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ARTICLE INFO ABSTRACT

Article history: Objective: Fatty acid binding protein 4 (FABP4) is an intracellular lipid chaperone involved in the crosstalk be-

Received 15 January 2019 tween adipose and peripheral tissues, and it contributes to widespread insulin resistance in cells, including car-

Accepted 8 April 2019 diac cells. However, the role of this adipokine in regulating cardiac metabolism and myocardial neutral lipid
content in patients with type 2 diabetes has not been elucidated.

Keywords: Methods: The impact of circulating FABP4 on the cardiac neutral lipid content was measured by proton magnetic

Myocardial neutral lipid content

FABP4 resonance spectroscopy ('H-MRS) in patients with type 2 diabetes. Additionally, circulating FABP4 and the car-

Cardiac lipotoxicity diac triglyceride content were analysed in high-fat diet (HFD)-fed mice, and the impact of the exogenous FABP4

Insulin resistance was explored in HL-1 cardiac cells.

BMS309403 Results: Serum FABP4 levels were higher in type 2 diabetic patients compared to healthy individuals. Circulating
FABP4 levels were associated with myocardial neutral lipid content in type 2 diabetic patients. In HFD-fed mice,
both serum FABP4 and myocardial triglyceride content were increased. In FABP4-challenged HL-1 cells, extracel-
lular FABP4 increased intracellular lipid accumulation, which led to impairment of the insulin-signalling pathway
and reduced insulin-stimulated glucose uptake. However, these effects were partially reversed by FABP4 inhibi-
tion with BMS309403, which attenuated the intracellular lipid content and improved insulin signalling and
insulin-stimulated glucose uptake.

Conclusions: Taken together, our results identify FABP4 as a molecule involved in diabetic/lipid-induced cardio-
myopathy and indicate that this molecule may be an emerging biomarker for diabetic cardiomyopathy-related
disturbances, such as myocardial neutral lipid accumulation. Additionally, FABP4 inhibition may be a potential
therapeutic target for metabolic-related cardiac dysfunctions.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction
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associated with metabolic-related disturbances independently of vascular
lesions [3]. Despite the risk of heart failure independent of the ischaemic
pathology is not yet established, diabetic patients are at a two- to five-fold
increased risk of heart failure [4]. Additionally, the incidence of heart fail-
ure attributed to obesity is estimated to increase by 5-7% per unit increase
in body mass index (BMI) [5]. Ectopic fat accumulation in non-adipose tis-
sues has been related to an altered cardiac structure, thus increasing the
risk of cardiometabolic events [1]. At the cellular level, adipocytes act as
endocrine organs, releasing fatty acids, proinflammatory mediators and
other biological active molecules (adipokines) that target peripheral tis-
sues to regulate cellular responses into the bloodstream. Thus, these mol-
ecules take part in a communication network between adipose tissue and
peripheral organs, including the heart [6]. Among their other functions,
both fatty acids and adipokines control energy metabolism in their target
tissues and regulate substrate preferences for energy production. Specifi-
cally, several of these molecules directly influence the development of in-
sulin resistance, thus increasing fatty acid utilization to the detriment of
glucose uptake. In insulin-resistant cardiomyocytes, fatty acid uptake fre-
quently exceeds mitochondrial 3-oxidative capacity [7], thus promoting
intramyocellular lipid accumulation and lipotoxicity, which further
contributes to insulin resistance by directly impairing insulin-stimulated
glucose uptake [8]. Augmented neutral lipid accumulation in the myocar-
dium is commonly termed myocardial steatosis. Myocardial steatosis has
been observed in patients with non-ischaemic cardiomyopathy in the ter-
minal state [9], and it is independently associated with impaired contrac-
tile function and with the onset of myocardial dysfunction [10-13].
However, the clinical determination of the cardiac content of neutral
lipids by proton magnetic resonance spectroscopy ('H-MRS) is currently
impractical for the screening of large populations. Thus, the identification
of circulating molecules able to reflect the myocardial neutral lipid con-
tent would contribute to targeting of cardiac fat accumulation-related dis-
turbances before they can become established.

Among the large number of adipokines produced by adipocytes,
fatty acid binding protein 4 (FABP4) has been recently proposed as an
emerging molecule involved in the development of metabolic and
CVD (for review see [14]). FABP4 (A-FABP or aP2) is an intracellular
lipid chaperone that is able to reversibly bind to hydrophobic ligands
[15,16]. Thereby, FABP4 regulates lipid trafficking and cellular responses
[17,18] and takes part in both lipid metabolism and insulin sensitivity
regulation [19]. Additionally, it has been detected in the bloodstream
and is able to induce responses in peripheral organs. Circulating FABP4
has been associated with metabolic syndrome and type 2 diabetes in
several studies [20-22]. Furthermore, FABP4 has been directly related
to cardiac alterations [14,23]. FABP4 levels are related to altered left
ventricle structure and function [23-28], and serum FABP4 concentra-
tions have been directly associated with heart failure [23,25,29-31].
FABP4 is induced in epicardial adipose tissue from metabolic syndrome
subjects [32], which suggests a paracrine effect on cardiac cells. In ani-
mal models, FABP4 overexpression exacerbates cardiac hypertrophy in-
duced by pressure overload [33], and FABP4 deficiency improves left
ventricular function and reduces myocardial injury induced by ischae-
mia/reperfusion in both non-diabetic and streptozotocin-induced dia-
betic mice [34]. Moreover, FABP4 suppresses cardiomyocyte
contraction [35], which shows a cause-effect relationship between
FABP4 and cardiomyocyte physiology. However, the role of this mole-
cule as a potential biomarker for myocardial neutral lipid content in
type 2 diabetic patients has not been established, and the molecular
mechanisms by which FABP4 regulates heart function are only begin-
ning to emerge. It has been proposed that FABP4 may contribute to
trans-endothelial fatty acid transport [36], thus regulating fatty acid de-
livery inside cardiomyocytes. Nevertheless, the role of FABP4 in regulat-
ing intramyocellular lipid content and insulin resistance in
cardiomyocytes remains unknown.

