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A B S T R A C T   

Background: Nonalcoholic steatohepatitis (NASH) is a chronic progressive liver disease that can progress to 
cirrhosis and hepatocellular carcinoma. The prevalence of NASH is increasing year by year. However, the eti
ology and progression of NASH, along with the processes leading to carcinogenesis, remain poorly understood. A 
range of animal models are used in research, but investigators have been unable to establish a model that results 
in tumorigenesis from a stable disease state. The present study aimed to create a stable, low-mortality model of 
NASH using abdominal ultrasonography (US) to assess NASH stage and diagnose liver tumors. 
Methods: Thirty-four 19-week-old male C57BL/6J mice were fed a choline-deficient, high-fat (CDHF) diet. 
Twenty animals were given seven courses of 0.8 % dextran sulfate sodium (DSS) for 7 days followed by 10 days 
of MilliQ water (CDHF+DSS group). The remaining 14 animals drank only MilliQ water (CDHF group). All 
animals were weighed weekly and US was performed on Days 35 and 120. After necropsy, samples were taken 
for biochemical analysis and histopathological evaluation. 
Results: The CDHF+DSS group had significantly lower body weight on Days 35 and 120, and significantly higher 
liver/body weight (%) on Day 35 compared to the CDHF group. US on Days 35 and 120 revealed significantly 
shorter long intestine and higher colonic histological score in the CDHF+DSS group compared to the CDHF 
group. IL-1β and IL-6 levels in the large intestinal tissue were significantly higher in the CDHF+DSS group. 
Conclusions: A stable, low-mortality model of NASH was created with a CDHF diet and intermittent 0.8 % DSS. 
Abdominal US can assess the degree of fatty degeneration and evaluate liver tumorigenesis without necropsy. 
This assessment procedure will reduce the number of mice killed unnecessarily during experiments, thereby 
contributing to animal welfare.   

1. Introduction 

Nonalcoholic steatohepatitis (NASH) is a type of nonalcoholic fatty 
liver disease (NAFLD) that is a chronic progressive liver disease char
acterized by fatty deposition in hepatocytes, as well as inflammatory cell 
invasion and balloon-like degeneration and fibrosis of hepatocytes. 
NASH can progress to hepatic cirrhosis and hepatocellular carcinoma. 
When NASH develops into cirrhosis, the spleen is enlarged and gets 
heavy. The colon lesion of NASH does not have the constant tendency 
but the change of the intestinal bacterial flora and increased intestinal 
permeability are regarded as important [1]. Conditions including 

metabolic syndrome and obesity are causing a worldwide increase in 
NAFLD [2]. The prevalence of NAFLD in Japan was 25 % in 2004, 
increased to 30 % in 2012, and is predicted to reach 45 % in 2040 [3]. 
NASH accounts for around 10 %–20 % of NAFLD cases, and this per
centage presumably increases with increasing NAFLD prevalence [2]. 

The proportion of NASH that develops into cancer has increased 
recently [4]. The etiology and progression of NASH, along with the 
processes leading to carcinogenesis, remain poorly understood. A range 
of animal models are used in research, but investigators have been un
able to establish a model that results in tumorigenesis from a stable 
disease state. 
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Moreover, the assessment of liver tumors in mouse models requires 
necropsy with direct visual observation and microscopy. Instances in 
which no liver tumors are found on necropsy or the animal dies of illness 
before necropsy therefore directly reduce research efficiency. The 
availability of a mouse model in which liver tumors could be assessed 
without necropsy would increase research efficiency in this field. 
Moreover, the ability to assess liver tumors with the animals alive would 
allow observation of tumors over time and, thus, determination of the 
mode of tumor progression, as well as the rate of tumor growth, which 
would in turn contribute to research on tumor malignancy. From an 
animal welfare perspective, using abdominal ultrasonography (US) to 
assess model mice would reduce the number of animals that have to be 
killed unnecessarily. 

Abdominal US is commonly used in clinical settings to diagnose 
NAFLD and identify liver tumors. Detailed observations and elastog
raphy in B-mode allow NAFLD to be staged [5–7]. 

