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Abstract

Type 2 diabetes mellitus (T2DM) is caused by insulin resistance and (3 cell dysfunction. In
recent studies reported that several markers associated with insulin sensitivity in skeletal
muscle, Adiponectin and other parameters, such as fatty acid-binding protein (FABP4), have
been reported to regulate insulin resistance, but it remains unclear which factor mostly affects
insulin resistance in T2DM. In this cross-sectional study, we evaluated the relationships
between several kinds of biomarkers and insulin resistance, and insulin secretion in T2DM
and healthy controls. We recruited 30 participants (12 T2DM and 18 non-diabetic healthy
controls). Participants underwent a meal tolerance test during which plasma glucose, insulin
and serum C-peptide immunoreactivity were measured. We performed a hyperinsulinemic-
euglycemic clamp and measured the glucose-disposal rate (GDR). The fasting serum levels
of adiponectin, insulin-like growth factor-1, irisin, autotaxin, FABP4 and interleukin-6 were
measured by ELISA. We found a strong negative correlation between FABP4 concentration
and GDR in T2DM (r =-0.657, p =0.020). FABP4 also was positively correlated with insulin
secretion during the meal tolerance test in T2DM (IRI (120): r = 0.604, p = 0.038) and was
positively related to the insulinogenic index in non-DM subjects (r = 0.536, p =0.022). Auto-
taxin was also related to GDR. However, there was no relationship with insulin secretion. We
found that serum FABP4 concentration were associated with insulin resistance and secretion
in T2DM. This suggests that FABP4 may play an important role in glucose homeostasis.

Introduction

Type 2 diabetes mellitus (T2DM) is a metabolic disease that shows chronic hyperglycemia.
The main pathophysiology is insulin resistance that stresses the pancreatic B-cells to augment
insulin secretion and is triggered by obesity and physical inactivity [1].
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Generally, obesity causes insulin resistance and creates a major risk of developing T2DM.
The glucose clamp is the gold standard to evaluate the insulin-stimulated glucose uptake in
skeletal muscle and adipose tissue. [2, 3]. Recent studies have reported several markers associ-
ated with insulin sensitivity in skeletal muscle [4]., including Adiponectin, insulin-like growth
factor1(IGF-1), interleuin-6(IL-6), and irisin. Irisin is a cytokines and peptide, derived from
skeletal muscle, known as a myokine, and exerts either autocrine, paracrine or endocrine
effects Adipocyte fatty acid-protein (A-FABP), known as FABP4, and autotaxin (ATX) are
secreted by adipose tissues, and have been pointed to be associated with obesity. In an earlier
study, it was reported that serum concentrations of FABP4 are associate with irisin [5].

Adiponectin

One humoral factor candidate, adiponectin, is secreted from the fat cell and improves insulin
resistance. By activating AMP-activated protein kinase (AMPK) in the liver and skeletal mus-
cle, adiponectin promotes combustion of fatty acid and accelerates glucose uptake [6]. In
T2DM, adiponectin has a positive correlation with the glucose-disposal rate (GDR) [7].

IGF-1

Low levels of IGF-1 are associated with obesity [8]. Sirbu et al. [9] reported that body mass
index (BMI), a marker of total body fat, predicted low serum IGF-1 levels. In another study,
serum IGF-1 levels were negatively correlated with trunk fat in obese women [10]. Thus, mea-
surements of body composition and IGF-1 levels can predict insulin resistance. Skeletal mus-
cle-derived IGF-1 is a potent osteogenic factor and has a role in the reinforcement of the bone
by the exercise [11]. However, the direct relationship between IGF-1 and insulin resistance in

skeletal muscle peripheral-tissues is still unclear.

FABP4

Adipocyte fatty acid-protein (A-FABP), known as FABP4, is one of the proteins found in
mature adipocytes. It belongs to the FABP family and consists of intracellular lipid carriers
that participate in regulating lipid transport and metabolism. FABP4 is secreted from adipo-
cytes and macrophages and has recently been investigated as a marker that is closely associated
with obesity and metabolic syndrome [12]. In obese mice, FABP4 deletion improved insulin
sensitivity and lipid metabolic disorders [13]. Elevated serum levels of FABP4 were associated
with obesity, insulin resistance, dyslipidemia and hypertension in healthy people [5]. It has
been reported that FABP4 is negatively correlated with GDR in participants [14] but the
relation is unknown in studies of T2DM alone. Another study targeting non-DM subjects,
revealed that serum FABP concentration were negatively correlated with the mean rate of glu-
cose infusion for the last 30 min of the clamp test used as an index of insulin sensitivity [15].

IL-6

IL-6 may be associated with a chronic, low-grade inflammatory state, which is generally associ-
ated with obesity. However, whether IL-6 has a protective or harmful role to the condition is
still controversial. Mauer et al. [16] showed that an inactivated IL-6 receptor (IL-6R) gene in
mice developed insulin resistance and decreased glucose tolerance. The report showed that IL-
6 may be an important regulator to activate macrophages, which are an anti-inflammatory
mediator and repairs tissues in inflammatory conditions such as obesity. Additionally, IL-6
promotes the shift of glucose transporter (GLUT) 4 to a cell membrane by reinforcing the
insulin signal in the skeletal muscle, activating an enzyme responsible from B-oxidation of the
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fatty acid and improving lipid use in the skeletal muscle, and participating in actions such as
glucose uptake in skeletal muscle [17].

Irisin

Irisin is a newly identified hormone secreted by myocytes. It mediates the beneficial effects of
exercise and influences multiple metabolic pathways, such as lipid and glucose metabolism.
Irisin activates the expression of peroxisome proliferator-y coactivator-lo. (PGC-1ar) and
uncoupling protein 1 (UCP 1) that leads to energy consumption, weight loss, and improved
insulin sensitivity. Yang et al. [18] reported that irisin could recover insulin action in muscle
cells by improving insulin signaling.

ATX

An earlier study reported that ATX expression in adipose tissues was significantly upregulated
in patients with insulin resistance and impaired glucose tolerance [19]. However, the relation-
ship between serum ATX and insulin resistance remains unclear.

Given that the clamp method is complex, it is difficult to evaluate accurate insulin resistance
using this method, and little is known about the relationship between those surrogate markers
and insulin resistance. The purpose of the present study was to identify the major humoral fac-
tors for insulin resistance and body composition in humans. Non-DM individuals also may
have insulin resistance, even if they are not obese. A surrogate marker for body fat content is
BMI, which is determined by weight (kilograms) divided by height squared (square meters). A
better method, however, to define obesity would be measurement of the percentage of total
body fat. One of the methods to measure the percentage of total body fat is bioelectrical
impedance.

We recruited individuals with T2DM and those without and measured insulin resistance
and body composition markers and performed a glucose clamp and meal tolerance test
(MTT).

