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Background & aims: Whether bioactive lysophospholipids (lyso-PLs) and trimethylamine-N-oxide
(TMAO) serve as non-invasive biomarkers in early human hypercholesterolemia (HC) is unknown. This
study aimed to assess whether serum lyso-PLs and plasma TMAO may be suitable susceptibility/risk
biomarkers of HC in humans. Secondarily, we aimed to evaluate the relationships between targeted
metabolites, diet composition and circulating liver transaminases, and verify these results in hamsters.
Methods: A targeted metabolomics and lipidomics approach determined plasma TMAO and serum
lysophosphatidylcholines (lyso-PCs) and lysophosphatidylethanolamines (lyso-PEs) in low (L-LDL-c) and
moderate to high (MH-LDL-c) LDL-cholesterol subjects. Additionally, the relationships between targeted
metabolites, liver transaminases and diet, particularly fatty acid intake, were tested. In parallel, plasma
and liver lyso-PL profiles were studied in 16 hamsters fed a moderate high-fat (HFD) or low-fat (LFD) diet
for 30 days.
Results: Predictive models identified lyso-PC15:0 and lyso-PE18:2 as the most discriminant lyso-PLs
among groups. In MH-LDL-c (n ¼ 48), LDL-cholesterol and saturated FAs were positively associated
with lyso-PC15:0, whereas in L-LDL-c (n ¼ 70), LDL-cholesterol and polyunsaturated fatty acids (PUFAs)
were negatively and positively related to lyso-PE18:2, respectively. Interestingly, in MH-LDL-c, the lower
lyso-PE 18:2 concentrations were indicative of higher LDL-cholesterol levels. Intrahepatic accumulation
of lyso-PLs-containing essential n-6 PUFAs, including lyso-PE18:2, were higher in HFD-fed hamsters than
LFD-fed hamsters.
Conclusions: Overall, results revealed a possible hepatic adaptive mechanism to counteract diet-induced
steatosis in animal and hypercholesterolemia progression in humans. In particular, low serum lyso-
PE18:2 suggests a suitable susceptibility/risk biomarker of HC in humans.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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Abbreviations list

ALA Alpha-linolenic acid
ALT Alanine transaminase
AST Aspartate transaminase
DBP Diastolic blood pressure
DEI Daily energy intake
EL Endothelial lipase
FDR False discovery rates
GGT Gamma-glutamyl transferase
HC Hypercholesterolemia
HFD High-fat diet
LA Linoleic acid
L-LDL-c Low LDL-cholesterol

LFD Low-fat diet
Lyso-PCs Lysophosphatidylcholines
Lyso-PEs Lysophosphatidylethanolamines
Lyso-PLS Lysophospholipids
MH-LDL-c Moderate to high LDL-cholesterol
PCA Principal component analysis
PLS-DA Partial least squares discriminant analysis
PUFAs Polyunsaturated fatty acids
ROC Receiver operating characteristic
SFAs Saturated fatty acids
SBP Systolic blood pressure
TC Total cholesterol
TG Triglycerides
TMAO Trimethylamine N-oxide
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1. Introduction

Hypercholesterolemia (HC), an imbalanced and pathologic state
of cholesterol homeostasis, is a major risk factor for cardiovascular
disease (CVD) [1]. Severe primary HC alone is characterized by an
elevation of low density lipoprotein (LDL)-cholesterol > 190 mg/dL,
with normal values of triglycerides (TG) [1]. Elevated plasma LDL-
cholesterol levels have been a primary target of therapy for many
years to reduce the risk of adverse cardiovascular events [2]. Thus,
despite the great efforts and health plans that have been designed
to improve the early detection and management of HC subjects, the
population remains underdiagnosed in most cases, which translate
into late detection and therefore prescription of lipid-lowering
agents [3].

Cholesterol metabolism in humans is complex, and several
pathways have been identified for the net flow of cholesterol par-
ticles throughmajor tissue compartments [4]. Many exogenous and
endogenous metabolites act as intermediates in cholesterol meta-
bolism, which suggests the applicability of integrative omics ap-
proaches such as nuclear magnetic resonance (NMR)-based
metabolomics and lipidomics for profiling novel early metabolic
biomarkers [5,6].

Among various cellular metabolites, lysophospholipids (lyso-
PLs), which are present in most cellular membranes, constitute a
diverse group of bioactive molecules involved in a broad range of
physiological and pathological processes in humans [7]. Lyso-PLs
activities are primarily mediated by specific G protein-coupled re-
ceptors (GPCRs), implicating them in the aetiology of a growing
number of disorders, such as inflammation, reproduction, angio-
genesis, carcinogenesis, atherosclerosis and obesity [7]. Many lines
of evidence have revealed amechanistic link between both lyso-PLs
and TMAO levels and CVD risk [8,9] and the incidence of major
adverse cardiovascular events, such as myocardial infarction,
stroke, and even death [10]. Lysophosphatidylcholines (lyso-PCs),
the most abundant lyso-PLs in human blood have been suggested
to promote atherosclerosis by altering the functions of a number of
cells eliciting an inflammatory response [11]. However, controversy
exists surrounding lyso-PC pro- or anti-atherogenic/inflammatory
properties [11,12].

Additionally, lyso-PL simple structures are primarily composed
of a hydrophobic tail of fatty acid residue and the hydrophilic head
group, as well as the type of fatty acyl chain, that largely determine
their health effects [12]. Group 1b phospholipase A2 (PLA2g1b) is
the major enzyme responsible for phospholipid hydrolysis in the
intestinal lumen, yielding lyso-PLs and free fatty acids that are
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absorbed into enterocytes [13]. Concurrently, free omega 3 (n-3)
PUFAs from diet may be able to bind to lyso-PLs, altering their fatty
acyl composition, as previously suggested in C57BL/6 mice fed n-3
PUFA-enriched diets [14]. In the intestine, hydrolysed lyso-PLs
become a substrate for trimethylamine (TMA) synthesis [13], a
direct intestinal precursor of trimethylamine N-oxide (TMAO) [15].
Several gut bacteria belonging to the Firmicutes, Actinobacteria and
Proteobacteria phyla, can form TMA through several enzyme
complexes involved in anaerobic choline and L-carnitine meta-
bolism [16]. Outside the intestinal tract, TMA is further oxidized to
TMAO in the host liver by flavin monooxygenase enzymes, pri-
marily FMO3 [9].

Dietary factors are important determinants of circulating TMAO
and lyso-PL levels. In this sense, Western-like diets, which are
characterized by high intake of animal protein and saturated fat
and low fibre, have been related with increased plasma TMAO
levels in mice [17]. Similarly, a HFD enriched in phosphatidylcho-
line has demonstrated to increase TMAO levels in plasma and to
induce dyslipidemia in rats [18]. On the other hand, in vivo studies
have identified altered serum lyso-PLs levels in dyslipidemic
hamsters after HFD administration, pointing out the role of lyso-PLs
in the management of lipid disorders [19]. Nevertheless, the evi-
dence on the potential relationships between dietary components
and lysophospholipidome is scarce in humans. Thus, early identi-
fication of novel bioactive molecules is required to predicrt HC
susceptibility and guide preventive strategies in clinical practice.

