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ABSTRACT

ARTICLE HISTORY

Increased homocysteine (Hcy) levels have been associated with a higher risk of cardiovascular and
neurodegenerative diseases. Passive DNA demethylation has been suggested as one of the
mechanisms implicated in the development of these conditions, and most studies have investi-
gated this relationship in older adult populations. Therefore, this study aimed to evaluate the
relationship between corporal composition and biochemical and haematological indicators with
plasma homocysteine levels and genome-wide methylation (Alu, LINE-1, and SAT2) in
a population of healthy young adults (median age, 18 years). We showed that the prevalence
of hyperhomocysteinemia was significantly higher in men (18.5%) than in women (6.6%)
(P = 0.034). Increased Hcy level was substantially associated with higher levels of body mass
index and visceral fat in females, whereas in males, it was significantly associated with reduced red
cell distribution width and high-density lipoprotein (HDL) cholesterol (HDL-C) levels and increased
low-density lipoprotein/HDL ratio. Hypomethylation of Alu was significantly associated with
reduced levels of HDL-C (<40.0 mg dL™"), whereas hypomethylation of LINE-1 and SAT2 was
significantly associated with higher levels of skeletal muscle (<39.3%) in males. These results
highlight the participation of hormonal factors in regulating Hcy metabolism, primarily in the
female population, whereas changes in DNA methylation observed in males might be associated
with the consumption of a protein diet with high levels of methionine, independent of increased
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Hcy levels.

Introduction

Homocysteine (Hcy) is a sulphur-containing
amino acid, and its metabolism primarily depends
on the methionine cycle and a minor proportion
of the folic acid pathway. Increased plasma Hcy
levels are primarily related to alimentary habits
and/or vitamin B deficiency [1]. Polymorphisms
of genes implicated in the folate pathway have
been identified as a determining factor in Hcy
recycling through the methionine cycle. For
example, genetic variations of the methylenetetra-
hydrofolate reductase gene (MTHEFR: A1298G
and C677T) have been found to be highly asso-
ciated with the reduced conversion of Hcy into
methionine, enhancing the risk of developing
hyperhomocysteinemia (HHcy) [1-3]. Although

polymorphisms in genes related to methionine
metabolism (e.g., methionine synthase and
methionine synthase reductase) have also been
associated with increased Hcy levels, epidemiolo-
gical evidence is less conclusive [4,5]. Moreover,
chronic consumption of drugs that modify folate
metabolism (e.g., methotrexate and valproic acid)
as well as liver and kidney malfunction also result
in increased plasma Hcy levels [1].
Hyperhomocysteinemia is recognized as
a predictive risk factor for developing several car-
diovascular (e.g., coronary artery disease and
stroke), neurological, and dermatological diseases
[1,6]. The pathological potential of HHcy is pri-
marily related to its proatherogenic behaviour. An
increase in Hcy concentration above 15 umol L™
in plasma is associated with the generation of
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a pro-oxidative environment, favouring the for-
mation of reactive oxidative species and inhibiting
the synthesis of elements with redox potential.
These changes have been associated with
a higher risk of endothelial vascular damage and
altered platelet function, enhancing blood clot for-
mation risk [1]. Moreover, it has been proposed
that the deleterious effects of HHcy may be exa-
cerbated by the presence of alterations in lipid
metabolism (dyslipidemia) as well as by the sys-
temic inflammatory state observed in some degen-
erative diseases (e.g., obesity and multiple
sclerosis) [7].

Epidemiological evidence indicates that variations
in Hcy levels may also affect the disposition of
methyl-donor molecules (S-adenosylmethionine),
thus affecting the rate of DNA, RNA, and protein
methylation. In this regard, most studies have been
performed using DNA extracted from blood cells [8-
10]; however, some studies using DNA extracted
from liver and breast tissue have obtained data that
support the hypothesis that increased plasma Hcy
levels promote passive demethylation of genomic
DNA [11]. In fact, it has been observed that in
HHcy-induced changes in Arthrobacter luteus (Alu)
and long interspersed nuclear element-1 (LINE-1)
sequence methylation, similarities with the altera-
tions observed in in vitro models of diet-induced
liver carcinogenesis were present [12]. These associa-
tions could indicate that epigenetic modifications
induced by Hcy changes in response to high-fat
diets correspond to the initial stages of cellular trans-
formation. However, most epidemiological studies
that have evaluated the relationship between Hcy
and DNA methylation have been conducted in
adult populations with a mean age of 40 years.
Since the degree of HHcy severity increases accord-
ing to age in the majority of the population [13], the
effect of this association in young populations has
been poorly understood. In this study, we aimed to
examine the associations between biochemical and
haematological markers, plasma Hcy levels, and the
percentage of genome-wide methylation in
a population of healthy young adults. Given that
growing evidence suggests that obesity may be
related to alterations in Hcy levels and its incidence
has significantly increased in the young population,
we also conducted an anthropometric evaluation
through bioimpedance analysis.

