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A B S T R A C T

Background: Abdominal obesity is an important cardiovascular disease risk factor. Plasma fatty acids display a complex network of both
pro and antiatherogenic effects. High density lipoproteins (HDL) carry out the antiatherogenic pathway called reverse cholesterol transport
(RCT), which involves cellular cholesterol efflux (CCE), and lecithin:cholesterol acyltransferase (LCAT) and cholesteryl ester transfer protein
(CETP) activities.
Objectives: Our aim was to characterize RCT and its relation to fatty acids present in plasma in pediatric abdominal obesity.
Methods: Seventeen children and adolescents with abdominal obesity and 17 healthy controls were studied. Anthropometric parameters
were registered. Glucose, insulin, lipid levels, CCE employing THP-1 cells, LCAT and CETP activities, plus fatty acids in apo B-depleted
plasma were measured.
Results: The obese group showed a more atherogenic lipid profile, plus lower CCE (Mean�Standard Deviation) (6 � 2 vs. 7 � 2%;
P < 0.05) and LCAT activity (11 � 3 vs. 15 �5 umol/dL.h; P < 0.05). With respect to fatty acids, the obese group showed higher myristic
(1.1 � 0.3 vs. 0.7 � 0.3; P < 0.01) and palmitic acids (21.5 � 2.8 vs. 19.6 � 1.9; P < 0.05) in addition to lower linoleic acid (26.4 � 3.3 vs.
29.9 � 2.6; P < 0.01). Arachidonic acid correlated with CCE (r ¼ 0.37; P < 0.05), myristic acid with LCAT (r ¼ -0.37; P < 0.05), pal-
mitioleic acid with CCE (r ¼ -0.35; P < 0.05), linoleic acid with CCE (r ¼ 0.37; P < 0.05), lauric acid with LCAT (r ¼ 0.49; P < 0.05),
myristic acid with LCAT (r ¼ -0.37; P < 0.05) ecoisatrienoic acid with CCE (r ¼ 0.40; P < 0.05) and lignoseric acid with LCAT (r ¼ -0.5;
P < 0.01).
Conclusions: Children and adolescents with abdominal obesity presented impaired RCT, which was associated with modifications in
proinflammatory fatty acids, such as palmitoleic and myristic, thus contributing to increased cardiovascular disease risk.
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Introduction

According to the World Health Organization (WHO), over-
weight and obesity are the sixth risk factor for human death
worldwide. Every year, at least 3.4 million adults die as a result
of being overweight or obese [1]. Furthermore, in 2016, more
than 1.9 billion adults were overweight; in turn, 650 million
were obese [1]. This means that 39% of adults are overweight,
and 13% are obese worldwide. For children and adolescents, 39
million children under 5 y of age were overweight or obese in
2020 [1]. In turn, 340 million children and adolescents between
the ages of 5 and 19 were overweight or obese in 2016 [1]. In the
United States, according to the Centers for Disease Control, the
prevalence of obesity in children and adolescents aged 2 to 19 y
was 19.3% (14.4 million individuals) in the period between
2017 and 2018 [2].

Moreover, it is important to note that, in recent years, the fact
that the distribution of adipose tissue is as important as the
magnitude of fat deposition has become widely accepted.
Therefore, the presence of specific abdominal obesity has been
recognized as a major risk factor for cardiovascular disease
(CVD) [3]. In this sense, abdominal obesity is specifically asso-
ciated with the development of insulin resistance (IR) and type 2
diabetes mellitus (T2DM) in adults [4,5]. Furthermore, a series
of studies carried out in adult populations have been published
describing dyslipidemia in patients with central fat distribution.
The syndrome is similar to the atherogenic dyslipidemia seen in
association with general obesity [6,7]. In addition to IR and
dyslipidemia, abdominal obesity is also closely associated with
inflammation, both systemic and vascular specific in adult pop-
ulations [8,9]. Regarding pediatric populations, few studies have
shown a positive association between the presence of abdominal
obesity, a higher risk of alterations in glucose metabolism, and
presence of atherogenic dyslipidemia [10].

The presence of abdominal obesity has also been related to
alterations in plasma fatty acid profile, which are associated with
the development of both coronary artery disease and ischemic
stroke [11,12]. Particularly, in a study carried out in elderly adults,
abdominal obesity showed a positive correlation with palmitic
acid concentration and a negative one with levels of linoleic acid
[13]. Moreover, plasma fatty acids have been involved in the
development of IR. In this regard, oleic acid has been reported to
have a protective role against IR, whereas palmitic acid has the
opposite effect [14,15]. Furthermore, fatty acid profile can also
influence lipid levels. For example, stearic and linoleic acids are
known to decrease low density lipoprotein cholesterol (LDL-C)
concentration [16,17], whereas oleic acid can increase high den-
sity lipoprotein cholesterol (HDL-C) levels [18,19].

As previously explained, abdominal obesity is associated with
the development of atherogenic dyslipidemia, mainly charac-
terized by increased triglyceride and decreased HDL-C levels [6,
7]. In this context, HDL constitutes the only lipoprotein fraction
with cardioprotective properties. In fact, HDL particles possess
multiple antiatherogenic functions, such as the promotion of
reverse cholesterol transport (RCT), antioxidant activity,
anti-inflammatory capacity, incorporation of free cholesterol
from triglyceride-rich lipoproteins, and antiapoptotic function,
among others [20,21]. RCT constitutes the most studied of these
properties, which represents a complex process made up of
different steps by which HDL particles transport excess choles
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terol from peripheral tissues, including the arterial wall, to the
liver for subsequent recycling or removal from the body [22].
The first step in RCT is free cholesterol efflux from peripheral
tissue cells to HDL particles. In particular, HDLs remove
cholesterol from macrophages, preventing lipid loading and
foam cell formation, thus promoting atherosclerotic plaque
regression [23]. The second and third steps of RCT are carried
out by lecithin:cholesterol acyltransferase (LCAT) and choles-
teryl ester transfer protein (CETP), respectively [24,25]. As far as
we know, the status of RCT in children and adolescents with
abdominal specific obesity has not been previously studied.

