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cardiovascular health of these children.

Background: Obesity and hypertension represent serious health issues affecting the pediatric population with
increasing prevalence. Hypovitaminosis D has been suggested to be associated with arterial hypertension. Serotonin
by modulating nitric oxide synthase affect blood pressure regulation. The biological mechanism by which vitamin D
specifically regulates serotonin synthesis was recently described. The aim of this paper is to determine the associa-
tions between vitamin D, serotonin, and blood pressure in obese children.

Methods: One hundred and seventy-one children were enrolled in the prospective cross-sectional study. Two
groups of children divided according to body mass index status to obese (BMI >95th percentile; n=120) and non-
obese (n=51) were set. All children underwent office and ambulatory blood pressure monitoring and biochemical
analysis of vitamin D and serotonin. Data on fasting glucose, insulin, HOMA, uric acid, and complete lipid profile were

Results: Hypertension was found only in the group of obese children. Compared to the control group, obese
children had lower vitamin D and serotonin, especially in winter. The vitamin D seasonality and BMI-SDS were shown
as the most significant predictors of systolic blood pressure changes, while diastolic blood pressure was predicted
mostly by insulin and serotonin. The presence of hypertension and high-normal blood pressure in obese children was
most significantly affected by vitamin D deficiency and increased BMI-SDS.

Conclusions: Dysregulation of vitamin D and serotonin can pose a risk of the onset and development of hyperten-
sion in obese children; therefore, their optimization together with reducing body weight may improve the long-term
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Introduction

Over the last decade, the incidence of pediatric hyper-
tension has increased in parallel with obesity and its
metabolic consequences. This trend also appears in the
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Slovak population of children [1]. Pediatric hyperten-
sion and especially in association with obesity repre-
sents the main predictor of adult hypertension and leads
to increased cardiovascular mortality risk in adulthood
[2, 3]. An analysis of data from over 57.915 overweight
and obese children and adolescents revealed the preva-
lence of hypertension to be 20-40% [4].

The pathophysiology of hypertension in obese chil-
dren appears to be complex and interdependent. It
includes sympathetic nervous system activation by
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central mediation in the hypothalamus and local
peripheral action, the effect of hyperleptinemia and
hyperinsulinemia, endothelial dysfunction and oxida-
tive stress, vascular damage as a consequence of inflam-
mation, or vasoconstriction, and sodium and fluid
retention through the renin-angiotensin system (RAS)
activation [5-7]. Obesity also increases the overall car-
diovascular risk with its other complications, such as
type 2 diabetes mellitus, dyslipidemia, and left ventric-
ular hypertrophy [8, 9].

Childhood obesity has been associated with low
circulating serum concentrations of vitamin D [10],
with vitamin D supplementation having a 30% lower
response to the same dose of vitamin D in non-obese
counterparts [11]. Vitamin D can affect cardiometa-
bolic risk factors and plays an essential role in glucose
homeostasis regulation, mechanisms of insulin secre-
tion, and obesity-associated inflammation [12, 13].
Vitamin D deficiency has been suggested to be asso-
ciated with arterial hypertension [14—-16]. Impaired
vitamin D receptor signaling leads to increased RAS
activity, which then increases vascular stiffness, lead-
ing to impaired systolic and diastolic heart function
[17]. The deficiency of vitamin D, as a negative endo-
crine regulator of renin biosynthesis, leads to elevated
renin and angiotensin II production, consequently
leading to high blood pressure (BP) and cardiac
hypertrophy [18, 19]. With insufficient vitamin D con-
centrations, endothelial nitric oxide synthase (NOS)
transcription is inefficiently regulated, and therefore
reduced levels of NO can affect endothelium-depend-
ent vascular relaxation, thus increasing vascular con-
tractile activity [20].

In 2014, evidence on biological mechanisms by which
vitamin D specifically regulates tissue-specific seroto-
nin (5-HT) synthesis has been published [21]. There is
in vitro and in vivo evidence that 5-HT causes a long-
term decrease in BP that is dependent on NOS stimu-
lation by serotonin in vascular endothelial cells and
neurons [22]. Serotonin released from activated platelets
via 5-HT, receptors directly induces vasoconstriction,
and indirectly contributes to vasoconstriction by enhanc-
ing the contractile ability of other vasoactive substances
such as angiotensin II, histamine, etc. [23]. In contrast,
serotonin via 5-HT, receptors stimulates the release of
NO from the endothelium, leading to the relaxation of
vascular smooth muscle cells. NO also acts as an antireg-
ulatory mechanism against the natural vasoconstrictive
effects of serotonin [24].

The present study aimed to confirm the hypothesis
that obese Slovak children have vitamin D deficiency and
hypertension; and investigate the relationship between
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vitamin D and serotonin in association to blood pressure
in obesity.

Methods

Study population

Of 181 children in the Department of Pediatrics of the
National Institute of Children’s Diseases during 2018—
2019, 120 obese and 51 lean children were enrolled in
the prospective cross-sectional study. Due to the lack
of reference values for mean day-time systolic, dias-
tolic, and mean arterial BP relative to height less than
120 cm, ten children (1 obese child and 9 lean children)
were excluded from this analysis. Gender was evenly
distributed with 89 females and 82 males. The mean age
for this cohort was 12.9 years +/— 3.0 years.

Subjects were divided into two groups according to
body mass index (BMI) status, a group of children with
obesity (n=120) and without obesity (n =51), respec-
tively. Obesity was defined as BMI >95th percen-
tile growth reference for Slovak children [25, 26] aged
0-18years. The inclusion criteria for the obese children’s
group comprised the following: obesity lasting more than
4years; no history of underlying diseases or family his-
tory of diabetes; no medical treatment for weight control
in the previous 12 months; no vitamin D supplementation
for at least 2months prior to the study. Blood tests were
performed evenly throughout the year, independently of
the year season. The exclusion criteria included mono-
genic, syndromological or secondary cause of obesity,
diabetes mellitus and secondary hypertension.

