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ABSTRACT

The mechanisms by which the ageing process is associated to an unhealthy lifestyle and how they
play an essential role in the aetiology of systemic arterial hypertension have not yet been
completely elucidated. Our objective is to investigate the influence of NOS3 polymorphisms
[-786T > C and (Glu298Asp)] on systolic blood pressure (SBP) and diastolic blood pressure
(DBP) response, differentially methylated regions (DMRs), and physical fitness of adult and older
women after a 14-week combined training intervention. The combined training was carried out
for 14 weeks, performed 3 times a week, totalling 180 minutes weekly. The genotyping experi-
ment used lllumina Infinium Global Screening Array version 2.0 (GSA V2.0) and lllumina’s EPIC
Infinium Methylation BeadChip. The participants were separated into SNP rs2070744 in TT (59.7 +
6.2 years) and TC + CC (60.0 £ 5.2 years), and SNP rs17999 in GluGlu (58.8 + 5.7 years) and GluAsp +
AspAsp (61.6 + 4.9 years). We observed an effect of time for variables BP, physical capacities, and
cholesterol. DMRs related to SBP and DBP were identified for the rs2070744 and rs17999 groups
pre- and decreased numbers of DMRs post-training. When we analysed the effect of exercise
training in pre- and post-comparisons, the GluGlu SNP (rs17999) showed 10 DMRs, and after
enrichment, we identified several biological biases. The combined training improved the SBP and
DBP values of the participants regardless of the SNPs. In addition, exercise training affected DNA
methylation differently between the groups of NOS3 polymorphisms.
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Introduction
High blood pressure is one of the main modifi-

Population ageing is growing all over the world,
and it is estimated that the older population will
represent one-fifth of the world population by
2050 (1 United Nations, 2019). Ageing is
a process characterized by the accumulation of
deleterious changes in cells and tissues, which
results in the decline of the full functionality of
physiological systems and causes important losses
in functional capacity and physical ability, and
increases the risk of developing diseases, such as
systemic arterial hypertension [1].

able risk factors for cardiovascular morbidity and
mortality [2,3], and it is estimated that 90% of
individuals who did not develop hypertension by
the age of 55 will develop it over the next few years
of life [4]. In addition to ageing, the aetiology of
hypertension is closely related to an unhealthy
lifestyle (smoking, alcohol abuse, low levels of
physical activity, sedentary behaviour, and poor
eating habits) [5].

The mechanisms by which the ageing process
and an unhealthy lifestyle play an important role
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in the aetiology of hypertension have not yet been
completely elucidated. Studies indicated that arter-
ial stiffness is related to elevated systemic blood
pressure (BP), increasing the risk of developing
hypertension and cardiovascular diseases [6]. The
increase in endothelial stiffness and dysfunction
occurs in response to the decrease in vasodilatory
molecules produced by endothelial cells, mainly
nitric oxide (NO), a soluble gas produced by nitric
oxide synthase (NO3) [7].

It is known that the chronic practice of exercise
training can promote various health benefits [8],
including an increase in NO synthesis [9-11].
However, individuals may exhibit different
responses in BP after a period of exercise training
practice [12-15]. Genetic variables, such as NOS3
polymorphisms, may be related to differences in
responses to exercise training [12,13,16,17].

In a study conducted by our research group
[17], we showed that specific single nucleotide
polymorphisms (SNPs) of NOS3 (-786T > C,
894 G > T (Glu298Asp)) influenced responsiveness
to multicomponent exercise training regarding BP
and nitrite concentration in physically inactive
pre-hypertensive or hypertensive middle-aged
and older women. The decreases in systolic and
diastolic BP and increases in nitrite expected from
exercise training were smaller in the variant geno-
type (=786T > C - TC + CC, Glu298Asp: GluAsp
+ AspAsp) than ancestral genotype (-786T > C -
TT, and Glu298Asp: GluGlu). Similar studies
using only aerobic exercise training intervention
showed that NOS3 polymorphisms may or may
not influence responses to exercise training [12-
15,18]. Thus, there is still no high level of evidence
indicating whether genetic polymorphisms are
determinants for responses in blood pressure and
NO synthesis after exercise training practice, par-
ticularly in relation to combined exercise training.
This is a type of exercise training in which aerobic
exercises targeting greater cardiorespiratory work
(aerobic exercises) and exercises aiming for greater
strength work (resistance or strength exercises) are
performed in the same session [9-11].

Additionally, studies have shown that changes
in epigenetic mechanisms are associated with an
increased or decreased risk of developing various
diseases [19,20]. These mechanisms are modified
by lifestyle factors (external or environmental

factors), such as exercise training and dietary
habits. These factors interact with the genome
and affect the phenotype through modifications
in epigenetic mechanisms, which can suppress or
increase gene expression and protein expression
[21]. Potentially, DNA methylation is the epige-
netic mechanism that has the greatest impact on
gene expression regulation [19,20,22]. It is pro-
posed that methylation acts as a ‘barrier’ to repro-
gramming [23,24] and the binding of transcription
factors to previously methylated sites [25] or the
removal of the methyl group from methylated
cytosine [26] is involved in cell differentiation or
reprogramming.

Studies have demonstrated that exercise training
can affect DNA methylation in muscle tissue,
causing changes in the expression of specific
genes in physically inactive healthy men and
women [27]. Changes in leukocyte methylation
associated with increased cardiorespiratory ability,
running economy, and decreased LDL-c concen-
trations have also been observed after exercise
training [28,29], but to date there is no evidence
of how exercise training will influence DNA
methylation when comparing different SNPs, ana-
lysing how these SNP mutations will respond to
the combined exercise training protocol and what
is the epigenetic impact on DNA methylation in
women carrying NOS3 polymorphisms.