In this work, we add a new piece to the puzzle and show that FABP4
induces intramyocellular lipid accumulation and contributes to insulin
resistance in cardiac cells. Additionally, we show that circulating

FABP4 is associated with myocardial neutral lipid content in well-
controlled uncomplicated type 2 diabetes with verified absence of
structural heart disease or inducible ischaemia [37]. Thereby, FABP4
may induce dysregulation of cardiac metabolism, which is a key mech-
anism in the development of adverse cardiac disturbances in diabetic
subjects.

2. Material and Methods
2.1. Patients

Cardiac neutral lipid content was determined by 'H-MRS in seventy-
four men with uncomplicated type 2 diabetes and 12 age- and BMI-
matched non-diabetic controls [13]. Patients were recruited from
those participating in the PIRAMID (Pioglitazone Influence on tRiglycer-
ide Accumulation in the Myocardium In Diabetes) study [37]. Data from
these patients, including age, body mass index (BMI [weight (kg)/
length (m?)] and waist circumference were collected. The inclusion
and exclusion criteria have been published elsewhere [37]. In brief,
the inclusion criteria were age between 45 and 65 years,
glycohaemoglobin levels from 6.5% to 8.5% at screening, BMI from 25
to 32 kg/m?, and blood pressure below 150/85 mm Hg (both with or
without the use of antihypertensive drugs). Subjects with any clinically
significant disorder, particularly any history or complaint of cardiovas-
cular or liver disease or diabetes-related complications, prior use of
thiazolidinediones or insulin were excluded from the study. Absence
of structural heart disease or inducible ischaemia was verified in these
patients. Written informed consent was obtained from all participants.
The study was approved by local ethics committees (Leiden University
Medical Center and Vrije Universiteit Medical Center) and was per-
formed in full compliance with the Declaration of Helsinki.

2.2. Biochemical and Imaging Studies in Patients and Controls

Blood samples were collected for substrate determination. Glucose,
glycated haemoglobin (HbAlc), insulin, non-esterified fatty acids
(NEFAs), total cholesterol, high-density lipoprotein (HDL)-cholesterol,
low-density lipoprotein (LDL)-cholesterol, non-HDL-cholesterol, tri-
glycerides, ultra-sensitive C-Reactive Protein (us-CRP), leucocyte
count and N-terminal pro B-type natriuretic peptide (NT-proBNP)
were previously determined [37,38]{van der Meer, 2009 #212}. Addi-
tionally, serum FABP4 levels were determined using a commercial en-
zyme-linked immunoabsorbent assay (Biovendor, Brno, Czech
Republic).

Left ventricular (LV) mass, LV end-diastolic volume, LV end-systolic
volume and stroke volume were calculated using magnetic resonance
imaging (MRI). During MR examinations, both systolic and diastolic
blood pressures and heart rate were monitored. LV ejection fraction
and cardiac index (cardiac index = cardiac output/body surface area)
were used as measures of systolic function. Determination of LV dia-
stolic function parameters, including peak filling rates of the early filling
phase (E) and atrial contraction (A) and their ratio (E/A) were calcu-
lated by measuring blood flow across the mitral valve by an electrocar-
diograph (ECG)-gated gradient echo sequence with velocity encoding.
LV filling pressures (E/Ea) [39] and the peak (E-decpeak) and mean
(E-decmean) deceleration gradients of E [40] were calculated. Both sub-
cutaneous and visceral abdominal fat volumes were quantified by MRI
as previously described [41]. All images were quantitatively analysed
using the MASS and FLOW software (Medis, Leiden, the Netherlands).

Both Hepatic and Cardiac neutral lipid content was determined
using 'H-MRS as previously described [40,42]. Briefly, myocardial 'H-
MRS spectra were obtained from the interventricular septum, avoiding
contamination from epicardial fat. Spectroscopic data acquisition was
double-triggered with ECG triggering and respiratory navigator echoes
to minimize motion artefacts. Water-suppressed spectra were acquired
to measure myocardial triglyceride content using spectra without water
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suppression as an internal standard [40]. Myocardial neutral lipid con-
tent was calculated as previously described [40,43]. Liver 'H-MRS spec-
tra was performed avoiding gross vascular structures and adipose tissue
depots. All "TH-MRS spectroscopic data were fitted by use of Java-based
MR user interface software (jMRUI version 2.2) [43].