Materials and methods
Study population

This cross-sectional study was conducted in the
Academic Division of Comalcalco (Universidad
Juarez Autonoma de Tabasco), Tabasco, Mexico.
The recruitment of the study population (conve-
nience sampling) was performed during clinical
diagnosis at admission, from August to
September 2017. All new students were invited to
participate in the study, and the purpose and pro-
cedures of the protocol were explained (blood
sample extraction and anthropometric evalua-
tions). Students indicating interest in participating
in the study provided written informed consent
before sampling. The consumption of any drug
was recorded during the interview, and patients
who reported recent (1 month) or current con-
sumption of vitamin supplements as well as preg-
nant women were excluded from the study.

This study was designed according to the
International Standards for Responsible Research

Publication (COPE), registered (UJAT-364/
DI2015), and approved by the Institutional
Review Board of the Juarez Autonomous

University of Tabasco.

Anthropometric measurements and body
composition assessment

Weight and height were measured with the parti-
cipants wearing light clothing and no shoes; mea-
surements were performed using a weighing
station with a stadiometer (Basculas Nuevo Leon,
Mexico). The body mass index (BMI) was calcu-
lated as kg m™>, and data were classified according
to the World Health Organization criteria (https://
www.who.int/). The body fat (%), visceral fat (%),
and skeletal muscle mass (%) were determined by
hand-to-foot Dbioelectrical impedance analysis
according to the manufacturer’s instructions
(HBF-514 C; Omrom Healthcare, Osaka, JP). The
accuracy of the anthropometric measurements was
0.4 kg and 0.5 cm for weight and height, respec-
tively, 3.0% for visceral fat, and 3.5% for skeletal
muscle and body fat. The data were categorized
according to the criteria described by Gallagher
et al. [14].


https://www.who.int/
https://www.who.int/

Measurement of the haematologic and metabolic
parameters

For the haematological and metabolic characteri-
zation of the participants, blood samples were
collected after an overnight fasting period of 8 h.
Haematology tests were performed on ethylenedia-
minetetraacetic acid (EDTA)-treated blood using
an automatic haematology analyser (BC-2800;
Mindray, Shenzhen, China), whereas the levels of
cholesterol, triglycerides, high-density lipoprotein
(HDL) cholesterol (HDL-C), low-density lipopro-
tein (LDL) cholesterol (LDL-C), and Hcy were
determined via enzymatic assays (Randox,
Crumlin, UK) using an automated clinical chem-
istry analyser (Selectra PRO XS; ELITechGroup,
Puteaux, France). A Hcy level higher than
15.0 umol L™" was considered as HHcy. Very-low-
density lipoprotein (VLDL) cholesterol levels were
calculated according to the equation previously
reported by Martin et al. [2013, 15]. The athero-
genic index of plasma (AIP) was calculated using
a previously validated equation [16]:

TG
HDL — c) )

AIP = lOglo(
The AIP values were categorized according to the
following criteria: low-risk (<0.1), medium-risk
(0.1-0.24), and high-risk (>0.24) [16].

Peripheral blood mononuclear cell (PBMC)
isolation and DNA extraction

The PBMCs were extracted using Lymphoprep
density gradient medium according to the manu-
facturer’s instructions (Axis-Shield Diagnostics,
Dundee, UK). The PBMCs were isolated from
EDTA-treated blood within 2 h after sample collec-
tion and stored at —80°C until DNA isolation was
performed. Thereafter, genomic DNA was isolated
using a Wizard Genomic DNA Purification Kit
according to the manufacturer’s instructions
(Promega, Madison, WI, USA). The quality and
quantity of the extracted DNA were evaluated
using an Epoch Microplate Spectrophotometer
(Biotek, Winooski, VT, USA). Finally, the integrity
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of the extracted DNA was evaluated by amplifying
B-globin using real-time PCR.

DNA methylation analysis

Aliquots of 500 ng DNA were treated with sodium
bisulphite using an EZ DNA Methylation-Gold Kit
according to the manufacturer’s instructions
(Zymo Research, Irvine, CA, USA). The methyla-
tion status of the Alu, LINE-1, and SAT2
sequences was analysed by real-time PCR, accord-
ing to the conditions previously reported by
Weisenberger et al. [2005, 17]. The percentage of
methylated DNA was determined by preparing
a 10-fold standard dilution curve using human
methylated genomic DNA (Thermo Fisher
Scientific, Waltham, MA, USA). The methylation
levels of Alu, LINE-1, and SAT2 were normalized
according to input DNA (ALU-CT) levels and
were expressed as a percentage of methylated
reference. The indicated values represent the
mean values and standard deviations of assays
performed in triplicate.

Statistical analysis

Statistical analyses were performed using SPSS
software (v.22; SPSS Inc., Chicago, IL, USA) and
GraphPad Prism version 8.0 for Mac (GraphPad
Software, San Diego, CA, USA). The Mann-
Whitney U-test was used for quantitative variables.
Descriptive statistics were presented as mean *
standard deviations for normally distributed values
and medians (25" and 75" percentile) for skewed
variables. Spearman’s correlation coefficients were
used to describe the correlations between plasma
Hcy levels and the anthropometric, biochemical,
and haematological variables. Values of ALU,
LINE-1 and SAT2 methylation were compared
using the Student’s t-test. Values of global DNA
methylation were transformed using the natural
log function for linear regression analysis. The
distribution of Hcy concentrations according to
the clinical classification of anthropometric para-
meters was evaluated using the Kruskal-Wallis
test. Statistical significance was set at P < 0.05.
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Results
Characteristics of study participants