The aim of the present study was to analyze the different steps
of RCT in children and adolescents with abdominal obesity and
to explore a possible connection with the fatty acid profile.

Methods

Study design and subjects
A cross-sectional observational study was carried out. Seven-

teen children and adolescents of both sexes who presented
abdominal obesity and 17 normal-weight controls were included.
Abdominal obesity was defined as waist circumference (WC) >
90% for the corresponding age and sex. All children and adoles-
cents included in the study attended the Nutrition and Diabetes
Service of the Children's Hospital “Dr. Ricardo Guti�errez.” The
studywas approved by the Ethics Committee for Human Research
of the Children Hospital “Dr. Ricardo Guti�errez” and the Ethics
Committee of the School of Pharmacy and Biochemistry of the
University of Buenos Aires following the Helsinki Declaration and
its later amendments or comparable ethical standards. Informed
consent was obtained from all parents, and all the children signed
the informed assent form. Inclusion criteria for controls were age
between 8 and 17 y (shared with the obese group), BMI-z< 1 and
BMI < 85 percentile according to WHO, and presence of normal
lipid levels. Exclusion criteria for both the obese group and con-
trols were the presence of any chronic or acute disease other than
obesity, undergoing dietary or pharmacological treatment that
could affect glucose and/or lipid levels or metabolism, and lack of
a signed consent form. Regarding sociodemographic factors, all of
the children and adolescents included in the study belonged to a
similar socioeconomic background. They were all enrolled in
public schools located in the vicinity of the Children's Hospital
“Dr. Ricardo Guti�errez” (within a 3-block radius) and inhabited
middle-income households. Furthermore, even though they all
possessed healthcare coverage, none of them had prepaid health
insurance and, therefore, attended a public hospital such as the
Children's Hospital “Dr. Ricardo Guti�errez.”
Sample collection and processing
Blood samples were drawn from the antecubital vein after

12 h of fasting. A minimum of 10 mL of blood were drawn per
participant. Aliquots were placed in tubes containing a coagu-
lation accelerator or Na2EDTA. Tubes were centrifuged at 1,500
x g for 15 min to obtain serum or plasma. Serum and plasma
aliquots were stored at -70� C until their use.
Anthropometric parameters
Weight, height, WC, and Tanner stage were evaluated. WC

was measured following theWHO STEPS protocol. The following
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anthropometric indicators were calculated: BMI, BMI-z-score,
and 90th percentile for WC. For these calculations, the WHO
ANTHRO and ANTHRO Plus programs were used.
General biochemical determinations
Plasma glucose, hemoglobin, hematocrit, total protein, albu-

min, bilirubin, aspartate aminotransferase (AST), alanine amino-
transferase (ALT), alkaline phosphatase (ALP), gamma-glutamyl
transpeptidase (GGT), urea and creatinine concentrations were
determined by standardized methods (Roche, Basel, Switzerland).
Plasma insulin concentration was measured with a microparticle
enzyme immunoassay (MEIA, ABBOTT, Japan). HOMA-IR (Ho-
meostasisModel Assessment) and QUICKI (Quantitative Sensitivity
Check) indexes were calculated. Plasma high sensitivity C-reactive
protein (hsCRP) was determined by a high sensitivity immuno-
turbidimetric assay (Roche, Basel, Switzerland).
Lipid profile
Plasma triglyceride (TG) and total cholesterol (TC) levels were

determined by standardized methods (Roche, Basel, Switzerland).
HDL fraction was isolated in the supernatant obtained after the
selective precipitation of apo B-containing lipoproteins using
phosphotungstic acid in the presence of magnesium ions. LDL-C
levels were determined as the difference between TC and the
cholesterol contained in the supernatant obtained after selective
precipitation of LDL with polyvinyl sulfate in polyethylene glycol
[26]. NonHDL-cholesterol (NonHDL-C) was calculated as the dif-
ference between TC and HDL-C. VLDL-C was obtained as the dif-
ference between the cholesterol of the supernatants of LDL-C and
HDL-C determinations. Apo B and apo A-I were measured by
immunoturbidimetry (Roche, Basel, Switzerland). Abnormal lipid
levels were defined following the recommendations of the National
Health Institute [27].
Lp-PLA2 activity
Lp-PLA2 activity was measured using a radiometric assay.

Briefly, the incubation mixture contained 50 mL of 1/50 diluted
serum and 10 mmol/L 1 hexadecyl-2-[3H]-acetyl-glycero-3-
phosphocholine (specific activity 525 mCi.mmol/L) in a total
volume of 0.5 mL of phosphate-buffered saline buffer (pH¼7.4).
Tritiated substrate 1-hexadecyl-2-[3H]-acetyl-glycero-3-phos-
phocholine (13.5 Ci.mmol/L) (New England Nucleotides) and
nontritiated substrate (Cay-man Chemical) were mixed, the
solvents were evaporated under nitrogen stream, redissolved in
phosphate-buffered saline, and sonicated. Incubation was car-
ried out at 37º C for 5 min, and the enzymatic reaction was
stopped in an ice bath and with the addition of 1.5 mL of chlo-
roform. Then, 0.5 mL of saturated sodium bicarbonate solution
were added; after centrifugation, the aqueous phase was washed
twice with 1.5 mL of chloroform. Radioactivity of the aqueous
phase was measured by liquid scintillation using a Packard
autoanalyzer. Radioactivity of the substrate buffer was also
measured. Results were expressed as umol/mL.h. Measurements
were all carried out in duplicate within the same assay. Within-
run precision (CV) for Lp-PLA2 activity was 5.1%
LCAT activity
LCAT activity was measured employing a radiometric method