The present study had two objectives. One was to create a stable 
model of NASH with few deaths occurring during the observation phase. 
The other was to determine whether US could be used in this model to 
assess NASH stage and diagnose liver tumors. 

2. Materials and methods 

2.1. Animals and treatment 

Thirty-four 19-week-old male C57BL/6J mice purchased from SLC 
Japan (Shizuoka, Japan) were acclimated for 7 days. During acclima
tion, the animals were given MilliQ water to drink and fed a standard 
diet of CLEA Rodent Diet CE-2 (A06071302) (CLEA Japan, Tokyo). The 
animals were reared in an environment with one animal per cage, a 12-h 
light-dark cycle controlled to a temperature of 18 ◦C to 26 ◦C and hu
midity of 30 %–60 %. On Day 1, which was 8 days after purchase, all 
mice were switched to a choline-deficient, high-fat diet (CDHF) 
(Research Diets Inc., USA). The 34 animals were divided into two 
groups. Twenty animals were given 0.8 % dextran sulfate sodium (DSS) 
to drink for 7 days, followed by MilliQ water for the next 10 days; this 
represented one course of treatment. The animals were given up to 7 
courses according to a similar schedule (CDHF+DSS group). The 
remaining 14 animals were given only MilliQ water to drink (CDHF 
group). 

All animals were weighed weekly during the study. The animals in 
each group underwent US on Days 35 and 120 and were subsequently 
necropsied. Blood was used for biochemical analysis, and the liver, 
spleen, and large colon were processed for histopathological evaluation. 

The procedures used for the handling and care of animals were 
approved by the Animal Experiment Committee, Dokkyo Medical Uni
versity (approved No. 1430), and conformed to the national guidelines 
for animal usage in research. 

2.2. Ultrasonography 

The LOGIQ e Premium was used as the ultrasound machine with an 
L10-22RS probe (both by GE Healthcare, Tokyo, Japan). The machine 
was configured to have a depth of field of 1.5 cm, focus at 3 points (0.2, 
0.5, and 1.0 cm), and gain of 51 dB. US was performed with the animals 
anesthetized by an intraperitoneal injection of a 3-drug combination 
anesthetic (medetomidine, midazolam, and butorphanol at 0.3, 4.0, and 
5.0 mg/kg, respectively). The entire abdomen of the mice was shaved, 
and the animals were immobilized in a supine position. We performed 
the observation in midline vertical scanning (A), right side vertical span 
scanning (B) and right rib arch bottom scanning (C). Hepatorenal echo 
contrast (HEC) was evaluated in scan (B) and heterogeneity of liver 
parenchyma (HOLP) was evaluated in scan (A) and (C). And then, the 
whole liver was performed for confirming the presence or absence of 
liver tumor. 

The image analysis program WinROOF2021 (Mitani Corporation, 

Tokyo, Japan) was used to evaluate ultrasound images. Identically sized 
regions of interest (ROIs) were set in the images of the liver and kidneys 
acquired with vertical scanning. Concentration characteristics were 
measured, and brightness was quantified. The ratio of liver to kidney 
brightness was defined as the HEC ratio and used as a measure of fatty 
change. ROIs were set on the images of the liver acquired with hori
zontal scanning. Concentration characteristics were measured, and the 
standard deviation of brightness was calculated and defined as the HOLP 
index, which was used as a measure of liver fibrosis. 

2.3. General tissue preparation 

After US, blood was collected from the inferior vena cava. The ani
mals were then euthanized by exsanguination and necropsied. The liver, 
spleen, and large colon were collected. The liver and spleen were 
weighed, and the length of the colon was determined. These organs were 
then fixed in 10 % neutral buffered formalin. A portion of the left lateral 
lobe of the liver was preserved in RNAlater (ThermoFisher, Tokyo, 
Japan). Serum was obtained by centrifuging the blood at 3000 ×g for 15 
min [8]. 

2.4. Biochemical analysis 

Blood levels of aspartate transaminase (AST) and alanine amino
transferase (ALT) were determined. Analysis was performed with the 
DRI-CHEM NX700V (FUJIFILM, Tokyo, Japan). 

