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Abstract: Background: Metabolic syndrome (MetS) represents a cluster of known cardiometabolic
risk factors, which elevates the risk of type 2 diabetes mellitus (T2DM), atherosclerotic cardiovascular
disease (CVD) and chronic kidney disease (CKD) in adults and, only recently, even in children
and adolescents. Circulating nitric oxide (NOx) has been observed to influence MetS risk factors
in adults, but this has been scarcely investigated in children. The aim of the present study was
to determine whether circulating NOx levels correlate with known components of MetS in Arab
children and adolescents. Methods: Anthropometrics, serum NOX, lipid profile and fasting glucose
levels were measured in 740 Saudi Arabs aged 10-17 years (68.8% girls). The presence of MetS
was screened using the criteria of de Ferranti et al. Results: Overall, serum NOx levels were
significantly higher in MetS participants compared to non-MetS (25.7 umol/L (10.1-46.7) versus
11.9 umol/L (5.5-22.9), p < 0.001) even after adjustments for age, BMI and sex. With the exception
of elevated blood pressure, higher circulating NOx significantly increased the odds for MetS and
its components. Lastly, receiver operating characteristics (ROC) showed that NOx, as a diagnostic
marker for MetS, had good sensitivity and was higher in boys than girls (all MetS participants: area
under the curve (AUC) = 0.68, p < 0.001), (girls with MetS: AUC = 0.62, p = 0.002), (boys with MetS:
AUC =0.83, p < 0.001)). Conclusions: MetS and most of its components were significantly associated
with circulating NOx levels in Arab adolescents and may be a promising diagnostic biomarker
for MetS.
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1. Introduction

Metabolic syndrome (MetS) is a global epidemic with the hallmark clinical presence of
a low-grade chronic inflammatory state secondary to the clustering of multiple metabolic
risk factors for type 2 diabetes mellitus (T2DM), atherosclerotic cardiovascular disease
(CVD) and even chronic kidney disease (CKD) [1,2]. It has been observed that MetS starts
early in life, long before the occurrence of clinical disease, which, if left untreated, persists
into adulthood [3,4]. Collectively, the risk factors for MetS include obesity, glucose intoler-
ance or T2DM, dyslipidemia (hypertriglyceridemia and/or low high-density lipoprotein
cholesterol, HDL-C) and elevated blood pressure or hypertension [5].

The growing prevalence of childhood obesity has been established as the primary
cause of worldwide rise in the prevalence of MetS in this population [6,7]. In Saudi Arabia,

obesity is highly prevalent in both children (20.6%) and adults (39.8%) [8,9]. Persistence of
MetS in childhood elevates susceptibility to premature atherosclerosis and CVD in early
adulthood [3,5]. In a recent longitudinal study [10], childhood MetS was a significant
predictor of CVD even 25 years later in adulthood. Moreover, the risk factors for having
CVD were shown to be not only hereditary but persisting throughout adulthood [11-13].
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vasodilation, cardiac function, reproduction, gene transcription and translation and post-
translational modifications [15-18]. Although limited in causality, there is strong evidence
of the associations between circulating NOx and MetS in adults based on several obser-
vational studies [19-21]. Consequently, the significant associations of serum NOx levels
with childhood obesity and lipids have been reported, including those with type 1 diabetes
mellitus TIDM [22-24]. However, studies on the associations of NOx and cardiometabolic
parameters in children are inconsistent, and this can be partially attributed to the different
ethnicities of the populations used in investigations, as well as differences in the assays
used for the assessment of NOx. Nevertheless, a pathophysiological mechanism of NOx in
diabetes could be its close association with insulin resistance and endothelial dysfunction,
which in turn links metabolic disorders demonstrated by MetS with cardiovascular home-
ostasis [25]. Moreover, previous studies have demonstrated that the production of NOx at
high levels leads to pathological alterations in several metabolic pathways [26,27].

Given the heightened concern over the growing emergence of MetS and its compo-
nents in pediatric populations of different ethnicities, data on several biomarkers and
environmental factors associated with childhood MetS may provide additional insights
into the mechanisms of this chronic disorder [28]. Arguably, there is limited investigation
on the associations of circulating NOx with pediatric MetS. Therefore, the present study
aims to investigate and determine the associations of circulating NOx levels with MetS and
its corresponding elements in a cohort of Arab children and adolescents in a school setting.

2. Materials and Methods
2.1. Participants

In the present multi-center cross-sectional study, a total of 740 apparently healthy
school-attending Saudi children and adolescents aged 10-17 years (68.8% girls) were
recruited from the school project master database of the Chair for Biomarkers of Chronic
Diseases (CBCD) at King Saud University (KSU), Riyadh City, Saudi Arabia. Written
informed consent was obtained from parents and assent from students. All experiments and
data collection methods were seen and approved by the Institutional Review Board (IRB) of
the College of Science, KSU, Riyadh, Kingdom of Saudi Arabia (IRB Ref No 15/0502/IRB
dated 21 December 2015), and were conducted in one central laboratory (CBCD, KSU). All
procedures were performed in full accordance with the Helsinki Declaration of 1964 ethical
standards and its recent amendments.

2.2. Anthropometrics and Biochemical Analyses

All students were instructed to be in a 10 h overnight fasting state. On an assigned date
approved by the school principal, trained nurses collected the fasting blood samples and
anthropometric measurements at the school site. Coordination with the school authorities
was necessary, so that mass data collection could be implemented in a shorter period
of time without inflicting much inconvenience on both the class schedules and students.
Fasting blood samples were centrifuged immediately on site; the serum was separated
in plain tubes, kept in ice-filled containers, and immediately transported to the central
laboratory, CBCD, KSU, Riyadh, Saudi Arabia, where all blood and serum samples were
stored at —80 °C. Anthropometrics were measured and included height (cm), weight
(kg), hip (cm) and waist circumference (WC) (cm). Body mass index BMI (kg/m?) was
calculated. Blood pressure (mmHg) (systolic, SBP, and diastolic, DBP) was noted as the
average of two readings with a 15 min interval, using a pediatric cuff if applicable. A
standard routine laboratory analysis (Konelab, Espoo, Finland) was used to measure
fasting blood glucose (mmol/L), total cholesterol (TC) (mmol/L), triglycerides (TAG)
(mmol/L) and HDL-C (mmol/L). This biochemical analyzer was calibrated regularly prior
to the analysis of all serum samples using quality control samples purchased from the
manufacturer. The limit of detection (LOD) for the assay was 0.02mmol/L (for glucose),
0.1 mmol/L (for TC), 0.04 mmol/L (for HDL-C) and 0.02 mmol/L (for TAG). The inter-assay
CVs were <5% (for glucose), <3.5% (for TC), <4% (for HDL-C) and <4% (for TAG) for
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these tests, respectively. The Friedwald equation was used for obtaining LDL cholesterol
(LDL-C) (mmol/L) values. Circulating serum NOx (umol/L) was measured using the
Griess reaction [29]. The obesity status was classified according to the participant’s BMI
percentile, age and sex, as done previously [8,30].

