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A B S T R A C T   

Background: Diabetes and obesity contribute to the pathogenesis of nonalcoholic steatohepatitis (NASH) and 
hepatocellular carcinoma (HCC). However, how diabetes and obesity accelerate liver tumorigenesis remains to 
be fully understood. Moreover, to verify the therapeutic potential of anti-diabetic drugs, there exists a strong 
need for appropriate animal models that recapitulate human pathophysiology of NASH and HCC. 
Methods: We established a novel murine model of NASH-associated liver tumors using genetically obese mela-
nocortin 4 receptor-deficient mice fed on Western diet in combination with a chemical procarcinogen, and 
verified the validity of our model in evaluating drug efficacy. 
Findings: Our model developed multiple liver tumors together with obesity, diabetes, and NASH within a rela-
tively short period (approximately 3 months). In this model, sodium glucose cotransporter 2 inhibitor Tofogli-
flozin prevented the development of NASH-like liver phenotypes and the progression of liver tumors. 
Tofogliflozin attenuated p21 expression of hepatocytes in non-tumorous lesions in the liver. 
Interpretation: Tofogliflozin treatment attenuates cellular senescence of hepatocytes under obese and diabetic 
conditions. This study provides a unique animal model of NASH-associated liver tumors, which is applicable for 
assessing drug efficacy to prevent or treat NASH-associated HCC.   

1. Introduction 

Growing evidence has suggested that diabetes and obesity approxi-
mately doubles the risk of developing hepatocellular carcinoma (HCC) 
[1,2]. Nonalcoholic fatty liver disease (NAFLD) is a hepatic phenotype of 
the metabolic syndrome, and the progressive form, nonalcoholic 

steatohepatitis (NASH), increases the risk of cirrhosis and HCC [3]. 
Recent meta-analyses estimate the global prevalence of diabetes among 
patients with NAFLD and NASH at 23% and 44%, respectively [4]. Thus, 
there is a consensus that diabetes and obesity are involved in the path-
ogenesis of NASH and HCC. In terms of the underlying mechanism, 
recent studies using animal models have pointed to the role of 
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proinflammatory cytokines, insulin and insulin-like growth factors, and 
metabolic stresses including lipotoxicity [5]. Obesity also induces liver 
tumorigenesis through gut microbiota dysbiosis [6]. However, how 
diabetes and obesity accelerate the development of NASH and HCC re-
mains to be fully elucidated. Thus, there exists a strong need for 
appropriate animal models that recapitulate human pathophysiology of 
NASH and HCC. However, a large number of animal models require 
genetic modification in the liver, non-physiological nutrition, and a long 
duration to develop NASH and liver tumors. 

The melanocortin 4 receptor (Mc4r), which is highly expressed in the 
hypothalamus of the brain, is implicated in the regulation of food intake 
and energy expenditure. Mc4r mutations are the most frequent mono-
genic cause of obesity, and Mc4r variants are associated with obesity in 
humans [7]. It is also known that Mc4r-deficient (Mc4r KO) mice exhibit 
morbid obesity with dysregulated glucose and lipid metabolism [8]. 
Recently, we have developed a murine model of NASH-associated liver 
tumors, in which Mc4r KO mice fed a Western diet (WD) sequentially 
developed hepatic steatosis, NASH, and multiple liver tumors. [9] His-
tological and transcriptomic analyses revealed that the liver tumors in 
Mc4r KO mice fed WD recapitulate the features of HCC in patients with 
NAFLD [9,10]. Nevertheless, there was a technical limitation that almost 
1 year is required to develop liver tumors in this animal model. 

There is currently no approved medication for the treatment of 
NASH. Besides the therapeutic approach specific for NASH, increasing 
attention has been paid to the therapeutic potential of anti-diabetic 
drugs for NASH and HCC. Among others, substantial evidence in-
dicates that sodium glucose cotransporter 2 (SGLT2) inhibitors signifi-
cantly improve hepatic steatosis in diabetic animals and diabetic 
patients with NAFLD, in addition to ameliorating blood glucose levels 
[11–13]. In terms of the potential mechanisms, SGLT2 inhibitors reduce 
the insulin-to-glucagon ratio and promote a shift from hepatic carbo-
hydrate to fatty acid metabolism, resulting in reduction of the hepatic 
triglyceride content [14]. Moreover, we and other researchers reported 
that SGLT2 inhibitors are capable of preventing the development of liver 
tumors in obese diabetic mice [12,15]. However, only limited infor-
mation is available about the effect of SGLT2 inhibitors on the devel-
opment of HCC in patients with NAFLD. 

