism 7900HT Sequence Detection system and normalized to the expression of 

glyceraldehyde 3-phosphate dehydrogenase. 

 

4.2.9 Measurement of cytokine and chemokine levels in liver homogenates 

 

 The frozen liver samples were homogenized with RIPA buffer (Wako Pure 

Chemicals Ltd, Osaka, Japan) that contained protease inhibitor cocktail III (Wako Pure 

Chemicals Ltd). These homogenates were centrifuged and the supernatants were 

collected. The Bio-Plex analysis in the supernatants was carried out in accordance with 
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the manufacturer’s instructions (Bio-Rad, Hercules, CA, U.S.A.). The protein 

concentration of the supernatant was determined by using a BCA Protein Assay Kit 

(Thermo Fisher Scientific, Waltham, MA, U.S.A.). The results from Bio-Plex analysis 

were normalized to the protein concentration. 

 

4.2.10 Statistical analysis 

 

 Statistical analyses were carried out with two-tailed Williams’ test or two-tailed 

Shirley–Williams’ test for monotherapy studies. Student’s t-test or Aspin–Welch test 

was used to compare the combination therapy with a monotherapy. Values of P < 0.05 

were considered statistically significant. The data are represented as the mean ± SD. 

 

4.3 Results 

 

4.3.1 Effects of alogliptin on plasma DPP-4 activity in the NASH model 

 

 In order to measure target engagement of alogliptin in the NASH model, plasma 

DPP-4 activity was measured. One hour after a single administration of alogliptin at 

doses of 30, 100, and 200 mg/kg, plasma DDP-4 activities were completely suppressed 

(Figure 18A). At all doses, the suppression was sustained for 24 h. 

 

4.3.2 Effects of alogliptin and pioglitazone monotherapy in the NASH model 

 

 Based on the single-dose pharmacodynamic study, 10, 30, 60, and 200 mg/kg of 
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alogliptin were selected as the doses for the multiple-dose study. As pioglitazone 

exhibits hypoglycemic effects at doses in the range from 4–15 mg/kg in type 2 diabetic 

mice when as a diet admixture [147,148], the gavage doses of 6, 10, and 20 mg/kg were 

selected for this study. 

 Alogliptin showed a statistically significant reduction of hepatic triglyceride levels 

only at the highest dose (Figure 18B). In contrast, alogliptin significantly suppressed the 

area of hepatic fibrosis, where submaximal effects were observed at 30 mg/kg (Figure 

18C). Alogliptin also reduced the hepatic gene expression of collagen-1 (Figure 18D). 

Hepatic triglyceride content was significantly reduced by pioglitazone at all dose levels 

(Figure 18B), whereas pioglitazone significantly decreased the area of hepatic fibrosis 

and collagen-1 expression only at 20 mg/kg (Figure 18C, D). Representative images of 

liver sections stained with Sirius red in mice fed normal chow diet, modified CDAA diet, 

30 mg/kg alogliptin, and 20 mg/kg pioglitazone groups are shown in Figure 19A–D. 
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Figure 18  Effects of alogliptin and pioglitazone monotherapy on plasma DPP-4 

activity, hepatic fibrosis area, gene expression of collagen-1, and hepatic 

triglyceride levels. 

Plasma DPP-4 activities (A) were measured as described in Materials and methods (n = 

6). Alogliptin (ALO; 10, 30, 60, and 200 mg/kg) and pioglitazone (PIO; 6, 10, and 20 

mg/kg) were orally administered to the mice once daily for 7 weeks (n = 10). Hepatic 

triglyceride levels (B), hepatic fibrosis area (C), and hepatic gene expression of 

collagen-1 (D) were measured as described in Materials and methods. Gene expression 

was normalized by GAPDH expression. 
#
P < 0.05 vs modified CDAA–control by 

two-tailed Williams’ test. Mean ± SD. 
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Figure 19  Representative images of liver sections stained with Sirius red. 

Alogliptin and pioglitazone were orally administered to the mice once daily for 7 weeks. 

Representative images of liver sections from normal chow–control (A), modified 

CDAA–control (B), alogliptin 30 mg/kg-treated (C), and pioglitazone 20 mg/kg-treated 

groups (D) are shown. Scale bar = 100 μm. 
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4.3.3 Effects of combination therapy of alogliptin and pioglitazone in the NASH 

model 

 

 Compared with monotherapy, the concomitant treatment more potently reduced 

hepatic triglyceride levels (Figure 20A). The combination therapy also reduced 

collagen-1 gene expression, where the effect was significantly greater than that of 

monotherapy (Figure 20B).  