2.3. Definition of Pediatric MetS

The De Ferranti et al. 2004 criteria were used to define MetS in the present study
population [31] due to their common use in epidemiological studies, the ability to capture
a higher yield of high-risk children, the lack of prerequisite risk factors, such as central
obesity or elevated glucose levels as the primary component, and their convenience for
mass screening in select community populations as compared to other definitions [32].

Participants who presented with three risk factors or more were considered to have
pediatric MetS:

1.  Hypertriglyceridemia, defined as triglyceride levels > 1.1 mmol/L.

2. Low HDL-C < 1.3 mmol/L (for boys 15-19 years, HDL-C < 1.17 mmol/L).

3. Elevated fasting blood glucose > 6.1 mmol/L.

4. Central obesity, defined as >75th percentile of waist circumference based on age
and gender.

5. Elevated blood pressure, defined as systolic or diastolic blood pressure (mmHg),
which is >90th percentile for age, sex and height.

2.4. Data Analysis

Data were analyzed using SPSS (version 22.0, IBM, Chicago, IL, USA). Post hoc power
analysis (1-) = 0.805 was performed using G*Power (3.1) with effect size d between
group = 0.25, « error of probability = 0.05 and sample size (control = 620 and MetS = 120),
respectively. Continuous parameters were shown as mean =+ standard deviation (SD) for
normally distributed variables, while variables that were not normally distributed were
shown as median (first and third quartiles). Categorical parameters were presented as
frequencies and percentages (%). All continuous variables underwent assessment for nor-
mality using the Kolmogorov-Smirnov test. Non-normal variables were log-transformed
prior to the parametric analysis. The independent ¢-test and Mann-Whitney U-test were
used to compare the mean and median differences in normal and non-normal variables,
respectively, and univariate analysis was performed for covariate adjustments, which in-
cluded age, BMI and sex. Multinomial logistic regression analysis was performed for MetS
and its components, and receiver operating characteristic (ROC) curve was used to deter-
mine the sensitivity and specificity of serum NOx in diagnosing MetS. A p-value < 0.05
was considered statistically significant.

3. Results

Table 1 shows the differences in cardiometabolic characteristics of non-MetS versus
MetS participants in boys and girls. The overall prevalence of MetS was 16.2% (120 out of
720). The prevalence of MetS in girls was 15.6% (77 out of 495), while the prevalence of MetS
in boys was slightly higher at 17.6% (43 out of 245). In all participants and as expected, the
MetS group had a significantly higher BMI Z-score, WC, SBP and DBP than the non-MetS
group, even after adjusting for age, BMI and sex (p-values < 0.001). Among the biochemical
parameters, only TC was not significantly different in both groups (p = 0.53), while LDL-
C was borderline significant in favor of the MetS group (p = 0.05). Fasting glucose and
TAG were significantly higher in the MetS group (p-values 0.002 and <0.001, respectively),
while HDL-C was significantly lower in the MetS group as compared to their non-MetS
counterparts (p < 0.001). Lastly, the median levels of NOx were significantly higher in the
MetS as compared to the non-MetS group, even after adjusting for covariates (25.7 umol
(10.1-46.2) versus 11.9 pmol (5.5-22.9); p < 0.001). When stratified according to sex, in
girls, the majority of the variables mentioned remained significant even after adjusting for
age and BMI, with the exception of WC (p = 0.051), TC (p = 0.85) and LDL-C (p = 0.16).
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The median levels of NOx in girls with MetS were significantly higher compared to those
without and remained persistent even after adjusting for covariates (12.0 umol (6.7-30.6)
versus 8.7 umol (4.8-18.6); p = 0.002). Lastly, in boys, only TC (p = 0.84), HDL-C (p = 0.34)
and LDL-C (p = 0.20) were not significantly different in MetS versus non-MetS groups.
Similar to girls, the median level of NOx was significantly higher in the MetS than the non-
MetS group after adjustment (42.3 pmol (31.4-62.9) versus 18.9 umol (11.2-31.7); p < 0.001).
It is worth noting that the NOx levels in boys without MetS were still significantly higher
compared to girls with MetS (18.9 umol (11.2-31.7) versus 12.0 pmol (6.7-30.6); p < 0.05)
and that the NOx levels in boys were significantly higher than in girls, independent of
MetS status. The rest of the comparisons are presented in Table 1.

Table 2 shows the odds ratios for MetS and its components in NOx tertiles. The
results showed that having higher tertiles of serum levels of NOx is a significant risk
factor for MetS as compared to those in the lower tertile, with an odds ratio (OR) of 3.63
(95% confidence interval, CI, 2.12-6.19), p > 0.001. The odds increased and remained
significant after adjusting for age and sex (OR 3.84 (95% CI 2.12-6.92), p < 0.001). In terms
of the influence of varying NOx serum levels on individual MetS components, those with
serum levels of NOx in the higher tertile faced a risk factor for high WC (OR 1.76 (95% CI,
1.07-2.91), p = 0.026), high blood glucose (OR 2.48 (95% CI, 1.18-5.21), p = 0.016) and high
TAG (OR 2.33 (95% ClI, 1.54-3.53), p < 0.001) compared with those in the lower tertile.
Serum levels of NOx in the second or third tertiles were risk factors for low HDL-C levels
(OR for second tertile: 2.62 (95% CI, 1.74-3.94), p < 0.001 and third tertile: OR 6.2 (95% ClI,
3.9-9.9), p < 0.001) compared to those in the lower tertile, even after adjusting for age and
sex. The rest of the ORs are found in Table 2.