To date, there is no evidence regarding the
changes in DNA methylation that exercise training
provides when comparing NOS3 polymorphisms
and how these polymorphisms will respond to
combined exercise training when analysing older
women.

The literature shows that combined exercise
training presents significant clinical changes for
adult women when NOS3 polymorphisms are not
used as a comparison [8,30,31], but there remains
a need to understand whether these clinical
changes are in sync when we analyse DNA methy-
lation when genetics can be a limiting factor for
the best clinical response to physical exercise.

Aiming to advance the study on the different
responses in blood pressure after combined exer-
cise training, the objective is to investigate the
influence of NOS3 polymorphisms [-786T > C e
(Glu298Asp)] [17] on blood pressure response,
identify differentially methylated regions in the



various polymorphisms using exploratory analysis,
and analyse the physical fitness of adult and older
women after a 14-week intervention of combined
exercise training.

Methods

This is a prospective single-arm longitudinal clinical
trial study. The study was submitted and approved
by the Research Ethics Committee for Human
Subjects at the School of Physical Education and
Sports of Ribeirdo Preto, University of Sdo Paulo
(CAAE: 79582817.0.0000.5659), based on
Resolution 466/12 of the Ministry of Health, regu-
lated by the National Health Council. It is registered
in the Brazilian Registry of Clinical Trials with the
registration number RBR-3g38dx. Women aged 50
and 70 years who had been physically inactive for at
least six months were included. Exclusion criteria
included participants with physical limitations to
perform exercises, current smokers or those who
had smoked in the last six months, and those who
consumed caffeine 24 hours before any blood collec-
tion. Women who agreed to participate in the study
had to read and sign the informed consent form
before the start of activities.

Combined exercise training protocol

The protocol performed was combined exercise
training, in which 60 min- sessions were performed
three times a week for 14 weeks. The combined
exercise training sessions consisted of 30 minutes of
cardiorespiratory training (treadmill or bicycle) and
30 minutes of muscular strength exercises [8].

We used 8 exercises for strength training,
including 3 for the lower limbs and 5 for the
upper limbs. The training protocol included leg
curls, leg presses 45°, leg extensions, triceps with
a neutral grip, bicep curls with dumbbells, lat pull-
downs on the high pulley, seated rows, and
inclined bench press exercises [30].

Exercise training protocol

The training protocol was periodized into the first
two weeks consisting of 2 sets of 15 to 17 maximal
repetitions for strength exercises and 30 minutes
on a treadmill or stationary bike using 50% of the
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heart rate reserve. In the subsequent 12 weeks,
totalling 14 weeks, 2 sets of 10 to 12 maximal
repetitions and 30 minutes on a treadmill or sta-
tionary bike with 70% of the heart rate reserve
were performed [30]. Training intensities were
measured using the Borg Rating of Perceived
Exertion Scale [32], maintained between values 3
and 6 on a scale of zero to 10, representing mod-
erate exercise intensity. The Polar Team2, Finland,
was also utilized to enhance the accuracy of the
perceived exertion scale [33].

Assessments

Assessments were conducted before (pre) and after
(post) 14 weeks of combined exercise training.
Anthropometric evaluations included height
(cm), weight (kg), body mass index (kg/mz), and
waist circumference. Motor variables assessed
encompassed elbow flexion and extension, sit-to-
stand, six-minute walk, dynamic agility, maximum
upper limb strength measured in the inclined
bench press, and maximum lower limb strength
assessed in the leg press 45° apparatus [34].

Blood pressure assessment

The same investigator performed blood pressure
measurements in the morning, which were the
pre- and post-intervention evaluations. The mea-
surements were conducted in a quiet place, with
light and temperature (22°C) controlled. The par-
ticipants must not drink alcoholic beverages,
smoke, or consume tobacco, nor eat and/or drink
any food/drink containing caffeine and/or poly-
phenols at least 24 hours before blood pressure
assessments [35].

Blood pressure was assessed using an upper arm
blood pressure, employing the oscillometric
method (OMRON, model HEM-7113). Initially,
blood pressure was measured in both arms, start-
ing with the left arm and, subsequently, the right.
Following these initial measurements, two more
readings were taken exclusively in the right arm,
with a two-minute interval between each measure-
ment. The measurements were conducted after the
participant rested for five minutes in a seated posi-
tion, per the Brazilian Guidelines for Arterial
Hypertension [36].
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DNA extraction, genotyping, and methylation
analysis

Peripheral blood samples were collected in EDTA
tubes before and after 14 weeks of training. Genomic
DNA was isolated from peripheral blood using the
salting-out method [37]. DNA quality and integrity
were assessed by spectrophotometry [38]. Participants
were genotyped using the Illumina Infinium Global
Screening Array version 2.0 (GSA V2.0), following the
manufacturer’s instructions. DNA methylation assays
were conducted using the EPIC Infinium Methylation
BeadChip from Illumina, and fluorescence signals
were detected by the Illumina iScan system [39].

Bioinformatics analysis

For genotyping beadchips, the two-colour channels
*idats were processed in Genome Studio v 2.0 to
perform SNP calling. All samples in this study had
a call rate > 0.90 [40]. For DNA methylation data,
we converted intensities into methylation Beta
values and exported them as raw data. Data proces-
sing was conducted using Rstudio software (R ver-
sion 3.6.3) [39], analysing methylation patterns
using the chAMP Bioconductor package recom-
mendations. To identify differentially methylated
regions (DMRs), we altered the command to pheno
=myLoad$pd$Sample_Group and performed
compare.group (POST INTERVENTION vs. PRE-
INTERVENTION) with p <0.05.

