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Abstract

Introduction: Although obesity and its biomarkers have been intensively studied, little is known about the metabo-
lomic signature of visceral adiposity independent of insulin resistance that frequently accompanies increased levels
of visceral fat. Our study aimed to investigate specific changes in amino acid (AA) levels as biomarkers of increased
visceral adiposity independent of insulin resistance, in healthy subjects. Methods: Forty-two adult women were
included in this cross-sectional study. Serum samples were analyzed by AAs targeted metabolomics according to
their visceral fat area (<100 cm2 and >100 cm2). Results: By corrected t-test and supervised partial least-squares
discriminant analysis (PLS-DA) we identified 4 AAs that were significantly higher in the group with higher viscer-
al fat: proline (variable importance in the projection [VIP] predicted value: 1.97), tyrosine (VIP: 2.21), cysteine
(VIP: 1.19), isoleucine (VIP: 1.04; p-values <0.05). Also, glycine was significantly lower in the group with higher
visceral fat (VIP: 1.65; p-value <0.05). All AAs identified were associated with visceral fat independent of homeo-
static model assessment for insulin resistance (p-value for regression coefficients <0.05). Conclusion: Metabolic
pathways that might be disrupted in persons with increased visceral fat are phenylalanine, tyrosine, and tryptophan
biosynthesis; tyrosine metabolism; glycine, serine, and threonine metabolism,; glyoxylate and dicarboxylate metab-
olism, and cysteine and methionine metabolism.
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Introduction

Obesity has reached epidemic proportions; the
World Health Organization estimated that in
2016 more than 650 million adults worldwide
were living with obesity, accounting for 13% of
the adult population [1]. Obesity is defined as an
excessive or abnormal accumulation of adipose
tissue within the whole body associated with an
increased risk of chronic noncommunicable dis-
eases [1]. A simple index of body fat commonly
used in daily clinical practice to assess and clas-
sify obesity is body mass index (BMI), a weight-
for-height ratio, according to which obesity is
diagnosed at a value of 30 kg/m? [1].

Body fat distribution varies in persons with obe-
sity, as well as in normal -weight persons, and
studies have shown that, in terms of health-re-
lated risks, the regional distribution of adipose
tissue is more important than total body fat or
BMI [2]. Abdominal obesity or excessive viscer-
al adiposity represents the intra-abdominal accu-
mulation of adipose tissue into a greater amount
as compared to limbs and hips and is associated
with a systemic inflammatory state and insulin
resistance, both linked to an increased risk of
type 2 diabetes mellitus, cardiometabolic dis-
eases, and premature death [3, 4]. In the general
population, the prevalence of excessive viscer-
al adiposity is >20% and is found not only in
persons with obesity, but also in overweight or
even normal weight persons [5]. Thus, a normal
weight person with predominant abdominal fat
accumulation will be considered as having ab-
dominal obesity and increased morbidity and
mortality risks, although the persons would not
be considered obese according to their BMI [6].
The emergence of metabolomics has allowed
the identification of biomarkers associated with
obesity as well as biomarkers predictive of obe-
sity-associated metabolic disorders and has pro-
vided useful information on the molecular path-
ways of this disease [7-9]. Because amino acids

(AAs) act as both metabolic modulators and
substrates for the synthesis of proteins, they have
been extensively studied in obesity both in ob-
servational and interventional studies [10]. Ob-
servational studies on the metabolomic changes
associated with obesity and obesity-associated
insulin resistance have found increased levels of
AAs including branched-chained AAs (valine,
leucine, and isoleucine) [11-13]. Furthermore, it
has been shown that weight loss induced by ei-
ther hypocaloric diets or bariatric surgery leads
to lower levels of these AAs [14, 15].

