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a b s t r a c t

Background and aims: The components of the renin-angiotensin system in leukocytes is involved in the
pathophysiology of non-communicable diseases (NCDs), including hypertension, atherosclerosis and
chronic kidney disease. Angiotensin II type 1 receptor (AT1R)-associated protein (ATRAP) is an AT1R-
specific binding protein, and is able to inhibit the pathological activation of AT1R signaling in certain
animal models of NCDs. The aim of the present study was to investigate the expression and regulation of
ATRAP in leukocytes.
Methods: Human leukocyte ATRAP mRNA was measured with droplet digital polymerase chain reaction
system, and analyzed in relation to the clinical variables. We also examined the leukocyte cytokines
mRNA in bone-marrow ATRAP-deficient and wild-type chimeric mice after injection of low-dose
lipopolysaccharide.
Results: The ATRAP mRNA was abundantly expressed in leukocytes, predominantly granulocytes and
monocytes, of healthy subjects. In 86 outpatients with NCDs, leukocyte ATRAP mRNA levels correlated
positively with granulocyte and monocyte counts and serum C-reactive protein levels. These positive
relationships remained significant even after adjustment. Furthermore, the leukocyte ATRAP mRNA was
significantly associated with the interleukin-1b, tumor necrosis factor-a and monocyte chemotactic
protein-1 mRNA levels in leukocytes of NCDs patients. In addition, the leukocyte interleukin-1b mRNA
level was significantly upregulated in bone marrow ATRAP-deficient chimeric mice in comparison to
wild-type chimeric mice after injection of lipopolysaccharide.
giotensin-converting enzyme; ATRAP, angiotensin II type 1 receptor-associated protein; AT1R, angiotensin II type 1
eric mice; baPWV, brachial-ankle pulse wave velocity; BM-WT, bone marrow wild-type chimeric mice; CKD, chronic
igital polymerase chain reaction; eGFR, estimated glomerular filtration rate; hsCRP, high-sensitivity C-reactive protein;
1, monocyte chemotactic protein-1; NCDs, Non-communicable diseases; (P)RR, (pro) renin receptor; RAS, renin-
everse transcription polymerase chain reaction; TNF-a, tumor necrosis factor-a; UACR, urinary albumin-to-creatinine
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Conclusions: These results suggest that leukocyte ATRAP is an emerging marker capable of reflecting the
systemic and leukocyte inflammatory profile, and plays a role as an anti-inflammatory factor in the
pathophysiology of NCDs.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Non-communicable diseases (NCDs), including hypertension,
diabetes, atherosclerosis and chronic kidney disease (CKD), are
major health burdens and cause significantmortality andmorbidity
worldwide. Recent studies have shown that chronic low-grade
inflammation via dysregulation of the immune system may play a
role in the pathogenesis of NCDs [1e5]. In addition, excessive
activation of the renin-angiotensin system (RAS) in local tissue may
mediate the development and progression of NCDs, at least in part,
by provoking dysregulation of the immune system [6e8].

The existence of functional RAS with its components expression
has been proposed in leukocytes and the immune system [9, 10]. In
animal studies, angiotensin II type 1 receptor (AT1R) signaling in
mouse bone marrow-derived cells and leukocytes affected the in-
flammatory status and differentiation of immune cells and was
implicated in the pathogenesis of angiotensin II-induced hyper-
tension [11,12], subsequent renal injuries [12,13] and unilateral
ureteral obstruction (UUO)-induced renal fibrosis [14, 15]. Other
previous studies have shown that the activation of angiotensin-
converting enzyme (ACE) and renin in bone marrow-derived cells
was associated with the development of atherosclerosis [16,17].
Furthermore, exaggerated activation of human leukocyte RAS
components, including ACE and (pro) renin receptor ([P]RR), has
also been implicated in the pathophysiology of NCDs, as has the
RAS in other local tissues and organs [18,19].

We previously identified AT1R-associated protein (ATRAP) as a
specific binding protein to AT1R and as a promoting molecule of
AT1R internalization [20e26]. In several animal models of NCDs,
we showed that the enhancement of local ATRAP expression, such
as in the heart, vasculature and kidney, ameliorated tissue injury,
probably through the inhibition of hyperactivation of the local
tissue AT1R signaling [22e24]. Furthermore, the results of our
studies showed that ATRAP deficiency lead to blood pressure
elevation in a remnant kidney model and insulin resistance
induced by a high-fat diet, concomitant with enhancement of
inflammation markers [25, 26]. However, the expression and sig-
nificance of ATRAP in leukocytes in the physiology and patho-
physiology of NCDs have not been evaluated.

Therefore, in the present study, we first examined the ATRAP
expression in human leukocytes of healthy subjects. We next
analyzed possible relevant clinical factors affecting ATRAP expres-
sion in leukocytes of patients with NCDs. Furthermore, we exam-
ined the possible effect of ATRAP downregulation on the
inflammatory profile of leukocytes in animals after low-dose lipo-
polysaccharide (LPS) injection, a model of low-grade inflammation
in patients with NCDs [27,28], using bone marrow ATRAP-deficient
chimeric mice.
2. Materials and methods

2.1. Setting and participants

For the analysis of ATRAP expression in each leukocyte fraction
from healthy subjects, volunteers without any diagnosis of a
chronic diseasewere recruited to the present study. For the analysis
of clinical factors relevant to ATRAP expression in leukocytes from
patients with NCDs, consecutive patients who visited the outpa-
tient clinic at Yokohama City University Hospital, Yokohama, Japan,
from April 2015 to March 2016, were recruited. The exclusion
criteria were patients who (i) were aged under 19 years, (ii) had a
history of corticosteroid or immunosuppressive therapy within the
past 3 months, (iii) had been diagnosed with a hematological dis-
ease, (iv) were receiving renal replacement therapies and (v) had
undergone any adjustments of prescribed medications for hyper-
tension, diabetes or dyslipidemia in the past month.

Healthy subjects and patients with NCDs provided written
informed consent for participation. This study was conducted in
accordance with the Declaration of Helsinki. The study protocol
was approved by the ethics review board of Yokohama City Uni-
versity Hospital (No. A150122002) and was entered into the Uni-
versity Hospital Medical Information Network Clinical Trials
Registry (UMIN-CTR, www.umin.ac.jp/ctr/index/htm/,
UMIN000016846).

