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H I G H L I G H T S

• LPL activity was increased in EAT from DM2 patients.

• In DM2, increased GPIHBP1 and decreased ANGPTL4 EAT expression modulated LPL activity.

• Higher EAT LPL activity was responsible for TG-VLDL catabolism and fatty acids release.

• EAT VLDL receptor was inversely associated with circulating VLDL mass and TG-VLDL.

• The higher EAT LPL activity in DM2 could be responsible for the increased EAT volume.
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A B S T R A C T

Background and aims: Epicardial adipose tissue (EAT) is a visceral AT, surrounding myocardium and coronary arteries.
Its volume is higher in Type 2 diabetic (DM2) patients, associated with cardiovascular disease risk. Lipoprotein lipase
(LPL) hydrolyses triglycerides (TG) from circulating lipoproteins, supplying fatty acids to AT, contributing to its expansion.
We aimed to evaluate LPL expression and activity in EAT from DM2 and no DM2 patients, and its regulators ANGPTL4,
GPIHBP1 and PPARγ levels, together with VLDLR expression and EAT LPL association with VLDL characteristics.
Methods: We studied patients undergoing coronary by-pass graft (CABG) divided into CABG-DM2 (n = 21) and
CABG-noDM2 (n = 29), and patients without CABG (No CABG, n = 30). During surgery, EAT and subcutaneous
AT (SAT) were obtained, in which LPL activity, gene and protein expression, its regulators and VLDLR protein
levels were determined. Isolated circulating VLDLs were characterized.
Results: EAT LPL activity was higher in CABG-DM2 compared to CABG-noDM2 and No CABG (p=0.002 and
p< 0.001) and in CABG-noDM2 compared to No CABG (p=0.02), without differences in its expression.
ANGPTL4 levels were higher in EAT from No CABG compared to CABG-DM2 and CABG-noDM2 (p< 0.001).
GPIHBP1 levels were higher in EAT from CABG-DM2 and CABG-noDM2 compared to No CABG (p= 0.04). EAT
from CABG-DM2 presented higher PPARγ levels than CABG-noDM2 and No CABG (p=0.02 and p=0.03). No
differences were observed in VLDL composition between groups, although EAT LPL activity was inversely as-
sociated with VLDL-TG and TG/protein index (p< 0.05).
Conclusions: EAT LPL regulation would be mainly post-translational. The higher LPL activity in DM2 could be
partly responsible for the increase in EAT volume.
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1. Introduction

In the last decades, one of the main challenges of the scientific
community has been the prevention of cardiovascular disease (CVD),
principal cause of death in the Western world, both in diabetic and non-
diabetic patients [1]. Besides, metabolic derangements accompanying
type 2 diabetes mellitus (T2DM) are associated with an increase in
visceral fat deposits, which are prominent in these patients and are
considered an independent risk factor for CVD [2]. Visceral adipose
tissue (VAT) is a dynamic endocrine organ, which expansion is asso-
ciated with increased release of free fatty acids (FFA) and pro-in-
flammatory agents, and decreased production of anti-inflammatory
factors. VAT has been widely studied in T2DM patients, and the cor-
relation between excessive adipose tissue deposition and the develop-
ment of diabetes has been extensively demonstrated [3].

More recently, attention has been directed to epicardial adipose
tissue (EAT), a VAT which surrounds and infiltrates the myocardium
and coronary arteries. Due to the close anatomical proximity to the
heart and the absence of fascial boundaries, EAT may interact locally
with the myocardium and coronary arteries through paracrine and
vasocrine secretion of pro-inflammatory and pro-atherogenic adipo-
kines [4,5]. Previous studies from our laboratory showed that EAT from
coronary patients present smaller adipocytes and higher degree of in-
flammatory cells [6]. Nowadays, EAT is considered an active adipose
tissue with multiple metabolic and endocrine functions that interacts
with surrounding tissues [7]. Thus, the metabolic function of EAT has
an important role in patients with metabolic syndrome and T2DM.
Moreover, an increase in EAT volume has been associated with T2DM
independently of other risk factors [8,9], and it has also been proposed
as a predictor of T2DM [10,11]. Furthermore, it has been reported that
EAT in T2DM patients presents increased pro-inflammatory cytokines
expression [12].

Fat deposition in EAT partially depends on the activity of lipoprotein
lipase (LPL). LPL belongs to the extracellular lipases family, together
with hepatic lipase (HL) and endothelial lipase (EL) [13], and it has
predominantly a triglyceride-hydrolase function on chylomicrons and
very low density lipoprotein (VLDL), supplying FFA to the adipocyte. LPL
is synthesized by parenchymal cells and transported to the luminal side
of the capillary endothelium, where it is anchored by non-covalent in-
teractions to the heparan sulfate side chains of membrane proteoglycans
and to the recently discovered glycosylphosphatidylinositol-anchored
high density lipoprotein-binding protein 1 (GPIHBP1) [14]. LPL expres-
sion is regulated by peroxisome proliferator-activated receptors (PPARs),
of which PPARγ is highly expressed in adipose tissue, and its stimulation
has been demonstrated to increase LPL gene transcription and protein
expression [15]. In reference to LPL activity, it is stimulated by apo-
proteins CII and AV, and inhibited by apoprotein CIII, the three being
components of circulating lipoproteins [15]. More recently, the role of
angiopoietin-like protein (ANGPTL) has been implicated in LPL post-
translational regulation [15]. ANGPTL3 and ANGPTL8 synthesized
nearly exclusively by the liver, and ANGPTL4 synthesized mainly by
adipose tissue are considered important negative regulators of LPL ac-
tivity in fasting, thereby determining fat storage [15]. Otherwise, it is
known that insulin also modulates LPL behaviour [16]; in accordance,
we have previously demonstrated that LPL activity is decreased in post-
heparin plasma from obese and insulin-resistant patients [13]. However,
controversial effects of insulin on LPL expression and activity have been
reported in different tissues, depending on the tissue and the insulin-
resistant degree [16].