Although a growing number of studies has tried
to identify biomarkers associated with obesity,
few have investigated AAs associated with vis-
ceral adiposity, and many have used histological
samples of adipose tissue and evaluated the me-
tabolome within adipose tissue, without concen-
trating on biomarkers easily accessible in clini-
cal practice [10, 16]. Given the fact that identi-
fied AAs associated with visceral adiposity were
also linked to insulin resistance, in this study we
aimed to investigate, in healthy subjects, specif-
ic changes in AA levels as the fingerprint of in-
creased visceral adiposity independent of insulin
resistance.

Material and methods

Study design and participants

This is a cross-sectional study performed be-
tween May 2017 and April 2021 in the Diabetes
and Nutrition Department of the Iuliu Hatieganu
University of Medicine and Pharmacy and Re-
gina Maria Clinic Cluj-Napoca, Romania. We
enrolled 42 consecutive clinically healthy adult
women with a normal weight (BMI 18.5-24.9
kg/m?) or obesity (BMI >30 kg/m?), and who
agreed to participate. We excluded women with
a medical history of polycystic ovary syndrome,
thyroid dysfunction, menopause, diabetes, dys-
lipidemia, hypertension, pregnancy, and/or lac-
tation.
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The study protocol, information sheet, and in-
formed consent form were approved by the Eth-
ics Committee of the Iuliu Hatieganu Universi-
ty of Medicine and Pharmacy of Cluj-Napoca,
Romania (No 318/ 21.07.2016). The study was
conducted according to the International Con-
ference on Harmonization Good Clinical Prac-
tice Guidelines and the Declaration of Helsinki.
Written informed consent was obtained from all
participants.

Study assessments and data collection

All study assessments were performed in the
morning, in fasting conditions. Medical history
and drug and food supplement use were assessed
via interviews. Anthropometric indices (height,
weight, waist circumference, and hip circum-
ference) were measured with patients wearing
light clothes. The BMI was calculated as weight
(kg)/ square of height (m). The body composi-
tion analysis was performed by bioelectric im-
pedance using an InBody 720 device (Biospace
Co., South Korea). Parameters evaluated by bio-
electric impedance analysis were VFA, body fat
mass, skeletal muscle mass, and percentage of
body fat. Blood pressure was measured after 5
min of rest, in a sitting position.

Blood samples were collected after at least 8 h of
fasting and were used for the assessment of bio-
chemical parameters (plasma glucose, total cho-
lesterol, HDL-cholesterol, serum triglycerides,
creatinine, alanine aminotransferase, aspartate
aminotransferase), insulinemia, and targeted
metabolomic analysis (serum AA levels). Blood
samples were collected using serum clot activa-
tor collection tubes. Samples for the biochemical
parameters were analyzed on the day of collec-
tion using commercially available enzymatic
methods. Blood samples for insulinemia and
metabolomic analysis were kept at room tem-
perature for 30 min to allow clotting and cen-
trifuged at 2000 rpm for 10 minutes to separate
serum which was frozen until assessment. An es-

timated glomerular filtration rate was calculated
using MDRD Study Equation formula, available
online at: http://www.mdrd.com (last accessed
23 July 2021).

Insulinemia was measured by a commercially
available ELISA sandwich test, according to the
manufacturers’ instructions (DIAsource Immu-
noAssays S.A., Louvain-la-Neuve, Belgium).
Insulin resistance was assessed using homeostat-
ic model assessment for insulin resistance (HO-
MA-IR) calculated as fasting insulin x fasting
glycemia/405 [17].

Serum AA levels measurement

The targeted metabolomic approach used for
AA quantification in all serum samples was pre-
viously described [18]. Thermo ScientificTM
UHPLC UltiMate 3000 equipped with a qua-
ternary pump Dionex delivery system (Thermo
Fisher Scientific, USA) and mass spectrometry
(MS) detection with the MaXis Impact 2012 ver-
sion (Bruker Daltonics, MA, USA) was used to
quantify targeted AAs by ultrahigh performance
liquid chromatography (UHPLC) coupled with
electrospray ionization-quadrupole-time of MS
in positive mode (UHPLC-QTOF —[ESI+]-MS).
Before the analysis, the system was calibrated
using a mixture kit of 20 pure AAs to assess
the linearity and sensitivity of the method. The
analysis and data processing were performed in
the Research and Development Center for Ap-
plied Biotechnology in Diagnosis and Molecular
Therapies, Cluj-Napoca, Romania.