All obese subjects initially referred either from a
general practitioner’s office or a district endocrinolo-
gist were hospitalized at the Department of Pediatrics
of the National Institute of Children’s Diseases during
2018-2019 in regard to investigating the causes of obe-
sity, its health impact, and possible complications.

Fifty-one age- and sex-matched healthy lean peers
without hypertension, known chronic or acute dis-
ease were recruited at the outpatient clinic during the
check-up after overcoming a disease unrelated to obe-
sity or hypertension during the same time period.

Anthropometric measurements were assessed
according to standardized protocols. Body weight was
measured with an electronic tensiometer scale (Tonava
TH200, Tonava, Prague, Czech Republic) with a preci-
sion of 0.1kg; body height was assessed using a built-in
stadiometer to the nearest 0.5 cm.

Legal guardians of all children provided written informed
consent before inclusion. The study was approved by the
Ethical Board of National Institute of Children’s Diseases,
Bratislava, Slovakia no. EK:05/2018 and was conducted in
accord with the Helsinki Declaration.
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Office blood pressure measurement

Office BP was measured according to current guide-
lines [27] during one visit. The BP measurement was
performed with the automatic oscillometer Omron
HBP-1300 (Omron Healthcare, IL, USA) validated for
children [28]. Subsequently, the values were converted
to SDS based on pediatric BP normative values [29].
High-normal office blood pressure (HNBP) was defined
as office BP >90th percentile but <95th percentile; and
office hypertension defined as BP >95th percentile
(equivalent to 1.645 SDS) for age, height, and gender
according to normative tables published in the Fourth
Report [27]. See Supplementary 1 for further details.

24-hour ambulatory blood pressure monitoring

24-hour ambulatory BP monitoring (ABPM) was per-
formed in all obese patients to confirm hypertension
in accordance with current guidelines [27]. Patients
underwent ABPM using the SpaceLabs 90,217 oscil-
lometric device (Spacelabs Healthcare, Hertford, UK).
High-normal ambulatory blood pressure was defined
as either daytime and/or nighttime systolic and/or
diastolic BP means >90th percentile (equivalent to
the 1.28 SDS) but <95th percentile; and ambulatory
hypertension according to ABPM was defined as either
daytime and/or nighttime systolic and/or diastolic BP
means >95th percentile (equivalent to the 1.645 SDS)
[27, 30]. Normative BP data were derived from gender-
and age-matched children of the same height centiles.
See Supplementary 1 for further details.

Obesity classification

Obesity was defined as a BMI equal or greater than the
age- and sex-appropriate 95th percentile (equivalent
to the 1.65 SDS). BMI was calculated as weight in kil-
ograms divided by height in meters squared. To com-
pare BMI values across different ages and by gender, the
BMI-SDS was calculated according to the BMI growth
reference for Slovak children aged 0—18 years [25, 26].

Definition of vitamin D insufficiency and deficiency
According to the Endocrine Society vitamin D sta-
tus was defined as followed: 25(OH) D levels >30ng/
mL (>75nmol/L) were set as normal values, vitamin
D insufficiency as a 25(0OH) D levels of 20-30ng/mL
(50-75nmol/L) and vitamin D deficiency as a 25(OH)
D level <20 ng/mL (<50 nmol/L) [31].

Biochemical analyses

Blood was collected from the antecubital vein after
fasting overnight. In the central laboratory, serum
total cholesterol (T-Chol), LDL-cholesterol (LDL-C),
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HDL-cholesterol (HDL-C), triacylglycerols (TAG), fast-
ing glucose (Glu), uric acid on a Cobas 501 analyzer
(Roche, CA, USA), insulin on a Cobas E401 analyzer
(Roche, CA, USA) and vitamin D, (25(OH)D) on a Vit-
ros 5600 analyzer (Vitros, Johnson & Johnson, Roches-
ter, NY, USA) were analyzed using standard laboratory
methods. LDL-C was calculated according to Friede-
wald formula [32]. The HOMA index (Homeostatic
Model Assessment) was calculated according to the
formula: [serum insulin concentration (ng/mL) x serum
glucose concentration (mmol/L)] /22.5 [33]. The rest
of the serum was stored at —70°C until further analy-
sis. Serum serotonin concentrations were measured by
ELISA kit (Serotonin ELISA, DRG Instruments GmbH,
Germany).

Statistical analysis

Statistical analysis was performed using SPSS software,
version 23.0 (IBM Corp., NY, USA). Categorical variables
were reported as counts and percentages, and continuous
variables as arithmetic mean (X)-=+standard deviation
(SD). Shapiro-Wilk test was used to check continuous
variables for normality. Differences between groups in
quantitative variables were evaluated by two sample t test
or the Mann-Whitney U test, as appropriate. Proportions
were compared by the x? test. P values <0.05 were con-
sidered statistically significant. Binary stepwise logistic
regression analysis was used to estimate OR and 95% CI
for the prediction of HNBP and hypertension in obese
children. Decision trees were employed to study the
impact of independent variables on SBP-SDS, DBP-SDS,
and the prevalence of hypertension, respectively.

Results

General characteristics of children who participated
in this study are summarized in Table 1. The ratio of
boys and girls and their age did not differ statistically in
individual groups. The control group had significantly
lower BMI-SDS (p<0.001), day SBP-SDS (p<0.001),
concentrations of 25(0OH) D (p<0.001) and serotonin
(p=0.033). Obese girls did not differ statistically sig-
nificantly from obese boys in anthropometric parame-
ters, BP values, as well as followed metabolic hormones
(Supplementary 2).

