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Abstract: Children with obesity are at higher risk for developing cardiometabolic diseases that once
were considered health conditions of adults. Obesity is commonly associated with cardiometabolic
risk factors such as dyslipidemia, hyperglycemia, hyperinsulinemia and hypertension that contribute
to the development of endothelial dysfunction. Endothelial dysfunction, characterized by reduced
nitric oxide (NO) production, precedes vascular abnormalities including atherosclerosis and arterial
stiffness. Thus, early detection and treatment of cardiometabolic risk factors are necessary to prevent
deleterious vascular consequences of obesity at an early age. Non-pharmacological interventions
including L-Citrulline (L-Cit) supplementation and aerobic training stimulate endothelial NO me-
diated vasodilation, leading to improvements in organ perfusion, blood pressure, arterial stiffness,
atherosclerosis and metabolic health (glucose control and lipid profile). Few studies suggest that the
combination of L-Cit supplementation and exercise training can be an effective strategy to counteract
the adverse effects of obesity on vascular function in older adults. Therefore, this review examined
the efficacy of L-Cit supplementation and aerobic training interventions on vascular and metabolic
parameters in obese individuals.
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1. Introduction

Overweight and obesity are defined as abnormal or excessive fat accumulation [1]. In
adults, the World Health Organization (WHO) defines obesity as a Body Mass Index (BMI)
greater than or equal to 30 kg/m2, and for children aged between 5–19 years, obesity is
considered two standard deviations above the WHO Growth Reference median [1]. Ap-
proximately 340 million children and adolescents worldwide were classified as overweight
or obese in 2016 and the prevalence is dramatically increasing [1,2]. The prevalence of hy-
pertension is greater than 70% and increases with progression of obesity grade in adults [3].
In obese children, the prevalence of hypertension is 15.27%, which is substantially higher
than 1.9% in those with normal weight [4]. Obesity is a risk factor for the development
of cardiovascular diseases (CVD) and type 2 diabetes (T2D) due to the association with
hypertension and insulin resistance [1].

In some cases, individuals are classified as obese based on BMI alone but considered
“metabolically healthy obese” (MHO) [5] since they display a normal cardiometabolic pro-
file such as optimal insulin sensitivity, blood pressure, lipid and inflammatory profiles [6].
However, although MHO individuals are relatively protected against cardiometabolic
diseases compared to metabolically unhealthy obese, MHO should not be considered
a harmless condition as they have a higher risk of developing obesity-related diseases
compared to normal weight individuals [6–8].

Nutrients 2021, 13, 2991. https://doi.org/10.3390/nu13092991 https://www.mdpi.com/journal/nutrients

https://www.mdpi.com/journal/nutrients
https://www.mdpi.com
https://orcid.org/0000-0003-1318-1990
https://doi.org/10.3390/nu13092991
https://doi.org/10.3390/nu13092991
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/nu13092991
https://www.mdpi.com/journal/nutrients
https://www.mdpi.com/article/10.3390/nu13092991?type=check_update&version=2


Nutrients 2021, 13, 2991 2 of 24

Obesity is a condition strongly associated with metabolic syndrome (MetS), defined
as a constellation of physiological, biochemical, clinical and metabolic factors that are
associated with an increased risk of atherosclerosis, T2D and all-cause mortality [9]. MetS
can be diagnosed in children (10 to 16 years old) with abdominal obesity and at least two
clinical features such as elevated triglycerides, low levels of high-density lipoprotein (HDL)
cholesterol, high blood pressure (hypertension) and high fasting blood glucose (hyper-
glycemia) [10–12]. Childhood obesity and hypertension predict MetS later in life [13,14]. In
children, hypertension is a prevalent cardiovascular risk factor associated with reduced
endothelial function, increased vascular thickness and arterial stiffness [15]. A hallmark
risk factor of MetS is insulin resistance (IR) [16], which is an impairment of insulin function
to promote glucose uptake in insulin-sensitive target tissues, such as skeletal muscle and
adipose tissue [17], resulting in abnormal glucose homeostasis [16]. Fasting serum glucose
values between 86 and 99 mg/dL during childhood increase the risk of developing T2D
during adulthood twofold [18], highlighting the importance of identifying and developing
treatment strategies to prevent adult-onset of metabolic complications in obese children
and adolescents.