To address these issues, we performed a cross sectional study in
which we carried out targeted metabolomics and lipidomics with
special emphasis on identifying circulating metabolites and
bioactive lyso-PLs of HC susceptibility. We hypothesize was that
particular serum lyso-PLs and plasma TMAO concentrations could
be precursors of HC progression because their rise occurs prior to
LDL-cholesterol increase. Therefore, the overall goal of this study
was to assess whether serum lyso-PLs and plasma TMAO may be
suitable susceptibility/risk biomarkers of HC progression in
humans. Furthermore, because these metabolites depend highly on
diet and dietary animal-based foods, we also aimed to evaluate
potential associations with diet composition, with special emphasis
on fatty acid intake. Finally, considering that the liver is highly
involved in extracellular lyso-PL level regulation by modifying the
expression of several enzymes [19], to extend our knowledge on
possible hepatic mechanisms involved in lyso-PL metabolism, we
examined relationships with serum liver transaminases. In addi-
tion, the results were verified in a second in vivo study in hamsters
with HC induced by chronic intake of a HFD.
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2. Materials and methods

2.1. Subjects and study design

A cross sectional study involving male and female subjects un-
dergoing blood testing was performed. All subjects were recruited
fromMarch to October 2014 at the Hospital Universitari Sant Joan de
Reus (HUSJ, Spain) and Eurecat, Reus. Based on the 2019 ESC/EAS
Guidelines for the Management of Dyslipidaemias [20], subjects
were divided into two groups with low (�115mg/dL) andmoderate
to high (116e190 mg/dL) serum LDL-cholesterol, as shown in
Supplemental Fig. 1. Subjects were eligible for enrolment in the
study if they were over 18 and provided written informed consent,
and were excluded if they met any of the following criteria: were
diagnosed with any chronic metabolic disorder; had triglycerides
levels >150 mg/dL; had a body mass index (BMI) > 30 kg/m2; used
prescribed lipid-lowering treatment or other nutraceutical; had
altered renal function; suffering anaemia (hemoglobin �13 mg/dL
in men and �12 mg/dL in women); suffering chronic gastrointes-
tinal, respiratory or hepatic disorders; were pregnant or breast-
feeding; were smoking; or were participating in another study.

The protocol was conducted in accordance to the Helsinki
Declaration and Good Clinical Practice Guidelines of the Interna-
tional Conference of Harmonization (ICH GCP) and was approved
by the Ethical Committee of Clinical Research of the HUSJ (with 09-
12-17/proj1 reference).

2.2. Clinical and lifestyle data collection

All clinical information was collected according to standard
procedures at two different visits performed at the HUSJ and
Eurecat, Reus. In the first pre-screening visit, after indicating
informed consent, a clinical interview was used to verify that par-
ticipants met all the eligibility criteria, and a routine blood test was
collected under fasting conditions. In addition, clinical information
related to a history of disease and use of medications or supple-
ments was obtained, and a physical examination was performed,
including blood pressure and anthropometric parameters, such as
weight, height, BMI, and waist circumference measures. Accord-
ingly, the following procedures were applied:

Systolic blood pressure (SBP) and diastolic blood pressure (DBP)
were monitored with participants in a seated position after resting
for 2e5 min using a multiple automated sphygmomanometer
(OMRONHEM-907; Peroxfarma, Barcelona, Spain). Anthropometric
parameters including weight and body composition were
measured with a body composition analyser (Tanita SC 330-S;
Tanita Corp., Barcelona, Spain). Waist circumference was measured
at the umbilicus level using a 150 cm anthropometric steel
measuring tape.

After the first pre-screening visit, participants who met all the
eligibility criteria were included in the study and scheduled for a
second visit in one week. At the second visit, blood pressure and
anthropometrical parameters were measured again, and a fasting
blood sample was collected for biochemical analysis. No subject
was using antibiotics, probiotics or diuretics that could alter the
levels of circulatingmetabolites at the time of inclusion. In addition,
lifestyle information including dietary habits and physical activity,
was recorded.

Data on diet composition and mean daily energy and nutrients
intakewere assessed through a 3-day dietary record (2 labour and 1
week-end consecutive days) and calculated by Spanish Food
Composition Tables (CESNID) [21]. The percentage (%) of daily en-
ergy intake (% DEI) from primary macronutrients (proteins, car-
bohydrates and fatty acids) was calculated by dividing the calories
derived from each by the total calories consumed. In addition, from
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the 3-day dietary record, the intake of well-known choline animal-
based foods, according to the US Department of Agriculture (USDA)
Database for the Choline Content of Common Foods [22], was
grouped as follows: red meat, white meat, processed meat, fatty
fish, lean fish, shellfish, whole milk, low-fat milk, skimmilk, yogurt,
cheese, butter and eggs. These foods provided between 250 and 14
mg total choline/100g, with eggs being the largest contributors and
dairy products, particularly yogurt, the lowest.

Physical activity was evaluated by completion of the “Physical
Activity Questionnaire Class AF” validated questionnaire [23]. There
were no subject withdrawals between the first and second visits;
thus, data were available for all subjects.

2.3. Determination of biochemical parameters

Blood samples were taken under over-night fasting conditions.
Briefly, total cholesterol (TC), LDL-cholesterol, HDL-cholesterol, TG,
and glucose and the hepatic enzymes aspartate transaminase (AST),
alanine transaminase (ALT) and gamma-glutamyl transferase (GGT)
concentrations were measured in serum by standardized enzy-
matic automated methods in an autoanalyzer (Beckman Coulter-
Synchron, Galway, Ireland).

2.4. Targeted metabolomics and lipidomics analysis of plasma
TMAO and serum lysophospholipids

Quantification of TMAO in plasma samples was performed as
described previously [24]. Briefly, for sample extraction, 25 mL of
plasmawas mixed with 80 mL of methanol with labelled IS working
solution (TMAO-d9; Cambridge Isotope Laboratories, Massachu-
setts, USA) and mixed 30 s to precipitate proteins. The samples
were centrifuged at 9000 rpm for 5 min at room temperature, and
the supernatants were diluted with 150 uL of Milli-Q water. Diluted
samples were filtered with PVDF filters 0.22 mm and transferred
into HPLC vials for analysis. The analysis was performed by liquid
chromatography coupled to tandem mass spectrometry
(UPLCeMS/MS) (Waters, Milford, MA, USA) using a column Acquity
UPLC BEH HILIC (1.7 mm 2.1 � 100 mm).

Lyso-PLs content was determined in a subsample of 24 L-LDL-c
and 26 MH-LDL-c subjects through targeted lipidomic analysis. A
previously reported methodology [25] based on protein precipita-
tion with cold methanol assisted by ultrasounds was used. The
quantitative lyso-PLs evaluation and analysis is detailed in
Supplemental Information 1.

