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A B S T R A C T   

Background and aim: Dysregulation of angiotensin II type 1 receptor-associated protein (ATRAP) expression in 
cardiovascular, kidney, and adipose tissues is involved in the pathology of hypertension, cardiac hypertrophy, 
atherosclerosis, kidney injury, and metabolic disorders. Furthermore, ATRAP is highly expressed in bone 
marrow-derived immune cells; however, the functional role of immune cell ATRAP in obesity-related pathology 
remains unclear. Thus, we sought to identify the pathophysiological significance of immune cell ATRAP in the 
development of visceral obesity and obesity-related metabolic disorders using a mouse model of diet-induced 
obesity. 
Methods: Initially, we examined the effect of high-fat diet (HFD)-induced obesity on the expression of immune 
cell ATRAP in wild-type mice. Subsequently, we conducted bone marrow transplantation to generate two types of 
chimeric mice: bone marrow wild-type chimeric (BM-WT) and bone marrow ATRAP knockout chimeric (BM-KO) 
mice. These chimeric mice were provided an HFD to induce visceral obesity, and then the effects of immune cell 
ATRAP deficiency on physiological parameters and adipose tissue in the chimeric mice were investigated. 
Results: In wild-type mice, body weight increase by HFD was associated with increased expression of immune cell 
ATRAP. In the bone marrow transplantation experiments, BM-KO mice exhibited amelioration of HFD-induced 
weight gain and visceral fat expansion with small adipocytes compared BM-WT mice. In addition, BM-KO 
mice on the HFD showed significant improvements in white adipose tissue metabolism, inflammation, glucose 
tolerance, and insulin resistance, compared with BM-WT mice on the HFD. Detailed analysis of white adipose 
tissue revealed significant suppression of HFD-induced activation of transforming growth factor-beta signaling, a 
key contributor to visceral obesity, via amelioration of CD206+ macrophage accumulation in the adipose tissue 
of BM-KO mice. This finding suggests a relevant mechanism for the anti-obesity phenotype in BM-KO mice on the 
HFD. Finally, transcriptome analysis of monocytes indicated the possibility of genetic changes, such as the 
enhancement of interferon-γ response at the monocyte level, affecting macrophage differentiation in BM-KO 
mice. 

Abbreviations: ATRAP, angiotensin II type 1 receptor-associated protein; ATM, adipose tissue macrophages; BM-WT, bone marrow wild-type chimeric; BM-KO, 
bone marrow ATRAP knockout chimeric; BW, Body weight; CEBP-α, CCAAT/enhancer-binding protein-α; CTL, control diet; DEG, differentially expressed gene; 
eWAT, epididymal white adipose tissue; GLUT-4, glucose transporter type 4; GSEA, gene set enrichment analysis; GTT, glucose tolerance test; HFD, high-fat diet; IL, 
Interleukin; ITT, insulin tolerance test; MCP-1, monocyte chemoattractant protein-1; PCR, polymerase chain reaction; PGC1-α, proliferator-activated receptor gamma 
coactivator 1-α; TGF-β, transforming growth factor-β 1; TNF-α, tumor necrosis factor-α; UCP-1, uncoupling protein-1; WAT, white adipose tissue. 
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Conclusion: Collectively, our results indicate that ATRAP in bone marrow-derived immune cells plays a role in the 
pathogenesis of visceral obesity. The regulation of ATRAP expression in immune cells may be a key factor against 
visceral adipose obesity with metabolic disorders.   

1. Introduction 

The global prevalence of obesity has increased, almost threefold, 
between 1975 and 2016. By 2035, approximately 2 billion people, or 24 
% of the world’s population, are expected to be obese [1,2]. Addition-
ally, visceral obesity is a highly probable comorbidity for various dis-
eases, including cardiovascular disease, diabetes, chronic kidney 
disease, and cancer, and is associated with an increased risk of these 
diseases [3–6]. Addressing the increasing prevalence of obesity is an 
urgent public health issue. 

In the pathogenesis of obesity, the accumulation of excess energy is 
modulated by the augmentation of white adipose tissue (WAT) [7,8]. 
Continued energy overload increases the number of lipids stored by 
adipocytes, causing an enlargement of adipocytes and expansion of WAT 
[7,8]. Despite the involvement of various bone marrow-derived immune 
cells, including macrophages, in the remodeling process of WAT [9–11], 
numerous mechanisms underlying the relationship between the patho-
physiology of obesity and immune cells remain unexplored. Investi-
gating the effects of alterations in gene expression in immune cells on 
the pathogenesis of obesity may lead to the elucidation of its patho-
physiological basis and novel therapeutic strategies. 