2.5. Histology and immunohistochemistry 

The livers and colons removed from the mice in each group were 
fixed in 10 % neutral buffered formalin and embedded in paraffin. He
patic sections were cut from paraffin blocks for staining with hema
toxylin and eosin (H&E) and Picro-Sirius Red Stain kit (ScyTek 
Laboratories Inc., USA) (3-μm thick) for histological examination. 
Colonic sections were cut for staining with H&E (7-μm thick) for his
tological examination. For immunohistochemistry, samples were incu
bated overnight with anti-F4/80 antibody (A700-209, 1:500, Bethyl 
Laboratories America, USA), followed by incubation with Histofine 
Simple Stain Mouse MAX-PO (Rabbit) (Nichirei, Japan) for 2 h. Antigen 
retrieval was performed by heating at 121 ◦C for 5 min in an autoclave 
with citrate buffer at pH 6.0 [8]. 

The program WinROOF2021 was used to measure regions of fatty 
deposition, sirius red-positive regions, and F4/80-positive regions. The 
color of the objective region of specimens was made the 2 level, and area 
differences and other regions were compared. Blood vessel areas and 
vessel wall portions were excluded from the calculations. 

The colon was scored histologically according to the following pre
viously reported scoring procedures: focally increased numbers of in
flammatory cells in the lamina propria were scored as 1, confluence of 
inflammatory cells extending into the submucosa as 2, and transmural 
extension of the infiltrate as 3. 

For tissue damage, discrete lymphoepithelial lesions were scored as 
1, mucosal erosions as 2, and extensive mucosal damage and/or exten
sion through deeper structures of the bowel wall as 3. 

The two equally weighted subscores (cell infiltration and tissue 
damage) were added, and the combined histological colitis severity 
score ranged from 0 to 6 [9]. 

2.6. RNA extraction and quantitative RNA analysis 

Total RNA was extracted from tissues of the left lateral lobe of the 
liver saved in RNAlater using ISOGEN (NIPPON GENE CO., Japan). Total 
RNA was isolated using the QuantiTect Reverse Transcription Kit (Qia
gen, Germany) (Cat: 205313) including an RNase-free DNAse step, and 
mRNA was quantified using the QuantStudio 5 real-time PCR system. 
TaqMan probes (IL1-β, α-SMA)(ThermoFisher Scientific) (Gen-ID: 
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Mm00434228, Mm1546133), Housekeeping Genes (Gapdh) (Applied 
Biosystems, USA), and TaqPath qPCR Master Mix, CG (Applied Bio
systems) (Cat: A16245) were used for quantification. 

2.7. Method for cytokine measurement in colon tissue 

Excise a 2 cm segment of the colon and immediately flash-freeze it. 
Subsequently, store the tissue at − 80 ◦C. Prepare tissue extraction so
lution by adding a protease inhibitor (Thermo Scientific)(Cat: A32955) 
to RIPAbuffer (containing 50 mM Tris-HCl(pH7.6), 150 mM NaCl, 0.5% 
Sodium deoxycholate, and 1%TritonX-100). Homogenize the colon tis
sue using the tissue extraction solution.Utilize this liquid as samples for 
ELISA. Measure IL-1β and IL-6 (Invitorogen)(Cat: BMS6002, BMS 603) 
using the ELISA method. 

2.8. Correspondence of Ultrasound Findings to Histopathological Findings 

The correlation of the HEC ratio (a measure of fatty change deter
mined by US) to regions of fatty deposition identified on histological 
evaluation was investigated. The correlation of the HOLP index (a 
measure of fibrosis determined with US) to sirius red-positive regions 
was similarly investigated. For these investigations, the data were 
combined with the data from 8 healthy mice acquired in a previous 
study. In other words, the correlation were considered in 48 mice; 20 
CHDF group, 20 CHDF+DSS group, 8 healthy group. Finally, ultrasound 
visualization of histologically confirmed liver tumors was investigated. 

2.9. Statistical analysis 

Continuous data are expressed as means ± standard error of mean 

Table 1 
CDHF + DSS-induced liver injury in mice.   