A total of 348 individuals participated in this
study; 240 (68.9%) were women, and 108 (31.0%)
were men. Table 1 shows the distribution of the
anthropometric, biochemical, and haematological
indicators by sex. According to the corporal com-
position, no significant differences were observed
in the BMI between women and men (P = 0.500).
However, females had higher percentages of body
fat than males, whereas the median values of visc-
eral fat and skeletal muscle were significantly
higher in males than those of females. The haema-
tological evaluation showed that females had sig-
nificantly lower values for variables related to the
number and content of red blood cells (erythro-
cytes, haematocrit, haemoglobin, and mean cor-
puscular haemoglobin) compared with those of
males. In contrast, the leukocyte and platelet
counts were significantly higher in females than
in males. According to the biochemical evaluation,
most lipid metabolism indicators showed no sig-
nificant differences between females and males;

only Hcy and HDL-C levels showed statistically
significant differences (Table 1).

Anthropometric, haematological, and lipid
alterations associated with
hyperhomocysteinemia

Table 2 shows Spearman’s correlation coefficients
between Hcy and the anthropometric, haematolo-
gical, and lipid indicators. Among the anthropo-
metric indicators, body fat and skeletal muscle
were significantly correlated with Hcy in the
female group. Of the lipid indicators, the LDL-C
and LDL/HDL ratio positively correlated with Hcy
in the female group, whereas in males, the HDL-C
and AIP were significantly correlated with Hcy.
According to the clinical criteria of HHcy
(>15.0 umol L"), the overall prevalence in the
studied population was 10.3% (36/348), which
was considerably more frequent in males (18.5%)
than in the female group (6.6%; chi-squared test,
P = 0.034). Furthermore, the occurrence of HHcy
in the female population was significantly asso-
ciated with a higher BMI and visceral fat levels,

Table 1. Anthropometric, biochemical, and haematological indicators of the studied population according to gender.

Female Male
Parameters N = 240 N =108 P-value
Age 18 (18, 19) 18 (18,19) 0.051
BMI 24.3 (21.3, 28.1) 23.9 (21.3, 27.2) 0.500
Body fat (%) 38.3 (31.8, 43.6) 235 (16.7, 31.4) < 0.001
Visceral fat (%) 4.0 (3.0, 5.5) 6.0 (3.5, 8.0) < 0.001
Skeletal muscle (%) 25.2 (23.5, 26.8) 38.6 (33.3, 41.4) < 0.001
Erythrocytes (10° uL™") 44 (4.2, 46) 5.0 (4.8, 5.2) < 0.001
Haemoglobin (mg dL™") 12.6 (12.0, 13.2) 14.5 (13.9, 15.2) < 0.001
Haematocrit (%) 359 (34.4, 37.8) 40.8 (38.7, 42.4) < 0.001
MCV (fL) 82.0 (80.0, 84.9) 81.5 (79.7, 83.1) 0.052
MCH (pg) 28.6 (27.7, 29.5) 29.0 (28.4, 29.6) 0.009
RDW-CV (%) 13.3 (12,9, 13.8) 13.4 (13.0, 13.8) 0.556
Leucocytes (10° pL™") 7.0 (6.0, 8.3) 6.2 (5.6, 7.5) < 0.001
Platelets (10° uL™") 307 (267.7, 351.0) 286.5 (244.5, 324.7) 0.001
Hcy (umol L) 9.6 (8.3, 11.4) 11.3 (9.9, 14.1) 0.001
TC (mg dL™") 158.0 (139.0, 181.0) 153.5 (130.2, 174.0) 0.059
TG (mg dL™ 75.0 (55.2, 102.0) 74.5 (58.0, 111.2) 0.477
HDL-C (mg L™ 49.0 (41.0, 57.0) 45.0 (38.0, 53.0) 0.022
LDL-C (mg dL™) 92.0 (72.0, 117.0) 89.0 (72.2, 117.2) 0.552
VLDL-C (mg dL™) 15.0 (11.0, 20.4) 149 (11.6, 22.2) 0.477
TC/HDL ratio 3.2 (2.7, 4.0) 3.2 (2.8,4.2) 0.784
LDL/HDL ratio 1.9 (14, 2.6) 1.9 (1.5, 2.7) 0.566
AIP -0.18 (-.32, 0.05) -0.15 (-.27, 0.08) 0.196

BMI, body mass index; MCV, mean corpuscular volume; MCH, mean corpuscular haemoglobin; RDW-CV, red cell distribution width; Hcy, homocysteine; TC,
total cholesterol; TG, triglycerides; HDL-C, high-density lipoprotein (HDL) cholesterol; LDL-C, low-density lipoprotein (LDL) cholesterol; VLDL-C, very-low-
density lipoprotein (VLDL) cholesterol; AP, atherogenic index of plasma. Data were described as the median (interquartile range). The Mann-Whitney
U-test was employed to compare the distribution between groups. Statistical significance was set at P < 0.05.
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Table 2. Anthropometric, haematological, and lipid indicators associated with the homocysteine (Hcy) level.