[28]. Briefly, the procedure utilized a substrate of heat-inactivated
14
human plasma lipoproteins equilibrated with [3H]-cholesterol
plus albumin inactivated plasma (1:8:1 v/v). After heating human
plasma at 57� C for 60 min, the substrate was recovered by
centrifugation at 13,200 rpm for 3 min in an Eppendorf micro-
fuge. Inactivated plasma was labeled with a stabilized cholesterol
emulsion prepared by adding 1 nmol of [3H]-cholesterol to one
volume of 5% BSA in 150 Mm NaCl. Four volumes of inactivated
plasma were added to the cholesterol emulsion and incubated at
37� C for 2–4 h. To start the enzyme activity assays, the substrate
was mixed with one volume of enzyme in a final volume of 30 uL.
After incubation at 37� C, the reaction was stopped with 200 uL of
1% digitonin (in 95% ethanol) and 10 uL of 5 mg/mL cholesterol.
Samples were vigorously mixed and centrifuged at 6000 rpm for
10 min in an Eppendorf microfuge. Tritiated cholesteryl esters
produced by LCAT were measured in 0.2 mL aliquots of the su-
pernatant plus 2.5 mL of liquid scintillation cocktail. Results were
expressed as umol/dL.h. Measurements were all carried out in
duplicate within the same assay. Within-run precision (CV) for
LCAT activity was 4.5%.

CETP activity
CETP activity was determined in serum samples following a

radiometric method. Briefly, the ability of serum to promote the
transfer of tritiated cholesteryl esters from the biosynthetically
labeled HDL3 fraction (3H-CE-HDL3) (NEN Life Science Products)
to the apo B-containing lipoproteins present in the serum was
evaluated. Serum samples were incubated with 3H-CE-HDL3 (50
umol/L cholesterol) and iodoacetate (1.5 mmol/L) in tris-
buffered saline buffer (pH¼7.4) for 3 h at 37� C. After incuba-
tion, apo B-containing lipoproteins were separated from HDL by
the selective precipitation method using phosphotungstic acid
(0.44 mmol/L) in the presence of magnesium ions. Radioactivity
in the reaction mixture and in the supernatant containing the
HDL fraction was measured in a liquid scintillation counter
(Packard 210 TR; Packard Instruments, Meridians). Results were
expressed as the percentage of cholesterol transported from
HDL3 particles to apo B-containing lipoproteins per mL per h.
Measurements were all carried out in duplicate within the same
assay. Within-run precision (CV) for CETP activity was 4.9%.

Cholesterol efflux determination
HDL was isolated by selective precipitation using poly-

ethylene glycol (6000) (Sigma) in 10 mmol/L HEPES (pH¼8.0)
after centrifugation at 2200 x g and 4� C for 30 min. Apo B levels
were measured by immunoturbidimetry in the supernatant to
confirm the remotion of apo B-containing lipoproteins from
plasma. The supernatant containing HDL was used for cellular
cholesterol efflux (CCE) assay in THP-1 macrophages. Briefly,
THP-1 cells were differentiated into macrophages by treatment
with 100 nmol/L phorbol 12-myristate 13-acetate for 48 h.
Subsequently, THP-1 macrophages were loaded with 1 μCi 3H-
cholesterol and 50 μg/mL acetylated LDL for 24 h. After that, 2%
HDL-containing plasma was used as cholesterol acceptor for 4 h.
Radioactivity was measured by liquid scintillation counting. CCE
was calculated using the following equation: (radioactivity in
efflux medium/total radioactivity in cells and medium) � 100.
Results from efflux experiments carried out without acceptor
were subtracted from each individual value. Results were
expressed as the percentage of free cholesterol transported from
cells to HDL particles. Measurements were all carried out in
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duplicate within the same assay. Within-run precision (CV) for
CCE determination was 4.7%.

Fatty acid profile
The fatty acid profile in apo B-depleted plasma was deter-

mined by gas chromatography (GC). Fatty acid methyl esters
(FAMEs) from plasma were prepared according to a modified
method of Lepage (CITA). Briefly, 2 mL of a methanol-toluene
(4:1, v/v) were added to 200 μL of plasma, and then 0.2 mL of
acetyl chloride were slowly added. After heating at 100� C for 1h,
5 mL of a 6% K2CO3 solution were added to the tube, mixed on a
vortex, and centrifuged, and the clear toluene top layer con-
taining FAMEs was obtained. FAMEs were analyzed using a
Clarus 500 GC equipped with a Supelco SP 2560 100 m x 0.25
mm x 0.20 um column and flame ionization detector at 280 � C,
using helium as carrier gas. The plasma fatty acid data were
expressed as the percentage (%) of total fatty acids (limit of
quantification a value of 0.05%) [29,30].

Sample calculation and statistical analysis
The primary outcomes of the present study were CCE, LCAT