After analysing DMRs for groups with different
single nucleotide polymorphisms (SNPs), we mod-
ified the pheno command to identify DMRs asso-
ciated with blood pressure values in pre- and post-
intervention groups, calculating regressions to
identify DMRs related to SNPs pre and post-
intervention. Another analysis conducted was sin-
gular value decomposition analysis (SVD), which
is a powerful tool to assess the number and nature
of significant components of variation in a dataset.
The result is a heat map (saved as SVDsummary.
pdf) of the main components correlated with the
covariate information provided [39].

Enrichment analysis (string)

We enriched our gene list using STRING software.
Notably, the desired specificity cut-off for

functional associations in STRING corresponds
approximately to the granularity of annotation on
KEGG pathway maps [41].

Sample size calculation

We utilized GPower software to determine the
necessary sample size for the study. Independent
sample testing was employed to analyse results and
assess post-intervention changes. By setting the
alpha error probability at 0.05 and adjusting the
power to 0.8%, we calculated that a minimum of
18 participants would be required for the study to
detect a difference between the means.

Statistical analysis

Motor and anthropometric data were entered into
an Excel file by two researchers and subsequently
cross-referenced to eliminate possible errors.
GraphPad Prism 8 software was adopted for statis-
tical analyses. Normality was tested using Shapiro-
Wilk, and Levene’s test was employed to assess the
equality of variances between groups. As the analysis
showed that the data met assumptions, repeated-
measures ANOVA was utilized, considering p <
0.05. He chosen p-value threshold of < 0.05 for two-
sided tests in our study. It is widely accepted in
biological research as a criterion for declaring statis-
tical significance. This threshold was selected to bal-
ance the risks of Type I and Type II errors within our
study’s design and objectives.In our study, ‘Group’
refers to the distinct experimental or control groups,
while “Time’ represents the two-time points at which
data were collected (pre- and post-intervention). The
‘Group*Time’ interaction term investigates whether
the change over time differs between groups.
Significant group-time interactions indicate that the
intervention’s impact varies by group across differ-
ent time points. This understanding is critical for
comprehending the dynamics and effects of inter-
ventions within different groups over time.

Results

Variables such as age, education, number of for-
mer smokers, prevalence of obesity, hypertension,
and use of anti-hypertensive drugs from all parti-
cipants are showed in Table 1.



Combined exercise training for 14 weeks pro-
moted significant improvements in 50 women
(60.0 + 4.7 years). There were reductions in systolic
blood pressure values (p=0.001), diastolic blood
pressure (p=0.039), and values from the agility
test (p <0.001). Furthermore, the 14-week training
programme resulted in increased functional
strength of the upper limbs, as measured by the
Biceps curl test (p < 0.001), and enhanced strength
of the lower limbs demonstrated through the chair
stand test (p <0.001) (Table 2).

There was also a notable increase in maximum
strength for both the upper limbs, as assessed by
the MP upper limbs test (p < 0.001), and the lower

Table 1. Variables: age, education, number of former smokers,

prevalence of obesity, hypertension, and use of anti-
hypertensive drugs from all participants.

Variables

Age (years) 60.0 + 4.7
Education (years) 10.2 £ 5.0
Obesity [n (%)] 19 (38.0)
Hypertension [n (%)] 17 (34.0)
Former smokers [n (%)] 6[12]
Anti-hypertensive drugs

Beta-blockers [n (%)] 4 (8.0)
ACEI [n (%)] 5 (10.0)
ARBs [n (%)] 6 (12.0)
Diuretics [n (%)] 2 (4.0)
CCBs [n (%)] 1(2.0)

ACEIl: Angiotensin-Converting Enzyme Inhibitors; ARBs: Angiotensin
receptor blockers; CCBs: Calcium channel blockers. Data are showed
as mean * standard deviation.
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limbs, evaluated using the MP lower limbs test (p
<0.001). Additionally, the training led to
improved aerobic fitness among the participants,
as indicated by the results of the 6-minute walk
test (6MWT) (p =0.001) (Table 2).

Fifty women aged 50 to 70 years were divided
into groups considering the NOS3 polymorphisms
rs2070744 (TT and TC+CC) and rs1799983
(GluGlu and GluAsp+AspAsp) to understand the
influences on the blood pressure response, identi-
fying the regions differentially methylated in the
polymorphisms (Figure 1). The presence of the
two variant genotypes [-786T > C: TC + CC, and
894 G > T (Glu298Asp): GluAsp + AspAsp].

Clinical variables and blood pressure divided by
SNPs

Variables such as age, education, number of for-
mer smokers, prevalence of obesity, hypertension,
and use of anti-hypertensive drugs from TT and
TC+CC groups were showed in Table 3.

The groups were for the rs2070744 SNP into TT
(59.7 £ 6.2 years) and TC+ CC (60.0 £ 5.2 years).
Upon analysing the variables (Table 4), no signifi-
cant differences were observed in the Time
x group interaction. However, significant differ-
ences over time were observed for the blood pres-
sure, physical capacities, and cholesterol variables.

Table 2. Anthropometric measurement, blood pressure, physical capacities, and bio-

chemical variables from all participants.