2.2. Separation of leukocyte fractions

Approximately 20mL of whole blood was collected in heparin-
coated tubes and incubated with hemolysis solution (BD Pharm-
Lyse; BD Biosciences, San Jose, CA) for 10 min at room temperature.
After being washed, cells were incubated with 10% human AB
serum (Access Biologicals, Vista, CA) for 20 min at 4 �C [29, 30]. For
surface marker staining, cells were incubated for 30 min at 4 �C
with appropriately diluted antibodies. Granulocytes were sepa-
rated with FITC-anti-CD66b and PE-anti-CD16 (Biolegend, San
Diego, CA). Monocytes and B- and T-lymphocytes were fractionated
with FITC-anti-CD19, PE-anti-CD14, and APC/Cy7-antiCD3 (Bio-
legend). Granulocytes, monocytes, B-lymphocytes and T-lympho-
cytes were defined as CD66bþ/CD16þ, CD14þ/CD3-/CD19-, CD14-/
CD3-/CD19þ and CD14-/CD3þ/CD19- cells, respectively. 7-amino-
actinomycin D (Sigma-Aldrich, St. Louis, MO) was used to exclude
dead cells. Cell fractions were separated on a BD FACSAria II (BD
Biosciences). Total RNA was extracted using the RNeasy Micro Kit
(QIAGEN, Germantown, MD), and cDNA was synthesized from
28.5 ng of total RNA using the PrimeScript RT reagent Kit (Takara-
Bio, Shiga, Japan).

2.3. Gene expression analyses by reverse transcription droplet
digital polymerase chain reaction and real-time quantitative reverse
transcription PCR

Approximately 2.5mL of whole blood was collected in PAX gene
Blood RNA Tubes (Nippon Becton Dickinson Company, Tokyo,
Japan). Total leukocyte RNAwas extracted using the PAX gene Blood
RNA Kit (QIAGEN) for reverse transcription, and leukocyte cDNA
was synthesized from 0.25 mg of total RNA using the SuperScript III
First-Strand System (Invitrogen, Carlsbad, CA).

Recent developments in the quantitative analysis of gene
expression by reverse transcription droplet digital polymerase
chain reaction (ddPCR) might provide an opportunity to reduce the
quantitative variability seen using real-time quantitative reverse
transcription PCR (RT-qPCR), particularly in human samples of
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small quantity [31, 32]. Therefore, in the present study, to analyze
gene expression, we employed the ddPCR method (QX200 Droplet
Digital PCR system; Bio-Rad, Hercules, CA) by incubating the
reverse transcription product with ddPCR Supermix for Probes
(Bio-Rad) and specific TaqMan probes (Applied Biosystems, Foster
City, CA). The absolute levels of the target gene were expressed as
the number of copies per microgram of RNA.

Gene expression was also determined by RT-qPCR (ABI PRISM
7000 Sequence Detection System; Life Technologies, Carlsbad, CA),
in which the reverse transcription product was incubated with
qPCR Mastermix Plus Low ROX (NIPPON GENE, Tokyo, Japan) and
specific TaqMan probes (Applied Biosystems), as described [22]. In
the RT-qPCR analysis, the expression was normalized to 18S ribo-
somal RNA. The TaqMan probe IDs are listed in Supplementary
Table 1.

2.4. Clinical variables

Clinical information was obtained from the data collected at a
single visit to our outpatient clinic. Hypertension was defined as
office blood pressure >140/90mmHg or receiving medical treat-
ment for hypertension. Diabetes mellitus was defined as an HbA1c
value� 6.5% (NGSP) or receiving medical treatment for diabetes
mellitus. Dyslipidemia was defined as LDL-cholesterol >140mg/dL,
triglyceride >150mg/dL, HDL <40mg/dL for males and <50mg/dL
for females [33], or use of lipid-lowering medications, including
statins and ezetimibe. The estimated glomerular filtration rate
(eGFR) was calculated using a modified three-variable equation for
GFR in Japanese patients [34]: eGFR¼ 194� age�0.287� serum
creatinine level�1.094 (� 0.739, if female). Urinary excretion was
determined by a spot urine analysis and was standardized to uri-
nary creatinine concentrations. CKD was defined as urinary
albumin-to-creatinine ratio (UACR)� 30 mg/gCr or eGFR< 60mL/
min/1.73m2. The ankle-brachial index (ABI) and brachial-ankle
pulse wave velocity (baPWV) were measured as described [35, 36].

2.5. Animals, generation of bone marrow chimeric mice and low-
dose LPS injection

This study was performed in accordance with the National In-
stitutes of Health guidelines for the use of experimental animals
and was reviewed and approved by the Animal Studies Committee
of Yokohama City University. Male C57BL/6 wild-type mice were
purchased from Charles River Laboratories. We used ATRAP-
knockout mice on a C57BL/6 background, which had previously
been generated using a targeted gene disruption strategy, as
described previously [25, 26].

Low-dose LPS (0.25mg/kg, L6529, Sigma-Aldrich) was intra-
peritoneally injected into male C57BL/6 wild-type mice (in a single
dose) under isoflurane anesthesia [28]. The mice were then sacri-
ficed at 4, 24 and 72 h after the injection of LPS to collect blood
samples. Blood samples from mice of the same age that had not
been injected with LPS were used as baseline control group.

Recipient male wild-type mice 8 weeks of age were lethally
irradiated with 9.5 Gy. Bone marrow cells were harvested by
flushing the femurs and tibias from donor wild-type mice and
donor ATRAP-knockout mice. Within 24 h after irradiation, the
recipient mice were injected via the tail vein with 1� 106 bone
marrow cells suspended in 0.4mL RPMI1640 (Nacalai Tesque,
Kyoto, Japan) from either wild-type or ATRAP-knockout mouse
donors. The bone marrow genotype was confirmed by examination
of the ATRAP gene expression in peripheral leukocytes using PCR, as
previously described [37]. The primer sequences used are shown in
Supplementary Table 1.

Eight weeks after bone marrow transplantation, low-dose LPS
(0.25mg/kg, L6529, Sigma-Aldrich) was intraperitoneally injected
into recipient mice on 3 consecutive days under isoflurane anes-
thesia [28]. The recipient mice were then sacrificed at 4 h after the
last LPS injection to collect blood samples.

Total leukocyte RNA was extracted using the Leukocyte RNA
Purification Kit (Norgen Biotek, Thorold, Canada). Leukocyte cDNA
was synthesized, and gene levels were measured using RT-qPCR as
described above. The TaqManprobe IDs are listed in Supplementary
Table 1.

2.6. Statistical analyses

Continuous variables were presented as mean± standard devi-
ation. For comparisons between two groups, Student's t-test or
Mann-Whitney U test was used as appropriate. Correlations be-
tween two variables were evaluated by Spearman's correlation,
because the expression of leukocyte RAS components showed a
non-Gaussian distribution. Absolute levels of leukocyte ATRAP
were analyzed by linear regression using the forced entry method
to determine the effects of other clinical variables. The explanatory
variables were those that were considered clinically relevant. Data
were analyzed using the SPSS software program, ver. 23 (IBM Inc.,
Armonk, NY) and GraphPad PRISM 5J (GraphPad Software, La Jolla,
CA). p-values <0.05 were considered to be statistically significant.