2.3. Animal Model Experiments

Six-week-old C57BL/6] male mice (Charles River Laboratories,
Spain) were maintained on standard light-dark cycle (12 h light/dark
cycle) and temperature (21 4 1 °C) conditions with ad libitum access
to food and water. The animals were randomly distributed in two ex-
perimental groups (n = 10 each) and fed a standard chow diet (STD:
10% kcal from fat; Panlab; Barcelona, Spain) or a high-fat diet (HFD:
60% kcal from fat; Panlab; Barcelona, Spain) for 12 weeks [44]. Before
the end of the procedure, a glucose tolerance test (GTT) was performed
on mice that were fasted for 4 h. Briefly, animals received 2 g/kg body
weight of glucose by intraperitoneal injection, and blood was collected
from their tail veins after 0, 15, 30, 60, 120 and 180 min. The area
under the curve (AUC) was determined as a measure of glucose intoler-
ance. After this period the mice were euthanized, and the heart was im-
mediately frozen in liquid nitrogen and stored at —80 °C. A blood
sample was collected, and plasma samples were analysed for glucose
(Spinreact; Barcelona, Spain), insulin, resistin, leptin, adiponectin
(Milliplex®, Millipore; Billerica, MA, USA), FABP4 (Biovendor; Brno,
Czech Republic), NEFAs (Wako; Osaka, Japan) and triglycerides
(Spinreact; Barcelona, Spain). To assess insulin sensitivity, the homeo-
static model assessment (HOMA) index was calculated using the fol-
lowing equation: [fasting glucose (mmol/l) x fasting insulin (uU/ml)]/
22.5 [45]. Myocardial triglyceride content was analysed by liquid chro-
matography/mass spectrometry (LC/MS). These experiments
conformed to the Guide for the Care and Use of Laboratory Animals pub-
lished by the U.S. National Institutes of Health (NIH publication no. 85-
23, revised 1996). All procedures were approved by the University
Rovira i Virgili Bioethics Committee, as stated in Law 5/21 July 1995
passed by the Generalitat de Catalunya (Autonomous Government of
Catalonia).

24. Cell Culture Experiments

HL-1 atrial cardiomyocytes (from Dr. W. Claycomb laboratory, Loui-
siana State University, New Orleans, LA, USA) were cultured in
Claycomb medium (supplemented with 10% fetal calf serum (FCS),
0.1 mmol/I noradrenaline [norepinephrine], 2 mmol/l L-glutamine,
100 U/ml penicillin and 100 pg/ml streptomycin) at 37 °C and 5% CO,
as previously described [46,47]. Cells were seeded in multi-well plates
and serum deprived in Dulbecco's Modified Eagle Medium (DMEM,;
supplemented with 2 mM L-glutamine, 100 uM non-essential amino
acids (NEAA), 100 U/ml penicillin and 100 pg/ml streptomycin) for
24 h, and then stimulated with recombinant FABP4 (Biovendor Brno,
Czech Republic) at 5 pg/ml for 8 or 24 h, in the presence or absence of
BMS309403 (Tocris Bioscience, Bristol, UK) (25 uM). When indicated,
the cells were acutely stimulated with insulin (Sigma-Aldrich, Madrid,
Spain) (200 nmol/l, 10 min). After incubation, RNA, whole protein or
membrane protein was extracted as described below.

2.5. Lipid Content Determination

Lipid content was measured in 5 mm cross-sections from frozen
mouse hearts using Oil Red O stain following the protocol described
by Mehlem et al. [48]. To visualize the lipid droplets in HL-1 cells, the li-
pophilic fluorescent dye Nile red (Sigma-Aldrich; Barcelona, Spain) was
used [49]. Pictures were captured using a microscope (Olympus IX71,
Spain). The lipid content from HL-1 cells was quantified with Image]
software from four random fields.

2.6. Metabolomics

Lipids were extracted in methanol 0.1% formic acid. After sample
fragmentation by vortexing, immersion in liquid N and ultrasonication,
3 volumes of dichloromethane and 1 volume of water were added se-
quentially. Samples were incubated at 4 °C for 30 min and centrifuged
(15,000 rpm, 15 min at 4 °C). The organic phase (lipidic) was collected
for drying under a stream of nitrogen. Lipid pellets were resuspended in
methanol:toluene (9:1) for LC/MS analysis.

Untargeted LC/MS analyses were performed using a UHPLC system
(1200 series, Agilent Technologies) coupled to a 6550 ESI-QTOF MS
(Agilent Technologies) operating in positive (ESI+) electrospray ioniza-
tion mode. Lipids were separated by reverse phase chromatography
with an Acquity UPLC C18-RP (ACQUITY UPLC BEH C18 1.7 M, Waters).
Mobile phase A was acetonitrile/water (60:40) (10 mM ammonium for-
mate) and B was isopropanol/acetonitrile (90:10) (10 mM ammonium
formate). Solvent modifiers were used to enhance ionization, as well
as to improve the LC resolution in positive ionization modes. The sepa-
ration was conducted under the following gradient: 0 in 15% of B; 0-
2 min 30% of B; 2-2.5 min 48% of B; 2.5-11 min 82% of B; 11-11.5 min
99% of B; 11.5-12 99% of B; 12-12.1 min 15% of B; 12.1-15 min 15% of
B. The ESI conditions were as follows: gas temperature, 150 °C; drying
gas, 13 1 min—!; nebulizer, 35 psig; fragmentor, 150 V; and skimmer,
65 V. The instrument was set to work over the m/z range from 50 to
1200 with an acquisition rate of 3 spectra/s. For compound identifica-
tion, MS/MS analyses were performed in targeted mode, and the instru-
ment was set to acquire spectra over the m/z range from 700 to 900,
with a default iso width (the width at half-maximum of the quadrupole
mass bandpass used during MS/MS precursor isolation) of 4 m/z. The
collision energy was fixed at 20 V.