In this study, we established a novel murine model of NASH- 
associated liver tumors using Mc4r KO mice fed WD in combination 
with a chemical procarcinogen, diethylnitrosamine (DEN). Our model 
developed multiple liver tumors together with obesity, diabetes, and 
NASH within a relatively short period (approximately 3 months). Using 
this model, we demonstrated that the SGLT2 inhibitor Tofogliflozin 
prevented the development of NASH-like liver phenotypes and the 
progression of liver tumors. In terms of the underlying mechanism, our 
data suggest that Tofogliflozin treatment attenuates cellular senescence 
of hepatocytes under obese and diabetic conditions. This study provides 
a unique animal model of NASH-associated liver tumors, which is 
applicable for assessing drug efficacy. 

2. Research design and methods 

2.1. Materials 

All reagents were purchased from Sigma (St. Louis, MO) or Nacalai 
Tesque (Kyoto, Japan) unless otherwise specified. Tofogliflozin was 
provided by Kowa Company Ltd. (Nagoya, Japan). 

2.2. Animals 

Mc4r KO mice on the C57BL/6J background were kindly provided by 
Dr. Joel K. Elmquist (University of Texas Southwestern Medical Center) 
[16], and age-matched C57BL/6J wild-type mice were purchased from 
CLEA Japan (Tokyo, Japan). The animals were housed in a tempera-
ture-, humidity- and light-controlled animal room (with a 12-h light and 
12-h dark cycle) and allowed free access to water and standard diet 

(CE-2; CLEA Japan). To induce liver tumors in a short duration, 2-week--
old Mc4r KO mice received a single intraperitoneal injection of DEN 
(~25 mg/kg body weight) in saline, and the mice were fed WD 
(D12079B; 468 kcal/100 g, 41% energy as fat, 34.0% sucrose, 0.21% 
cholesterol; Research Diets, New Brunswick, NJ) from 6 weeks of age up 
to 14 weeks. For Tofogliflozin treatment, the mice received Tofogliflozin 
by oral gavage (5 mg/kg body weight/day) from 6 weeks of age. During 
the Tofogliflozin treatment period, pair-feeding was conducted to 
exclude the difference of caloric intake. The mice in the 
Tofogliflozin-treated group received the amount of food that was 
consumed by the mice in the control group on the day before. At the end 
of each experiment, the mice were sacrificed under deep anesthesia. 

2.3. Blood parameters 

Concentrations of blood glucose and serum insulin were measured on 
a blood glucose test meter (Glutest Mint; Sanwa Kagaku Kenkyusho, 
Nagoya, Japan) and a mouse insulin ELISA kit (Morinaga Institute of 
Biological Science, Kanagawa, Japan), respectively. Serum biochemical 
parameters were measured using DRI-CHEM NX500V (Fujifilm, Tokyo, 
Japan). 

2.4. Hepatic lipid content 

Total lipids in the liver were extracted with ice-cold 2:1 (vol/vol) 
chloroform/methanol. Hepatic triglyceride content was determined 
using triglyceride E-test Wako (FUJIFILM Wako Pure Chemical, Osaka, 
Japan). 

2.5. Histological analysis 

Liver samples were fixed with neutral-buffered formalin, embedded 
in paraffin, and cut into 2- and 4-μm-thick sections that were stained 
with hematoxylin and eosin and Sirius red, respectively [17]. Immu-
nostainings for F4/80, Ki-67, cytokeratin 18, and p21 were performed as 
previously described [17], using anti-F4/80 (MCA497GA, Bio-Rad 
Laboratories, Hercules, CA), anti-Ki-67 (SP6, Novus Biologicals, Lit-
tleton, CO, USA), anti-cytokeratin 18 (NB100-79923, Novus Bi-
ologicals), and anti-p21 antibodies (ab188224, Abcam, Cambridge, UK), 
respectively. NAFLD activity score (NAS) was determined according to 
the published criteria [18]. Lobular inflammation and hepatocyte 
ballooning were identified as inflammatory foci scattered in the hepatic 
lobule and swollen hepatocytes with rarefied cytoplasm, respectively. 
Histological scoring and quantification were performed by hepatologists 
and pathologists in a blinded fashion. 

2.6. Quantitative real-time PCR 

Total RNA was extracted from the liver, kidney, and jejunum using 
the Sepasol reagent. Quantitative real-time PCR was performed with the 
StepOnePlus Real-time PCR System using a Fast SYBR Green Master Mix 
Reagent (Thermo Fisher Scientific, San Jose, CA) as described previously 
[17]. The primers used in this study are listed in Supplementary Table 1. 
Levels of mRNA were normalized to those of 36B4 mRNA. 