2.5. In vivo study to validate circulating lysophospholipid suitability
as susceptibility/risk biomarkers and to inquire into hepatic
mechanisms

2.5.1. Animals and diets
A second exploratory in vivo studywas performed using 16male

Golden Syrian hamsters (Charles River Laboratories, Barcelona,
Spain) fed amoderate HFD (21% energy as fat) or LFD (10% energy as
fat). Golden Syrian hamsters were used because they display the
greatest similarity to humans with regard to lipoprotein meta-
bolism [26]. The animal protocol was approved by the Animal
Ethics Committee of the University Rovira i Virgili (Tarragona,
Spain), and all of procedures have been performed in accordance
with the European Communities Council Directive (86/609/EEC).
The detailed procedure for sample extraction is described in
Supplemental Information 2. Briefly, after 2 weeks of adaptation to
a LFD, the animals were randomly distributed into two groups with
comparable body weights (n ¼ 8 per group) and fed either the LFD
or a HFD ad libitum for 30 days (the composition of the diets is
shown in Supplemental Information 3). On day 30, blood samples
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were withdrawn by cardiac puncture, and the liver was perfused,
patted dry and then weighed for the determination of the relative
weight. White adipose tissue was also excised for determination of
the relative weight. All samples were snap frozen in liquid nitrogen
and then stored at -80 �C until further analyses.

Targeted lipidomics was used to quantify lyso-PL levels in ham-
ster liver and plasma following the same methodology described
above.
2.5.2. Liver histology
The detailed procedure on histological examination is

described in Supplemental Information 2. Briefly, frozen liver
tissue samples were thawed and fixed by immersion in 4% para-
formaldehyde for 24 h, dehydrated, and embedded in paraffin at
52 �C. Then, paraffin blocks were sectioned and prepared in slides
for automated staining. Morphometric evaluation was conducted
by expert pathologists to assess the degree of hepatic steatosis in
the biopsies [27]. The steatosis grade was determined estimating
the percentage of hepatocytes containing lipid droplets: absent e
score 0, <5%; mild e score 1, 5e33%; moderate e score 2, >33%e
66%; severe e score 3, >66% [27]. The diagnosis also included
determination of the cytoplasmic configuration (microvesicular
and macrovesicular steatotic patterns), tissue distribution and
inflammation extent.
2.6. Statistical analysis

Data on clinical, biochemical and dietary parameters in humans
are expressed as means ± SDs, and the normality of variables was
assessed using the KolmogoroveSmirnov test. The differences
among groups were assessed using the ManneWhitney test and
the Student's t-test for comparison of non-normally and normally
distributed variables, respectively. Fisher's exact test was used for
categorical variables comparisons. Correlations between circulating
lyso-PLs, TMAO, and clinical and dietary variables in humans were
evaluated using Spearman's correlation coefficients (r) adjusting
for the age, sex, BMI and energy intake confounders. To manage
false-positive correlations, multiple testing using the Benjamini-
Hochberg correction was used, and adjusted p values were set
[28]. Stepwise multiple linear regression analysis was then used to
predict the strength of the associations, setting clinical and dietary
variables as predictors, and TMAO and discriminant lyso-PLs as
response variables. In hamsters, the results of plasma lipid markers,
plasma lyso-PL concentrations and liver histology are expressed as
means ± SEM from the indicated number of hamsters (n ¼ 8) in
each group. Correlations between plasma and liver lyso-PL levels in
hamsters were evaluated using Pearson's correlation coefficient (r).
A two-tailed value of p<0.05 was considered statistically significant
for all human and animal tests. Univariate statistical analysis was
performed with Statistical Package for Social Sciences (IBM SPSS
Statistics, version 25.0).

Lyso-PL content was also comprehensively examined in both the
MH-LDL-c and L-LDL-c groups using principal component analysis
(PCA) and partial least squares discriminant analysis (PLS-DA). The
variable importance in projection (VIP) score from the PLS-DA
model was calculated to estimate the importance of lyso-PLs and
their contribution to the overall differentiation between groups.
The predictive models were further validated by conducting
receiver operating characteristic (ROC) curves. The optimal com-
bination of the most important identified lyso-PLs predictive of HC
was that associated with the highest predictive accuracy
(maximum sensitivity and specificity). All multivariate analysis
were performed after data normalization and autoscaling with the
use of the software MetaboAnalyst (version 4.0) available online.
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Sample size was calculated using the GRANMO freeware based
on the number of participants required to detect significant dif-
ferences in LDL-cholesterol levels at baseline in each of the groups.
Based on means ± SDs for serum concentration of LDL-cholesterol
from previous studies in the Spanish population [29,30], it was
calculated that a minimum of 27 subjects/group would be required.

3. Results

3.1. Subject characteristics

From 138 subjects who were assessed for eligibility, 20 were
excluded due to not fulfilling the inclusion criteria or because their
informed consent was withdrawn. 118 subjects, 70 L-LDL-c and
48 MH-LDL-c, were enrolled and analysed. The flowchart of the
study according to the STROBE statement is depicted in
Supplemental Fig. 1.

Baseline characteristics of the study population are illustrated in
Table 1. MH-LDL-c subjects were significantly older than L-LDL-c
subjects (p < 0.001) and had higher SBP, DBP, BMI and waist
circumference (p < 0.05). Concerning biochemical parameters, the
MH-LDL-c group, had higher serum concentrations of TC and TG
than the L-LDL-c group (p < 0.001). Despite these differences in
lipid markers between groups, it is important to highlight that their
baseline levels remained within normal values except for LDL-
cholesterol (MH-LDL-c, 144.0 ± 19.9 mg/dL; L-LDL-c, 86.1 ± 18.2
mg/dL; p < 0.001).

Daily energy and nutrients intake was similar between groups
except for complex carbohydrates, the most consumed macronu-
trient in both groups (MH-LDL-c, 102.57 ± 39.18 g/day; L-LDL-c,
114.51 ± 44.13 g/day). In the L-LDL-c group, complex carbohydrate
intake, which is expressed as the percentage of daily energy intake,
was significantly higher than that in the MH-LDL-c group (p ¼
0.010). In the MH-LDL-c group, the mean ethanol intake was
significantly higher than that in the L-LDL-c group (p ¼ 0.006)
(Supplemental Table 1). Reported data from 3-day dietary records
showed significantly greater daily mean intake of lean fish
(p¼ 0.039), animal protein (p¼ 0.023) and several amino acids (p <
0.05) in MH-LDL-c subjects than in L-LDL-c subjects (Supplemental
Table 1). No significant differences were found in other dietary
parameters analysed or in physical activity.