LC/MS data were processed using XCMS [50] software (version
1.34.0) to detect and align mzRT features. XCMS analysis of these data
provided a matrix containing the retention time, m/z value, and inte-
grated peak area of each feature for each sample of cells and culture me-
dium. We constrained the initial number of features by means of the
following criteria: only features above an intensity threshold of 5000
for the analysis of the cell pellet were retained for further statistical
analysis. Quality control samples (QCs) consisting of pooled cells sam-
ples from each condition were injected at the beginning and periodi-
cally through the worklist. The performance of the LC/MS platform for
each mzRT feature detected in samples was assessed by calculating
the relative standard deviation of these features on pooled samples
(CvQC) [51].

2.7. RNA Preparation and Quantitative Real Time Reverse Transcription-
Polymerase Chain Reaction (RT-PCR) Analysis

Levels of mRNA were assessed by real time RT-PCR as previously de-
scribed [46]. Total RNA was isolated using the PureLink® RNA Mini Kit
(Invitrogen, Life Technologies; Madrid, Spain) according to the manufac-
turer's recommendations. RNA integrity was determined by electropho-
resis in agarose gel and was quantified by a NanoDrop 1000
Spectrophotometer (Thermo Scientific; Madrid, Spain). Total RNA (1 pg)
was reverse-transcribed using the PrimeScript RT Reagent Kit (Takara
Bio; France). Levels of mRNA were assessed by real-time PCR on an ABI
PRISM 7900 sequence detector (Applied Biosystems; CA, USA). TagMan
gene expression assays-on-demand (IDT; Leuven, Belgium) were used
for mouse Cd36 (Mm.PT.58.7548967), mouse Fabp4 (Mm.
PT.58.43866459), mouse acyl-Coenzyme A (CoA) synthetase (Acs) (Mm.
PT.58.29312796), mouse medium-chain acyl-CoA dehydrogenase
(Acadm) (Mm.PT.58.9004416), mouse vey-long-chain acyl-CoA dehydro-
genase (Acadvl) (Mm.PT.58.30103666), mouse acyl-CoA oxidase 1
(Acox1) (Mm.PT.58.5874703), mouse fatty acid synthase (Fas) (Mm.
PT.58.14276063), mouse stearoyl-CoA desaturase 1 (Scd1) (Mm.
PT.58.8351960), mouse glycerol-3-phosphate acyltransferase (Gpat1)
(Mm.PT.58.12176691), mouse diacylglycerol O-acyltransferase 2



R. Rodriguez-Calvo et al. / Metabolism Clinical and Experimental 96 (2019) 12-21 15

(Dgat2) (Mm.PT.58.28629966), mouse glucose transporter 4 (Glut4)
(Mm.PT.58.9683859) and mouse pyruvate dehydrogenase kinase 4
(Pdk4) (Mm.PT.58.9453460). TATA-binding protein (Thp) (Mm.
PT.58.10867035) was used as the endogenous control [52,53].

2.8. Immunoblotting

HL-1 cells were challenged with 200 nmol/I insulin for 10 min.
Whole cellular extracts were collected in RIPA buffer (0.1% SDS,
150 mM NacCl, 1% Nonidet P40, 50 mM Tris-HCl, 0.5% deoxycholate)
containing phosphatase and protease inhibitors (Roche Diagnostics;
Basel, Switzerland) [49]. To obtain membrane fraction proteins, cells
were lysed in cold buffer (50 mM Tris-HCl, pH 7.4, 150 mM Nacl,
2 mM Ca2+, 1% Triton X-100, 1% NP40), and protease inhibitor cocktail
(Roche, Indianapolis, IN, USA) for 15 min. Then, cell lysates were centri-
fuged at 16,000 xg for 15 min, and the supernatants containing mem-
brane proteins were collected [54]. Protein concentration was
measured using a Bradford Assay Kit (Bio-Rad; USA), and equal
amounts were resolved by sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to Immobilon
polyvinylidene difluoride (PVDF) membranes using iBlot® Dry Blotting
System (Life Technologies; Madrid, Spain). Western blot analyses were
performed using antibodies against suppressor of cytokine signalling 3
(SOCS3), phospho-signal transducer and activator of transcription 3
(STAT3)™"7%5 phospho-STAT3%¢727, STAT3, phospho-AKT ™73, AKT,
phospho-AS160™"%42 (AKT substrate of 160 kDa) and AS160, all of
them from Cell Signalling (Beverly, MA, USA). FABP4, a-actin and
GLUT4 antibodies were obtained from R&D Systems (Minneapolis,
MN, USA), Santa Cruz Biotechnology (Santa Cruz, CA, USA) and Abcam
(Cambridge, UK), respectively. Equal protein loading was verified
using a-actin immunoblotting or Ponceau staining. Detection was per-
formed using the appropriate horseradish peroxidase (HRP)-conju-
gated secondary antibody (Dako; Glostrup, Denmark). The bands were
visualized using ECL reagents (Amersham Pharmacia; USA) with the
Amersham Imager 600 and quantified with ImageQuant TL software,
version 8.1 (GE Healthcare; Barcelona, Spain).