Obesity is also associated with elevated levels of proinflammatory adipokines released
by visceral adipose tissue that contribute to the development of IR and impaired endothelial
function [19]. Endothelial dysfunction is the result of prolonged hyperglycemia, damaging
vascular function and structure that eventually leads to CVD development [19]. Proin-
flammatory adipokines increase the production of reactive oxygen species (ROS) which
triggers the release of inflammatory cytokines, adhesion molecules and growth factors
that promote cellular oxidative stress [20]. Oxidative stress causes endothelial dysfunction,
characterized by a reduction in nitric oxide (NO) and an increase in endothelium-derived
vasoconstrictors such as endothelin-1 [19,20] (Figure 1).
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Figure 1. Obesity and endothelial dysfunction. Adipocyte hypertrophy leads to release of FFA, leptin, resistin, TNFα
and IL-6 into the vascular wall, promoting inflammation, while anti-inflammatory adiponectin secretion is reduced.
Proinflammatory adipokines and hyperglycemia induce the production of ROS, which by uncoupling eNOS leads to
reduced NO synthesis and bioavailability for vasodilation, promoting a vasoconstrictor state. Cardiometabolic risk factors
contribute to endothelial dysfunction, characterized by a reduced NO bioavailability, which promotes atherosclerosis and
arterial stiffness and development of CVD. FFA: Free fatty acids; TNF-α: Tumor necrosis factor alpha; IL-6: Interleukin-6;
ROS: Reactive oxygen species; NO: Nitric oxide; eNOS: endothelial NO synthase; CVD: Cardiovascular disease; ↑: Increase;
↓: Decrease.

For these reasons, it is important to evaluate interventions to improve vascular and
metabolic function in obese individuals. There are non-pharmacological treatments that



Nutrients 2021, 13, 2991 3 of 24

can improve the cardiometabolic profile. L-Citrulline (L-Cit) is a non-essential amino acid
not used for protein synthesis, but with a key regulatory role of nitrogen homeostasis [21].
Studies in humans have demonstrated the effect of L-Cit supplementation on improving
nitrogen homeostasis and its ability to increase the L-Arginine-NO pathway [21]. In middle-
aged adults, oral L-Cit supplementation has shown to improve endothelial function [22],
blood pressure [23,24] and arterial stiffness [25] through stimulation of the L-Arginine-NO
pathway which consequently leads to vasodilation [23,26]. L-Cit supplementation has also
improved lean mass and reduce fat mass in malnourished older adults [27].

The development of childhood obesity is associated with sedentary behavior [28], and
increased physical activity is recommended to improve overall health in children with
excess adiposity [29,30]. In children and adolescents, aerobic training helps to improve
blood pressure [31,32], endothelial function [32,33], arterial stiffness [31,32] atheroscle-
rosis [32], lipid profile [32–35] and body composition [31,33,35]. The use of L-Cit plus
exercise, in middle-aged and older adults with obesity-related diseases or risks factors,
has yielded improvements in systolic blood pressure (SBP), pressure wave reflection and
aortic stiffness [23,25]. These lifestyle and dietary interventions were implemented in
middle-aged and older adults and have elicited no harmful effects. However, there is a
void in the literature regarding the efficacy of L-Cit supplementation with and without
exercise training in children and adolescents. Thus, the objective of this review is to discuss
the effects of L-Cit supplementation and aerobic training interventions on vascular and
metabolic parameters in middle-aged and older adults, and deliberate possible avenues of
research surrounding similar interventions in obese children and adolescents by observing
how obesity can lead to these cardiometabolic alterations.

