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Abstract. We previously reported that Tsumura-Suzuki obese 
diabetic (TSOD) mice, a polygenic model of spontaneous 
type 2 diabetes, is a valuable model of hepatic carcinogenesis 
via non-alcoholic fatty liver disease (NAFLD) and non-alco-
holic steatohepatitis (NASH). One of the characteristics of 
tumors in these mice is the diffuse expression of glutamine 
synthetase (GS), which is a diagnostic marker for hepatocel-
lular carcinoma (HCC). In this study, we performed detailed 
histopathological examinations and found that GS expression 
was diffusely positive in >70% of the hepatic tumors from 
15-month-old male TSOD mice. Translocation of β-catenin into 
nuclei with enhanced membranous expression also occurred 
in GS-positive tumors. Small lesions (<1 mm) in GS-positive 
cases exhibited dysplastic nodules, with severe nuclear atypia, 
whereas large lesions (>3 mm) bore the characteristics of 
human HCC, exhibiting nuclear and structural atypia with 
invasive growth. By contrast, the majority of GS-negative 
tumors were hepatocellular adenomas with advanced fatty 
change and low nuclear grade. In GS-negative tumors, loss 
of liver fatty acid-binding protein expression was observed. 
These results suggest that the histological characteristics of 
GS-positive hepatic tumors in TSOD mice resemble human 
HCC; thus, this model may be a useful tool in translational 
research targeting the NAFLD̸NASH-HCC sequence.

Introduction

Tsumura-Suzuki obese diabetic (TSOD) mice are an inbred 
ddY strain that displays spontaneous metabolic syndrome and 
type 2 diabetes mellitus. At the age of ≥8 weeks, this strain 
develops apparent obesity, glycosuria, hyperglycemia and 
hyperinsulinemia (1-3). Due to its characteristics, the patho-
physiology of TSOD mice is also considered to be reflected 
in metabolic syndrome, which is a severe risk factor for the 
development of incurable diseases that affect the entire body. 
From 4 months of age onwards, the liver of TSOD mice 
starts to exhibit fatty degeneration, hepatocellular ballooning, 
Mallory bodies and neutrophil infiltration, which are markers 
of non-alcoholic fatty liver disease (NAFLD) and subsequent 
non-alcoholic steatohepatitis (NASH). Furthermore, after 
10 months of age, spontaneous hepatic tumors also start to 
develop in TSOD mice (4).

NAFLD and NASH are associated with metabolic 
syndrome, obesity, type 2 diabetes and dyslipidemia. NASH 
is involved in a multistep process that begins with the accu-
mulation of lipids in the liver and additional factors, such as 
oxidative stress and cytokines (5). It has been reported that 
NAFLD and NASH may lead to cirrhosis and the develop-
ment of hepatic tumors, as well as hepatitis B virus (HBV) and 
hepatitis C virus (HCV) infections (6,7). It is widely believed 
that the incidence of NAFLD̸NASH as a cause of hepatic 
tumors will increase with the improvement in anti-HBV and 
anti-HCV strategies over time. Hence, thorough understanding 
of the pathological sequence from NAFLD/NASH to hepatic 
tumorigenesis is required.

A variety of diagnostic markers for hepatocellular 
carcinoma (HCC) have been recently identified. Glutamine 
synthetase (GS) is one of the markers involved in nitrogen 
homeostasis in the liver (8-10). GS is a target of Wnt/β-catenin 
signaling, which is activated in HCC, and accounts for 
the association between GS expression and the growth of 
HCC (11,12). We previously reported that GS-positive lesions 
were also found in tumors in TSOD mice (4); however, the 
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detailed characteristics of GS-positive and -negative tumors 
in TSOD mice have not yet been elucidated. The aim of this 
study was to clarify the histopathological characteristics of 
hepatic tumors derived from TSOD mice in GS-positive and 
-negative legions.

Materials and methods

TSOD mice. A total of 40 7-week old male TSOD mice 
were purchased from the Institute for Animal Reproduction 
(Kasumigaura, Ibaraki, Japan). All the mice already exhib-
ited obesity at 7 weeks of age (>40 g), eventually reaching a 
weight of >55 g. The mice were maintained on an MF basal 
diet (Oriental Yeast, Tokyo, Japan) and chlorinated water 
ad libitum, and were housed under specific pathogen-free 
conditions. This study was performed in accordance with the 
animal experiment guidelines specified by the University of 
Toyama. The TSOD mice were sacrificed at 15 months of age 
with sodium pentobarbital, and their livers were excised for 
histological analysis. During the autopsies, the macroscopic 
tumors in the liver were counted and their diameters measured. 
The excised livers were then fixed in 10% neutral‑buffered 
formalin and embedded in paraffin.