Participants were further stratified based on the clustering of MetS components and
sex. These included the five MetS components: central obesity, hyperglycemia, hyperten-
sion, low HDL-C and hypertriglyceridemia. The results showed that NOx levels were
significantly higher in participants with increasing number of MetS components compared
to healthy participants with no MetS risk factor in both sexes (p < 0.001) (Figure 1).

Lastly, ROC analysis was performed to assess whether NOx could be a reliable
biomarker for pediatric MetS. The area under the curve (AUC) showed that NOx had
good sensitivity for MetS diagnosis, and it was higher in boys than in girls ((all MetS
participants: AUC = 0.68, p < 0.001), (girls with MetS: AUC = 0.62, p = 0.002), (boys with
MetS: AUC = 0.83, p < 0.001)) (Figure 2).

p<0.001 p<0.001 p<0.001
0 2 3 =4 0 1 2 3 =4 0 1 2 3 =4
ALL Boys Girls

Figure 1. Comparison of serum NOx (umol/L) levels and of clustering of MetS individual compo-
nents in all participants, as well as in boys and girls.
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Table 1. Clinical characteristics of participants.

All Girls Boys
Parameter All Non-MetS MetS Non-MetS MetS Non-MetS MetS p-Value Adjusted
. -Value Adjusted -Value for BMI
N (Boys/Girls) 740 (245/495) 620 (202/418) 120 (43/77) P for Age, ]13 M1 418 77 Adi;usted for 202 43
Age (years) 142 £ 16 141+ 16 147 £17 and Sex 141+17 15.1+ 1.8 Age and BMI 14.1 + 1.0 141 +1.2 0.80
BMI (kg/m?) 2194+ 4.8 213445 2554 4.7 20.8 4+ 4.6 258 + 4.7 221 + 4.1 251 +4.7
BMI Z-Score 0.00 + 1.0 —0.137 £+ 0.94 0.753 + 0.97 <0.001 —0.232 4 0.97 0.810 £ 0.97 <0.001 0.048 + 0.87 0.669 + 0.98 <0.001
WC (cm) 73.6 = 11.7 715 + 10.6 8324 11.9 <0.001 72.0 £11.2 86.8 &+ 12.2 0.051 709 +9.6 782497 <0.001
SBP (mmHg) 119.4 &+ 14.0 1172 +12.8 130.3 + 14.4 <0.001 118.9 + 13.0 132.6 & 14.7 <0.001 113.6 + 11.8 126.3 +13.2 <0.001
DBP (mmHg) 70.1+9.8 69.3+9.3 745 4+ 10.9 <0.001 683 +9.1 71.9 + 10.1 0.004 712495 785+ 11.1 <0.001
TC (mmol/L) 430 +1.03 429 +1.03 436 +1.01 0.53 443409 451409 0.85 401412 410+ 1.1 0.84
Glucose (mmol /L) 5.13 4 0.72 5.10 + 0.7 5.40 4 0.90 0.002 52+0.6 55407 0.05 49407 52+1.0 0.02
HDL-c (mmol/L) 1.18 £ 0.41 1.22 + 0.42 0.97 +0.25 <0.001 1.32 £ 05 1.01+0.3 <0.001 1.0+ 02 092402 0.34
LDL-c (mmol/L) 2.63 4+ 0.79 2.59 4+ 0.8 2.79 + 0.9 0.05 2.6240.8 2.8240.9 0.16 2544 0.8 2.74 4+ 0.9 0.20
TAG (mmol/L) # 1.0 (0.8-1.4) 0.97 (0.75-1.3) 1.4 (1.1-1.8) <0.001 0.97 (0.8-1.3) 1.4 (1.1-1.7) <0.001 0.98 (0.7-1.2) 1.4 (1.2-1.8) <0.001
NOx (umol/L) #  12.8 (5.7-26.4)  11.9 (5.5-22.9)  25.7 (10.1-46.2) <0.001 8.7 (4.8-18.6) 12.0 (6.7-30.6) 0.002 18.9 (11.2-31.7)  42.3 (31.4-62.9) <0.001

Note: Data presented as N for frequencies; mean + SD for normally distributed variables; # denotes non-normally distributed continuous variables, presented as median (25th-75th)
percentiles; p-value significant at <0.05. BMI—body mass index; DBP—diastolic blood pressure; NOx—nitric oxide; SBP—systolic blood pressure; TAG—triglycerides; WC—waist
circumference; TC—total cholesterol.
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Table 2. Risk factors for MetS and its components according to NOx tertiles.
Age- and
Parameters Odds Ratio (95% CI) Sex-Adjusted Odds
Ratio (95% CI)
MetS
T1 1 1
T2 1.41 (0.77-2.56) 0.26 1.18 (0.63-2.22) 0.61
T3 3.63 (2.12-6.19) <0.001 3.84 (2.12-6.92) <0.001
Waist (cm)
T1 1 1
T2 1.02 (0.63-1.65) 0.93 1.04 (0.62-1.74) 0.87
T3 1.61 (1.03-2.52) 0.038 1.76 (1.07-2.91) 0.026
Hypertension (mmHg)
T1 1 1
T2 1.14 (0.67-1.92) 0.63 0.89 (0.51-1.56) 0.68
T3 1.49 (0.90-2.46) 0.120 1.46 (0.84-2.53) 0.18
High Glucose (mmol/L)
T1 1 1
T2 1.38 (0.64-2.99) 0.41 1.17 (0.53-2.61) 0.70
T3 2.65 (1.31-5.32) 0.006 2.48 (1.18-5.21) 0.016
High TAG (mmol/L)
T1 1 1
T2 1.57 (1.07-2.32) 0.02 1.41 (0.93-2.12) 0.10
T3 2.33 (1.59-3.42) <0.001 2.33 (1.54-3.53) <0.001
Low HDL-C (mmol/L)
T1 1 1
T2 2.81(1.92-4.10) <0.001 2.62 (1.74-3.94) <0.001
T3 7.77 (5.10-11.97) <0.001 6.24 (3.93-9.87) <0.001
Note: Data presented as odds ratio (95% confidence interval); T represents tertile; significance at p < 0.05.
0.68 (0.62-0.74), p<0.001) 0.62 (0.54-0.69), p=0.002) 0.83 (0.78-0.89), p<0.001)
1+ 1 —
08 + ’/”
// 2=
£ foot
02 + //'
o &~ + + + + { 1
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
Specificity Specificity Specificity
A. All Participants B. Girls C. Boys

Figure 2. Receiver operating curve for NOx in (A) all participants, (B) girls and (C) boys.