3. Results

3.1. Quantitative analyses of ATRAP expression in human leukocytes
from healthy subjects by ddPCR

We first analyzed the endogenous ATRAP mRNA expression in
human leukocytes from healthy subjects by ddPCR and confirmed
the close positive correlation between absolute ATRAP levels
measured using ddPCR and the relative expression of ATRAP to 18S
ribosomal RNA as measured by RT-qPCR (r¼ 0.967, p< 0.0001,
Supplementary Fig. 1).

We next analyzed the expression of ATRAP in each leukocyte
fraction from four healthy subjects. The results showed that ATRAP
mRNA expression was more abundant in granulocytes and mono-
cytes than in B- and T-lymphocytes (Fig. 1).

3.2. Analyses of clinical factors potentially influencing the ATRAP
expression in leukocytes from patients with NCDs

Characteristics of the study participants including 86 patients
with NCDs are summarized in Table 1. With regard to their medical
histories, 82 (95%) had hypertension, 24 (28%) had diabetes, 65
(76%) had dyslipidemia, 54 (63%) had CKD and 13 (15%) had car-
diovascular disease. The blood pressure was well controlled with
antihypertensive agents, themean number of medications of which
was 1.8± 1.2. Of these patients, urinalyses were performed in 85
(99%), and indices of arterial stiffness, including ABI and baPWV,
were measured in 58 (67%).

To examine the clinical variables associated with leukocyte
ATRAP expression, we compared the clinical characteristics of pa-
tients with lower and higher levels of leukocyte ATRAP gene
expression, as measured by the ddPCR system (Table 1). The me-
dian ATRAP level in our cohort was 2,042,000 copies/mg RNA, and
patients were stratified into two groups according to this value. The
age, granulocyte and monocyte counts and serum high-sensitivity
C-reactive protein (hsCRP) levels were significantly higher in pa-
tients with higher leukocyte ATRAP expression. These patients also
tended to have more severe renal injury, as evidenced by a lower
eGFR and higher UACR and urinary tubule marker levels, including
b2 microglobulin, N-acetyl-b-D-glucosaminidase and liver-type



Fig. 1. ATRAP expression in each leukocyte fraction from healthy volunteers (N ¼ 4).
One-way ANOVA and Bonferroni analyses. ***p < 0.001 vs. B-lymphocytes. yyyp< 0.001
vs. T-lymphocytes. zzzp< 0.001 vs. granulocytes.

Table 1
Patient characteristics.

Variable All patients (N¼ 86)

Age years 63± 15
Sex; male n (%) 53 (62)
Body mass index kg/m2 24.9± 4.4
Current smoker n (%) 15 (17)
Medication
ACEeI/ARB n (%) 54 (63)
aeblocker n (%) 5 (6)
beblocker n (%) 11 (13)
CCB n (%) 59 (69)
Diuretics n (%) 22 (26)
Insulin n (%) 5 (6)
OHA n (%) 16 (19)
Statin n (%) 30 (35)
Ezetimibe n (%) 10 (12)

Blood pressure and renal function
SBP mm Hg 140± 19
DBP mm Hg 82± 12
eGFR mL/min/1.73m2 61± 25
eGFR <60mL/min/1.73m2 n (%) 39 (45)
Uric acid mg/dL 6.0± 1.4

Glucose and lipid metabolism
Glucose mg/dL 119± 26
HbA1c % 6.1± 0.9
Triglyceride mg/dL 176± 145
HDL-cholesterol mg/dL 58± 17
LDL-cholesterol mg/dL 112± 40

CBC and inflammation-related
Leukocyte count /mL 6510± 1723
Granulocyte count /mL 3909± 1346
Monocyte count /mL 478± 182
Lymphocyte count /mL 1838± 562
hsCRP mg/dL 0.37± 1.00

Variable All patients (N¼ 85)

Urinalysis
UACR mg/gCr 287± 714
b2 microglobulin mg/gCr 5486± 21897
NAG U/gCr 8.8± 7.0
LeFABP mg/gCr 7.2± 12.8

Variable All patients (N¼ 58)

Arterial stiffness
ABI 1.13± 0.10
baPWV m/sec 1676± 421

ACEeI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blockade;
pressure; eGFR, estimated glomerular filtration rate; HDL, high density lipoprotein; LDL,
Cereactive protein; UACR, urinary albuminetoecreatinine ratio; NAG, NeacetylebeD-gl
proteinetoecreatinine ratio; ABI, ankle brachial pressure index; baPWV, brachialeankle
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fatty acid-binding protein. In contrast, the blood pressure, glucose-
lipid metabolism status and indices of arterial stiffness were com-
parable between these groups.

Since these results strongly suggested that the leukocyte ATRAP
expression was associated with age, the inflammatory status and
parameters of renal injury, we analyzed the absolute leukocyte
ATRAP expression levels by a multiple linear regression analysis
using these clinical variables and other clinical variables, including
BMI and smoking status, which are important and modifiable fac-
tors in the management of NCDs (Table 2). In the univariate anal-
ysis, age, granulocyte count, monocyte count and hsCRP correlated
significantly with the absolute ATRAP levels. In the multivariable
models, granulocyte count, monocyte count and hsCRP were
associated with the absolute leukocyte ATRAP levels, independent
of other clinical variables.

Because ATRAP expression was correlated with inflammatory
parameters, especially hsCRP, we examined the relationship be-
tween hsCRP and the expression of other RAS components (ACE
and [P]RR) in leukocytes (Fig. 2AeC). In contrast to leukocyte
ATRAP, ACE and (P)RR expression in leukocytes did not correlate
Low ATRAP mRNA (N¼ 43) High ATRAP mRNA (N¼ 43) p-value

60± 15 66± 14 0.039
24 (56) 29 (67) 0.270
25.6± 4.9 24.2± 3.8 0.133
7 (16) 8 (19) 0.658

26 (61) 28 (65) 0.657
2 (5) 3 (7) 0.647
4 (9) 7 (16) 0.336
28 (65) 32 (74) 0.350
11 (26) 11 (26) 1.000
1 (2) 4 (9) 0.169
7 (16) 9 (21) 0.582
18 (42) 12 (28) 0.177
3 (7) 7 (16) 0.181

139± 19 141± 19 0.578
83± 12 81± 12 0.594
67± 24 55± 25 0.068
17 (40) 22 (51) 0.386
6.2± 1.3 5.8± 1.4 0.387

120± 28 117± 23 0.904
6.1± 0.9 6.0± 1.0 0.649
206± 186 146± 77 0.110
58± 17 59± 17 0.896
116± 46 107± 33 0.339

5942± 1512 7079± 1750 0.001
3358± 1109 4474± 1344 <0.001
411± 147 545± 190 0.001
1885± 553 1790± 575 0.453
0.18± 0.50 0.56± 1.30 0.006

Low ATRAP mRNA (N¼ 42) High ATRAP mRNA (N¼ 43) p-value

233± 733 339± 700 0.067
1075± 2177 9771± 30271 0.142
7.4± 5.9 10.0± 7.9 0.124
4.4± 9.8 8.3± 14.2 0.285

Low ATRAP mRNA (N¼ 29) High ATRAP mRNA (N¼ 29) p-value

1.13± 0.11 1.14± 0.08 0.994
1685± 444 1667± 403 0.926

OHA, oral hypoglycemic agent; SBP, systolic blood pressure; DBP, diastolic blood
low density lipoprotein; CBC, complete blood count; hsCRP, serum high sensitivity
ucosaminidaseetoecreatinine ratio; LeFABP, urinary liveretype fatty acidebinding
pulse wave velocity.