Variables Pre Post P-value
Antropométricos

Height (m) 1.6 = 0.1

BM (kg) 72.7 (9.3) 725+ 86 0.467
BMI (kg/mz) 294 + 3.2 29.1 £ 28 0.382
Waist circumference (cm) 94.0 + 8.0 95.4 + 8.9 0.264
Blood pressure

Systolic blood pressure (mmHg) 132.8 + 13.7 1213 + 10.5 0.001*
Diastolic blood pressure (mmHg) 78.6 + 8.1 751 £ 6.2 0.039
Motor variables

Biceps curl test (repts) 183 £ 3.0 214 £ 29 <0.001*
Chair stand test (repts) 141 + 28 177 £ 43 <0.001*
Agility (s) 26.1 £ 29 227 £26 <0.001*
6MWT (m) 538.6 £ 51.4 578.0 £ 48.9 0.001 *
MP upper limbs (kg) 223 +34 352+ 44 <0.001*
MP lower limbs (kg) 128.1 + 29.1 2135 + 324 <0.001*
Biochemical blood analysis

Uric acid (mg/dL) 42 + 09 43+ 09 0.226
Cholesterol (mg/dL) 215.0 £ 22.0 203.9 + 26.2 0.052
Glycaemia (mg/dL) 1053 = 11.7 1009 £ 8.6 0.108

BM: body mass; BMI: body mass index; MP: maximum repetition; 6MWT: 6 minute walk test; m:
meters; kg: kilogram; kg/m?: weight (kg) by height squared (meters); cm: centimetres; mmHG:
millimeters of mercury; repts: repetitions; s: seconds; mg/dL: milligrams per decilitre; *Normality
test: Shapiro-Wilk; Student’s t-test p < 0.05. Data are showed as mean + standard deviation.
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Assessed for eligibility (n=130)

Excl

Y

- Did not meet the inclusion criteria (n=20)
- Refused to participate (n=5)

uded (n=25)

Allocated for participation (n=105)
I

[ Intervention ] Excluded (n=32)

-Give up (n=8)

-> 25% of absences (n=9)

-Lacked in evaluation moments (n=10)
- Degraded DNA sample (n=5)

Y

Finished the training (n=73)
I

[ Randomized ]

l

BeadChip
Analyzed (n=50)

rs2070744 rs1799983
TT (n=19), GluGlu (n=29),
TC+CC (n=31) GluAsp+AspAsp (n=21)

Figure 1. Flowchart.

Table 3. Variables: age, education, number of former smokers,
prevalence of obesity, hypertension, and use of anti-
hypertensive drugs from TT and TT+TC groups.

rs1799983 Groups

Variables TT (n = 19) TT+TC (n = 31)
Age (years) 59.7 £ 6.2 60.0 £ 5.2
Education (years) 10.7 + 4.6 99 +53
Obesity [n (%)] 8 (42.1) 11 (35.5)
Hypertension [n (%)] 6 (31.6) 11 (35.5)
Former smokers [n (%)] 1(5.3) 5(16.1)

Anti-hypertensive drugs

Beta-blockers [n (%)] 2 (10.5) 2 (6.5)
ACEIl [n (%)] 2 (10.5) 3(9.7)
ARBs [n (%)] 2 (10.5) 4(12.9)
Diuretics [n (%)] 0 (0.0 2 (6.5)
CCBs [n (%)] 0 (0.0) 1(3.2)

ACEl:  Angiotensin-Converting Enzyme Inhibitors; ARBs: Angiotensin
receptor blockers; CCBs: Calcium channel blockers. Data are showed
as mean * standard deviation.

In the distribution of participants into groups
for the rs17999 SNP, they were subdivided into
GluGlu (58.8+5.7years) and GluAsp + AspAsp

(61.6 + 4.9 years). Variables such as age, education,
number of former smokers, prevalence of obesity,
hypertension, and use of anti-hypertensive drugs
from GluGlu and GluAsp + AspAsp groups are
showed in Table 5.

No differences were observed in the time
x group (Table 6). However, significant differences
were observed over time for the blood pressure,
physical capacities, and cholesterol variables.

Individual changes in systolic and diastolic blood
pressure divided by SNPs

In the blood pressure variables (Tables 4 and 6),
we observed a significant time difference for
systolic and diastolic pressures, indicating
a clinical improvement in the values post-
intervention for the TC+CC and GluAsp +
AspAsp groups. To better understand the
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Table 4. Anthropometric measurement, blood pressure, physical capacities and biochemical variables from TT and TT+TC groups.

1s2070744 TT (n=19), TC+CC (n=31)

Variables Groups Pre Post Time x Group Time Group

Anthropometric

Height (m) T 1.6£0.1 0313 0.129 0.904
TC+CC 1.610.1

BM (kg) T 74.1£12.1 72.8+11.5 0.613 0.940 0.598
TC+CC 71.5+£11.0 72.0£10.1

BMI (kg/mz) T 28.8+3.9 29.1£4.2 0.212 0.159 0.607
TC+CC 29.6+4.1 29.1+33

Waist circumference (cm) T 93.0+£11.6 94.8+12.8 0.747 0.337 0.237
TC+CC 94.319.8 95.1£10.6

Blood pressure

SBP (mmHg) T 129.5+14.8 123.5£11.9 0.919 0.001* 0.440
TC+CC 133.4+20.4 119.2+13.8

DBP (mmHg) 1T 77.749.5 73.246.2 0.545 0.006* 0.297
TC+CC 78.6+11.5 76.0+8.8

Motor variables

Biceps curl test (repts) T 18.3+3.2 20.9+3.3 0.660 0.001* 0.076
TC+CC 18.5+4.2 21.8+4.2

Chair stand test (repts) T 13.3+2.3 17.4+6.8 0.498 0.001* 0.466
TC+CC 14.6x+4.7 17.8+4.6