4. Discussion

The present study investigated serum levels of NOx in relation to MetS in a group of
Saudi Arabian school children and adolescents and evaluated the relationship between
NOx levels and cardiometabolic parameters according to pediatric MetS status. The present
study is arguably the first to investigate pediatric MetS and its association with serum
NOx levels among Arab children and adolescents. Remarkably, the results of the ROC
analysis indicated an important role for NOx in MetS and that NOx could be a promising
diagnostic biomarker for MetS, with higher sensitivity in boys than in girls. Interestingly, the
prevalence of MetS in Saudi school children was high in both boys and girls, as previously
documented, suggesting that pediatric MetS in the kingdom may soon be a public health
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threat, if it is not already so, unless proper interventions and public awareness campaigns
are instigated on a national level [8].

In the present investigation and as expected, several cardiometabolic parameters
assessed were significantly higher in the MetS group as compared to those without MetS
even after adjusting for covariates, with the exception of HDL-C. These findings were
true even after stratification for sex. More interestingly, serum NOx levels were observed
to be significantly higher in participants with MetS than in those without MetS even
after adjusting for age, sex and BMI, and also after stratification according to sex, with
boys having higher NOx levels independent of MetS status. In addition, elevated NOx
levels were a risk factor for MetS and its individual components in the present study
cohort. Previous studies have demonstrated the associations between cardiometabolic
factors and serum NOx; Higashino et al. documented a direct association between plasma
NOx levels and blood pressure among African Americans with comorbid diseases and
proposed that assessment of serum NOx could help in monitoring hypertension state and
severity [33]. In another study conducted in Italy, circulating NOx production was increased
in diabetes patients with MetS, as defined using the International Diabetes Federation (IDF)
criteria, as well as those with high TAG/HDL-C index [21], which may be secondary to
the over-stimulation of inducible NOS (iNOS) mRNA in the pancreatic islets and elevated
glycosylation end products [34]. With regard to lipids, it was previously demonstrated
that NOx production, at least in the context of basal endothelium synthesis, was inversely
associated with elevated cholesterol states or dyslipidemia in humans [35]. Within the
context of adiposity, NOx synthases, endothelial NOS (eNOS) and iNOS, have been shown
to present in adipose tissue and to be influenced by lipolysis of subcutaneous tissue
independent of obesity status, suggesting that NO can regulate adipose tissue through
inhibition of lipolysis [36]. Mechanistic investigations found that the iNOS protein is
present in human subcutaneous adipose tissue and demonstrated that iNOS inhibition had
led to increased lipolysis in this tissue [37,38].

The present study results identified NOx as a risk factor for MetS and its components
(Table 2). These results show a relationship between serum NOx and MetS in our pediatric
cohort, which was reported previously in adults of different backgrounds, including Amish
women [20], Italian adults [21] and obese children of south Asian origin [39]. Additionally,
serum NOx was directly proportional to the number of MetS components (Figure 1),
which is in line with a previous study in adults showing increased serum NOx levels
with increasing individual components of MetS in both the main analysis and the sex-
specific sub-analysis [20]. NOx is biosynthesized in several cell types other than the
vascular endothelium; therefore, it could be speculated that increased serum NOx in MetS,
as seen in our results, could be due to eNOS inhibition and iNOS overexpression, as
recently observed [21]. Evidence supporting this relationship has been reported previously.
Maejima et al. [40], in their case—control study involving hospitalized patients with and
without diabetes, found significantly higher NOx serum levels in hypertensive diabetic
patients compared to normotensive patients with diabetes, suggesting that, again, impaired
NOx activities are affected by the weakness of the basal endothelium vasodilation, leading
to elevated oxidative stress. Since the elevation of circulating NOx is significantly influenced
by the strength of endothelium, and the weakness of the endothelium is exacerbated by
increasing number of MetS components, it makes sense to assume that the relationship
between NOx and the clustering of MetS risk factors is direct and parallel.

NOx is generated at different rates by different NOx synthases isoforms, and contrary
to popular belief that free radicals are unstable, NOx is actually chemically stable and is only
substantially affected by the presence of other free radicals, such as superoxides [14,41]. The
inducible NOS or iNOS isoform, expressed in response to inflammatory stimuli in several
types of cells, has the largest capacity to produce NOx [42,43]. Obesity is associated with
notable changes in the abundance of the iNOS enzyme isoform, which abundantly increases
in adipose tissue [44] and skeletal muscle [45] in obese states. Tumor necrosis factor alpha
(TNF-«) is an inflammatory adipocytokine, which was consistently demonstrated to be
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significantly increased in individuals with MetS compared to normal ones, supporting the
fact that inflammation has an important role in MetS pathogenesis [46,47]. Moreover, it has
been previously observed that TNF« is associated with NOx synthesis activity through a
variety of pathways, most commonly through the activation of Akt at Ser 473, a signaling
pathway involved in several metabolic activities, including tumor growth and insulin
resistance [48]. This could partially explain the elevated NOx levels in participants with
MetS in the present study [49].

The present results showed sex differences in serum NOx levels between boys and girls,
and this was true even among boys without MetS, with significantly higher NOx compared
to girls with MetS. Alchujyan et al. [50] also observed differences in NOS activities in
peripheral blood leukocyte cells in a group of children/adolescents and young adults with
type 1 diabetes (T1D) and observed that several factors affect bioavailable NOx, which
include not only glycemic status and duration of T1D but also age and sex. Additionally,
Ratajczak et al. [51] found that the expression of iNOS was higher in female neutrophils
than in males, and this was attributed to the physiological differences in circulating estrogen
among the sexes. These sex differences could be a result of sex-specific variations or a
difference in the ability of NOS gene expression depending on levels of androgens, estrogen
in particular, or might also be ascribed to differences in the composition of the adipose
tissues. Previously, it was demonstrated that more than 6500 protein-coding genes are
differentially expressed in men and women, which results in sexually dimorphic properties
in both sexes, which may also explain why the male sex on its own is a CVD risk factor [52].