Table 2
Multiple linear regression analysis of absolute levels of ATRAP as measured using ddPCR.

Variable Univariate Multivariate

r p-value Model 1 Model 2 Model 3

Standardized b p-value Standardized b p-value Standardized b p-value

Age (years) 0.235 0.030 0.211 0.072 0.199 0.124 0.207 0.121
Sex; male 0.158 0.146 0.113 0.210 0.070 0.506 0.151 0.144
Body mass index (kg/m2) �0.128 0.244 �0.224 0.031 �0.110 0.310 �0.038 0.731
Current smoking (yes) �0.016 0.884 0.061 0.521 0.049 0.639 0.032 0.768
eGFR (mL/min/1.73m2) �0.138 0.204 0.052 0.664 0.030 0.822 0.063 0.651
UACR (mg/gCr) 0.198 0.069 �0.044 0.661 �0.026 0.812 0.004 0.975
Granulocyte count (/mL) 0.517 <0.001 0.437 <0.001 e e e e

Monocyte count (/mL) 0.446 <0.001 e e 0.237 0.036 e e

Lymphocyte count (/mL) �0.147 0.195 e e e e �0.104 0.327
hsCRP (mg/dL) 0.243 0.024 0.454 <0.001 0.446 <0.001 0.509 <0.001

R2¼ 0.447 R2¼ 0.323 R2¼ 0.286

ATRAP, angiotensin II type 1 receptoreassociated protein; ddPCR, droplet digital polymerase chain reaction; eGFR, estimated glomerular filtration rate; UACR, urinary
albumin-to-creatinine ratio; hsCRP; serum high-sensitivity C-reactive protein; b, standardized b.
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significantly with hsCRP. The leukocyte ATRAP expression was
closely correlated with the expression of interleukin-1b (IL-1b,
r¼ 0.791, p< 0.001), tumor necrosis factor-a (TNF-a, r¼ 0.728,
p<0 .001) and monocyte chemotactic protein-1 (MCP-1, r¼ 0.544,
p<0 .001) in leukocytes in our patients (Fig. 2DeF).

3.3. Analyses of the possible effects of ATRAP downregulation on the
inflammatory profile of leukocytes after LPS injection using bone
marrow ATRAP-deficient chimeric mice

To further investigate the relationship between leukocyte
Fig. 2. Correlations between leukocyte RAS components and inflammatory status.
(A-C) Relationship between hsCRP and absolute levels of leukocytic (A) ATRAP, (B) ACE an
leukocytic ATRAP and relative expression of leukocytic (D) IL-1b, (E) TNF-a and (F) MCP-1 i
ATRAP expression and inflammation, we next examined the effects
of the injection of low-dose LPS on leukocyte ATRAP and inflam-
matory cytokine expression in wild-type mice. The injection of LPS
enhanced the expression of both leukocyte ATRAP and IL-1bmRNA
in wild-type mice (Fig. 3A). These findings indicate that leukocyte
ATRAP expression is associated with inflammation in both humans
and mice.

To analyze the causal relationships between leukocyte ATRAP
expression and the inflammatory profile, we examined the
expression of several genes in leukocytes in bone marrow chimeric
mice after LPS injection.We confirmed the replacement of the bone
d (C) (P)RR in 86 patients with NCDs. (D-F) Relationship between absolute levels of
n 86 patients with NCDs. Spearman's correlation analysis.



Fig. 3. A mouse model of inflammation induced by the injection of low-dose LPS.
(A) Time course of gene expression of ATRAP and IL-1b in leukocyte after injection of a single dose of LPS (0.25 mg/kg). The solid and dotted lines indicate the ATRAP and IL-1b gene
expression, respectively. Each mRNA level is normalized to each baseline value. N ¼ 4 in each time point. One-way ANOVA and Bonferroni analyses. **p < 0.01, ***p< 0.001 vs.
Baseline control. yp< 0.05, yyp< 0.01, yyyp< 0.001 vs. 4 h zp < 0.05, zzp< 0.01 vs. 24 h. (B) Representative ATRAP and 18S ribosomal RNA gene expression in peripheral leukocytes from
BM-WT and BM-KO mice before low-dose LPS injection. (C) Change in body weight after bone marrow transplantation. The solid and dotted lines indicate the body weight in BM-
WT and BM-KO mice, respectively. Two-way ANOVA. (D) Survival analysis after bone marrow transplantation. The solid and dotted lines indicate the survival rate in BM-WT and
BM-KO mice, respectively. Log-rank test. (E-G) Leukocyte gene expression of inflammatory cytokines and chemokines in bone marrow chimeric mice after low-dose LPS injection.
(E) IL-1b, (F) TNF-a and (G) MCP-1. N¼ 4 to 5 in each group, unpaired-t test. BM-WT, bone marrow wild-type chimeric mice; BM-KO, bone marrow ATRAP-deficient chimeric mice.
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marrow genotype by an examination for the ATRAP gene expres-
sion of peripheral leukocytes before LPS injection (Fig. 3B). There
was no significant difference in the survival rate or body weight
gain between bone marrow wild-type chimeric mice (BM-WT) and
bone marrow ATRAP-deficient chimeric mice (BM-KO) after bone
marrow transplantation (Fig. 3C and D). After low-dose LPS injec-
tion, the leukocyte expression of IL-1bwas higher in BM-KO than in
BM-WT mice (N¼ 4 to 5 in each group, p< 0.001), as was the
expression of MCP-1 (p¼ .072, Fig. 3BeD). These results indicated
that the low-dose LPS-mediated upregulation of leukocyte IL-1b
was exacerbated in bone marrow ATRAP-deficient chimeric mice in
comparison to wild-type chimeric mice.

4. Discussion

Recent developments in the field of quantitative analysis of gene
expression by ddPCR may provide the opportunity to reduce the
quantitative variability currently seen using RT-qPCR analyses and
obtain absolute values instead of relative levels, particularly in
human samples of small quantity [31, 32]. Quantifying absolute
levels is particularly useful in the clinical setting, allowing for the
establishment of cut-offs for predicting the clinical endpoints and
the observation of the trajectory of clinical markers without any
reference samples for calibration. In the present study, precisely
analyzing the gene expression in human leukocytes was crucial. A
major advantage of this study was that we measured the absolute
levels of genes using the ddPCR method.