Histopathological and immunohistochemical analysis. 
All the formalin-fixed, paraffin-embedded tissues were 
processed, and 4-µm serial sections were cut and stained 
with hematoxylin and eosin. Immunohistochemical staining 
for GS, β-catenin and liver fatty acid-binding protein 
(L-FABP) were also performed. Rabbit polyclonal anti-GS 
(clone GS-6; dilution 1:500; cat. no. MAB302; Millipore, 
CA, USA), anti-L-FABP (dilution 1:100; cat. no. ab7366; 
Abcam, Cambridge, UK) and anti-β-catenin (dilution 1:100; 
cat. no. GWB-764147; GenWay Biotech, San Diego, CA, USA) 
were employed as the primary antibodies. The sections were 
incubated with the primary antibodies in a wet chamber for 
60 min at room temperature. After rinsing with Tris-buffered 
saline (TBS) containing 0.1% Tween (TBS-T), the sections 
were incubated with EnVision Peroxidase (PO) (Dako, Tokyo, 
Japan) for 60 min at room temperature. After rinsing in 
TBS-T, 3,3'-diaminobenzidine (Sigma, Steinheim, Germany) 
was applied as a substrate for the PO. Using GS-stained slides, 
the diameters of the GS-positive or -negative tumor lesions 
were measured.

Statistical analysis. A two-tailed Mann-Whitney U test was 
employed to compare the mean diameters of the GS-positive 
and -negative tumor lesions. A P-value of <0.05 was consid-
ered to indicate a statistically significant difference.

Results

Macroscopic findings of hepatic tumors in TSOD mice. The 
macroscopic observations of hepatic tumors in TSOD mice 
were reported in our previous study (4). Representative pictures 
of the hepatic tumors are shown in Fig. 1. In this experiment, 
92.5% (37/40) of the mice exhibited ≥1 hepatic tumors, with a 
total of 39 visible tumors. We then measured the macroscopic 
size of these tumors; the mean diameter ± standard deviation 
was 5.3±2.8 mm (data not shown).

Characteristics of GS‑positive and ‑negative tumors in TSOD 
mice. Using all the tumor lesions, we conducted immunohisto-
chemical staining for GS. The majority (28/39; 71.8%) of the 
tumors expressed GS in a diffuse manner. Tumors with >50% 
stained cells of any intensity were classified as GS‑positive. 
A typical image of a GS-positive tumor was shown in our 
previous study (4). The mean diameters of the GS-positive 
and -negative tumors were 4.55±3.07 mm and 3.59±0.98 mm, 
respectively; the difference was not statistically significant 
(Table I).

Histologically, small lesions (<1 mm) in GS-positive 
cases exhibited dysplast ic nodules with nuclea r 
atypia (Fig. 2A and B). By contrast, part of the large lesions 
(>3 mm) of the GS-positive tumors exhibited a thick trabecular 
pattern (Fig. 2C) and̸or a pseudoglandular pattern (Fig. 2D), 
resembling that of human HCC. When testing GS-positive 
tumors for β-catenin via immunostaining, translocation of 
β-catenin into nuclei with enhanced membranous expression 
was found in a measurable population of tumor cells (Fig. 2E). 
Regardless of the tumor size, GS-negative tumors exhibited 
profound fatty change with low nuclear atypia (Fig. 3A). Since 
this is similar to benign hepatocellular adenoma (HCA), we 
next performed immunohistochemical staining for L-FABP, a 
target of hepatocyte nuclear factor (HNF) 1α. The GS-positive 
tumor lesions expressed L-FABP at levels similar to those in 
the adjacent normal areas, whereas expression of L-FABP in 
GS-negative tumors was apparently lower compared with that 
in adjacent normal areas (Fig. 3B).

Discussion

Several researchers have focused on the pathological process 
from NAFLD̸NASH to hepatic tumorigenesis and the 
consequences of this process, as elucidating these will enable 

Figure 1. Representative pictures of hepatic tumors in TSOD mice. (A) Two 
brown-yellowish tumors, sized 6 and 3 mm and (B) one greenish tumor, sized 
12 mm, are observed.
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an understanding of the molecular mechanisms involved 
and, thus, planning of an effective treatment strategy. Based 
on their clinical characteristics, the association between 
NAFLD̸NASH and hepatic tumorigenesis has been exten-
sively discussed (13); however, the molecular basis of this 
correlation has not yet been clearly determined. The use of an 
appropriate animal model is a potent methodology to enable 
the molecular analysis of this pathogenetic process. Thus, 
TSOD mice, which exhibit typical symptoms of the metabolic 
syndrome‑NAFLD̸NASH-hepatic tumor sequence, are an 
ideal model for analyzing the pathological processes from 
NAFLD̸NASH to hepatic tumorigenesis (14). TSOD mice 
spontaneously develop hepatic tumors at 15 months of age at 
an extraordinarily high rate compared with other experimental 
animal models. On average, these tumors are sufficiently large 
to be detected with a naked eye and, thus, the tumor lesions 
alone may be isolated for further analysis. This characteristic 
provides major advantages for biochemical or biomolecular 
examinations.