2.7. Computed tomographic imaging 

According to the manufacturer’s instruction, mice under anesthesia 
were scanned using a computed tomography scanner, CosmoScan FX 
(Rigaku, Tokyo, Japan). The nonionic iodinated contrast agent iopa-
midol (Teva Takeda Pharma, Nagoya, Japan) was injected through the 
right external jugular vein with a dose of 0.5 ml/mouse, and the images 
were obtained during the portal venous and delayed phases. 
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2.8. Magnetic resonance imaging (MRI) 

According to the manufacturer’s instruction, mice under anesthesia 
were scanned using a 1.5-Tesla MRI scanner (MRmini SA 1508, DS 
Pharma Biomedical, Osaka, Japan). T1-weighted images (TR/TE of 500/ 
9 ms, field of view of 30 mm, slice thickness of 2 mm) were acquired 
using an interleaving method. A dose of 0.1 mmol/kg body weight 
gadolinium ethoxybenzyl diethylenetriamine pentaacetic acid (Gd-EOB- 
DTPA) (Primovist, Bayer Schering Pharma, Berlin, Germany) was 
injected through the tail vein, and images were obtained during the 
hepatobiliary phase 15 min after the injection. 

2.9. Statistical analysis 

Data are presented as the mean ± SEM. P values < 0.05 were 
considered to be statistically significant. Statistical analysis was per-
formed using analysis of variance, followed by Tukey’s post hoc test for 
comparison between groups. Differences between two groups were 
analyzed using unpaired Student’s t-test. 

2.10. Study approval 

All animal experiments were conducted in accordance with the 
guidelines for the care and use of laboratory animals of Nagoya Uni-
versity. The protocols were approved by the Animal Care and Use 
Committee, Research Institute of Environmental Medicine, Nagoya 
University (approval number: 20253). 

3. Results 

3.1. Mc4r deficiency in mice accelerates the development of DEN-induced 
liver tumors 

To elucidate the effect of diabetic conditions on the development of 
liver tumors within a short duration, we sought to create a novel murine 
model of NASH-associated liver tumors. Given that obesity promotes 
chemically induced liver tumorigenesis [19,20], we conceived the 
combination of Mc4r KO mice and a chemical procarcinogen, DEN. First, 
three different doses (0, 1, and 25 mg/kg body weight) of DEN were 
injected intraperitoneally to 2-week-old Mc4r KO mice, and the mice 
were fed WD for 10 weeks from 6 weeks of age (Fig. 1a). DEN injection 
did not affect body weight, weights of epididymal fat and liver, or blood 
glucose levels in Mc4r KO mice (Fig. 1b). We confirmed that Mc4r KO 
mice with DEN injection did not develop liver tumors at 6 weeks of age 
(data not presented). In this experimental setting, most of the Mc4r KO 
mice receiving DEN injection developed liver tumors after 10 weeks of 
WD feeding, whereas Mc4r KO mice without DEN injection did not 
(Fig. 1c). The number of liver tumors was dependent on the doses of DEN 
(Fig. 1d), and the median size of the liver tumors was 2 mm in Mc4r KO 
mice receiving the high-dose DEN injection (Fig. 1e). 

We next extended the period of WD feeding for up to 14 weeks 
(Fig. 1f). At this time point, we confirmed that Mc4r KO mice without 
DEN injection did not develop liver tumors (Fig. 1g). As expected, 
extension of the WD feeding period increased the number and size of 
liver tumors in Mc4r KO mice with DEN injection (Fig. 1h and i). We 
further examined the effects of Mc4r deficiency and WD feeding on the 
development of liver tumors. Wild-type mice fed WD and Mc4r KO mice 
fed a standard diet rarely developed liver tumors when they received 
DEN injection (Fig. 1j). Collectively, these results indicate that Mc4r 
deficiency in combination with WD feeding accelerates the development 
of DEN-induced liver tumors in mice. 

