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Dipeptidyl peptidase-4 
inhibition prevents nonalcoholic 
steatohepatitis–associated liver 
fibrosis and tumor development 
in mice independently of its anti-
diabetic effects
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Nonalcoholic steatohepatitis (NASH) is a hepatic phenotype of the metabolic syndrome, and 
increases the risk of cirrhosis and hepatocellular carcinoma (HCC). Although increasing evidence 
points to the therapeutic implications of certain types of anti-diabetic agents in NASH, it remains to 
be elucidated whether their effects on NASH are independent of their effects on diabetes. Genetically 
obese melanocortin 4 receptor–deficient (MC4R-KO) mice fed Western diet are a murine model 
that sequentially develops hepatic steatosis, NASH, and HCC in the presence of obesity and insulin 
resistance. In this study, we investigated the effect of the dipeptidyl peptidase-4 (DPP-4) inhibitor 
anagliptin on NASH and HCC development in MC4R-KO mice. Anagliptin treatment effectively 
prevented inflammation, fibrosis, and carcinogenesis in the liver of MC4R-KO mice. Interestingly, 
anagliptin only marginally affected body weight, systemic glucose and lipid metabolism, and hepatic 
steatosis. Histological data and gene expression analysis suggest that anagliptin treatment targets 
macrophage activation in the liver during the progression from simple steatosis to NASH. As a 
molecular mechanism underlying anagliptin action, we showed that glucagon-like peptide-1 suppressed 
proinflammatory and profibrotic phenotypes of macrophages in vitro. This study highlights the glucose 
metabolism–independent effects of anagliptin on NASH and HCC development.
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Nonalcoholic steatohepatitis (NASH) is a progressive form of non-alcoholic fatty liver disease (NAFLD), and 
increases the risk of cirrhosis and hepatocellular carcinoma (HCC). Although the prevalence of NASH is rising in 
parallel with the global obesity pandemic, effective therapeutic strategies are still under development. Given that 
NASH is associated with obesity and diabetes, pharmacological interventions for metabolic derangements may 
also useful for treating NASH. In fact, mounting evidence suggests that certain types of anti-diabetic agents, such 
as inhibitors of sodium glucose cotransporter 2 (SGLT2) and dipeptidyl peptidase-4 (DPP-4), effectively amelio-
rate histologic parameters of NASH in mice and humans1–3. However, their long-term efficacy and safety, as well 
as their preventive effects on NASH-associated carcinogenesis, have not been verified.

DPP-4 is a serine protease that cleaves the N-terminal dipeptides of various hormones and cytokines in the 
circulation. DPP-4 inhibitors are commonly used to treat type 2 diabetes, because they enhance circulating levels 
of incretins, such as glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP), 
to enhance insulin secretion4. In addition, several lines of evidence suggest the pleiotropic effects for DPP-4 
inhibitors on the cardiovascular system and NAFLD, although the underlying mechanisms remain unclear5,6. 
Indeed, DPP-4 is ubiquitously expressed and acts on a variety of physiological substances7. DPP-4 expression 
is also increased in the liver of patients with hepatic steatosis8. Accordingly, it is important to elucidate whether 
metabolic improvement is necessary for the preventive effect of DPP-4 inhibitors on NASH.

To date, various animal models have been proposed for NASH using hepatotoxic agents, genetic engineering, 
and dietary challenges9, whereas few of them exhibit both obesity phenotypes and liver carcinogenesis. In this 
regard, we previously reported that genetically obese melanocortin 4 receptor–deficient (MC4R-KO) mice fed 
Western diet (WD) can act as a novel murine model that sequentially develops hepatic steatosis, NASH, and HCC 
in the presence of obesity and insulin resistance10. Using this model, we identified a unique histological structure 
termed “hepatic crown-like structures (hCLS)”, in which CD11c-positive macrophages aggregate around dead 
hepatocytes with large lipid droplets, thereby functioning as drivers of liver fibrosis11,12. In other words, hCLS 
provides a histological feature where hepatocyte death, a hallmark of NASH, triggers macrophage activation 
and liver fibrosis11. In particular, hCLS has been observed in patients with NASH and animal models, including 
dietary deficiencies of methionine and choline, and long-term feeding with WD12. These observations led us to 
investigate the effect of the DPP-4 inhibitor anagliptin on NASH and HCC development.

