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Maid gene dysfunction promotes 
hyperobesity via the reduction 
of adipose tissue inflammation 
in Mc4r gene‑deficient mice
Kyutaro Koyama 1, Akira Sakamaki 1*, Shinichi Morita 1, Itsuo Nagayama 1, Marina Kudo 1, 
Yuto Tanaka 1, Naruhiro Kimura 1, Yoshihisa Arao 1, Hiroyuki Abe 1, Kenya Kamimura 2 & 
Shuji Terai 1*

The onset and progression mechanisms of metabolic dysfunction‑associated steatotic liver disease 
(MASLD) and metabolic dysfunction‑associated steatohepatitis (MASH) are being studied. We 
developed and analyzed a new mouse model of obesity by combining maternal Id‑like molecule (Maid) 
and melanocortin‑4 receptor (Mc4r) gene deletions. Four mice, each at 12 and 28 weeks of age, were 
analyzed for each genotype: Maid gene knockout, Mc4r gene knockout, combined Mc4r and Maid 
gene knockout, and Mc4r gene knockout with a high‑fat diet. Mice with a combined deficiency of Mc4r 
and Maid gene showed significantly more severe obesity compared to all other genotypes, but no liver 
fibrosis or a decline in metabolic status were observed. In visceral white adipose tissue, Maid and Mc4r 
gene knockout mice had fewer CD11c‑positive cells and lower mRNA expression of both inflammatory 
and anti‑inflammatory cytokines. Furthermore, Maid and Mc4r gene knockout mice showed lower 
expression of adipocytokines in visceral white adipose tissue and uncoupling protein‑1 in scapular 
brown adipose tissue. The expression of adipocytokines and uncoupling protein‑1 is regulated by 
sympathetic nerve signaling that contribute severe obesity in Maid and Mc4r gene knockout mice. 
These mechanisms contribute hyperobesity in Maid and Mc4r gene knockout mice.

As a result of significant advances in medication for viral hepatitis,  cirrhosis1 and hepatocellular  carcinoma2 
caused by viral hepatitis have decreased. However, there is an increasing the number of patients with nonalco-
holic fatty liver disease (NAFLD) and nonalcoholic steatohepatitis (NASH)3,4. Although the development rate of 
liver fibrosis and cirrhosis from NAFLD is lower than that of viral hepatitis, the actual number of patients with 
cirrhosis caused by NAFLD is high due to its  prevalence4. Several mechanisms have been reported underlying 
the onset and progression of NAFLD and NASH, and the mechanisms are complexly interacted, and treatments 
targeting these mechanisms are being  investigated5. Now the disease concepts of metabolic dysfunction-associ-
ated steatotic liver disease (MASLD) and metabolic dysfunction-associated steatohepatitis (MASH) have been 
proposed and are now being used instead of NAFLD and  NASH6.

Several mouse models of MASH have been reported, including melanocortin-4 receptor (Mc4r) gene defi-
ciency. The Mc4r gene is expressed primarily in the hypothalamus, and knockout mice have been shown to 
develop cirrhosis after 20 weeks of a high-fat diet and hepatocellular carcinoma by the age of a year; thus, gene 
knockout (Mc4r-KO) mice are used as a mouse model of  MASH7. The Mc4r gene contributes to obesity through 
various mechanisms; it is primarily involved in appetite regulation, therefore Mc4r-KO mice consume more 
food while using less  energy8.

In this study, we investigated the function of maternal Id-like molecule (Maid) gene, a tumor suppressor gene 
that was originally discovered as a nuclear-localized protein in mouse maternal  transcripts9. It interacts with a 
number of proteins, including cyclin D1 and sirtuin 6, regulates p53 and checkpoint kinase 2 via phosphorylation 
of ataxia telangiectasia mutated, and plays a role in the regulation of tumorigenesis and  inflammation10. The role 
suggested that Maid gene dysfunction could contribute to the onset and progression of MASH.
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Therefore, we generated both Maid and Mc4r gene dysfunction mice and compared them with Mc4r-KO 
mice with high-fat diet, a traditional model of MASH, to evaluate the impact of the Maid gene on the mechanism 
underlying the development and progression of MAFLD and MASH.