Recently, it has been demonstrated that differences in EAT volume
between coronary and non-coronary patients may not be caused by a
differential mRNA expression of fat mobilizing genes such as LPL, hor-
mone sensitive lipase (HSL), adipose tissue glycerol lipase (ATGL), and
ANGPTL4 [17]. However, given that gene expression not always re-
presents the functional capacity of the enzymes, our aim was to study the
expression and activity of LPL in EAT from coronary patients, with and

without T2DM, and non-coronary patients, as well as ANGPTL4,
GPIHBP1 and PPARγ levels. To establish possible associations between
LPL activity and its main substrate, we also characterized isolated VLDLs
from these patients and evaluated the expression of VLDL receptor
(VLDLR) in EAT. Finally, as inflammation is known to be associated with
LPL behaviour, we assessed macrophages polarization in EAT.

2. Materials and methods

2.1. Subjects

We included 80 patients of both genders, undergoing coronary ar-
tery bypass graft (CABG, n = 50) or valve replacement (No CABG,
n = 30). CABG patients group included T2DM patients (CABG-DM2,
n = 21) and non T2DM patients (CABG-noDM2, n = 29). The patients
attended the Cardiac Surgery Division of Hospital de Clinicas José de
San Martín, University of Buenos Aires. Clinical data was obtained upon
admission to hospital, before surgery. Diagnosis of CABG was based on
previous coronary angiograms. Reductions in luminal coronary artery
diameters > 70% were considered significant. Previous diagnosis of
T2DM was assessed according to the American Diabetes Association
[18]. No CABG patients were randomly selected among patients who
did not undergo CABG intervention. These patients had no clinical signs
of coronary artery disease and showed normal coronary arteries on
angiography. The weight and height of each participant were measured
and body mass index (BMI) was calculated to evaluate obesity; blood
pressure was recorded in all cases.

The following exclusion criteria were considered for both groups:
previous heart surgery, concomitant infective diseases, alcohol in-
take > 20 g/day, recent history of acute illness, hypothyroidism, renal
failure, liver disease, and any other condition that may interfere with
the results, such as Chagas disease and Human Immunodeficiency
Virus + patients.

Written informed consent was required from all the participants
before inclusion in the study. The study was performed in accordance to
the ethical guidelines of the Declaration of Helsinki of the World
Medical Association for medical studies in humans. The study was ap-
proved by the Ethical Review Committee of the Faculty of Pharmacy
and Biochemistry, University of Buenos Aires and by the Ethical Review
Committee of the Hospital de Clínicas José de San Martín.

2.2. Blood collection

After 10–12 h overnight fast, before cardiovascular surgery, per-
ipheral venous blood samples were drawn. Serum was kept at 4 °C
within 48 h for the evaluation of glucose, lipids and lipoproteins profile,
apolipoprotein AI and B100, or stored at −70 °C for further determi-
nation of FFA, insulin and VLDL isolation.

2.3. Adipose tissue biopsies

EAT (~0.1–0.5 g) and subcutaneous adipose tissue (SAT, ~1.0 g)
samples were obtained before starting extracorporeal circulation. EAT
biopsies were collected from the area near the proximal tract of the
right coronary artery and superficial SAT samples were harvested from
the anterior thorax. Tissue samples were aliquoted and immediately
frozen in liquid nitrogen until analysis.

2.4. Biochemical determinations

Total cholesterol, triglycerides (TG), and fasting glucose were
measured using commercial enzymatic kits (Roche Diagnostics,
Germany) in a Cobas C-501 autoanalyzer; intra-assay coefficient of
variation (CV) < 1.9%, inter-assay CV < 2.4%. High density and low-
density lipoprotein cholesterol (HDL-C and LDL-C) were determined by
homogeneous colorimetric method; intra-assay CV < 2.0% and inter-
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assay CV < 2.5%, respectively, and Non HDL-cholesterol (Non HDL-C)
was calculated as total cholesterol minus HDL-C. Serum apolipoproteins
A-I (apoA-I) and B-100 (apoB-100) were determined by im-
munoturbidimetry (Roche Diagnostics, Germany); intra-assay
CV < 1.9%, and inter-assay CV < 2.5% for both parameters. FFA were
determined by a spectrophotometric method (Randox, UK); intra-assay
CV < 2.6% and inter-assay CV < 3.9%. Insulin was measured with
Immulite/Immulite 1000 Insulin (Siemens, USA); intra-assay
CV < 2.6%, and inter-assay CV < 3.9%. To estimate insulin-resistance
(IR), the homeostasis model assessment for insulin resistance (HOMA-
IR) index [19] and the TG/HDL-C index were calculated. Remnant li-
poproteins cholesterol (RLP-C) was calculated as Total cholesterol
–LDL-C - HDL-C.

2.5. VLDL isolation

VLDL (density < 1.006 g/ml) was isolated by sequential preparative
ultracentrifugation [20] in a Beckman XL-90 using a fixed-angle rotor
type 90 Ti at 105.000×g, for 18 h, at 18 °C. Purity of lipoprotein was
tested by agarose gel electrophoresis. Isolated VLDL composition was
characterized by the following parameters: cholesterol and TG, using
the previously described methods, phospholipids by the Fiske-Sub-
barow method [21] and proteins by the Lowry method [22].

2.6. LPL activity

LPL activity assay in EAT and SAT was performed in a blinded
manner and each sample was evaluated in three different replicates.