3.2. Morphological features of DEN-induced liver tumors in Mc4r KO 
mice fed WD 

Next, we sought to investigate the liver tumors in the accelerated 

model morphologically. In this study, Mc4r KO mice receiving DEN in-
jection were fed WD for 12 weeks. Contrast-enhanced computed to-
mography (CECT) detected the liver tumors as isodense/hypodense 
nodular lesions in the portal venous and delayed phases (Fig. 2a). The 
tumors were also identified as hypointense nodules by Gd-EOB-DTPA- 
enhanced MRI in the hepatobiliary phase, because Gd-EOB-DTPA is 
taken up specifically by normal hepatocytes (Fig. 2a). These observa-
tions are compatible with those of dysplastic nodules and HCC in 
humans [21]. We further conducted histological examinations of the 
tumors. The tumors exhibited increased cell densities and an exophytic 
growth pattern, accompanied by the compression of the surrounding 
hepatic parenchyma. (Fig. 2b). It was noted that the tumor cells at the 
rims exhibited nuclei with mildly condensed chromatin with eosino-
philic cytoplasm, suggesting that they recapitulate the features of 
human dysplastic nodules, Interestingly, a small number of the tumors 
exhibited larger size with cytological and architectural atypia, and 
minimal invasion into the stroma (Fig. 2c), which resembles the features 
of human well-differentiated HCC. The proportion of Ki-67-positive cells 
was higher in tumorous lesions compared to that in non-tumorous le-
sions (Fig. 2d), further indicating their proliferative capacity. Thus, the 
liver tumors developed in our model were histologically graded as tu-
mors with low malignant potential that recapitulate human dysplastic 
nodules or well-differentiated HCC. These data, together with the above 
findings that the tumors were detected by the imaging modalities, 
further extended the utility of this model as a tool to study human NASH 
and HCC encountered in clinical practice. 

3.3. DEN injection does not affect NASH-like liver phenotypes in Mc4r 
KO mice fed WD 

We next evaluated the non-tumorous lesions of the liver in this 
model. As reported previously [9,22], Mc4r KO mice fed WD exhibited 
hepatic lipid accumulation and histological features compatible with 
human NASH, such as steatosis, lobular inflammation, hepatocyte 
ballooning, and peri-cellular fibrosis (Fig. 3a). Ballooned hepatocytes 
showed complete loss of cytokeratin 18 immunostaining. The NAS was 
approximately 5.7 at this time point (Fig. 3b). We previously reported 
that CLS (crown-like structure: a unique histological structure in the 
liver from experimental NASH models and human NASH, where dead 
hepatocytes with large lipid droplets are surrounded by macrophages) 
[22] serves as an origin of hepatic inflammation and fibrosis during the 
progression from simple steatosis to NASH [23]. In this study, DEN in-
jection did not affect these histological features (Fig. 3b–d). In addition, 
we assessed mRNA expression of the genes related to inflammation 
(Emr1 (F4/80, a macrophage marker), Tnfa, and Il6) and fibrosis (Acta2 
(α-smooth muscle actin) and Tgfb1) in non-tumorous lesions in the liver 
(Fig. 3e). In non-tumorous lesions, most of these mRNA levels were not 
affected by DEN injection. These results suggest that DEN injection does 
not affect NASH-like liver phenotypes in Mc4r KO mice fed WD. 

3.4. Tofogliflozin ameliorates NASH-like liver phenotypes in Mc4r KO 
mice fed WD 

Next, we verified the validity of our NASH-associated liver tumor 
model in evaluating drug efficacy. Tofogliflozin, an SGLT2 inhibitor, 
was orally administered to DEN-injected Mc4r KO mice fed WD for 12 
weeks (Fig. 4a). During the Tofogliflozin treatment period, pair-feeding 
was conducted to exclude the difference of caloric intake between the 
groups (Fig. 4a and Supplementary Fig. 1). As expected, the 
Tofogliflozin-treated group had less body weight gain than the control 
group, along with lower blood glucose levels, and serum insulin con-
centrations (Fig. 4b and c). Tofogliflozin treatment also significantly 
reduced liver weight, the hepatic triglyceride content, and serum con-
centrations of aspartate aminotransferase (AST), alanine amino-
transaminase (ALT), and lactate dehydrogenase (LDH) (Fig. 4d and  
Table 1), suggesting amelioration of hepatic steatosis. Histological 
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Fig. 1. Mc4r deficiency in mice accelerates the development of DEN-induced liver tumors. (a) Experimental protocol. Melanocortin 4 receptor-deficient (Mc4r KO) 
mice were injected intraperitoneally with different doses of diethylnitrosamine (DEN) at 2 weeks of age, and the mice fed Western diet (WD) for 10 weeks from 6 
weeks of age. (n = 6) (b) Body weight, weights of epididymal fat and liver, and blood glucose levels. (c and d) Tumor incidence (c) and tumor multiplicity (d) after 10 
weeks of WD feeding. (e) Representative image of gross appearance and size distribution of liver tumors in Mc4r KO mice. The mice were injected intraperitoneally 
with DEN (25 mg/kg body weight) and fed WD for 10 weeks. (f) Experimental protocol. Mc4r KO mice were injected intraperitoneally with different doses of DEN at 
2 weeks of age, and the mice fed WD for 14 weeks from 6 weeks of age. (n = 5–7) (g and h) Tumor incidence (g) and tumor multiplicity (h) after 14 weeks of WD 
feeding. (i) Representative image of gross appearance and size distribution of liver tumors in Mc4r KO mice. The mice were injected intraperitoneally with DEN 
(25 mg/kg body weight) and fed WD for 14 weeks. (j) Experimental protocol to investigate the effect of Mc4r deficiency and WD feeding on liver tumorigenesis (left). 
Wild-type (WT) mice fed WD for 14 weeks (n = 15), Mc4r KO mice fed standard diet (SD) for 10 weeks (n = 9), Mc4r KO mice fed WD for 10 weeks (n = 6), and Mc4r 
KO mice fed WD for 14 weeks (n = 6). Tumor incidence of the 4 groups (right). Data represent mean ± SEM. **P < 0.01. N.S. indicates not significant. 