3.2. Identification of circulating metabolites involved in
hypercholesterolemia susceptibility

After targeted metabolomics analysis, a total of 27 serum lyso-
PLs (19 lyso-PCs and 8 lyso-PEs) were identified and plasma TMAO
concentrations were assessed (Table 2). There were no significant
differences in TMAO concentrations between groups, while
particular lyso-PLs differed significantly among L-LDL-c and MH-
LDL-c groups. Themost of the identified lyso-PCs and lyso-PEs were
highly concentrated in the MH-LDL-c group compared to L-LDL-c
group, primarily lyso-PC 15:0 (1.12 ± 1.40 vs. 1.05 ± 0.26 mM, p <
0.001). Exceptionally, lyso-PE 18:2 was significantly higher in L-
LDL-c and lower in MH-LDL-c (6.08 ± 1.51 vs. 5.32 ± 1.16 mM, p ¼
0.05). Additionally, in L-LDL-c group, lyso-PC 14:0, 16:1, 18:1, 18:2,
18:3 and 20:4, and lyso-PE 18:1 and 20:4, were more concentrated
(Table 2). The projection scores (VIPs) in the first component of the
PLS-DA model indicated seven lyso-PLs, with VIPs>1.0 contributing
to the overall differentiation between groups (Table 2). In partic-
ular, lyso-PC 15:0 and lyso-PE 18:2 showed the highest scores (2.74
and 2.24, respectively). Consistent with this, when the individual
scores were hierarchically clustered in a heatmap, two distinct
patterns in the serum lyso-PL profile, characterized by higher lyso-
PC 15:0 and lower lyso-PE 18:2 in the MH-LDL-c group, and lower



Table 1
Baseline characteristics of study population.

Variables Low
LDL-cholesterol

Moderate to
high LDL-cholesterol

P-value

N 70 48
Age, y 35.4 ± 10.3 46.6 ± 11.9 <0.001
Gender, (F/M) (36/34) (25/23) 0.547
Anthropometry
Weight, kg 65.0 ± 10.4 66.8 ± 11.3 0.380
BMI, kg/m2 22.4 ± 2.5 24.0 ± 2.8 0.002
Waist circumference, cm 79.1 ± 8.7 83.4 ± 8.8 0.010
Blood chemistry (mg/dL)
Total cholesterol 166.1 ± 24.1 227.3 ± 25.6 <0.001
LDL-cholesterol 86.1 ± 18.2 144.0 ± 19.9 <0.001
HDL-cholesterol 66.4 ± 15.0 64.8 ± 15.1 0.568
Triglycerides 67.5 ± 26.1 88.0 ± 27.7 <0.001
FBG 84.0 ± 8.9 86.7 ± 9.4 0.125
Blood pressure (mm Hg)
Systolic BP 114.7 ± 14.3 120.4 ± 15.2 0.038
Diastolic BP 67.9 ± 9.6 72.4 ± 9.3 0.017

Data expressed as mean ± SD. P-value for gender was calculated by Fisher's exact
test. P-value for the rest of the variables was calculated by Student's t-test and
ManneWhitney U test. Abbreviations: BMI, body mass index; BP, blood pressure;
FBG, fasting blood glucose; HDL, high density lipoproteins; LDL, low density
lipoproteins.

Table 2
Mean concentrations (mM) and variable importance in projection (VIP) score of
serum lysophospholipid and plasma TMAO in low and moderate to high LDL-
cholesterol groups.

Metabolite Low LDL-cholesterol Moderate to high
LDL-cholesterol

Metabolite
VIP score

Lyso-PCa

14:0 2.19 ± 0.83 2.18 ± 0.68 0.78
15:0 1.05 ± 0.26 1.12 ± 0.22** 2.74
16:0 63.46 ± 4.87 64.10 ± 3.59 0.09
16:1 4.28 ± 1.44 4.14 ± 0.67 0.65
17:0 4.06 ± 1.03 4.51 ± 0.97 1.40
17:1 4.83 ± 0.31 4.74 ± 0.34 0.44
18:0 60.98 ± 10.44 67.02 ± 11.15* 0.12
18:1 66.06 ± 12.55 65.49 ± 12.70 1.55
18:2 94.84 ± 13.17 89.38 ± 11.67 1.04
18:3 1.84 ± 0.71 1.75 ± 0.69 0.51
20:0 1.12 ± 0.26 1.34 ± 0.34* 0.36
20:1 2.66 ± 0.66 2.79 ± 0.71 0.30
20:2 4.41 ± 0.92 4.58 ± 0.99 0.94
20:3 25.06 ± 9.04 25.27 ± 7.66 0.31
20:4 90.21 ± 19.24 88.27 ± 17.76 1.15
20:5 10.62 ± 7.67 12.67 ± 11.66 0.74
22:4 1.95 ± 0.67 1.79 ± 0.46 0.03
22:5 5.81 ± 1.80 5.90 ± 1.73 0.68
22:6 26.77 ± 6.50 30.56 ± 10.25 0.66
Lyso-PE a

16:0 2.89 ± 0.75 3.00 ± 0.64 0.78
16:1 0.27 ± 0.07 0.25 ± 0.05 0.29
18:0 2.41 ± 0.63 2.67 ± 0.49 0.96
18:1 2.64 ± 0.84 2.41 ± 0.73 0.74
18:2 6.08 ± 1.51* 5.32 ± 1.16 2.24
20:4 4.20 ± 0.99 4.09 ± 0.92 0.24
20:5 0.39 ± 0.16 0.41 ± 0.20 0.08
22:6 2.53 ± 0.56 2.83 ± 0.77 1.07
TMAO b

5.83 ± 4.03 6.25 ± 5.12 0.77

Metabolite concentrations expressed as mean ± SD. VIP scores of the first compo-
nent of the PLS-DA model, VIP score >1.0 depicted in bold.
Significance for differences in metabolite concentrations between groups was
measured using independent Student's t-test: *p� 0.05; **p < 0.001. Abbreviations:
lyso-PC, lysophosphatidylcholine; lyso-PE, lysophosphatidylethanolamine; TMAO,
trimethylamine N-oxide.

a Lysophospholipids available in a sub-group of n ¼ 50 subjects.
b TMAO available in n ¼ 107 subjects.
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lyso-PC 15:0 and higher lyso-PE 18:2 in the L-LDL-c group, were
evidenced (Fig. 1-A).

A PCA model was built including the seven most discriminant
lyso-PLs to further test the independent predictive capability of the
identified metabolites. As the three-dimensional score plot
showed, it was possible to distinguish a wide separation between
the MH-LDL-c and L-LDL-c groups (Fig. 1-B). Thus, 62.4% of the
variance was explained when the scores of the first three principal
components were represented. The PLS-DA model upgraded the
differentiation between groups (Fig. 1-C), with lyso-PC 15:0 and
lyso-PE 18:2 being the major contributors to the separation. The
model reported a good fit of the data (R2Y ¼ 0.68) and an optimal
quality assessment statistic (Q2 ¼ 0.54), over the threshold of 0.4
stipulated for biological models [31]. In addition, lyso-PC 15:0 and
lyso-PE 18:2 explained 59.3% and 40.7% of the variance when the
scores of the two principal components were computed (Fig. 1-D).
ROC curves using lyso-PC 15:0 and lyso-PE 18:2 achieved optimal
predictive power with an accuracy of 70.4%, and an AUC of 0.777
(95% CI 0.65-0.932) (Fig. 1-E). These models confirmed that two
particular lyso-PLs, lyso-PC 15:0 and lyso-PE 18:2, indicated good
clinical accuracy and could be suitable susceptibility/risk bio-
markers for HC in preliminary stages of the disease.