In this study, we found that treatment with anagliptin effectively prevented inflammation, fibrosis, and car-
cinogenesis in the liver of MC4R-KO mice fed WD, while only marginally affecting body weight, systemic glucose 
and lipid metabolism, and hepatic steatosis. Interestingly, anagliptin treatment suppressed the increase in the 
number of hCLS without affecting hepatic steatosis, suggesting that macrophages are an in vivo target of ana-
gliptin. Our in vitro data showed that exendin-4, a GLP-1 receptor agonist, suppressed the proinflammatory and 
profibrotic phenotypes of cultured macrophages. This study demonstrates that anagliptin has preventive effects 
on the development of liver fibrosis and carcinogenesis, independent of the drug’s effects on systemic glucose and 
lipid metabolism, in a murine model of NASH.

Results
Anagliptin ameliorates NASH-like liver phenotypes in MC4R-KO mice. We previously reported 
that wildtype mice fed WD diet and MC4R-KO mice fed standard diet (SD) showed only simple hepatic ste-
atosis10, and it has been reported that DPP-4 inhibitors ameliorate diet-induced hepatic steatosis in wildtype 
mice13,14. Thus, we focused on the effect of anagliptin on the NASH-associated liver fibrosis and tumor devel-
opment. First, we determined the effect of anagliptin on the development of NASH-like liver phenotypes in 
MC4R-KO mice. Wildtype mice were fed SD and MC4R-KO mice were fed WD with or without anagliptin treat-
ment (Ana or Veh) for up to 20 weeks (Fig. 1a). As previously shown10, MC4R-KO mice fed WD exhibited morbid 
obesity with dysregulated glucose and lipid metabolism (Fig. 1b–e, Table 1). We confirmed that MC4R-KO mice 
showed hepatic steatosis and liver fibrosis after 10 and 20 weeks of WD feeding, respectively (Fig. 1d,g). Under 
this regime, treatment with anagliptin  had no effect on body weight and adipose tissue weight in MC4R-KO 
mice (Fig. 1b,c). Although anagliptin treatment was accompanied by slightly decreased liver weight, there was 
no significant difference in hepatic cholesterol and triglyceride contents (Fig. 1c,d). Anagliptin treatment did 
not appear to affect systemic glucose and lipid metabolism, whereas it markedly inhibited DPP-4 activity and 
increased the plasma concentrations of active GLP-1 (Fig. 1e,f, Table 1). In addition, there was a significant reduc-
tion in NAFLD activity score (NAS) for MC4R-KO mice subjected to anagliptin treatment for 20 weeks compared 
to untreated mice (Fig. 1g). Among the three parameters comprising NAS, the scores for “inflammation” and 
“ballooning degeneration” were significantly decreased by anagliptin treatment. These observations suggest that 
anagliptin inhibits progression from simple steatosis to NASH in MC4R-KO mice, without affecting systemic 
glucose and lipid metabolism.

Anagliptin inhibits inflammation and fibrosis in the liver of MC4R-KO mice. Next, we examined 
the effect of anagliptin on liver inflammation and fibrosis during NASH development in detail. As previously 
shown10, MC4R-KO mice fed WD showed higher Emr1 (F4/80, a macrophage marker) and Itgax (CD11c, an 
inflammatory macrophage marker) mRNA levels than wildtype mice fed SD, whereas there was no difference in 
Mrc1 (CD206, an anti-inflammatory macrophage marker) mRNA levels at 10 and 20 weeks (Fig. 2a,b). Anagliptin 
treatment suppressed Itgax mRNA expression significantly without changing Emr1 and Mrc1 mRNA expression 
(Fig. 2a,b). MC4R-KO mice fed WD for 10 weeks exhibited hCLS formation, in which CD11c-positive proin-
flammatory macrophages aggregated around dead hepatocytes, thereby accelerating liver fibrosis11. Anagliptin 
treatment markedly suppressed hCLS formation at 10 and 20 weeks (Fig. 2c). Moreover, anagliptin treatment 
reduced the extent of the transcription of fibrosis-related genes such as Spp1 (osteopontin), transforming growth 
factor-β (Tgfb1), tissue inhibitor of metalloproteinase-1 (Timp1), and collagen type I (Col1a1) (Fig. 3a,b). We 
verified the preventive effect of anagliptin towards liver fibrosis by means of Sirius Red staining, collagen type I 
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immunostaining, and measurement of hydroxyproline content (Fig. 3c,d). In addition, we examined the effect of 
anagliptin treatment on cell death in the liver, because the score of ballooning degeneration is positively associ-
ated with the number of hCLS in human NASH and hepatocyte death triggers hCLS formation and liver fibrosis 
in MC4R-KO mice11,12. There was no significant difference in the number of TdT mediated dUTP-biotin nick end 
labeling (TUNEL)-positive cells and caspase-3/7 activity between treatments (Fig. 4), suggesting that anagliptin 
treatment does not affect overall apoptotic responses in the liver. These observations indicate that anagliptin 
effectively prevents chronic inflammation and fibrosis in the liver of MC4R-KO mice.