Agility (s) T 25.6+3.7 22.6+4.6 0.332 0.001* 0.362
TC+CC 26.4+3.5 22.8+2.7

6MWT (m) T 542.4+773 601.7+71.0 0.662 0.001* 0.961
TC+CC 535.5+59.9 563.8+49.3

MP upper limbs (kg) T 23.8+5.5 34.6+6.6 0.108 0.001* 0.196
TC+CC 21.3+4.2 35.3+6.2

MP lower limbs (kg) 1T 138.5+39.5 214.7+43.9 0.967 0.001* 0.115
TC+CC 121.2+33.1 210.8+40.4

Biochemical blood analysis

Uric acid (mg/dL) T 44411 4.6+1.1 0.109 0.074 0.203
TC+CC 4.0£1.1 42+1.2

Cholesterol (mg/dL) T 213.6£30.5 200.4+32.1 0.650 0.009* 0.248
TC+CC 215.8+35.0 206.3+34.8

Glycaemia (mg/dL) T 107.6+30.4 100.1£10.0 0.424 0.144 0.844
TC+CC 103.9+14.7 101.5+£12.2

BM: body mass; BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure; MP: maximum repetition; 6MWT: 6 minute walk
test; m: meters; kg: kilogram; kg/m?: weight (kg) by height squared (meters); cm: centimeters; mmHG: millimeters of mercury; repts: repetitions; s:
seconds; mg/dL: milligrams per deciliter; *statistical difference p < 0.05 for pre versus post; (repeated measures two-way ANOVA was used,
followed by FISHER LSD post-hoc). Data are showed as mean + standard deviation.

individual response of each participant to systo-
lic and diastolic blood pressure variables, we
present the pre- and post-intervention variations
for each individual, detailing the changes after
14 weeks of intervention (Figure 2).

Regressions to examine the impact of SNPs on
differentially methylated regions

We performed Singular Value Decomposition
(SVD) to analyse methylation components with sys-
tolic and diastolic blood pressures. Following the
processing, we identified regions that were differen-
tially methylated before and after 14 weeks of exer-
cise training in our study groups. We used ‘pheno =
myLoad$pd$DBP’ and ‘pheno = myLoad$pd$SBP’
to identify DMRs in both pre- and post-
intervention. For the TC+CC group and systolic

blood pressure, we observed 51 DMRs at the pre-
intervention stage, and no significant regions were
identified post-intervention (Figures 3a—4a). In con-
trast, for diastolic blood pressure, there was
a reduction in one region after training (Figures
3b-4b) - three in the pre-training and two in the
post-training. The TT genotype initially presented 3
regions for systolic after 14 weeks of training, there
was an increase in regions for systolic 10 regions
(Figures 3c-4c), and 4 for diastolic blood pressure
after 14 weeks of training, there was an increase in
regions for systolic 28 regions (Figures 3d-4d).
Notably, the AL68 region appeared as a stimulated
region both before and after training for systolic
blood pressure (Figure 3b).

There was a reduction in differentially methy-
lated regions for the GluAsp+AspAsp poly-
morphism, decreasing from 9 in the pre-
evaluation to 3 regions in the post-evaluation
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Table 5. Variables: age, education, number of former smokers, prevalence of
obesity, hypertension, and use of anti-hypertensive drugs from GluGlu and
GluAsp+AspAsp groups.

rs1799983
Variables

Groups

GluGlu (n=29)

GluAsp+AspAsp (n=21)

Age (years)
Education (years)
Obesity [n (%)]

Hypertension [n (%)]

Former smokers [n (%)]

Anti-hypertensive drugs
Beta-blockers [n (%)]

ACEIl [n (%)]
ARBs [n (%)]

Diuretics [n (%)]

CCBs [n (%)]

58.8+5.7 61.6+4.9

9.2+5.2
11 (37.9)
13 (44.8)
3 (10.3)

3 (10.3)
4 (13.9)
4 (13.9)
2 (6.9)
1(3.5)

11.6+4.4
8 (38.1)
4 (19.0)
3 (14.3)

ACEl: Angiotensin-Converting Enzyme Inhibitors; ARBs: Angiotensin receptor blockers;
CCBs: Calcium channel blockers. Data are showed as mean + standard deviation.

Table 6. Anthropometric measurement, blood pressure, physical capacities and biochemical variables from GluGlu and

+AspAsp groups.

GluAsp

rs1799983 GluGlu (n=29), GluAsp+AspAsp (n=21)

Variables Groups Pre Post Time x Group Time Group

Antropométricos

Height (m) GluGlu 1.6+0.1 0.129 0.275 0.505
GluAsp+AspAsp 1.6%0.1

BM (kg) GluGlu 733113 73.6+10.3 0.874 0.932 0.653
GluAsp+AspAsp 71.9£11.9 71.2+10.9

BMI (kg/m?) GluGlu 29.3+4.1 29.6%£3.5 0.255 0.422 0.866
GluAsp+AspAsp 29.5+4.0 28.5+£3.7

Waist circumference (cm) GluGlu 95.0+9.9 97.4+9.7 0.618 0.371 0.938
GluAsp+AspAsp 92.5+10.8 93.0+13.4

Blood pressure

Systolic blood pressure (mmHg) GluGlu 133.5+£22.5 122.7£14.3 0.177 0.001* 0.850
GluAsp+AspAsp 131.9+£13.6 119.6+13.1

Diastolic blood pressure (mmHg) GluGlu 79.0+12.2 76.8+9.0 0.540 0.010* 0.564
GluAsp+AspAsp 78.1+£8.9 73.1+6.1

Motor variables

Biceps curl test (repts) GluGlu 19.1+3.8 22.0+4.0 0.793 0.001* 0.524
GluAsp+AspAsp 17.243.8 20.8+3.6