Although it is difficult to investigate all of the cytokines, myokines, and hormones involved
in insulin resistance, we measured the above mentioned factors given that these are possible
insulin sensitive or resistant factors.

Material and methods
Subjects

Study population. This cross-sectional study involved 12 patients (8 men and 4 women)
who were previously diagnosed with T2DM, and 18 non-diabetic control participants (10 men
and 8 women). T;he T2DM patients were aged 29-67 years (mean 56+12) and the volunteer
controls were aged 24-61 years (mean 3549.3).

The diagnosis of DM was based on the criteria of the Japan Diabetes Society (JDS): fasting
plasma glucose (FPG)>126 mg/dL (7.0 mmol/L) and/or 2 h-postprandial plasma glucose
(PPG)>200 mg/dL (11.1 mmol/L). The participants were enrolled from 2013-2016.

Exclusion criteria. Patients with a history of TIDM, T2DM with medications, ischemic
heart disease, heart failure, pancreatic disease, liver disease, renal failure, malignancy, inflam-
matory or infectious diseases, pre- or post-operation and pregnant women were excluded.

The Ethics Committee of the Faculty of Medicine of Tottori University approved the study,
which we conducted in compliance with the ethical principles of the Declaration of Helsinki.
We obtained informed consent from all patients and volunteers using a procedure approved
by the Ethics Committee.
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Clinical assessment

All patients underwent clinical examinations before the MTT. BMI was determined as weight
divided by height squared (kg/m?). Homeostasis model assessment of insulin resistance
HOMA-IR was calculated by FPG (mmol/L) x fasting IRI (F-IRI pmol/L)/135[20]. Body com-
position analysis was performed using a TANITA Body Composition Analyzer BC-108
(Tanita, Tokyo, Japan). To evaluate body composition, dual-energy X-ray absorptiometry, bio-
electrical impedance analysis (BIA), computer tomography (CT), and magnetic resonance
imaging (MRI) may each be used. However, we used the BIA method in the present study
because non-DM subjects included young females.

Body fat mass (kg), percent body fat (%), percent limbs fat (%), skeletal muscle mass (kg)
and skeletal muscle index (SMI) were measured. SMI was calculated as the ratio of appendicu-
lar skeletal muscle mass/height” according to the practical clinical definition and consensus
diagnostic criteria for age-related sarcopenia by the European Working Group on Sarcopenia
in Older People (EWGSOP) [21].

Meal tolerance test (MTT)

The participants visited our clinic and we collected blood after overnight fasting. All partici-
pants consumed a test meal (total calories 460 kcal/1882KkL, carbohydrates 56.5 g[50%], fat
18.0 g[35%], protein 18.0 g[15%]:1.6g salt) prepared by the JDS (JANEF E460F18, Kewpie Cor-
poration, Tokyo, Japan) [22]. Plasma glucose and insulin were measured at 0 (fasting), 30, 60,
120, and 180 min following the meal. Plasma glucose was determined by the glucose oxidase
method and plasma insulin using chemiluminescent immunoassays (CLIA) (human insulin
CLIA kits, Kyowa Medix, Tokyo, Japan). HbAlc was measured by high-performance liquid
chromatography and percentage values were converted to International Federation of Clinical
Chemistry values (mmol/mol) using the HbA1c converter developed by the National Institutes
of Diabetes and Digestive and Kidney Diseases [23].

Euglycemic-hyperinsulinemic clamp. Glucose clamp studies were performed two days
after the MTT. Patients were examined in the morning after an overnight fast. An antecubital
vein was cannulated to administer the infusate. A dorsal vein was cannulated and kept warm
to facilitate venous sampling and provide arterialized venous blood. Using an artificial endo-
crine pancreas (STG 55; Nikkiso, Shizuoka, Japan), the euglycemic-hyperinsulinemic clamp
was performed to determine insulin sensitivity in peripheral tissues [2]. A primed constant
infusion of insulin (100 mU/m?*/min) and computer-controlled exogenous infusion of glucose
solution were used to achieve steady-state plasma insulin levels and maintain plasma glucose
levels at 5.2 mmol/L (95 mg/dL). Using the insulin infusion protocol as previously reported,
the steady-state plasma insulin level was 1200 pmol/L in patients with T2DM [24, 25]. The
steady-state glucose infusion rate (GIR) was calculated at 90-120 min, and the mean GIR dur-
ing that time was used as a marker of peripheral insulin sensitivity. The mean GIR was defined
as the GDR.

FABP4, irisin, adiponectin, autotaxin, and IL-6 assays

An enzyme-linked immunosorbent assay (ELISA) kit was used for measuring the following:
A-FABP (human Adipocity FABP ELISA kit, RD191036200R, BioVendor R & D, Bruno,
Czech Republic), irisin (Phoenix Pharmaceuticals, EK-067-29,Funakoshi, Tokyo, Japan),
IGF-1 (IGF-1 immunoradiometric assay [[IRMA], Daiichi, BPKB195, Tokyo, Japan), plasma
adiponectin (human adiponectin ELISA kit, 410614, Otsuka, Tokyo, Japan), ATX (Autotaxin
Sandwich ELISA, K-5600, Echelon Biosciences Inc. Salt Lake City, UT, USA), and plasma IL-6
(human IL-6 Quantikine ELISA, D6050, R & D Systems, Inc., Minneapolis, MN, USA).
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Calculation of insulin resistance and secretion indices

HOMA-IR was calculated by FPG (mmol/L) x fasting IRI (F-IRI pmol/L)/135. The insulin
sensitivity index (ISI) was calculated by 10,000/1/{[FPG (mmol/L) x F-IRI (pmol/L)] x [mean
glucose x mean insulin during MTT]}. The insulinogenic index was measured by [insulin
(pmol/L) at 30 min-insulin (pmol/L) at 0 min]/[glucose (mmol/L) at 30 min-glucose (mmol/
L) at 0 min]. CPR-IR is an index of insulin resistance, calculated by 20/(fasting PG (mmol/L) x
fasting CPR (nmol/L) [26].

Statistical analysis

Statistical analysis was performed using SPSS software version 23 (SPSS, Chicago, IL, USA).
Data are expressed as means + standard error of the mean. The Student’s ¢-test was performed
for the analysis of the differences between DM and non-DM groups. A p-value of <0.05 was
considered to be statistically significant in all analyse. Univariate correlations were performed
using Pearson’s rank correlation method.

Results
Characteristics of study participants

The baseline characteristics and chemical profiles of participants (n = 30) are summarized in
Table 1. Between the two groups, mean age, BMI, AST, ALT, y-GTP, e-GFR, TG, low-density
lipoprotein (LDL)-cholesterol, FPG, 2h-PPG and HbA ¢ were significantly higher (p<0.05) in
the T2DM group compared with the non-DM group.