All serum samples were thawed at room tem-
perature and homogenized before analysis. Ac-
cording to the protocol, 0.4 ml of trichloroacetic
acid were added to a volume of 0.4 ml serum for
deproteinization. After 30 minutes of storage at
4° C, the samples were centrifuged at 12,500 rpm
for 5 min. The supernatant was filtered through
0.2 pum Nylon filters. The filtrate was used for
UHPLC-Q-TOF —[ESI+]-MS analysis.

The solvents used for UHPLC analysis were
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acetonitrile (Merck, Germany), sodium and am-
monium formate (99% purity) (Alpha Aesar,
Germany), and HCIO, (Merck, Germany). Chro-
matographic separation was performed on 50 x 3
mm Intrada Amino Acid commercially available
columns (Imtakt, Kyoto, Japan). For separa-
tion, we used a gradient of mobile phases of ace-
tonitrile/formic acid (100/0.3, v/v) (A), and ace-
tonitrile/ammonium formate 100 mM (20/80,
v/v) (B). The gradient program was: B0% (0-2.5
min); B17% at 6.5 min, B100% at 12 min. The
flow was 0.6 ml/min, and the sample volume 5
microliters.

The mass spectrometer with set parameters was
used for the detection of AAs: ESI + fragmenta-
tion, nebulizer pressure of 2.8 bar, nitrogen flow
12 L/ min, and temperature of 300° C. Calibra-
tion of the spectrometer was done with sodium
formate solution injected in the system before
each run.

Nineteen AAs of interest were identified, quanti-
fied, and divided into essential (histidine, isoleu-
cine, leucine, valine, lysine, methionine, phenyl-
alanine, threonine, tryptophan), non-essential,
and conditional essential (asparagine, glutamine,
glycine, proline, serine, tyrosine, alanine, aspar-
tic acid, cysteine, glutamic acid).

To quantify AA concentrations, three-point cali-
bration curves were performed for each AA as-
sessed in the first step, using the AA kit accord-
ing to the technical specifications of the meth-
od applied by the producer of Intrada columns.
Homoarginine, methionine-D3, and homophe-
nylalanine were used as internal standards. For
each AA, the curve factor F = Signal area of the
UHPLC chromatogram (A)/ 50uM concentra-
tion was determined. This factor F was used to
calculate the concentration C of each AA in the
sera using the QUANT ANALYSIS 2.2 system
(Bruker Daltonics, Germany), which considered
the areas of each AA (A) in the chromatogram
and the curve factor (F), using the formula C
(uM) = A x F. All measurements were performed

in duplicate, and the average concentrations
were reported.

Instrument control (UHPLC, MS) was done
with specific Bruker software: OTofControl 3.2,
HyStar 3.2, and data were processed with Data
Analysis 4.2 and Quantitative Analysis 2.2 soft-
ware (Bruker Daltonics, MA, USA).

Reference ranges used for AAs can be accessed
at the following link: https://www.synevo.ro/
shop/aminoacizi-in-plasma/.