2. Endothelial Function

The endothelium is a layer of cells between the vessel lumen and the vascular smooth
muscle cells (VSMC). The most important vasodilator produced by the endothelium is
NO, generated from L-Arginine (L-Arg) by endothelial-NO synthase (eNOS) [36]. NO
diffuses into the VSMC where it stimulates soluble guanylyl cyclase and subsequently
activates cyclic guanosine monophosphate, leading to a decrease in intracellular calcium
concentrations, and therefore, to relaxation and vasodilation. NO is considered an anti-
atherogenic agent and prevents platelet aggregation, smooth cell proliferation and adhesion
of leukocytes to the endothelium [37]. Therefore, vascular homeostasis depends on NO
bioavailability.

Endothelial dysfunction is a reversible pathological complication derived from re-
duced NO bioavailability and impaired vasodilation [38]. Inflammation, oxidative stress,
hypertension, dyslipidemia and IR are the main contributing factors in obesity-related
endothelial dysfunction [19] through the unbalance between increased ROS and reduced
antioxidant capacity [37]. ROS reduces levels of tetrahydrobiopterin (BH4), an essential
cofactor for eNOS [37], by inducing BH4 oxidation (BH4 to BH2) which leads to eNOS
uncoupling [39]. In obesity, a main mechanism for endothelial dysfunction is eNOS
uncoupling due to reduced L-Arg bioavailability and BH4 oxidation [38,40], leading to
less NO bioavailability and increased ROS (superoxide anion and peroxynitrite) gener-
ation [36]. Enhanced oxidative stress by ROS upregulates arginase activity/expression
competing with eNOS for L-Arg, a common substrate. Cardiometabolic risk factors (obesity,
hyperglycemia, hypertension) stimulates arginase to contribute to further ROS produc-
tion [41–43]. Arginase converts L-Arg to L-ornithine and urea, decreasing L-Arg availability
for eNOS. Evidence has demonstrated that obesity-induced endothelial dysfunction as-
sociated with arterial stiffening, hyperglycemia, hypertension, and oxidative stress were
prevented with arginase inhibition [43]. Thus, obesity-induced endothelial dysfunction
may be reversible by therapies that increase L-Arg bioavailability and induce arginase
inhibition [38,40].

Under normal conditions, insulin favors the release of NO by activation of eNOS,
and therefore, has vasodilator, anti-inflammatory and anti-atherosclerotic effects [44].
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Hyperinsulinemia contributes to increased vasoconstriction through mitogen activated
protein kinase signaling by releasing endothelin-1, a powerful vasoconstrictor agent that
promotes IR, oxidative stress and reduced NO bioavailability [44,45]. These responses
stimulate the production of pro-inflammatory interleukins which facilitates the progression
of vascular wall inflammation [19,46].

In a healthy individual, leptin inhibits insulin production in pancreatic β cells, while
insulin stimulates leptin production in adipocytes. In a state of leptin resistance, charac-
terized by hyperleptinemia, leptin ceases the inhibition of insulin production leading to a
phase of hyperinsulinemia and IR [47]. Moreover, elevated leptin in obesity contributes to
increase blood pressure through increased renal sympathetic activity [48] and oxidative
stress in VSMC, reducing vasodilation [49]. Leptin and adiponectin have antagonistic
effects on vascular tone regulation, inducing vasoconstriction and vasodilation, respec-
tively [45]. Adiponectin promotes glucose metabolism and fatty acid oxidation, contributes
to lower IR [50], and may protect against hypertension through an endothelial-dependent
mechanism [48]. Hypoadiponectinemia in obesity is associated with increased leptin [45],
IR, impaired glucose and fat metabolism, and consequently, hyperglycemia and increased
fat accumulation [50]. In summary, obesity triggers a series of cardiometabolic risk factors
that can lead to endothelial dysfunction, a complication characterized by NO reduction
that may be reversible with therapies that promote NO production.