In participants with T2DM, HbAlc was 7.4 + 0.8% (55 £ 8 mmol/l, IFCC), the duration of
diabetes was 4.0 + 4.3 years and there was no progressive microangiopathy. In addition, the
mean waist circumstance (WC) was 93.7 + 12.1 cm and the mean SBP and DBP were 131.0 +
8.5 and 81.8 + 8.36 mmHg, respectively (data not shown).

None of the T2DM participants took oral antidiabetic drugs, though five participants used
angiotensin II receptor blockers and five used statins. The fasting C-peptide and fasting IRI
levels in T2DM were higher in T2DM than non-DM. Similarly, the AUC(glu) and AUC(IRI),
as measured by MTT, were higher in T2DM than non-DM. AUC(glu), AUC(CPR), and AUC
(IRI) were calculated by the trapezoid method in 2 h. A significant difference was found in
GDR (9.5 £2.5vs.5.2 +2.0) and HOMA-R (1.7 £ 12 vs. 3.9 £ 2.5, p = 0.003).

We measured adiponectin, FABP4, IL-6, ATX, and irisin and found that those with T2DM
had significantly higher levels of FABP4 and ATX than the non-DM group. IL-6 was not dif-
ferent between the T2DM and non-DM groups. One T2DM participant had remarkably high
IL-6 levels, while none had inflammatory disease or other histories. Conversely, adiponectin
was higher in non-DM, though not significantly.

Analysis of body composition is displayed in Table 2. Body fat mass, body fat percentage,
lean body fat mass and trunk fat percentage were considerably higher in the T2DM group than
the non-DM group. In females, the body composition results were higher in the non-DM
group. Females of both groups have higher body fat percentages than males, especially among
those with T2DM.

Lean body mass, skeletal muscle mass and SMI were not different between the two groups
(Table 2). SMI is defined as appendicular skeletal muscle mass/height” according to the Report
of the EWGSOP [21].

The plots of the relationships between the biomarkers and GDR are shown in Fig 1. We
conducted a linear regression of the correlation between the GDR and biomarkers (Table 3).
FABP4 and ATX had a strong negative correlation with GDR in those with T2DM. In the non-
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Table 1. Baseline characteristics.

Sex (male)

Age (years)

Height (cm)

Body weight (kg)

BMI (kg/m?)

TG (mmol/L)

HDL (mmol/L)

LDL (mmol/L)

FPG (mmol/L)

HbA1c (NGSP)(%)
HbA1c (mmol/mol)
Fasting-IRI (pmol/L)
IRI120 (pmol/L)
AUC120(glu) (mmol/Leh)
AUC120(IRI) (pmol/Leh)
HOMA-R

1l

GDR (mg/min/kg)

IRI at the end of clamp (pmol/L)
FABP4 (ng/ml)
Adiponectin (ug/ml)
hs-CRP (mg/dl)

ATX (ng/ml)

IL-6 (pg/ml)

Irisin (ng/ml)

IGF-1 (ng/ml)

non-DM (n =12)
10(83.3%)
34.849.7
166.3+10.1
61.5£14.8
22.0+3.1
0.9+0.4
1.8+0.4
3.0£0.1
4.84+0.4
5.31+0.3

3413
46.8+29.4
176.43+122.27
11.7£1.3
468.1+233.8
1.7£12
1.4+1.2
9.5+2.5
1130.4+238.8
12.3t5.4
7.314.0
0.03x0.04
7.611.7
0.5+£0.7
10.3%£1.2
141.06+37.29

T2DM (n = 18)
8(44.4%)
55.2+11.6
163.7+7.8
70.9+11.6
26.5+4.0
1.6:0.8
1.2£0.0
3.4x0.4
6.9+0.7
7.4+0.8

5518
75+43.2
339.80+158.96
20.3+2.8
597.4+329.9
3.9+2.5
0.9+1.2
52420
1280.4+330.6
25.9+10.1
4.78+2.5
0.22+0.20
9.3+2.0
2.614.7
12.2+4.8
119.27+37.96

p values
0.412
<0.001
0.463
0.076
0.002
0.002
<0.001
0.04
<0.001
<0.001
<0.001
0.039
0.004
<0.001
0.218
0.003
0.271
<0.001
0.160
<0.001
0.058
<0.001
0.016
0.074
0.117
0.656

Data are means + standard deviation. T2DM, study participants with Type 2 diabetes mellitus; Non-DM, non-
diabetic study participants; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density
lipoprotein cholesterol; FPG, fasting plasma glucose; HbA1c, hemoglobin A1c; fasting-IRl, fasting-
immunoreactive insulin, AUC, area under the curve; AUC120(glu), AUC of glucose in 120 minutes in meal
tolerance test (MTT); AUC(IRI), AUC of IRl in 120 minutes; HOMA-IR, homeostasis model assessment of
insulin resistance; .1, Insulinogenic index; GDR, glucose disposal rate; hs-CRP, high-sensitivity C reactive
protein; IL-6, interleukin-6; p<0.05 as determined by unpaired Student’s t-test.

https://doi.org/10.1371/journal.pone.0179737.t001

DM group, the correlation between FABP4 and GDR showed a weak, but positive correlation

tends.

The association between the body composition and biomarkers is summarized in Table 4.
In those with T2DM, adiponectin was negatively correlated with lean body mass and skeletal
muscle mass. In non-DM participants, FABP4, IL-6 and IGF-1 were correlated with body fat
mass. IL-6 in the non-DM group also had a positive correlation with lean body mass, skeletal

muscle mass and skeletal mass index.

In addition, we conducted univariate analysis between the FABP4 and several markers

(Table 5).

FABP4 had a significant positive correlation with IRI (120) (r = 0.60. P = 0.038), a positive
correlation tendency with fasting CPR, and a negative relationship with BMI and CPR-IR. In
non-DM subjects, the insulinogenic index was positively correlated to FABP4 (r = 0.54, p =

0.039).
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Table 2. Body composition.

non-DM (n =12) T2DM (n =18) p values

Body fat percentage (%) 22.0+2.2 28.6+10.6 0.034
Male 22.2+5.6 23.0+3.8

Female 24.8+5.1 40.0+£10.9

Body fat mass(kg) 13.615.0 20.849.6 0.012
Male 15.115.6 16.5+4.8

Female 11.94£3.5 29.4+11.8

Lean body mass (kg) 48.0+11.6 49.9+8.4 0.647
Skeletal muscle mass (kg) 45.4+11 1 47.1£8.0 0.653
Skeletal mass index (SMI) 16.2+2.2 17.5+1.6 0.096
Trunk fat percentage (%) 21.216.6 30.1£10.8 0.009
Male 20.7+7.2 24.9+4.3

Female 21.846.2 40.5£13.0

Data are means + standard deviation. Skeletal muscle index (SMI) = skeletal muscle mass/height(m)?. Lean
body mass = body weight-body fat mass. p<0.05 as determined by unpaired Student’s t-test.

https://doi.org/10.1371/journal.pone.0179737.1002

Discussion

Our study shows that circulating FABP4 concentrations are negatively correlated with both
GDR, which is a marker of insulin resistance in skeletal muscle, and serum blood insulin levels
(IRI [120]) following a MTT in individuals with T2DM. Similarly, FABP4 concentration posi-
tively related with the insulinogenic index in non-DM participants.