The hepatic gene expression of CD11b, a marker of macrophage infiltration, was 

significantly decreased by pioglitazone, whereas alogliptin tended to decrease CD11b 

expression (Figure 20C). Several chemokines and cytokines such as MCP-1, 

macrophage inflammatory protein-1α, interferon-γ, interleukin-1α, and interleukin-12 in 

liver homogenate in mice fed the modified CDAA diet increased compared with those 

in the mice fed normal chow diet (data not shown). The combination therapy showed 

greater inhibition of MCP-1 than the alogliptin and pioglitazone monotherapy regimens 

(Figure 20D). 

 Body weight increased after the treatment with pioglitazone, whereas alogliptin 

treatment had no effect (Figure 21A). Neither monotherapy nor combination therapy 

affected plasma glucose level because the model did not show insulin resistance-derived 

hyperglycemia (Figure 21B). Plasma non-esterified fatty acid level was significantly 

reduced by pioglitazone, but the combination therapy showed a greater reduction 

(Figure 21C). Plasma ALT levels significantly decreased in all treatment groups (Figure 

21D). 
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Figure 20  Effects of combination therapy on hepatic triglyceride levels, gene 

expression of collagen-1 and CD11b, and hepatic MCP-1 protein levels. 

Alogliptin (ALO; 30 mg/kg), pioglitazone (PIO; 20 mg/kg), and their combination were 

orally administered to the mice once daily for 3 weeks (n = 16). Hepatic triglyceride 

levels (A), hepatic gene expression of collagen-1 (B) and CD11b (C), and MCP-1 levels 

in the liver homogenates (D) were measured as described in Materials and methods. 

Gene expression was normalized by GAPDH expression. *P < 0.05 vs modified 

CDAA–control by Student’s t-test, 
$
P < 0.05 vs modified CDAA–control by Aspin–

Welch test, 
#
P < 0.05 vs monotherapy by Student’s t-test, 

&
P < 0.05 vs monotherapy by 

Aspin–Welch test. Mean ± SD. 

  



86 

 

 

Figure 21  Effects of combination therapy on body weight gain and blood 

biochemistry. 

Alogliptin (ALO; 30 mg/kg), pioglitazone (PIO; 20 mg/kg), and their combination were 

orally administered to the mice once daily for 3 weeks (n = 16). Body weight was 

monitored once per week throughout the treatment period, and body weight changes 

from the initial value were calculated (A). Plasma glucose (B), non-esterified fatty acid 

(C), and alanine aminotransferase levels (D) were measured using an automatic analyzer. 

*P < 0.05 vs modified CDAA–control by Student’s t-test, 
$
P < 0.05 vs modified 

CDAA–control by Aspin–Welch test, 
#
P < 0.05 vs monotherapy by Student’s t-test. 

Mean ± SD. 
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4.4 Discussion 

 

 The mechanistic relationship between DPP-4 inhibition and anti-fibrotic effects has 

not been fully elucidated, but in the current study, alogliptin resulted in significant 

improvement of both hepatic fibrosis and steatosis with sustained DPP-4 inhibition in a 

diet-induced NASH model with genetic dyslipidemic feature. Anti-steatotic effects of 

DPP-4 inhibitors independent from their glucose-lowering effects shown in elsewhere 

[134–136] were further confirmed as the NASH model we used was not hyperglycemic 

and the treatment with alogliptin had no effect on plasma glucose level. Underlying 

mechanisms of DPP-4 inhibition for anti-steatotic effect may include increased energy 

expenditure [134], decreased hepatic lipogenesis [137,138], and increased hepatic 

lipolysis [135] (Figure 22).  

 Extrahepatic mechanism such as adipose tissue-derived adiponectin is suggested to 

contribute to improvement of hepatic steatosis by pioglitazone under choline-deficient 

condition [149]. In the current study, as plasma fatty acid levels were significantly 

reduced by pioglitazone, similar extrahepatic mechanism such as inhibition of free fatty 

acid supplement from peripheral adipose tissue may contribute to the anti-steatotic 

effect of pioglitazone (Figure 22). As the mechanisms postulated for both alogliptin and 

pioglitazone on hepatic triglyceride reduction do not overlap and compensate each other, 

significant superiority of the combination therapy may be observed. 