RESULTS
Dysfunction of the Maid gene induced hyperobesity in Mc4r gene‑deficient mice
Mice with a Maid gene single knockout did not show obesity at the same level as wild-type, however, mice with 
a combined Maid and Mc4r gene deletion showed obesity even without a high-fat diet (p < 0.01, Fig. 1A, B). In 
addition, there were no significant differences in dietary intake between Mc4r-KO, Maid-KO; Mc4r-KO, and 
Mc4r-HFD mice (Fig. 1C).

According to these findings, Maid-KO; Mc4r-KO mice were found to be hyperobese even when not overfed 
or given a high-fat diet.

Fig. 1.  Dysfunction of Maid gene induced hyperobesity in Mc4r gene deficient mice. Macroscopic findings 
of Maid-KO, Mc4r-KO, Maid-KO; Mc4r-KO, and Mc4r-HFD female mice at 28 weeks of age (A). Changes in 
body weight over 6–28 weeks of every week in Maid-KO, Mc4r-KO, Maid-KO; Mc4r-KO, and Mc4r-HFD mice 
and compared by two-way repeated-measures ANOVA with the Tukey–Kramer method [N = 4, (B)]. The mean 
body weight at 28 weeks of age was 22.6 ± 2.3 g in Maid-KO, 36.8 ± 7.9 g in Mc4r-KO, 55.6 ± 3.2 g in Maid-KO; 
Mc4r-KO mice and 40.7 ± 4.4 g in Mc4r-HFD. Dietary intake compared by one-way ANOVA [3.3 ± 0.1 g/day in 
Maid-KO, 4.2 ± 0.2 g/day in Mc4r-KO, and 3.9 ± 0.5 g/day in Maid-KO; Mc4r -KO, and 4.8 ± 0.7 g/day in Mc4r-
HFD, respectively, N = 4, (C)]. Mc4r melanocortin 4 receptor, Mc4r-KO Mc4r gene knockout, Maid-KO maid 
gene knockout, Mc4r-HFD Mc4r-KO mice with high-fat diet, Ma maid-KO, Mc Mc4r-KO, Do maid and Mc4r 
gene double knockout, McH Mc4r-KO mice with high-fat diet. *p < 0.05; **p < 0.01.
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Dysfunction of Maid did not worsen metabolic status or induce liver fibrosis in Mc4r gene‑defi‑
cient mice
Next, to assess MASLD and related metabolic abnormalities caused by hyperobesity, 28 week-old mice were 
subjected to liver weight/body weight ratio and liver histological evaluation comparing Maid-KO, Mc4r-KO, 
Maid-KO; Mc4r-KO, and Mc4r-HFD mice.

Though no significant differences of liver weight/body weight ratio were found in these four groups in female 
mice (Fig. 2A). Whereas, Maid-KO; Mc4r-KO and Mc4r-HFD mice had significantly higher liver fat deposition 
than Mc4r-KO mice (p < 0.01, Fig. 2B, C). Furthermore, Mc4r-HFD mice had significantly higher liver fibrosis 
area than Mc4r-KO and Maid-KO; Mc4r-KO mice (p < 0.01, Fig. 2B, D).