Wu [27] reported that circulating FABP4 concentrations were correlated with glucose-stim-
ulated insulin secretion (AUC) in healthy humans. The glucose-stimulated insulin secretion
after a glucose injection also was elevated by recombinant FABP4 treatment in vitro and in
vivo.

Importantly, this insulinotropic action of FABP4 is similar to the effects of GLP-1 [28],
which is released by feeding. To maintain glucose homeostasis, FABP4 may stimulate the
cells and adjust insulin secretion. Additionally, FABP4 showed a positive relationship with to
insulin secretion at an early stage in the non-DM group, which may be because early insulin
secretion is damaged early in T2DM. Assessing this result, we assume that FABP4 enhances
the process that B cells compensate insulin secretion against the insulin resistance in patients
with T2DM.

In contrast, ATX correlated with GDR and body fat. However, ATX does not relate to
serum insulin levels (data not shown). Earlier reports also revealed that ATX predicts insulin
sensitivity (GDR) in humans [29] and mice [14]. However, few studies have researched the
correlation between ATX and insulin secretion. Whether ATX reinforces insulin secretion
remains unclear. However, the present results suggest that ATX is also important for insulin
resistance and body composition.

We found the strongest negative correlation between FABP4 and GDR compared with the
other markers connected to insulin resistance or body composition. FABP4 has been reported
to have a negative correlation with GDR in T1DM, T2DM, and controls of Asian Americans
[10]. We evaluated the relationship between FABP4 and several factors including GDR, body
composition, and insulin secretion separately in T2DM and non-DM. As a result, we found a
significant negative correlation between FABP4 and GDR in T2DM. In non-DM subjects, the
relationship was similar, but not significantly. Simultaneously, we found connection between
FABP4 and insulin secretion.

PLOS ONE | https://doi.org/10.1371/journal.pone.0179737  June 27,2017 7/14


https://doi.org/10.1371/journal.pone.0179737.t002
https://doi.org/10.1371/journal.pone.0179737

®'PLOS | one

Serum FABP4 concentration is associated with insulin resistance

=)
S

IS
o

DO

FABP-4(ng/ml)
S

[y
ot

[y
)

ATX(ng/ml) Adiponectin(pg/ml)

irisin(ng/m1)

IL-6(pg/ml)

IGF-1(ng/ml)

Fig 1. Association between several factors and glucose-disposal rate (GDR). (A) Fatty acid binding
protein-4 (FABP4), Type 2 diabetes mellitus, (B) FABP4, non- diabetes mellitus, (C) Adiponectin, Type 2

(=]

S Ot

= =
wv o wv

o

30

20

10

20
15
10

300

200

100

0

A FABP4 DM

5 10
GDR(mg/min/kg)

C Adip DM

5 10
GDR(mg/min/kg)

EATX DM

5 10
GDR(mg/min/kg)

G Irisin DM

5 10
GDR(mg/min/kg)

I1L-6 DM
([ ]

.."“ ...... .
GDR(élg/min/kg) 10
KIGF-1 DM

5 10
GDR(mg/min/kg)

FABP-4(ng/ml)
= DO w
o [« (e}

=]
(=}

20

10

Adiponectin(pg/ml)

15

10

irisin(ng/ml) ATX(ng/ml)

1L-6(pg/ml)
- o

=]
(=}

= () w
= (= =
S S S

IGF-1(ng/ml)

e

B FABP4 nonDM

5 10 15
GDR(mg/min/kg)

D Adip nonDM

5 10 15
GDR(mg/min/kg)

F ATX nonDM

5 10 15
GDR(mg/min/kg)

H Irisin nonDM

5 10 15
GDR(mg/min/kg)

J nonDM

5 10 15
GDR(mg/min/kg)

L IGF-1 nonDM

5 10 15
GDR(mg/min/kg)

PLOS ONE | https://doi.org/10.1371/journal.pone.0179737  June 27,2017

8/14


https://doi.org/10.1371/journal.pone.0179737

o ®
@ ’ PLOS | ONE Serum FABP4 concentration is associated with insulin resistance

diabetes mellitus (D) Adiponectin, non- diabetes mellitus, (E) Autotaxin (ATX), Type 2 diabetes mellitus, (F)
ATX, non-DM, (G) Irisin, T2 diabetes mellitus, (H) Irisin, non- diabetes mellitus, (1) Interleukin (IL)-6, Type 2
diabetes mellitus, (J) IL-6, non- diabetes mellitus, (K) Insulin like growth factor (IGF)-1, Type 2 diabetes
mellitus, (L) IGF-1, non- diabetes mellitus.

https://doi.org/10.1371/journal.pone.0179737.9001

FABP4 is considered as an important substance concerning insulin resistance in T2DM,
and for the release of compensatory insulin secretion.

In addition, it is important given that insulin resistance is a component of atherosclerosis.
A previous study, reported that elevated levels of FABP4 contributed to elevation of blood
pressure and an atherogenic metabolic phenotype [15]. FABP4 concentration is associated
with carotid atherosclerosis [30]. FABP4 is thought to be a marker of pathophysiology and
could be a target of treatment in T2DM.

FABP4 is secreted by fat cells and the blood concentration is related to obesity, diabetes,
and arteriosclerosis [31]. To evaluate the exact correlation between insulin resistance and
FABP4 concentrations, the glucose clamp method is required. However, this method is inva-
sive. Accordingly, the measurement of FABP4 concentration is useful for evaluating insulin
resistance in skeletal muscle if FABP4 significantly correlates to GDR, and is a predictive
marker of the progression of T2DM and non-DM people [32]. The main treatment for T2DM
is diet, exercise, and oral antidiabetic drug therapy. Additionally, a FABP4-specific inhibitor
could become a therapeutic drug for diabetes and for arteriosclerosis, as demonstrated in mice
[13].

Our study revealed no significant correlation between FABP4 and GDR in the non-DM
group. This may be the result of differences in BMI in both groups. The mean BMI in the non-
DM participants was 22.0 + 3.1 kg/m?, and the body fat percentage was also significantly dif-
ferent between the two groups. We found that BMI correlated with FABP4 in T2DM but not
in non-DM. According to another report, hyperinsulinemia and insulin resistance in the con-
text of both dietary and genetic obesity improved in FABP4 deficient mice, but the effect of
FABP4 on insulin sensitivity was not seen in lean mice [33]. The action of FABP4 in obesity
may occur clinically, but further studies are needed to verify this point.