Fig. 2. Morphological features of DEN- 
induced liver tumors in Mc4r KO mice 
fed WD. (a) Representative images of 
gross appearance, contrast-enhanced 
computed tomography (CECT), and 
gadolinium ethoxybenzyl diethylenetri-
amine pentaacetic acid (Gd-EOB- 
DTPA)-enhanced magnetic resonance 
imaging (MRI) of the livers from WT 
and Mc4r KO mice. Arrowheads indicate 
liver tumors. S indicates stomach. (b 
and c) Representative images of hema-
toxylin and eosin (H&E) staining of the 
liver from DEN-injected Mc4r KO mice 
fed WD for 12 weeks. (b) Representative 
small (≤ 1 mm in diameter) and (c) 
large (≥ 2 mm in diameter) tumors. 
Scale bars, 100 µm. (d) Representative 
images of Ki-67 immunostaining of the 
liver from DEN-injected Mc4r KO mice 
fed WD for 12 weeks (left). Quantifica-
tion of Ki-67-positive cells (right). The 
dotted line indicates the boundary be-
tween the tumorous (T) and non- 
tumorous (NT) lesions. Scale bars, 
100 µm. Data represent mean ± SEM. 
n = 8. **P < 0.01.   
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Fig. 3. DEN injection does not affect NASH- 
like liver phenotypes in Mc4r KO mice fed 
WD. (a) Representative images of H&E 
staining, cytokeratin 18 and F4/80 immu-
nostaining, and Sirius red staining in non- 
tumorous lesions of the liver from DEN- 
injected Mc4r KO mice fed WD for 10 
weeks. CV, central vein. Scale bars, 50 µm. 
Arrows and arrowheads indicate lobular 
inflammation and hepatocyte ballooning, 
respectively. Insets in the H&E and cyto-
keratin 18 panels indicate representative 
images of hepatocyte ballooning. Insets in 
the F4/80 and Sirius red panels indicate 
representative images of crown-like struc-
ture (CLS) and peri-cellular fibrosis, 
respectively. (b–d) Quantification of NAFLD 
activity score (b), the number of CLS (c), 
and Sirius red-positive area (d). (e) Expres-
sion levels of genes related to inflammation 
(F4/80 (Emr1), tumor necrosis factor-α 
(Tnfa), and interleukin-6 (Il6)), and fibrosis 
(α-smooth muscle actin (Acta2) and tumor 
growth factor-β1 (Tgfb1)) in non-tumorous 
lesions of the liver. Data represent mean-
± SEM. n = 6. *P < 0.05. N.S. indicates not 
significant.   
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Fig. 4. Tofogliflozin ameliorates NASH-like liver phenotypes in Mc4r KO mice fed WD. (a) Experimental protocol. Mc4r KO mice were injected intraperitoneally with 
DEN (25 mg/kg body weight) at 2 weeks of age, and the mice fed WD from 6 weeks of age for 12 weeks. Vehicle (Veh) or Tofogliflozin (Tofo) was orally administered 
to DEN-injected Mc4r KO mice when they were fed WD. The mice in the Tofogliflozin-treated group received the amount of food that was consumed by the mice in 
the control vehicle-treated group on the day before. (b) Time course of body weight and blood glucose levels. (c and d) Serum insulin concentrations (c), liver weight, 
and hepatic triglyceride content (d) after 12 weeks of WD feeding. (e) Representative images of H&E staining, F4/80 immunostaining, and Sirius red staining of the 
liver after 12 weeks of WD feeding. Scale bars, 50 µm. CV, central vein. Insets in each panel indicate representative images of hepatocyte ballooning, crown-like 
structure (CLS), and peri-cellular fibrosis. (f–h) Quantification of NAFLD activity score (f), the number of CLS (g), and Sirius red-positive area (h). Data represent 
mean ± SEM. Veh, n = 11; Tofo, n = 12. *P < 0.05, **P < 0.01. 
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examination of non-tumorous lesions revealed that there was a signifi-
cant reduction in NAS in the Tofogliflozin-treated group compared to 
that in the control group (Fig. 4e and f). Moreover, Tofogliflozin treat-
ment markedly reduced CLS formation and hepatic fibrosis (Fig. 4e, g, 
and h). These results, taken together, indicate that Tofogliflozin treat-
ment prevents inflammation and fibrosis in the liver associated with 
hepatic lipid accumulation and systemic diabetic conditions in Mc4r KO 
mice fed WD. 