Fig. 2.  Dysfunction of the Maid gene did not worsen the metabolic status or induce liver cirrhosis in Mc4r 
gene-deficient mice. Statistical analysis of the liver weight/body weight ratio at the age of 28 weeks in Maid-KO, 
Mc4r-KO, Maid-KO; Mc4r-KO and Mc4r-HFD male mice by one-way ANOVA [4.4 ± 0.3% in Maid-KO, 
4.2 ± 0.5% in Mc4r-KO, 5.6 ± 1.0% in Maid-KO; Mc4r-KO, and 5.7 ± 1.2% in MC4R-HFD, respectively, N = 4, 
(A)]. Histological findings of the liver by H&E and Sirius red staining of Maid-KO, Mc4r-KO, Maid-KO; 
Mc4r-KO, and Mc4r-HFD mice at 28 weeks of age (B). Statistical analysis of the area of fat deposition 
[11.0% ± 1.7% in Maid-KO, 14.5% ± 1.9% in Mc4r-KO, 20.7% ± 4.5% in Maid-KO; Mc4r-KO, and 23.4% ± 2.5% 
in Mc4r-HFD, respectively, (C)] and fibrosis [0.02% ± 0.02% in Maid-KO, 0.04% ± 0.03% in Mc4r-KO, 
0.04% ± 0.03% in Maid-KO; Mc4r-KO, and 0.15% ± 0.08% in Mc4r-HFD, respectively, (D)] in the liver by 
one-way ANOVA. Blood biochemical analysis of serum aspartate transaminase, alkaline phosphatase, total 
cholesterol, triglyceride, glucose, insulin levels, and HOMA-IR by one-way ANOVA at the age of 12 weeks (E). 
Maid-KO maid gene knockout, Mc4r-KO melanocortin 4 receptor gene knockout, Mc4r-HFD Mc4r-KO mice 
with high-fat diet, H & E, hematoxylin and eosin, ANOVA analysis of variance, AST aspartate transaminase, 
ALP alkaline phosphatase, TC total cholesterol, TG triglyceride, Glu glucose, HOMA-IR homeostasis model 
assessment-estimated insulin resistance, Mc Mc4r-KO, Do maid and Mc4r gene double knockout, McH 
Mc4r-KO mice with high-fat diet. *p < 0.05; **p < 0.01.
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In male mice, there were no significant differences between Maid-KO; Mc4r-KO and Mc4r-HFD mice were 
found in the change of body weight (Supplemental Fig. 1A) and liver weight/body weight ratio (Supplemental 
Fig. 1B). Conversely, Mc4r-HFD mice had significantly higher liver fat deposition than Maid-KO; Mc4r-KO and 
Mc4r-KO mice in males (p < 0.01Supplemental Fig. 1C, D). Furthermore, Mc4r-HFD male mice had significantly 
higher liver fibrosis area than other three groups (p < 0.01, Supplemental Fig. 1C, D). These results indicated that 
female mice are more suitable to assess hyperobesity than male mice because of the significantly higher body 
weight in Maid-KO; Mc4r-KO than in Mc4r-HFD.

Next, blood biochemical analyses in 12- and 28 week-old mice were performed. It was shown in blood bio-
chemical analysis that Mc4r-HFD mice exhibited hyperlipidemia and hyperinsulinemia compared with Mc4r-
KO and Maid-KO; Mc4r-KO in 12 week-old mice (p < 0.01, Fig. 2E). Furthermore, the value of homeostasis 
model assessment-estimated insulin resistance (HOMA-IR), a index of insulin resistance, were also significantly 
increased in Mc4r-HFD mice than other three groups (p < 0.01, Fig. 2E). Otherwise, in 28 week-old mice, Mc4r-
HFD showed only hyperlipidemia compared to Mc4r-KO, but there were no significant differences in serum 
insulin levels and HOMA-IR between four groups (p < 0.01, Supplemental Fig. 2).

These results revealed that Maid-KO; Mc4r-KO mice exhibited hyperobesity without liver fibrosis or metabolic 
abnormalities in contrast to Mc4r-HFD mice.

Maid gene dysfunction reduced the infiltration of macrophages in white adipose tissue
To assess fat accumulation in each adipocyte, the diameter of adipocytes in the visceral white adipose tissue 
(WAT) of 12 week-old mice was measured. Maid-KO; Mc4r-KO and Mc4r-HFD mice had a significantly larger 
size of adipocytes than Mc4r-KO mice (p < 0.01, Fig. 3A, B). Maid gene dysfunction increased the size of adipo-
cytes as well as their capacity for fat accumulation in each adipocyte, which is similar to high-fat diet.

To investigate tissue inflammation in visceral WAT, cluster of differentiation (CD) 206 and CD11c staining 
with immunofluorescence was performed. There were no significant differences in the number of CD206-positive 
cells in the four groups (Fig. 3A, C), while CD11c-positive cells in Maid-KO; Mc4r-KO were significantly fewer 
than in Mc4r-KO and Mc4r-HFD mice (p < 0.01, Fig. 3A, D).