Hcy (umol/L)
Female Male
N = 240 N = 108
Parameters r (95% Cl) P-value r (95% Cl) P-value
BMI (kg m) 0.161 (-0.01-0.34) 0.078 0.049 (-0.35-0.42) 0.791
Body fat (%) 0.180 (0.00-0.35) 0.048 0.083 (-0.33-0.47) 0.652
Visceral fat (%) 0.140 (-0.30-0.31) 0.125 0.110 (-0.29-0.49) 0.551
skeletal muscle (%) -0.221 (-0.38-0.05) 0.015 -0.050 (-0.42-0.34) 0.785
Erythrocytes (10° pL”) 0.085 (-0.08-0.25) 0.352 0.173 (-0.21-0.50) 0.344
Haemoglobin (mg dL’1) 0.042 (-0.14-0.20) 0.649 0.289 (-0.05-0.61) 0.109
Haematocrit (%) 0.021 (-0.15-0.18) 0.817 0.192 (-0.17-0.53) 0.292
MCV (fL) -0.081 (-0.25-0.09) 0.377 0.121 (-0.26-0.52) 0.509
MCH (pg) -0.040 (-0.12-0.24) 0.664 0.114 (-0.17-0.53) 0.535
RDW-CV (%) 0.072 (-0.11-0.26) 0.435 -0.311 (-0.60-0.05) 0.084
Leucocytes (10> puL™) 0.106 (~0.09-0.29) 0.249 0.157 (~0.21-0.48) 0.390
Platelets (10° uL'1) 0.119 (-0.08-0.30) 0.193 0.166 (-0.17-0.49) 0.363
TC (mg d™ 0.166 (-0.00-0.33) 0.068 -0.135 (-0.46-0.24) 0.461
TG (mg dL™ 0.179 (-0.00-0.35) 0.050 0.226 (-0.16-0.54) 0.213
HDL-C (mg dL™) -0.076 (-0.25-0.09) 0.406 -0.461 (-0.72-[-0.13]) 0.008
LDL-C (mg dL™ 0.301 (0.12-0.46) 0.001 —-0.030 (-0.33-0.30) 0.869
VLDL-C (mg L™ 0.179 (-0.00-0.35) 0.050 0.226 (-0.16-0.54) 0.213
TC/HDL ratio 0.150 (-0.02-0.31) 0.101 0.256 (-0.10-0.58) 0.157
LDL/HDL ratio 0.296 (0.13-0.43) 0.001 0.325 (-0.00-0.60) 0.070
AIP 0.170 (-.00-0.35) 0.062 0.361 (-0.01-0.62) 0.043

BMI, body mass index; MCV, mean corpuscular volume; MCH, mean corpuscular haemoglobin; RDW-CV, red cell distribution width; Hcy,
homocysteine; TC, total cholesterol; TG, triglycerides; HDL-C, high-density lipoprotein (HDL) cholesterol; LDL-C, low-density lipoprotein (LDL)
cholesterol; VLDL-C, very-low-density lipoprotein (VLDL) cholesterol; AIP, atherogenic index of plasma. The data are presented as Spearman’s

correlation coefficients (r). Statistical significance was set at P < 0.05.

whereas in males, HHcy was significantly asso-
ciated with reduced red cell distribution width
(RDW-CV) and HDL-C levels, and higher LDL/
HDL ratios (Table 3).

Anthropometric, haematological, and lipid
indicators associated with DNA methylation

According to the mean values of Alu, LINE-1, and
SAT2 methylation, no statistically significant dif-
ferences were observed between females and males
(Alu, P = 0.326; LINE-1, P = 0.279; SAT?2,
P =0.185; Table 4). Nevertheless, linear correlation
analysis showed a higher level of correlation
between LINE-1 and SAT2 methylation (females,
r = 0.88; males, r = 0.94) compared with Alu-
LINE1 and/or ALU-SAT2 methylation, which
were statistically significant in both women and
men (Figure 1).

Table 4 shows Spearman’s correlation coeffi-
cients between DNA methylation and the anthro-
pometric, haematological, and lipid indicators.
The bivariate analysis of Alu methylation showed
significant differences according to gender; Alu
methylation was positively correlated with skeletal

muscle and HDL-C in females and males, respec-
tively. However, LINE-1 and SAT2 methylation
showed the same associations according to gender;
in females, LINE-1 and SAT2 methylation was
negatively correlated with haematocrit and mean
corpuscular volume, whereas in males, their
methylation was positively correlated with Hcy
level, BMI, and body and visceral fat and nega-
tively correlated with skeletal muscle. We also
analysed Alu, LINE-1, and SAT2 methylation stra-
tified with previously associated variables accord-
ing to the «clinical criteria (Table 5).
Hypomethylation of Alu was significantly asso-
ciated with reduced HDL-C levels (<40.0 mg dL~
') in males, whereas LINE-1 and SAT2 hypo-
methylation was significantly correlated with the
increased percentage of skeletal muscle (<39.3%)
in males.

Discussion

Plasma Hcy concentration varied according to
sex, age, and race/ethnicity in the studied popu-
lation [13,18,19]. The present study investigated
Hcy levels in a population of apparently healthy
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Table 3. Levels of anthropometric, haematological, and lipid indicators according to the hyperhomocysteinemia (HHcy) criteria.