LPL activity was determined by measuring the oleic acid produced
by the enzyme catalyzed hydrolysis of an emulsion containing [3H]-
triolein (American Radiolabeled Chemicals, USA) according to Nilsson-
Ehle method [23]. A piece of adipose tissue was cut into 1–2 mg frac-
tions, and incubated in Krebs-Ringer Buffer containing 2.5 IU of He-
parin (Sigma Aldrich, USA) and 1 g% of BSA (Sigma Aldrich, USA), for
40 min at 37 °C. The assay mixture for LPL activity contained labelled
and unlabeled Triolein (Sigma Aldrich, USA) (1.3 mmol/ml of glycer-
yltrioleate with a specific activity of 10 × 106cpm/mmol), mixed with
0.11 mmol/ml of L-lysophosphatidylcholine (Sigma Aldrich, USA), 4%
bovine serum albumin (Sigma Aldrich, USA), 10% v/v of human serum
as source of apoC-II, in 0.2 M buffer Tris–HCl pH 8.0 with NaCl 0.3 M.
This mixture was incubated with an aliquot of the extract for 1 h at
37 °C. After incubation, the reaction was stopped and the released fatty
acids were isolated by extraction with a mixture of Methanol/Chloro-
form/Heptane (1.45:1.25:1 by vol) and carbonate-borate buffer, pH
10.5. The labelled fatty acids were quantified by counting with a Liquid
Scintillation Analyzer (Packard TRI-CARB 2100; Packard Instruments,
Meridian, CT). LPL activity was calculated as the mols of fatty acids
released per minute per milligram of tissue, and expressed as μ Inter-
national Units (IU, as 1 IU = 1 μmol of fatty acid released per minute)
per mg.

2.7. LPL, ANGPTL4, GPIHBP1, PPARγ and VLDLR protein levels

LPL and its regulators levels were assessed by Western Blot.
EAT and SAT were homogenized in 20 mM Tris buffer, pH 7.4,

containing 150 mM NaCl, 1% Triton X-100 and 2% protease inhibitor
cocktail (Sigma Aldrich, USA). Tissue homogenates were centrifuged
and protein concentrations were determined by Lowry's method in the
supernatant. For LPL, ANGPTL4, PPARγ, VLDLR and β-actin, 30 μg of
protein were separated in a 12% sodium dodecyl sulfate-poly-
acrylamide (SDS) gel electrophoresis and electroblotted onto poly-
vinylidene difluoride membrane. For GPIHBP1, 15% SDS gel was used.
Blots were blocked with 5% skim milk for 1 h and incubated overnight
at 4 °C with a polyclonal rabbit IgG antibody anti-LPL (4 μg/ml, Thermo
Fisher Scientific, USA), anti-ANGPTL4 (1:150, Sigma Aldrich, USA),
anti-PPARγ (1:150, Santa Cruz Biotechnology, Germany), anti-

GPIHBP1 (1:500, Abcam, UK), anti-VLDLR (1:200, Abcam, UK), or anti-
β-actin (1:300, Sigma Aldrich, USA). After washing with Tris Buffer
Saline-Tween 0.1%, the blots were incubated with HRP conjugated
secondary antibody (1:4000, BioRad, USA) for 1.30 hs at room tem-
perature. The specific signals were visualized using the ECL Western
Blotting Analysis System (ThermoScientific, USA) enhanced chemilu-
minescence system. LPL (63 kDa), ANGPTL4 (45 kDa), GPIHBP1
(21 kDa), PPARγ (64 kDa), VLDLR (96 kDa) and β-actin (42 kDa) bands
were identified by the use of pre-stained molecular weight standards
(BioRad, USA). The relative intensity of protein signal was quantified
by densitometric analysis using Fluorchem program (Alpha Innotech
Corp, USA). Results are expressed as LPL, ANGPTL4, GPIHBP1, PPARγ
or VLDLR protein/actin protein ratio.

2.8. LPL and M1/M2 markers mRNA levels

In a subgroup of patients in which the sample size was enough to
perform the RNA extraction, the expression of LPL was analyzed by RT-
qPCR, as well as MCP-1, IL-6 and IL-12, as M1 profile markers and TGF-
β, as M2 profile marker.

2.8.1. mRNA purification
Total RNA was obtained from EAT and SAT homogenates using

Trizol reagent (ThermoScientific, USA), treated with DNAse (Life
Technologies, USA). Total RNA was reverse transcribed using Expand
Reverse Transcriptase (Promega Corporation), according to the in-
structions.

2.8.2. Quantitative reverse transcription polymerase chain reaction (RT-
qPCR)

mRNA expression was determined using 5X HOT FIREPOL EVAG-
REEN qPCR (Solis BioDyne, Estonia) in a StepOnePlus Real-Time PCR
System. Parameters were: 52 °C for 2 min, 95 °C for 15 min, and 40
cycles at 95 °C for 15 s, specific Tm °C for 30 s and 72 °C for 1 min.
Normalization was carried out using Actin cDNA. Quantification was
performed using the comparative threshold cycle (Ct) method, as all the
primer pairs (target gene/reference gene) were amplified using com-
parable efficiencies (relative quantity, 2-ΔΔCt) [24].

2.8.3. Primer sequences

Forward primer 5′-3′ Reverse primer 5′-3′ MT
(°C)

β-Actin GTGGGGCGCCCCAGGCACCA CGGTTGGCCTTGGGGTTCAGGGGG 65
LPL TCAACTGGATGGAGGAGGAGT CAGGAGAAAGACGACTCGGG 63
MCP-1 TGGTCCCCTGTGCCTTGA CTTGAAGATCACAGCTTCTTTGG 63
IL-6 TATTAGAGTCTCAACCCCCAATAAA ACCAGGCAAGTCTCCTCATT 60
IL-12 CTCCTGGACCACCTCAGTTT TGGTGAAGGCATGGGAACAT 63
TGF-β ATGGAGAGAGGACTGGGGAT TGGTCCCCTGTGCCTTGA 63

MT: melting temperature.