Statistical analysis

Participants were divided into 2 groups based
on their visceral fat area (VFA): >100 cm? and
<100 cm?. Statistical analysis of metabolomic
data was performed using Metaboanalyst 5.0
software dedicated to metabolomics analysis.
First, AA levels were normalized by log transfor-
mation. For the comparison of the metabolites
between the 2 groups, a t-test with correction for
false discovery rate (FDR) was performed. AAs
with an FDR corrected p-value <0.05 were con-
sidered statistically different between groups. In-
trinsic variation of AAs studied and screening of
the potential biomarkers for increased VFA was
performed by unsupervised principal component
analysis (PCA) and supervised partial least-
squares discriminant analysis (PLS-DA). These
procedures allow data summarization in fewer
variables (scores) which are a weighted average
of the original variables. For both methods, AAs
with a |factor loading| >0.3 were considered to
contribute significantly to it. PLS-DA based on
multivariate regression techniques allowed us
to model the variations of metabolites in the 2
groups. The PLS-DA models obtained were val-
idated by permutation and cross-validation (10-
fold CV), and the goodness of fit was assessed
by calculation of R? (evaluating the explanation
of the data variations) and Q? (an estimate of the
predictive ability of the models). The best-fitted
model was used to compute the VIP scores for
all AAs; metabolites with VIP values >1 and an
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FDR p-value in t-test of <0.05 were selected for
the pathway analysis. Also, to improve data vi-
sualization, a heatmap was generated based on
hierarchical cluster analysis, by using the Eu-
clidean for distance measures and Ward’s link-
age for the clustering algorithm.

To understand the impact of VFA on human me-
tabolism, pathway analysis was also performed
in Metaboanalyst 5.0 which combines results
from pathway enrichment analysis with pathway
topology analysis. By enrichment analysis, an
FDR corrected p-value was computed for each
pathway, and pathway topology analysis al-
lowed calculation of the pathway impact score
(an estimate of the importance of a given path-
way relative to a global metabolic network). To
filter important pathways, a cut-off value of 0.1
for pathway impact score was used [19]. Human
metabolic pathways in the Kyoto Encyclopedia
of Genes and Genomes (KEGG) database were
used as reference.

Statistical analysis of anthropometric and bio-
chemical parameters was performed in SPSS-PC
20.0 (SPSS Inc., Chicago, IL, USA). Data were
presented as means and standard deviation for
continuous variables with normal distribution, as
median (quartiles 1 and 3) for continuous vari-
ables with non-normal distribution, and as num-
ber (percentage) for categorical variables. To
compare the variables between the VFA and an-
thropometric indices, we used the student t-test
and the median test for continuous variables, and
the chi-square test for frequencies. The associ-
ation between VFA and identified AAs was as-
sessed using linear regression analysis. A p-val-
ue <0.05 was considered statistically significant.

Results

Demographic and clinical data of participants

We included 42 women (24 with VFA >100 cm?
and 18 with VFA <100 cm?). The group with VFA
>100 cm? had significantly higher BMI, waist

circumference, homeostatic model assessment
for insulin resistance, LDL cholesterol, body fat
mass, skeletal muscle mass, and percentage of
body fat (p <0.05 for these variables). No dif-
ference between the study groups was observed
for age, fasting plasma glucose, triglycerides,
creatinine, and liver enzymes (Table 1). None
of the participants were using food supplements
(including those containing AAs).

Identification of AAs according to VFA groups
Comparison of metabolomic data between
groups with VFA >100 cm? and <100 cm?
showed that 7 essential AAs and 6 non-essential
AAs were significantly different. The group with
VFA >100 cm? showed higher levels of essential
(valine, isoleucine, methionine, phenylalanine,
tryptophan, lysine, histidine), conditional, and
non-essential AAs (proline, tyrosine, alanine,
cysteine, serine), and significantly lower levels
of glycine (non-essential AA) when compared to
women in the VFA <100 cm? group (Table 2).
By unsupervised PCA, which allowed explora-
tion of the general trend of AA concentrations,
we identified 5 factors explaining 76.6% of the
variance between groups, showing good cluster-
ing as indicated in the three-dimensional score
plot (Figure 1A). Metabolites with the highest
loading values on Factor 1 were cysteine, pro-
line, tyrosine, and glycine; those with the highest
loading on Factor 2 were proline, lysine, glutam-
ic acid, and glycine; on Factor 3 cysteine, lysine,
valine, glutamine, and glutamic acid; on Factor
4 methionine, histidine, aspartic acid, cysteine,
glycine, and proline; on Factor 5 histidine, me-
thionine, phenylalanine, glutamine, and asparag-
ine.