High-normal BP or hypertension (HNBP/HT) was
found only in the group of obese children. Table 2 shows
the distribution of children with normal BP, HNBDP, sys-
tolic, systolic-diastolic, and diastolic hypertension. Slight,
but statistically significant higher prevalence of HNBP/
HT was found in boys (p <0.040). In individual forms of
hypertension, boys suffer more from HNBP and diastolic
hypertension and girls from systolic hypertension.
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Table 1 Demographic and laboratory data for the study group

Obese Normal weight  p value

Number (male/female) 120 (57/63) 51 (25/26) 0.856
Age (years) 13.0£29 126+£3.1 0476
Height (m) 1.63+£0.14 1.56£0.15 0.068
Height-SDS 0.61£1.03 0.07£0.90 0.001
Weight (kg) 89.90£23.46 49.79 +14.66 0.000
BMI (m?/kg) 33524643 19.78+£2.88 0.000
BMI-SDS 561+244 031+£0.90 0.000
Day SBP (mmHg) 121.73£1163 110354823 0.000
Day DBP (mmHg) 71.59+£8.62 68.02+7.57 0.035
Day SBP-SDS 038+£141 —0.87+1.00 0.000
Day DBP-SDS —0.154+148 —0674+1.18 0.064
25(0H) D (ng/mL) 27.75£858 34.24+£9.31 0.000
Serotonin (ng/mL) 162757963  24153+£109.06  0.033
Glu (mmol/L) 4.04+0.86 4.88+0.71 0.003
Insulin (mU/L) 28.64+16.90 21184874 0.291

HOMA 555+£393 4554227 0.499

When evaluating vitamin D status, a significant dif-
ference was found between obese and lean children
(p <0.002; Table 3). Only 37.1% of the obese children had
optimal values of 25(OH) D (>30ng/mL) in contrast to
68% of lean children. The risk of vitamin D deficiency was
three times higher in obese children compared to lean
children (p <0.002; OR: 2.996).

Table 2 Classification of blood pressure in obese children
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Mean serum concentrations of 25(OH) D and seroto-
nin during the whole year and in individual seasons are
shown in Table 4. 25(OH) D and serotonin levels were
significantly higher in lean children if compared to obese
children throughout the whole year (p <0.000; p <0.033;
respectively) as well as in the summer-autumn season
(p <0.001; p <0.000; respectively). In the winter-spring
season, the concentrations were significantly higher only
for 25(OH) D (p <0.019).

However, the distribution of children according to
both studied groups and particular seasons was signifi-
cantly different (p<0.023). Therefore, the general lin-
ear models (GLMs) were constructed with 25(OH) D
(Fig. 1a) and serotonin (Fig. 1b) as dependent variables
and vitamin D seasonality and distribution of obese and
nonobese children as fixed factors. GLM confirmed sig-
nificantly higher 25(OH) D concentrations (p<0.001)
in the control group in both the summer-autumn sea-
son and the winter-spring season in comparison to the
obese group independently from the children’s distribu-
tion in studied groups and particular seasons (p < 0.834).
In contrast, we found significant interactions between
serotonin (p<0.018) and seasonality in the control
group. In the group of obese children, no effect of sea-
son on serotonin was found.

Multivariable stepwise regression analysis was per-
formed to assess the predictive effect of risk factors on
HNBP/HT (Table 5). The most predictive risk factors

BP classification: Obese boys (n =57) Obese girls (n =63) p value
Normal BP 40 (70.2%) 46 (73.0%)

HNBP/HT 17 (29.8%) 17 (27.0%) 0.04
High-normal blood pressure 5(8.8%) 1(1.6%)

Systolic hypertension 3(5.3%) 10 (15.9%)

Diastolic hypertension 7 (12.3%) 2 (3.2%)

Systolic-diastolic hypertension 2 (3.5%) 4 (6.3%)

White-coat hypertension 25 (43,9%) 15 (23.8%)

Masked hypertension 2 (3.5%) 6 (9.5%)

BP blood pressure, HNBP/HT high-normal blood pressure/hypertension

Table 3 Vitamin D status in children with and without obesity

25(0OH) D (ng/mL) Obese (n =116; 100%) Normal weight (n =47; 100%) p value; OR
>30 (optimal) 43 (37.1%) 30 (63.8%) 0.002;

<30 (deficiency) 73 (62.9%) 17 (36.2%) 2.996
>20<30ng/mL (mild) 54 (46.6%) 16 (22.9%)

>10 <20ng/mL (moderate) 19 (16.4%) 1(2.1%)

<10ng/mL (severe) 0 (0%) 0 (0%)

OR odds ratio
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Table 4 25(0OH) D and Serotonin in individual groups according to year seasons
Whole year Obese (n) Normal weight (n) p value
25(0OH) D (ng/mL) 27.75+858(116) 34244931 (47) 0.000
Serotonin (ng/mL) 162.75+79.63 (119) 241.534+109.06 (45) 0.033
Winter-spring
25(0H) D (ng/mL) 27.17+7.56 (42) 34.154+6.66 (8) 0.019
Serotonin (ng/mL) 15449+ 46.98 (42) 157.00+58.62 (8) 0.895
Summer-autumn
25(0H) D (ng/mL) 28.08£9.14 (74) 34.26£9.84 (39) 0.001
Serotonin (ng/mL) 167.26£92.71 (77) 259.814+109.26 (37) 0.000

were found to be BMI-SDS (OR =1.480, 95% CI: 1.152—
1.900), T-Chol (OR=2.285, 95% CI: 1.309-3.991) and
vitamin D seasonality (OR=3.975, 95% CIL: 1.246—
12.686). In children with obesity, HNBP/HT was 1.48
times more frequent in comparison to lean children.
Similarly, higher levels of T-Chol and the winter-spring
season were responsible for 2.285 and 3.975 times more
frequent prevalence of HNBP/HT.