Angiotensin II type 1 receptor-associated protein (ATRAP) was 
identified as a molecule interacting directly with the angiotensin II type 
1 receptor [12]. In a previous study, we showed that ATRAP is expressed 
in cardiovascular, kidney, and adipose tissues and that dysregulation of 
ATRAP expression in these tissues is involved in the pathology of hy-
pertension, cardiac hypertrophy, atherosclerosis, kidney injury, and 
metabolic disorders [13–16]. In our previous study using systemic 
ATRAP knockout (ATRAP-KO) mice, ATRAP deficiency exacerbated 
diabetic kidney injury through decreased number of M2 (CD206+) 
macrophages in the kidney [13]. In addition, deficiency of bone marrow 
ATRAP has been found to be associated with lipopolysaccharide- 
induced leukocyte inflammation [17]. ATRAP is abundantly expressed 
in bone marrow-derived immune cells such as granulocytes and mono-
cytes in mice and humans; in patients with chronic non-infectious dis-
eases, leukocyte ATRAP is associated with the inflammatory status of 
these patients [17]. The results of these studies suggest that immune cell 
ATRAP plays a role in macrophage polarization and influences systemic 
inflammatory status [13,17]. However, the functional role of immune 
cell ATRAP in obesity-related pathology is unclear. Thus, the present 
study was conducted to elucidate the pathophysiological importance of 
immune cell ATRAP in the development of visceral obesity using a 
mouse model of high-fat diet (HFD)-induced obesity. 

2. Materials and methods 

2.1. Animal experiments 

This study was performed following the National Institutes of Health 
guidelines for using experimental animals. It was reviewed and 
approved by the Animal Studies Committee of Yokohama City Univer-
sity. Male C57BL/6 wild-type (WT) mice were purchased from Charles 
River Laboratories (Wilmington, MA, USA). We used systemic ATRAP- 
KO mice in a C57BL/6 background, which had been generated using a 
targeted gene disruption strategy, as described previously [13,16–18]. 
The mice were housed in a controlled environment with a 12-h light/ 
dark cycle at 25 ◦C and were allowed free access to food and water. 

2.2. Generation of bone marrow chimeric mice and dietary high fat 
loading to induce visceral obesity 

First, 8-week-old male C57BL/6 WT mice were divided into control 
diet and HFD groups, fed for 3 weeks, and then sacrificed and analyzed. 
Next, recipient 8-week-old male WT mice were lethally irradiated with 
9.5 Gy. Bone marrow cells were harvested by flushing the femurs and 
tibias of donor WT and ATRAP-KO mice. Within 24 h after irradiation, 
the recipient mice were injected through the tail vein with 1 × 106 bone 
marrow cells suspended in 0.4 mL of RPMI 1640 (Nacalai Tesque, Kyoto, 
Japan) from WT or ATRAP-KO mouse donors. Polymerase chain reaction 
(PCR) was used to confirm the bone marrow genotype by examining the 
ATRAP gene expression in circulating immune cells. Six weeks after 
bone marrow transplantation, the mice were divided into control diet 
and HFD groups; they were fed either a control diet (3.6 kcal/g; 13.3 % 
energy as fat; Oriental Yeast Co, Ltd., Tokyo, Japan) or an HFD diet (5.6 
kcal/g; 60.0 % energy as fat) for 8 weeks, and their body weight (BW) 
and food intake were measured weekly. CD45.1 (Ly5.1) mice were the 
recipients for the macrophage flow cytometry experiments. Ly5.1 con-
genic mice were purchased from Sankyo Labo Service Corporation 
(Tokyo, Japan). Recipient Ly5.1 WT mice were lethally irradiated with 
9.5 Gy. Bone marrow cells were harvested by flushing the femurs and 
tibias of donor CD45.2 (Ly5.2) WT and Ly5.2 ATRAP-KO mice. Other 
procedures were repeated in the same manner. 

2.3. Glucose and insulin tolerance tests 

The glucose tolerance test (GTT) and insulin tolerance test (ITT) were 
conducted via intraperitoneal injection of standard doses of glucose or 
insulin, respectively [15,19]. Details are described in the supplemental 
materials. KITT, an index of insulin sensitivity, was calculated from the 
formula KITT = 0.693 / t1/2 based on the rate of glucose disappearance 
[20]. Plasma glucose t1/2 was calculated from the slope of plasma 
glucose concentration from 0 to 15 min after bolus injection of insulin. 
Homeostasis model assessment of insulin resistance (HOMA-IR) was 
calculated from the following equation, HOMA-IR = insulin (μu/ml) / 
22.5 e− ln glucose (mmol/L) [21]. 