Chair stand test (repts) GluGlu 14.6+4.6 17.845.1 0.498 0.001* 0.506
GluAsp+AspAsp 13.2+2.9 17.4+5.7

Agility (s) GluGlu 25.6+3.5 22.6+3.4 0.186 0.001* 0.425
GluAsp+AspAsp 27.0£3.4 22.8+3.5

6MWT (m) GluGlu 537.7+67.8 578.3+56.3 0.458 0.001* 0.103
GluAsp+AspAsp 539.9+63.2 577.7+65.0

MP upper limbs (kg) GluGlu 21.9+5.8 36.716.0 0.109 0.001* 0.320
GluAsp+AspAsp 22.9+2.6 33.2+6.2

MP lower limbs (kg) GluGlu 133.2+39.2 219.6+33.9 0.527 0.001* 0.339
GluAsp+AspAsp 120.3£29.7 205.9+49.6

Biochemical blood analysis

Uric acid (mg/dL) GluGlu 44111 44+£1.2 0.899 0.106 0.239
GluAsp+AspAsp 3.8+1.1 42412

Cholesterol (mg/dL) GluGlu 220.2+34.0 207.7£35.2 0.638 0.009* 0.675
GluAsp+AspAsp 208.0+30.7 199.1£30.9

Glycaemia (mg/dL) GluGlu 103.6+15.5 101.8+12.0 0.508 0.149 0.812
GluAsp+AspAsp 107.5£27.1 99.9+10.3

BM: body mass; BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure; MP: maximum repetition; 6MWT: 6 minute walk
test; m: meters; kg: kilogram; kg/m? weight (kg) by height squared (meters); cm: centimeters; mmHG: millimeters of mercury; repts: repetitions; s:
seconds; mg/dL: milligrams per deciliter; *statistical difference p<0.05 for pre versus post; (repeated measures two-way ANOVA was used, followed

by FISHER LSD post-hoc). Data are showed as mean * standard deviation.

(Figures 5a-6a). When considering diastolic
blood pressure, there were 21 regions in the pre-

evaluation, which decreased to 7 regions after 14

weeks, with the regions HLA-DPB1, MIR596,
MIR886, and NPY common to both time points
(Figures 5b-6b).
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Figure 2. Individual changes in systolic and diastolic blood pressure values after 14 weeks of combined exercise training.
SBP stands for systolic blood pressure, DBP for diastolic blood pressure, Pre stands for before 14 weeks of training, and Post stands

for after 14 weeks of training.

We identified 30 differentially methylated
regions associated with systolic blood pressure
(SBP) in the pre-intervention period, decreasing
to 14 regions post-intervention (Figures 5c-6¢).
Notably, the DMR ZNF681 was stimulated in
both pre and post comparisons (Figure 5c).

For diastolic blood pressure (DBP), there were
40 DMRs in the pre-intervention period, decreas-
ing to 12 DMRs post-intervention. The common
DMRs in both pre and post-comparisons were
HUSI1B, ZNF681, and FZD6 (Figures 5d-6d).

Differentially methylated regions in the pre-
versus post-training comparison for the GluGlu

SNP

Following the comparisons in the diagrams, we
conducted analyses of differentially methylated
regions by comparing pre- and post-
intervention in our study groups. We observed
that after 14 weeks of training, the only group
that exhibited differentially methylated regions
was the GluGlu SNP rs17999 group (n=29),

and we identified 10 DMRs (Table 7). The
majority of these regions were located in promo-
ter zones, with two found in intergenic regions
(Table 7).

Enrichment of pre- and post-training DMRs for
the GluGlu SNP

To gain a better understanding of the differentially
methylated regions (DMRs) identified in partici-
pants with the GluGlu SNP after 14 weeks, we
performed site enrichment analyzes to identify
key related pathways. We identified trait enrich-
ment associated with Crohn’s disease, insufficient
sleep, among other processes (Figure 7a). When
we observed KEEG, we identified pathways related
to Metabolic pathways, pathways in cancer, PI3K-
Akt signalling pathway, among others (Figure 7b).

Discussion

The outcomes of this investigation underscore the
efficacy of exercise training in significantly decrease
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a
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Figure 3. Differentially methylated regions associated with systolic and diastolic blood pressure for the SNPs TC+CC and TT.

(@) DMRs associated with pre-intervention systolic blood pressure for the TC+CC SNP; b: DMRs associated with pre- and post-
intervention diastolic blood pressure for the TC+CC SNP; d: DMRs associated with pre- and post-intervention systolic blood pressure
for the TT SNP; DMRs associated with pre- and post-intervention diastolic blood pressure for the TT SNP.

diastolic and systolic blood pressure in individuals,
irrespective of the presence of genetic polymorph-
isms linked to arterial hypertension. These results
align with prior research emphasizing the positive
impact of exercise training on blood pressure regula-
tion, regardless of genetic predisposition. Embracing
healthier ~habits has been associated with
a substantial decrease of up to 80% in the occurrence
of chronic diseases, including hypertension, as
observed in previous studies [42].

The study conducted by the GBD 2017 Risk
Factor Collaborators [43] analysed an extensive
dataset comprising over 100,000 individuals
from 18 countries. The findings indicate that
lifestyle modifications, such as adopting
a healthy diet, engaging in regular physical
activity, and refraining from smoking, can
potentially reduce mortality from heart diseases,
strokes, and cancer by up to 80%. Furthermore,
another study involving over 1 million

participants globally demonstrated that indivi-
duals adhering to a healthy diet, engaging in
regular physical activity, and abstaining from
smoking experience a 30% lower risk of mortal-
ity from any cause [44].