Endothelial-Mediated Vasodilation

Flow-mediated vasodilation (FMD) is a non-invasive technique commonly used to
assess macrovascular endothelial function [15]. FMD evaluates the capacity of conduit
arteries (e.g., brachial, femoral, popliteal) to increase their diameter relative to the baseline
diameter in response to transient ischemia induced by 5 min of arterial occlusion [15].
Brachial artery FMD is considered the gold standard non-invasive measure of endothelial
function and is a predictor of CVD [15]. The increase in arterial diameter indicates the
vasodilator effect derived from local production of NO induced by increased shear stress
after rapid reperfusion. Impaired FMD is associated with atherosclerosis and arterial
stiffness [51] and is apparent in children and adolescents with chronic kidney disease [52],
T2D and type 1 diabetes mellitus [53]. It has been shown that children with obesity have a
lower FMD than normal-weight counterparts [33]. FMD may be a useful tool to utilize and
identify early vascular dysfunction in children and young adults with obesity, as many of
them may not show clinical manifestations or cardiometabolic risk factors [54].

Middle-aged adults with prediabetes showed endothelial dysfunction and increased
oxidative stress [55]. In children and adolescents, endothelial dysfunction assessed as
brachial artery FMD was inversely related to age, total and abdominal obesity, blood
pressure, fasting insulin and glucose, and homeostatic model assessment-insulin resistance
(HOMA-IR) [56–59]. IR impairs endothelial function even in children and adolescents [57].
Hyperglycemia increases the production of ROS and activity of arginase 1, which me-
diates endothelial dysfunction by decreasing L-Arg bioavailability [60]. To sum up, car-
diometabolic risk factors are associated with endothelial dysfunction, and obese children
and adolescents may present lower brachial artery FMD compared to lean counterparts;
therefore, this is a useful technique to evaluate the cardiovascular risk in the obese pediatric
population.

3. Vascular Function and Structure in Individuals with Obesity

Obesity fosters a pro-inflammatory milieu primarily due to abnormally high visceral
adipose tissue [9] leading to low-grade chronic inflammation, oxidative stress [61], IR, and
impaired endothelial function [62]. Together, this collection of risk factors, if left untreated,
may lead to the development of hypertension, atherosclerosis, arterial stiffening [15,52,53],
and ultimately, CVD and T2D in adulthood [18,63].

Adipocyte hypertrophy alters the balance of adipokines, leading to monocyte in-
filtration in the vascular wall where they are differentiated into pro-inflammatory M1-
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macrophages [19,64]. Under these conditions, adipose tissue releases free fatty acids,
proinflammatory adipokines (leptin, resistin, tumor necrosis factor alpha (TNFα), and
interleukin-6 (IL-6) into circulation, while secretion of adiponectin is reduced [19]. The
unbalance between pro- and anti-inflammatory adipokines results in the generation of
ROS, which increases vascular tone by inhibiting the synthesis and action of NO leading to
vasoconstriction [19]. Therefore, chronic inflammation and oxidative stress are mechanisms
of endothelial dysfunction in obesity [19].

Increased visceral abdominal fat is related to hypertension, the major cardiovascular
risk factor associated with obesity [65]. Overweight and obese children and adolescents
who remain obese with age are at increased risk of developing cardiometabolic diseases,
such as T2D, hypertension, dyslipidemia, and carotid artery atherosclerosis [66]. There is a
linear relationship between hypertension and obesity in White, Black, Hispanic and Asian
individuals [67]. Sustained elevations in blood pressure in obese adolescents increases
the risk of developing CVD when entering adulthood [68,69]. Individuals with obesity,
hyperglycemia, vascular oxidative stress and inflammation are at higher risk of hyperten-
sion [70]. Hypertension in individuals with obesity seems to be the consequence of several
hemodynamic, renal and neurohormonal changes caused by excess adipose tissue [71],
particularly the abdominal visceral fat. In addition, excessive sodium reabsorption in the
kidneys lead to increased extracellular fluid volume and elevated blood pressure, that
may injure blood vessels and organs [50]. Therefore, obesity, even in children, increases
the risk of having hypertension, which ultimately predisposes to vascular alterations and
development of CVD in adulthood.