2.9. Statistical analysis

Data are presented as mean ± SD or median (range) according to
normal or skewed distribution, respectively. Data distribution was
tested by the Kolmogorov and Smirnov test. Differences between groups
were tested using χ2, ANOVA + Bonferroni or Kruskal-Wallis + Mann-
Whitney tests, according to the data distribution. Statistical compar-
isons between EAT and SAT from the same group were tested by paired
Student t-test. To verify the differences observed between groups, we
performed an analysis of covariance (ANCOVA), controlling for neces-
sary confounders. Only complete sets (i.e. pairs) of EAT and SAT results
are reported. Pearson or Spearman analysis, for parametric or non-
parametric variables, were used to determine correlations between
parameters. Prior to the onset of the study, the number of patients re-
quired for detecting differences of at least 1 Standard Deviation, with
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and statistical power of 80% and an α = 0.05, were determined.
According to this, for all the studied parameters the number of cases
should not be less than 15. The SPSS 19.0 (Chicago, USA) and
GraphPad Prism 5.01 (La Jolla, USA) software packages were used for
statistical analysis. A two-tailed p< 0.05 was considered significant.

3. Results

3.1. Clinical and biochemical characteristics of the study population

Clinical and biochemical characteristics of the study population are
shown in Table 1. Gender distribution was different between CABG-
DM2 and No CABG, being the percentage of men higher in the diabetic
group. Patients with CABG-DM2 presented higher systolic blood pres-
sure than CABG-noDM2, without differences in the other clinical
characteristics between groups. Regarding medication, most of the
patients were on treatment with statins, aspirin, β-blockers or ACE in-
hibitors. The consumption of statins and aspirin in patients with CABG
was higher than in the No CABG group, without differences between

CABG-DM2 and CABG-noDM2. Besides, only the CABG-DM2 group was
under treatment with metformin (Table 1) and in this group four pa-
tients were under insulin treatment, two under sulfonylureas treatment
and two under DPP-4 inhibitors treatment.

When evaluating the lipid-lipoprotein profile, an increase in TG
levels was observed in the CABG group with and without DM2 com-
pared to No CABG. Finally, as expected, the CABG-DM2 group pre-
sented higher levels of glucose and insulin as well as higher TG/HDL-C
and HOMA indexes compared to the other groups (Table 1).

3.2. Lipoprotein characteristics

In reference to VLDL composition, there were no differences in any
of its components between the CABG and No CABG group. When TG/
ApoB, TG/protein and lipid/protein indexes were calculated, a ten-
dency to higher values was observed in the CABG group in comparison
to No CABG. No differences were observed in these parameters between
DM2 and no DM2 patients (Table 2).

Table 1
Clinical and biochemical characteristics of the population under study.

No CABG No DM2 (n = 29) CABG

(n = 30) DM2 (n = 21)

Age (years) 71 ± 7 67 ± 9 64 ± 9
W/M 12/18 7/22 1/201

SBP (mmHg) 130 (90–180) 129 (100–171) 140 (106–168)2

DBP (mmHg) 73 (50–97) 70 (40–90) 80 (48–96)
BMI (kg/m2) 28.0 ± 5.4 27.1 ± 2.9 27.3 ± 3.7
HT (%) 67 66 57
Ex smokers (%) 50 59 62
Metformin (%) 0 0 753

Insulin (%) 0 0 194

Statins (%) 41 745 756

ACEI (%) 54 56 45
β-Blockers (%) 60 62 52
Aspirin (%) 36 787 708

Triglycerides (mmol/L) 1.10 (0.45–2.12) 1.60 (0.64–3.21)9 2.20 (0.69–3.15)10

Total cholesterol (C) (mmol/L) 3.19 (1.66–5.62) 3.29 (2.38–6.79) 3.32 (1.71–5.02)
LDL-C (mmol/L) 1.79 (0.73–2.98) 1.86 (1.24–3.34) 2.02 (0.54–3.11)
HDL-C (mmol/L) 0.91 ± 0.26 0.83 ± 0.21 0.80 ± 0.21
Non HDL-C (mmol/L) 2.07 (1.30–4.30) 2.38 (1.48–7.17) 2.54 (0.85–4.45)
RLP-C (mmol/L) 0.39 (0.03–1.49) 0.49 (0.08–1.48) 0.47 (0.05–1.55)
ApoA-I (g/L) 0.93 ± 0.29 0.87 ± 0.20 0.90 ± 0.14
ApoB-100 (g/L) 0.60 ± 0.15 0.77 ± 0.19 0.66 ± 0.27
FFA (mmol/L) 1.20 ± 0.69 0.86 ± 0.30 1.03 ± 0.60
Glycaemia (mmol/L) 5.27 (4.27–7.77) 5.38 (4.16–7.38) 7.44 (4.00–14.71)11

Insulinemia (pmol/L) 32.64 ± 18.75 26.39 ± 11.11 47.92 ± 35.4212

TG/HDL-C 2.9 (1.1–5.0) 3.1 (1.2–6.1) 3.9 (1.7–11.0)13

HOMA-IR 1.22 ± 0.75 1.41 ± 0.90 2.44 ± 1.3914

Results are expressed as mean ± standard deviation or median (range).
1p=0.020 vs. No CABG.
2p=0.030vs CABG No DM.
3p< 0.001 vs. CABG No DM2 and No CABG.
4p=0.040 vs. CABG No DM2 and No CABG.
5p=0.005 vs. No CABG.
6p=0.005 vs. No CABG.
7p=0.010 vs. No CABG.
8p=0.010 vs. No CABG.
9p=0.005 vs. No CABG.
10p< 0.001vs No CABG.
11p=0.048 vs. CABG No DM2 and No CABG.
12p=0.007 vs. CABG No DM2.
13p=0.010 vs. CABG No DM2 and No CABG.
14p=0.045 vs. CABG No DM2 and No CABG. Differences in means or medians between groups were evaluated using ANOVA + Bonferroni or Kruskal-
Wallis + Mann-Whitney tests according to data distribution. Percentages differences were evaluated with χ2 test.
W/M: women/men, SBP: systolic blood pressure, DBP: diastolic blood pressure, BMI: body mass index, HT: hypertension, ACEI: angiotensin con-
verting enzyme inhibitors, RLP: remnant lipoproteins, FFA: free fatty acids.
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3.3. LPL levels

No differences were observed in LPL gene and protein expression
among groups nor tissues (Fig. 1A and B).