The other markers, adiponectin, irisin and IL-6, did not correlate with GDR. However, an
earlier report showed a correlation between adiponectin and GDR in T2DM and healthy sub-
jects combined [10]. In our study, adiponectin and GDR had a slight correlation for all partici-
pants (r = 0.45, p = 0.026), though no relationship was found with body composition.

FABP4 did not correlated with the HOMA-IR in the T2DM and non-DM groups in this
study. HOMA-IR is a surrogate marker, which mainly reflects the insulin resistance of the
liver [2]. The difference could be explained by the number of subjects or the fact that the glu-
cose clamp method is mainly reflects the insulin resistance of muscle tissue.

Table 3. Correlation with GDR.

non-DM (n =18) T2DM (n=12)
r P-value r p values
FABP -0.426 0.078 -0.657 0.020
ATX -0.107 0.671 -0.601 0.039
IL-6 -0.034 0.893 -0.503 0.095
irisin 0.259 0.299 -0.591 0.056
adiponectin 0.298 0.229 0.175 0.587
IGF-1 -0.240 0.338 -0.246 0.466

Correlation coefficients were determined using Pearson’s product moment correlation coefficient test.

https://doi.org/10.1371/journal.pone.0179737.1003

PLOS ONE | https://doi.org/10.1371/journal.pone.0179737  June 27,2017 9/14


https://doi.org/10.1371/journal.pone.0179737.g001
https://doi.org/10.1371/journal.pone.0179737.t003
https://doi.org/10.1371/journal.pone.0179737

o ®
@ ’ PLOS | ONE Serum FABP4 concentration is associated with insulin resistance

Table 4. Body composition and factors providing insulin resistance.

T2DM FABP Adiponectin ATX 1I-6 irisin IGF-1

r| pvalues r| pvalues r| pvalues r pvalues r| pvalues r| pvalues
Body fat percentage (%) 0.257 | 0.419 0.043 | 0.894 0.544 | 0.068 -0.34 0.279 0.507 |0.093 0.154 | 0.651
Body fat mass(kg) 0.288 | 0.364 -0.143 | 0.657 0.549 | 0.065 -0.329 | 0.296 0.471 0.123 0.292 | 0.383
Lean body mass (kg) 0.02 0.952 -0.666 |0.018 -0.23 0.473 0.022 | 0.946 -0.391 |0.209 0.596 | 0.053
Skeletal muscle mass(kg) | 0.016 | 0.961 -0.664 |0.018 -0.236 | 0.461 0.024 | 0.941 -0.399 |0.199 0.591 | 0.06
Skeletal mass index(SMI) | 0.001 | 0.999 -0.798 | 0.022 -0.262 | 0.411 -0.029 | 0.928 -0.349 |0.266 0.454 | 0.161
Trunk fat percentage (%) | 0.25 0.434 -0.061 |0.851 0.563 | 0.056 -0.348 | 0.268 0.474 |0.119 0.198 | 0.559
NonDM FABP Adiponectin ATX 1I-6 irisin IGF-1

r| pvalues r| pvalues r| pvalues r| pvalues r| pvalues r| pvalues
Body fat percentage (%) 0.044 |0.065 -0.11 0.663 0.187 | 0.457 0.136 |0.589 0.419 |0.083 0.237 0.344
Body fat mass(kg) 0.581 |0.011 -0.37 0.131 0.115 | 0.65 0.519 |0.027* 0.404 | 0.096 0.484 | 0.042
Lean body mass (kg) 0.196 |0.435 -0.451 | 0.061 -0.094 |0.711 0.494 |0.037* -0.039 |0.879 0.497 | 0.036
Skeletal muscle mass(kg) |0.193 | 0.442 -0.455 |0.058 -0.093 |0.713 0.493 |0.038 -0.04 0.875 0.500 | 0.035
Skeletal mass index(SMI) | 0.221 | 0.378 -0.488 |0.040 -0.165 | 0.512 0.475 |0.047 0.01 0.97 0.049 | 0.039
Trunk fat percentage (%) | 0.506 |0.032 -0.28 0.26 0.224 |0.372 0.252 |0.312 0.385 |0.115 0.371 0.130

Correlation coefficients were determined using Pearson’s product moment correlation coefficient test.
*: P <0.05.

https://doi.org/10.1371/journal.pone.0179737.1004

The explanation of why irisin was related to the body fat percentage in T2DM and non-DM
is difficult. An earlier report mentioned that peroxisome proliferator-activated receptor y coac-
tivator 1-o. (PGC-1a) expression increased in brown fat cells and skeletal muscle in response
to exercise or cold temperature stimulation [34]. In our study, we did not examine the partici-
pants in such situations. The role of irisin has been considered to be highly controversial [35].
The result from this study needs reexamination.

Table 5. Correlation of FABP4 and clinical parameters.

non-DM T2DM
r P r P
IRI(120)(pmol/L) 0.225 0.369 0.604 0.038*
Insulinogenic Index 0.536 0.022* 0.359 0.252
BMI 0.441 0.667 0.309 0.328
hs-CRP 0.255 0.306 0.314 0.320
TG 0.406 0.094 0.059 0.856
FPG 0.004 0.986 0.204 0.525
fasting CPR 0.453 0.059 0.570 0.053
fasting IRI (pmol/L) 0.435 0.071 0.441 0.151
CPR-IR -0.263 0.293 -0.507 0.093
HOMA-R 0.419 0.084 0.449 0.143
AUC120(Glu) 0.100 0.693 0.233 0.466
AUC120(IRI) 0.331 0.180 0.508 0.092

Correlation coefficients were determined using Pearson’s product moment correlation coefficient test. CPR-IR, C-peptide immunoreactivity insulin
resistance. IRl (120), IRl at 120 minutes in MTT.

https://doi.org/10.1371/journal.pone.0179737.t1005
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In the present cross-sectional study, we did not evaluate the efficacy of oral antidiabetic
drugs. For antihypertensive agents, a report has indicated some influence on FABP4 that olme-
sartan decreases A-FABP levels [36]. It is unknown how the agent affected the results.

This study had some limitations. First, the relatively small number of participants and the
differences in age and BMI between the T2DM and non-DM groups indicate that our results
require confirmation with a larger study. However, the glucose clamp test is a complicated
method, and it is difficult to recruit patients with poorly controlled diabetes without medica-
tions, and older non-diabetic participants with obesity. Second, to evaluate measurements of
body fat mass, we could only use the BIA method because young women were included.
Third, further investigation is needed to evaluate the relationships between adiponectin and
other markers of insulin resistance, for example, leptin.