activity, CETP activity (Figure 1), and fatty acid profile. Secondary
outcomes were markers of glucose metabolism, basic lipid profile,
liver enzymes, hsCRP, and Lp-PLA2. Sample calculation was per-
formed employing Eppidata Software. Taking into account the
main objectives of the present study, CCE and LCAT activity were
employed as the selected variables, and the calculation was per-
formed with unpublished data from a preliminary study carried
out by our group (CCE: 7.78� 2.21 % for controls vs. 5.50� 1.96
% for obese children and adolescents; LCAT: 14.26 � 2.90 umol/
dL.h for controls vs. 10.67 � 3.29 umol/dL.h for obese children
and adolescents). The ratio of sample size was 1. The number of
both patients and controls necessary to obtain 80% statistical
power was estimated as 14 for CCE and 12 for LCAT activity.
FIGURE 1. The 3 steps of RCT.
RCT represents the transfer of cholesterol from peripheral tissues to the liv
transport through the cell membrane to HDL particles. The second step is
phobicity and promoting HDL maturation. The third step is carried out by
between apo B-containing lipoproteins and HDL. RCT, reverse cholestero
acyltransferase; CETP, cholesteryl ester transfer protein; TG, triglycerides;
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There was no missing data for any of the parameters. Variable
distribution was assessed by the Shapiro Wilks test. Comparisons
between populations were performed by Student t test for
continuous normally distributed variables and Mann-Whitney U
test for continuous nonnormally distributed ones. All variables
analyzed with the Student T test were normally distributed ac-
cording to the Shapiro Wilks test, and homogeneity of variance
was assessed with the Levene test. In the case of variables
analyzed with Mann-Whitney U test, nonnormality was estab-
lished with Shapiro Wilks test, and histograms were employed to
verify that the variables had similar distribution in the 2 groups.
Analysis of covariance (ANCOVA) test was used to compare var-
iables between groups, adjusting by sex, age, and Tanner stage.
Only variables that remained statistically different between
groups after correcting by sex, age, and Tanner stage were shown
as such in tables and figures. In the ANCOVAmodels, normality of
residuals was analyzed with the Shapiro Wilks test, and homo-
geneity of variance was assessed with the Levene test. Data were
displayed as mean � standard deviation or median (interquartile
range) depending on data distribution. Multiple comparison
problem was corrected by adjusting individuals' P values with the
Benjamini-Hochberg Procedure. Pearson (parametric) and
Spearman (nonparametric) correlation coefficients were
employed to analyze univariate associations employing data from
the whole population. Multiple testing problem was corrected by
adjusting individuals P values with the Benjamini-Hochberg Pro-
cedure. Multiple Linear regression analyses were performed to
explore the association between steps of RCT and individual fatty
acids adjusting by the presence of obesity and the possible inter-
action between obesity and fatty acids. All variables were intro-
duced in one step during the analysis. Normality of residuals was
analyzed with the Shapiro Wilks test, and homogeneity of vari-
ance was assessed with the Levene test. All analyses were carried
out with SPSS 19.0 statistical software.
er. It involves different steps. The first step consists of free cholesterol
catalyzed by LCAT, which esterifies cholesterol, increasing its hydro-
CETP, which mediates the exchange of esterified cholesterol and TG
l transport; HDL, high density lipoprotein; LCAT, lecithin:cholesterol
apo, apolipoprotein.



TABLE 2
Biochemical parameters in children and adolescents with abdominal
obesity and in controls with normal weight.

Parameter Controls with
Normal Weight
(n ¼ 17)

Patients with
Abdominal
Obesity (n ¼ 17)

Glucose (mmol/L) 4.83 (4.44 – 4.89) 4.78 (4.61 – 5.06)
Insulin (pmol/L) 62.5 (48.6 – 76.4) 90.3 (76.4 – 159.7)*
HOMA-IR 1.7 (1.0–1.9) 2.7 (2.3–4.9)*
QUICKI 0.36 (0.34–0.40) 0.32 (0.30 – 0.33)*
Nonesterified fatty
acids (mmol/L)

0.3 (0.2 – 0.5) 0.6 � (0.5 – 0.8)*

Total protein (g/L) 76 (75 – 79) 76 (71 – 78)
Albumin (mmol/L) 0.71 (0.69 – 0.74) 0.71 (0.70 – 0.74)
Total Bilirubin
(mmol/L)

0.007 (0.005 – 0.007) 0.009 (0.005 – 0.012)

AST (μkat/L) 0.33 � 0.08 0.38 � 0.13
ALT (μkat/L) 0.18 (0.15 – 0.30) 0.28 (0.22 – 0.33)*
ALP (μkat/L) 2.6 � 1.4 3.6 � 1.4*
GGT (μkat/L) 0.18 � 0.07 0.31 � 0.13*
HsCRP (nmol/L) 13.3 � 9.5 28.6 � 23.8*

AST, aspartate aminotransferase; ALT, alanine aminotransferase; ALP,
alkaline phosphatase; GGT, gamma-glutamyl transpeptidase; hsCRP,
high sensitivity C-reactive protein.
* P < 0.05 vs. controls with normal weight. Measures are shown as

mean � standard deviation for normally distributed variables, which
were compared by Student t test for independent samples. Measures for
nonnormally distributed variables are shown as median (interquartile
range) and were compared with Mann-Whitney U test. ANCOVA test
was performed to verify that differences remained statistically signifi-
cant after adjusting by sex, age, and Tanner Stage. Multiple testing
problem was corrected by adjusting individuals P values with the
Benjamini-Hochberg Procedure.
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Results

The analysis of the antecedents and the anthropometric pa-
rameters of the studied population showed that the obese group
had a higher frequency of first-degree relatives with a history of
obesity, as well as higher values of z-BMI, WC, diastolic blood
pressure (DBP-Z) and systolic blood pressure (SBP-Z) (Table 1).
No significant differences were observed in the distribution of
sexes, age, or Tanner stage (Table 1).

Table 2 shows the biomarkers of glucose metabolism, liver-
related parameters, and hsCRP levels as a marker of systemic
inflammation. The obese group showed higher plasma levels of
insulin and nonesterified fatty acids and higher HOMA-IR plus
lower QUICKI indexes, suggesting the presence of altered
glucose metabolism. Furthermore, children and adolescents with
abdominal obesity showed higher activity of ALT, FAL, and GGT
and higher levels of hsCRP. In addition, the obese group also
showed higher Lp-PLA2 activity, considered a marker of vascular
specific inflammation (Figure 2).

The analysis of the lipid parameters revealed that obese
children and adolescents had higher levels of TG, VLDL-C, LDL-C,
and nonHDL-C, increased TG/HDL-C, TC/HDL-C, and apo B/apo
A-I ratios, in addition to lower levels of HDL-C and apo A-I. No
significant differences were observed in TC and apo B concen-
trations (Table 3).

Regarding the fatty acid profile, children and adolescents
with abdominal obesity showed higher levels of myristic, pal-
mitic, and palmitoleic acids, together with lower concentrations
of linoleic acid (Table 4).

Regarding RCT, the obese group showed significantly higher
CCE (Figure 3, panel A) and LCAT activity (Figure 4). No sta-
tistically significant differences were observed in CCE/HDL-C
(Figure 3, panel B), CCE/apo A-I (Figure 3, panel C), and CETP
activity (Figure 5).