The identification of AAs discriminating be-
tween the groups with VFA <100 cm? and >100
cm? was performed by PLS-DA. The best-fitting
PLSA-DA model had 5 major components, ex-
plaining 70.9% of the variance in AA levels, with
a principal component 1 (PC1) of 46.5%, PC2
of 11.5%, PC3 of 6%, PC4 of 4.2%, and PC5
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Table 1. Participants’ characteristics according to visceral fat area category.

VFA >100 cm? VFA<100 cm?
N=18 N=24 p-Value
Age, years 36.5£8.0 33.8+6.1 0.236
BMI, kg/m? 36.4+7.6 21.3%1.3 <0.001
Waist, cm 105.1£13.6 76.8+5.8 <0.001
FPG, mg/dL 91.4+8.2 90.4+8.5 0.703
HOMA-IR 3.2(2.6;3.6) 2.6 (2.3;2.7) 0.010
LDL cholesterol, mg/dL 124.9+31.3 98.4+20.9 0.004
HDL cholesterol, mg/dL 52.4£12.0 62.8+10.0 0.006
Triglycerides, mg/dL 97.5+45.8 81.2+40.5 0.246
Creatinine, mg/dL 0.7+0.1 0.7+0.1 0.393
eGFR, mL/min/1.73 m? 112.6+11.6 113.8+11.8 0.800
ASAT U/L 15.5+2.4 17.1£2.9 0.063
ALAT U/L 13.4+4.7 14.8+5.0 0.372
SBP, mmHg 113.6+11.5 111.7+9.6 0.632
DPB, mmHg 79.246.5 74.3+7.0 0.075
Body fat mass, kg 44.8+14.1 15.743.2 <0.001
SMM, kg 29.4+4.6 23.3+2.6 <0.001
PBF, % 45.3+£5.7 26.8+4.0 <0.001

N/n (%), number (percentage) of participants; Q, quartile; BMI, body mass index; FPG, fasting blood glucose; ASAT, aspartate
aminotransferase; ALAT, Alanine aminotransferase; eGFR, estimated glomerular filtration rate; HOMA-IR, homeostatic model
assessment for insulin resistance; SBP, systolic blood pressure; DBP, diastolic blood pressure; SMM, skeletal muscle mass; PBF,

percent body fat.

of 2.7%. AAs with the highest loading on PC1
were cysteine, proline, tyrosine, and glycine; on
PC2 proline, isoleucine, lysine, glutamic acid,
and glycine; on PC3 lysine, glutamine, glutamic
acid, and serine; on PC4 glutamic acid, serine,

glutamine, and lysine; on PC5 valine, glutamine,
proline, and glutamic acid. Three-dimensional
PLS-DA scores plot of serum samples (Figure
1B) showed a complete separation between the
groups VFA <100 cm? and >100 cm? suggesting

Table 2. AA concentrations (umol/l), in different groups, as identified by t-tests and VIP scores.

VFA 2100 cm? VFA <100 cm? FDR Corrected VIP scores
N=18 N=24 p-Value
Proline 292.5 (245.5; 346.8) 140.3 (127.1; 184.5) <0.001 1.98
Tyrosine 91.2 (73.5;97.1) 37.8 (35;49.2) <0.001 2.21
Glycine 138.3 (108; 186.4) 254.4 (215.4; 276.5) <0.001 1.65
Cysteine 45.3 (38.9; 52.6) 32.0 (24.6; 35.5) 0.00024619 1.19
Isoleucine 97.2 (90.8; 107.5) 67.3 (53.8; 82) 0.00011604 1.04
Valine 238.3 (221.4;272.7) 178.8 (162.6; 194.4) <0.001 0.94
Methionine 34 (27.6; 37.6) 25.2 (18.3;29.1) 0.00071634 0.99
Alanine 394.8 (378.1; 418.5) 312.8 (288.8; 320.7) <0.001 0.78
Phenylalanine 111.9 (100.6; 122.5) 87 (70.8; 97.6) 0.0014978 0.8
Lysine 249.9 (212.5; 286.5) 189 (146.2; 263.7) 0.015795 0.79
Serine 92.4 (87, 101.4) 76.1 (68.5; 874) 0.00028937 0.61
Histidine 77.6 (65.9; 84.8) 56.2 (52; 65.3) 0.016793 0.57
Tryptophan 80.9 (75.3; 86.9) 72 (61.3;76.9) 0.002266 0.42