Female Male
Hey (umol L™
N =224 N=16 N = 88 N =20
Parameters < 15.0 > 15.0 P-value < 15.0 > 15.0 P-value
BMI (kg m?) 243 (214, 28.0) 30.5 (24.9, 32.0) 0.049 23.7 (21.2, 24.3) 21.0 (19.0, 25.5) 0.655
Body fat (%) 38.2 (31.9, 43.4) 43.3 (38.1, 48.9) 0.087 20.4 (15.6, 25.2) 15.4 (14.2, 28.5) 0.796
Visceral fat (%) 40 (3.0, 5.5) 6.0 (5.0, 6.5) 0.033 4.8 (3.0,7.0) 40 (2.0, 8.0) 0.869
Skeletal muscle (%) 25.3 (23.8, 26.8) 24.4 (22.5, 25.6) 0.216 40.5 (37.0, 43.0) 41.2 (35.5, 44.6) 0.869
Erythrocytes (108 uL”) 44 (42, 4.6) 44 (44,45) 0.626 5.0 (5.0, 5.2) 53 (5.2, 5.5) 0.069
Haemoglobin (mg dL’1) 12.7 (12.1, 13.3) 12.6 (12.4, 13.0) 0.913 15.0 (14.5, 15.2) 15.6 (14.4, 16.4) 0.436
Haematocrit (%) 36.4 (34.6, 38.3) 35.9 (35.3, 37.7) 0917 41.6 (40.8, 43.8) 434 (41.0, 45.2) 0.285
MCV (fL) 82.9 (80.7, 85.6) 80.9 (80.2, 83.7) 0.283 82.8 (80.4, 86.2) 82.8 (79.8, 84.9) 0.655
MCH (pg) 28.6 (27.8, 29.5) 28.3 (27.5, 29.5) 0.650 29.8 (29.0, 30.3) 29.3 (28.7, 30.4) 0.588
RDW-CV (%) 13.3(12.9, 13.8) 13.6 (13.1, 14.1) 0.594 13 5(13.0, 13.8) 12.9 (12.8, 13.0) 0.016
Leucocytes (10> puL™) 7.2 (6.2, 84) 7.2 (5.8, 8.9) 0.733 52,7.1) 6.1 (5.6, 6.9) 0.796

(
(
(
(
9 (
Platelets (10° uL™) 309.0 (284.0, 351.0) 369.0 (289.0, 404.0) 0.133 269 5 (237.0, 311.0) 268.0 (237.0, 324.0) 0.981
(
(
(
(

TC (mg dL™") 157.0 (138.0, 177.0) 156.5 (152.0, 166.0) 0.929 147.0 (130.0, 171.0) 149.5 (121.0, 172.0) 0.994
TG (mg dL™) 79.0 (58.0, 108.0) 73.0 (60.5, 86.0) 0.669 61.0 (52.0, 107.0) 92.5 (69.0, 113.0) 0.285
HDL-C (mg dL™") 46.0 (39.0, 53.0) 47.0 (35.5, 64.5) 0.703 45.0 (38.0, 53.0) 37.5 (32.0, 43.0) 0.049
LDL-C (mg dL™) 95.0 (70.0, 117.0) 104.0 (86.5, 155.0) 0.222  82.0 (68.0, 100.0) 93.0 (86.0, 124.0) 0.225
VLDL-C (mg dL™") 15.8 (11.6, 21.6) 14.6 (12.1, 17.0) 0.669 12.2 (104, 21.4) 18.5 (13.8, 22.6) 0.285
TC/HDL ratio 3.4 (29, 4.7) 3.0 (2.5, 4.4) 0.545 3.08 (2.6, 4.1) 139, 43) 0.144
LDL/HDL ratio .0 (1.5, 2.7) 23 (1.8, 2.8) 0364 1.78 (1.5, 2.4) 2.78 (2.6, 3.0) 0.016
AIP -0.12 (-.27, 0.06) —-.26 (-.32, 0.03) 0.456 -0.2 (-.29, —.07) 0.04 (—.06, 0.08) 0.055

BMI, body mass index; MCV, mean corpuscular volume; MCH, mean corpuscular haemoglobin; RDW-CV, red cell distribution width; Hcy, homocysteine; TC,
total cholesterol; TG, triglycerides; HDL-C, high-density lipoprotein (HDL) cholesterol; LDL-C, low-density lipoprotein (LDL) cholesterol; VLDL-C, very-low-
density lipoprotein (VLDL) cholesterol; AIP, atherogenic index of plasma. Data are presented as median values and interquartile ranges (IR). The Mann—
Whitney U-test was employed to compare the distribution between groups. Statistical significance was set at P < 0.05.

Table 4. Anthropometric, haematological, and biochemical indicators associated with the methylation levels of Alu, LINE-1, and
SAT2.