Day 35 Day 120 

CDHF (n = 7) CDHF+DSS (n = 10) p value CDHF (n = 7) CDHF+DSS (n = 10) p value 

Body weight (g) 28.22±0.44 26.05±0.40 0.0019 31.14±0.71 24.92±0.89 0.0005 
Liver/Body weight (%) 7.86±0.54 7.98±1.97 0.8453 8.39±0.55 9.68±0.31 0.0166 
Spleen/Body weight (%) 0.77±0.05 0.53±0.09 0.5658 0.65±0.03 0.49±0.09 0.1162 
Colonic length (cm) 7.93±0.16 6.83±0.19 0.0028 8.01±0.12 6.52±0.16 0.0003 
Colonic histological score 0.43±0.13 1.55±0.16 0.0008 0.56±0.22 2.00±0.23 0.0016 
AST (IU/L) 269.5±19.7 470.4±42.5 0.0025 381.0±21.2 383.3±17.0 0.9433 
ALT (IU/L) 278.6±32.3 683.7±70.9 0.0034 535.0±20.6 593.7±33.1 0.3277 

Data are mean ± SEM. 
ALT, alanine aminotransferase; ALT, aspartate aminotransferase. 

Fig. 1. Intestinal inflammation after DSS administration 
A: Histopathological images of large intestinal samples from necropsy on Days 35 and 120 (hematoxylin and eosin (H&E), × 40). Findings of inflammatory cell 
invasion and mucosal damage are seen in the choline-deficient, high-fat diet (CDHF) + 0.8 % dextran sulfate sodium (DSS) group. B: Mean colonic length in the 2 
groups at Days 35 and 120. Colonic length is significantly shorter in the CDHF+DSS group than in the CDHF group. C: Mean colonic histological score on Days 35 and 
120. The score is significantly higher in the CDHF+DSS group than in the CDHF group. D and E: Mean levels of IL-1β and IL-6 from large intestinal tissue on Days 35 
and 120. Levels of IL-1β on Day 120 and IL-6 on Days 35 and 120 are significantly higher in the CDHF+DSS group. 
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(SEM). The Mann–Whitney test was used to compare the parameters of 
the CDHF group and the CDHF+DSS group on Days 35 and 120. 
Spearman’s rank-correlation coefficient was used to test the correlations 
between ultrasound findings and histological findings. Correlation co
efficients of 0.3 and greater were considered to indicate a correlation. In 
all statistical tests, a P value less than 0.05 was considered to indicate a 
significant difference. 

3. Results 

3.1. Body weight, liver to body weight, and spleen to body weight after 
DSS and CDHF diet administration 

On Days 35, body weight was 28.22 g in CDHF+DSS group and 
26.05 g in CDHF group (p = 0.0019). On Day 120, it was 31.14 g in 
CDHF+DSS group and 24.92 g in CDHF group (p = 0.0005). Liver/body 
weight (%) did not differ between the groups on Day 35, but it was 
significantly higher in the CDHF+DSS group on Day 120 (8.39 % vs 
9.68 %, p = 0.0166). Spleen/body weight (%) did not differ between the 
groups on either Day 35 or Day 120 (Table 1). 

3.2. Intestinal inflammation after DSS administration 

Histological changes were seen in the colon in both groups. DSS 
exposure exacerbated histological findings such as crypt loss and 
increased inflammatory cells in the colon (Fig. 1A). On Days 35 and 120, 
the length of the colon was significantly shorter in the CDHF+DSS group 
than in the CDHF group (7.93 cm vs 6.83 cm, p = 0.0028 in Day 35 and 
8.01 cm vs 6.52 cm, p = 0.0003 in Day 120) (Fig. 1B). On Days 35 and 
120, the colonic histological score was significantly higher in the 
CDHF+DSS group than in the CDHF group (0.43 vs 1.55, p = 0.0008 in 
Day 35 and 0.53 vs 2.00, p = 0.0003 in Day 120) (Fig. 1C). Levels of IL- 
1β in the large intestinal tissue were significantly higher in the 
CDHF+DSS group (34.61 pg/ml vs 93.81 pg/ml, p = 0.0907 in Day 35 

and 35.38 pg/ml vs 57.18 pg/ml, p = 0.0475 in Day 120) (Fig. 1D). 
Similarly, levels of IL-6 were significantly higher in the CDHF+DSS 
group (38.39 pg/ml vs 88.81 pg/ml, p = 0.0312 in Day 35 and 40.13 pg/ 
ml vs 152.04 pg/ml, p = 0.0263 in Day 120) (Fig. 1E). 