The impact of the particular combination of variables
(age, gender, BMI-SDS, vitamin D deficiency, vitamin D
seasonality, 25(OH) D, serotonin, T-Chol, LDL-C, HDL-
C, TAG, Gluy, insulin, HOMA) on SBP-SDS, DBP-SDS
and the BP classification was further investigated using
the SPSS decision tree. Figure 2 illustrates the vitamin D
seasonality and BMI-SDS as the best predictors found for
SBP-SDS. During the summer-autumn season, SBP-SDS
was significantly lower compared to SBP-SDS measured
in the winter-spring season (0.196 vs. 0.737; p<0.044).
Furthermore, the decision tree continued dividing chil-
dren measured in the summer-autumn season by BMI-
SDS. Children with BMI-SDS <6.39 had significantly
lower SBP-SDS (p <0.045) in comparison to children with
BMI-SDS >6.39.

The best predictors of DBP-SDS in the group of chil-
dren with obesity are illustrated in Fig. 3. Children with
insulin <37.0 (first to third quartile) had significantly
lower DBP-SDS (—0.366) than children with insulin
>37.0 (0.833; p<0.008). In the next step, children with
lower insulin levels were divided according to serotonin
levels. Children with serotonin <133.2 had significantly
lower DBP-SDS (— 0.926) compared to children with ser-
otonin >133.2 (— 0.026; p<0.014).

The decision tree selected 25(OH) D as a main deter-
minant of hypertension prevalence in the studied group
of children with obesity (Fig. 4). Children with 25(OH)
D levels >39.2 had no HNBPHT compared to children
with 25(OH) D levels <39.2ng/mL, where the distribu-
tion was 32.4% of HNBP/HT vs. 67.6% of NT (p<0.02).
Among the children with lower 25(OH) D levels, subjects

with BMI-SDS <7.43 had significantly higher prevalence
of normotension (NT) (75.0%) vs. HNBP/HT (25.0%)
in comparison to those with BMI-SDS >7.43 (38.1% vs.
61.9%; p<0.015).

Discussion

The global prevalence of hypertension due to obesity
pandemic in children and adolescents has increased
persistently [34—36]. In Slovakia, there are only limited
data on obese children in association with other comor-
bidities. In 2012, Babinska et al. [1] reported that only
24% of Slovak children with obesity had normal BP,
while 25% suffered from HNBP and 51% from hyperten-
sion. In contrast, in our study, 71.7% of obese children
had normal BP, 5% had HNBP, 23.3% had any form of
hypertension. Our results are in concordance with other
recent reports [4, 37]. The importance of the influence
of BMI on the onset and development of hypertension
is also confirmed by a Danish study, in which systolic
BP was significantly reduced by reducing BMI SDS by
more than 0.25 [38]. Children with normal weight in
our study did not have HNBP or hypertension, however,
there are studies reporting also normal-weight children
to be hypertensive [39, 40]. When comparing obese
boys with girls, we found that boys suffer significantly
more often from any type of hypertension. Results
from similar studies are inconsistent [4, 37, 41-43]. The
mechanisms by which biological sex contributes to this
difference remain not fully clarified at present; never-
theless, several intriguing mechanistic candidates have
been proposed ranging from different concentrations
of sex hormones, utilization of fat stores to the effect
of X or Y chromosome themselves [44—46]. Increas-
ing secretion of sex hormones during puberty leads to
changes in body composition, fuel metabolism, BP, lipid
levels and decreased insulin sensitivity [47-53]. A posi-
tive relationship has previously been observed between
the amount of adipose tissue and BP. Obesity repre-
sents a well-established risk factor for development of
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variable and vitamin D seasonality and obesity as predictors. b General linear model for serotonin as a response variable and vitamin D seasonality

Table 5 Logistic Regression Analysis of Risk factors of HNBP/HT in obese children

Included variables (] p value OR(95% Cl) Excluded variables
BMI-SDS 0392 0.002 1480 (1.152-1.900)  age, gender, 25(0H) D, vitamin D deficiency, serotonin, Glu, LDL-C, HDL-C, TAG, insulin,
T-Chol 0827 0004  2285(1.309-3991) HOMA

Vitamin D Seasonality 1.380 0.020

3.975 (1.246-12.686)

B standardized coefficients, OR Odds Ratio, 95% CI Confidential Interval
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BMI-SDS: body mass index standard deviation score

Fig. 2 Multivariable analysis of the relationship between SBP-SDS and studied variables. SBP-SDS: systolic blood pressure standard deviation score,

hypertension in both girls and boys [7]. Body fat relates
positively to insulin resistance that, in turn, has been
associated with the development of hypertension [54,
55]. Since we did not find significant sex differences in
cardiometabolic parameters or BP values in the pre-
sent study, our objective was to identify the most sig-
nificant predictors of the development of hypertension.
Total cholesterol and BMI-SDS predicted HNBP and
hypertension most significantly in the stepwise mul-
tivariable regression analysis, with a notable magni-
tude of the effect size. These were also identified to be
the most important risk factors for the development
of systolic, and altogether with insulin also of diastolic

hypertension. This possible predominant role of insulin
in influencing DBP values is in agreement with a study
conducted by Marcovecchio et al. [55] in which mean
24-h and daytime DBP were significantly related to insu-
lin resistance. Hyperinsulinemia has been suggested to
lead to increased sodium absorption in the kidneys and
sympathetic nervous system activity [56]. Activation of
RAS with vascular endothelial dysfunction, caused by
various inflammatory cytokines, especially those such
as interleukin-6, resistin, tumor necrosis factor-a, lower
level of NO observed in the context of insulin resist-
ance, have been reported to contribute to the develop-
ment of hypertension [56, 57].
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Fig. 3 Multivariable analysis of the relationship between DBP-SDS and studied variables. DBP-SDS: diastolic blood pressure standard deviation score