Female Male

Alu LINE-1 Sat2 Alu LINE-1 Sat2
Parameters 101.6 (5.5) 86.0 (7.3) 91.6 (7.3) 100.3 (5.2) 83.8 (9.6) 89.0 (9.8)
BMI (kg m™) -0.122 0.014 -0.044 0.112 0.485* 0.465*
Body fat (%) -0.160 0.015 -0.033 0.152 0.532* 0.509*
Visceral fat (%) -0.188 0.006 -0.077 0.198 0.472* 0.475*
skeletal muscle (%) 0.250* 0.003 0.049 -0.181 -0.518* -0.492*
Erythrocytes (10° uL™) -0.049 -0.073 -0.135 -0.028 -0.104 -0.207
Haemoglobin (mg dL™") -0.101 -0.060 -0.089 -0.001 0.000 -0.101
Haematocrit (%) -0.087 -0.230% -0.268* -0.026 -0.177 -0.281
MCV (fL) -0.056 -0.258* -0.257% 0.041 -0.115 -0.137
MCH (pg) 0.011 -0.003 0.031 -0.003 0.261 0.271
RDW-CV (%) -0.083 -0.0.96 -0.092 0.000 -0.147 -0.035
Leucocytes (10> pL™") -0.001 0.073 0.018 0.009 0.130 0.197
Platelets (10° pL™") -0.063 0.002 -0.057 -0.075 0.140 0.089
Hcy (umol L) -0.109 0.196 0.181 0.415 0.508* 0.480*
TC (mg dL™") -0.039 0.000 0.036 0.337 -0.061 -0.131
TG (mg dL™) -0.125 -0.069 -0.059 0.146 0.186 0.048
HDL-C (mg dL™ 0.048 0.135 0.129 0.665** 0.257 0.241
LDL-C (mg dL™ -0.012 0.139 0.145 0.092 -0.197 -0.228
VLDL-C (mg dL™") -0.125 -0.069 -0.059 0.146 0.186 0.048
TC/HDL ratio -0.040 -0.095 -0.043 -0.254 -0.237 -0.281
LDL/HDL ratio -0.056 0.057 0.072 -0.175 -0.296 -0.332
AlP -0.134 -0.101 -0.073 -0.279 -0.018 -0.135

BMI, body mass index; MCV, mean corpuscular volume; MCH, mean corpuscular haemoglobin; RDW-CV, red cell distribution width; Hcy, homo-
cysteine; TC, total cholesterol; TG, triglycerides; HDL-C, high-density lipoprotein (HDL) cholesterol; LDL-C, low-density lipoprotein (LDL) cholesterol;
VLDL-C, very-low-density lipoprotein (VLDL) cholesterol; AIP, atherogenic index of plasma. The percentages of DNA methylation of Alu, LINE-1, and
SAT2 are shown as the mean (standard deviation). The data are presented as Spearman correlation coefficients. *P-value less than 0.05. **P-value
less than 0.001**,

were markedly higher in men than in women,
consistent with data obtained from Asian popu-
lations [13,20,21] but different from findings

young adults, showing plasma Hcy concentra-
tions similar to those previously reported for
the 20-30-year-old age range. Plasma Hcy levels
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Figure 1. The linear associations among Alu, LINE-1, and SAT2 methylations were evaluated according to gender: (a—c) females and
(d-f) males. Alu, LINE-1, and SAT2 methylation percentages were transformed using the natural log function for linear regression.

reported in African populations [18]. This gen-
der difference has been associated with frequent
intake of meat products during the growth per-
iod since males typically consume more animal

proteins to

increase

muscular mass

[22].

Regarding differences with other populations,

we should consider the higher prevalence of
the MTHFR C677T allele reported in Mexican
populations (0.46) relative to African popula-
tions (0.09), which might be associated with
the higher levels of Hcy observed in the studied
population [3,23]. These results suggest that
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Table 5. Levels of Alu, LINE-1, and SAT2 methylation according to the anthropometric, haematological, and biochemical categories.