3.3. Associations of circulating lysophospholipids with TMAO

A correlation study with the 27 serum lyso-PLs identified in the
MH-LDL-c and L-LDL-c groups was performed to investigate the
contribution of lyso-PLs to TMAO concentrations. As shown in
Supplemental Fig. 2, after the multiple linear regression analysis
lyso-PC 20:5 and lyso-PE 20:5 were positively associated with
TMAO concentrations in MH-LDL-c subjects (b ¼ 0.216 and b ¼
0.562, respectively) (p < 0.05), while in L-LDL-c subjects, lyso-PC
14:0 showed a positive contribution to TMAO concentrations (b ¼
0.382, p < 0.05). These positive associations indicated that partic-
ular polyunsaturated and saturated chain lyso-PLs could be pre-
cursors for TMA and TMAO synthesis in HC progression.

3.4. Associations of discriminant lysophospholipids and TMAO with
classical cardiovascular risk factors and dietary components

3.4.1. Associations with lipid-related markers
No significant correlations were found in either group between

serum lipid markers and TMAO concentrations. However, positive
correlations were observed for lipid markers with the most
discriminant serum lyso-PLs (Table 3). In MH-LDL-c subjects, TC,
LDL-cholesterol and the atherogenic ratio LDL-cholesterol/HDL-
cholesterol were positively correlated with lyso-PC 15:0 levels (r
> 0.46, p < 0.01 and p.adj<0.05), supporting lyso-PC 15:0 suitability
as susceptibility/risk biomarker of HC. In L-LDL-c subjects, an in-
verse correlation was observed between TC and LDL-cholesterol
with lyso-PE 18:2 (r > -0.30, p < 0.05 and p.adj ¼ 0.134).

3.4.2. Associations with dietary components
A correlation study was performed at three different levels:

nutrient intake, amino acid intake, and with choline animal-based
foods (Supplemental Table 2).

In the MH-LDL-c group, saturated fatty acids (SFAs) were posi-
tively associated with lyso-PC 15:0 (r ¼ 0.52, p < 0.001 and p.adj ¼
0.002) and lyso-PC 17:0 (r ¼ 0.63, p < 0.001 and p.adj ¼ 0.002). In
addition, dairy products including yogurt, cheese and whole milk
were positively associated with lyso-PC 15:0 (r > 0.35, p < 0.05 and



Fig. 1. Multivariate analysis of the circulating lysophospholipid and TMAO levels identified in 24 low LDL-cholesterol and 26 moderate to high LDL-cholesterol subjects. (A)
Heatmap plot from hierarchical clustering analysis of lyso-PLs and TMAO levels in low and moderate to high LDL-cholesterol subjects. Each row represents a metabolite colored by
its range-scaled abundance intensity. The scale from -0.4 (blue) to þ0.4 (red) represents the normalized abundance in arbitrary units. (B) Three-dimensional score plot of the PCA
model and (C) PLS-DA predictive model with the use of 7 serum lyso-PLs with the highest variable importance in projection (VIP) scores. (D) Two-dimensional score plot of the PCA
model using of lyso-PC 15:0 and lyso-PE 18:2. (E) ROC curve analysis of the PLS-DA model using lyso-PC 15:0 and lyso-PE 18:2. The area under the curve (AUC) and corresponding
95% confidence interval (CI) are reported in the inset. PCA, principal component analysis; PLS-DA, partial least squares discriminant analysis; ROC, receiver operating characteristic.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 3
Spearman correlations between serum lysophospholipid biomarkers, classical lipid-related markers and dietary components in low and moderate to high LDL-cholesterol
groups.

Lysophospholipid, mM Lipid-related marker
Dietary component

Spearman
correlation index

p.value Adjusted
p. value

Low LDL-cholesterol
Lyso-PE 18:2 Total cholesterol -0.309 0.028 0.134

LDL-cholesterol -0.318 0.024 0.134
PUFAs 0.389 0.005 0.033a

Moderate to high LDL-cholesterol
Lyso-PC 15:0 Total cholesterol 0.462 <0.001 0.003a

LDL-cholesterol 0.482 <0.001 0.002a

LDL-cholesterol/HDL-cholesterol ratio 0.543 0.006 0.042a

SFAs 0.520 <0.001 0.002a

Glutamic acid 0.432 0.001 0.016a

Yoghurt 0.532 0.005 0.043a

Cheese 0.467 0.021 0.181
Whole milk 0.350 0.052 0.525

Lysophospholipid available in a sub-group of n ¼ 50 subjects. Significant correlations were set at p < 0.05.
a Significant Bonferroni-Hochberg adjusted p value < 0.05. Abbreviations: HDL, high density lipoproteins; LDL, low density lipoproteins; Lyso-PC, lysophosphatidylcholine;

lyso-PE, lysophosphatidylethanolamine; PUFAs, polyunsaturated fatty acids; SFA, saturated fatty acid.
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p.adj � 0.05) and whole milk with lyso-PC 17:0 (r ¼ 0.35, p ¼ 0.058
and p.adj > 0.05) (Table 3). However, yogurt and whole milk were
inversely associated with unsaturated lyso-PCs 20:4 and 20:5 (r >
-0.39, p < 0.05 and p.adj>0.05) (Supplemental Table 2). Vitamin D
and fatty fish were positively associated with lyso-PC 20:5 and lyso-
PE 20:5 (r > 0.33, p � 0.05). Concerning the L-LDL-c group, ethanol,
total fatty acids, yogurt and cheese were positively correlated with
Lyso-PC 14:0 (r > 0.40, p < 0.05 and p.adj < 0.05). In addition, in L-
LDL-c, positive associations were stated between PUFAs and lyso-PE
18:2 (r ¼ 0.38, p ¼ 0.005 and p.adj ¼ 0.033) (Table 3). Major asso-
ciations of discriminant lyso-PLswith dietary components are shown
in Supplemental Table 3.

A schematic of major correlations between TMAO and lyso-PL
biomarkers and all clinical and dietary features in both groups is
provided in Supplemental Fig. 3.
3.5. Linking lysophospholipid biomarkers and TMAO with liver
transaminases and possible implication for hypercholesterolemia
progression

Overall relationships for serum liver transaminases with
discriminant lyso-PLs, TMAO and diet are shown in Supplemental
Table 4, and significant correlations were included in a multiple
linear regression analysis (Supplemental Fig. 4).
Table 4
| Lysophospholipid content in plasma and liver of low-fat diet (LFD) or high-fat diet
(HFD)-fed hamsters after 30 days.