3.3. Hepatic steatosis after DSS and CDHF diet administration 

Fig. 2A shows ultrasound scans on Days 35 and 120. In both groups, 
liver-kidney contrast was already positive on Day 35, with diagnostic 
imaging showing findings of hepatic steatosis. And there were no dif
ferences in ultrasonography findings between Day35 and Day120. In 
other words, steatosis of the liver was completed in early stage and it 
was maintained similar for a long term. 

The HEC ratio did not differ between the groups on either Day 35 or 
Day 120 (Fig. 2B). On Days 35 and 120, the steatosis area was greater in 
the CDHF+DSS group, but not significantly (Fig. 2C). 

3.4. Administration of DSS enhances CDHF diet-induced liver damage 
and inflamma11tion 

Serum AST and ALT were significantly higher in the CDHF+DSS 
group on Day 35 (269.5 IU/L vs 470.4 IU/L, p = 0.0025 in AST and 
278.6 IU/L vs 683.7 IU/L, p = 0.0034 in ALT). On Day 120, neither AST 
nor ALT differed significantly between the groups (Table 1). H&E stain 
was used to evaluate the level of fattiness and inflammation in the liver 
parenchyma. On Day 35, fatty deposition was increased in both groups, 
with no inter-group difference. Levels on Day 35 were comparable to 
those on Day 120. Many inflammatory cell infiltrations were observed in 
the CDHF+DSS group (Fig. 3A). The CDHF+DSS group also had 
increased expression of IL-1β associated with liver injury and inflam
mation (0.70 pg/ml vs 1.92 pg/ml, p = 0.0082) (Fig. 3B). 

Tissue samples were stained with F4/80 immunohistochemical stain, 
which indicates inflammatory macrophage activation (Fig. 3C). In the 
CDHF+DSS group, F4/80-positive regions tended to be increased on Day 

Fig. 2. Hepatic steatosis after DSS and CDHF diet administration 
A: Abdominal ultrasound images of the liver on Days 35 and 120. In both the CDHF group and CDHF+DSS group, liver-kidney contrast is already positive on Day 35, 
with diagnostic imaging showing findings of hepatic steatosis. B: Mean values of the hepatorenal echo contrast ratio on Days 35 and 120. The values are elevated in 
both groups, but there is no significant between-group difference. C: Mean steatosis area on Days 35 and 120. The values are higher in the CDHF+DSS group, but 
there is no significant between-group difference. 
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35 and were significantly increased on Day 120 (9.42 % vs 13.34 %, p =
0.0079) (Fig. 3D). 

3.5. Administration of DSS promoted CDHF diet-induced hepatic fibrosis 

Hepatic fibrosis was evaluated with sirius red stain (Fig. 4A). 
Although the sirius red-positive area did not differ between the groups 
on Day 35, it was significantly larger in the CDHF+DSS group on Day 
120 (5.24 % vs 11.42 %, p = 0.0209) (Fig. 4B). The marker α-SMA, 
which is associated with liver fibrosis, similarly did not differ between 
the groups on Day 35, but it was significantly higher in the CDHF+DSS 
group on Day 120 (1.73 pg/ml vs 2.63 pg/ml, p = 0.0132) (Fig. 4C). 

The HOLP index did not differ between the groups on Day 35, but it 
was higher in the CDHF+DSS group on Day 120, although in each group, 
the level on Day 120 was lower than on Day 35 (11.82 vs 13.78, p =
0.0755) (Fig. 4D). 