Specific studies have also investigated how exer-
cise training can impact blood pressure in indivi-
duals with specific genetic polymorphisms. One
study revealed that moderate-intensity exercise
performed for 30 minutes, five days a week, over
12 weeks reduced blood pressure in individuals
with the ApoE4 genetic polymorphism [45].
Another comparative study found that high-
intensity exercise performed for 20 minutes, three
days a week, over 12 weeks lowered blood pressure
in individuals with the ACE genetic polymorphism
[46]. These findings underscore the effectiveness
of physical exercise as a relevant intervention in
reducing blood pressure, even in individuals with
a genetic predisposition to hypertension.
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(a) enrichment of DMR sites associated with systolic blood pressure for the TC+CC SNP; B: enrichment of DMR sites associated with
diastolic blood pressure for the TC+CC SNP; D: enrichment of DMR sites associated with systolic blood pressure for the TT SNP;
enrichment of DMR sites associated with diastolic blood pressure for the TT SNP.

Our results demonstrated that the benefits of
a combined exercise training intervention do not
appear to be genotype-dependent, as combined
exercise training improved systolic and diastolic
values in participants irrespective of SNPs.
Regarding the investigated NOS3 polymorphisms
(=786T > C and 894G > T), the studies provide
inconclusive findings [12-15]. However, in a study
conducted by our group [17], a distinct response

to multicomponent training, lasting 90 minutes
per session, was observed among groups of older
women with pre-hypertension (pre-HAs) and
hypertension (HAS). It was evident that improve-
ment and response were associated with genotype,
with the presence of the three variant genotypes
[-786T > C: TC+CC, 894G > T (Glu298Asp):
GluAsp + AspAsp] negatively affecting the reduc-
tion of diastolic blood pressure and the increase in
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Figure 5. Differentially methylated regions related to systolic and diastolic blood pressure for the SNPs GluAsp+AspAsp and GluGlu.

Table 7. Results of differentially methylated regions after 14 weeks of training for the GluGlu SNP.

DMR FDR CHR Gene Relacdo ao gene Relacédo a ilha
DMR_1 0.005 17 MIS12; DERL2 TSS1500; TSS200 Island
DMR_2 0.006 6 HSP90AB1 5'UTR; 1stExon Island
DMR_3 0.007 6 IGR Opensea
DMR_4 0.012 1 KIAA0907 TSS200; 1stExon; Body Island
DMR_5 0.011 1 ALG8 TSS1500; TSS200 Shore; island
DMR_6 0.013 1 ANP32E TSS1500; TSS200 Shore
DMR_7 0.011 6 IGR Shore
DMR_8 0.017 22 UFD1L TSS200 Island
DMR_9 0.016 17 SLFNT2 TSS1500; TSS200; 1stExon Opensea
DMR_10 0.017 11 C11orfé65 TSS200; 5‘'UTR Opensea

FDR: Adjusted p-values indicating the statistical significance of methylation differences, corrected for multiple testing to control
the false discovery rate.CHR: Chromosome on which the DMR is located. Gene: Lists genes associated with the DMR. Multiple
genes are separated by semicolons. Relation to Gene: Describes the position of the DMR relative to gene features such as
transcription start sites (TSS200, TSS1500), 5" untranslated regions (5'UTR), first exons (1stExon), and gene bodies.Relation to
Island: Specifies the CpG context—'Island’ indicates a high concentration of CpG sites, ‘Shore’ refers to regions up to 2kb from

an island, and ‘Opensea’ describes areas with sparse CpG sites.

nitrite concentration responses, particularly in the
group of older women with HAS. Such differences
were not identified in our study. However, it is
noteworthy that the evaluated sample consisted of
older women who had been inactive for
a minimum of six months and had no diagnosis
of pre-hypertension or hypertension. A combined

training protocol of 60 minutes per session was
employed. Thus, our results underscore the bene-
ficial role of physical exercise in blood pressure
control, regardless of genetic predisposition.

We observed an increase in the number of
DMRs after exercise in the TT group (3b was
the only one that showed an increase in DMRs),
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Figure 6. KEEG enrichment of DMR sites for TC+CC and TT SNPs.

while in all other groups, the quantities of DMRs
decreased after exercise (Figures 3 and 4). This
indicates that even with polymorphism, DMRs
were modulated after exercise. In our analysis,
we conducted regressions to assess the impact of
SNPs on blood pressure variables. The results in
Figures 3 and 4 indicate that the exercise regimen
reshaped regions related to blood pressure. In the
forthcoming discussion, we plan to delve into
these changes and highlight specific regions,
such as PM20DI, miR-596, NPY, ZNF681,
HUID, ZNF681, and FZD6, which emerged as
noteworthy in the pre-and post-analysis. We
aim to investigate whether any of these genes
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exhibit associations with blood pressure, suggest-
ing their potential as novel markers for this field.
This succinctly summarizes the key findings of
our study.

PM20D1 is a coding gene for the M20 metallo-
protease family and a peptidase M20 domain-
containing protein 1. Identified as a circulating
biomarker, PM20DI1 is associated with obesity,
insulin resistance, and metabolic syndrome, indi-
cating its potential significance in these health
conditions [47]. The gene’s promoter region dis-
plays significant hypermethylation in individuals
diagnosed with stroke. The study further high-
lights that the methylation levels of KCNQI in
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Figure 7. Enrichment of DMRs for the GluGlu SNP after 14 weeks of combined training.