Leptin regulates body weight by suppressing food intake and stimulating energy expendi-
ture [37]. Leptin also may play an important role in muscle-bone crosstalk[11].In patients with
T2DM, serum leptin concentrations were positively correlated to HOMA-R, HOMA-B, and
C-peptide index [38]. In another report, high-fat diet mice showed attenuated acute insulin
secretion to glucose infusion, poor compensatory islet growth, and glucose intolerance [39].
Another potent insulin resistant factor is TNF-alpha. Unfortunately, we did not have enough
quantity of the serum to measure leptin, TNF-alpha, and other factors in the study. Currently,
we are conducting a larger study, the results of which we plan to publish in the future.

In conclusion, our study suggests indicates that FABP4 may not only be an effective marker
of insulin resistance in skeletal muscle, but also enhances insulin secretion.

To our knowledge, this is the first report to compare several markers and their relationships
with insulin resistance and secretion using the glucose clamp and MTT in humans. There are
a large number of studies that assessed the correlation with FABP4 and insulin resistance.
Accordingly, the results of our study show the possibility that, while FABP4 is important for
the pathophysiology of insulin resistance, it is likely to be associated with the insulin secretion
in T2DM.

Acknowledgments

We thank Ms. Megumi Endo, Ms. Kayo Kato, and Ms. Yoshiko Oda for their excellent techni-
cal assistance. This work conducted at Tottori University, Faculty of Medicine, Tottori, Japan.

Author Contributions

Conceptualization: Risa Nakamura, Tsuyoshi Okura.
Data curation: Risa Nakamura, Tsuyoshi Okura.
Formal analysis: Risa Nakamura, Tsuyoshi Okura.
Funding acquisition: Tsuyoshi Okura.

Investigation: Risa Nakamura, Tsuyoshi Okura, Yohei Fujioka, Keisuke Sumi, Kazuhiko Mat-
suzawa, Shoichiro Izawa, Etsuko Ueta.

Methodology: Risa Nakamura, Tsuyoshi Okura, Etsuko Ueta.

Project administration: Tsuyoshi Okura, Masahiko Kato, Kazuhiro Yamamoto.
Resources: Tsuyoshi Okura, Kazuhiro Yamamoto.

Software: Risa Nakamura, Tsuyoshi Okura.

Supervision: Masahiko Kato, Shin-ichi Taniguchi, Kazuhiro Yamamoto.

PLOS ONE | https://doi.org/10.1371/journal.pone.0179737  June 27,2017 11/14


https://doi.org/10.1371/journal.pone.0179737

@° PLOS | ONE

Serum FABP4 concentration is associated with insulin resistance

Validation: Tsuyoshi Okura.

Visualization: Risa Nakamura, Tsuyoshi Okura.

Writing - original draft: Risa Nakamura.

Writing - review & editing: Tsuyoshi Okura.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

DeFronzo RA, Eldor R, Abdul-Ghani M. Pathophysiologic approach to therapy in patients with newly
diagnosed type 2 diabetes. Diabetes Care 2013; 36:5127-38. https://doi.org/10.2337/dcS13-2011
PMID: 23882037

Muniyappa R, Lee S, Chen H, Quon MJ. Current approaches for assessing insulin sensitivity and resis-
tance in vivo: advantages, limitations, and appropriate usage. Am J Physiol Endocrinol Metab. 2008;
294:E15-26. Review. https://doi.org/10.1152/ajpendo.00645.2007 PMID: 17957034

DeFronzo RA, Tobin JD, Andres R. Glucose clamp technique: a method for quantifying insulin secretion
and resistance. Am J Physiol 1979; 237: 214-23.

Pedersen Bente K. & Febbraio Mark A. Muscles, exercise and obesity: skeletal muscle as a secretory
organ. Nature Reviews Endocrinology 8, 457—465. https://doi.org/10.1038/nrendo.2012.49 PMID:
22473333

Zhang S, Yang L, Chen P, Jin H, Xie X, Yang M, et al. Circulating Adipocyte Fatty Acid Binding Protein
(FABP4) Levels Are Associated with Irisin in the Middle-Aged General Chinese Population. PLoS One
2016 Jan 11; 11(1):e0146605. https://doi.org/10.1371/journal.pone.0146605 PMID: 26752184

Yamauchi T, Kamon J, Minokoshi Y, Ito Y, Waki H, Uchida S, et al. Adiponectin stimulates glucose utili-
zation and fatty-acid oxidation by activating AMP-activated protein kinase. Nature Medicine 2002;
8:1288-95. https://doi.org/10.1038/nm788 PMID: 12368907

Weyer C, Funahashi T, Tanaka S, Hotta K, Matsuzawa Y, Pratley RE, et al. Hypoadiponectinemia in
Obesity and Type 2 Diabetes: Close Association with Insulin Resistance and Hyperinsulinemia. J Clin
Endocrinol Metab 2001; 86(5):1930-5. https://doi.org/10.1210/jcem.86.5.7463 PMID: 11344187

Sesti G, Sciacqua A, Cardellini M, Marini MA, Maio R, Vatrano M,et al. Plasma concentration of IGF-1 is
independently associated with insulin sensitivity in subjects with different degrees of glucose tolerance.
Diabetes Care 2005; 28:120-5. PMID: 15616244

Sirbu A, Gologan S, Arbanas T, Copaesca C, Martin S, Albu A, et al. Adiponectin, body mass index and
hepatic steatosis are independently associated with IGF-1 status in obese non-diabetic women. Growth
Horm IGF Res. 2013; 23: 2-7. https://doi.org/10.1016/j.ghir.2012.10.001 PMID: 23111188

Greco EA, Francomano D, Fornari R, Marocco C, Lubrano C, Papa V, et al. Negative association
between trunk fat, insulin resistance and skeleton in obese women. World J Diabetes 2013; 4(2):3

Hamrick MW. Role of the Cytokine-like Hormone Leptin in Muscle-bone Crosstalk with Aging. J Bone
Metab. 2017 Feb; 24(1):1-8. doi: 10.11005/jom.2017.24.1.1. Epub 2017 Feb 28. PMID: 28326295

Ishimura S, Furuhashi M, Watanabe Y, Hoshina K, Fuseya T, Mita T, et al. Circulating levels of fatty
acid-binding protein family and metabolic phenotype in the general population. PLoS One 2013; 8(11).
81318 hitps://doi.org/10.1371/journal.pone.0081318 PMID: 24278421

Furuhashi M, Tuncman G, Goérgun CZ, Makowski L, Atsumi G, Vaillancourt E. Treatment of diabetes
and atherosclerosis by inhibiting fatty-acid-binding protein aP2. Nature. 2007 Jun 21; 447(7147):959—
65. Epub 2007 Jun 6. https://doi.org/10.1038/nature05844 PMID: 17554340

Hsu WC, Okeke E, Cheung S, Keenan H, Tsui T, Cheng K, et al. A Cross-Sectional Characterization of
Insulin Resistance by Phenotype and Insulin Clamp in East Asian Americans with Type 1 and Type 2
Diabetes. PLoS One 2011; 6(12):€28311. https://doi.org/10.1371/journal.pone.0028311 PMID:
22164267

Ota Hideki, Furuhashi Masato, Ishimura Shutaro, Koyama Masayuki, Okazaki Yusuke, Mita Tomohiro.
Elevation of Fatty Acid-Binding Protein 4 Is Predisposed by Family History of Hypertension and Contrib-
utes to Blood Pressure Elevation.Am J Hypertention, 2012.