2.4. Histological analyses 

Epididymal WAT (eWAT) was collected and fixed with 10 % para-
formaldehyde overnight and embedded in paraffin. Details are described 
in the supplemental materials. 

2.5. Real-time quantitative reverse transcription PCR analysis 

Total leukocyte RNA was extracted using the PAX gene Blood RNA 
Kit (QIAGEN, Hilden, Germany) for reverse transcription. Total eWAT 
RNA was extracted using ISOGEN (Nippon Gene, Tokyo, Japan), and 
total immune cell, monocyte, neutrophil, T cell, B cell, and adipose 
tissue macrophage [ATM] RNA was extracted using RNeasy micro kit 
(QIAGEN). Complementary DNA was synthesized using the SuperScript 
III First-Strand System (Invitrogen, Carlsbad, CA, USA), as described 
previously [22]. Real-time quantitative reverse transcription PCR anal-
ysis was performed using the ABI PRISM 7000 Sequence Detection 
System by incubating the reverse transcription products with the Taq-
Man PCR Master Mix and TaqMan probes (Applied Biosystems, Foster 
City, CA, USA). The TaqMan probes used for PCR are shown in the 
supplementary materials. mRNA levels were normalized to 18S rRNA 
level. 
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2.6. Western blotting 

Protein expression was analyzed using western blotting of tissue 
homogenates, as described previously [22]. Details are provided in the 
supplementary materials. Briefly, equal amounts of extracted protein 
extract were separated using 5 %–20 % sodium dodecyl sulfa-
te–polyacrylamide gel electrophoresis and transferred onto a poly-
vinylidene difluoride membrane using the iBlot Dry Blotting System 
(Invitrogen, Paisley, UK). The membranes were blocked with 1 % bovine 
serum albumin and probed with specific primary antibodies, and 
horseradish peroxidase-conjugated goat anti-rabbit IgG secondary an-
tibodies were added. The images were captured with auto-exposure, and 
automatically optimized using ChemiDoc Touch (Bio-Rad Laboratories). 

2.7. Measurement of blood hormones 

Whole blood samples were centrifuged at 3000 rpm (MR-150; Tomy 
Seiko Co., Ltd., Tokyo, Japan) at 4 ◦C for 10 min to separate the plasma. 
Plasma insulin concentration was measured using mouse insulin (Mor-
inaga Institute of Biological Science) ELISA kits. 

2.8. Cell isolation and flow cytometric analysis 

Excised eWAT was minced and homogenized using a 70-μm cell 
strainer (Corning Life Sciences, Corning, NY, USA). The cells were 
resuspended in RPMI 1640 solution containing 10 % fetal bovine serum 
and centrifuged at 300 ×g for 10 min to concentrate the fat-infiltrating 
immune cells and then treated with red blood cell lysate. Circulating 
immune cells were obtained by treating peripheral blood twice with 
erythrocyte lysate. The cells were incubated for 30 min at 4 ◦C for sur-
face marker staining with appropriately diluted antibodies. ATMs were 
fractionated using APC/Cy7-anti-CD11c and PE-anti-CD206 (Biolegend, 
San Diego, CA, USA) after separation with BV605-anti-CD11b and APC- 
anti-F4/80 (Biolegend), respectively. Neutrophils and monocytes were 
fractionated using APC/Cy7-anti-Ly6G and BV605-anti-CD115 (Bio-
legend), respectively, after separation with BV711-anti-CD11b (Bio-
legend). B and T lymphocytes were fractionated using PE/Cy7-anti- 
CD45R and FITC-anti-CD 3ε (Biolegend), respectively. Flow cytometry 
was performed using FACSAria II (BD Biosciences, Franklin Lakes, NJ, 
USA), and data were analyzed using FlowJo software (FlowJo, Ashland, 
OR, USA). 

2.9. RNA sequencing 

2.9.1. Library preparation and RNA sequencing 
Total RNA was prepared using the RNeasy Micro kit (QIAGEN). 

Complimentary DNA was synthesized and amplified using the SMART- 
Seq v4 Ultra Low Input RNA Kit for Sequencing (Clontech, Mountain 
View, CA, USA). RNA sequencing (RNA-seq) libraries were prepared 
using the Nextera XT kit (Illumina, San Diego, CA, USA). Single-end 
75bp sequencing was conducted on the NextSeq 500 platform 
(Illumina). 