3.5. Tofogliflozin prevents the progression of NASH-associated liver 
tumors 

We further analyzed whether Tofogliflozin is capable of preventing 
NASH-associated liver tumorigenesis utilizing DEN-injected Mc4r KO 
mice fed WD. Although there was no significant difference in the pro-
portion of the mice developing liver tumors between both groups, the 
number of tumors tended to be less in the Tofogliflozin-treated group 
relative to that in the control group (Fig. 5a and b). In particular, the 
number of large tumors (≥ 2 mm in diameter) was significantly less in 
the Tofogliflozin-treated group (Fig. 5b). To elucidate the underlying 
mechanism, we compared mRNA expression of the genes related to cell 
proliferation in tumorous lesions between both groups. We found that 
there was only a slight decrease in Pcna and Bax mRNA levels in the 
Tofogliflozin-treated group (Fig. 5c), which does not seem to have a 
strong impact on liver tumorigenesis. We also examined mRNA 
expression of the genes related to tumor survival such as cell senescence, 
glucose and lipid metabolism, and tumor-associated macrophages, but 
there was no appreciable difference between the two groups (Fig. 5d–f). 
In addition, mRNA levels of Sglt1 and Sglt2 were almost negligible in 
tumorous lesions (Supplementary Fig. 2), suggesting that Tofogliflozin 
does not directly act on the tumors in our model. These results led us to 
speculate that Tofogliflozin exerts its anti-tumor effects through the non- 
tumorous lesions of the liver. 

3.6. Tofogliflozin inhibits cellular senescence in non-tumorous lesions of 
the liver 

As previously described [11], Tofogliflozin treatment affected mRNA 
expression of the genes related to glucose and lipid metabolism, in 
which the β-oxidation and gluconeogenic pathways were upregulated, 
and the lipogenic pathway was downregulated (Fig. 6a). Tofogliflozin 
treatment also decreased mRNA expression of the genes related to 
inflammation and fibrosis (Fig. 6b). These observations are consistent 
with the preventive effect of Tofogliflozin on inflammation and fibrosis 
in the liver of DEN-injected Mc4r KO mice fed WD (Fig. 4). Notably, we 
found that mRNA expression of the genes related to a 
senescence-associated secretory phenotype (SASP), such as p21, Cxcl1, 
Mmp12, and Mmp13, was significantly reduced by Tofogliflozin treat-
ment (Fig. 6c). Of note, WD feeding and Mc4r deficiency increased 
mRNA levels of these genes, whereas DEN injection did not change these 
mRNA levels in the non-tumorous lesions of the liver in Mc4r KO mice 

fed WD, (Supplementary Figs. 3 and 4). Then, we focused on p21, a key 
regulator of cellular senescence, because accumulating evidence has 
pointed to the pathological role of cellular senescence in the develop-
ment of NASH and HCC [24]. Histological examination revealed that 
most of the p21-positive cells were hepatocytes and that the number of 
p21-positive hepatocytes was significantly decreased by Tofogliflozin 
treatment (Fig. 6d). These results indicate that Tofogliflozin treatment 
ameliorates cellular senescence of hepatocytes during the progression of 
NASH in Mc4r KO mice fed WD, which may underlie the preventive 
effect of Tofogliflozin on the progression of liver tumors. 