CCE was negatively associated with BMI-Z (r ¼ -0.28; P <

0.05), ALP activity (r ¼ -0.28; P < 0.05), and palmitoleic acid
concentration (r ¼ -0.38; P < 0.05), as well as positively related
to arachidonic (r ¼ 0.37; P < 0.05), linoleic (r ¼ 0.37; P < 0.05)
TABLE 1
Anthropometric parameters in children and adolescents with abdom-
inal obesity and in controls with normal weight

Parameter Controls
with normal
weight (n ¼ 17)

Patients with
abdominal obesity
(n ¼ 17)

Age (y) 13.1 � 2.0 12.4 � 2.7
Sex (F/M) 8 / 9 10 / 7
BMI-Z 0.5 � 0.8 3.2 � 0.8*
TannerStage I/Total 4 / 17 6 / 17
WC (cm) 70.8 � 9.2 101.3 � 13.7*
Incidence of abdominal obesity
in first grade relatives (%)

18 59*

DBP-Z -0.07 � 0.01 0.65 � 0.10 *
SBP-Z -0.27 � 0.03 1.54 � 0.14 *

F, female; M, male; BMI-Z, BMI Z-score; WC, waist circumference;
DBP-Z, diastolic blood pressure Z-score; SBP-Z, systolic blood pressure
Z-score.
* P < 0.05 vs. controls with normal weight. Categorical variables

were analyzed by Pearson chi-square. Measures shown as mean �
standard deviation for normally distributed variables. Parameters were
compared by Student t test for independent samples.
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and ecoisatrienoic (r ¼ 0.4; P < 0.05) acid levels, and LCAT
activity (r ¼ 0.40; P < 0.05). In turn, LCAT activity correlated
positively with HDL-C (r¼ 0.43; P< 0.01) and apo A-I (r¼ 0.37;
P < 0.05) levels and negatively with lauric (r ¼ 0.49; P < 0.05),
myristic (r ¼ -0.37; P < 0.05) and lignoceric (r ¼ -0.5; P < 0.01)
acid concentrations. CETP activity was only associated with ALP
activity (r ¼ -0.32; P < 0.05). In linear regression analysis, the
association between CCE and arachidonic acid (r2 ¼ 0.39; beta¼
0.40; P < 0.05) remained statistically significant after adjusting
for the presence of abdominal obesity and the interaction be-
tween abdominal obesity and arachidonic acid. The model met
the normality of residuals and homogeneity of variance criteria.

In addition to the above-mentioned correlations, myristic acid
correlated with BMI-z, WC, HOMA-IR, nonesterified fatty acids,
and HDL-C. Palmitic acid correlated with BMI-z, HOMA-IR, and
HDL-C. Palmitoleic acid correlated with BMI-z, WC, insulin,
HOMA-IR, QUCKI, nonesterified fatty acids, ALT, AST, ALP,
GGT, hsCRP, HDL-C, and apo A-I. Linoleic acid correlated with
BMI-z, WC, nonesterified fatty acids, HDL-C, and apo A-I. Alpha-
linoleic acid correlated with TG. Eicosapentaenoic acid corre-
lated with nonesterified fatty acids, AST, ALT, and HDL-C.
Finally, lignoceric acid correlated with nonesterified fatty acids
(Table 5).
Discussion

Children and adolescents with abdominal obesity presented
higher incidence of abdominal obesity in first grade relatives, as



FIGURE 2. Lp-PLA2 activity in children and adolescents with abdominal obesity and in normal weight controls.
Box-plot showing the comparison of Lp-PLA2 activity between the groups. Lp-PLA2, lipoprotein-associated phospholipase A2. *P < 0.05 vs. normal
weight controls according to Mann-Whitney U test. ANCOVA test was performed to verify that differences remained statistically significant after
adjusting by sex, age, and Tanner stage.
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well as higher values of BMI-Z, WC, TAD-Z, and TAS-Z. No sig-
nificant differences were observed in the distribution of sexes,
age, or Tanner stage. In turn, the obese group showed higher
plasma levels of insulin and nonesterified fatty acids, higher
TABLE 3
Lipid and lipoprotein profile in children and adolescents with
abdominal obesity and in controls with normal weight

Parameter Controls with
normal weight
(n ¼ 17)

Patients with
abdominal Obesity
(n ¼ 17)

TG (mmol/L) 0.76 (0.55–1.03) 1.12 (1.02–1.37)*
TC (mmol/L) 3.95 � 0.96 4.24 � 0.67
LDL-C (mmol/L) 2.09 � 0.88 2.66 � 0.72*
HDL-C (mmol/L) 1.52 � 0.34 1.18 � 0.21*
Non-HDL-C (mmol/L) 2.48 � 0.88 3.23 � 0.75*
VLDL-C (mmol/L) 0.39 � 0.16 0.57 � 0.26*
Apo B (mmol/L) 26.42 � 6.78 84 � 20
Apo A-I (mmol/L) 50.71 � 9.29 43.57 � 5.71*
TG/HDL-C 1.2 (1.1–1.6) 2.6 (2.1–3.9)*
TC/HDL-C 2.7 � 0.6 4.6 � 1.6*
Apo B/apo A-I 0.4 � 0.1 0.7 � 0.3*

TG, triglycerides; TC, total cholesterol; LDL-C, low density lipoprotein
cholesterol; HDL-C, high density lipoprotein cholesterol; VLDL-C, VLDL
cholesterol; Apo, apolipoprotein.
* P < 0.05 vs. controls with normal weight. Measures are shown as

mean � standard deviation for normally distributed variables, which
were compared by Student t test for independent samples. Measures for
non-normally distributed variables are shown as median (interquartile
range) and were compared with Mann-Whitney U test. ANCOVA test
was performed to verify that differences remained statistically signifi-
cant after adjusting by sex, age, and Tanner Stage. Multiple testing
problem was corrected by adjusting individuals P values with the
Benjamini-Hochberg Procedure.
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HOMA-IR index, and lower QUICKI index, indicating the pres-
ence of alterations in glucose metabolism. Furthermore, children
and adolescents with abdominal obesity showed higher activities
TABLE 4
Fatty acid profile in apo B-depleted plasma from children and adoles-
cents with abdominal obesity and controls with normal weight