Anagliptin does not ameliorate adipose tissue inflammation and fibrosis. Mounting evidence 
indicates that obesity-induced inflammation and fibrosis in adipose tissue contribute to ectopic lipid accu-
mulation in the liver10,15. DPP-4 inhibitors have also been reported to attenuate adipose tissue inflammation 
in diet-induced obese mice16,17. We therefore determined the effect of anagliptin on obesity-induced chronic 

Figure 1. Anagliptin ameliorates NASH-like liver phenotypes in MC4R-KO mice. (a) Experimental protocol 
for examination of the preventive effect of anagliptin (Ana) on the development of NASH in melanocortin 
4 receptor-deficient (MC4R-KO) mice fed Western diet (KO/WD). Wildtype (WT) mice on standard diet 
(WT/SD) were used as the control group. (b) Growth curve of WT and MC4R-KO mice. Open circle, WT/SD 
treated with the vehicle (n = 6); closed triangle, MC4R-KO/WD treated with the vehicle (n = 15); gray square, 
MC4R-KO/WD treated with anagliptin (n = 15), respectively. (c) Tissue weights of liver and epididymal fat after 
10 and 20 weeks of treatment with anagliptin. (d) Liver cholesterol and triglyceride (TG) contents at 10 and 20 
weeks. (e) Effect of anagliptin treatment on glucose metabolism at 10 weeks. (f) Effect of anagliptin treatment 
on the dipeptidyl peptidase-4 (DPP-4) activity and the active GLP-1 concentrations in the plasma at 10 weeks. 
(g) Hematoxylin and eosin staining of the liver at 20 weeks. Histological analysis using NASH activity score 
(NAS). *p < 0.05, **p < 0.01; N.S. not significant. WT/SD treated with vehicle (n = 6), KO/WD treated with 
anagliptin or vehicle (n = 12 and 15 at 10 and 20 weeks, respectively).
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inflammation in epididymal fat tissue. Similar to the liver, mRNA expression of genes related to inflammation and 
fibrosis was significantly increased in the adipose tissue of MC4R-KO mice fed WD compared to wildtype mice 
fed SD (Fig. 5). However, anagliptin treatment did not suppress the upregulation of these genes (Fig. 5).

GLP-1 inhibits upregulation of proinflammatory and fibrogenic genes in macrophages. As a 
molecular mechanism underlying anagliptin action, we focused on macrophages, because anagliptin treatment 
reduced hCLS formation without affecting hepatic steatosis (Figs. 1 and 2). In addition, anagliptin treatment 
resulted in a marked increase in the plasma concentrations of active GLP-1 (Fig. 1f). Therefore, we hypothesized 
that GLP-1 acts on macrophages in the liver to exert anti-inflammatory and anti-fibrogenic effects in MC4R-KO 
mice. Using microarray analysis reported previously11, we first examined mRNA levels in macrophages from nor-
mal (WT/SD) and NASH (KO/WD) livers (Fig. 6a). Both CD11c-positive and negative macrophages are derived 
from NASH livers, in which CD11c-positive macrophages form hCLS and CD11c-negative macrophages scatter 
in the liver. We confirmed that mRNA levels of inflammation- and fibrosis-related genes were significantly higher 
in macrophages from KO/WD than in those from WT/SD. In this experiment, mRNA levels of GLP-1 receptor 
(Glp1r) were relatively high in macrophages from KO/WD compared to those from WT/SD. Several lines of 
evidence indicate the role of Toll-like receptor 4 (TLR4) in the pathogenesis of liver fibrosis or NASH in mice18,19. 
Since RAW264, a macrophage cell line, exhibited upregulation of Glp1r mRNAs under inflammatory conditions 
similar to in vivo macrophages from NASH livers (Fig. 6b), we used RAW264 in the following experiments.