LPL protein levels were not associated with lipid profile parameters
nor VLDL characteristics in EAT nor SAT.

3.4. Lipoprotein lipase activity

In EAT, LPL activity was increased in the CABG compared to No
CABG group (p=0.020). Moreover, CABG-DM2 patients presented
higher LPL activity in EAT compared to CABG-noDM2 and No CABG
(Fig. 1C). The differences between CABG-DM2 and No CABG remained
significant after adjusting for gender (F = 5.42, p= 0.030), aspirin
consumption (F = 11.18, p= 0.001) and statins treatment (F = 10.69,
p= 0.001). Moreover, CABG-noDM2 showed higher enzymatic activity
than No CABG; given that no differences in gender were observed be-
tween these two groups, results were adjusted only by aspirin
(F = 4.19, p= 0.049) and statins (F = 3.98, p= 0.047) treatments,
being the differences still significant. Besides, the activity of LPL was
significantly higher in EAT than SAT in all groups (Fig. 1C). Regarding
LPL activity in SAT, no significant differences were observed between
groups (Fig. 1C).

LPL activity from EAT was inversely associated with circulating TG
levels (No CABG: r = −0.302, p= 0.040; CABG-noDM2: r = −0.346,
p= 0.040; CABG-DM2: r = −0.481, p= 0.045) (Fig. 2A) and with
RLP-C (No CABG: r = −0.245, p= 0.048; CABG-noDM2: r = −0.441,
p= 0.011; CABG-DM2: r = −0.366, p= 0.044) (Fig. 2B). No associa-
tions between SAT LPL activity and lipid profile parameters were found.

Regarding EAT LPL contribution to lipoprotein characteristics, in-
verse associations with VLDL TG content as well as with TG/ApoB and
TG/protein VLDL indexes were found (Table 3).

3.5. ANGPTL4 levels

ANGPTL4 levels were higher in EAT from No CABG compared to
CABG-DM2 and CABG-noDM2, and in SAT compared to EAT in all
groups (Fig. 1D). Differences between CABG-DM2 and No CABG re-
mained significant after adjusting for gender (F = 10.16, p= 0.001),
aspirin consumption (F = 9.15, p= 0.002) and statins treatment
(F = 12.35, p= 0.001). Besides, differences between CABG-noDM2 and
No CABG remained significant after adjusting for aspirin (F = 8.52, p=
0.002) and statins consumption (F = 8.42, p= 0.001).

In EAT, ANGPTL4 was inversely associated with LPL activity in the
whole studied population (r = -0.705, p< 0.001), and this association
remained significant in each group (No CABG: r = -0.669, p=0.012;

CABG-No DM2: r = -0.702, p=0.002; CABG-DM2: r = -0.475, p=
0.049) (Fig. 2C).

In SAT, ANGPTL4 expression was lower in CABG-DM2 compared to
CABG-noDM2 and No CABG (p=0.020) (Fig. 1D). The latter difference
remained significant after correction for gender (F = 4.01, p= 0.048),
aspirin consumption (F = 4.21, p= 0.045) and statins treatment
(F = 3.67, p= 0.049).

3.6. GPIHBP1 levels

GPIHBP1 levels were higher in EAT from CABG-DM2 and CABG-
noDM2 compared to No CABG, and these differences remained significant
after adjusting for the corresponding co-variables: gender (CABG-DM2 vs.
No CABG: F = 6.30, p=0.046), aspirin (CABG-DM2 vs. No CABG:
F = 3.76, p=0.044; CABG-noDM2 vs. No CABG: F = 4.84, p=0.018) and
statins (CABG-DM2 vs. No CABG: F = 3.76, p=0.045; CABG-noDM2 vs.
No CABG: F = 4.97, p=0.017) treatment. There were not differences in
GPIHBP1 levels between CABG-noDM2 and CABG-DM2, neither between
EAT and SAT in any of the studied groups (Fig. 1E).

EAT GPIHBP1 levels were directly associated with EAT LPL activity
(r = 0.306, p=0.046), and this association remained significant in each
group (No CABG: r = 0.568, p=0.043; CABG-No DM2: r = 0.580,
p=0.014; CABG-DM2: r = 0.611, p=0.046) (Fig. 2D).

3.7. PPARγ levels

EAT from CABG-DM2 presented higher PPARγ levels than EAT from
CABG-noDM2 and No CABG. The latter difference remained significant
after correction for gender (F = 4.66, p= 0.019), aspirin consumption
(F = 4.10, p= 0.031) and statins treatment (F = 4.15, p= 0.043). No
differences in PPARγ from SAT were observed between groups (Fig. 1F).

In EAT, PPARγ levels were directly associated with LPL activity
(r = 0.539, p< 0.001) in the whole population, and this association re-
mained significant in all groups (No CABG: r = 0.757, p<0.001; CABG-
No DM2: r = 0.450, p=0.048; CABG-DM2: r = 0.837, p=0.005) (Fig. 2E).

3.8. VLDLR levels

No differences were observed in VLDLR levels in EAT nor SAT be-
tween groups. VLDLR levels were lower in SAT than EAT in the CABG
group. When dividing the CABG group, the difference was only sig-
nificant in CABG-noDM2 (Supplementary Fig. 1).

EAT VLDLR levels were inversely associated with TG-VLDL (r = -
0.382, p=0.044) in the whole studied population, and this associations
remained significant in CABG-noDM2 (r = -0.689, p=0.020) and
CABG-DM2 ( r = -0.644, p=0.047).