N, number of participants; FDR, false discovery rates; VIP, variable importance in the projection.
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a good description and prediction of this model.
The results displayed by score plots were con-
firmed by cross-validation and permutation tests.
In cross-validation the accuracy of this model
was 0.9, R? and Q* were 0.88 and 0.55, respec-
tively. By the permutation test, we obtained an
empirical p-value <0.01 for prediction accura-
cy during training and separation distance (100
permutations performed). By PLS-DA loadings,
5 metabolites with VIP scores >1 and thus with
significant variation between groups were iden-
tified and retained for pathway analysis: tyrosine
(VIP predicted value: 2.21), proline (VIP pre-
dicted value: 1.97), glycine (VIP predicted val-
ue: 1.65), cysteine (VIP predicted value: 1.19),
and isoleucine (VIP predicted value: 1.04) (Ta-
ble 2).

The results of the hierarchical clustering were
further visually represented in a heatmap for in-
dividual and group samples (Figure 2).

Metabolic pathway analysis

For the pathway analysis, we mapped correlat-
ed metabolic pathways with the 5 metabolites
with FDR corrected p-value <0.05, and VIP >1
listed in Table 1. We identified 17 pathways sig-
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nificantly enriched when comparing VFA <100
cm? and VFA >100 cm? (with an FDR corrected
p-value <0.05). Of these, 5 metabolic pathways
had impact scores >0.1: phenylalanine, tyrosine,
and tryptophan biosynthesis; tyrosine metabo-
lism; glycine, serine, and threonine metabolism;
glyoxylate and dicarboxylate metabolism, and
cysteine and methionine metabolism (Table 3).
Association of the visceral fat area with identi-
fied amino acids — influence of insulin resistance
As HOMA-IR had a statistically significant dif-
ference between groups and previous research
showed the association of this variable with the
level of identified AAs [13, 18] we performed
a linear regression adjusted for HOMA-IR with
the 5 AAs with VIP score >1 by PLSDA as de-
pendent variables and VFA as an independent
variable. All AAs included in this analysis were
associated with VFA independent of HOMA-IR
(p-value for all regression coefficients <0.001)
and most of the associations were positive, ex-
cept for glycine which was inversely associated
with VFA (Table 4).

Although BMI, percentage of body fat, and body
fat mass also had statistically significant differ-
ences between groups, variance inflation factors
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Fig. 1. Principal component analysis (a) and supervised partial least-squares discriminant analysis (b)
score plots between the selected principal components. VFA <100 cm? group is depicted as yellow circles;
VFA 2100 cm? group is depicted as dark green circles.
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Fig. 2. Heatmap of targeted metabolomic analysis for the correlation between analyzed amino acids and
individual samples. Rows, amino acids; columns, individual samples. Color key shows the metabolite
expression value: lowest (blue) and highest (red); 1 refers to VFA <100 cm? group; 2 refers to VFA >100

cm? group.

Table 3. Pathway analysis of serum metabolomics data.