In this setting, treatment with Exendin-4, a GLP-1 analogue, markedly suppressed the lipopolysaccharide 
(LPS)-induced upregulation of the genes related to inflammation and fibrosis (Fig. 6c), whereas anagliptin per 
se did not show such effects (unpublished data). We also examined the effect of palmitate, a representative sat-
urated fatty acid, and dead hepatocytes on RAW264 (Fig. 6d,e). Palmitate plays a major role in obesity-induced 
metabolic derangements or lipotoxicity, in which palmitate increases proinflammatory cytokine expression in 
macrophages in TLR4-dependent and independent manners20. In this study, Exendin-4 treatment effectively 
suppressed the palmitate-induced upregulation of the genes related to inflammation and fibrosis in RAW264 
(Fig. 6d). On the other hand, no suppressive effects were observed in RAW264 treated with dead hepatocytes 
(induced by the freeze/thaw treatment) (Fig. 6e). Taken together, these in vitro observations are basically con-
sistent with our in vivo data (Figs. 2–4) and suggest the involvement of GLP-1 in the anti-inflammatory and 
anti-fibrotic effects by anagliptin treatment.

Anagliptin attenuates liver carcinogenesis in MC4R-KO mice. Finally, we investigated the effect of 
anagliptin on liver carcinogenesis in MC4R-KO mice (Fig. 7a). Since the sequential development of preneoplastic 
foci, hyperplastic nodules, hepatocellular adenomas, and hepatocellular carcinomas is known21,22, we examined 
the number of foci and tumors according to their size; the lumps less than 1 mm as foci and the lumps lager 
than 1 mm as tumors. As previously shown10, MC4R-KO mice fed WD showed multiple liver tumors similar to 
hepatocellular carcinoma in humans (Fig. 7b,c). Microscopic analysis revealed that normal liver architecture was 
lost, and irregular and thick trabeculae were observed in the tumors. The tumor cells exhibited severe dysplasia, 
with an increased nuclear-cytoplasmic ratio, enlarged and hyperchromatic nuclei, and fat deposition in the cyto-
plasm. On the other hand, in the foci, hepatocytes showed the normal shape and the vascular structure was well 
preserved.

Long-term treatment with anagliptin for 47 weeks reduced the number of liver tumors and tumor size in 
MC4R-KO mice, whereas there was no apparent difference in the number of foci between the treatments (Fig. 7b–
d). We also compared mRNA levels of previously known tumor-associated genes such as Afp (α-fetoprotein 
[AFP]), G6pd (glucose-6-phosphate dehydrogenase [G6PD]), Prom1 (CD133), and Cxcl1 (chemokine [C-X-C 
motif] ligand 1 [CXCL1] or keratinocyte-derived chemokine) in tumorous and non-tumorous lesions in the 
liver of MC4R-KO mice. As a result, mRNA levels of these genes were markedly increased in tumorous lesions 
compared to non-tumorous lesions (Fig. 7e). We also observed that anagliptin treatment partially prevented 
the upregulation of these genes (Fig. 7e). We verified that anagliptin treatment did not change serum param-
eters related to systemic glucose and lipid metabolism at this time point (data not shown). Collectively, these 
observations indicate that anagliptin effectively prevents the progression from simple steatosis to NASH and the 
formation of liver tumors.

10 weeks 20 weeks

WT/SD MC4R-KO/WD MC4R-KO/WD/Ana WT/SD MC4R-KO/WD MC4R-KO/WD/Ana

AST (U/l) 86.0 ± 8.0 304.5 ± 33.2## 270.8 ± 30.0 99.3 ± 7.0 417.3 ± 26.5## 395.7 ± 32.3

ALT (U/l) 30.2 ± 0.5 389.1 ± 38.4# 457.2 ± 102.8 32.0 ± 2.2 576.7 ± 29.6## 596.0 ± 74.1

LDH (U/l) 297.3 ± 27.6 2267.5 ± 245.4# 2257.5 ± 643.2 447.7 ± 34.1 2806.3 ± 246.1## 2852.3 ± 397.3

TG (mg/dl) 86.5 ± 4.1 184.5 ± 18.9# 175.5 ± 21.1 117.2 ± 9.1 95.0 ± 7.5 71.7 ± 4.3*

T-Chol (mg/dl) 58.5 ± 3.0 294.6 ± 16.5## 228.1 ± 13.7** 74.3 ± 2.3 253.3 ± 11.0## 237.7 ± 13.9