Parameter Controls with
Normal Weight
(n ¼ 17)

Patients with
Abdominal
Obesity (n ¼ 17)

Lauric acid 0.10 (0.08–0.14) 0.12 (0.09–0.20)
Myristic acid 0.72 � 0.25 1.12 � 0.29*
Palmitic acid 19.57 � 1.98 21.51 � 2.83*
Palmitoleic acid 1.85 � 0.31 2.63 � 0.43*
Margaric acid 0.54 � 0.13 0.65 � 0.18
Stearic acid 8.68 � 0.92 8.90 � 1.50
Oleic acid 17.62 � 1.37 17.66 � 1.70
Linoleic acid 29.93 � 2.57 26.36 � 3.31*
Gadoleic acid 0.14 � 0.03 0.12 � 0.03
Alpha-linoleic acid 0.21 (0.17–0.28) 0.25 (0.20–0.33)
Ecoisatrienoic acid 0.74 � 0.15 0.67 � 0.14
Arachidonic acid 4.64 (3.80–5.56) 4.86 (4.07 6.84)
Eicosapentaenoic acid 0.32 (0.19–0.70) 0.22 (0.18–0.27)
Lignoceric acid 0.35 � 0.24 0.41 � 0.12
Docosahexaenoic acid 0.68 (0.54–0.89) 0.74 (0.55–1.04)

Results expressed as area %. Apo B, apolpoprotein B.
* P < 0.05 vs. controls with normal weight. Measures are shown as

mean � standard deviation for normally distributed variables, which
were compared by Student t test for independent samples. Measures for
nonnormally distributed variables are shown as median (interquartile
range) and were compared with the Mann-Whitney U test. ANCOVA
test was performed to verify that differences remained statistically
significant after adjusting by sex, age, and Tanner stage. Multiple
testing problem was corrected by adjusting individuals P values with
the Benjamini-Hochberg Procedure.



FIGURE 3. CCE in children and adolescents with abdominal obesity and in normal weight controls.
Box-plot showing the comparison of CCE (Panel A), CCE/HDL-C (Panel B), and CCE/apo A-I (Panel C) between the groups. CCE, cellular
cholesterol efflux; HDL-C, high density lipoprotein cholesterol; apo A-I, apolipoprotein A-I. * P < 0.05 vs. normal weight controls according to
Mann-Whitney U test. ANCOVA test was performed to verify that differences remained statistically significant after adjusting by sex, age, and
Tanner stage.
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of ALT, FA, L, and GGT, plus higher levels of hsCRP and Lp-PLA2
activity. The analysis of lipid parameters revealed that the obese
group had higher TG, VLDL-C, LDL-C, and nonHDL-C levels, as
well as increased TG/HDL-C, TC/HDL-C, and apo B/apo A-I ra-
tios, in addition to lower levels of HDL-C and apo A-I. Regarding
RCT, the obese group exhibited lower CCE and LCAT activity,
with no differences in CETP activity.

In our study, the group with abdominal obesity presented
altered glucose metabolism, which coincides with previous re-
sults from our group [31] and from other authors [32].
Furthermore, the Bogalusa Heart Study reported an association
between WC values and insulin levels in children and adoles-
cents [33]. In fact, previous studies have also shown an associ-
ation between abdominal fat deposits, measured by magnetic
resonance imaging, and HOMA-IR values in children and ado-
lescents [34]. In this regard, abdominal fat deposits were also
associated with HOMA-IR in adolescents when quantified by
18
ultrasound [35]. In turn, in another study, an association was
reported between increases in visceral adiposity and decreased
insulin sensitivity [36]. Consistently, Galcheva et al. reported
higher levels of insulin and HOMA-IR in prepubertal children
with abdominal obesity [37]. Furthermore, it should be noted
that in a previous study carried out in Argentina, the HOMA-IR
and the TG/HDL-C indexes were associated with CVD in chil-
dren aged between 6 and 9 y [38]. To the best of our knowledge,
our study would be the first to analyze glucose metabolism in a
pediatric population with abdominal obesity, which included
both children and adolescents. In addition to significant differ-
ences in traditional parameters of glucose metabolism, the obese
group also presented increased levels of nonesterified fatty acids.
This parameter is associated with obesity and serves as a marker
of the presence of IR, which increases its release from visceral
adipose tissue [39]. In summary, the combination of higher
levels of insulin and nonesterified fatty acids, together with



FIGURE 4. LCAT activity in children and adolescents with abdominal obesity and in normal weight controls.
Box-plot showing the comparison of LCAT activity between the groups. LCAT, lecithin:cholesterol acyltransferase. * P < 0.05 vs. normal weight
controls according to Mann-Whitney U test. ANCOVA test was performed to verify that differences remained statistically significant after adjusting
by sex, age, and Tanner stage.

FIGURE 5. CETP activity in children and adolescents with abdominal obesity and in normal weight controls.
Box-plot showing the comparison of CETP activity between the groups. CETP, cholesteryl ester transfer protein. Comparison was carried out with
Mann-Whitney U test.
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higher HOMA-IR and TG/HDL-C and lower QUICKI indexes,
could be indicative of the presence of alterations in glucose
metabolism in this population, even at an early age.

The obese group also showed alterations in parameters
traditionally associated with liver status, ALT, FAL, and GGT,
suggesting the presence of low-grade liver inflammation. In this
regard, a previous study showed a positive association between
WC values and GGT activity in children and adolescents [40].
Furthermore, in another study, an association was reported be-
tween visceral adipose tissue levels, the presence of hepatic
steatosis, and plasma ALT and GGT values in children and ado-
lescents [41]. Accordingly, in other works, abdominal obesity
was reported as a predictor of the presence of nonalcoholic fatty
liver in preschool children [42] and adolescents [43]. Again, our
study would be the first to analyze these markers of liver damage
in children and adolescents who specifically presented abdom-
inal obesity.