 Chemokines play important roles in the pathophysiology of NASH [150]. During 

development of NASH, MCP-1 and its receptor were upregulated in the liver [151,152], 

where they promoted macrophage accumulation and inflammation [153]. Most recently 

Wang et al. [154] demonstrated inhibition of CD11b-positive inflammatory cell 
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infiltration and hepatic fibrosis formation with sitagliptin in a mouse model of NASH. 

DPP-4 can cleave N-terminal dipeptides of proline or alanine-containing peptides 

including incretin, neuropeptides and chemokines [155]. Furthermore, it was reported 

that MCP-1 contributed to the development of liver steatosis in LDLR
–/–

 mice [156]. 

Accordingly, alogliptin-induced MCP-1 suppression observed in this study might be a 

mechanism underlying efficacy in this NASH model (Figure 22). Pioglitazone also 

reduced hepatic inflammatory area in mice fed a MCD diet [157]. In contrast, the 

targeted deletion of PPARγ in macrophages displayed an exacerbated response to higher 

necroinflammatory injury in the liver [158]. Collectively, the anti-chemotaxic properties 

of alogliptin and pioglitazone should result in the reduction of hepatic inflammatory 

marker CD11b in this model. The in vivo effects of alogliptin and pioglitazone on 

hepatic fibrosis, therefore, may be attributable to the inhibition of hepatic triglyceride 

accumulation and chemotaxic responses, at least in the NASH model used in this study 

(Figure 22). 
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Figure 22  Postulated mechanism of actions of alogliptin and pioglitazone in 

nonalcoholic steatohepatitis. 
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4.5 Chapter summary 

 Monotherapy with alogliptin significantly improved hepatic fibrosis and steatosis 

with sustained plasma DPP-4 inhibition in LDLR
–/–

 mice with modified CDAA. 

Alogliptin also decreased hepatic MCP-1, a chemokine related to macrophage 

accumulation. 

 Furthermore, the concomitant treatment of alogliptin and pioglitazone also 

decreased hepatic triglyceride and hepatic collagen-1 mRNA at a greater extent 

compared with their monotherapy. Hepatic expression of inflammatory markers 

including CD11b mRNA and MCP-1 were also reduced by the concomitant treatment. 

These results suggest that combination therapy using pioglitazone and a DPP-4 inhibitor 

may provide a novel therapeutic option for patients with type 2 diabetes and NASH. 
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Chapter 5  

 

Conclusion 
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 First of all, we established a mouse model which rapidly developed NASH-like 

phenotypes and advanced stages by combination of dietary challenge and genetic 

modification. Comprehensive profiling demonstrated that LDLR
–/–

 mice with modified 

CDAA diet showed hepatic steatosis, inflammatory cell infiltration, hepatic injury, and 

hepatic fibrosis without showing obesity and diabetes (Chapter 2). Furthermore, this 

model showed advanced stages associated with NASH such as hepatocellular 

hyperplasia, adenoma, and carcinoma. The formation of hepatic fibrosis and 

hepatocellular carcinoma in this model tended to progress rapidly compared with other 

reported mouse models. 

 Next, the translatability of the model to NASH was further proven by a 

pharmacological approach using drugs with clinical evidence in NASH. Pioglitazone 

showed anti-fibrotic effects accompanied by improving hepatic transaminase activity 

and hepatic lipid accumulation in the model, which were similar to those reported in 

NASH patients (Chapter 3). On the other hand, some mechanisms, e.g. local 

renin-angiotensin system or insulin resistance would not always contribute to NASH 

formation in this animal model. Further profiling using other agents tested clinically 

will better clarify the utility of this model. 

 Finally, therapeutic effects of alogliptin, pioglitazone, and their combination were 

confirmed using the model (Chapter 4). Monotherapy with either alogliptin or 

pioglitazone significantly improved hepatic fibrosis and steatosis, which was not 

accompanied by glucose-lowering effect. Furthermore, the concomitant treatment of 

alogliptin and pioglitazone also decreased hepatic steatosis and fibrosis at a greater 

extent compared with their monotherapy. 

 In this research, we demonstrated the advantage by the combination therapy of 
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pioglitazone and alogliptin using a mouse model of NASH proven by 

pathophysiological and pharmacological approaches. These results suggest that a 

marketed fixed-dose combination of the two anti-diabetic drugs may be attractive 

therapeutic approach also for the treatment of NASH. The possibility should be 

explored in future controlled clinical trials. 
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