3.6. Administration of DSS causes CDHF diet-induced early tumorigenesis 

Tumorigenesis was evaluated based on histological observations of 
the removed livers. On Day 35, no liver tumors were identified in either 
group. On Day 120, liver tumors were not identified in the 7 animals in 
the CDHF group, but they were found in 5 of the 10 animals in the 
CDHF+DSS group. In the 5 animals with liver tumors, 1 animal had 1 

tumor, 3 animals had 2 tumors, and 1 animal had 3 tumors. The liver 
tumors ranged in size from 1.5 to 3.8 mm and had a mean size of 2.4 mm. 

3.7. Correspondence of ultrasound findings with histopathological 
findings 

The correlation of the HEC ratio to regions of fatty deposition is 
shown in Fig. 5A. Spearman’s rank correlation coefficient was 0.3583 (p 
= 0.0183), indicating a significant correlation. The correlation of the 
HOLP index to sirius red-positive regions is shown in Fig. 5B. The cor
relation coefficient was − 0.2238 (p = 0.1543), with no significant 
correlation. 

Seven of the 10 histologically confirmed tumors (70.0 %) were 
successfully imaged with US (Fig. 5C). The mean diameter of the imaged 
tumors was 2.2±0.7 mm, and it did not differ significantly from the 
mean diameter of the tumors that were not imaged (2.9±0.9 mm) (p =
0.2017). The 3 tumors not imaged with US were present on the back or 
margin of the liver. 

4. Discussions 

Although the etiology of NASH is not well understood, the two-hit 
hypothesis is widely accepted [10]. Factors often responsible for the 
first hit are obesity, hypertension, hyperglycemia, and diabetes mellitus. 

Fig. 3. Administration of DSS enhances CDHF diet-induced liver damage and inflammation 
A: H&E-stained histopathological images of liver sampled at necropsy on Days 35 and 120 ( × 100). On Day 35, fatty deposition is increased in both groups, with no 
inter-group difference. Levels on Day 35 are comparable to those on Day 120. Many inflammatory cell infiltrations are seen in the CDHF+DSS group. B: Mean levels 
of IL-1β from liver tissue on Days 35 and 120. There is no between-group difference on Day 35, but the level is significantly higher in the CDHF+DSS group on Day 
120. C: F4/80 immunohistologically stained images of liver sampled as in Fig. 3A ( × 100). F4/80-positive areas are stained brown. In the CDHF+DSS group, F4/80- 
positive regions tend to be increased on Day 35 and are significantly increased on Day 120 (Fig. 3D). (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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On becoming steatotic, the liver is more susceptible to second hits from 
oxidative stress, iron deposition, endotoxins, mitochondrial dysfunction, 
lipid peroxidation, and inflammation-inducing cytokines [11–13]. 

Several animal models have been developed to study NAFLD and 
NASH. The following 3 feeding regimens are known to induce NAFLD or 
NASH in mice: methionine/choline-deficient (MCD), choline-deficient 
(CD), and high-fat (HF) diets. No diet, however, produces a complete 
model of human NASH. The MCD diet model has few long-term survi
vors, and weight loss is present. The CD diet model has only mild liver 
inflammation and fibrosis. Finally, the HF diet model has NAFLD, but no 
inflammation or fibrosis [14]. To resolve these shortcomings, a 
choline-deficient, high-fat (CDHF) diet combining the CD and HF diets 
was recently used to induce NASH. Cancer occurs in the resulting animal 
model with long-term observation [15]. 

In NAFLD and NASH, there are changes in the intestinal bacterial 
flora and increased intestinal permeability [1,16,17]. These conditions 
result in the entry of endotoxins into the liver via the portal vein, which 
exacerbates liver injury. This in turn stimulates Kupffer cells (liver-
resident macrophages) [18]. Bacterial translocation occurring with the 
disruption of the barrier function of the colon then intensifies liver 
inflammation and fibrosis. 

Recent studies have shown that disruption of the intestinal micro
biome and endotoxin accumulation result in progressive hepatocyte 
proliferation, the expression of the hepatomitogen epiregulin, and 
apoptosis, which in turn promote the onset of hepatocellular carcinoma 
[19,20]. DSS is used to create a mouse model of ulcerative colitis [21, 

22]. Exposure of the large-intestinal mucosa to DSS via drinking water 
increases the permeability of the ileum and colon and brings about 
mucosal change [23,24]. Intestinal inflammation causes the release of 
inflammation-inducing cytokines from intestinal cells. These outcomes 
could be second hits in a model of hepatic steatosis. 