2.9. Glucose Uptake

Determination of glucose uptake was performed as previously de-
scribed [55]. Briefly, glucose uptake was assayed using [*H]2-
deoxyglucose (2-DG). Cells were stimulated with recombinant FABP4
for 24 h and then challenged with 200 nM insulin for 30 min. After
they were washed two times with wash buffer [20 mM HEPES
(pH 7.4), 140 mM Nacl, 5 mM KCl, 2.5 mM MgS0,, and 1 mM CaCl,],
cells were incubated in buffer transport solution (wash buffer contain-
ing 0.5 mCi [>H]2-DG/ml and 10 uM 2-DG) for 20 min. Uptake was ter-
minated by aspiration of the solution. Cells were then washed three
times, lysed with 0.2 M NaOH, and incorporated glucose was measured
by scintillation counting of >H in a 3-counter. Data were normalized by
the protein content.

2.10. Statistical Analysis

Data from experimental studies are expressed as the mean 4+ standard
error mean (SEM) of at least 3 separate experiments. Significant differ-
ences were established by Student's t-test. Data were analysed by using
the GraphPad Instat programme (GraphPad Prism 60.1 Software Inc.; La
Jolla, CA, USA).

Data from clinical studies are expressed as scatter plots. The
Kolmogorov-Smirnov test was used to assess the normality distribution
of the variables. Continuous variables that were not normally distrib-
uted were compared between groups using the Mann-Whitney U test.
Correlations were evaluated using Spearman'’s test. Data are presented
using the Spearman's Rho coefficient. Statistical analyses were per-
formed using SPSS software (IBM SPSS Statistics, version 22.0).

Differences were considered statistically significant at P < 0.05.
3. Results

3.1. Circulating FABP4 Protein Levels Are Associated With Myocardial Neu-
tral Lipid Content in Patients With Uncomplicated Type 2 Diabetes

We first explored whether circulating FABP4 was associated with
myocardial neutral lipid content in a population of well-characterized
patients with controlled type 2 diabetes from the PIRAMID study
[37,56]. Our data revealed elevated FABP4 protein levels in the serum
from type 2 diabetes patients compared with healthy volunteers
(non-T2D: 18.76 4 1.42 ng/ml; T2D: 24.72 4 1.08 ng/ml, P < 0.05). To
analyse whether the serum FABP4 levels were related to characteristics
of the type 2 diabetes population, we evaluated the association between
this molecule and clinical, biochemical, metabolomics and haemody-
namic parameters, as well as cardiac function and dimensions
(Table 1). Serum FABP4 levels were positively correlated to waist cir-
cumference (r = 0.359, P = 0.002) and both visceral (r = 0.383,P =
0.001) and subcutaneous (r = 0.404, P < 0.001) fat volume, and they
were inversely associated with high-density lipoprotein (HDL) choles-
terol (r = —0.235, P = 0.047) in type 2 diabetes patients. Additionally,
associations between FABP4 and HbA1c (r = 0.201, P = 0.086), fasting
insulin (r = 0.201, P = 0.087), low-density lipoprotein (LDL)-choles-
terol (r = 0.231, P = 0.054) and non-HDL cholesterol (r = 0.222,P =
0.061) were close to statistical significance. In line with our previous
data, serum FABP4 levels were found to be associated with myocardial
neutral lipid content in type 2 diabetes patients (r = 0.237, P =
0.042) (Fig. 1). Circulating FABP4 was not significantly associated with

Table 1

Spearman's correlations of serum FABP4 with characteristics of study population.
Non-T2D T2D
r P-value r P-value

Clinical characteristics
Age —0.035 0914 0.071 0.55

Body mass index —0.483 0.112 —0.01 0.935
Waist circumference —0.592 0.055 0.359 0.002
Biochemical and metabolomic characteristics

HbAlc - - 0.201 0.086
Plasma fasting glucose —0.096 0.779 0.095 0.42
Plasma fasting insulin —0.336 0312 0.201 0.087
Visceral fat volume —0.245 0.443 0.383 0.001
Subcutaneous fat volume —0.462 0.131 0.404 <0.001
Total cholesterol 0.358 0.28 0.148 0.215
LDL-cholesterol 0.132 0.698 0.231 0.054
HDL-cholesterol 0.538 0.088 —0.235 0.047
Non-HDL-cholesterol 0.145 0.67 0.222 0.61
Plasma NEFA 0.46 0.154 0.059 0.625
Plasma triglycerides —0.115 0.737 0.16 0.175
Liver triglycerides —0.063 0.846 0.18 0.127
Leucocyte count 0.5 0.117 0.151 0.206
us-CRP 0.118 0.729 0.09 0.45

Haemodynamic parameters and cardiac dimensions and function

Systolic blood pressure - - —0.069 0.566

Diastolic blood pressure - - —0.127 0.288
Heart rate 0.102 0.753 —0.214 0.068
LV mass 0.105 0.746 —0.01 0.934
LV end-systolic volume 0.056 0.863 0.066 0.577
LV end-diastolic volume 0.119 0.713 0.033 0.783
Stroke volume 0.322 0.308 —0.007 0.954
LV Ejection fraction 0.231 0.471 0.05 0.671
NT-proBNP 0.055 0.873 0.114 0.334
Cardiac index 0.182 0.572 —0.093 0.429
E peak filling rate 0.084 0.795 0.108 0.358
E-decpeak —0.172 0.594 —0.069 0.561
E-decmean —0.136 0.689 —0.087 0.46