Raw FDR-corrected

Pathway name Hits Impact
p-value p-value
Aminoacyl-tRNA biosynthesis 5 <0.001 <0.001 0.00
Arginine and proline metabolism 1 <0.001 <0.001 0.08
Phenylalanine, tyrosine and tryptophan biosynthesis 1 <0.001 <0.001 0.50
Tyrosine metabolism 1 <0.001 <0.001 0.14
Ubiquinone and other terpenoid-quinone biosynthesis 1 <0.001 <0.001 0.00
Phenylalanine metabolism 1 <0.001 <0.001 0.00
Glycine, serine, and threonine metabolism 2 <0.001 <0.001 0.25
Glutathione metabolism 2 <0.001 <0.001 0.09
Glyoxylate and dicarboxylate metabolism 1 <0.001 <0.001 0.11
Primary bile acid biosynthesis 1 <0.001 <0.001 0.01
Porphyrin and chlorophyll metabolism 1 <0.001 <0.001 0.00
Valine, leucine, and isoleucine degradation 1 <0.001 <0.001 0.00
Valine, leucine, and isoleucine biosynthesis 1 <0.001 <0.001 0.00
Cysteine and methionine metabolism 1 <0.001 <0.001 0.10
Taurine and hypotaurine metabolism 1 <0.001 <0.001 0.00
Thiamine metabolism 1 <0.001 <0.001 0.00
Pantothenate and CoA biosynthesis 1 <0.001 <0.001 0.00
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Table 4. Standardized p-estimates from linear
regression analyses with the visceral fat area
as exposure and identified amino acids as the

outcome.
Amino acids Stand:ardlzed p-value
p-estimates
Proline 0.773 <0.001
Tyrosine 0.804 <0.001
Glycine -0.696 <0.001
Cysteine 0.624 <0.001
Isoleucine 0.621 <0.001

in the models including these variables and VFA
were >10 suggesting collinearity. Thus, these
variables were not included in the regression
models as covariables.

Discussion

In this research, we aimed to assess the bio-
marker signature of increased visceral fat using
a targeted metabolomic approach. We identified
4 A As that were significantly higher (proline, ty-
rosine, cysteine, isoleucine) and 1 AA (glycine)
that was significantly lower in the group with
higher visceral fat. Furthermore, we showed that
these AAs remained associated with visceral fat
independent of insulin resistance. Correspond-
ing metabolic pathways that might be disrupted
in persons with increased visceral adipose tissue
were phenylalanine, tyrosine, and tryptophan
biosynthesis; tyrosine metabolism; glycine, ser-
ine, and threonine metabolism; glyoxylate and
dicarboxylate metabolism, and cysteine and me-
thionine metabolism.

While many studies have assessed specific plas-
ma metabolite alterations in obesity, few have fo-
cused on biomarkers specific for visceral adipose
tissue and have aimed to identify AAs associated
with visceral fat [10, 16, 20-23]. In a sample of
59 women (lean, overweight, and obese), Boulet
et al. [21] showed that total AAs and branched-
chain AAs were associated with visceral adipose
tissue. In 2 other studies enrolling only women

with overweight and obesity, of the AAs as-
sessed by targeted metabolomics, glutamine,
leucine/ isoleucine, phenylalanine, and tyrosine
or alanine, glycine, glutamate, tryptophan, tyro-
sine, and branched-chain AAs were associated
with visceral fat [22, 23]. These results support
our findings regarding the identification of pro-
line, tyrosine, cysteine, isoleucine, and glycine.
The difference in the AAs identified in our study
as compared to the previous ones may be ex-
plained by the structure of the sample enrolled
— normal weight and obese persons in our study
and only persons with obesity in the previous
studies. Branched-chain AAs (leucine, isoleu-
cine, and valine) have been linked to obesity and
visceral adipose tissue, insulin resistance, and
increased risk of type 2 diabetes, dyslipidemia,
and cardiovascular diseases [12, 13, 24-27]. In
our study, we also found an increased level of
isoleucine in participants with higher VFA, free
of type 2 diabetes. Given that increased levels of
branched-chain AAs have been observed in mul-
tiple chronic non-communicable diseases linked
to metabolism, it has been suggested that chang-
es in metabolic profiling that involves these AAs
are not specific for a certain disease, but rather
characterize a metabolic change associated with
visceral adiposity [7, 28].