In addition, the expression levels of both inflammatory cytokines (interleukin (IL) -6 and tumor necrosis 
factor (TNF)-α) and anti-inflammatory cytokines (IL-10 and transforming growth factor (TGF)-β) in Maid-KO; 
Mc4r-KO were lower than those in Mc4r-KO and Mc4r-HFD (p < 0.01 in IL-10, p < 0.05 in TNF-α, Fig. 3E) by 
quantitative PCR.

These findings demonstrated that reducing CD11c-positive cells in Maid-KO; Mc4r-KO mice suppressed 
adipose tissue inflammation, which contributed to the preservation of large adipocytes while also preventing 
inflammation from spreading to the liver and promoting liver fibrosis.

Maid gene dysfunction increased fat deposition by adipocytes via sympathetic nerve signaling
Quantitative PCR was used to investigate the cause of increased fat accumulation in adipose tissue, specifically 
adipocytokines and sympathetic nerve signaling in WAT. Expression levels of adiponectin and resistin in WAT 
were significantly higher in Maid-KO mice than in other three groups, while expression levels of leptin were 
significantly higher in Mc4r-HFD mice than in other three groups (p < 0.05 in adiponectin and resistin, p < 0.01 in 
leptin, Fig. 3E). This indicated hyperleptinemia and leptin resistance in Mc4r-HFD. Furthermore, the expression 
of β-3 adrenergic receptor was lower in Maid-KO; Mc4r-KO and Mc4r-HFD mice compared to Mc4r-KO mice 
without significant difference (Fig. 3E). Therefore, to assess the influence of sympathetic nerve signaling for the 
fat overaccumulation in visceral fat more exactly, uncoupling protein-1 (UCP1) expression and fat deposition 
in brown adipose tissue (BAT) were measured. Maid-KO; Mc4r-KO and Mc4r-HFD mice showed significantly 
higher fat deposition in BAT than in Mc4r-KO mice (p < 0.01, Fig. 4A, B). In addition, UCP1 expression in Mc4r-
KO mice was significantly higher compared to Maid-KO; Mc4r-KO and Mc4r-HFD mice (p < 0.01, Fig. 4A, C).

These results indicated BAT in Maid-KO; Mc4r-KO mice had higher fat deposition and lower expression of 
UCP1 than those in MC4R-KO mice via sympathetic nerve signaling and β-3 adrenergic receptor.

Discussion
Following hypertrophy of the adipocytes, inflammation, and macrophage infiltration into adipose tissue resulted 
in the production of several  chemokines11. Anti-inflammatory M2 macrophages are present in healthy adipose 
tissue and contribute to maintaining the tissue’s  homeostasis12, whereas in adipose tissue with excessive fat 
accumulation, inflammatory M1 macrophages increase and macrophages become M1-dominant13.

Chronic inflammation in adipose tissue caused by M1 macrophages impairs adipose tissue function and 
disrupts the production of adipocytokines, therefore inflammatory cytokines like TNF-α and IL-6 increase while 
anti-inflammatory cytokines like adiponectin decrease. This dysregulation of adipocytokines leads to insulin 
resistance throughout the body. Furthermore, the function of fat and energy accumulation also gets impaired, 
leading to ectopic fat accumulation in organs such as the  liver14. Furthermore, removing M2 macrophages 
reduced TGF-β expression, leading to healthy conditions in  adipocytes15,16. While CD11c is known as a marker 
of dendritic cells, it is also reported as a marker of M1  macrophages15,16. In the current study, the number of 
CD11c-positive cells in adipose tissue was reduced in Maid-KO; Mc4r-KO mice, and quantitative PCR revealed 
a decrease in inflammatory and anti-inflammatory cytokines, indicating that adipose tissue-induced inflamma-
tion was reduced.