3.1. Carotid-Intima Media Thickness

Atherosclerosis is the main cause of coronary artery disease, peripheral artery disease,
and ischemic stroke [72]. It is defined as a chronic inflammatory process affecting the
intima and media layers decreasing the arterial lumen, and in turn, causing reduced blood
flow and ischemia [72]. In the earliest stages, atherosclerosis begins as fatty streaks where
the accumulation of fat-filled macrophages, termed foam cells, begin aggregating within
the intima layer. The progressive accumulation of foam cells, fibrous tissue and inflam-
matory proteins within the intima forms an atherosclerotic plaque called atheroma [73].
This increase in blockage adversely affects the great arteries, mainly the aorta, coronary,
carotid, iliac, femoral and popliteal [72]. The link between atherosclerosis and obesity
is via adipokine induced inflammation, IR, and endothelial dysfunction [74]. Studies in
adolescents have shown an association between obesity, hypertension and IR with the
development of atherosclerosis and greater carotid intima-media thickness (cIMT) [75].

Carotid ultrasonography is a commonly used measure of subclinical atherosclero-
sis [76]. Several studies have evaluated the lumen–intima and media–adventitia interfaces
in relation to carotid far wall histology [77–79]. The distance between these interfaces re-
flects the cIMT [80]. An increase in cIMT is considered to reflect early arterial abnormalities
that ultimately result in an atherosclerotic plaque [77]. cIMT is an independent predictor of
CVD and a marker of subclinical organ damage [78]. Hypertension is a major determining
factor for cIMT progression [79]. Indeed, high SBP has been associated with a greater
change in cIMT, which is comparable with the effects of obesity and T2D [75]. In these
populations, hypertension significantly increases the risk of higher cIMT [75].

Previous literature shows an association of cardiometabolic risk factors with increased
cIMT, which is influenced by high SBP, low-density lipoprotein (LDL) cholesterol, lep-
tin, abdominal fat, chronic inflammation and lower adiponectin levels, contributing to
endothelial dysfunction and progressive development of subclinical atherosclerosis [79,81].
Higher cIMT in children with obesity was associated with an increased risk of CVD in
adulthood [75,82], suggesting that untreated atherosclerosis can lead to myocardial in-
farction and ischemic stroke [72,73]. Zhao et al. examined the relationship between cIMT
and MHO in children and adolescents and found that cIMT was positively associated
with body weight and CVD risk factors like elevated blood pressure, triglycerides, fasting
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glucose, and low HDL cholesterol. These findings demonstrated that, even without the
presence of cardiometabolic risk factors, overweight and obese children have a higher risk
of developing CVD [8].

3.2. Arterial Stiffness

Arterial stiffness is a consequence of reduced NO availability and increased endothelin-
1 production (a vasoconstrictor), enhancing vascular tone [83]. Furthermore, arterial
stiffness worsens due to structural changes characterized by elastin fiber fragmentation
and increased type-III collagen infiltration in the artery wall (media layer); a proceeding
that is more evident in central than peripheral arteries [84]. In children with obesity, the
arterial diameter and compliance increase physiologically with growth and development,
which can compensate arterial pressure increase, but when tension (by high blood pressure)
on the aortic wall exceeds the natural adaptation point, arterial stiffness increases [54].