E/A peak flow 0.081 0.803 0.085 0.471
Myocardial neutral lipid content —0.196 0.542 0.237 0.042
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Fig. 1. Circulating FABP4 protein levels are associated with myocardial neutral lipid
content in patients with uncomplicated type 2 diabetes. Correlation between the
circulating FABP4 levels and the myocardial neutral lipid content (non-T2D: open
circles; T2D: closed circles).

any of these parameters in the healthy volunteers. Additional analyses
were performed to evaluate the potential role of circulating FABP4 as
a biomarker for myocardial neutral lipid content in type 2 diabetes
patients.

3.2. Both Circulating FABP4 Protein Levels and Myocardial Neutral Lipids
Are Increased in HFD-fed Mice

Next, we used an animal model of insulin resistance induced by HED.
Compared to STD-fed animals, HFD induced insulin resistance, as evi-
denced by the augmented levels of glucose and insulin, and an increased
HOMA-IR index. Coherently, HFD-fed animals became glucose intoler-
ant as indicated by the GTT test. Additionally, HFD-fed mice showed a
biochemical profile characteristic of type 2 diabetes, including aug-
mented plasma levels of NEFAs, triglycerides, resistin and leptin, re-
duced levels of plasma adiponectin (Table S1) and increased
myocardial lipid accumulation (Fig. 2A). Based on our data from
humans, we analysed FABP4 plasma levels. Additionally, myocardial tri-
glycerides were assessed by LC/MS. Both myocardial triglyceride con-
tent and plasma FABP4 levels were increased in the HFD-fed animals
compared to animals fed with a STD (Fig. 2B).

3.3. FABP4 Enhances Intramyocellular Lipid Storage and Impairs Fatty Acid
Metabolism In HL-1 Cardiomyocytes

Nile red staining revealed that FABP4 induced intracellular lipid con-
tent in stimulated cells compared to control cells (~3.1-fold, P < 0.05)
(Fig. 3A). Using metabolomics approaches, no significant increase in
the intracellular triglyceride content was observed between the two
conditions (data not shown). Nevertheless, we identified by exact
mass 13 lipid species that were upregulated in FABP4-stimulated cells,
including phospholipids, vitamin D3 and D6 derivatives, cholesterol de-
rivatives and others (Table S2).

To explore the molecular mechanisms through which FABP4 con-
tributes to intracellular lipid accumulation, we first analysed the expres-
sion of genes involved in the fatty acid metabolism. FABP4 did not
induce any changes in the mRNA levels of these genes (Fig. 3B). How-
ever, the FABP4 protein levels were higher in the plasmatic membrane
of FABP4-stimulated cells (~2.3-fold, P < 0.01) (Fig. 3C).

3.4. Glucose Metabolism and Insulin Signalling Is Altered in FABP4-
Stimulated Cells

Next, we explored whether FABP4 stimulation impacts glucose me-
tabolism. Real-time PCR analysis showed that FABP4 did not alter Glut4
or Pdk4 mRNA levels in HL-1 cells (Fig. 4A). However, Western blot
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Fig. 2. HFD induced myocardial neutral lipids content and FABP4 plasma levels in C57BL/6]
mice. Mice were fed a standard (STD) or high-fat diet (HFD) for 12 weeks.
(A) Representative Oil Red O staining in hearts from STD- and HFD-fed animals.
(B) Myocardial triglyceride content assessed by LC/MS and FABP4 plasma levels in STD-
and HFD-fed animals. Data are expressed as the mean + SEM. (*P < 0.05; **P < 0.01 vs.
STD-fed animals).

analysis showed that SOCS3 protein levels were induced in FABP4-
stimulated cells (Fig. 4B). Accordingly, phosphorylation of STAT3 in
Tyr”®® and Ser’?” was enhanced after FABP4 challenge (Fig. 4B). Insulin
stimulation induced both AKT (~4.4-fold, P < 0.05 vs. CT non-stimulated
cells) and AS160 (~2.2-fold, P < 0.05; vs. CT non-stimulated cells) phos-
phorylation in non-stimulated cells. Nevertheless, the insulin-induced
AKT and AS160 phosphorylation were attenuated in cells challenged
with FABP4 (AKT: 31% reduction, P < 0.05; vs. CT cells stimulated with
insulin. AS160: 29% reduction, P < 0.05; vs. CT cells stimulated with in-
sulin) (Fig. 4C and D). Accordingly, the FABP4 challenge prevented
insulin-stimulated GLUT4 membrane translocation (Fig. 4E) and glu-
cose uptake (Fig. 4F).

3.5. BMS309403 Reduces FABP4-Induced Lipotoxicity and Improves Insulin
Sensitivity in HL-1 Cardiomyocytes

To further analyse the involvement of FABP4 in cardiac fatty acid
metabolism, FABP4-challenged cells were treated with the FABP4 inhib-
itor BMS309403, and the cellular lipid content was analysed.
BMS309403 treatment reduced the intracellular lipid content in
FABP4-stimulated cells (52% reduction, P < 0.05) (Fig. 5A). Among the
13 lipid species identified in FABP4-stimulated cells, 11 were found to
be reduced in cells treated with BMS309403 (Table S3). These observa-
tions were in line with a slight, but significant reduced the FABP4 mem-
brane protein levels found in cells treated with the FABP4 inhibitor (24%
reduction, P < 0.05) (Fig. 5B).