We measured leukocyte ATRAP mRNA level, but not the protein
level. With respect to the in vivo regulation of ATRAP expression, we
previously reported that a high-salt diet reduced the renal mRNA
and protein levels of ATRAP, and accelerated the progression of
hypertensive kidney injury in Dahl salt-sensitive rats [38]. We also
showed that chronic angiotensin II infusion reduced the mRNA and
protein levels of ATRAP in the heart and kidneys of mice, and
accelerated the progression of hypertension and cardiac hypertro-
phy [22, 39]. In UUO-treatedmice, renal mRNA and protein levels of
ATRAP were decreased as renal fibrosis progressed [40]. Another
group also reported that ATRAPmRNA and protein levels decreased
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in the injured femoral artery of mice [41]. On the other hand, it was
reported that bortezomib, a proteasome inhibitor, could affect the
ATRAP protein level in a post-translational manner [42]. These re-
sults indicate that ATRAPmRNA level closely reflects ATRAP protein
level except under specific conditions, such as proteasome inhibitor
treatment.

To our knowledge, this is the first study to examine the
expression and distribution of ATRAP in leukocytes and its clinical
relevance in patients with NCDs. Here, we demonstrated for the
first time that ATRAP was abundantly expressed in human leuko-
cytes, predominantly in monocytes and granulocytes, from healthy
subjects. We also showed that leukocyte ATRAP expression posi-
tively correlated with inflammatory parameters, such as the gran-
ulocyte and monocyte count, hsCRP and proinflammatory cytokine
and chemokine levels in leukocytes of patients with NCDs.
Furthermore, low-dose LPS enhanced leukocyte ATRAP and IL-1b
gene expression in wild-type mice. In addition, after injection of
low-dose LPS, the level of leukocyte IL-1b in bone marrow ATRAP-
deficient chimeric mice was significantly upregulated in compari-
son to control wild-type chimeric mice, a model of low-grade
inflammation in patients with NCDs [27]. These results suggest
that ATRAP expression in leukocytes is closely linked to systemic
inflammation and the leukocyte inflammatory status and that there
is likely a compensatory upregulation of leukocyte ATRAP expres-
sion to improve the inflammatory profile in response to patho-
logical stimuli in patients with NCDs.

RAS in local tissues is reportedly associated with the inflam-
matory status [8, 43]. The serum hsCRP level is a well-established
inflammatory marker that predicts the incidence and progression
of NCDs, including hypertension [44], cardiovascular diseases [45,
46] and CKD [47]. However, previous studies on the relationship
between leukocyte expression of RAS components and hsCRP have
reported inconsistent findings [48e50]. A study reported that
expression of RAS components in dendritic cells from patients with
or without coronary artery disease correlated significantly with
hsCRP levels [48]. Furthermore, peak AT1R and ACE levels in T-
lymphocytes after angiotensin II stimulation were associated with
hsCRP in normotensive and hypertensive patients [49]. In contrast,
leukocyte AT1R expression did not correlate with hsCRP in healthy
subjects and CKD patients in other study [50]. Although these
inconsistent results might be due to differences in patient pop-
ulations, medication status and methods for measuring RAS com-
ponents in leukocytes, no studies have yet identified any RAS
component that consistently reflects the circulating hsCRP levels
and systemic inflammatory profile. Based on these previous find-
ings and the results of the present study, we propose that leukocyte
ATRAP is an emergingmarker capable of reflecting the systemic and
leukocyte inflammatory profile.

The proinflammatory cytokines and chemokines, including IL-
1b, TNF-a and MCP-1, mediate acute and chronic inflammation and
play a role in the development of hypertension [2, 51e53], car-
diovascular diseases [4, 54] and renal injury [55, 56] in animal
models and humans. Concerning the possible link between
leukocyte RAS components and these proinflammatory cytokines,
MCP-1 and IL-1b were significantly upregulated in the kidney in
angiotensin II-infused chimeric mice that lacked AT1R in the bone
marrow compared with control animals [12]. In addition,
macrophage-specific AT1R deficiency exacerbated UUO-induced
renal fibrosis through the activation of the IL-1 receptor pathway
[15]. The results of the present study, which used bone marrow-
transplanted mice, showed that leukocyte IL-1b expression was
significantly upregulated in bone marrow ATRAP-deficient mice,
suggesting that leukocyte ATRAP level increases to mitigate
inflammation.

However, no significant associations between leukocyte ATRAP
and blood pressure, diabetes or atherosclerosis were observed,
probably because the NCDs patients in the present study were
being treated for cardiovascular risk factors, including hyperten-
sion, diabetes and dyslipidemia, which were well controlled. The
causal relationships between leukocyte ATRAP and the incidence of
NCDs and subsequent target organ injuries need to be further
examined in a future prospective study, with investigations to
determine the functional significance of leukocyte ATRAP at the
molecular level.

The present study has several limitations. First, we are not able
to clearly state the advantage of the measurement of leukocyte
ATRAP mRNA in comparison to the measurement of established
inflammatory markers, such as hsCRP, in the clinical setting. To
clarify this issue, we will examine the clinical significance of the
absolute leukocyte ATRAPmRNA level, as measured by ddPCR, with
regard to the mortality and/or cardiovascular outcome in a future
longitudinal study. Second, it is not clear whether human serum, as
a blocking solution for Fc receptor, affects leukocyte gene expres-
sion in experiments in which leukocytes are sorted using flow
cytometry.

In conclusion, we herein showed that leukocyte ATRAP
expression was linked to systemic inflammation and leukocyte
inflammatory profile in patients with NCDs. Furthermore, ATRAP
deficiency in the bone marrow of mice resulted in the upregulation
of leukocyte IL-1b after injection of low-dose LPS, as a model of
low-grade inflammation in patients with NCDs. These results
strongly support leukocyte ATRAP as an emerging marker that
closely reflects systemic and leukocyte inflammatory status and
further suggest that leukocyte ATRAP plays a role as a possible anti-
inflammatory factor in the pathophysiology of NCDs. Further
studies are needed to determine the functional significance of
leukocyte ATRAP in NCDs.

Conflicts of interest

The authors declared they do not have anything to disclose
regarding conflict of interest with respect to this manuscript.

Financial support

This research was supported by The Jikei University Graduate
Research Fund. This work was also supported by grants from the
Yokohama Foundation for advancement of Medical Science, by a
Uehara Memorial Foundation grant, Grants-in-Aid for Scientific
Research from the Japan Society for the Promotion of Science,
grants from SENSHIN Medical Research, the Banyu Life Science
Foundation International, the Salt Science Research Foundation
(1733), the Kanae Foundation for the Promotion of Medical Science
and a grant-in-aid from The Cardiovascular Research Fund, Tokyo,
Japan.