3.9. Macrophage polarization in EAT

Higher levels of MCP-1 and IL-6 were verified in EAT from CABG pa-
tients compared to No CABG (MCP-1: 9.72 (0.17–13.01) vs 1.27
(0.01–3.20) RU, p= 0.040, respectively. IL-6: 9.59 ± 4.02 vs 0.83 ± 0.23
RU, p=0.035, respectively). When dividing CABG patients according to
DM2, although higher values of these markers were found in DM2 patients
(MCP-1: 2.16 (0.17–5.22) in CABG-noDM2 vs 3.11 (0.42–13.01) in CABG-
DM2 (relative units to actin mRNA, p= 0.800. IL-6: 3.25 ± 1.00 vs
2.83 ± 0.78 relative units to actin mRNA, p=0.786), the differences did
not reach significance. Moreover, a positive association between MCP-1
levels and GPIHBP1 expression in EAT was verified (r = 0.777, p=0.005).

No differences in IL-12 and TGF-β were found among groups.

3.10. LPL behaviour according to insulin-resistance

In EAT, LPL activity was inversely associated with TG/HDL-C index
in CABG (r = -0.312, p=0.047) and No CABG group (r = -0.416,
p=0.041).

Table 2
Isolated VLDL characteristics.

No CABG CABG

No DM2 DM2

Triglycerides (mmol/L) 0.25 ± 0.14 0.28 ± 0.15 0.21 ± 0.14
Cholesterol (mmol/L) 0.18 (0.03–0.28) 0.18 (0.03–0.78) 0.13 (0.03–0.91)
Phospholipids (mmol/L) 0.06 (0.03–0.10) 0.06 (0.03–0.13) 0.06 (0.03–0.10)
Proteins (g/L) 0.10 ± 0.06 0.14 ± 0.07 0.13 ± 0.08
ApoB (g/L) 0.016 ± 0.008 0.015 ± 0.009 0.020 ± 0.009
TG/ApoB 14.6 ± 4.5 19.1 ± 10.01 17.1 ± 5.21

TG/proteins 1.9 ± 0.9 2.3 ± 1.1 2.3 ± 1.11

Cholesterol/TG 0.3(0.1–0.8) 0.3(0.1–0.5)1 0.3(0.4–0.8)
Lipids/proteins 2.7 ± 1.0 3.2 ± 1.51 3.1 ± 1.41

Results are expressed as mean ± standard deviation or median (range).
1p= 0.080 vs. No CABG. Differences in means or medians between groups were
evaluated using ANOVA + Bonferroni or Kruskal-Wallis + Mann-Whitney tests
according to data distribution.
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When dividing the CABG group according to TG/HDL-C tertiles, no
significant differences were observed in EAT LPL activity among groups,
nor in LPL regulators levels; however, LPL activity showed a tendency
(p=0.081) to decrease in the highest TG/HDL-C tertile, accompanied by
a decrease in LPL expression, GPIHBP1, VLDLR and PPARγ levels and an
increase in ANGPTL4 expression (Supplementary Fig. 2).

No associations were observed between these parameters and
HOMA index.

When patients from the CABG-DM2 group were divided according
to being or not under metformin treatment, treated patients presented
higher expression of PPARγ in EAT (p=0.048) and, concomitantly, a
tendency (p=0.062) to increased LPL activity and GPIHBP1 expression.
ANGPTL4 levels were not modified by treatment with metformin.
Regarding LPL expression, a tendency (p=0.080) to lower levels was
observed in CABG-DM2 without metformin treatment (Supplementary
Fig. 3).

Fig. 1. (A) No differences were observed in LPL mRNA expression between groups nor tissues (EAT No CABG: 0.765 ± 0.284; SAT No CABG: 0.736 ± 0.274; EAT CABG-
noDM2: 0.758 ± 0.289; SAT CABG-noDM2: 0.635 ± 0.256; EAT CABG-DM2: 0.719 ± 0.352; SAT CABG-DM2: 0.745 ± 0.403, relative units to actin mRNA). (B) No
differences were observed in LPL protein expression between groups nor tissues (EAT No CABG: 1.57 ± 1.16; SAT No CABG: 2.30 ± 1.98; EAT CABG-noDM2:
1.04 ± 0.54; SAT CABG-noDM2: 1.36 ± 1.22; EAT CABG-DM2: 1.31 ± 0.71; SAT CABG-DM2: 1.44 ± 0.37, relative units to actin). (C) EAT LPL activity was higher in
CABG-DM2 compared to CABG-noDM2 and No CABG, and in CABG-noDM2 compared to No CABG (EAT No CABG: 21.89 ± 17.78; EAT CABG-noDM2: 30.71 ± 12.24;
EAT CABG-DM2: 44.06 ± 14.81, μIU/mg of tissue). In SAT, no differences in LPL activity were observed between groups (SAT No CABG: 5.70 ± 2.94; SAT CABG-
noDM2: 6.84 ± 3.46; SAT CABG-DM2: 8.10 ± 4.62, μIU/mg of tissue). In each group, EAT LPL activity was higher than SAT LPL activity, *p< 0.001. (D) In EAT,
ANGPTL4 levels were lower in CABG-noDM2 and CABG-DM2 than in No CABG (EAT No CABG: 3.10 ± 1.01; EAT CABG-noDM2: 1.48 ± 0.81; EAT CABG-DM2:
1.24 ± 0.86, relative units to actin). In SAT, ANGPTL4 levels were lower in CABG-DM2 compared to CABG-noDM2 and No CABG (SAT No CABG: 6.63 ± 1.77; SAT
CABG-noDM2: 5.97 ± 2.51; SAT CABG-DM2: 3.79 ± 1.95, relative units to actin). In each group, EAT ANGPTL4 expression was lower than SAT ANGPTL4 expression,
*p< 0.001. (E) GPIHBP1 levels in EAT were higher in CABG-noDM2 and CABG-DM2 than in No CABG (EAT No CABG: 5.82 ± 1.87; EAT CABG-noDM2: 8.87 ± 2.29;
EAT CABG-DM2: 9.00 ± 2.71, relative units to actin). No differences were found in GPIHBP1 levels in SAT between groups (SAT No CABG: 5.91 ± 2.21; SAT CABG-
noDM2: 6.54 ± 2.51; SAT CABG-DM2: 7.97 ± 1.82, relative units to actin). No differences were observed in GPIHBP1 levels between EAT and SAT in any of the studied
groups. (F) In EAT, PPARγ levels were higher in CABG-DM2 compared to CABG-noDM2 and No CABG (EAT No CABG: 2.74 ± 1.32; EAT CABG-noDM2: 3.15 ± 1.71; EAT
CABG-DM2: 3.79 ± 1.99, relative units to actin). No differences were observed in PPARγ levels in SAT between groups (SAT No CABG: 2.57 ± 0.96; SAT CABG-noDM2:
2.91 ± 0.84; SAT CABG-DM2: 2.09 ± 0.86, relative units to actin). In CABG-DM2, EAT PPARγ expression was higher than in SAT, *p< 0.001.
Results are expressed as mean ± standard deviation. Mean differences between groups were analyzed using ANVOA + Bonferoni tests; mean differences between tissues
were analyzed using paired Student t-test. ANGPTL4: angiopoietin-like 4; CABG: coronary by-pass graft; DM2: diabetes mellitus 2; EAT: epicardial adipose tissue; GPIHBP1:
glycosylphosphatidylinositol-anchored high density lipoprotein-binding protein 1; IU: International Units; LPL: lipoprotein lipase; PPARγ: peroxisome-proliferator activated
receptor γ; SAT: subcutaneous adipose tissue.
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To verify whether insulin, sulfonyulreas and/or DPP-4 inhibitors
treatments were interfering with the results, statistical analysis was
performed excluding patients from the CABG-DM2 group. All statisti-
cally significant differences verified in the studied parameters were
conserved.