We also found increased levels of tyrosine in
our group with increased VFA, and the levels of
this AA were associated with VFA independent
of insulin resistance. Tyrosine is a non-essential
AA produced endogenously by hydroxylation of
phenylalanine and metabolized by transamina-
tion of tyrosine to p-hydroxyphenylpyruvate, a
reaction catalyzed by tyrosine aminotransferase
in the liver [29]. A known inhibitor of tyrosine
aminotransferase is cysteine and, thus, increased
cysteine levels are associated with increased
tyrosine levels [29]. Two previous studies per-
formed in obese Japanese persons and healthy
Caucasian women also reported higher tyrosine
levels in participants with increased visceral ad-
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ipose tissue, thus supporting our findings [22,
23]. In metabolomic studies, tyrosine was typ-
ically associated with insulin resistance and a
strong predictor of type 2 diabetes [30]. It has
been hypothesized that in the insulin resistance
states, increased levels of tyrosine and cysteine
precede alterations of branched-chained AAs
[29]. However, in our research, the association
of tyrosine and cysteine levels with VFA was in-
dependent of insulin resistance, thus supporting
a role of visceral adiposity in determining the
levels of these AAs.

Previous reports have also linked glycine levels
to visceral adipose tissue [24]. In a cross-section-
al research enrolling 73 elderly people, glycine
was negatively associated with visceral adipose
tissue and HOMA-IR, and positively associated
with subcutaneous adipose tissue [20]. Glycine
was suggested as a marker of insulin sensitivi-
ty and was shown to reduce fat mass and insu-
lin levels in rodents [31, 32]. The mechanisms
involved in these positive effects of glycine are
improved insulin sensitivity [33], and increased
anti-inflammatory and antioxidant capacity [34,
35]. These results support our findings on a nega-
tive association between VFA and glycine levels.
The mechanisms involved in plasma AA changes
associated with abdominal obesity have not yet
been clarified. Dietary intake, tissue catabolism,
and protein synthesis contribute to AA concen-
trations [10]. Branched-chain AAs, which have
been extensively studied in association with obe-
sity and body fat distribution, are catabolized in
visceral and subcutaneous adipose tissue [36].
Rodent models showed a defective expression
of branched-chain AAs catabolic enzymes in
fat tissue and increased protein degradation and
pointed toward these changes as partially re-
sponsible for increased AA levels [37-39]. Also,
human studies showed a lower expression of
branched-chained AAs catabolic enzymes in vis-
ceral adipose tissue of obese women with met-
abolic syndrome as compared to healthy obese

women [36]. However, the mechanism involved
in the alteration of branched-chained AAs cata-
bolic gene expression is unknown. Visceral adi-
pose tissue is associated with an increased level
of oxidative stress and previous studies reported
increased cysteine levels associated with oxida-
tive stress [40], thus supporting our findings of
increased cysteine and tyrosine levels indepen-
dent of insulin resistance [41].

Our study has several limitations that we must
acknowledge. First, this study was a cross-sec-
tional one and, thus, no causal relationship be-
tween AA levels and visceral adipose tissue can
be purported. Also, the small sample size may
have limited the accuracy of the methods in
identifying the AAs associated with visceral ad-
ipose tissue. Another limitation is the inclusion
of women only, meaning that our findings can-
not be generalized to men. Although we assessed
the intake of food supplements (including those
containing AAs), no data was collected regard-
ing dietary protein intake and physical exercise.
This is a limitation as dietary intake of proteins
may have influenced the level of assessed AAs.
In conclusion, in this research, we identified met-
abolic signatures of visceral fat tissue. Although
previous research found various metabolites to
be associated with both visceral adiposity and
insulin resistance, to our knowledge, the current
study is the first attempt to identify those AAs
that are associated with visceral adiposity inde-
pendent of insulin resistance. The 5 AAs identi-
fied in our investigation may represent suitable
candidates for future research as biomarkers of
increased visceral adiposity and a generalized
metabolic change that is associated with it.
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