2.9.2. Data analysis 
Following the GitHub RNA-seq pipeline riboduct (https://github. 

com/msfuji/riboduct), sequencing reads were aligned to a mouse 
reference genome (UCSCmm10) in STAR software (version 2.7.4a). 
FeatureCounts (v2.0.0) was used to quantify the transcripts of the 
aligned reads using the corresponding UCSCmm10 gene annotation 
model. The generated count data were input for differential gene anal-
ysis using EdgeR (EdgeR version 3.40.0 and R version 4.1.0). Quantile 
methods were used to normalize all TPM data. 

2.9.3. Gene set enrichment analysis 
Normalized RNA-seq data from monocyte populations served as 

expression datasets. Gene Set Enrichment Analysis (GSEA) was 

performed in fgsea (fgsea version 1.18.0 and R version 4.1.0) [23]. 

2.10. Statistical analysis 

Statistical analyses were performed using Prism software version 9 
(GraphPad Software, San Diego, CA, USA). All data are expressed as 
mean ± standard error. The differences were analyzed as follows. A two- 
way repeated-measures analysis of variance with Tukey’s post-hoc 
analysis was performed to determine differences over time between 
groups (Figs. 1A, 2B, D, 3A, B). A two-way factorial analysis of variance 
with Tukey’s post-hoc analysis was used to determine the differences in 
the same diet within each genotype or differences in the WT versus 
knockout mice (Figs. 2C, E, 4B–G, 5A–E, 6A, C, F, 7B–G, 8A–C). An 
unpaired t-test was used to determine the differences between groups 
(Fig. 1B–E, G, H). For all unpaired t-tests conducted in this study, 
normality was confirmed using Shapiro–Wilk and Kolmogorov–Smirnov 
tests. Statistical significance was set at p < 0.05. 

3. Results 

3.1. Leukocyte ATRAP gene expression was upregulated in HFD-induced 
obesity 

Initially, we examined whether the development of diet-induced 
obesity affected ATRAP expression in immune cells using leukocytes 
derived from male WT mice fed an HFD for 3 weeks. ATRAP mRNA 
expression was significantly increased in leukocytes, concomitant with 
BW gain, starting from the early phase of obesity (Fig. 1-A, B). A small 
increase in visceral fat weight and adipocyte size was also observed in 
HFD mice (Fig. 1-C, D, E). In addition, abundant macrophage infiltrates 
were already observed in HFD mice (Fig. 1-F, G). 

3.2. Deletion of bone marrow ATRAP ameliorated HFD-induced weight 
gain and visceral fat growth 

Next, bone marrow ATRAP knockout chimeric (BM-KO) mice and 
bone marrow WT chimeric (BM-WT) mice were generated to investigate 
the functional role of immune cell ATRAP in the development of visceral 
obesity. Six weeks after bone marrow transplantation, ATRAP expres-
sion was almost absent in the circulating immune cells of BM-KO mice 
(Fig. S1). In addition, ATRAP expression in circulating immune cells of 
BM-WT mice was the highest in monocytes (Fig. S1). BM-KO and BM-WT 
mice were fed either an HFD or control diet for 8 weeks (Fig. 2A). After 8 
weeks, there was no significant difference in BW between BM-WT mice 
fed a control diet (BM-WT/CTL), and BM-KO mice fed a control diet 
(BM-KO/CTL). The HFD groups showed significant BW gain compared 
with the control diet groups; however, the BW of BM-KO mice fed an 
HFD (BM-KO/HFD) significantly decreased compared with that of BM- 
WT mice fed an HFD (BM-WT/HFD) (Fig. 2B). Similarly, the eWAT 
weight of BM-KO/HFD mice was significantly lower than that of BM- 
WT/HFD mice (Fig. 2C). The two genotypes showed no significant dif-
ference in caloric intake (Fig. 2D, E). 

3.3. Deletion of bone marrow ATRAP ameliorated metabolic disorder 

The apparent improvement in visceral fat weight gain in BM-KO/ 
HFD mice prompted us to investigate whether diet-induced insulin 
resistance is improved in BM-KO/HFD mice. The non-fasting insulin 
levels were significantly increased by HFD in BM-WT mice, but not in 
BM-KO mice (Table S1). We performed GTT and ITT, reflecting glucose 
tolerance and insulin sensitivity, respectively. In GTT, glucose tolerance 
was significantly improved in BM-KO/HFD mice compared with BM- 
WT/HFD mice (Fig. 3A). In ITT, although the curves of the BM-WT/ 
HFD and BM-KO/HFD mice were statistically different, the difference 
in slope was small (Fig. 3B). However, the KITT, which evaluates insulin 
sensitivity based on the rate of glucose disappearance, showed 
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significant improvement in BM-KO/HFD mice compared with BM-WT/ 
HFD mice (Fig. 3C). Fasting insulin levels and HOMA-IR were also 
lower in BM-KO/HFD mice than those in BM-WT/HFD mice, indicating 
that insulin sensitivity was improved in BM-KO/HFD mice compared 
with BM-WT/HFD mice (Fig. 3D, E). 