4. Discussion

In the present study, we report, for the first time, LPL activity in EAT
from coronary patients, with and without diabetes. An increase in EAT
LPL activity was verified in coronary patients compared to non cor-
onary, and in coronary diabetic patients, compared to coronary non

diabetic. This activity was accompanied by a concomitant behaviour of
its main regulators, an increase in GPIHPB1 levels and a decrease in
ANGPTL4 levels.

It has been previously demonstrated that an increase in EAT volume
is directly associated with T2DM [8,9]. Moreover, metabolic derange-
ments in T2DM patients are significantly linked to EAT, thus it has been
proposed as an independent risk factor for CVD in diabetes [25].

One of the principal mechanisms responsible for the increase in EAT
volume could be the higher influx of fatty acids to the tissue. LPL,
through the hydrolysis of TG from circulating lipoproteins, could be
involved in the supply of fatty acids.

Previous findings have reported that the increase in EAT volume
would not be mediated by differences in fat mobilizing enzymes gene
expression, such as LPL [17], however, gene expression not necessarily
represents the functional capacity of enzymes. Thus, in this study, we
have deepen the knowledge of LPL behaviour in EAT, including gene
and protein expression and activity. Regarding LPL gene and protein
expression, the lack of differences among groups observed in this study
suggests that the behaviour of EAT LPL in diabetes would be mainly
determined at its post-translational levels. In this regard, LPL activity,
ANGPTL4 and GPIHBP1 expression in EAT were evaluated.

Even though LPL has been extensively studied in diabetes, it is still a
controversy, given the complex regulation of the enzyme and its dif-
ferential expression among tissues. Chiu et al. reported an increase in
cardiac LPL activity in streptozotocin diabetic mice [26]. However, in a
previous study, we observed diminished LPL activity in heart and
visceral adipose tissue from insulin resistant rats [27]. In line with this,

Fig. 2. Correlation plots between EAT LPL activity, lipid profile (A and B) and LPL regulators expression (C, D and E).
The three groups are differentially identified. Pearson or Spearman test were used according to data distribution. ANGPTL4: angiopoietin-like 4; CABG: coronary by-
pass graft; DM2: diabetes mellitus 2; EAT: epicardial adipose tissue; GPIHBP1: glycosylphosphatidylinositol-anchored high density lipoprotein-binding protein 1; IU:
International Units; LPL: lipoprotein lipase; PPARγ: peroxisome-proliferator activated receptor γ; RLP-C: remnant lipoproteins cholesterol; SAT: subcutaneous adipose
tissue; TG: triglycerides.

Table 3
Correlations between EAT and SAT LPL activity and VLDL characteristics.

VLDL LPL activity

EAT R (p) SAT R (p)

Triglycerides −0.472(0.040) −0.130 (0.751)
Cholesterol −0.205 (0.297) 0.156 (0.147)
Phospholipids −0.325 (0.230) 0.196 (0.418)
Proteins 0.022 (0.534) 0.254 (0.584)
TG/ApoB −0.440(0.048) −0.122 (0.576)
TG/proteins −0.415 (0.048) −0.395 (0.460)
Cholesterol/TG 0.102 (0.851) 0.056 (0.979)
Lipids/proteins −0.229 (0.553) −0.115 (0.279)

Pearson or Spearman test were performed, according to data distribution.
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studies in patients with metabolic syndrome showed a decrease in post
heparin plasma LPL activity, inversely associated with the insulin re-
sistant degree [13]. Nevertheless, the activity of this enzyme has not
been previously reported in EAT. We found that, despite its expected
inverse association with insulin resistance, patients with diabetes pre-
sented higher LPL activity in EAT than non diabetic ones. Thus, other
factors beyond insulin resistance could be regulating LPL behaviour in
EAT, and the increase in LPL activity could be partly responsible for the
increase in EAT volume reported in diabetic patients.