Consistent with the observed intracellular lipid reduction, BMS309403
treatment ameliorated the effects of FABP4 on the insulin signalling path-
way, enhanced insulin-induced AKT (~1.6-fold, P < 0.05; vs. FABP4 cells
stimulated with insulin) and AS160 (~1.4-fold, P < 0.05; vs. FABP4 cells
stimulated with insulin) phosphorylation (Fig. 5C and D, respectively),
and glucose uptake (~1.4-fold, P < 0.05; vs. FABP4 cells stimulated with
insulin) (Fig. 5E).



R. Rodriguez-Calvo et al. / Metabolism Clinical and Experimental 96 (2019) 12-21 17

-
o
1

(Arbitrary Units)
(s}

mRNA levels

0.0

Fe& EF P CL G

w
1

-

Nile Red fluorescence
(Arbitrary Units)

CT FABP4

cT FABP4

FABP4 protein levels
(Arbtrary Units)

CT FABP4

Fig. 3. FABP4 enhances intracellular lipid stores in HL-1 cardiomyocytes. (A) HL-1 cells were stimulated with FABP4 for 24 h, and the intracellular lipid content was analysed by Nile red
staining. Representative microphotography showing Nile red fluorescence of lipid droplets (left). Quantification of the Nile red fluorescence intensity (right). (B) HL-1 cells were
stimulated with FABP4 for 8 h and the mRNA levels of Cd36, Fabp4, Acs, Acadm, Acadvl, Acox1, Fas, Scd1, Gpat1 and Dgat2 were analysed by real time RT-PCR. Data were normalized to
Thp mRNA levels. (C) Western blot showing FABP4 protein levels in the plasma membrane of HL-1 cells stimulated with FABP4 for 24 h. Equal loading was verified by Ponceau
staining. Data are expressed as the mean 4 SEM (*P < 0.05, **P < 0.01 vs. CT cells). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

4. Discussion

In this work, we show that circulating FABP4, which is elevated in
type 2 diabetic patients, is associated with myocardial neutral lipid con-
tent as assessed by 'H-MRS. We validated these data in a murine model
of insulin resistance induced by an HFD and explored the potential role
of FABP4 as a causal agent for the intracellular lipid accumulation in HL-
1 cardiac cells. Using the HL-1 myocardial cell model, we corroborated
that exogenous FABP4 increased the amount of intracellular lipids and
drove a malfunction in the insulin-signalling pathway that jeopardized
glucose uptake. Interestingly, this effect was counterbalanced by the use
of the FABP4 inhibitor BMS309403, which lead to decreased intracellu-
lar lipid accumulation and improved insulin signalling and glucose up-
take in our cellular model.

Since ectopic fat accumulation in heart has been described as one of
the main precursors of myocardial dysfunction due to diabetes [9-13],
previous studies have focused on the search for new molecules that
are useful for identifying patients at increased risk for this disturbance
[38]. Nevertheless, so far, none of the molecules that have been pro-
posed as potential biomarkers for myocardial neutral lipid content
have been used for the clinical diagnosis of this pathology. Here, we pro-
pose FABP4 as an emerging biomarker for myocardial neutral lipid con-
tent in type 2 diabetic patients. Similar to increased myocardial neutral
lipid content in type 2 diabetic patients, our data revealed that serum
FABP4 protein levels were also increased in these patients compared
with healthy subjects. These findings were validated in a murine
model of insulin resistance induced by an HFD, and increased levels of
both plasma FABP4 and myocardial triglycerides were found in HFD-
fed mice compared to those animals fed with an STD. In type 2 diabetic
patients, but not in the non-diabetic volunteers, FABP4 was found to be