Females Males
(N = 240) (N = 108)
Anthropometric indicators N (%) Alu LINE-1 Sat2 N Alu LINE-1 SAT2
BMI (kg m) < 25.0 133 (55.4) 102.2 (6.0) 859 (7.7) 92.0(8.0) 65 (60.2) 100.4 (5.6) 82.4 (9.0) 87.5 (10.1)
> 25.0 107 (44.6) 101.0 (5.0)0 86.1(6.9) 91.1(6.5) 43 (39.8) 100.0 (3.3) 89.2 (10.9) 94.5 (7.3)
Body fat (%) F <330 71 (29.6) 102.7 (6.2) 864 (8.0) 920(82) 37(343) 99.6(73) 799 (106) 844 (11.3)
M < 20.0
F> 330 169 (70.4)  101.1 (5.1) 858 (7.0) 91.4(6.9) 71(657) 100.7 (3.1)  86.7 (8.0) 923 (7.5)
M > 20.0
Visceral fat (%) <9.0 240 (100)  101.6 (5.5) 86.0 (73) 91.6(7.3) 89(824) 100.1(52) 83.1(9.2) 88.4 (9.8)
> 9.0 0 - - - 19 (17.6) 104.1 (3.2) 97.8 (5.3) 99.3 (6.1)
Skeletal muscle (%) F <303 234 (97.5) 1017 (57) 86.2(73) 919(73) 16(148) 101.2(29) 879 (7.2* 93.8 (5.9)*
M < 393
F> 303 6 (2.5) 1004 (2.7) 819 (6.8) 86.8(7.6) 92(852) 993(6.9 793 (10.1) 83.6(10.9)
M > 393
Haematocrit (%) F <350 79 (32.9) 101.7 (5.2) 87.2(82) 93.2(79) 17 (157) 1017 (6.1)  86.9 (6.9) 92.5 (6.8)
M < 38.0
F> 350 161 (67.1) 101.6 (5.7) 85.7 (7.1) 91.2(7.2) 91 (84.3) 101.5 (4.6) 84.4 (7.5) 90.1 (8.0)
M > 38.0
MCV (fL) < 80.0 59 (24.6) 1013 (46) 87.5(52) 929(49 35(324) 1007 (3.6) 87.8(10.3) 91.4(9.8)
> 80.0 181 (75.4) 1017 (5.7) 856 (770 913(7.8) 73(67.6) 100.2(56) 828 (9.4) 883 (10.1)
MCH (pg) <270 86 (35.8) 102.0 (6.7) 86.0 (7.0) 91.7 (6.4) 10 (9.3) 96.2 (3.5) 74.0 (5.6) 77.3 (8.9)
> 27.0 154 (64.2) 101.6 (54) 86.0(74) 91.6(7.5) 98 (90.7) 100.5 (5.2) 84.4 (9.5) 89.6 (9.8)
Hcy (umol L <15.0 224 (93.4) 101.8 (5.4) 858(7.3) 91.5(74) 88 (81.5) 100.2 (5.4) 83.6 (9.2) 89.0 (9.7)
> 15.0 16 (6.6) 98.8 (7.5) 90.3 (7.1) 953 (6.2) 20 (18.5) 101.1 (4.1) 85.7 (16.9) 883 (15.5)
HDL (mg dL™) < 40.0 50 (20.8) 101.1 (45) 853 (7.00 90.7 (7.6) 31(287) 954 (6.6)* 827 (11.7) 889 (10.3)
> 40.0 190 (79.2) 101.8 (59) 86.2(7.5) 92.0(7.3) 77 (71.3) 101.6 (4.0) 84.1 (9.4) 89.0 (10.1)

BMI, body mass index; MCV, mean corpuscular volume; MCH, mean corpuscular haemoglobin; Hcy, homocysteine; HDL-C, high-density lipoprotein
(HDL) cholesterol. Percentage of Alu, LINE-1, and SAT2 DNA methylation is shown as the mean (standard deviation). Student’s t-test was employed
to evaluate differences between groups. *P-value less than 0.05. **P-value less than 0.001**.

genetic background could enhance the deleter-
ious effect of the non-healthy alimentation.
However, no study has been performed to char-
acterize the prevalence of MTHFR polymorph-
isms in the population under study.
Epidemiological  evidence  suggests  that
increased Hcy levels are frequently detected in
patients with metabolic diseases (diabetes mellitus
and obesity), indicating that alimentary habits play
a fundamental role in Hcy metabolism [1,3].
Chronic consumption of high-fat diets has been
associated with increased Hcy levels due to lipid
accumulation in hepatic tissue [24]. In addition,
individuals with non-alcoholic hepatic steatosis
frequently show increased Hcy levels, which has
been frequently associated with alterations in
methionine metabolism [11]. Given that BMI has
been used as the main anthropometric indicator to
identify alterations in normal body fat composi-
tion, most studies have employed this parameter to
investigate its association with Hcy [7,25,26].
Other studies have also complemented this asso-
ciation by employing parameters obtained by
bioimpedance analysis (body fat, visceral fat, and
skeletal muscle), with higher diagnostic accuracy

for evaluating corporal composition showing sig-
nificant correlations [7,27]. According to our
results, the relationship between Hcy and anthro-
pometric indicators showed significant associa-
tions only in the female population. Although
females with HHcy tend to have higher levels of
corporal fat, the occurrence of HHcy was only
significantly associated with peripheral obesity
higher than BMI > 30.0 kg m* and central obesity
higher than 6.0% (visceral fat). These findings
suggest that visceral fat may be a useful indicator
to timeously detect HHcy development.
Conversely, higher BMI and/or total fat levels are
required to determine significant associations with
pathological Hcy levels. However, further studies
considering hormonal factors are required to clar-
ify this association since several epidemiological
studies and biological models have suggested the
potential effect of oestrogen and leptin on the
regulation of Hcy metabolism [7,28].

The correlation of HHcy with lipid indicators
found in this study support the hypothesis that
alterations in lipid may enhance the atherogenic
properties of HHcy, even in apparently healthy
young individuals. This observation was



particularly evident in males, where HHcy was
significantly correlated with a higher AIP, gener-
ated by the combination of low HDL and high TG
levels. Indeed, some studies have suggested that
individuals with increased Hcy and LDL-C levels
present a higher risk of developing atherosclerosis
and coronary artery diseases during periods of
chronic systemic inflammation [29,30]. These
findings highlight the importance of a properly
balanced diet for Hcy metabolism. Accordingly,
the excessive intake of a regular diet composed
primarily of saturated fatty acids, cholesterol, and
saccharose, increases the risk of developing altera-
tions in components of the LDL/HDL ratio
[31,32]. In contrast, increased methionine primar-
ily from animal protein (e.g., meat, fish, dairy, and
eggs) may negatively regulate Hcy methylation.
This effect is particularly evident in vegetarian
individuals whose dietary components (e.g.,
seeds, nuts, and legumes) provide lower methio-
nine amounts [31].