To assess whether tumors from TSOD mice exhibit the 
characteristics of HCC, we performed immunohistochemical 

staining for GS, which is a diagnostic marker of HCC in 
humans. Over 70% of the tumors were positive for GS in a 
diffuse manner. Small lesions in GS-positive cases exhibited 
dysplastic nodules, which are considered to be the prema-
lignant lesions of liver cancer. In larger GS-positive lesions, 
thick trabecular and pseudoglandular patterns were identified, 
partially invading the portal area. The early changes (after 
6 months of age) observed in the liver of TSOD mice include 
hepatocellular ballooning and Mallory-Denk bodies (data not 
shown). The pathological findings described above are typical 
of well-differentiated HCC developing in a background of 
NASH in human patients. These results strongly suggest that 
GS-positive tumors in TSOD mice histologically reflect HCC 
in humans. Immunohistochemical staining for β-catenin 
also demonstrated that activation of Wnt̸β-catenin signaling 
occurred in GS‑positive tumors. Wnt̸β-catenin signaling is 
closely associated with malignant transformation and the 
development of HCC (15,16). Hence, GS-positive tumors 
in TSOD mice may exhibit dysplastic nodule-carcinoma 
sequences.

Nearly 30% of the tumors in this study were negative for 
GS. The majority of the tumors exhibited profound fatty change 
and low nuclear grade, whereas some tumors were diagnosed as 
HCA, which is a benign liver neoplasm. As shown in Fig. 2A, 
GS-negative tumors exhibited macro- and microvesicular 
steatosis, which are characteristics of human HCA carrying 
HNF1α inactivations (17). HNF1α is known as a regulator 
of L-FABP, which is expressed in very high levels in the 

Table I. Size of glutamine synthetase (GS)-positive and GS-negative liver tumors in Tsumura-Suzuki obese diabetic mice.

Tumor type No. of tumors Mean diameter ± standard deviation (mm) P-value

GS-positive 28 4.55±3.07 0.708
GS-negative 11 3.59±0.98

Figure 2. Representative pictures of glutamine synthetase-positive tumor 
lesions in Tsumura-Suzuki obese diabetic mice. Dysplastic nodules in small 
lesions (<1 mm) at (A) low and (B) high magnification (x40 and x200, respec-
tively). (C) Thick trabecular pattern and (D) pseudoglandular pattern were 
observed in large lesions (>3 mm) (magnification, x200 and x100, respectively). 
(E) Immunohistochemical staining for β‑catenin (magnification, x400).

Figure 3. Representative images of glutamine synthetase (GS)-negative 
tumor lesions in Tsumura-Suzuki obese diabetic (TSOD) mice. (A) Fatty 
change with low nuclear grade was found in GS-negative tumor lesions in 
TSOD mice. (B) Immunohistochemical staining for liver fatty acid-binding 
protein (L-FABP) was performed on GS-positive and -negative tumor 
lesions. N, normal; T, tumor. Magnification, x200.
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liver (18,19). Clinically, downregulation of L-FABP, possibly 
due to the inactivation of HNF1α, is found at very low rates in 
HCC lesions (20). Immunohistochemical staining for L-FABP 
revealed that GS-negative tumors were also negative for 
L-FABP, whereas GS-positive tumors expressed high levels of 
L-FABP, similar to those in the adjacent normal areas. Moreover, 
no inflammatory lesions were found in GS‑negative tumors 
(data not shown), which is another method of distinguishing 
malignancy from HCA. Taken together, the characteristics of 
GS-negative tumors in TSOD mice indicate that benign liver 
neoplasms mimic HNF1α-inactivated HCA, rather than HCC.

The results of this study suggest that the TSOD strain 
is a spontaneous hepatocarcinogenesis model that may be 
used to monitor the pathophysiological characteristics of the 
early to the well-differentiated stages of HCC. For HCC to 
develop, no specific conditions (e.g., gene modification, special 
diet, or administration of carcinogenic agents) are required. 
Furthermore, GS-positive tumors in TSOD mice possess 
characteristics similar to those of well-differentiated HCC in 
humans. These characteristics may be valuable for medical 
or pharmaceutical approaches to hepatocarcinogenesis, 
particularly for the examination of molecular basis and drug 
effectiveness. However, some issues remain to be resolved in 
this model. First, the sequence from NAFLD̸NASH to hepatic 
tumorigenesis in TSOD mice did not progress through cirrhosis, 
which is a major cause of HCC. For example, comparison of 
gene expression or metabolic status using the liver from the 
carbon tetrachloride-induced cirrhosis model (21) may help us 
understand why TSOD mice do not develop cirrhosis. Second, 
all the tumors examined in this study were primary tumors, 
and there were no intrahepatic, lymphatic, or hematogenous 
metastases. This may be due to our observation endpoint and 
a longer observation period may result in metastatic lesions in 
TSOD mice; these issues should be resolved fairly quickly. In 
conclusion, as a model of hepatocarcinogenesis, TSOD mice 
are a valuable tool for the investigation of HCC, as they exhibit 
the specific characteristics of human HCC.
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