3.4. Deletion of bone marrow ATRAP ameliorated HFD-induced 
adipocyte enlargement and upregulated metabolically favorable gene 
expression in WAT 

Adipose tissue physiology was assessed by analyzing adipocyte size 
and number. There was no difference in adipocyte size in eWAT between 

BM-WT/CTL and BM-KO/CTL mice (Fig. 4A, B, C). The size of adipo-
cytes in eWAT was significantly reduced in BM-KO/HFD mice compared 
with that in BM-WT/HFD mice (Fig. 4A, B, C). In contrast, the number of 
adipocytes increased in BM-KO/HFD mice (Fig. 4D). Gene expression 
analysis of eWAT showed that the level of glucose transporter type 4 
(GLUT-4), involved in glucose uptake, was significantly increased in BM- 
KO/HFD mice compared with that in BM-WT/HFD mice (Fig. 4E), and 
the expression of proliferator-activated receptor gamma coactivator 1-α 
(PGC1-α), involved in energy production, was not decreased by the HFD 
in BM-KO mice (Fig. 4F). The expression of uncoupling protein-1 (UCP- 
1), involved in heat production mainly in brown adipose tissue, was also 
significantly increased in BM-KO/HFD mice compared with that in BM- 
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Fig. 1. Effects of an HFD on body weight and the expression of leucocyte ATRAP in wild-type mice. 
(A) The change in body weight in wild-type mice fed a CTL or an HFD. (B) Relative mRNA expression of ATRAP in leucocytes. (C) WAT weight, (D) adipocyte area, 
and (E) diameter of WAT. (F) Representative images of WAT stained with anti-F4/80 antibody (bars = 50 μm) and (G) the number of F4/80-positive cells in WAT. 
Values are expressed as mean ± standard error (n = 4 to 6). *p < 0.05, **p < 0.01 vs. control diet group. CTL, control diet; HFD, high-fat diet. 
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WT/HFD mice (Fig. 4G). Furthermore, the protein expression of GLUT- 
4, PGC1-α, and UCP-1 was higher or tended to be higher in the adipose 
tissue of BM-KO/HFD mice than in the adipose tissue of BM-WT/HFD 
mice (Fig. 4H). In BM-KO/HFD mice, the expression of cell cycle- 
related-, adipose-derived stem cell related-, and adipogenesis related- 
genes, such as cyclin B1, Ly6a, and CCAAT/enhancer-binding protein- 
α (CEBP-α), increased significantly or trend to increase compared with 
that in BM-WT/HFD mice (Fig. S2). These changes in gene expression in 
adipose tissue may reflect the smaller size, greater number, and favor-
able metabolic status of adipocytes in BM-KO/HFD mice. 

3.5. Deletion of bone marrow ATRAP ameliorated HFD-induced 
activation of TGF-β signaling in WAT 

Transforming growth factor-beta 1 (TGF-β) and its downstream 
signaling (p-15, p-16, p-21) in eWAT were investigated to identify the 
underlying factors contributing to the differences in adipocyte hyper-
trophy, adipocyte number, and adipose tissue metabolism between BM- 
KO/HFD and BM-WT/HFD mice observed in the present study. TGF-β 
signaling was reportedly associated with adipocyte differentiation and 
obesity development, and inhibiting this pathway reduced the size of 