According to our data, serotonin concentrations were
lower in obese children with significant differences dur-
ing year seasons. In the winter-spring season, lower
serotonin concentrations were observed in both study
groups and were very similar. In summer-autumn season,
serotonin levels in obese children remained unchanged,
but raised significantly in lean group. Partially, hypovi-
taminosis D could contribute to lower serotonin levels
in obese children since vitamin D is known to regulate
serotonin synthesis [21]. However, this does not explain
low serotonin in lean children who have optimal vitamin
D levels. Regarding the serotonin levels in obesity, the
evidence described in the literature is controversial. The
results of several human studies agree with our results

and reported a negative association between serotonin
concentrations and weight or BMI [58-60]. The expla-
nation could be that circulating serotonin interacts with
leptin in adipose tissue and increases the feeling of satiety
[59]; therefore, it could be considered protective against
obesity. Conversely, animal studies showed high levels
of serotonin to be related to obesity [61, 62]. In accord-
ance with these studies, high-fat diet promotes the over-
expression of TPH;, which increases the serotonin levels,
consequently promoting gluconeogenesis and lipogene-
sis, leading to obesity. The reason for these discrepancies
could be explained by several reasons: usage of different
determination methods (fluorometry, ELISA, HPLC, etc.)
[58]; different diets prior to measurements (high-fat or
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Node 1 Node 2
Category % n Category % n
uNT 676 71 a NT 100.0 15
S HNBP+HT 324 34 cHNBP+HT 00 0
Total 87.5 105 Total 125 15
SDS-BMI
Adj. P-value=0.015, Chi-square=9
856, df1=1
<=7.43 >7.43
Node 3 Node 4
Category % n Category % n
u NT 750 63 uNT 381 8
S HNBP+HT 250 21 —HNBP+HT 619 13
Total 700 84 Total 175 21
Fig. 4 Multivariable analysis of the relationship between the prevalence of hypertension and studied variables. BP: blood pressure; SDS-BMI: body
mass index standard deviation score

carbohydrate-rich diet associated with increase in sero-
tonin levels [61, 62] in contrast to low-calorie diet leading
to decrease in serotonin [60]); comparison of different
types of cohorts. In connection to BP, surprisingly, we
have found serotonin has been shown to be an important
determinant of diastole in obese children without hyper-
tension who had insulin concentrations corresponding to
the first to third quartiles. According to recent publica-
tions, serotonin can have a dual effect on BP depending
on which receptor it acts on. By binding to 5-HT, recep-
tors, serotonin induces vasoconstriction, while through
5-HT, receptors it causes vasodilation via stimulation
of NO release from vascular endothelium [23, 24]. Vita-
min D also positively regulates NO synthesis [20]. We
can speculate that obese children with lower serotonin
and vitamin D deficiency have reduced NO production
and thus a higher risk of developing hypertension. Since

a similarly designed study on the relationship between
serotonin and BP in normotensive children with obesity
has not yet been published, it is difficult to interpret our
results correctly.

Vitamin D itself may be linked to the regulation of
BP. As described in the introduction, vitamin D defi-
ciency is involved in the pathomechanism of the onset
and development of high BP, which is confirmed by the
result of our study evaluating vitamin D as the most
important determinant of hypertension in obese chil-
dren. Likewise, outcomes of several other studies sup-
ported the inverse relationship between vitamin D and
BP [14, 15, 18, 63]. Simultaneously, the randomized
clinical trial by Rajakumar et al. [64] showed that cor-
rection of vitamin D deficiency in overweight and
obese children by vitamin D supplementation resulted
in reduction in BP.
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This study had some limitations. In this work, we used the
classification of vitamin D deficiency by Holick et al. [31]
according to which the serum 25(OH) D value of 20ng/ml
is accepted as the deficiency threshold in adults. However,
the cut-off concentration of 25(0OH) D deficiency remains to
be established in various pediatric age groups. Furthermore,
recruitment and sampling were done throughout the year.
Serum vitamin D levels are seasonal and higher concentra-
tions in summer may not correspond to winter levels. In our
study, we partially solved this by adjusting the multivariable
analysis for the age of the monitored children and for the
season. Finally, the number of subjects in both groups, obese
and non-obese, was not proportionally equal if divided into
subgroups according to seasons. Therefore, we used the gen-
eral linear models with 25(0OH) D and serotonin as depend-
ent variables and vitamin D seasonality and distribution of
obese and nonobese children as fixed factors. The general
linear model confirmed a significantly higher concentration
of 25(0OH) D, but not serotonin, in the control group in both
the summer-autumn season and the winter-spring season
compared to the obese group independently of the subjects’
distribution in the studied groups and particular seasons.

To conclude, we have found that obesity in children is
associated with decreased serotonin concentrations, as
well as vitamin D. In particular, vitamin D deficiency and
low serum serotonin have shown to be significant risk
factors of arterial hypertension in obese children. On the
other side, this study cannot specify the exact mecha-
nisms by which serotonin and vitamin D are involved in
the pathogenesis of pediatric hypertension and future
research on this topic is needed. However, our findings
suggest that dysregulation of these metabolic hormones
can pose a risk of the onset and development of hyper-
tension in obese children; therefore, their optimization
through its potential beneficial effects on blood pressure
may have a primary preventive role in improving the
long-term cardiovascular health of these children.

Abbreviations

25(0OH)D: Vitamin D; 5-HT: Serotonin; ABPM: Ambulatory blood pressure
monitoring; BMI: Body mass index; BP: Blood pressure; DBP: Diastolic blood
pressure; ELISA: Enzyme-linked immunosorbent assay; GLMs: General linear
models; Glu: Fasting glucose; HDL-C: HDL-cholesterol; HNBP: High-normal
blood pressure; HOMA: Homeostatic model assessment for insulin resistance;
HT: Hypertension; HPLC: High-performance liquid chromatography; LDL-C:
LDL-cholesterol; NOS: Nitric oxide synthase; OR: Odds ratio; RAS: Renin-angio-
tensin system; SBP: Systolic blood pressure; SDS: Standard deviation score; TAG
- Triacylglycerols; T-chol: Serum total cholesterol; TPH: Tryptophan hydroxylase.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512887-022-03337-8.