Metabolite Plasma (nM) Liver (mM/g)

LFD HFD LFD HFD

Lyso-PC
14:0 35.9 ± 1.4 30.7 ± 1.1* 79.8 ± 9.9 48.1 ± 1.9*

15:0 38.2 ± 3.3 29.3 ± 1.4* 78.4 ± 7.0 44.4 ± 2.4**

16:0 5263 ± 303 5006 ± 172 9458 ± 371 8533 ± 275
16:1 92.2 ± 5.5 62.3 ± 2.8*** 218.1 ± 24.1 118.7 ± 7.6**

17:0 48.8 ± 5.6 39.1 ± 2.1* 227.8 ± 26.3 158.3 ± 7.3*

17:1 19.2 ± 1.6 13.6 ± 0.4* 18.5 ± 2.5 9.3 ± 0.9**

18:0 1327 ± 117 1498 ± 58 3723 ± 202 3511 ± 105
18:1 1470 ± 120 1365 ± 46 821.5 ± 57.4 794.3 ± 50.2
18:2 1532 ± 107 1616 ± 66 364.1 ± 18.7 533.5 ± 47.6**

18:3 18.7 ± 1.0 16.0 ± 0.4* 65.1 ± 9.8 75.5 ± 9.3
20:0 8.7 ± 0.2 8.9 ± 0.2 13.9 ± 0.8 14.4 ± 0.4
20:1 11.1 ± 0.2 14.0 ± 0.5*** 13.9 ± 0.8 30.2 ± 1.2
20:2 17.1 ± 0.8 25.5 ± 1.3 24.3 ± 1.4 36.6 ± 1.9***

20:3 44.4 ± 5.1 33.7 ± 2.1 56.9 ± 3.4 139.1 ± 16.9**

20:4 170.5 ± 16.1 157.8 ± 4.9** 78.1 ± 5.6 161.4 ± 20.2**

20:5 16.1 ± 1.3 9.8 ± 0.3** 5.9 ± 1.0 6.6 ± 1.1
22:5 24.4 ± 2.0 15.6 ± 0.5** 10.4 ± 0.8 12.7 ± 1.4
22:6 66.9 ± 6.5 41.4 ± 2.6** 57.7 ± 4.2 96.2 ± 11.4**

Lyso-PE
16:0 73.3 ± 4.2 61.6 ± 2.8* 1080 ± 101 728.8 ± 44.6**

16:1 7.0 ± 0.2 6.0 ± 0.1** 24.3 ± 2.7 18.4 ± 3.4
18:0 65.5 ± 1.6 70.3 ± 4.2 1671 ± 104 1347 ± 57.2*

18:1 34.8 ± 2.4 35.1 ± 1.7 666.7 ± 63.5 646.7 ± 82.6
18:2 40.4 ± 2.9 42.0 ± 2.0 56.5 ± 5.2 122.6 ± 14.1***

18:3 4.3 ± 0.1 4.1 ± 0.0* 7.0 ± 0.9 9.9 ± 1.3
20:1 4.2 ± 0.1 4.4 ± 0.1 7.2 ± 0.4 11.2 ± 0.5***

20:2 3.7 ± 0.1 3.9 ± 0.0 2.2 ± 0.2 4.1 ± 0.3***

20:3 5.3 ± 0.3 4.7 ± 0.1 3.3 ± 0.4 9.8 ± 1.6***

20:4 19.9 ± 1.4 20.3 ± 0.6 33.0 ± 3.6 95.6 ± 14.2***

22:4 3.7 ± 0.1 3.7 ± 0.0 0.4 ± 0.1 1.6 ± 0.3**

22:5 6.1 ± 0.3 4.9 ± 0.1** 7.5 ± 1.0 13.0 ± 1.7*

22:6 14.0 ± 1.8 9.1 ± 0.4* 24.4 ± 3.4 37.3 ± 4.2*

Hamsters were fed ad libitum either LFD or HFD during 30 days. Samples were
obtained on the last day of dietary intervention after a 6 h fast. For each animal
group, the data are presented as the mean ± SEM (n ¼ 8). Significance regarding the
LFD-fed group (control animals) was measured using independent Student's t-test:
*p < 0.05; **p < 0.01; ***p < 0.001. Abbreviations: Lyso-PC, lysophosphatidylcho-
line; Lyso-PE, lysophosphatidylethanolamine.
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MH-LDL-c group showed significantly higher concentrations
of AST, ALT and GGT than the L-LDL-c group (p ¼ 0.013, p < 0.001
and p ¼ 0.009, respectively) (Supplemental Fig. 4-A). When
correlations were investigated regardless of the group (n ¼ 118),
TMAO and ethanol intake were positively correlated with GGT
levels (Supplemental Table 4). In the L-LDL-c group, Lyso-PC 14:0
was positively associated with GGT levels in L-LDL-c group (b ¼
0.574, p ¼ 0.003) (Supplemental Fig. 4-B). In addition, a signifi-
cant positive association was noted between TMAO and ethanol
intake with GGT (Supplemental Table 4). In the MH-LDL-c group,
lyso-PE 18:2 correlated positively with GGT levels (b ¼ 0.495, p ¼
0.010) (Supplemental Fig. 4-C). Additionally, a positive associa-
tion was observed between PUFA intake and GGT (b ¼ 0.630, p <
0.001) (Supplemental Fig. 4-D).
3.6. Validation of the suitability of lysophospholipids as biomarkers
involved in hypercholesterolemia progression in HFD-fed hamsters

3.6.1. Changes in circulating lipid markers and identification of
plasma and liver lysophospholipids altered after the chronic intake
of HFD

After 30 days of chronic treatment with HFD, lipid parameters
and traditional indicators of liver impairment were determined in
the animal's plasma (Supplemental Table 5). Hamsters fed the HFD
exhibited significantly higher amount of total cholesterol than LFD-
fed animals (p ¼ 0.011), which resulted in a marginal increase (of
13%) of the atherogenic index TC/HDL-cholesterol (p ¼ 0.046). An
increasing trend of 30% LDL-cholesterol levels was observed in the
HFD-fed group compared to the LFD-fed group (p ¼ 0.008). No
effects were observed on the transaminase levels.

Lyso-PC and lyso-PE levels were markedly modified in liver and
plasma after chronic HFD intake (Table 4). A generalized drop
(nearly 50%) in the circulating levels of lyso-PLs was noted in HFD-
fed animals, which was accompanied by an intrahepatic accumu-
lation of lyso forms, particularly polyunsaturated acyl chain lyso-
PEs 18:2 (p < 0.001), 22:5 and 22:6 (p < 0.05). Conversely, satu-
rated acyl chain lyso-PC 14:0, 15:0 and 17:0, and lyso-PE 16:0, were
significantly reduced in both plasma and liver (p < 0.05).