4. Discussion 

To date, a large number of animal models have been introduced to 
investigate the molecular link by which diabetes and obesity accelerate 
NASH-associated HCC. However, recapitulating human pathophysi-
ology in animal models remains a challenge. Indeed, a large number of 
animal models require genetic modification in the liver, non- 
physiological nutrition, and a long duration to develop NASH and 
liver tumors. In this study, we propose a novel murine model of NASH- 
associated HCC using WD-fed Mc4r KO mice in combination with DEN 
injection. DEN is metabolized to DNA alkylating agents by cytochrome 
P450 enzymes specifically in hepatocytes [25]. The introduction of 
oncogenic mutations into hepatocytes during normal post-natal devel-
opment then results in liver tumors. Park et al. reported that dietary and 
genetic obesity promote DEN-induced liver tumorigenesis [19]. This 
model requires a relatively long duration (approximately 1 year) to 
develop liver tumors and exhibits simple hepatic steatosis but not NASH. 
Our model developed NASH and multiple liver tumors within a rela-
tively short period (approximately 3 months), together with obesity and 
diabetes. Of note, Mc4r KO mice fed a standard diet and wild-type mice 
fed WD exhibited simple hepatic steatosis only and did not develop liver 
tumors when they received DEN injection. These findings are consistent 
with the recent epidemiological data indicating that NASH possesses a 
much higher risk for HCC than simple hepatic steatosis: the annual 
incidence of HCC in patients with NASH is 5.29 per 1000 persons, 
whereas that in patients with NAFLD is 0.44 per 1000 persons [4]. In 
addition, it should be highlighted that Mc4r is predominantly expressed 
in the brain and rarely in the liver, and thus our model is distinguished 
from other models with genetic manipulations within the liver. 
Accordingly, our model would be a unique animal model for investi-
gating the molecular mechanisms underlying the progression of 
NASH-associated HCC. 

There is substantial evidence that diabetes is involved in the patho-
genesis of NASH and HCC. However, the underlying mechanism is 
complex and remains to be elucidated [26]. Accumulating evidence 
suggests that hyperinsulinemia and insulin resistance cause hepatic lipid 
accumulation [27,28], resulting in lipotoxicity. In addition to the 
aberrant metabolism, liver inflammation and ongoing regeneration 
during the progression to NASH contribute to DNA instability and then 
tumorigenesis [29]. In this study, we focused on cellular senescence in 
hepatocytes as one of the mechanisms. Recent evidence has pointed to 
the involvement of hepatocyte cellular senescence in the pathogenesis of 
both NASH and HCC. For instance, lipid accumulation activates the 
p53-p21 and p16-Rb pathways in hepatocytes of animals and patients 
with NAFLD [30–32], and hepatocyte p21 expression is positively 
correlated with fibrosis stage and glycemic control [32]. The funda-
mental role of hepatocyte senescence is to limit excessive or aberrant 
cellular proliferation and thus protect against tumorigenesis. On the 
other hand, Aravinthan et al. reported that cellular senescence in he-
patocytes is associated with the adverse liver-related outcome including 
HCC in humans [32]. This is probably because efficient clearance of 
senescent hepatocytes is indispensable in this process [33,34]. In this 
regard, WD feeding and Mc4r deficiency increased hepatic mRNA 
expression of SASP factors whereas DEN injection did not affect their 
mRNA levels. Tofogliflozin treatment attenuated cellular senescence of 

Table 1 
Metabolic parameters of DEN-injected Mc4r KO mice fed WD with or without 
Tofogliflozin treatment.   

Vehicle Tofogliflozin 

Body wight (g)  46.59 ± 1.00  41.80 ± 0.38** 
Epididymal fat weight (g)  1.73 ± 0.09  1.70 ± 0.05 
Epididymal fat to body weight ratio (%)  3.74 ± 0.21  4.06 ± 0.11 
AST (U/l)  247.73 ± 13.87  151.25 ± 16.15** 
ALT (U/l)  304.27 ± 22.00  172.00 ± 27.94** 
LDH (U/l)  1224.55 ± 83.23  775.83 ± 94.94** 
Serum total cholesterol (mg/dl)  330.82 ± 19.36  289.58 ± 21.89 
Serum triglyceride (mg/dl)  80.91 ± 5.34  70.50 ± 3.54 

DEN, diethylnitrosamine; WD, Western diet. Data represent mean ± SEM. 
**P < 0.01 vs. Vehicle. Vehicle, n = 11; Tofogliflozin, n = 12. 
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Fig. 5. Tofogliflozin prevents the progression of NASH- 
associated liver tumors. (a) Representative images of gross 
appearance of liver tumors and tumor incidence in DEN- 
injected Mc4r KO mice fed WD for 12 weeks. Veh, n = 11; 
Tofo, n = 12. (b) Size distribution of liver tumors. (c–f) 
Expression levels of genes related to cell proliferation (c), 
cellular senescence (d), glucose and lipid metabolism (e), and 
tumor-associated macrophages (f) in tumorous lesions. Veh, 
n = 14; Tofo, n = 9. Data represent mean ± SEM. *P < 0.05.   
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hepatocytes as well as histological features of NASH. Taken together, 
this study suggests that cellular senescence in hepatocytes accelerates 
DEN-induced liver tumorigenesis under diabetic and obese conditions. 