Recently, GPIHBP1 was identified as the necessary protein to anchor
LPL to the cell surface, allowing TG hydrolysis [28]. GPIHBP1 is highly
expressed in the endothelial cells of adipose tissue and heart, showing
high similarity to the tissue expression profiles of LPL [29]. However,
its expression has not been yet evaluated in EAT. Ruge et al. did not find
insulin-dependent changes in abdominal SAT GPIHBP1 gene expression
[16]. Moreover, Surendran et al. showed inverse associations of
GPIHBP1 mRNA with HOMA, glucose, insulin and BMI [30]. In our
study, despite EAT GPIHBP1 levels were inversely associated with TG/
HDL-C index, they were increased and directly associated with LPL
activity in EAT from diabetic patients.

Another post-translational LPL regulator is ANGPTL4, which is
proposed to inhibit LPL activity by dissociating its subunits [15], pro-
moting its intracellular degradation [31] and/or the unfolding of active
LPL monomers [32]. Previous studies reported increased concentrations
of circulating ANGPTL4 in subjects with obesity and T2DM [33], and
variations in ANGPTL4 gene inversely correlate with plasma TG levels
[34–36]. ANGPTL4 expression in different AT has been previously re-
ported [37] as well as its gene expression in EAT, without differences
between coronary and non coronary patients [17]. However, its protein
levels have not been evaluated in EAT, neither in coronary artery dis-
ease nor in diabetes. We demonstrated higher ANGPTL4 protein levels
in SAT compared to EAT, as previously reported by Dijk et al. [37].
Even more, the authors showed a negative association between
ANGPTL4 and LPL protein levels in SAT [37], and in our study, a si-
milar behaviour was verified between ANGPTL4 protein and LPL ac-
tivity. Taken together, these results support ANGPTL4 role as an en-
zyme inhibitor, still the underlying mechanisms need to be clarified.

In reference to PPARγ expression, it is known that this transcription
factor regulates several proteins involved in lipid metabolism, among
which are LPL, GPIHBP1 and ANGPTL4 [38,39]. In our study, the direct
association with LPL activity, despite the lack of association with the
enzyme expression, would suggest that additional PPARγ-regulated
pathways could be increasing LPL activity. Further studies are neces-
sary to elucidate PPARγ role in EAT.

Given that inflammation has been linked with EAT expansion [40],
a possible association with LPL behaviour could be considered. Con-
troversial results have been published about inflammation and LPL
[41,42]. In our study, the higher levels of M1 markers observed in
CABG patients suggest a pro-inflammatory macrophages profile, and
the association between MCP-1 and GPIHBP1 levels would subscribe to
the theory of a positive regulation of LPL in an inflamed tissue.

It is well known that in insulin resistant states, VLDL levels are fre-
quently increased, as a consequence of a higher synthesis, together with a
decreased catabolism of the lipoprotein [13,43]. In our study, the higher
TG/apoB index would indicate the presence of TG-enriched VLDL in
coronary patients, despite the higher LPL activity in EAT. It should not be
ruled out that VLDL characteristics would be determined by its hepatic
synthesis and LPL activity contribution from different tissues. Beyond
this, the expected inverse associations between LPL activity and VLDL TG
content were observed. Regarding lipoprotein receptors in EAT, we
verified the VLDLR presence in the tissue. It has been previously reported
that VLDLR mRNA levels were higher in EAT from diabetic patients,
without differences in its protein expression [44]. In line with this, our
results did not show differences in EAT VLDLR protein expression among
groups, however, we observed an inverse association with VLDL TG
content. These results indicate that EAT LPL and VLDLR would partly

contribute to circulating VLDL characteristics.
Concerning metformin contribution to EAT metabolism, an increase

in LPL activity in T2DM patients that were under metformin treatment
was verified, together with an increase in PPARγ and GPIHBP1 ex-
pression. It has been reported that metformin regulates PPARγ ex-
pression [45], and increases plasma LPL activity in diabetic patients
[46]. Our results are in line with the reported insulin-sensitizing role of
metformin in adipose tissue, favouring mechanisms that are involved in
fatty acids supply to the tissue, even though it has been reported that
metformin treatment does not cause modifications in EAT volume [47].
Further studies are necessary to elucidate the final effect of metformin
treatment in EAT behaviour.

We acknowledge some limitations in this study. First, the sample size
in each group was rather small; nevertheless, the tissue nature and the
difficulty for its collection must be highlighted, principally in non cor-
onary patients. Second, the assessment of EAT volume in patients in-
cluded in this study would have been interesting and would have added
valuable information. Regarding LPL regulation by PPARγ, evaluating its
intracellular localization, beyond its expression, would allow a better
understanding of its contribution to EAT metabolism. Finally, given the
observational design of this study, it is not possible to state the direct role
of LPL activity in EAT behaviour. Further studies, aiming to elucidate the
direct effect of lipids metabolism in EAT, would be necessary.

Our study highlights the importance of having evaluated EAT LPL
activity, beyond its gene and protein expression, revealing the final be-
haviour of this enzyme in EAT and its possible contribution to the tissue
expansion. Moreover, given the complex regulation of LPL, we report for
the first time, the role of ANGPTL4, GPIHBP1 and PPARγ in EAT meta-
bolism, and their implication in CVD pathogenesis in diabetes.

The crucial role of LPL regulators in EAT metabolism, and their
potential effect in the increase of EAT volume in CAD and DM2, turn
them into interesting targets for new therapeutic agents.

4.1. Conclusion

This is the first time, to our knowledge, that LPL activity is reported
in EAT, together with ANGPTL4, GPIHBP1 and PPARγ expression. The
increase in LPL activity in diabetes, with no changes in its expression,
suggests that the enzyme regulation would be mainly post-translational.
The higher EAT LPL activity in DM2 could be partly responsible for the
increase in EAT volume reported in these patients, and ANGPTL4 and
GPIHBP1, as regulators of the enzyme, would be playing a crucial role
in EAT metabolism. The fatty acids supply to EAT would partly come
from circulating VLDL.
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