An additional correlation analysis was performed between the
31 lyso-PLs identified in plasma and liver of hypercholesterolemic
hamsters (Fig. 2-A). The lyso-PL content in both tissues was highly
correlated predominantly in a negative sense. Lyso-PC 14:0, 15:0,
16:1, 17:1, 18:3, 20:5, 22:5 and 22:6, as well as Lyso-PE 16:1 and
22:6, were associated with a greater number of negative correla-
tions (r > -0.5) and therefore were decreased in circulation.
3.6.2. Effect of the chronic administration of HFD on the hamster
liver tissue

Histological analysis of the liver samples showed an increase in
the steatotic profile in the liver of hamsters fed the HFD (Fig. 2). As
shown in Fig. 2-B, diet-induced steatosis was defined by hepato-
cytes distended by multiple microvesicles filled of with lipids that
did not displace the nucleus of the cell, but no evidences was found
of macrovesicular fat accumulation. The relative liver weights of
both groups were comparable (Fig. 2-C), and the score of steatosis
was measured according to the percentage of hepatic parenchyma
compromised, revealing that HFD-fed hamsters had significantly
higher scores than LFD-fed animals (Fig. 2-D). Importantly, many of
the HFD-fed hamsters that developed steatosis also presented
inflammation signs with prevalent moderate intensity and lobular
arrangement (Fig. 2-E). None of the biopsies exhibited signs of
ballooning degeneration or fibrosis of the hepatocytes.



Fig. 2. Metabolic correlations across plasma and liver lysophospholipid contents and the effect of the thirty-day administration of low-fat diet (LFD) and a high-fat diet
(HFD) on the hamster liver. (A) The normalized abundance of Lyso-PLs was correlated across both biological compartments using Pearson's correlation testing. The outgoing
correlation coefficients (r) are displayed on a color-coded matrix ranging from -1 (blue) to þ1 (orange). The bar chart shows the circulating metabolites with greater number of
negative (r < -0.5) and positive (r > 0.5) correlations. (B) Histological analysis of liver tissue showing representative images of the study. Liver sections were stained with
hematoxylin-eosin and were examined under a light microscope (n ¼ 8 per group). The liver of HFD-fed animals shows hepatocellular vacuolization with microvesicular fat
accumulation. (C) Relative liver weight in both animal groups, which was calculated by the formula (liver weight/body weight*100) and expressed as % of the total body weight.
Data are expressed as mean ± SEM. (D) Score of hepatic steatosis. The score ranged from 0 to 3 and was determined by estimating the % of hepatocytes containing lipid droplets. (E)
Score of inflammation (0e3) associated with steatosis. The significance was measured by conducting independent Student's t-test (p < 0.05). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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4. Discussion

The circulating serum lysophospholipidome consists of a niche
of bioactive lipids with promising applicability as risk biomarkers
in preliminary stages of major lipid disorders. In tthis study, we
confirm the hypothesis that particular lyso-PLs could be precursors
of HC progression because their rise occurs prior to serum LDL-
cholesterol increase. After targeted lipidomics analysis, a discrete
number of lyso-PL species is shown to be suitable for use as sus-
ceptibility/risk biomarkers for HC in MH-LDL-c compared to
L-LDL-c subjects. Lyso-PC 15:0 and lyso-PE 18:2 were identified as
maximal contributors to the differentiation between both groups,
showing optimal accuracy. In particular, lyso-PE 18:2 confers pro-
tective capabilities against the advancement of diet-induced he-
patic steatosis in hamsters, and their low serum levels are
suggestive of HC progression in humans. In addition, the strong
relationships stated between lyso-PL biomarkers and dietary
components, primarily fatty acids, add insights into the dietary
origin of serum lyso-PLs and their role in diet-induced HC.

Lyso-PLs act as signalling molecules and are involved in a broad
range of physiological and pathological processes [7]. However,
whether they exert pro- or anti-atherogenic actions remains
controversial. The influence of lyso-PCs in atherosclerosis appears
to be due to the chain length and the degree of saturation of the
fatty acyl moiety [12]. We found lyso-PC 15:0 to be the most
discriminating lyso form in the MH-LDL-c group. This finding was
accompanied by strong positive associations with classical lipid-
related markers such as TC, LDL-cholesterol and the atherogenic
index LDL-cholesterol/HDL-cholesterol, which is similar to previous
human studies reporting a link for lyso-PC 15:0 to the incidence of
type 2 diabetes [32] and increased diastolic BP [33]. Nonetheless,
these results provides an added link between lyso-PC 15:0 to lipid
disorders, highlighting its possible role as susceptibility/risk
biomarker for HC. Also, the observed moderate positive correla-
tions among lyso-PC 15:0 and dairy foods, such as yogurt, cheese
and whole milk, indicated that lyso-PC 15:0 mainly originates from
SFAs present in dairy. Conversely, in the L-LDL-c group, lyso-PE 18:2
showed the highest contribution to the differentiation and
exhibited inverse associations with TC and LDL-cholesterol, which
suggests a possible protective role for human HC in the healthy
state. In contrast, in MH-LDL-c, the observed significantly lower
concentrations of lyso-PE 18:2 in circulation would be indicative of
LDL-cholesterol increase in a preliminary stage of the disease,
making it a suitable susceptibility/risk biomarker. Supporting this
theory, in the second in vivo study, we showed that after chronic
treatment with HFD, hamsters experience an overall intrahepatic
accumulation of PUFA-containing lyso-PLs, including lyso-PE 18:2,
which could explain the existence of a hepatic responsemechanism
to the excess fat of the diet. This statement agrees with a previous
animal study [19], in which lyso-PE 18:2 was among the lyso-PLs
that exhibited the earliest alterations in response to induced
dyslipidemia in hamsters. Thus, we speculate the existence of a
hepatic response mechanism to excess fat in the diet, which is
mediated by an accumulation of PUFA-containing lyso-PLs to
counteract the increase in LDL-cholesterol. As recently reported in
rat models [34], isolated HC induced by diet led to marked alter-
ations in the hepatic lipid profile. These alterations were charac-
terized by significant increases in fatty acid content, predominantly
palmitoleic acid (C16:1n-7), oleic acid (C18:1n-9) and ALA (C18:3n-
3) in hypercholesterolaemic rats, while higher linoleic acid (LA)
(C18:2n-6) was present in normocholesterolaemic rats [34]. Thus,
this previous study in animals [34] reinforces the proposed theory
that in preliminary stages of HC, the hepatic accumulation of di-
etary omega (n)-PUFAs, primarily LA, could promote the synthesis
of lyso-PE 18:2, which is a mechanism by which the liver protects
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itself from HC progression. Nonetheless, further human studies are
required.

Also, we have reported that HFD promotes the development of
microsteatosis in hamster liver, which is in accordance with other
studies conducted in rodents in which the chronic administration
of diets rich in fats led to intrahepatic accumulation of lipids
[35,36]. However, in the proposed model, histological examination
did not reveal hepatocyte balloon degeneration or fibrosis, and
circulating transaminases were unaltered, suggesting that the
steatosis degree induced by diet was still incipient and that the liver
had not yet experienced substantial injuries. In contrast, when
hypercholesterolemia is induced by strategies other than diet, such
as chemical agents, steatotic signs are pronounced earlier, as pre-
viously reported in hamsters with dyslipidaemia induced by
Poloxamer 407 compared to HFD-fed animals [19]. Therefore, the
intrahepatic accumulation of polyunsaturated lyso forms could also
protect against the benign progression of diet-induced hepatic
steatosis in hamsters. In this sense, previous studies have described
the ability of biologically active lyso-PLs to restrict fatty acid b-
oxidation in rodent liver and thereby reduce energy expenditure in
response to the chronic exposure to dietary fats [37].