The authors acknowledge some limitations, which need to be considered in the in-
terpretation of the present results. First, the dietary intake of the participants was not
recorded. It was observed that dietary-derived NOx was a contributor to NOx levels in
apparently healthy participants, making it a potentially significant confounder, which can
bias findings [53,54]. Dietary collection, however, is particularly difficult to implement
in the present study, given the school setting and the absence of parental participation,
which can largely contribute to the accuracy of the dietary recall of participants. Second, an
evaluation of the inflammatory status was not performed, and this could have strengthened
the diagnostic power and clinical value of NOx in terms of reaffirming why the level of
increase is compounded with the parallel increase in MetS risk factors. Lastly, the present
study implemented a cross-sectional design, and thus, the potential causality between NOx
and other variables cannot be measured. Interventional studies with matched-controls are
needed in which NOx and MetS components are monitored over time to ascertain whether
varying NOx levels are the cause of the increase or decrease in metabolic parameters over
time. Nevertheless, the present study provides novel information on circulating NOx levels
among Saudi Arabian children and adolescents with or without MetS in Saudi Arabia. The
findings are consistent with observations conducted in adult populations with MetS and
other chronic diseases, such as CVD and T2DM.

5. Conclusions

Circulating serum NOx was significantly associated with MetS and its individual com-
ponents in Saudi children and adolescents and was sexually dimorphic, suggesting that
NOx may play a role in the metabolic status and the modulation of pediatric MetS similar to
adults. Circulating NOX may be a promising marker for pediatric MetS, especially in boys.
Follow-up studies that are interventional in nature, such as lifestyle modification programs
and non-pharmacological clinical trials, are required to not only mitigate the increasing
pediatric MetS among Arab adolescents but also to better understand the pathophysiologi-
cal mechanisms of NOx and its potential applications in the prevention of premature CVD
and DM in the pediatric population, especially in boys.

Author Contributions: N.M.A.-D., S.S. and O.E.A. designed the study; O.E.A. worked on the method-
ology; M.N.K.K. and S.S. performed the statistical analysis; O.E.A. wrote the manuscript; S.S. revised
the manuscript; N.M.A.-D. supervised the study. All authors have read and agreed to the published
version of the manuscript.



Children 2023, 10, 210 9of 11

Funding: This study is supported by the Deputyship for Research and Innovation, Ministry of
Education in Saudi Arabia, funding this research work through project number IFKSU-2-27.

Institutional Review Board Statement: Ethical approval was obtained from the Ethics Committee of
the College of Science, King Saud University, Riyadh, Saudi Arabia (IRB Ref No 15/0502/IRB dated
21 December 2015). All the experimental and sampling procedures were approved by the ethical
review board of the College of Science, KSU, Riyadh, Kingdom of Saudi Arabia. All procedures
were performed in accordance with the ethical standards of the Helsinki Declaration of 1964 and its
latest amendments.

Informed Consent Statement: Informed consent and assent were obtained from all participants
involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy protection.

Acknowledgments: The authors thank all the respondents of the study for their participation.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Fahed, G.; Aoun, L.; Bou Zerdan, M.; Allam, S.; Bou Zerdan, M.; Bouferraa, Y.; Assi, H.I. Metabolic Syndrome: Updates on
Pathophysiology and Management in 2021. Int. J. Mol. Sci. 2022, 23, 786. [CrossRef] [PubMed]

2. Lotti, F.; Marchiani, S.; Corona, G.; Maggi, M. Metabolic Syndrome and Reproduction. Int. . Mol. Sci. 2021, 22, 1988.
[CrossRef] [PubMed]

3.  DeBoer, M.D. Assessing and Managing the Metabolic Syndrome in Children and Adolescents. Nutrients 2019, 11, 1788.
[CrossRef] [PubMed]

4. Weihe, P.; Weihrauch-Bliiher, S. Metabolic Syndrome in Children and Adolescents: Diagnostic Criteria, Therapeutic Options and
Perspectives. Curr. Obes. Rep. 2019, 8, 472—479. [CrossRef]

5. Expert Panel on Detection, E.; Treatment of High Blood Cholesterol in Adults. Executive Summary of the Third Report of the
National Cholesterol Education Program (NCEP) Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol
in Adults (Adult Treatment Panel IIT). JAMA J. Am. Med. Assoc. 2001, 285, 2486-2497. [CrossRef]

6.  De Ferranti, S.D.; Osganian, S.K. Epidemiology of paediatric metabolic syndrome and type 2 diabetes mellitus. Diabetes Vasc. Dis.
Res. 2007, 4, 285-296. [CrossRef]

7. Sen, Y.; Kandemir, N.; Alikasifoglu, A.; Gonc, N.; Ozon, A. Prevalence and Risk Factors of Metabolic Syndrome in Obese Children
and Adolescents: The Role of the Severity of Obesity. Eur. ]. Pediatr. 2008, 167, 1183-1189. [CrossRef]

8. Amer, O.E,; Sabico, S.; Khattak, M.N.K.; Alnaami, A.M.; Aljohani, N.J.; Alfawaz, H.; AlHameidi, A.; Al-Daghri, N.M. Increasing
Prevalence of Pediatric Metabolic Syndrome and Its Components among Arab Youth: A Time-Series Study from 2010-2019.
Children 2021, 8, 1129. [CrossRef]

9.  Al-Rubeaan, K.; Bawazeer, N.; Al Farsi, Y.; Youssef, A.M.; Al-Yahya, A.A.; AlIQumaidi, H.; Al-Malki, B.M.; Naji, K.A.; Al-Shehri,
K.; Al Rumaih, EI. Prevalence of Metabolic Syndrome in Saudi Arabia—A Cross Sectional Study. BMC Endocr. Disord. 2018,
18, 16. [CrossRef]

10. Morrison, J.A.; Friedman, L.A.; Gray-McGuire, C. Metabolic Syndrome in Childhood Predicts Adult Cardiovascular Disease 25
Years Later: The Princeton Lipid Research Clinics Follow-up Study. Pediatrics 2007, 120, 340-345. [CrossRef]