Table 1. Effect of anagliptin on serum parameters of MC4R-KO mice fed WD for 10 and 20 weeks. SD, 
standard diet; WD, Western diet; Ana, anagliptin; TG, triglyceride; T-Chol, total cholesterol. Date are presented 
as the mean ± SE. #p < 0.05, ##p < 0.01 between WT/SD and MC4R-KO/WD, *p < 0.05, **p < 0.01 between 
MC4R-KO/WD and MC4R-KO/WD/Ana. n = 6–15.

https://doi.org/10.1038/s41598-020-57935-6


5Scientific RepoRtS |          (2020) 10:983  | https://doi.org/10.1038/s41598-020-57935-6

www.nature.com/scientificreportswww.nature.com/scientificreports/

Discussion
In this study, we demonstrated that anagliptin treatment effectively prevents the development of inflammation, 
fibrosis, and tumors in the liver of MC4R-KO mice fed WD. Although growing evidence points to the therapeutic 
implications of certain types of anti-diabetic agents in NASH23, it is technically difficult to distinguish their effects 
on NASH from their effects on diabetes. For instance, it has been reported that DPP-4 inhibitors ameliorate lipid 
accumulation and insulin resistance in the liver, along with systemic glucose intolerance6. In contrast, anagliptin 
treatment does not appear to affect serum parameters related to diabetes and dyslipidemia in our NASH model, 
whereas it markedly inhibits DPP-4 activity and increased active GLP-1 levels in the serum. This is probably 
because MC4R-KO mice fed WD exhibit morbid obesity with severe insulin resistance and hyperinsulinemia. 
Indeed, it is known that DPP-4 inhibitors are less effective for treating diabetes in obese patients24. Our data also 
showed that anagliptin treatment does not attenuate hepatic lipid accumulation in MC4R-KO mice fed WD. The 
multiple parallel hits hypothesis proposes that metabolic stress–induced hepatic inflammation is involved in the 
progression from hepatic steatosis to NASH25. It is, therefore, conceivable that anagliptin affects this process to 
suppress NASH development. Collectively, this study highlights the glucose metabolism–independent effects of 
anagliptin on NASH development.

To elucidate the mechanism of action of anagliptin, we focused on hepatic macrophages during the progres-
sion from hepatic steatosis to NASH. Using our NASH model, we have previously demonstrated that metabolic 
stress–induced hepatocyte death triggers hCLS formation. CD11c-positive macrophages surround dead hepat-
ocytes to scavenge their large lipid droplets, thereby accelerating proinflammatory and profibrotic processes11. 
Since CD11c-positive macrophages in hCLS show unique gene expression profiles distinct from CD11c-negative 
macrophages scattered in the liver of MC4R-KO mice fed WD11, it is conceivable that macrophage activation in 
hCLS is critical to NASH development. In this study, anagliptin treatment effectively inhibits hCLS formation, 
chronic inflammation, and interstitial fibrosis in the liver without affecting hepatic steatosis. These findings led 
us to speculate that the mechanism of action of anagliptin lies in hepatocyte death and/or macrophage activa-
tion. In this regard, our data indicate the suppressive effect of anagliptin on macrophage activation by increasing 
circulating GLP-1 levels. This is consistent with previous studies reporting that GLP-1 suppresses production of 
proinflammatory cytokines and reactive oxygen species in cultured macrophages and obesity-induced chronic 
inflammation in mice and humans26–28. On the other hand, further studies are required to elucidate how ana-
gliptin treatment affects hepatocyte injury or death during the development of NASH. We believe that it will be 
interesting to determine the effect of GLP-1 analogues on hepatocyte death, hCLS formation, and liver fibrosis in 
our NASH model.