Interestingly, the results of this study revealed that the poly-
unsaturated acyl chain of lyso-PLs can be highly influenced by di-
etary fatty acids. As pointed out the strong association between
dietary PUFA intake and lyso-PE 18:2 in both groups, the intake of
omega (n)-PUFAs such as LA could modulate the circulating lyso-
phospholipidome, conferring lyso-PE 18:2 a protective role for the
onset of human hypercholesterolemia and hepatic steatosis in
hamsters. In addition to the known hydrolytic action that several
secreted enzymes (e.g. LCAT, sPLA2 and lipases) exert on circulating
phospholipid to produce lyso-PLs, direct hepatic secretion is an
important source of lyso forms, particularly of those that contain
PUFAs [38], which reinforces the importance of their dietary origin.
Dietary intake of essential PUFAs, such as LA (C18:2n-6) and alpha-
linolenic acid (ALA) 18:3 (n-3), in a balanced manner is necessary to
maintain proper circulating LDL-cholesterol because they cannot be
synthesized by humans [39]; however, whether the changes in
circulating LDL-cholesterol are mediated by lyso-PL action deserves
further investigation. The protective role of lyso-PE 18:2 in the liver
could also be explained by a decrease in endothelial lipase (EL)
expression. EL is highly involved in cholesterol removal from pe-
ripheral tissues to the liver [40], and lower expression levels have
been previously reported in the liver of hamsters after HFD treat-
ment [19].

In parallel to the liver accumulation of polyunsaturated lyso-PEs,
from the in vivo study, we also revealed an intrahepatic replace-
ment of saturated andmonounsaturated acyl lyso forms in HFD-fed
hamsters. Although the HFD was primarily enriched in SFAs and
monounsaturated fatty acids, it could be explained by sequential
processes of desaturation and elongation of saturated and mono-
unsaturated lyso forms in the hamster liver to form poly-
unsaturated lyso-PL structures, as reported in several studies on
free fatty acids [14,41,42]. Therefore, through this process dietary
SFAs, such as myristic acid (14:0) or pentadecanoic acid (15:0),
would regulate the bioavailability of LA and ALA in hepatocytes, as
previously described in rats [42] and human [43]. The improved
bioavailability of essential fatty acids in the liver would contribute
to the synthesis of omega (n)-PUFA-enriched lyso-PLs as a protec-
tive mechanism against the progression of lipoapoptotic incidents.
In this context, the strong positive associations found in MH-LDL-c
subjects between SFA intake, including whole dairy products, and
lyso-PCs 15:0 and 17:0 supports SFA intermediate involvement on
the configuration of omega (n)-PUFA-containing lyso-PLs.

Liver transaminases, specifically GGT, has been suggested as a
superior marker for predicting CVD risk in adults with mild
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dyslipidemia [44]. For the first time, this study provides an inte-
grated view of the interrelationships between liver transaminases,
discriminant lyso-PLs and diet in humans. In this manner, the
multiple-way positive interactions stated in the MH-LDL-c group
for GGT with lyso-PE 18:2 and PUFAs add further insights into the
previously speculated hepatic mechanism to mitigate HC progres-
sion. Conversely, in the L-LDL-c group, the observed increases in
serum lyso-PC 14:0 levels together with the positive association
with GGTalso indicate this lyso form could be altered in response to
higher GGT enzymatic activity. However, the positive association
for lyso-PC 14:0 with TMAO indicated that it could be a precursor
for TMAO synthesis in the healthy state, and therefore act better as
a susceptibility/risk biomarker for HC. Indeed, lyso-PC 14:0 has
been previously considered to be a good predictor for other car-
diometabolic risk factors, such as obesity [45]. However, given the
limited evidence, further studies to clarify lyso-PC 14:0 predictive
capabilities are required.

In this study, TMAO was left out the primary susceptibility/risk
biomarkers for HC. Despite their consolidated pro-atherogenic
properties and the reported close relationships with cardiovascu-
lar events [8,10], the results of this study support the notion that in
the preliminary stages of disease, certain lyso-PLs are better pre-
dictors for HC than TMAO. The multiple positive relationships
stated in both groups with dietary components, particularly with
lean fish in the MH-LDL-c group, indicate that fasting TMAO levels
are strongly regulated by diet [46]. However, we cannot dismiss
whether different gut microbial compositions among groups may
have influenced the response of TMAO to animal-based foods;
therefore, it is important to study this topic in more detail in the
future.

Overall, the present results provide novel insights, particularly
from a lipidomic angle, into the suitability of particular lyso-PLs as
susceptibility/risk biomarkers for humanHC progression, specifically
in preliminary stages of the pathophysiological process. Based on the
relationships of lyso-PL biomarkers with diet and hepatic trans-
aminases in humans,we hypothesize the existence of a liver adaptive
mechanism dependent of lyso-PLs to counteract HC progression,
which is strengthened by our second in vivo study, where a contra-
dictory response of the hamster liver to the long-term administra-
tion of HFD is evidenced. However, it cannot be excluded that lyso-PL
levels depend largely on the hydrolysis of oxidized phospholipids in
LDL and that the pro-hypercholesterolemic state in the MH-LDL-c
group could be caused by a direct action of oxidized LDL rather
than through the lyso-PL action. Despite this, the comprehensive
analysis of dietary components allowed us to demonstrate inter-
esting associations among particular lyso forms and diet, and
revealed a more complex clinical presentation of HC than that rep-
resented by classical lipid markers. However, these associations
should be interpreted with caution due to the cross-sectional design
of this study that could limit the establishment of causality. Given
this limitation, the results of this study support the idea of resuming
this study in the future to obtain a prospective vision of the changes
in the lysophospholipidome and better understand their role as
prognostic biomarkers for HC.

5. Conclusion

Two distinct patterns in the serum lyso-PL profile, characterized
by higher lyso-PC 15:0 and lower lyso-PE 18:2 in the MH-LDL-c
group, and lower lyso-PC 15:0 and higher lyso-PE 18:2 in the L-LDL-
c group, were evidenced. Therefore, among all the species of lyso-
PLs, serum lyso-PC 15:0 and lyso-PE 18:2 constitute promising
susceptibility/risk biomarkers for HC. Dietary essential PUFAs, such
as LA (C18:2n-6), promote the intrahepatic synthesis of lyso-PE
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18:2, being this an adaptive mechanism of liver to protect itself
from diet-induced hepatic steatosis in animal and to counteract HC
progression in humans. These biomarkers, particularly low serum
levels of Lyso-PE 18:2 in humans, could be used in clinical practice
to guide novel preventive strategies to tackle HC.
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