11.  Ibrahim, M.S.; Pang, D.; Randhawa, G.; Pappas, Y. Development and Validation of a Simple Risk Model for Predicting Metabolic
Syndrome (MetS) in Midlife: A Cohort Study. Diabetes Metab. Syndr. Obes. 2022, 6, 1051-1075. [CrossRef]

12.  Al-Daghri, N.M.; Al-Attas, O.S.; Alokail, M.S.; Alkharfy, KM.; Yakout, S.M.; Sabico, S.B.; Gibson, G.C.; Chrousos, G.P.; Ku-
mar, S. Parent-offspring transmission of adipocytokine levels and their associations with metabolic traits. PLoS ONE 2011,
6,e18182. [CrossRef]

13. Yan, Y, Li, S; Liu, Y;; Guo, Y,; Fernandez, C.; Bazzano, L.; He, J.; Chen, W. Associations Between Life-Course Lipid Trajectories
and Subclinical Atherosclerosis in Midlife. JAMA Netw. Open 2022, 3, €2234862. [CrossRef]

14. Lundberg, J.O.; Weitzberg, E. Nitric oxide signaling in health and disease. Cell 2022, 4, 185, 2853-2878. [CrossRef]

15. Khan, B.V,; Harrison, D.G.; Olbrych, M.T.; Alexander, R.W.; Medford, R.M. Nitric Oxide Regulates Vascular Cell Adhesion
Molecule 1 Gene Expression and Redox-Sensitive Transcriptional Events in Human Vascular Endothelial Cells. Proc. Natl. Acad.
Sci. USA 1996, 93, 9114-9119. [CrossRef]

16. Gudi, T.; Hong, G.K; Vaandrager, A.B.; Lohmann, S.M.; Pilz, R.B. Nitric Oxide and CGMP Regulate Gene Expression in Neuronal
and Glial Cells by Activating Type II CGMP-Dependent Protein Kinase. FASEB ]. Off. Publ. Fed. Am. Soc. Exp. Biol. 1999,
13,2143-2152. [CrossRef]

17.  Pantopoulos, K.; Hentze, M.W. Nitric Oxide Signaling to Iron-Regulatory Protein: Direct Control of Ferritin MRNA Translation

and Transferrin Receptor MRNA Stability in Transfected Fibroblasts. Proc. Natl. Acad. Sci. USA 1995, 92, 1267-1271. [CrossRef]


http://doi.org/10.3390/ijms23020786
http://www.ncbi.nlm.nih.gov/pubmed/35054972
http://doi.org/10.3390/ijms22041988
http://www.ncbi.nlm.nih.gov/pubmed/33671459
http://doi.org/10.3390/nu11081788
http://www.ncbi.nlm.nih.gov/pubmed/31382417
http://doi.org/10.1007/s13679-019-00357-x
http://doi.org/10.1001/jama.285.19.2486
http://doi.org/10.3132/dvdr.2007.055
http://doi.org/10.1007/s00431-007-0658-x
http://doi.org/10.3390/children8121129
http://doi.org/10.1186/s12902-018-0244-4
http://doi.org/10.1542/peds.2006-1699
http://doi.org/10.2147/DMSO.S336384
http://doi.org/10.1371/journal.pone.0018182
http://doi.org/10.1001/jamanetworkopen.2022.34862
http://doi.org/10.1016/j.cell.2022.06.010
http://doi.org/10.1073/pnas.93.17.9114
http://doi.org/10.1096/fasebj.13.15.2143
http://doi.org/10.1073/pnas.92.5.1267

Children 2023, 10, 210 10 of 11

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Liu, X,; Hill, P,; Haile, D.J. Role of the Ferroportin Iron-Responsive Element in Iron and Nitric Oxide Dependent Gene Regulation.
Blood Cells Mol. Dis. 2002, 29, 315-326. [CrossRef]

Reijrink, M.; De Boer, S.A.; Van Roon, A.M.; Slart, R.H.J.A.; Fernandez, B.O.; Feelisch, M.; Heerspink, H.J.L.; Van Goor, H.;
Hillebrands, J.-L.; Mulder, D.]. Plasma Nitrate Levels Are Related to Metabolic Syndrome and Are Not Altered by Treatment with
DPP-4 Inhibitor Linagliptin: A Randomised, Placebo-Controlled Trial in Patients with Early Type 2 Diabetes Mellitus. Antioxidants
2021, 10, 1548. [CrossRef]

Akram, F,; Fuchs, D.; Daue, M.; Nijjar, G.; Ryan, A.; Benros, M.E.; Okusaga, O.; Baca-Garcia, E.; Brenner, L.A.; Lowry, C.A; et al.
Association of plasma nitrite levels with obesity and metabolic syndrome in the Old Order Amish. Obes. Sci. Pract. 2018,
4, 468-476. [CrossRef]

Caimi, G.; Lo Presti, R.; Montana, M.; Noto, D.; Canino, B.; Averna, M.R.; Hopps, E. Lipid peroxidation, nitric oxide metabolites,
and their ratio in a group of subjects with metabolic syndrome. Oxid. Med. Cell Longev. 2014, 2014, 824756. [CrossRef] [PubMed]
Choi, J.W. Enhanced Nitric Oxide Production Is Closely Associated with Serum Lipid Concentrations in Adolescents. Clin. Chim.
Acta Int. |. Clin. Chem. 2004, 347, 151-156. [CrossRef] [PubMed]

Gruber, H.-].; Mayer, C.; Mangge, H.; Fauler, G.; Grandits, N.; Wilders-Truschnig, M. Obesity Reduces the Bioavailability of Nitric
Oxide in Juveniles. Int. J. Obes. 2008, 32, 826-831. [CrossRef] [PubMed]

Lo, H.-C,; Lin, S.-C.; Wang, Y.-M. The Relationship among Serum Cytokines, Chemokine, Nitric Oxide, and Leptin in Children
with Type 1 Diabetes Mellitus. Clin. Biochem. 2004, 37, 666-672. [CrossRef] [PubMed]

Muniyappa, R.; Chen, H.; Montagnani, M.; Sherman, A.; Quon, M.]. Endothelial dysfunction due to selective insulin resistance in
vascular endothelium: Insights from mechanistic modeling. Am. J. Physiol. Endocrinol. Metab. 2020, 319, E629-E646. [CrossRef]
Perreault, M.; Marette, A. Targeted Disruption of Inducible Nitric Oxide Synthase Protects against Obesity-Linked Insulin
Resistance in Muscle. Nat. Med. 2001, 7, 1138-1143. [CrossRef]