Investigators familiar with the above background information 
created models of NASH by combining DSS in drinking water with a 
CDHF diet [8,25,26]. They used DSS in concentrations of 1 %–2 %. In a 
preliminary study we conducted, however, 6 of 15 mice fed a CDHF diet 
and given drinking water with 1 % DSS died over a 12-week observation 
period. Achiwa and colleagues reported the death of 5 of 16 mice treated 
under a similar protocol [8]. On the other hand, liver fibrosis and 
tumorigenesis at 12-week were not enough in 0.6%DSS in our pilot 
study. 

In the present study, a protocol under which mice on a CDHF diet are 
given 0.8 % DSS in drinking water for 7 days followed by 10 days of 
MilliQ water was established. By the pilot study that preceded, Day35 
was the time when hepatic steatosis were found clearly and in Day120, 
the advanced hepatic fibrosis and tumorigenesis were found. 

Even with this lower 0.8 % concentration, the CDHF+DSS group had 
a significantly shorter long intestine and higher colonic histological 
score than the CDHF group on Days 35 and 120. IL-1β and IL-6 in large 
intestinal tissue reliably caused colitis. 

On Days 35 and 120, inflammation of the liver parenchyma was 
serologically and histopathologically confirmed, and IL-1β expression 
was increased. Staining with F4/80 immunohistochemical stain, which 

Fig. 4. Administration of DSS promotes CDHF diet-induced hepatic fibrosis 
A: Sirius red-stained histopathological images of liver samples from necropsy on Days 35 and 120 ( × 100). Regions with fibrosis are stained red. B: Quantification of 
sirius red-positive areas on Days 35 and 120. Although the sirius red-positive area does not differ between the groups on Day 35, it is significantly larger in the 
CDHF+DSS group than in the CDHF group on Day 120. C: Mean levels of α-SMA on Days 35 and 120. Levels do not differ between the groups on Day 35, but are 
significantly higher in the CDHF+DSS group than in the CDHF group on Day 120. D: Mean heterogeneity of liver parenchyma on Days 35 and 120. Values do not 
differ between the groups on Day 35, but are higher in the CDHF+DSS group on Day 120, though not significantly. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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shows inflammatory macrophage activation, resulted in a higher posi
tive area in the CDHF+DSS group, indicating that disruption of the 
large-intestinal mucosal barrier function contributed to liver inflam
mation. Evaluations of fibrosis showed a larger sirius red-positive area 
and higher α-SMA expression in the CDHF+DSS group on Day 120. Five 
of the 10 animals in the CDHF+DSS group (50 %) and no animal in the 
CDHF group had a liver tumor on Day 120. 

We conclude that a CDHF diet with intermittent 0.8 % DSS in the 
drinking water results in a stable, low-mortality model of NASH. This 
model begins exhibiting hepatic steatosis with inflammation by Day 35, 
with subsequent fibrosis and then tumor formation in 50 % of the ani
mals by Day 120. 

In conventional mouse models of NASH, fatty degeneration, fibrosis, 
and tumorigenesis in the liver are only evident on necropsy-based his
tological evaluation. The present study was performed with the 
conviction that these conditions could be identified with abdominal US. 

B-mode US used in clinical settings is an invaluable tool for diag
nosing hepatic steatosis based on findings including increased hepatic 
echogenicity [27], positive liver-kidney contrast [28], deep ultrasound 
attenuation in the liver [29], and poor or no visualization of intrahepatic 
vessels [30]. The present study focused on positive liver-kidney contrast, 
using HEC as a measure of fatty degeneration of the liver. Image analysis 
software was used to facilitate the objective evaluation of images. 
Concentration characteristics of the liver and kidneys were measured, 
and brightness was quantified. The ratio of brightness in the liver to the 
kidneys was defined as the HEC ratio. As seen in Fig. 5A, Spearman’s 
rank-correlation coefficient of the HEC ratio and the area of histological 
fatty deposition was 0.3583, indicating a significant correlation (P =
0.0183). 