Leptin is an adipocytokine secreted primarily by adipocytes it acts on the central nervous system via the 
bloodstream to suppress food appetite and increase energy expenditure by activating the sympathetic nervous 
system. Leptin production increases with fat accumulation in adipocytes, contributing to maintain long-term 
homeostasis of energy  metabolism17. Leptin is located upstream of melanocortin in the hypothalamus, so deleting 
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the Mc4r gene results in a leptin-insensitive state in some hypothalamic leptin signaling  pathways18. Further-
more, Mc4r is associated with the function of adipose tissue via the sympathetic nervous system, and Mc4r gene 
dysfunction contributes to fat overaccumulation in WAT and  BAT19. BAT is a specialized adipose tissue with the 
ability to produce heat. Brown adipocytes contain numerous mitochondria and UCP1, a heat-producing protein, 
is localized in the inner mitochondrial membrane. Heat production in BAT is regulated by the sympathetic nerv-
ous system, and heat is produced by the action of UCP1 when noradrenaline released from sympathetic nerve 
endings is received by brown adipocytes through β3 adrenergic  receptors20. In addition, β3 adrenergic recep-
tors are also expressed in WAT, and sympathetic stimulation promotes lipolysis in  adipocytes21. There had been 
lower levels of UCP1 expression, and more fat deposition in WAT and BAT in Maid-KO; Mc4r-KO mice than in 
Mc4r-KO mice. This suggests that inhibition of sympathetic signaling pathways was more severe in Maid-KO; 
Mc4r-KO mice than in Mc4r-KO mice, leading to hyperobesity.

Fig. 3.  Maid gene dysfunction reduced the infiltration of macrophages in white adipose tissue. Histological 
findings of WAT by H & E staining and immunofluorescence by CD206 and CD11c double labeling of 
Maid-KO, Mc4r-KO, Maid-KO; Mc4r-KO, and Mc4r-HFD mice at 12 weeks of age [N = 4, (A), green, CD206 
marking; red, CD11c marking; and blue, DAPI]. Statistical analysis by one-way ANOVA of the diameter 
of adipocytes [2890 ± 830 µm2 in Mc4r -KO, 4290 ± 430 µm2 in Mc4r -KO, 6140 ± 1730 µm2 in Maid-KO; 
Mc4r-KO, and 9600 ± 930 µm2 in Mc4r-HFD, respectively, (B)] and the cell number of CD206-positive 
[47.6 ± 11.9 cells/FOV in Maid-KO, 64.2 ± 12.2 cells/FOV in Mc4r-KO, 40.8 ± 20.9 cells/FOV in Maid-KO; 
Mc4r-KO, and 51.6 ± 25.8 cells/FOV in Mc4r-HFD, respectively, (C)] and CD11c-positive [0.0 ± 0.0 cells/
FOV in Maid-KO, 3.4 ± 1.7 cells/FOV in Mc4r-KO, 0.4 ± 0.9 cells/FOV in Maid-KO; Mc4r-KO, and 3.6 ± 0.9 
cells/FOV in Mc4r-HFD, respectively, (D)]. The quantitative PCR of mRNA extracted in WAT in Maid-KO, 
Mc4r-KO, Maid-KO; Mc4r-KO, and Mc4r-HFD mice at the age of 12 weeks (E). WAT  white adipose tissue, 
H & E hematoxylin and eosin, CD cluster of differentiation, DAPI 4ʹ,6-diamidino-2-phenylindole, Mc4r-KO 
melanocortin 4 receptor gene knockout, Maid-KO maid gene knockout, Mc4r-HFD Mc4r-KO mice with 
high-fat diet, ANOVA analysis of variance, FOV field of view, IL interleukin, TNF tumor necrosis factor, TGF 
transforming growth factor, ADRB3 adrenergic receptor β-3, ADIPOQ adiponectin, RETN resistin, LEP leptin, 
Ma maid-KO, Mc Mc4r-KO, Do maid and MC4R gene double knockout McH, Mc4r-KO mice with high-fat diet, 
GAPDH glyceraldehyde-3-phosphate dehydrogenase. *p < 0.05, **p < 0.01.
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Hyperinsulinemia and hyperleptinemia are frequently observed in human patients with steatohepatitis, and 
promote liver inflammation and fibrosis in animal MASH  models22,23. At 12 weeks, Mc4r-HFD mice have higher 
serum insulin levels and WAT leptin expression than Mc4r-KO and Maid-KO; Mc4r-KO mice, and liver fibrosis 
were observed in Mc4r-HFD mice by the result of the high insulin and leptin levels.