[ Additional file 1. }

Page 10 of 12

Acknowledgements
Not applicable.

Authors’ contributions

KK.analyzed and interpreted the data, drafted, and wrote the manuscript text,
prepared the figures and Tables. KK. and L.P. made substantial contributions
to acquisition of data; ZK. and LW. further contributed to data analysis and
interpretation. T.S. and L.P. supervised the data analysis, made substantial
contributions to conception and design. All authors reviewed the manuscript
and approved of the final version to be published. The author(s) read and
approved the final manuscript.

Funding

This study was financed by “Grant for young scientists of Comenius University”
No. UK/337/2017, by "VEGA project of Ministry of Education, Science, Research
and Sport”No. 1/0202/17. This work was created by the realization of the
project “Center of excellence of environmental health’, ITMS No. 26240120033,
based on the supporting operational research and development program
financed from the European Regional Development Fund.

Availability of data and materials

The datasets generated and/or analysed during the current study are not
publicly available due to the data protection and privacy of the patients hospi-
talized at the National Institute of Children’s Diseases in Bratislava, Slovakia, but
are available from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

Legal guardians of all children provided written informed consent before
inclusion. The study was approved by the Ethical Board of National Institute of
Children’s Diseases, Bratislava, Slovakia no. EK:05/2018 and was conducted in
accord with the Helsinki Declaration.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Pediatrics, National Institute of Children’s Diseases and Fac-
ulty of Medicine, Comenius University, Limbové 1, Bratislava 831 01, Slovak
Republic. 2Department of Clinical and Experimental Pharmacotherapy, Faculty
of Medicine, Slovak Medical University, Bratislava, Slovak Republic. *Depart-
ment of Biophysics, Informatics and Biostatistics, Faculty of Public Health,
Slovak Medical University, Bratislava, Slovak Republic. “Department of Pediat-
rics, 2nd Medical Faculty, Charles University Prague, Prague, Czech Republic.
°Department of Pediatrics, Dr. von Hauner Children’s Hospital, University
Hospital, LMU Munich, Munich, Germany.

Received: 17 January 2022 Accepted: 4 May 2022
Published online: 17 May 2022

References

1. Babinska K, Kovacs L, Janko V, Dallos T, Feber J. Association between
obesity and the severity of ambulatory hypertension in children and
adolescents. J Am Soc Hypertens. 2012;6(5):356-63.

2. Flynn JT, Kaelber DC, Baker-Smith CM, Blowey D, Carroll AE, Daniels
SR, et al. Clinical practice guideline for screening and Manage-
ment of High Blood Pressure in children and adolescents. Pediatrics.
2017;140(3):220171904.

3. SeemanT, Dostélek L, Gilik J. Control of hypertension in treated chil-
dren and its association with target organ damage. Am J Hypertens.
2012;25(3):389-95.

4. Flechtner-Mors M, Neuhauser H, Reinehr T, Roost HP, Wiegand S,
Siegfried W, et al. Blood pressure in 57,915 pediatric patients who are


https://doi.org/10.1186/s12887-022-03337-8
https://doi.org/10.1186/s12887-022-03337-8

Krivosikova et al. BMIC Pediatrics

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

(2022) 22:289

overweight or obese based on five reference systems. Am J Cardiol.
2015;115(11):1587-94.

Flynn J. The changing face of pediatric hypertension in the era of the
childhood obesity epidemic. Pediatr Nephrol. 2013;28(7):1059-66.
Sharig OA, McKenzie TJ. Obesity-related hypertension: a review of patho-
physiology, management, and the role of metabolic surgery. Gland Surg.
2020;9(1):80-93.

Hall JE, Mouton A, da Silva AA, Omoto ACM, Wang Z, Li X, et al. Obesity,
kidney dysfunction and inflammation: interactions in hypertension.
Cardiovasc Res. 2020;117(8):1859-76.

Orlando A, Cazzaniga E, Giussani M, Palestini P, Genovesi S. Hypertension
in children: role of obesity, simple carbohydrates, and uric acid. Front.
Public Health. 2018;6:129.

Burrows R, Correa-Burrows P, Rogan J, Cheng E, Blanco E, Gahagan S.
Long-term vs. recent-onset obesity: their contribution to cardiometabolic
risk in adolescence. Pediatr Res. 2019:86(6):776-82.

Zakharova |, Klimov L, Kuryaninova V, Nikitina I, Malyavskaya S, Dolbnya
S, et al. Vitamin D insufficiency in overweight and obese children and
adolescents. Front Endocrinol (Lausanne). 2019;10:103.

. Asghari G, Yuzbashian E, Wagner CL, Park Y, Mirmiran P, Hosseinpanah F.

Daily vitamin D(3) in overweight and obese children and adolescents: a
randomized controlled trial. Eur J Nutr. 2021;60(5):2831-40.

. Szymczak-Pajor |, Sliwiriska A. Analysis of association between vitamin D

deficiency and insulin resistance. Nutrients. 2019;11(4):794.

Alonso MA, Mantecén L, Santos F. Vitamin D deficiency in children: a chal-
lenging diagnosis! Pediatr Res. 2019;85(5):596-601.

Kao KT, Abidi N, Ranasinha S, Brown J, Rodda C, McCallum Z, et al. Low
vitamin D is associated with hypertension in paediatric obesity. J Paediatr
Child Health. 2015;51(12):1207-13.