Fig. 2. Effect of bone marrow ATRAP deficiency on HFD-Induced obesity. 
(A) Experimental protocol (see Methods for details). (B) The change in body weight in BM-WT mice and BM-KO mice fed a CTL or an HFD. (C) The difference in WAT 
weight in BM-WT mice and BM-KO mice fed a CTL or an HFD. (D) Caloric intake per body weight (gram) during the experimental period. (E) Cumulative caloric 
intake per body weight (gram) during the experimental period. Values are expressed as mean ± standard error (n = 6 to 8). *p < 0.05, **p < 0.01, ***p < 0.001 vs. 
control diet group. #p < 0.05, ##p < 0.01 vs. BM-WT group. CTL, control diet; HFD, high-fat diet; BM-WT mice, bone marrow wild-type chimeric mice; BM-KO mice, 
bone marrow ATRAP-deficient chimeric mice. 
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adipocytes [10,24]. In the HFD group, TGF-β gene expression was 
significantly decreased in eWAT of BM-KO/HFD mice compared with 
that in BM-WT/HFD mice (Fig. 5A). Furthermore, the expression of TGF- 
β downstream genes (p-15, p-16, and p-21) and Interleukin (IL)-10 
significantly decreased or showed a decreasing trend in BM-KO/HFD 
mice (Fig. 5B, C, D, E). Histological findings also showed a decrease in 
the number of TGF-β-positive cells in eWAT of BM-KO/HFD mice 
compared with that in BM-WT/HFD mice (Fig. 5F). These findings 
suggest that the downregulation of these signaling pathways contributed 
to differences in adipocyte differentiation/proliferation and hypertro-
phy between BM-KO/HFD and BM-WT/HFD mice observed in the pre-
sent study. 

3.6. Amelioration of HFD-induced accumulation of adipose tissue 
CD206+ macrophages in BM-KO mice 

Next, to identify the mechanism responsible for the reduced TGF-β 
signaling and IL-10 expression in BM-KO/HFD mice, we analyzed the 
ATM population in eWAT. The expression of F4/80 mRNA in eWAT was 
significantly decreased in BM-KO/HFD mice compared with that in BM- 
WT/HFD mice (Fig. 6A). In addition, immunohistochemical analysis of 

F4/80 revealed a pronounced enhancement of macrophage infiltration 
in BM-WT/HFD mice, but not in BM-KO/HFD mice (Fig. 6B, C). Flow 
cytometric analysis was performed to determine the frequency with 
which ATMs were replaced with those that were donor-derived. In this 
analysis, bone marrow was extracted from Ly5.2 WT or ATRAP-KO mice 
and was transplanted to Ly5.1 WT mice as recipients (Fig. S3). After 8 
weeks of HFD feeding, approximately 95 % of ATMs (F4/80+/CD11b+) 
were replaced by donor-derived macrophages (CD45.2+) (Figs. 6D, S4). 
Flow cytometry also revealed that the HFD failed to increase ATM count 
in BM-KO mice (Fig. 6E, F). We further fractionated these ATMs by 
CD11c and CD206 (Fig. 7A, B, C). The fluorescence intensity of CD206 in 
ATMs and the number of CD206+ ATMs (CD11c+/CD206+ and CD11c− / 
CD206+) in eWAT were significantly reduced in BM-KO/HFD mice 
compared with those in BM-WT/HFD mice (Fig. 7C, D, E). The increase 
in the number of CD11c+ ATMs by the HFD was inhibited in BM-KO 
mice (Fig. 7B, F); however, the number of double-negative ATMs 
(CD11c− /CD206− ) did not differ between genotypes (Fig. 7G). We 
evaluated whether the shift in macrophage polarity in BM-KO/HFD mice 
is involved in the exacerbation of adipose tissue inflammation. The in-
crease in mRNA expression of inflammation-related genes (monocyte 
chemoattractant protein-1 [MCP-1], tumor necrosis factor-α [TNF-α], 

Fig. 3. GTT and ITT in BM-WT and BM-KO mice. 
(A) GTT and (B) ITT in the BM-WT and BM-KO mice after 8 weeks of CTL or HFD feeding. (C) KITT, (D) fasting plasma insulin, and (E) HOMA-IR in the BM-WT and 
BM-KO mice fed an HFD. Values are expressed as mean ± standard error (n = 6 to 8). *p < 0.05, ***p < 0.001 vs. control diet group; #p < 0.05, ##p < 0.01 vs. BM- 
WT group. CTL, control diet; HFD, high-fat diet; BM-WT mice, bone marrow wild-type chimeric mice; BM-KO mice, bone marrow ATRAP-deficient chimeric mice. 
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and IL-6) by the HFD was suppressed in eWAT of BM-KO/HFD mice 
(Fig. 8A, B, C). 