Although there are various methodological approaches to measure arterial stiffness,
the most recognized non-invasive technique is pulse wave velocity (PWV) using appla-
nation tonometry, which is calculated by dividing the pulse distance traveled by time
across various segments in the arterial system [84]. Carotid–femoral PWV (cfPWV) is
considered the gold standard measure of arterial stiffness because it has the strongest corre-
lation with cardiovascular morbidity and mortality in adults [85], especially in those with
hypertension [86]. Adolescents with T2D have higher aortic stiffness (cfPWV) compared
to subjects with and without obesity [75], and with elevated blood pressure, they show
higher cfPWV, regardless of obesity [15]. In young individuals, the increase in cfPWV is
attributed to arterial wall distention by increased blood pressure [87]. Brachial–ankle PWV
(baPWV), an estimate of systemic arterial stiffness, increases with age, hypertension, and
MetS [88]. The main peripheral arterial segment in baPWV is the femoral–ankle PWV
(faPWV), which measures leg arterial stiffness and is correlated with SBP, HOMA-IR and
waist circumference [89].

Children and adolescents with obesity do not necessarily show differences in arte-
rial stiffness compared to normal weight subjects. Children with obesity may have a
decrease in carotid–radial PWV (crPWV) [90] due to larger peripheral arterial diameter,
which indicates a vascular adaptation to accommodate a larger blood volume. However,
adolescents with obesity may have higher cfPWV and crPWV compared to adolescents
without obesity [91,92]. Moreover, a 5-year follow-up study showed that adolescents with
obesity from 14 to 19 years of age had a 25% increase in crPWV compared to a 3% increase
in normal-weight counterparts, indicating that childhood obesity has an adverse impact
on arm arterial structure [91]. These findings suggest that when the natural vascular
adaptation point is exceeded, they may be at a higher risk of developing CVD due to early
vascular aging.

A high pulse pressure (PP) results from an increased aortic SBP (aSBP) and a reduced
or unaffected diastolic blood pressure. Peripheral PP differs from aortic PP (mainly in
young people) due to a SBP increase towards the periphery. This increase in PP from the
central to peripheral arteries is called PP amplification and is affected by aortic stiffening
and increased wave reflection from peripheral arteries [93]. Pressure waves reflected
back to the aorta in peripheral sites, such as bifurcations and arterioles, are influenced by
the vasomotor tone and controlled by the balance between vasodilators (e.g., NO) and
vasoconstrictors (e.g., catecholamines, endothelin-1, angiotensin-II) [88]. The augmentation
index (AIx) is considered a marker of left ventricular afterload and wave reflection [94],
especially in young and middle-aged adults [95]. Due to pressure overload on the left
ventricle, increased aortic PP, SBP and AIx are predictors of cardiovascular events and
all-cause mortality in middle-aged and older adults [93]. In fact, children with obesity
show higher aSBP and PP than normal weight subjects, regardless of the presence of
dyslipidemia, hypertension or sedentarism [96,97]. A greater stroke volume ejection into
a stiffer aorta contributes to increased aSBP and PP in children and adolescents with
obesity [97], indicating a greater left ventricular overload. In young adults, the increase
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in adverse cardiometabolic risk factors (i.e., obesity, SBP, lipids, glucose, and insulin)
are associated with decreased brachial artery distensibility or increased stiffness [98].
Obesity predisposes individuals to an increased risk of CVD and the obesity-hypertension
phenotype increases this risk, accelerating an early vascular aging process. Therefore, early
detection of vascular alterations and cardiometabolic risk factors is extremely important as
well as interventions that have shown to be effective to improve cardiovascular health.

4. Effects of L-Citrulline Supplementation on Vascular and Metabolic Parameters
in Obesity

L-Cit is a non-essential amino acid that is synthesized almost exclusively by the in-
testines and has a regulatory key role in nitrogen homeostasis [21]. Circulating L-Cit comes
mainly from glutamine metabolism and endogenous synthesis of intestinal arginase, [21]
and is abundantly found in watermelon (citrullus vulgaris) [99]. Oral ingestion of L-Cit is
well tolerated [100], and safe since no toxicity or side effects in doses up to 15 g daily have
been reported [101]. L-Cit has shown greater increases in plasma L-Arg than equimolar
L-Arg supplementation [100,102,103] due to inhibition of intestinal and vascular arginase,
preventing the catabolism of L-Arg into urea and ornithine [104] and lack of absorption
and catabolism by the liver [105].