The group with abdominal obesity exhibited significantly
higher levels of hsCRP than controls, indicating the presence of
systemic inflammation. A previous study showed an association
between the levels of hsCRP andWC in prepubertal children with
abdominal obesity [37]. Other studies have reported this same
association in children and adolescents with overweight and
obesity [44,45]. In the present study, the obese group also
showed higher Lp-PLA2 activity. Lp-PLA2 is considered a marker
of specific vascular inflammation and a novel risk factor for car-
diovascular disease [46,47]. Lp-PLA2 is an enzyme secreted by
inflammatory cells mainly associated with LDL particles in cir-
culation [48]. It carries out the hydrolysis of oxidized phospho-
lipids, liberating proatherogenic and proinflammatory oxidized
fatty acids and lysophosphatidylcholine into the subendothelium
[48,49]. This finding suggests the presence of vascular specific
inflammation, which is associated with increased CVD risk, in
addition to the presence of systemic inflammation [50,51]. A
prior study reported higher Lp-PLA2 activity in prepubertal chil-
dren with obstructive sleep apnea and general obesity (50).
Furthermore, in a previous study, our group found increased
Lp-PLA2 activity in children and adolescents with general obesity
[51]. The present study would be the first to evaluate the activity
of Lp-PLA2 in children and adolescents with abdominal obesity.

Regarding the lipid profile, the obese group showed higher
levels of TG, VLDL-C, LDL-C, and nonHDL-C, increased TG/HDL-
C, TC/HDL-C, and apo B/apo A-I, in addition to lower levels of
HDL-C and apo A-I. The presence of a more atherogenic lipo-
protein profile is consistent with data reported in the literature
on the subject. In a previous study, an association was reported
between the presence of abdominal obesity and dyslipidemia in
school-age children [42]. In fact, in another study, an increase in
TG and TC levels was observed in prepubertal children with
abdominal obesity [37]. Furthermore, another study reported an
association between the presence of abdominal obesity and high
levels of TG and low levels of HDL-C in prepubertal children
[36]. The observed alterations, characterized by higher TG and
lower HDL-C and apo A-I, are consistent with the presence of
obesity-induced atherogenic dyslipidemia [52]. The higher
levels of TG and lower HDL-C concentration found in the study
are also consistent with the presence of altered glucose meta-
bolism described above and possibly IR. In fact, IR causes an
increase in the release of nonesterified fatty acids from adipose
tissue. In the presence of this increased nonesterified fatty acid
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flux, intrahepatic TG production is promoted, with consequent
augmentation of hepatic synthesis and secretion of
triglyceride-enriched VLDL into the bloodstream [53]. The
expanded pool of TG-enriched VLDL and the increased activity of
CETP produce an increased bidirectional exchange between TG
of VLDL and cholesteryl esters of HDL particles [53].

It is important to note that recent studies have challenged the
relevance of HDL-C as a marker of CVD risk [54]. In fact, different
experts have recently suggested that the evaluation of HDL
functionality should replace the measurement of other
HDL-related parameters in terms of obtaining a more accurate
estimation of atherogenic risk [55]. HDL capacity to promote CCE
would be particularly important and partially independent of
HDL-C and apo A-I concentration [56]. In our study, the group
with abdominal obesity presented HDL particles with less ca-
pacity to promote CCE from THP-1 macrophages. In a previous
study, a negative association between WC values and CCE was
observed in children 5 to 9 y old who presented abdominal
obesity [57]. Furthermore, in another study, 6 microRNAs syn-
thesized by visceral adipocytes were identified, which would
have a negative regulatory effect on CCE in adolescents [58]. In
the present study, we found no statistically significant differences
in CCE/HDL-C and CCE/apo A-I ratios. The lack of differences in
these 2 ratios suggests that the lower CCE observed in the obese
group could be the result of a lower number of HDL particles in
circulation. In addition to the decrease in CCE, the group with
abdominal obesity also had lower LCAT activity. LCAT activity is
considered the driving force of RCT [24]. Information regarding
LCAT activity in populations with abdominal obesity is scarce. In
a recent work, LCAT activity was reported to be negatively
associated with visceral fat accumulation in adults [59]. Our
study would be the first to analyze CCE and LCAT activity in a
pediatric population with abdominal obesity compared with
healthy controls. In a prior study, we reported impaired CCE and
LCAT activity in children and adolescents with general obesity
[51]. The fact that the obese group presented lower CCE in
conjunction with lower LCAT activity suggests a possible defect in
HDL maturation and impairment of ABCG-1- mediated CCE.
Finally, in the present study, we found no significant differences
in CETP activity between the groups, which appears inconsistent
with the increase in TG levels observed in obese patients. How-
ever, it should be noted that even though the obese group had
higher TG, this parameter was within the acceptable range in
most children and adolescents, showing only a minor increment.
The joint presence of decreased CCE and LCAT activity in these
children and adolescents suggests the existence of alterations in
RCT and a deterioration in HDL functionality.