Figure 2. Anagliptin suppresses hepatic inflammation in MC4R-KO mice. Hepatic mRNA expression 
of inflammation-related genes after 10 (a) and 20 (b) weeks of treatment with anagliptin. (c) F4/80 
immunostaining of the liver at 10 weeks. Insets indicate representative images of hepatic crown-like structure 
(hCLS). Scale bars, 100 µm. **p < 0.01; N.S. not significant. WT/SD treated with vehicle (n = 6), KO/WD 
treated with anagliptin or vehicle (n = 12 and 15 at 10 and 20 weeks, respectively).
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In adipose tissue of obese mice and humans, there is a unique histological structure termed CLS, which is cen-
tered on dead adipocytes29. We previously demonstrated that CD11c-positive macrophages in CLS sense danger 
signals from dead adipocytes, thereby inducing obesity-induced chronic inflammation15. In this study, we did not 
detect significant changes in mRNA expression of inflammation- and fibrosis-related genes in adipose tissue. In 
contrast, Zhuge et al. reported that DPP-4 inhibition attenuates adipose tissue inflammation and systemic insu-
lin resistance in diet-induced obese mice by regulating macrophage polarization17. The difference in chemicals 
used in these studies may explain the inconsistency. Indeed, Zhuge et al. reported that linagliptin and sitagliptin 
ameliorate glucose intolerance to a similar extent in obese mice, whereas linagliptin shows greater suppression 
of adipose tissue inflammation17. Another possibility is the involvement of systemic glucose metabolism in the 
regulation of adipose tissue inflammation. Moreover, tissue-specific expression of DPP-4 may be taken into con-
sideration. Recently, several lines of evidence indicate that DPP-4 expression in each tissue contributes differently 
to the activity of circulating DPP-4, glucose metabolism, and chronic inflammation in obese mice16,30. Further 
studies are required to identify the target cells and tissues of each DPP-4 inhibitor.

In addition to typical diabetic complications, such as microvascular and macrovascular complications, increas-
ing attention has been paid to diabetes as a risk of HCC. Hyperglycemia, hyperinsulinemia, insulin resistance, and 

Figure 3. Anagliptin suppresses liver fibrosis in MC4R-KO mice. Hepatic mRNA expression of fibrosis-
related genes after 10 (a) and 20 (b) weeks of treatment with anagliptin. (c) Representative images of Sirius Red 
staining of the liver at 20 weeks. Scale bars, 200 µm. (d) Quantification of the collagen type I-positive area and 
the hydroxyproline content of the liver at 20 weeks. *p < 0.05, **p < 0.01; N.S. not significant. WT/SD treated 
with vehicle (n = 6 at 20 weeks), KO/WD treated with anagliptin or vehicle (n = 12 and 15 at 10 and 20 weeks, 
respectively).
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chronic inflammation have been proposed as underlying causes31. Indeed, a number of basic and clinical studies 
have sought to determine the effect of anti-diabetic agents on the development of HCC under diabetic condi-
tions. For instance, we previously reported that the SGLT2 inhibitor, canagliflozin, suppresses the development 
of hepatic steatosis, NASH, and HCC, along with glucose intolerance3. In this study, we garnered evidence that 
anagliptin can prevent carcinogenesis in our NASH model in a glucose metabolism–independent manner. DPP-4 
inhibitors may prevent carcinogenesis by suppressing liver fibrosis in NASH, since liver fibrosis is the strongest 
determinant of HCC32–34. Certain types of DPP-4 inhibitors are also known to show anti-tumor effects in a xen-
ograft model via immune cells35,36. As for clinical relevance, DPP-4 expression in tumor specimens is associated 
with increased serum DPP-4 activity, more advanced clinical stages, and poor prognosis in HCC patients35.

In conclusion, we have demonstrated that anagliptin prevents fibrogenesis and carcinogenesis in the liver of 
MC4R-KO mice fed WD, but only marginally affecting body weight, systemic glucose and lipid metabolism, and 
hepatic steatosis. Our data suggest that macrophage activation in hCLS is attenuated by anagliptin treatment 
during progression from simple steatosis to NASH. This study highlights the glucose metabolism–independent 
effects of anagliptin on NASH and HCC development.

Materials and Methods
Materials. Anagliptin was provided by Sanwa Kagaku Kenkyusho Co., Ltd. (Nagoya, Japan). All reagents were 
purchased from Sigma (St. Louis, MO) or Nacalai Tesque (Kyoto, Japan) unless otherwise noted.