Colasanti, M.; Suzuki, H. The Dual Personality of NO. Trends Pharmacol. Sci. 2000, 21, 249-252. [CrossRef]

Al-Daghri, N.M.; Rahman, S.; Sabico, S.; Yakout, S.; Wani, K.; Al-Attas, O.S.; Saravanan, P; Tripathi, G.; McTernan, P.G.; Alokail,
M.S. Association of Vitamin B12 with Pro-Inflammatory Cytokines and Biochemical Markers Related to Cardiometabolic Risk in
Saudi Subjects. Nutrients 2016, 8, 460. [CrossRef]

Tsikas, D. Analysis of nitrite and nitrate in biological fluids by assays based on the Griess reaction: Appraisal of the Griess
reaction in the l-arginine /nitric oxide area of research. J. Chromatogr. B. 2007, 851, 51-70. [CrossRef]

Al-Daghri, N.M.; Sabico, S.; Al-Saleh, Y.; Al-Attas, O.S.; Alnaami, A.M.; AlRehaili, M.M.; Al-Harbi, M.; Alfawaz, H.; Chrousos, G.;
Alokail, M.S. Calculated Adiposity and Lipid Indices in Healthy Arab Children as Influenced by Vitamin D Status. J. Clin. Lipidol.
2016, 10, 775-781. [CrossRef]

de Ferranti, S.D.; Gauvreau, K.; Ludwig, D.S.; Neufeld, E.J.; Newburger, ]. W.; Rifai, N. Prevalence of the Metabolic Syndrome
in American Adolescents: Findings from the Third National Health and Nutrition Examination Survey. Circulation 2004,
110, 2494-2497. [CrossRef]

Reisinger, C.; Nkeh-Chungag, B.N.; Fredriksen, PM.; Goswami, N. The Prevalence of Pediatric Metabolic Syndrome-a Critical
Look on the Discrepancies between Definitions and Its Clinical Importance. Int. J. Obes. 2021, 45, 12-24. [CrossRef]

Higashino, H.; Miya, H.; Mukai, H.; Miya, Y. Serum Nitric Oxide Metabolite (NO(x)) Levels in Hypertensive Patients at Rest: A
Comparison of Age, Gender, Blood Pressure and Complications Using Normotensive Controls. Clin. Exp. Pharmacol. Physiol.
2007, 34, 725-731. [CrossRef]

Vanizor, B.; Orem, A.; Karahan, S.C.; Kiran, E.; Erem, C.; Aliyazicioglu, R.; Uydu, H.A. Decreased Nitric Oxide End-Products and
Its Relationship with High Density Lipoprotein and Oxidative Stress in People with Type 2 Diabetes without Complications.
Diabetes Res. Clin. Pract. 2001, 54, 33-39. [CrossRef]

Tanaka, S.; Yashiro, A.; Nakashima, Y.; Nanri, H.; Ikeda, M.; Kuroiwa, A. Plasma Nitrite/Nitrate Level Is Inversely Correlated
with Plasma Low-Density Lipoprotein Cholesterol Level. Clin. Cardiol. 1997, 20, 361-365. [CrossRef]

Elizalde, M.; Rydén, M.; van Harmelen, V.; Eneroth, P.; Gyllenhammar, H.; Holm, C.; Ramel, S.; Olund, A.; Arner, P.; Andersson,
K. Expression of Nitric Oxide Synthases in Subcutaneous Adipose Tissue of Nonobese and Obese Humans. . Lipid Res. 2000,
41, 1244-1251. [CrossRef]

Andersson, K.; Gaudiot, N.; Ribiere, C.; Elizalde, M.; Giudicelli, Y.; Arner, P. A Nitric Oxide-Mediated Mechanism Regulates
Lipolysis in Human Adipose Tissue in Vivo. Br. |. Pharmacol. 1999, 126, 1639-1645. [CrossRef]

Choi, JW,; Pai, S.H.; Kim, S.K; Ito, M; Park, C.S.; Cha, Y.N. Increases in Nitric Oxide Concentrations Correlate Strongly with
Body Fat in Obese Humans. Clin. Chem. 2001, 47, 1106-1109. [CrossRef]

Chandrasekhar, T.; Suchitra, M.M.; Pallavi, M.; LN Srinivasa Rao, P.V.; Sachan, A. Risk Factors for Cardiovascular Disease in
Obese Children. Indian Pediatr. 2017, 15, 752-755. [CrossRef] [PubMed]

Maejima, K.; Nakano, S.; Himeno, M.; Tsuda, S.; Makiishi, H.; Ito, T.; Nakagawa, A.; Kigoshi, T.; Ishibashi, T.; Nishio, M.; et al.
Increased Basal Levels of Plasma Nitric Oxide in Type 2 Diabetic Subjects. Relationship to Microvascular Complications. J.
Diabetes Complicat. 2001, 15, 135-143. [CrossRef]

Hill, B.G.; Dranka, B.P; Bailey, S.M.; Lancaster, ].R.; Darley-Usmar, V.M. What Part of NO Don’t You Understand? Some Answers
to the Cardinal Questions in Nitric Oxide Biology. J. Biol. Chem. 2010, 285, 19699-19704. [CrossRef] [PubMed]