Moore CE, Liu Y. Elevated systolic blood pressure of children in the United
States is associated with low serum 25-hydroxyvitamin D concentrations
related to body mass index: National Health and examination survey
2007-2010. Nutr Res. 2017;38:64-70.

Kheiri B, Abdalla A, Osman M, Ahmed S, Hassan M, Bachuwa G. Vitamin

D deficiency and risk of cardiovascular diseases: a narrative review. Clin
Hypertens. 2018;24(1):9.

Jia G, Aroor AR, Hill MA, Sowers JR. Role of renin-angiotensin-aldosterone
system activation in promoting cardiovascular fibrosis and stiffness.
Hypertension. 2018;72(3):537-48.

LiYC, Qiao G, Uskokovic M, Xiang W, Zheng W, Kong J. Vitamin D: a
negative endocrine regulator of the renin-angiotensin system and blood
pressure. J Steroid Biochem Mol Biol. 2004;89-90(1-5):387-92.
Zittermann A, Ernst JB, Prokop S, Fuchs U, Dreier J, Kuhn J, et al. Effects

of vitamin D supplementation on renin and aldosterone concentrations
in patients with advanced heart failure: the EVITA trial. Int J Endocrinol.
2018;2018:5015417.

Kim D-H, Meza CA, Clarke H, Kim J-S, Hickner RC. Vitamin D and endothe-
lial function. Nutrients. 2020;12(2):575.

Patrick RP, Ames BN. Vitamin D hormone regulates serotonin synthesis.
Part 1: relevance for autism. FASEB J. 2014;28(6):2398-413.

Watts SW, Morrison SF, Davis RP, Barman SM. Serotonin and blood pres-
sure regulation. Pharmacol Rev. 2012;64(2):359-88.

Vanhoutte PM. Serotonin and the vascular wall. Int J Cardiol.
1987;14(2):189-203.

Frishman WH, Grewall P. Serotonin and the heart. Ann Med.
2000;32(3):195-209.

Sev¢ikova L, Hamade J, Novékova J, Tatara M. Rast a vyvojové trendy slov-
enskych deti a mladeze za poslednych 10 rokov. UVZSR. 2004:192-206.
Seveikova L, Stefanikova Z, Jurkovi¢ové J, Novéakova J, Hamade J, Aghové
[ Telesny vyvoj detf a mladeze v SR. UVZSR. 2004:184.

Lurbe E, Agabiti-Rosei E, Cruickshank JK, Dominiczak A, Erdine S, Hirth A,
et al. 2016 European Society of Hypertension guidelines for the manage-
ment of high blood pressure in children and adolescents. J Hypertens.
2016;34(10):1887-920.

Meng L, Zhao D, Pan Y, Ding W, Wei Q, Li H, et al. Validation of Omron
HBP-1300 professional blood pressure monitor based on auscultation in
children and adults. BMC Cardiovasc Disord. 2016;16:9.

Neuhauser HK, Thamm M, Ellert U, Hense HW, Rosario AS. Blood pressure
percentiles by age and height from nonoverweight children and adoles-
cents in Germany. Pediatrics. 2011;127(4):e978-88.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

Page 11 of 12

Wihl E, Witte K, Soergel M, Mehls O, Schaefer F. Distribution of 24-h
ambulatory blood pressure in children: normalized reference values and
role of body dimensions. J Hypertens. 2002;20(10):1995-2007.

Holick MF, Binkley NC, Bischoff-Ferrari HA, Gordon CM, Hanley DA,
Heaney RP, et al. Evaluation, treatment, and prevention of vitamin D defi-
ciency: an Endocrine Society clinical practice guideline. J Clin Endocrinol
Metab. 2011;96(7):1911-30.

Friedewald WT, Levy RI, Fredrickson DS. Estimation of the concentration
of low-density lipoprotein cholesterol in plasma, without use of the
preparative ultracentrifuge. Clin Chem. 1972;18(6):499-502.

SinghY, Garg MK, Tandon N, Marwaha RK. A study of insulin resistance by
HOMA-IR and its cut-off value to identify metabolic syndrome in urban
Indian adolescents. J Clin Res Pediatr Endocrinol. 2013;5(4):245-51.

Sorof JM, Poffenbarger T, Franco K, Bernard L, Portman RJ. Isolated systolic
hypertension, obesity, and hyperkinetic hemodynamic states in children.
J Pediatr. 2002;140(6):660-6.

Maldonado J, Pereira T, Fernandes R, Santos R, Carvalho M. An approach
of hypertension prevalence in a sample of 5381 Portuguese children
and adolescents. The AVELEIRA registry. "hypertension in children". Blood
Press. 2011;20(3):153-7.

Sypniewska G. Laboratory assessment of cardiometabolic risk in over-
weight and obese children. Clin Biochem. 2015;48(6):370-6.

Lurbe E, Torro MI, Alvarez-Pitti J, Redon P, Redon J. Central blood pressure
and pulse wave amplification across the spectrum of peripheral blood pres-
sure in overweight and obese youth. J Hypertens. 2016;34(7):1389-95.
Mollerup PM, Lausten-Thomsen U, Fonvig CE, Baker JL, Holm JC. Reduc-
tions in blood pressure during a community-based overweight and
obesity treatment in children and adolescents with prehypertension and
hypertension. J Hum Hypertens. 2017;31(10):640-6.

Suldkova T, Suldkovd A, Strnadel J, Pavlicek J, Obermannové B, Feber J.
Can auscultatory blood pressure normative values be used for evaluation
of oscillometric blood pressure in children? J Clin Hypertens (Greenwich).
2017;19(4):381-7.

Brambilla P, Antolini L, Street ME, Giussani M, Galbiati S, Valsecchi MG,

et al. Adiponectin and hypertension in normal-weight and obese chil-
dren. Am J Hypertens. 2013;26(2):257-64.