Mauer J, Chaurasia B, Goldau J, Vogt MC, Ruud J, Nguyen KD, et al. Signaling by IL-6 promotes alter-
native activation of macrophages to limit endotoxemia and obesity-associated resistance to insulin. Nat
Immunol 2014; 15(5):423-30. https://doi.org/10.1038/ni.2865 PMID: 24681566

Carey AL, Steinberg GR, Macaulay SL, Thomas WG, Holmes AG, Ramm G. nterleukin-6 increases
insulin-stimulated glucose disposal in humans and glucose uptake and fatty acid oxidation in vitro via
AMP-activated protein kinase. Diabetes. 2006 Oct; 55(10):2688-97. https://doi.org/10.2337/db05-
1404 PMID: 17003332

PLOS ONE | https://doi.org/10.1371/journal.pone.0179737  June 27,2017 12/14


https://doi.org/10.2337/dcS13-2011
http://www.ncbi.nlm.nih.gov/pubmed/23882037
https://doi.org/10.1152/ajpendo.00645.2007
http://www.ncbi.nlm.nih.gov/pubmed/17957034
https://doi.org/10.1038/nrendo.2012.49
http://www.ncbi.nlm.nih.gov/pubmed/22473333
https://doi.org/10.1371/journal.pone.0146605
http://www.ncbi.nlm.nih.gov/pubmed/26752184
https://doi.org/10.1038/nm788
http://www.ncbi.nlm.nih.gov/pubmed/12368907
https://doi.org/10.1210/jcem.86.5.7463
http://www.ncbi.nlm.nih.gov/pubmed/11344187
http://www.ncbi.nlm.nih.gov/pubmed/15616244
https://doi.org/10.1016/j.ghir.2012.10.001
http://www.ncbi.nlm.nih.gov/pubmed/23111188
https://doi.org/10.11005/jbm.2017.24.1.1
http://www.ncbi.nlm.nih.gov/pubmed/28326295
https://doi.org/10.1371/journal.pone.0081318
http://www.ncbi.nlm.nih.gov/pubmed/24278421
https://doi.org/10.1038/nature05844
http://www.ncbi.nlm.nih.gov/pubmed/17554340
https://doi.org/10.1371/journal.pone.0028311
http://www.ncbi.nlm.nih.gov/pubmed/22164267
https://doi.org/10.1038/ni.2865
http://www.ncbi.nlm.nih.gov/pubmed/24681566
https://doi.org/10.2337/db05-1404
https://doi.org/10.2337/db05-1404
http://www.ncbi.nlm.nih.gov/pubmed/17003332
https://doi.org/10.1371/journal.pone.0179737

@° PLOS | ONE

Serum FABP4 concentration is associated with insulin resistance

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Yang Z, Chen X, Chen Y, Zhao Q. Decreased irisin secretion contributes to muscle insulin resistance in
high-fat diet mice. Int J Clin Exp Pathol 2015; 8(6):6490—7. PMID: 26261526

Quilliot BJ, Pradéres D, Simon JP, Grés MF, Guigné S, Prévot C, et al. Potential involvement of adipo-
cyte insulin resistance in obesity-associated up-regulation of adipocyte lysophospholipase D/autotaxin
expression. Diabetologia 2005; 48(3):569—77. Epub 2005 Feb 8. https://doi.org/10.1007/s00125-004-
1660-8 PMID: 15700135

Bonora E, Targher G, Alberiche M, Bonadonna RC, Saggiani F,Zenere MB. Homeostasis model
assessment closely mirrors the glucose clamp technique in the assessment of insulin sensitivity: studies
in subjects with various degrees of glucose tolerance and insulin sensitivity. Diabetes Care. 2000 Jan;
23 (1):57-63. PMID: 10857969

Cruz-Jentoft AJ, Baeyens JP, Bauer JM, Boirie Y, Cederholm T, Landi F, et al. European Working
Group on Sarcopenia in Older People. Sarcopenia: European consensus on definition and diagnosis:
Report of the European Working Group on Sarcopenia in Older People. Age and Ageing 2010; 39:412—
23. https://doi.org/10.1093/ageing/afq034 PMID: 20392703

Yoshino G, Tominaga M, Hirano T, Shiba T, Kashiwagi A, Tanaka A, et al. The test meal A: A pilot
model for the international standard of test meal for an assessment of both postprandial hyperglycemia
and hyperlipidemia. J Jpn Diabetes Soc 2006; 49:361-71.

Hoelzel W, Weykamp C, Jeppsson JO, Miedema K, Barr JR, Goodall |, et al. IFCC reference system for
measurement of hemoglobin A1c in human blood and the national standardization schemes in the
United States, Japan, and Sweden: a method-comparison study. Clin Chem. 2004 Jan; 50(1):166-74.
https://doi.org/10.1373/clinchem.2003.024802 PMID: 14709644

Kawamori R, Matsuhisa M, Kinoshita J, Mochizuki K, Niwa M, Arisaka T, et al. Pioglitazone enhances
splanchnic glucose uptake as well as peripheral glucose uptake in non-insulin-dependent diabetes mel-
litus. AD-4833 Clamp-OGL Study Group. Diabetes Res Clin Pract 1998; 41:35-43. PMID: 9768370

TamuraY, Tanaka Y, Sato F, Choi JB, Watada H, Niwa M, et al. Effects of diet and exercise on muscle
and liver intracellular lipid contents and insulin sensitivity in type 2 diabetic patients. J Clin Endocrinol
Metab 2005; 90:3191-6. https://doi.org/10.1210/jc.2004-1959 PMID: 15769987

Ohkura T, Shiochi H, Fujioka Y, Sumi K, Yamamoto N, Matsuzawa K, et al. 20/(fasting C-peptide x fast-
ing plasma glucose) is a simple and effective index of insulin resistance in patients with type 2 diabetes

mellitus: a preliminary report. Cardiovasc Diabetol 2013; 12:21. https://doi.org/10.1186/1475-2840-12-
21 PMID: 23339473

Wu LE, Samocha-Bonet D, Whitworth PT, Fazakerley DJ, Turner N, Biden TJ, et al. Identification of
fatty acid binding protein 4 as an adipokine that regulates insulin secretion during obesity. Mol Metab
2014; 3(4):465-73. https://doi.org/10.1016/j.molmet.2014.02.005 PMID: 24944906

Parkes DG, Pittner R, Jodka C, Smith P, Young A. Insulinotropic actions of exendin-4 and glucagon-like
peptide-1 in vivo and in vitro. Metabolism 2001; 50:583-9. https://doi.org/10.1053/meta.2001.22519
PMID: 11319721

Reeves VL, Trybula JS, Wills RC, Goodpaster BH, Dubé JJ, Kienesberger PC, et al. Serum Autotaxin
/ENPP2 correlates with insulin resistance in older humans with obesity. Obesity (Silver Spring) 2015; 23
(12):2371-6.