Trait enrichment of DMR sites for the GluGlu SNP. Linking differentially methylated genes to conditions relevant to blood pressure.
Dot size indicates the number of genes; colour intensity shows significance, with key traits like COPD and vitamin supplementation
highlighted. Panel B shows KEGG pathway enrichment, with pathways like ‘Metabolic pathways’ and ‘PI3K-Akt signaling’ identified,
which may influence blood pressure mechanisms. Both panels suggest a potential epigenetic impact on blood pressure regulation.

white blood cells are influenced by both obesity
and ischaemic stroke, indicating a potential epige-
netic link between DNA methylation patterns and
the pathophysiology of stroke, particularly con-
cerning PM20D1 and KCNQI [48].

Recently, a link between DNA methylation and
arterial stiffness (AS) and pulsatile haemody-
namics (PH) has been described. The authors
highlight that HLA-DPBI has emerged as
a potential biomarker, shedding light on its role
in understanding the pathophysiology of AS/PH,
and the epigenetic regulation offers potential tar-
gets for modulation in cardiovascular health [49].

One study by Yang Huang et al. showed the
correlation between blood pressure evaluation
and DNA methylation, with a focus on IPAH,
unlike previous research on DNA methylation in
gastric and oral cancer. The study aims to deter-
mine if plasma exosomal microRNAs (miRNAs)
like miR-596 can be prognostic indicators in IPAH
patients [50].

The study found elevated levels of miR-596 in
nonsurvivors compared to survivors, with
a significant correlation observed between miR-
596 levels and different variables associated with
blood pressure, such as vascular pulmonary resis-
tance, survival time (ST), and cardiac index. The
findings suggest that heightened levels of plasma
exosomal miR-596 are significantly associated with
disease severity and an unfavourable prognosis for
individuals with IPAH, contributing novel insights
into the prognostic potential of miR-596 in the
context of IPAH and expanding our understand-
ing of biomarkers in cardiovascular health [50].

The investigation of Neuropeptide Y (NPY) as
a crucial target in metabolic diseases revealed lim-
ited literature specifically linking NPY to blood
pressure and DNA methylation. However, note-
worthy findings emerged concerning NPY and
blood pressure in human subjects of Finnish and
Dutch ancestry. The rs16139 variation (T > C)
demonstrated that the minor C-allele, associated



with higher NPY release, correlated with an accel-
erated increase in typical carotid artery intima-
media thickness, elevated systolic and diastolic
blood pressure, increased serum cholesterol and
LDL-cholesterol levels, and poorer glycaemic con-
trol. Contrarily, our study, spanning adolescence
to young adulthood, identified associations
between all four NPY SNPs and blood pressure,
with CC-homozygotes for rs5574 and TT-
homozygotes for rs16147 exhibiting a higher
increase in diastolic blood pressure. Intriguingly,
in this younger age group, heterozygotes for
rs16139 and rs17149106 displayed lower systolic
and diastolic blood pressure than TT and GG
homozygotes. While our results align with some
prior findings, they also highlight an age-related
complexity in the impact of NPY variants on blood
pressure, urging further longitudinal studies across
a broad age range. Our findings underscore the
potential role of NPY in glucose and lipid meta-
bolism, emphasizing the need for comprehensive
investigations that consider age as a modifying
factor [51].

Regrettably, our literature review did not yield
sufficient information to discuss the identified
targets comprehensively, namely ALG8, miR-886,
ZNF681, HUSID, and FZD6. Despite diligent
efforts in exploring existing literature, limited
data and studies were available regarding these
specific targets. The scarcity of information on
ALGS8, miR-886, ZNF681, HUS1D, and FZD6 in
the current body of literature underscores the
need for further research and investigation to
elucidate their roles and significance in relevant
biological contexts. This paucity of literature
highlights the potential gaps in our understand-
ing of these targets, emphasizing the importance
of future studies to unravel their functions and
possible implications in various pathways or
diseases.

These data showed DMR enriched mainly in
pathways related to protein processing in endo-
plasmic reticulum and DMR related with disease
cystic fibrosis. Cystic fibrosis (CF) is a chronic
infection and excessive inflammation in lung, and
alterations in endoplasmic reticulum (ER) (stress)
is involved with pathophysiology mechanisms of
many inflammatory diseases [52].
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Some studies demonstrated that a form of ER
stress is activated in airway epithelia by bacterial
infection-induced airway inflammation [53].
Pulmonary hypertension is common found in
CF, and overall survival is lower in CF patients
with pulmonary hypertension than those with-
out [54].

However, regular exercise is able to help to lives
of CF patients [55]. A review related the benefits of
including physical activity in people with CF [56].
In our cohort, the patients with hypertension
before practice exercise had DMR-related CF com-
pared to the group after practical exercise.

This study’s limitations include the absence of
a sedentary control group and groups exclusively
focused on aerobic or strength training exercises.
Although the research presents new compelling
data on combined exercise training and its impact
on blood pressure, further studies are needed to
investigate discrepancies within the groups of
interest.

Conclusion

Combined exercise training yielded positive out-
comes in women with the NOS3 polymorphism in
motor variables, cholesterol, and systolic and dia-
stolic blood pressure. This justifies that regardless
of the polymorphism for this gene, the combina-
tion of strength and aerobic exercise in the same
session for 14 weeks was adequate to promote
benefits in this population group.

Analysing the effects of DNA methylation
allowed us to identify new genes related to blood
pressure not presented in the literature. These
genes can be examined in future studies on hyper-
tensive population groups to better elucidate their
genuine relationships. When comparing the clin-
ical changes observed in systolic and diastolic
blood pressure values, we see coherence with the
presented DMRs.

This indicates that the exercise training modu-
lates blood pressure clinically and epigenetically in
women with the NOS3 polymorphism. Our find-
ings also identified that the DMRs were related to
blood pressure, providing a deeper understanding
of the relationship.
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