In addition to hepatocytes, Tofogliflozin treatment may have 
affected stromal cells. Several studies previously reported that liver 
tumorigenesis is promoted not only by senescent hepatocytes but also 
cellular senescence in stromal cells such as hepatic stellate cells [20,35, 
36]. Of note, senescent hepatocytes potently induce cellular senescence 
in surrounding stromal cells by producing SASP factors [37]. Therefore, 
it is conceivable that Tofogliflozin treatment mitigates cellular senes-
cence of hepatocytes and probably stromal cells, thus preventing the 
progression of liver tumors. Further studies are required to fully un-
derstand the effects of Tofogliflozin treatment in each cell type in the 
liver during the progression of liver tumors. In addition, from the clinical 
viewpoint, we need to elucidate the therapeutic effect of Tofogliflozin on 
already existing liver tumors in the future. Collectively, this study proves 
the validity of our model in testing drug efficacy for NASH and liver 
tumors. 

We need to discuss the possible role of weight reduction in preven-
tion of liver tumor progression following Tofogliflozin treatment. Sub-
stantial evidence demonstrates that weight loss improves histological 
features in human NASH [38,39]. Dietary restriction also protects 

against lipid accumulation and cellular senescence in the liver of aged 
mice [31]. Accordingly, we do not exclude the possibility that preven-
tion of hepatocyte senescence, NASH-like liver phenotypes, and pro-
gression of liver tumors is attributed, at least in part, to reduced weight 
gain by Tofogliflozin treatment. Of note, recent studies have shown that 
SGLT2 inhibitors have novel mechanisms of action such as increased 
circulating levels of ketone bodies, in addition to weight loss and gly-
cemic control [40]. 

Our study has several limitations. First, the molecular characteristics 
of DEN-induced liver tumors may be different from those of human HCC, 
despite the histopathological mimicry [41,42]. Most of the liver tumors 
in our model recapitulated dysplastic nodules in humans, and they could 
be detected by the modalities commonly used in clinical practice. Sec-
ond, our model exhibits morbid obesity and severe insulin resistance, 
whereas patients with NASH-associated HCC are not necessarily diabetic 
and obese. Finally, we previously reported the preventive effect of the 
SGLT2 inhibitor Canagliflozin on the development of NASH and liver 
tumors using Mc4r KO mice fed WD for 1 year without DEN. Although 
SGLT2 inhibitors are analogous in their pharmacological properties, 
further studies are required to confirm the class effect. Since a recent 
clinical study revealed that improved glycemic control decreases the 
incidence of HCC after sero-clearance of a hepatitis B surface antigen in 

Fig. 6. Tofogliflozin inhibits cellular senescence in non-tumorous lesions of the liver. (a–c) Expression levels of genes related to glucose and lipid metabolism (a), 
inflammation and fibrosis (b), and cellular senescence (c) in non-tumorous lesions of the liver in DEN-injected Mc4r KO mice fed WD for 12 weeks. (d) Representative 
images of p21 immunostaining and the number of p21-positive hepatocytes. Scale bars, 50 µm. Data represent mean ± SEM. Veh, n = 11; Tofo, n = 12. 
*P < 0.05, **P < 0.01. 
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patients with diabetes [43], understanding the mode of action of SGLT2 
inhibitors in our model may be applicable for various types of HCC. 

In conclusion, we established a novel murine model of NASH- 
associated liver tumors, which develops hepatic steatosis, NASH, and 
multiple liver tumors, along with obesity and diabetes, within a rela-
tively short period. Utilizing this model, we also demonstrated that 
Tofogliflozin treatment effectively prevents the progression of NASH- 
associated liver tumors, probably by mitigating cellular senescence of 
hepatocytes. Thus, this study verifies the validity of our NASH model as 
a unique in vivo tool for assessing drug efficacy to prevent or treat 
NASH-associated HCC. 
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