Author contributions

K.H., H.W., A.Y., T.T. and K.T. designed research; K.A., K.U., S.H.,
R.K., K.O., S.K., M.O., S.M., T.I. and H.N. recruited the patients; K.H.,
D.K., W.K. and M.M. performed experiments; K.H., K.A. and N.T.
analyzed the data; K.H., H.W., K.A., T.Y. and K.T. wrote the manu-
script; H.W., K.A. and K.T. had primary responsibility for final con-
tent. All authors have reviewed the final manuscript and approved
the submission to this journal.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.atherosclerosis.2018.01.013.

https://doi.org/10.1016/j.atherosclerosis.2018.01.013


K. Haruhara et al. / Atherosclerosis 269 (2018) 236e244 243
References

[1] H.J. Anders, M. Baumann, G. Tripepi, F. Mallamaci, Immunity in arterial hy-
pertension: associations or causalities? Nephrol. Dial. Transplant. 30 (2015)
1959e1964.

[2] U. Wenzel, J.E. Turner, C. Krebs, C. Kurts, D.G. Harrison, et al., Immune
mechanisms in arterial hypertension, J. Am. Soc. Nephrol. 27 (2016) 677e686.

[3] N.P. Rudemiller, S.D. Crowley, Interactions between the immune and the
renin-angiotensin systems in hypertension, Hypertension 68 (2016) 289e296.

[4] P. Libby, M. Nahrendorf, F.K. Swirski, Leukocytes link local and systemic
inflammation in ischemic cardiovascular disease: an expanded "cardiovascu-
lar continuum, J. Am. Coll. Cardiol. 67 (2016) 1091e1103.

[5] A.C. Chung, H.Y. Lan, Chemokines in renal injury, J. Am. Soc. Nephrol. 22
(2011) 802e809.

[6] L.G. Navar, M.C. Prieto, R. Satou, H. Kobori, Intrarenal angiotensin II and its
contribution to the genesis of chronic hypertension, Curr. Opin. Pharmacol. 11
(2011) 180e186.

[7] M. Satoh, N. Kashihara, Y. Yamasaki, K. Maruyama, K. Okamoto, et al., Renal
interstitial fibrosis is reduced in angiotensin II type 1a receptor-deficient mice,
J. Am. Soc. Nephrol. 12 (2001) 317e325.

[8] L. Yvan-Charvet, A. Quignard-Boulang�e, Role of adipose tissue renin-
angiotensin system in metabolic and inflammatory diseases associated with
obesity, Kidney Int. 79 (2011) 162e168.

[9] K.A. Nahmod, M.E. Vermeulen, S. Raiden, G. Salamone, R. Gamberale, et al.,
Control of dendritic cell differentiation by angiotensin II, Faseb. J. 17 (2003)
491e493.

[10] M. Jurewicz, D.H. McDermott, J.M. Sechler, K. Tinckam, A. Takakura, et al.,
Human T and natural killer cells possess a functional renin-angiotensin sys-
tem: further mechanisms of angiotensin II-induced inflammation, J. Am. Soc.
Nephrol. 18 (2007) 1093e1102.

[11] T.J. Guzik, N.E. Hoch, K.A. Brown, L.A. McCann, A. Rahman, et al., Role of the T
cell in the genesis of angiotensin II induced hypertension and vascular
dysfunction, J. Exp. Med. 204 (2007) 2449e2460.

[12] S.D. Crowley, Y.S. Song, G. Sprung, R. Griffiths, M. Sparks, et al., A role for
angiotensin II type 1 receptors on bone marrow-derived cells in the patho-
genesis of angiotensin II-dependent hypertension, Hypertension 55 (2010)
99e108.

[13] J.D. Zhang, M.B. Patel, Y.S. Song, R. Griffiths, J. Burchette, et al., A novel role for
type 1 angiotensin receptors on T lymphocytes to limit target organ damage
in hypertension, Circ. Res. 110 (2012) 1604e1617.

[14] M. Nishida, H. Fujinaka, T. Matsusaka, J. Price, V. Kon, et al., Absence of
angiotensin II type 1 receptor in bone marrow-derived cells is detrimental in
the evolution of renal fibrosis, J. Clin. Invest. 110 (2002) 1859e1868.

[15] J.D. Zhang, M.B. Patel, R. Griffiths, P.C. Dolber, P. Ruiz, et al., Type 1 angiotensin
receptors on macrophages ameliorate IL-1 receptor-mediated kidney fibrosis,
J. Clin. Invest. 124 (2014) 2198e2203.

[16] X. Chen, H. Lu, M. Zhao, K. Tashiro, L.A. Cassis, et al., Contributions of leukocyte
angiotensin-converting enzyme to development of atherosclerosis, Arte-
rioscler. Thromb. Vasc. Biol. 33 (2013) 2075e2080.

[17] H. Lu, D.L. Rateri, D.L. Feldman, RJ Jr., A. Fukamizu, et al., Renin inhibition
reduces hypercholesterolemia-induced atherosclerosis in mice, J. Clin. Invest.
118 (2008) 984e993.

[18] C. Ulrich, E. Seibert, G.H. Heine, D. Fliser, M. Girndt, Monocyte angiotensin
converting enzyme expression may be associated with atherosclerosis rather
than arteriosclerosis in hemodialysis patients, Clin. J. Am. Soc. Nephrol. 6
(2011) 505e511.

[19] K. Narumi, T. Hirose, E. Sato, T. Mori, K. Kisu, et al., A functional (pro)renin
receptor is expressed in human lymphocytes and monocytes, Am. J. Physiol.
Ren. Physiol. 308 (2015) F487eF499.

[20] K. Tamura, H. Wakui, A. Maeda, T. Dejima, M. Ohsawa, et al., The physiology
and pathophysiology of a novel angiotensin receptor-binding protein ATRAP/
Agtrap, Curr. Pharmaceut. Des. 19 (2013) 3043e3048.

[21] K. Azuma, K. Tamura, A. Shigenaga, H. Wakui, S. Masuda, et al., Novel regu-
latory effect of angiotensin II type 1 receptor-interacting molecule on vascular
smooth muscle cells, Hypertension 50 (2007) 926e932.

[22] H. Wakui, K. Tamura, Y. Tanaka, M. Matsuda, Y. Bai, et al., Cardiac-specific
activation of angiotensin II type 1 receptor-associated protein completely
suppresses cardiac hypertrophy in chronic angiotensin II-infused mice, Hy-
pertension 55 (2010) 1157e1164.

[23] H. Wakui, T. Dejima, K. Tamura, K. Uneda, K. Azuma, et al., Activation of
angiotensin II type 1 receptor-associated protein exerts an inhibitory effect on
vascular hypertrophy and oxidative stress in angiotensin II-mediated hyper-
tension, Cardiovasc. Res. 100 (2013) 511e519.