This study has a limitation. Although the Maid gene is expressed in multiple organs throughout the  body9, 
we were unable to determine which organ is required for Maid gene deletion using organ-specific conditional 
knockout mice.

In conclusion, Maid gene deficiency in Mc4r-KO mice causes a hyperobese phenotype through two mecha-
nisms: the inhibition of sympathetic signaling pathways and reduction of macrophages and adipocytokines in 
adipose tissue, but not steatohepatitis and fibrosis. Maid and MC4R gene-deficient mice may be useful as a new 
model of MASLD with hyperobesity and less systemic inflammation and metabolic problems for studying the 
mechanism of MASH progression when compared to the mouse model with high-fat diet.

Methods
Animals
Mc4r-KO mice with a C57BL/6J background that generated protocol was reported by Balthasar N, et al.24. Mc4r 
gene dysfunction is induced by the insertion of a loxP-flanked transcriptional blocking sequence between the 
transcription start site and the ATG of the Mc4r gene. The Mc4r-KO mice kindly provided by Dr. Takayoshi 
Suganami (Nagoya University) and Dr. Yoshihiro Ogawa (Kyushu University) and Maid gene knockout (Maid-
KO) mice with a C57BL/6J background that generated protocol was reported by Sonnenberg-Riethmacher E, 

Fig. 4.  Maid gene dysfunction increased the fat deposition of adipocytes via sympathetic nerve signaling. 
Histological findings of BAT by H&E staining and immunohistochemistry by UCP1 in Maid-KO, Mc4r-KO, 
Maid-KO; Mc4r-KO, and Mc4r-HFD mice at 12 weeks of age [N = 4, (A)]. Statistical analysis of fat deposition 
area [31.4% ± 1.5% in Maid-KO, 34.1% ± 2.6% in Mc4r-KO, 58.1% ± 10.4% in Maid-KO; Mc4r-KO, and 
58.6% ± 1.2% in Mc4r-HFD, respectively, p < 0.01, (B)] and UCP1 positive area [62.4% ± 6.4% in Maid-KO, 
56.3% ± 2.9% in Mc4r-KO, 43.6 ± 0.8% in Maid-KO; Mc4r-KO, and 39.2% ± 1.2% in Mc4r-HFD, respectively, 
(C)] in BAT by one-way ANOVA. BAT brown adipose tissue, UCP1 uncoupling protein-1, Mc4r-KO 
melanocortin 4 receptor gene knockout, Maid-KO maid gene knockout, Mc4r-HFD Mc4r-KO mice with high-
fat diet, ANOVA analysis of variance, Ma Maid-KO, Mc MC4R-KO, Do maid and Mc4r gene double knockout, 
McH Mc4r-KO mice with high-fat diet. *p < 0.05; **p < 0.01.
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et al.10. Maid gene dysfunction is induced by the deletion of exon 4. The Maid-KO mice kindly provided by 
Yamaguchi University were used.

Maid-KO; Mc4r-KO mice were created by crossing Maid-KO and Mc4r-KO mice in our facility and cross-
bred each three genotypes: Mc4r-KO, Maid-KO, and Maid-KO; Mc4r-KO mice. Four randomly selected mice 
were housed in individual cages with controlled environmental settings (temperature of 20–23 °C, humidity of 
45%–55%, 12-h dark/light cycles). The mice had unrestricted access to food and water in areas that were desig-
nated as pathogen-free. All animal experiments were done following the guidelines reviewed by the Institutional 
Animal Care and Use Committee of Niigata University. This study was approved by the President of Niigata Uni-
versity (approval number: SA01130). The study was carried out in compliance with the ARRIVE guidelines 2.0.