Manios Y, Karatzi K, Protogerou AD, Moschonis G, Tsirimiagou C, Androut-
sos O, et al. Prevalence of childhood hypertension and hypertension phe-
notypes by weight status and waist circumference: the healthy growth
study. Eur J Nutr. 2018;57(3):1147-55.

Cheung EL, Bell CS, Samuel JP, Poffenbarger T, Redwine KM, Samu-

els JA. Race and obesity in adolescent hypertension. Pediatrics.
2017;139(5):220161433.

Guzzetti C, Ibba A, Casula L, Pilia S, Casano S, Loche S. Cardiovascular risk
factors in children and adolescents with obesity: sex-related differences
and effect of puberty. Front Endocrinol (Lausanne). 2019;10:591.

Reue K. Sex differences in obesity: X chromosome dosage as a risk factor
for increased food intake, adiposity and co-morbidities. Physiol Behav.
2017;176:174-82.

Palmer BF, Clegg DJ. The sexual dimorphism of obesity. Mol Cell Endo-
crinol. 2015;402:113-9.

Mauvais-Jarvis F. Gender differences in glucose homeostasis and diabe-
tes. Physiol Behav. 2018;187:20-3.

Moran A, Jacobs DR Jr, Steinberger J, Steffen LM, Pankow JS, Hong CP,

et al. Changes in insulin resistance and cardiovascular risk during adoles-
cence: establishment of differential risk in males and females. Circulation.
2008;117(18):2361-8.

Moran A, Jacobs DR Jr, Steinberger J, Hong CP, Prineas R, Luepker R, et al.
Insulin resistance during puberty: results from clamp studies in 357
children. Diabetes. 1999:48(10):2039-44.

Reinehr T, Wolters B, Knop C, Lass N, Holl RW. Strong effect of pubertal
status on metabolic health in obese children: a longitudinal study. J Clin
Endocrinol Metab. 2015;100(1):301-8.

Kelsey MM, Zeitler PS. Insulin resistance of puberty. Curr Diab Rep.
2016;16(7):64.

Goran MI, Gower BA. Longitudinal study on pubertal insulin resistance.
Diabetes. 2001;50(11):2444-50.

Kelly LA, Lane CJ, Weigensberg MJ, Toledo-Corral CM, Goran MI. Pubertal
changes of insulin sensitivity, acute insulin response, and 3-cell function
in overweight Latino youth. J Pediatr. 2011;158(3):442-6.



Krivosikova et al. BVIC Pediatrics

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

(2022) 22:289

Siervogel RM, Demerath EW, Schubert C, Remsberg KE, Chumlea WC, Sun S,
et al. Puberty and body composition. Horm Res. 2003;60(Suppl 1):36-45.
Natali A, Ferrannini E. Hypertension, insulin resistance, and the metabolic
syndrome. Endocrinol Metab Clin N Am. 2004;33(2):417-29.
Marcovecchio ML, Patricelli L, Zito M, Capanna R, Ciampani M, Chiarelli

F, et al. Ambulatory blood pressure monitoring in obese children: role of
insulin resistance. J Hypertens. 2006;24(12):2431-6.

Kotchen TA. Obesity-related hypertension: epidemiology, pathophysiol-
ogy, and clinical management. Am J Hypertens. 2010;23(11):1170-8.
Makni E, Moalla W, Benezzeddine-Boussaidi L, Lac G, Tabka Z, Elloumi M.
Correlation of resistin with inflammatory and cardiometabolic markers

in obese adolescents with and without metabolic syndrome. Obes Facts.
2013,6(4):393-404.

Hodge S, Bunting BP, Carr E, Strain JJ, Stewart-Knox BJ. Obesity, whole
blood serotonin and sex differences in healthy volunteers. Obes Facts.
2012;5(3):399-407.

Binetti J, Bertran L, Riesco D, Aguilar C, Martinez S, Sabench F, et al.
Deregulated serotonin pathway in women with morbid obesity and
NAFLD. Life (Basel). 2020;10(10):245.

Ritze Y, Schollenberger A, Hamze Sinno M, Biihler N, Bohle M, Bardos

G, et al. Gastric ghrelin, GOAT, leptin, and leptinR expression as well as
peripheral serotonin are dysregulated in humans with obesity. Neurogas-
troenterol Motil. 2016;28(6):806-15.

Kim HJ, Kim JH, Noh'S, Hur HJ, Sung MJ, Hwang JT, et al. Metabolomic
analysis of livers and serum from high-fat diet induced obese mice. J
Proteome Res. 2011;10(2):722-31.

Bertrand RL, Senadheera S, Markus |, Liu L, Howitt L, Chen H, et al. A West-
ern diet increases serotonin availability in rat small intestine. Endocrinol-
0gy. 2011;152(1):36-47.

Pacifico L, Anania C, Osborn JF, Ferraro F, Bonci E, Olivero E, et al. Low
25(0OH)D3 levels are associated with total adiposity, metabolic syndrome,
and hypertension in Caucasian children and adolescents. Eur J Endo-
crinol. 2011;165(4):603-11.

Rajakumar K, Moore CG, Khalid AT, Vallejo AN, Virji MA, Holick MF, et al.
Effect of vitamin D3 supplementation on vascular and metabolic health
of vitamin D-deficient overweight and obese children: a randomized
clinical trial. Am J Clin Nutr. 2020;111(4):757-68.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 12 of 12

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Hypertension in obese children is associated with vitamin D deficiency and serotonin dysregulation
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Methods
	Study population
	Office blood pressure measurement
	24-hour ambulatory blood pressure monitoring
	Obesity classification
	Definition of vitamin D insufficiency and deficiency
	Biochemical analyses
	Statistical analysis

	Results
	Discussion
	Acknowledgements
	References