[24] H. Wakui, K. Uneda, K. Tamura, M. Ohsawa, K. Azushima, et al., Renal tubule
angiotensin II type 1 receptor-associated protein promotes natriuresis and
inhibits salt-sensitive blood pressure elevation, J. Am. Heart Assoc. 19 (2015),
e001594.

[25] R. Kobayashi, H. Wakui, K. Azushima, K. Uneda, S. Haku, et al., An angiotensin
II type 1 receptor binding molecule has a critical role in hypertension in a
chronic kidney disease model, Kidney Int. 91 (2017) 1115e1125.

[26] A. Maeda, K. Tamura, H. Wakui, T. Dejima, M. Ohsawa, et al., Angiotensin
receptor-binding protein ATRAP/Agtrap inhibits metabolic dysfunction with
visceral obesity, J. Am. Heart Assoc. 2 (2013), e000312.

[27] K. de Punder, L. Pruimboom, Stress induces endotoxemia and low-grade
inflammation by increasing barrier permeability, Front. Immunol. 6 (2015)
223.

[28] K. Imajo, K. Fujita, M. Yoneda, Y. Nozaki, Y. Ogawa, et al., Hyper responsivity to
low-dose endotoxin during progression to nonalcoholic steatohepatitis is
regulated by leptin-mediated signaling, Cell Metabol. 16 (2012) 44e54.

[29] M.N. Andersen, S.N. Al-Karradi, T.W. Kragstrup, M. Hokland, Elimination of
erroneous results in flow cytometry caused by antibody binding to Fc re-
ceptors on human monocytes and macrophages, Cytometry A. 89 (2016)
1001e1009.

[30] P. Chalan, J. Bijzet, M.G. Huitema, B.-J. Kroesen, E. Brouwer, et al., Expression of
lectin-like transcript 1, the ligand for CD161, in rheumatoid arthritis, PLoS One
10 (2015), e0132436.

[31] R.T. Hayden, Z. Gu, J. Ingersoll, D. Abdul-Ali, L. Shi, et al., Comparison of droplet
digital PCR to real-time PCR for quantitative detection of cytomegalovirus,
J. Clin. Microbiol. 51 (2013) 540e546.

[32] C.M. Hindson, J.R. Chevillet, H.A. Briggs, E.N. Gallichotte, I.K. Ruf, et al., Ab-
solute quantification by droplet digital PCR versus analog real-time PCR, Nat.
Med. 10 (2013) 1003e1005.

[33] K.G. Alberti, R.H. Eckel, S.M. Grundy, P.Z. Zimmet, J.I. Cleeman, , et al.Inter-
national diabetes Federation Task Force on epidemiology and Prevention,
Hational heart, lung, and blood institute, American heart association, World
heart Federation, International atherosclerosis Society, International Associ-
ation for the Study of Obesity, Harmonizing the metabolic syndrome: a joint
interim statement of the International Diabetes Federation Task Force on
Epidemiology and Prevention; National Heart, Lung, and Blood Institute;
American Heart Association; World Heart Federation; International Athero-
sclerosis Society; and International Association for the Study of Obesity, Cir-
culation 120 (2009) 1640e1645.

[34] S. Matsuo, E. Imai, M. Horio, Y. Yasuda, K. Tomita, et al., Collaborators
developing the Japanese equation for estimated GFR, Collaborators devel-
oping the Japanese equation for estimated GFR, Revised equations for esti-
mated GFR from serum creatinine in Japan, Am. J. Kidney Dis. 53 (2009)
982e992.

[35] K. Azushima, K. Tamura, S. Haku, H. Wakui, T. Kanaoka, et al., Effects of the
oriental herbal medicine Bofu-tsusho-san in obesity hypertension: a multi-
center, randomized, parallel-group controlled trial (ATH-D-14-01021.R2),
Atherosclerosis 240 (2015) 297e304.

[36] M. Ohsawa, K. Tamura, H. Wakui, T. Kanaoka, K. Azushima, et al., Effects of
pitavastatin add-on therapy on chronic kidney disease with albuminuria and
dyslipidemia, Lipids Health Dis. 14 (2015) 161.

[37] Y. Tanaka, K. Tamura, Y. Koide, M. Sakai, Y. Tsurumi, et al., The novel angio-
tensin II type 1 receptor (AT1R)-associated protein ATRAP downregulates
AT1R and ameliorates cardiomyocyte hypertrophy, FEBS Lett. 579 (2005)
1579e1586.

[38] T. Dejima, K. Tamura, H. Wakui, A. Maeda, M. Ohsawa, et al., Prepubertal
angiotensin blockade exerts long-term therapeutic effect through sustained
ATRAP activation in salt-sensitive hypertensive rats, J. Hypertens. 29 (2011)
1919e1929.

[39] H. Wakui, K. Tamura, M. Matsuda, Y. Bai, T. Dejima, et al., Intrarenal sup-
pression of angiotensin II type 1 receptor binding molecule in angiotensin II-
infused mice, Am. J. Physiol. Ren. Physiol. 299 (2010) F991eF1003.

[40] M. Matsuda, K. Tamura, H. Wakui, T. Dejima, A. Maeda, et al., Involvement of
Runx3 in the basal transcriptional activation of the mouse angiotensin II type
1 receptor-associated protein gene, Physiol. Genom. 43 (2011) 884e894.

[41] A. Oshita, M. Iwai, R. Chen, A. Ide, M. Okumura, et al., Attenuation of in-
flammatory vascular remodeling by angiotensin II type 1 receptor-associated
protein, Hypertension 48 (2006) 671e676.

[42] N. Li, H.X. Wang, Q.Y. Han, W.J. Li, Y.L. Zhang, et al., Activation of the cardiac
proteasome promotes angiotension II-induced hypertrophy by down-
regulation of ATRAP, J. Mol. Cell. Cardiol. 79 (2015) 303e314.

[43] C. Savoia, E.L. Schiffrin, Vascular inflammation in hypertension and diabetes:
molecular mechanisms and therapeutic interventions, Clin. Sci. (Lond) 112
(2007) 375e384.

[44] H.D. Sesso, J.E. Buring, N. Rifai, G.J. Blake, J.M. Gaziano, et al., C-reactive protein
and the risk of developing hypertension, J. Am. Med. Assoc. 290 (2003)
2945e2951.

[45] P.M. Ridker, M. Cushman, M.J. Stampfer, R.P. Tracy, C.H. Hennekens, Inflam-
mation, aspirin, and the risk of cardiovascular disease in apparently healthy
men, N. Engl. J. Med. 336 (1997) 973e979.

[46] P.M. Ridker, C.H. Hennekens, J.E. Buring, N. Rifai, C-Reactive protein and other
markers of inflammation in the prediction of cardiovascular disease in
women, N. Engl. J. Med. 342 (2000) 836e843.