Modifications in the consumption, absorption,
and metabolism of B vitamins are closely related to
changes in plasma Hcy levels [10,33]. Depending
on the cause of HHcy, supplementation with these
vitamins has shown promising results as a strategy
to reduce Hcy level and the risk of developing
cardiovascular disease [1,34]. This correlation has
encouraged the search for surrogate markers with
a high predictive value for elevated Hcy, primarily
in subjects with underlying metabolic alterations
linked to cardiovascular disease. Given that folate
deficiency and vitamin B-12 have been widely
associated with variations in the size and form of
red blood cells, the correlation with red cell indi-
cators has been investigated in different studies,
obtaining discrepant results depending on the age
range and clinical condition of the studied popula-
tion [33,35,36]. According to our results, the pre-
valence of HHcy was associated with a slightly
lower RDW-CV in men. It is worth noting that
all RDW-CV values for males were within the
normal range (11-15%). These findings suggest
that increased Hcy level in young adults as
a consequence of vitamin B deficiency is not initi-
ally associated with increased RDW-CV. Instead,
the concomitant deficiency of B vitamins in indi-
viduals with slightly elevated Hcy levels may
enhance alterations of pathways that converge in
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Hcy metabolism. Indeed, analysis of data from
longitudinal studies through self-learning algo-
rithms suggests that subjects with elevated
Hcy levels may have a higher risk of increased
RDW-CV [33].

The relationship between increased Hcy levels
and passive DNA demethylation has been evalu-
ated in several epidemiological studies. However,
since Hcy levels increase with age, most studies
have investigated this association in adults
>40 years old [10,37,38]. In contrast, the present
study investigated the relationship between Hcy
and global methylation in a young population
with no history of diseases. According to our
results, Alu, LINE-1, and SAT2 methylation levels
did not significantly differ between females and
males. However, higher LINE-1 and SAT2 methy-
lation levels were observed in the male population
with increased BMI and total and visceral fat,
consistent with previously reported findings from
older adults [39]. Moreover, that this association
has also been reported in postmenopausal women
[40] highlights the role of hormonal factors in
DNA methylation through Hcy alteration.
Conversely, hypomethylation of LINE-1 and
SAT2 was only observed in individuals with
changes in parameters associated with methionine
metabolism (skeletal muscle), regardless of gender,
suggesting that metabolic changes associated with
increased methionine levels may differentially
modify Alu, LINE-1, and SAT2 methylation levels,
even when Hcy levels are within normal range.
This hypothesis is also supported by the positive
correlation observed between Alu hypomethyla-
tion and HDL-C reduction due to lipid alteration
that has been observed in biological models fed on
a high-methionine diet [32]. This could also be
a consequence of the proportion of LINE-1
(13%) and Alu sequence (25%) proportions pre-
sent in the human genome [41], which suggest
a higher susceptibility of LINE-1 and SAT2 hypo-
methylation in response to changes in methionine
and folate intake.

It is worth noting that global methylation was
evaluated in DNA extracted from mononuclear
cells, reducing the bias of evaluating DNA methy-
lation from total white blood cells, which has
been proven to modify methylation levels because
of the cellular heterogeneity of the sample
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[38,42]. Indeed, the high degree of correlation
observed between LINE-1 and SAT2 methylation
regardless of gender supports this hypothesis
since it has been previously reported that several
factors may affect the correlation between these
markers [38]. In addition, although liquid chro-
matography (HPLC) is considered the gold stan-
dard for determining Hcy concentration,
enzymatic assays have shown a high rate of cor-
relation (r = 0.98) with HPLC [8], with low levels
of inter- and intra-variation (<5%), supporting its
utility in monitoring Hcy at a lower cost.

The current study has some limitations. The
cross-sectional nature of the study and lack of
data on the prevalence of MTHFR polymorphisms
in the studied population limits the interpretation
of the causal relationship between Hcy and the
studied variables. In addition, no nutritional data
on lifestyle factors were obtained during the
recruitment of the study population, limiting the
scope of our study. Nevertheless, our findings
highlight the need for longitudinal studies evaluat-
ing the potential effect of chronic consumption of
high-fat or high-methionine diets on global DNA
methylation in relation to alterations in Hcy
metabolism.

In conclusion, our study results suggest that
the association between increased plasma Hcy
level and the higher corporal fat percentage
found in the female population highlights the
participation of hormonal factors in the regula-
tion of Hcy metabolism. However, because
majority of the studied population comprised
women, additional studies with a larger male
cohort are necessary to replicate these findings.
Furthermore, the association between anthropo-
metric and haematological parameters and the
modification of Alu, LINE-1, and SAT2 methy-
lation highlights the usefulness of longitudinal
studies to understand the possible regulatory
effects exerted by Hcy on global methylation at
a young age. Finally, it is worth mentioning that
the association of increased Hcy level with
a higher level of lipids supports the hypothesis
that dyslipidemia plays a fundamental role in the
atherogenic behaviour of Hcy, even in young
individuals.
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