Development of animal models
Eight female mice were examined for each genotype: wild-type, Maid-KO, Mc4r-KO, and Maid-KO; Mc4r-KO. 
All mice were fed CE-2 (CLEA Japan, Inc., Tokyo, Japan), the standard diet for mice. Additionally, another eight 
Mc4r-KO female mice were fed a high-fat diet (Western Diet D12079BM, Research Diets, Inc., New Brunswick, 
NJ, USA) from the age of 8 to 28 weeks. The amount of dietary intake was calculated from the weight decrease 
in measurements of food boxes twice a week. Half of the mice (n = 4) were sacrificed at 12 weeks, and the other 
half were sacrificed at 28 weeks. The mice were sacrificed by cervical dislocation under isoflurane anesthesia 
2–4 h after fasting, and the blood sample was collected from the heart immediately. Liver tissues, WAT from the 
intraperitoneum, and BAT from the intrascapular region were removed, and some of the samples were stored 
in 10% formalin solution. The residual WAT was promptly frozen using liquid nitrogen and stored at − 80 °C.

Histological analysis
Liver and adipose tissue samples were fixed in 10% formalin before being paraffin-embedded. Hematoxy-
lin and eosin staining, Sirius red staining, immunohistochemistry, and immunofluorescence were then per-
formed. Immunohistochemistry was performed using UCP1 antibody (GTX112784; GeneTex, Inc., CA, USA) 
at 1:500 dilution along with Vectastain Elite ABC rabbit IgG kit (PK-6101; Vector Laboratories, CA, USA) 
and DAB chromogen tablets (Muto Pure Chemicals, Tokyo, Japan). The immunofluorescence process was per-
formed using CD206 antibody (ab64693, Abcam, Cambridge, United Kingdom) at 1:500 and CD11c antibody 
(ab33483, Abcam, Cambridge, United Kingdom) at 1:100 dilution, with Donkey anti-Rabbit IgG, Alexa  Fluor™ 
488 (A-21206; Invitrogen, CA, USA), goat anti-American Hamster, Alexa  Fluor™ 568 (A-78965; Invitrogen, CA, 
USA), and  VECTASHIELD® Antifade Mounting Medium with 4ʹ,6-diamidino-2-phenylindole (H-1200, Vector 
laboratories, CA, USA).

Images were taken randomly for each tissue section and quantitatively assessed using ImageJ software (ver-
sion 1.8.0_172; National Institutes of Health, Bethesda, MD, USA) with an RGB-based protocol, as reported 
 previously25. The diameter of adipocytes was measured the largest adipocyte in randomly taken images.

Blood chemistry and cholesterol concentrations
Serum levels of aspartate transaminase, alkaline phosphatase, total cholesterol, triglycerides, and glucose were 
measured by Oriental Yeast Co., Ltd. Nagahama LSL (Nagahama, Japan). Serum samples were employed in 
an insulin enzyme-linked immunosorbent assay kit (M1104; Morinaga Institute of Biological Science, Inc., 
Yokohama, Japan) following the manufacturer’s instructions. HOMA-IR was calculated as previously reported 
 method26.

Quantitative PCR in the WAT 
Total RNA was extracted from WAT using an RNeasy Lipid Tissue Mini kit (Qiagen, Hilden, Germany), which 
was then reverse-transcribed into cDNA using a  qScript™ cDNA SuperMix (Quantabio, Beverly, MA, USA). Gene 
expression was measured using quantitative PCR with a real-time PCR primer set for adipose tissue (PCRM2, 
Cosmo Bio Co., LTD, Tokyo, Japan), SYBR Green, and the StepOnePlus System (Thermo Fisher Scientific, 
Waltham, MA, USA). The real-time PCR was performed as follows: 95 °C for 10 min followed by 50 cycles of 
95 °C for 15 S and 60 °C for 1 min. Reactions were incubated at 95 °C for 15 S, 60 °C for 1 min, and 95 °C for 15 
S for final dissociation, at the completion of the cycling. The results were analyzed with the bundled software. 
Moreover, changes in gene expression were measured using the  2−ΔΔCt method, with gene expression normalized 
to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in each sample.

Statistical analysis
The data is presented as means ± standard deviation. The groups were compared using one-way analysis of vari-
ance (ANOVA) or two-way repeated-measures ANOVA with the Tukey–Kramer method. The threshold for 
statistical significance was set at P < 0.05. The calculations were performed using GraphPad Prism Version 6.0 
(GraphPad Software, Inc., Boston, MA, USA).

Data availability
The datasets analyzed during the current study available from the corresponding author on reasonable request.
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