Animals. MC4R-KO mice on the C57BL/6 J background were kindly provided by Dr. Joel K. Elmquist 
(University of Texas Southwestern Medical Center)37, and age-matched C57BL/6 J wildtype mice were purchased 
from CLEA Japan (Tokyo, Japan). The animals were housed in a temperature-, humidity- and light-controlled 
animal room (12-h light and 12-h dark cycle), and allowed free access to water and SD (CE-2; CLEA Japan). In the 
first experiment, eight week-old male MC4R-KO mice were fed WD (D12079B; 468 kcal/100 g, 41% energy as fat, 
34.0% sucrose, 0.21% cholesterol; Research Diets, New Brunswick, NJ) or 0.3% anagliptin -mixed WD for up to 
20 weeks to evaluate the effect of anagliptin on the development of NASH. The dose of anagliptin was determined 
based on a previous report showing that anagliptin treatment for 10 weeks improved glucose metabolism in 
diet-induced obese mice38. Eight-week-old control male wildtype mice were fed SD throughout the experimental 
period. In the second experiment, to evaluate the effect of anagliptin on the development of liver tumors, eight 
week-old male MC4R-KO mice were fed WD with or without anagliptin for 47 weeks. At the end of each exper-
iment, the mice were sacrificed, when fed ad libitum, under intraperitoneal pentobarbital anesthesia (30 mg/kg).

Blood analysis. Concentrations of blood glucose and serum insulin were measured by a blood glucose test 
meter (Glutest Mint; Sanwa Kagaku Kenkyusho) and Mouse Insulin ELISA Kit (Morinaga Institute of Biological 
Science, Inc., Kanagawa, Japan), respectively. HbA1c levels were measured by Quo-Lab meter (NIPRO, Osaka, 
Japan). Plasma DPP-4 activity and active GLP-1 levels were determined as described previously39.

Figure 4. Anagliptin does not affect hepatocyte death in MC4R-KO mice. (a) TUNEL staining of the liver after 
10-week treatment with anagliptin. Insets indicate representative images of TUNEL-positive cells. Scale bars, 
100 µm. (b) Caspase-3/7 activity of the liver at 10 weeks. *p < 0.05, **p < 0.01; N.S. not significant (n = 6 WT/
SD, n = 12 KO/WD).

Figure 5. Anagliptin does not affect adipose tissue inflammation in MC4R-KO mice. Adipose tissue mRNA 
expression of inflammation-related genes after 10-week treatment with anagliptin. **p < 0.01; N.S. not 
significant (n = 6 WT/SD, n = 12 KO/WD).
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Histological analysis. Liver samples were fixed with neutral-buffered formalin, embedded in paraffin, and 
cut into 4 μm thick sections that were stained with Hematoxylin and eosin and Sirius red10. F4/80-positive mac-
rophages and type I collagen were detected immunohistochemically using an anti-F4/80 antibody (MCA497GA, 
Bio-Rad Laboratories Inc., Hercules, CA) and an anti-type I collagen antibody (1310-01, SouthernBiotech, 
Birmingham, AL), respectively. Apoptotic cells were detected by TUNEL assay using an Apop-Tag Plus 
Peroxidase In Situ Apoptosis Detection Kit (Millipore, Billerica, MA). Positive areas for Sirius red or type I colla-
gen was measured using the analysis application of BZ-X710 (KEYENCE, Osaka, Japan). TUNEL-positive cells 
and hCLS were counted in the whole area of each section and expressed as the mean number/mm2. According 
to the NASH clinical research network scoring system40, each score for steatosis, inflammation, and hepatocyte 
ballooning was evaluated. Fibrosis was staged from zero to three using Sirius red-stained sections. For assessment 
of tumor development, we measured the number and the size of lumps in the liver; the lumps less than 1 mm as 
foci and the lumps lager than 1 mm as tumors. All histological evaluations were conducted by two or three inves-
tigators with appropriate expertise who had no knowledge of the origin of the slides.

Caspase-3/7 activity assay. Hepatic caspase-3/7 was measured using Caspase-Glo 3/7 assay (Promega, 
Madison, WI) as described previously41.