Assessments on B-mode US of liver fibrosis are made according to 

differences in speckled patterns seen in the liver. Although this speckled 
pattern changes according to the wavenumber and shape of the outgoing 
ultrasound beam, it can also change according to the structure of the 
biological tissue in question and the properties of the tissues that include 
fibrosis [31]. Given that no procedure for quantifying speckled patterns 
has been established, the liver was selected as the ROI, concentration 
characteristics were measured, the standard deviation of brightness was 
calculated, and the results were defined as the HOLP index, using this 
index as a measure of liver fibrosis. However, as shown in Fig. 5B, there 
was, unfortunately, no correlation between the HOLP index and the area 
of histological fibrosis. 

Transient elastography [7] and shear wave elastography (SWE) [5, 
32] have recently been developed as useful US procedures for diag
nosing hepatic fibrosis. SWE was used to evaluate hepatic fibrosis by 
Morin and colleagues in a rat model of NASH in 2021 [33] and by Futani 
and colleagues in a mouse model of NASH in 2022 [34]. SWE, however, 
is available only on extremely expensive ultrasound machines. A new 
procedure is needed that can be used on inexpensive ultrasound ma
chines commonly used in clinical practice, such as the machine used in 
the present study. 

Xu and colleagues reported successfully imaging liver tumors in 18 of 
20 nude mice (90.0 %) engrafted with hepatocellular carcinoma [35]. 
Tumor imaging performance in the present study was lower, at 70 %. 
One reason for this difference may be that the mean diameter of the liver 
tumors imaged by Xu and colleagues was 4.2 mm, which was larger than 
the mean diameter of 2.4 mm in the present study. In the present study, 
all tumors within the liver were imaged by US. The tumors not imaged 
were present at the margin of the liver or protruded from the liver on the 
back side. 

The present study has shown that abdominal US can be used to assess 

Fig. 5. Correspondence of ultrasound findings to histopathological findings 
A: Correlation between the hepatorenal echo contrast ratio and steatosis area. Spearman’s rank-correlation coefficient is 0.3583 (P = 0.0183), indicating a significant 
correlation. B: Correlation between the heterogeneity of liver parenchyma and the sirius red-positive area. The correlation coefficient is − 0.2238 (P = 0.1543), 
showing no significant correlation.C: Macroscopic photograph of removed liver (left). A mass is identified (red arrows). This mass is also imaged on abdominal 
ultrasonography (center). Pathological examination shows mass formation (H&E, × 40) (right). D: A developing mass protruding from the margin of a removed liver 
(left, red arrows). Pathological examination shows the mass to be a liver tumor (right). This tumor is not imaged on abdominal ultrasonography. (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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the degree of fatty degeneration and check for tumorigenesis in the liver 
in a mouse model of NASH. We are convinced, from an animal welfare 
perspective, that using abdominal US in mouse models of NASH would 
help reduce the number of animals that have to be killed unnecessarily. 

4.1. Limitations 

First, we did not use a healthy control group in this study. The 
comparison with the healthy control group would make it easy to un
derstand results of this study. 

Second, an evaluation of the cellular infiltration by the hematoxylin 
and eosin stain is not carried out objectively. Immunohistological 
staining method should have been used for these evaluations. 

Third, the ultrasound device which we used in this study was only 
one model. Multiple models should have been tried for the setting of the 
optimal observation condition. 

5. Conclusions 

A stable, low-mortality model of NASH was established by feeding 
mice a CDHF diet with intermittent 0.8 % DSS in the drinking water. 
This model begins exhibiting hepatic steatosis with inflammation by Day 
35, with subsequent fibrosis and then tumor formation in 50 % of the 
animals by Day 120. 

Abdominal US can be used to assess the degree of fatty degeneration 
and check for tumorigenesis in the liver without the need for necropsy. 
This assessment procedure will reduce the number of mice killed un
necessarily during experiments, thereby contributing to animal welfare. 
In addition, the authors think that further experimental controls are 
required to support our conclusion. 
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