[47] F.R. Mc Causland, B. Claggett, E.A. Burdmann, K.U. Eckardt, R. Kewalramani, et
al., C-reactive protein and risk of ESRD: results from the trial to reduce car-
diovascular events with Aranesp therapy (TREAT), Am. J. Kidney Dis. 68 (2016)
873e881.

[48] P. Sun, W. Zhang, W. Zhu, H. Yan, J. Zhu, Expression of renin-angiotensin
system on dendritic cells of patients with coronary artery disease, Inflam-
mation 32 (2009) 347e356.

http://refhub.elsevier.com/S0021-9150(18)30013-3/sref1
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref1
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref1
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref1
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref2
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref2
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref2
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref3
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref3
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref3
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref4
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref4
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref4
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref4
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref5
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref5
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref5
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref6
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref6
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref6
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref6
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref7
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref7
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref7
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref7
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref8
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref8
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref8
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref8
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref8
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref9
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref9
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref9
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref9
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref10
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref10
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref10
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref10
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref10
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref11
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref11
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref11
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref11
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref12
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref12
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref12
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref12
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref12
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref13
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref13
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref13
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref13
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref14
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref14
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref14
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref14
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref15
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref15
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref15
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref15
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref16
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref16
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref16
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref16
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref17
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref17
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref17
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref17
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref18
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref18
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref18
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref18
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref18
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref19
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref19
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref19
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref19
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref20
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref20
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref20
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref20
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref21
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref21
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref21
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref21
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref22
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref22
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref22
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref22
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref22
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref23
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref23
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref23
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref23
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref23
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref24
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref24
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref24
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref24
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref25
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref25
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref25
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref25
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref26
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref26
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref26
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref27
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref27
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref27
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref28
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref28
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref28
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref28
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref29
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref29
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref29
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref29
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref29
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref30
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref30
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref30
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref31
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref31
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref31
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref31
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref32
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref32
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref32
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref32
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref33
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref33
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref33
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref33
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref33
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref33
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref33
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref33
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref33
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref33
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref33
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref34
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref34
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref34
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref34
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref34
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref34
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref35
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref35
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref35
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref35
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref35
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref36
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref36
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref36
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref37
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref37
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref37
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref37
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref37
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref38
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref38
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref38
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref38
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref38
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref39
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref39
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref39
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref39
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref40
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref40
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref40
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref40
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref41
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref41
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref41
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref41
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref42
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref42
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref42
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref42
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref43
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref43
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref43
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref43
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref44
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref44
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref44
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref44
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref45
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref45
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref45
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref45
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref46
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref46
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref46
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref46
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref47
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref47
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref47
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref47
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref47
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref48
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref48
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref48
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref48


K. Haruhara et al. / Atherosclerosis 269 (2018) 236e244244
[49] M. Coppo, M. Bandinelli, A. Berni, S. Galastri, R. Abbate, et al., Ang II Upre-
gulation of the T-lymphocyte renin-angiotensin system is amplified by low-
grade inflammation in human hypertension, Am. J. Hypertens. 24 (2011)
716e723.

[50] H. Chon, J. Neumann, P. Boer, J.A. Joles, B. Braam, Enhanced Angiotensin II type
1 receptor expression in leukocytes of patients with chronic kidney disease,
Eur. J. Pharmacol. 666 (2011) 205e210.

[51] S.M. Krishnan, C.G. Sobey, E. Latz, A. Mansell, G.R. Drummond, IL-1b and IL-18:
inflammatory markers or mediators of hypertension? Br. J. Pharmacol. 171
(2014) 5589e5602.

[52] V.D. Ramseyer, J.L. Garvin, Tumor necrosis factor-a: regulation of renal func-
tion and blood pressure, Am. J. Physiol. Ren. Physiol. 304 (2013)
F1231eF1242.
[53] S. Yoshida, T. Takeuchi, T. Kotani, N. Yamamoto, K. Hata, et al., Infliximab, a

TNF-a inhibitor, reduces 24-h ambulatory blood pressure in rheumatoid
arthritis patients, J. Hum. Hypertens. 28 (2014) 165e169.

[54] B. Legein, L. Temmerman, E.A. Biessen, E. Lutgens, Inflammation and immune
system interactions in atherosclerosis, Cell. Mol. Life Sci. 70 (2013)
3847e3869.

[55] H.J. Anders, Of inflammasomes and Alarmins: IL-1b and IL-1a in kidney dis-
ease, J. Am. Soc. Nephrol. 27 (2016) 2564e2575.

[56] R.S. Al-Lamki, T.N. Mayadas, TNF receptors: signaling pathways and contri-
bution to renal dysfunction, Kidney Int. 87 (2015) 281e296.

http://refhub.elsevier.com/S0021-9150(18)30013-3/sref49
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref49
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref49
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref49
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref49
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref50
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref50
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref50
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref50
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref51
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref51
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref51
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref51
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref52
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref52
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref52
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref52
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref53
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref53
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref53
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref53
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref54
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref54
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref54
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref54
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref55
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref55
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref55
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref56
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref56
http://refhub.elsevier.com/S0021-9150(18)30013-3/sref56

	Angiotensin receptor-binding molecule in leukocytes in association with the systemic and leukocyte inflammatory profile
	1. Introduction
	2. Materials and methods
	2.1. Setting and participants
	2.2. Separation of leukocyte fractions
	2.3. Gene expression analyses by reverse transcription droplet digital polymerase chain reaction and real-time quantitative reve ...
	2.4. Clinical variables
	2.5. Animals, generation of bone marrow chimeric mice and low-dose LPS injection
	2.6. Statistical analyses

	3. Results
	3.1. Quantitative analyses of ATRAP expression in human leukocytes from healthy subjects by ddPCR
	3.2. Analyses of clinical factors potentially influencing the ATRAP expression in leukocytes from patients with NCDs
	3.3. Analyses of the possible effects of ATRAP downregulation on the inflammatory profile of leukocytes after LPS injection usin ...

	4. Discussion
	Conflicts of interest
	Financial support
	Author contributions
	Appendix A. Supplementary data
	References


		2018-11-16T09:58:07+0900
	東京慈恵会医科大学