Figure 6. GLP-1 analogue suppresses macrophage inflammatory phenotypes in vitro. (a) mRNA expression 
levels of GLP-1 receptor and inflammation- and fibrosis-related genes in hepatic macrophages using microarray 
database (accession GSE104901). **p < 0.01 (n = 5). (b) mRNA expression levels of GLP-1 receptor in 
lipopolysaccharide (LPS)-stimulated macrophages. RAW264 cells or peritoneal macrophages were stimulated 
with LPS (10 ng/ml) for 6 h. (n = 4–6). (c) mRNA expression levels of inflammation- and fibrosis-related genes 
in LPS-stimulated cultured macrophages. RAW264 cells were pretreated with Exendin-4 (Ex-4, 4 ng/ml), a 
GLP-1 analogue, for 24 h, and then treated with LPS (10 ng/ml) for additional 6 h. *p < 0.05, **p < 0.01 (n = 6). 
(d) mRNA expression levels of inflammation- and fibrosis-related genes in palmitate-stimulated cultured 
macrophages. RAW264 cells were pretreated with Ex-4 (4 ng/ml) for 24 h, and then treated with palmitate 
(200 µM) for additional 24 h. *p < 0.05, **p < 0.01 (n = 4). (e) mRNA expression levels of inflammation- and 
fibrosis-related genes in dead cell-stimulated cultured macrophages. RAW264 cells were pretreated with Ex-4 
(4 ng/ml) for 24 h, and then treated with dead hepatocytes (1 × 105 cells/well in 24 well plate) for additional 8 h. 
*p < 0.05, **p < 0.01 (n = 4).
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Quantitative real-time PCR. Total RNA was extracted from the liver and cultured cells using Sepasol 
reagent (Nacalai Tesque). Quantitative real-time PCR was performed with StepOnePlus Real-time PCR System 
using Fast SYBR Green Master Mix Reagent (Thermo Fisher Scientific, San Jose, CA) as described previously15. 
The primers used in this study are listed in Supplementary Table S1. Levels of mRNA were normalized to those of 
36B4 or β-actin mRNA. mRNA levels in hepatic macrophages were determined by microarray database (acces-
sion GSE104901)11.

Hepatic lipid and hydroxyproline levels. Total lipids in the liver were extracted with ice-cold 2:1 (vol/
vol) chloroform/methanol. Hepatic triglyceride and cholesterol concentrations were determined using triglycer-
ide E-test Wako and cholesterol E-test WAKO (FUJIFILM Wako Pure Chemical Co., Osaka, Japan), respectively. 
Hepatic hydroxyproline concentrations were determined as follows: the liver was lysed in 2 N NaOH for 15 min 
at 65 °C and lysate was autoclaved for 20 min. After addition of 6 N HCl, the lysate was autoclaved again and 
charcoal in 4 N KOH was added. After addition of acetate-citrate buffer (pH 6.5) and centrifugation (15,000 × g) 
for 10 min, the supernatant was mixed with 0.1 M chloramine-T. After 25 min, Ehrlich’s reagent was added to the 
mixture and heated at 65 °C for 20 min, then centrifuged (15,000 × g) at 4 °C for 3 min. The hydroxyproline con-
centrations were evaluated by measuring the absorbance of the supernatant at 550 nm.

Computed tomographic imaging. According to the manufacturer’s instruction, mice were scanned using 
a computed tomography scanner, LaTheta LCT-200 (Hitachi-Aloka, Tokyo, Japan).

Figure 7. Anagliptin attenuates liver carcinogenesis in MC4R-KO mice. (a) Experimental protocol for 
examination of the preventive effect of anagliptin on the development of liver tumors in MC4R-KO mice. (b) 
Representative images of gross appearance and computed tomography of the liver. Yellow arrows indicate liver 
tumors and yellow arrowheads indicate preneoplastic foci. (c) Representative images of hematoxylin and eosin 
staining of the liver at 47 weeks. Scale bars, 100 µm. (d) Number of foci and tumors and the size of tumors in the 
liver. *p < 0.05 (Vehicle, n = 11; Anagliptin, n = 12). (e) mRNA expression levels of tumor-related genes in non-
tumor (NT) and tumor (T) lesions in the liver. *p < 0.05, **p < 0.01 (n = 4).
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Cell culture. RAW264 macrophages (RIKEN BioResource Center, Tsukuba, Japan) were maintained as 
described previously42. After pretreatment with or without Exendin-4 for 16 h, RAW264 cells were stimulated 
with lipopolysaccharide or dead hepatocytes for additional 6 or 8 h, respectively. Primary hepatocytes were 
induced to cell death by the freeze/thaw treatment.

Statistical analysis. Data are presented as the mean ± SE. p values < 0.05 were considered as statistically 
significant. Statistical analysis was performed using analysis of variance followed by Tukey’s post hoc test for 
comparison between groups. Differences between two groups were compared using unpaired Student t-test.

Study approval. All animal experiments were conducted in accordance with the guidelines for the care 
and use of laboratory animals of Nagoya University. The protocols were approved by the Animal Care and Use 
Committee, Research Institute of Environmental Medicine, Nagoya University (approval number 18253).
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