In our study, children and adolescents with abdominal obesity
displayed higher levels of myristic, palmitic, and palmitoleic
acids, as well as lower concentrations of linoleic acid. A previous
work reported higher palmitic and palmitoleic acid levels in
obese children; however, this study did not include adolescents,
and the children presented general obesity [60]. Moreover,
studies have shown higher palmitoleic acid in children with
general obesity, with one of them identifying waist-to-hip ratio
(WHR) as an independent predictor of its levels [61,62]. In
concordance, a recent article found higher palmitoleic acid in
obese children and adolescents [63]. Nevertheless, in the
mentioned study, authors analyzed fatty acid profile in whole
plasma, and obesity was defined according to BMI and WHR,
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whereas in our study, we employed WC percentile to define
abdominal obesity, as recommended by WHO. In another study,
authors reported higher levels of palmitoleic acid in children with
abdominal obesity but did not include adolescents as part of the
study population [64]. A possible explanation for the association
observed between the presence of obesity and higher levels of
palmitoleic acid would be Δ9 desaturase activity. This enzyme
catalyzes the conversion of palmitic to palmitoleic acid, a process
highly dependent on the plasma levels of insulin and glucose [65,
66]. In fact, Δ9 desaturase activity has been proposed as a pre-
dictor of cardiometabolic risk [65]. Similarly, the higher levels of
palmitic and myristic acids, together with lower concentration of
linoleic acids, could explain, at least in part, the alterations in
markers of glucose metabolism and inflammation observed in the
obese group. Indeed, palmitic acid is known to promote inflam-
mation and IR [67]. Furthermore, myristic acid could be associ-
ated with inflammation and IR in obese adolescents [68]. In fact,
its supplementation increases inflammation in animal models
[69]. On the contrary, linoleic acid, an omega-6 polyunsaturated
fatty acid, would have beneficial effects on metabolism. In this
regard, evidence suggests linoleic acid could present an
anti-inflammatory effect [70,71]. Nevertheless, high levels of
oxidized derivates of linoleic acid are associated with metabolic
syndrome in children [72]. It should be noted that omega-6 fatty
acids are generally considered proinflammatory, and the inter-
action of these fatty acids with their omega-3 counterparts,
traditionally considered anti-inflammatory, is complex and not
fully understood [70]. It is worth mentioning that our study
would be the first to analyze fatty acid profile in apo B-depleted
plasma, whereas prior studies have employed whole plasma for
its determination. This fact could explain the differences observed
between our findings and those reported in the bibliography.

Regarding associations between RCT and fatty acids, we found
that CCE was negatively associated with palmitoleic acid and
positively associated with arachidonic, linoleic, and ecoisa-
trienoic acids. Furthermore, LCAT activity showed negative as-
sociation with lauric, myristic, and lignoceric acids. Arachidonic
acid is an omega-6 polyunsaturated fatty acid, and its supple-
mentation has beneficial effects on LDL-C and HDL-C levels,
reducing risk of CVD (73). Moreover, bioactive leukotrienes
produced by arachidonic acid metabolism could promote RCT
[73]. However, evidence also suggests a negative effect of
arachidonic acid on ABCA1 levels, a membrane transporter of
crucial importance for CCE [74]. Furthermore, leukotrienes syn-
thesized from arachidonic acid by 5-lipoxygenase display potent
inflammatory effects [75]. As previously mentioned, linoleic acid
has a protective effect against IR and inflammation [70,71]. Evi-
dence regarding its effect on RCT appears contradictory. On one
hand, linoleic acid supplementation suppressed ABCA1 and
ABCG1 expression in murine macrophages. To the contrary, an
oxidized derivative, such as 13-hydroxy linoleic acid, promoted
cholesterol efflux in vitro [76,77]. In turn, ecoisatrienoic acid is an
omega-9 polyunsaturated acidwith anti-inflammatory properties
[78]. Myristic acid is a saturated fatty acid that could promote IR
and inflammation [68]. Regarding its effect on LCAT activity,
evidence is also contradictory. In a prior study, a diet rich in
myristic acid was shown to reduce LCAT activity [79]. On the
contrary, moderate intake could increase LCAT activity [80].
Lauric acid is another saturated fatty acid, and longitudinal
studies have shown an association between its consumption and
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risk of CVD [81]. In fact, lauric, palmitic, andmyristic acidswould
have a potent hypercholesterolemic effect [82]. Lignoceric acid is
a very-long-chain saturated fatty acid. Studies have reported
contradictory evidence regarding its association with CVD
[83–85]. Palmitoleic acid is of particular interest. Previous
studies have shown increases in the levels of this fatty acid in
conditions such as abdominal obesity [64]. Such an increase
would be associated with higher metabolic risk [63]. In fact,
palmitoleic, as well as myristic and oleic acids, could be directly
associated with risk of type 2 diabetes mellitus independently of
insulin sensitivity [86]. Moreover, a recent study performed in
murine models found that palmitoleic acid could contribute to
vascular complications in diabetes [87]. Nevertheless, other
studies have reported that palmitoleic acid could have an
anti-inflammatory effect and improve insulin sensitivity [88, 89].
In our study, palmitoleic acid showed positive associations with
BMI-Z, WC, insulin, HOMA-IR, nonesterified fatty acids, ALT,
AST, ALP, GGT, and hsCRP, as well as negative correlations with
QUICKI index, HDL-C, apo A-I, and CCE. These findings suggest
that palmitoleic acid could play a role in the intricate network
connecting inflammation, glucose metabolism, and lipid alter-
ations in abdominal obesity. As far as we know, our study would
be thefirst to report associations between fatty acids and different
steps of RCT in obese children. Furthermore, the association be-
tween CCE and arachidonic acid remained statistically significant
after adjusting for the presence of abdominal obesity and the
interaction between the latter and arachidonic acid levels. This
finding suggesting that individual fatty acids, such as arachidonic
acid, could have specific effects on RCT that are independent of
the presence of obesity. Fatty acids could have differential effects
on separate steps of RCT enhancing or ameliorating HDL func-
tionality and, therefore, represent a target of particular interest in
the study of atherogenic risk evolution since the early stages of
life.

In summary, children and adolescents with abdominal obesity
showed alterations in glucose and lipid metabolism, as well as
both systemic and vascular specific inflammation. Moreover, this
population also showed impaired CCE and LCAT activity. These
alterations were associated in diverse ways with fatty acid profile
characterized in apo B-depleted plasma. These findings highlight
the importance of the interaction between metabolic pathways
in the progression of obesity and related complications.

Different limitations must be acknowledged. First, the study
design was cross-sectional, and causality cannot be implied.
Second, even though the sample size was enough to achieve 80%
power, it was still small, and the results should be carefully
interpreted. Third, glucose metabolism and liver status were
assayed with parameters such as HOMA-IR, QUICKI, and liver
enzymes, which present multiple limitations. Other assays such
as oral glucose tolerance test, hyperinsulinemic-euglycemic
clamp, or FIBROMAX panel would be useful in future studies.
Fourth, due to the CCE assay employed, it is not possible to fully
determine which membrane transporter could be involved in the
CCE impairment observed in the obese group.
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