Kone, B.C.; Kuncewicz, T.; Zhang, W.; Yu, Z.-Y. Protein Interactions with Nitric Oxide Synthases: Controlling the Right Time, the
Right Place, and the Right Amount of Nitric Oxide. Am. J. Physiol. Ren. Physiol. 2003, 285, F178-F190. [CrossRef] [PubMed]


http://doi.org/10.1006/bcmd.2002.0572
http://doi.org/10.3390/antiox10101548
http://doi.org/10.1002/osp4.290
http://doi.org/10.1155/2014/824756
http://www.ncbi.nlm.nih.gov/pubmed/24987495
http://doi.org/10.1016/j.cccn.2004.04.024
http://www.ncbi.nlm.nih.gov/pubmed/15313153
http://doi.org/10.1038/sj.ijo.0803795
http://www.ncbi.nlm.nih.gov/pubmed/18197180
http://doi.org/10.1016/j.clinbiochem.2004.02.002
http://www.ncbi.nlm.nih.gov/pubmed/15302608
http://doi.org/10.1152/ajpendo.00247.2020
http://doi.org/10.1038/nm1001-1138
http://doi.org/10.1016/S0165-6147(00)01499-1
http://doi.org/10.3390/nu8090460
http://doi.org/10.1016/j.jchromb.2006.07.054
http://doi.org/10.1016/j.jacl.2016.02.005
http://doi.org/10.1161/01.CIR.0000145117.40114.C7
http://doi.org/10.1038/s41366-020-00713-1
http://doi.org/10.1111/j.1440-1681.2007.04617.x
http://doi.org/10.1016/S0168-8227(01)00281-9
http://doi.org/10.1002/clc.4960200412
http://doi.org/10.1016/S0022-2275(20)33432-5
http://doi.org/10.1038/sj.bjp.0702430
http://doi.org/10.1093/clinchem/47.6.1106
http://doi.org/10.1007/s13312-017-1169-0
http://www.ncbi.nlm.nih.gov/pubmed/28984255
http://doi.org/10.1016/S1056-8727(01)00144-1
http://doi.org/10.1074/jbc.R110.101618
http://www.ncbi.nlm.nih.gov/pubmed/20410298
http://doi.org/10.1152/ajprenal.00048.2003
http://www.ncbi.nlm.nih.gov/pubmed/12842859

Children 2023, 10, 210 11 0f 11

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Kleinert, H.; Pautz, A.; Linker, K.; Schwarz, PM. Regulation of the Expression of Inducible Nitric Oxide Synthase. Eur. |. Pharmacol.
2004, 500, 255-266. [CrossRef]

Weisberg, S.P.; McCann, D.; Desai, M.; Rosenbaum, M.; Leibel, R.L.; Ferrante, A.W. Obesity Is Associated with Macrophage
Accumulation in Adipose Tissue. J. Clin. Investig. 2003, 112, 1796-1808. [CrossRef] [PubMed]

Sugita, H.; Fujimoto, M.; Yasukawa, T.; Shimizu, N.; Sugita, M.; Yasuhara, S.; Martyn, J.A.; Kaneki, M. Inducible nitric-
oxide synthase and NO donor induce insulin receptor substrate-1 degradation in skeletal muscle cells. . Biol. Chem 2005,
280, 14203-14211. [PubMed]

Mohammadi, M.; Gozashti, M.H.; Aghadavood, M.; Mehdizadeh, M.R.; Hayatbakhsh, M.M. Clinical Significance of Serum IL-6
and TNF-« Levels in Patients with Metabolic Syndrome. Rep. Biochem. Mol. Biol. 2017, 6, 74-79.

Maruotti, N.; d’Onofrio, F,; Cantatore, F.P. Metabolic Syndrome and Chronic Arthritis: Effects of Anti-TNF-« Therapy. Clin. Exp.
Med. 2015, 15, 433-438. [CrossRef]

Barsacchi, R.; Perrotta, C.; Bulotta, S.; Moncada, S.; Borgese, N.; Clementi, E. Activation of Endothelial Nitric-Oxide Synthase by
Tumor Necrosis Factor-o: A Novel Pathway Involving Sequential Activation of Neutral Sphingomyelinase, Phosphatidylinositol-
3/ Kinase, and Akt. Mol. Pharmacol. 2003, 63, 886-895. [CrossRef]

Hertis Petek, T.; Petek, T.; Mo¢nik, M.; Mar¢un Varda, N. Systemic Inflammation, Oxidative Stress and Cardiovascular Health in
Children and Adolescents: A Systematic Review. Antioxidants 2022, 11, 894. [CrossRef]

Alchujyan, N.; Hovhannisyan, M.; Movsesyan, N.; Melkonyan, A.; Shaboyan, V.; Aghajanova, Y.; Minasyan, G.; Kevorkian, G.
Sexual Dimorphism in Alternative Metabolic Pathways of L-Arginine in Circulating Leukocytes in Young People with Type 1
Diabetes Mellitus. Endocr. Res. 2021, 46, 149-159. [CrossRef]

Ratajczak-Wrona, W.; Nowak, K.; Garley, M.; Tynecka, M.; Jablonska, E. Sex-specific differences in the regulation of inducible
nitric oxide synthase by bisphenol A in neutrophils. Hum. Exp. Toxicol. 2019, 38, 239-246. [CrossRef]

Gershoni, M.; Pietrokovski, S. The Landscape of Sex-Differential Transcriptome and Its Consequent Selection in Human Adults.
BMC Biol. 2017, 15, 7. [CrossRef]

Himeno, M.; Ishibashi, T.; Nakano, S.; Furuya, K.; Kigoshi, T.; Uchida, K.; Nishio, M. A Practical Procedure for Achieving a Steady
State of NOx Concentration in Plasma: With Special Reference to the NOx Content of Japanese Daily Food. Tohoku, . Exp. Med.
2003, 199, 95-110. [CrossRef]

Babateen, A.M.; Shannon, O.M.; O’Brien, G.M.; Okello, E.; Khan, A.A.; Rubele, S.; Wightman, E.; Smith, E.; McMahon, N.;
Olgacer, D.; et al. Acceptability and Feasibility of a 13-Week Pilot Randomised Controlled Trial Testing the Effects of Incremental
Doses of Beetroot Juice in Overweight and Obese Older Adults. Nutrients 2021, 13, 769. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.ejphar.2004.07.030
http://doi.org/10.1172/JCI200319246
http://www.ncbi.nlm.nih.gov/pubmed/14679176
http://www.ncbi.nlm.nih.gov/pubmed/15805118
http://doi.org/10.1007/s10238-014-0323-4
http://doi.org/10.1124/mol.63.4.886
http://doi.org/10.3390/antiox11050894
http://doi.org/10.1080/07435800.2021.1920608
http://doi.org/10.1177/0960327118793188
http://doi.org/10.1186/s12915-017-0352-z
http://doi.org/10.1620/tjem.199.95
http://doi.org/10.3390/nu13030769

	Introduction 
	Materials and Methods 
	Participants 
	Anthropometrics and Biochemical Analyses 
	Definition of Pediatric MetS 
	Data Analysis 

	Results 
	Discussion 
	Conclusions 
	References