statistically associated with cardiac lipid content. Our data are in line
with a study performed in non-diabetic subjects that showed no corre-
lation between FABP4 and myocardial triglyceride content in this popu-
lation, though FABP4 levels were increased in individuals with high
myocardial neutral lipid content [57]. These findings support the hy-
pothesis that circulating FABP4 specifically reflects myocardial neutral
lipid content in type 2 diabetic subjects, thereby acting as a selective
biomarker for these molecules in these individuals. Several studies
have found a direct association between circulating FABP4 and heart
failure [23,25,29-31]. This association was even higher when only dia-
betic patients were considered [30]. It is worth noting that in the current
study, a population of well-controlled uncomplicated type 2 diabetes
patients without clinical evidence of heart failure was studied. In these
individuals, FABP4 was not found associated with any parameter that
indicates an altered myocardial structure or function, including N-
terminal prohormone of brain natriuretic peptide (NT-proBNP), thus in-
dicating that this molecule is able to reflect myocardial neutral lipid
content before heart failure is established. Since myocardial lipid accu-
mulation is evident in the absence of heart failure and precedes myocar-
dial dysfunction [11,13], circulating FABP4 may contribute to
identification of type 2 diabetic patients with high risk for heart failure,
allowing to initiate preventive therapies before alterations in myocar-
dial structure and function occur. The use of FABP4 as an indicator of
cardiac lipid levels would be a diagnostic advantage over image-based
methods, such as "H-MRS, since it would be possible to reflect the myo-
cardial neutral lipid content through a well-stablished non-invasive
method, both reducing patient discomfort and improving cost-
effectiveness. Therefore, circulating FABP4 determination would not
only improve the detection of lipid-related cardiac complications but
also allow for monitoring of these complications.
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Though our clinical data strongly support serum FABP4 as a mol- causal relationship between this molecule and myocardial neutral
ecule reflecting myocardial neutral lipid content in type 2 diabetic lipid accumulation. Therefore, using HL-1 cardiac cells stimulated
patients, this kind of study precludes the establishment of a direct with recombinant FABP4, we explored the role of this molecule as a
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potential contributor to ectopic fat accumulation in cardiac cells. It
has been previously shown that FABP4 increases lipid accumulation
in hepatic cells [49]. Here, we found that FABP4 induces intracellular
lipid storage in HL-1 cardiomyocytes thus indicating that FABP4 may
directly participate in lipid-induced cardiac dysfunction. In particu-
lar, our metabolomics approach did not show a significant increase
in the intracellular triglyceride content between both groups. This
apparently surprising result could be consequence of our experi-
mental conditions, since cells were serum-starved for 24 h before
FABP4 stimulation. However, 13 putative lipid species were upregu-
lated in FABP4-stimulated cells, including phospholipids, vitamin D3
and D6 derivatives, cholesterol derivatives and others. FABP4
stimulation did not alter the expression of genes involved in fatty
acid uptake, mitochondrial 3-oxidation or lipogenesis thus suggest-
ing that this molecule regulates lipid storage through additional
mechanisms. Interestingly, Iso et al. showed that FABP4 contributes
to trans-endothelial fatty acid transport to cardiomyocytes [36].
Since exogenous FABP4 interacts with plasma membrane proteins
in different cell types [58], this may be one of the potential mecha-
nisms by which this protein facilitates fatty acid delivery to
cardiomyocytes. Our data reveal that the intracellular lipid stores
were related to increased FABP4 plasma membrane protein levels
in FABP4-stimulated cells thus suggesting that FABP4 may form com-
plexes involved in fatty acid trafficking across the plasma membrane.
Conversely, cells treated with the FABP4 inhibitor BMS309403
showed reduced effects of FABP4 on both lipid stores and FABP4
plasma membrane location. Ectopic fat accumulation in cardiac
cells has been related to insulin resistance and altered glucose me-
tabolism [59]. In our cellular model, FABP4 stimulation did not affect
Glut4 and Pdk4 expression. However, FABP4 induced SOCS3 protein
levels and STAT3 phosphorylation, mainly in Ser’?’. Given that the

STAT3/SOCS3 pathway regulates insulin receptor substrate 1 (IRS1)
proteasomal degradation [60], FABP4 may directly impact insulin
signalling. Accordingly, FABP4 reduced insulin-induced AKT and
AS160 phosphorylation, GLUT4 plasma membrane location and glucose
uptake. Actually, previous studies from members of our team have
shown that FABP4 attenuates insulin signalling in endothelial [61], he-
patic [49] and skeletal muscle cells [62]. In line with the observed effects
on lipid metabolism, FABP4 inhibition improved insulin sensitivity and
glucose uptake in FABP4-challenged HL-1 cardiac cells.

Strengths of our study include the translational approach from ex-
perimental models (in vitro and in vivo) to humans (both type 2 dia-
betic patients and non-diabetic controls). The clinical approach was
performed in a well-characterized population, neutral lipid content
was determined by "H-MRS, and there was rigorous control of potential
cofounding factors. Clinical data were validated with experimental ap-
proaches, which allowed targeting of the molecular mechanisms
through which FABP4 contributes to intracellular lipid storage and insu-
lin resistance in cardiac cells. However, some limitations should be
taken into account. The clinical studies were performed only in male pa-
tients to avoid any possible cofounding effects of hormonal status in fe-
males. Subjects included in the study did not show ischaemia or other
comorbidities, which allowed evaluation of the effect of diabetes per
se on the cardiac lipid content, but precluded extrapolation of the re-
sults to other individuals with associated comorbidities. The relatively
small sample size attenuated the impact of the results, and the results
should be validated in an independent population. In the experimental
approaches, the FABP4 inhibitor confirmed the role of FABP4 in cardiac
metabolism in the cellular model. However, further research is war-
ranted in animal models before fully considering FABP4 inhibition as a
realistic option for the treatment and prevention of lipid-induced car-
diac alterations.
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5. Conclusions

Altogether, our data identified serum FABP4 as a predictor of myo-
cardial neutral lipid content in type 2 diabetic individuals. In addition,
our molecular approach proposed circulating FABP4 not only as a
mere biomarker for myocardial lipid accumulation but also as a poten-
tial causal agent involved in the development of these processes. The
novelty of the current work also lies in the evidence highlighting
FABP4 inhibition as an emerging therapeutic strategy against
lipotoxicity-induced insulin resistance in cardiac cells. Overall, our find-
ings support FABP4 as a molecular target for early diagnosis and treat-
ment of diabetic cardiomyopathy and lipid-related metabolic
disturbances that lead to heart failure.
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