3.7. Monocytes from BM-KO mice exhibited genetic modifications 
preventing polarization to adipose tissue CD206+ macrophages 

We performed RNA sequencing of monocytes to investigate the 
mechanism of reduced CD206+ ATMs in eWAT of BM-KO/HFD mice. 
Differentially expressed genes (DEGs) were identified using filtering 
characteristics, with fold change >2 (p < 0.05). A total of 407 genes in 
the control diet group and 323 genes in the HFD group were identified as 
differentially expressed between BM-WT and BM-KO mice. Heat maps 
and principal component analysis plots for each group are shown in 
Fig. 9A and B. The top 20 up/downregulated DEGs between BM-WT and 
BM-KO mice are listed in the supplementary material (Fig. S5). Among 
the groups of genes with significant expression changes between BM-WT 
and BM-KO, in both control diet and HFD groups, the volcano plot 
revealed that monocytes from BM-KO mice showed downregulation of 
genes that may promote polarization to CD206+ macrophages and TGF- 
β signaling (Thbs1, Nr4a2, and Loxl4) [25–27] and upregulation of 
genes that may suppress polarization to CD206+ macrophages and TGF- 
β signaling (CXCR2, Htra3, Saa3, Wfdc21, Xrcc5, Lcn2, and S100a9) 
(Fig. 9C) [28–34]. In contrast, the expression of several genes with re-
ported beneficial effects on obesity and metabolism was upregulated in 
BM-KO mice (LRG1 and S1pr3) [35,36] (Fig. 9C). The top six upregu-
lated and downregulated pathways from the GSEA of each group are 
shown in Fig. 9D. The GSEA revealed that in HFD-fed mice, 
inflammation-related pathways, such as interferon-γ response, were 
enhanced in BM-KO mice. 

4. Discussion 

The present study demonstrated that the expression of bone marrow- 

derived immune cell ATRAP, predominantly in monocytes, was 
increased by the development of visceral obesity. Conversely, bone 
marrow ATRAP deletion ameliorated HFD-induced obesity and visceral 
fat gain. Moreover, the infiltration of HFD-induced adipose tissue 
macrophage, especially CD206+ macrophages, was significantly sup-
pressed in BM-KO mice compared with that in BM-WT mice, along with 
inhibition of TGF-β signaling and IL-10 gene expression in adipose tissue 
(Fig. 10). These alterations in the adipose tissue environment may have 
contributed to the amelioration of visceral obesity and adipose hyper-
trophy and inflammation, the increase in adipocyte number and the 
improvements in adipose tissue metabolism, as well as insulin resistance 
and glucose tolerance, which are characteristic features of visceral 
obesity. RNA-seq revealed that monocytes in BM-KO mice undergo ge-
netic changes that could possibly attenuate the HFD-induced increase 
and polarity of CD206+ macrophages. 

TGF-β regulates the development, growth, and function of diverse 
cell types via the induction of related factors such as the cyclin- 
dependent kinase inhibitors p15, p16, and p21 [24,37,38]. The sup-
pression of TGF-β signaling and IL-10 expression reportedly improves 
obesity pathology [24,39]. Deletion of Smad3, located downstream of 
TGF-β signaling, or blockade of TGF-β by neutralizing antibodies, im-
proves obesity and insulin resistance with a reduction in adipocyte size 
and browning of WAT [24]. As CD206+ ATMs enhance TGF-β signaling 
and IL-10 expression in adipose tissue, elimination or downregulation of 
CD206+ macrophages also reportedly improve obesity along with an 
increase in the number of smaller adipocytes, browning of WAT, and 
improved insulin sensitivity by regulating downstream signals such as 
TGF-β [10,40]. In the present study, the deletion of immune cell ATRAP 
suppressed the accumulation of CD206+ ATMs and reduced TGF-β 
signaling in WAT, suggesting that these mechanisms are associated with 
improving visceral obesity and metabolism in BM-KO/HFD mice. 

A possible mechanism underlying the reduction of CD206+ ATMs, 
which are involved in the suppression of obesity onset and progression, 
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observed in BM-KO mice could be due to genetic alterations at the 
monocyte level. Transcriptome analysis of monocytes indicated that 
polarity to CD206+ ATMs may be attenuated in monocytes derived from 
BM-KO mice. For example, CXCR2 is a chemokine receptor that pro-
motes inflammation and is primarily expressed in neutrophils [28]. The 
finding that the deletion of CXCR2 promotes differentiation into 
CD206+ ATMs suggests that the upregulation of CXCR2 in BM-KO mice 
is involved in suppressing the transition to CD206+ ATMs [28]. 
Furthermore, gene cluster analysis showed that the HFD enhanced 
interferon response in monocytes of BM-KO mice. Interferon-γ is 
recognized as a potent proinflammatory activator of macrophages [41], 
and the enhancement of this response is also likely to prevent monocytes 
from shifting to CD206+ ATMs in BM-KO mice. However, it should be 
noted that the sample size was small in these experiments, with N = 2 
per group. 