Yeung DC, Xu A, Cheung CW, Wat NM, Yau MH, Fong CH. Serum adipocyte fatty acid-binding protein
levels were independently associated with carotid atherosclerosis. Arterioscler Thromb Vasc Biol. 2007
Aug; 27(8):1796—-802. Epub 2007 May 17. https://doi.org/10.1161/ATVBAHA.107.146274 PMID:
17510463

Xu A, Wang Y, Xu JY, Stejskal D, Tam S, Zhang J, et al. Adipocyte Fatty Acid—Binding Protein Is a
Plasma Biomarker Closely Associated with Obesity and Metabolic Syndrome. Clin Chem. 2006; 52:
(3):405—13. https://doi.org/10.1373/clinchem.2005.062463 PMID: 16423904

Tso AW, Xu A, Sham PC, Wat NM, Wang Y, Fong CH, et al. Serum adipocyte fatty acid binding protein
as a new biomarker predicting the development of type 2 diabetes: a 10-year prospective study in a Chi-
nese cohort. Diabetes Care 2007; 30(10):2667—72. Epub 2007 Jul 9. https://doi.org/10.2337/dc07-0413
PMID: 17620449

Hotamisligil GS, Johnson RS, Distel RJ, Ellis R, Papaioannou VE, Spiegelman BM. Uncoupling of obe-
sity from insulin resistance through a targeted mutation in aP2, the adipocyte fatty acid binding protein.
Science 1996; 274:1377-9. PMID: 8910278

Lee P, Linderman JD, Smith S, Brychta RJ, Wang J, Idelson C, et al. Irisin and FGF21 are cold-induced
endocrine activators of brown fat function in humans. Cell Metab 2014; 19:302. https://doi.org/10.1016/
j.cmet.2013.12.017 PMID: 24506871

Perakakis N, Triantafyllou GA,Fernandez-Real JM, Huh JY, Park KH, Seufert J, Mantzoros CS. Physiol-
ogy and role of irisin in glucose homeostasis. Nat Rev Endocrinol. 2017 Feb 17. https://doi.org/10.1038/
nrendo.2016.221 PMID: 28211512

PLOS ONE | https://doi.org/10.1371/journal.pone.0179737  June 27,2017 13/14


http://www.ncbi.nlm.nih.gov/pubmed/26261526
https://doi.org/10.1007/s00125-004-1660-8
https://doi.org/10.1007/s00125-004-1660-8
http://www.ncbi.nlm.nih.gov/pubmed/15700135
http://www.ncbi.nlm.nih.gov/pubmed/10857969
https://doi.org/10.1093/ageing/afq034
http://www.ncbi.nlm.nih.gov/pubmed/20392703
https://doi.org/10.1373/clinchem.2003.024802
http://www.ncbi.nlm.nih.gov/pubmed/14709644
http://www.ncbi.nlm.nih.gov/pubmed/9768370
https://doi.org/10.1210/jc.2004-1959
http://www.ncbi.nlm.nih.gov/pubmed/15769987
https://doi.org/10.1186/1475-2840-12-21
https://doi.org/10.1186/1475-2840-12-21
http://www.ncbi.nlm.nih.gov/pubmed/23339473
https://doi.org/10.1016/j.molmet.2014.02.005
http://www.ncbi.nlm.nih.gov/pubmed/24944906
https://doi.org/10.1053/meta.2001.22519
http://www.ncbi.nlm.nih.gov/pubmed/11319721
https://doi.org/10.1161/ATVBAHA.107.146274
http://www.ncbi.nlm.nih.gov/pubmed/17510463
https://doi.org/10.1373/clinchem.2005.062463
http://www.ncbi.nlm.nih.gov/pubmed/16423904
https://doi.org/10.2337/dc07-0413
http://www.ncbi.nlm.nih.gov/pubmed/17620449
http://www.ncbi.nlm.nih.gov/pubmed/8910278
https://doi.org/10.1016/j.cmet.2013.12.017
https://doi.org/10.1016/j.cmet.2013.12.017
http://www.ncbi.nlm.nih.gov/pubmed/24506871
https://doi.org/10.1038/nrendo.2016.221
https://doi.org/10.1038/nrendo.2016.221
http://www.ncbi.nlm.nih.gov/pubmed/28211512
https://doi.org/10.1371/journal.pone.0179737

o ®
@ ’ PLOS | ONE Serum FABP4 concentration is associated with insulin resistance

36. Furuhashi M, Mita T, Moniwa N, Hoshina K, Ishimura S, Fuseya T, et al. Angiotensin Il receptor blockers
decrease serum concentration of fatty acid-binding protein 4 in patients with hypertension. Hypertens
Res 2015; 38(4):252-9. https://doi.org/10.1038/hr.2015.2 PMID: 25672659

37. AhimaRS, Flier JS. Leptin. Annu Rev Physiol 2000; 62:413—437. https://doi.org/10.1146/annurev.
physiol.62.1.413 PMID: 10845097

38. Morioka Tomoaki, Emoto Masanori, Yamazaki Yuko. Plasma Soluble Leptin Receptor Levels are Asso-
ciated with Pancreatic 3-Cell Dysfunction in Patients with Type 2 Diabetes. J Diabetes Investig. 2017
Mar 14. https://doi.org/10.1111/jdi.12657 PMID: 28294581

39. Morioka Tomoaki, Asilmaz Esra, Hu Jiang. Disruption of leptin receptor expression in the pancreas
directly affects B cell growth and function in mice. J Clin Invest. 2007 Oct; 117(10):2860-8. https://doi.
org/10.1172/JCI30910 PMID: 17909627

PLOS ONE | https://doi.org/10.1371/journal.pone.0179737  June 27,2017 14/14


https://doi.org/10.1038/hr.2015.2
http://www.ncbi.nlm.nih.gov/pubmed/25672659
https://doi.org/10.1146/annurev.physiol.62.1.413
https://doi.org/10.1146/annurev.physiol.62.1.413
http://www.ncbi.nlm.nih.gov/pubmed/10845097
https://doi.org/10.1111/jdi.12657
http://www.ncbi.nlm.nih.gov/pubmed/28294581
https://doi.org/10.1172/JCI30910
https://doi.org/10.1172/JCI30910
http://www.ncbi.nlm.nih.gov/pubmed/17909627
https://doi.org/10.1371/journal.pone.0179737