We previously reported that increased cardiovascular, kidney, and 
adipose tissue ATRAP expression improves pathological conditions, 
such as hypertension, diabetic kidney injury, and obesity 
[13,15,18,41,42]. Notably, in contrast to that in previous studies, the 

deletion of ATRAP in immune cells in the present study contributed to 
the amelioration of pathological changes related to visceral obesity. The 
systemic ATRAP-KO mice were presumably more affected by the 
obesity-exacerbating effect of ATRAP deficiency in adipose and other 
tissues, beyond the obesity-reducing effect resulting from the deficiency 
of ATRAP in immune cells. Importantly, this study revealed some of the 
functions of ATRAP in immune cells that had not been demonstrated in 
previous studies using systemic ATRAP-KO mice. 

The strength of this study is that this is the first study to investigate 
the relationship between immune cell ATRAP and the pathogenesis of 
visceral obesity. We initially examined immune cell ATRAP expression 
in the early stage of obesity because it would be difficult to determine 
whether these changes were the cause or the result of the obesity pa-
thology in the late phase investigation of obesity. The finding of 
increased immune cell ATRAP expression in the early stages of obesity, 
followed by improvement of obesity in bone marrow ATRAP-deficient 
mice, suggests that increased expression of immune cell ATRAP may 
be involved in the onset and progression of obesity, rather than being a 
consequence of the obesity pathology. In addition, leukocytes, including 
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monocytes, can be tested by conventional blood drawing approach and 
may possibly be a more convenient biomarker or surrogate marker for 
visceral adipose obesity. Furthermore, in the present study, bone 
marrow ATRAP was found to be involved in the polarity of tissue 
macrophages. This finding has potential applications in other diseases. 
For example, the reduction in CD206+ macrophage counts and sup-
pression of downstream TGF-β signaling may lead to antifibrotic and 
anticancer effects [43–45]. However, the lack of evidence to prove their 
potential for practical use is still a weakness, and further studies are 
needed, especially including studies in humans. 

This study has several limitations. First, the entire body was 

irradiated to generate BM-KO mice. This may have affected other or-
gans, including adipose tissue. However, we do not have comparative 
data between bone marrow-transplanted and non-bone marrow-trans-
planted mice; therefore, it is not clear to what extent the effects of 
transplantation account for the results obtained in this study (including 
BM-WT and BM-KO mice). Second, we have no direct proof of the 
mechanism of inhibiting adipocyte hypertrophy, such as inhibition of 
TGF-β signaling. However, this aspect has been proven in several pre-
vious studies, and the results of this study are consistent with them. 
Third, other organs/tissues such as skeletal muscle, liver, and subcu-
taneous adipose tissue, which may affect metabolism in mice similar to 
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visceral fat [46,47], were not fully investigated. In this study, the dif-
ference in the ITT slope was small compared to the reduction in visceral 
fat content. Immune cell ATRAP deficiency decreases HFD-induced 
visceral obesity, which should in itself, improve systemic metabolic 
parameters. On the other hand, it may also exacerbate insulin resistance 

in the liver and muscle, thus attenuating any positive systemic effects. In 
particular, the change in macrophage polarity (decrease in CD206+

macrophages), which contributed to the anti-obesity effect of immune 
cell ATRAP deletion in this study, may increase tissue local inflamma-
tion and elicit insulin resistance in the liver and skeletal muscle [48,49]. 
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However, these organs/tissues were not investigated in this study and 
require further study. Fourth, this study was performed using bone 
marrow transplantation; therefore, all immune cells may be involved in 
the phenotype. However, monocytes and macrophages were mainly 
analyzed in this study. Further analysis of other immune cells, such as 
neutrophils and lymphocytes, is required. Finally, energy metabolism 
was not evaluated. The lack of difference in caloric intake between the 
genotypes suggests increased energy expenditure in BM-KO/HFD mice. 
However, further investigation is needed to elucidate these mechanisms. 

In conclusion, the upregulation of ATRAP expression in immune cells 
from the early stages of obesity leads to a shift in polarity toward 
CD206+ macrophages in adipose tissue, thus promoting visceral fat 
accumulation and visceral obesity. This, in turn, contributes to the 
pathogenesis of impaired glucose tolerance and insulin resistance as a 
phenotypic change to metabolic disorders. Our results suggest that 
modulation of ATRAP expression in immune cells may affect visceral 
adipose obesity and related metabolic disorders and may serve as a 
biomarker for obesity pathogenesis, but further studies are needed. 
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