Dietary supplementation with L-Cit, either synthetic or from watermelon, increases
plasma L-Arg bioavailability via de novo synthesis. This process occurs in the kidneys as
follows: L-Cit is converted to arginosuccinate by arginosuccinate synthetase and then to
L-Arg by arginosuccinate lyase. Synthesized L-Arg is then released into the renal vein and
systemic circulation. In endothelial cells, eNOS catabolizes L-Arg to NO which diffuses into
and induces relaxation of VSMC (vasodilation) [21,104] (Figure 2). A significant increase
in plasma nitrites and nitrates (NOx) after L-Cit supplementation indicates activity of
the L-Arg-NO pathway [22,26]. An indirect way to measure NO is by quantifying its
metabolites as NOx, because NO is rapidly metabolized after it is produced [106].

Few studies have evaluated L-Cit supplementation in children and/or adolescents.
Studies have focused on conditions in children with decreased NO. For example, mito-
chondrial encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS syndrome)
affect many body systems, especially the brain, nervous system and muscles [103]. Chil-
dren with MELAS syndrome have lower L-Cit and L-Arg flux leading to reduced NO
production compared to control group [103]. In these children, L-Cit supplementation
resulted in increased de novo L-Arg synthesis and further conversion to NO in the endothe-
lium [103]. These findings suggest that L-Cit improves the L-Arg-NO pathway in children
with MELAS syndrome.
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Figure 2. Vascular effects of aerobic training and L-Citrulline supplementation in individuals with obesity. Supplemented
L-Cit is mainly metabolized in the kidneys and converted to arginosuccinate by ASS and then to L-Arg by ASL. De novo
synthesized L-Arg is released into systemic circulation. In endothelial cells, eNOS catabolizes L-Arg to NO and L-Cit. NO
diffuses into the VSMC where it stimulates sGC and subsequently activates cGMP, leading to a decrease in intracellular
calcium concentrations and vasodilation. Aerobic training activates eNOS and reduces oxidative stress by increasing
antioxidant capacity. Thus, L-Cit supplementation and exercise training decrease atherosclerosis, arterial stiffness, and
blood pressure by improving endothelial function. L-Cit: L-Citrulline; L-Arg: L-Arginine; ASS: Arginosuccinate synthetase;
ASL: Arginosuccinate lyase; eNOS: Endothelial nitric oxide synthase; NO: Nitric oxide; VSMC: Vascular smooth muscle
cells; sGC: Soluble guanylyl cyclase; cGMP: Cyclic guanosine monophosphate; ↑: Increase, ↓: Decrease.

Microvascular endothelial dysfunction is characterized by decreased release of NO
in small caliber arteries and arterioles (such as those in the eyes, kidneys and nerves).
This process was evaluated in children and adolescents (aged 6–17 years) with multiorgan
mitochondrial disease using digital pulse wave amplitude and reactive hyperemic index
(RHI) [102]. This population had lower baseline RHI than the control group, indicating
microvascular endothelial dysfunction. They received similar dose of either oral L-Cit or L-
Arg for 2 weeks in a cross-over design. Plasma L-Arg and L-Cit concentrations and the RHI
increased 15% and 19% with both supplementations, respectively. L-Cit supplementation
increased L-Arg concentrations more than L-Arg supplementation [102]. These findings
suggest that short-term L-Arg and its precursor L-Cit are equally effective to reverse
microvascular endothelial dysfunction. Macrovascular endothelial dysfunction occurs in
arteries, such as those of the heart, brain and extremities. Morita et al. examined the effect
of L-Cit on macrovascular endothelial function in adults with vasospastic angina. They
reported increases in plasma L-Arg and brachial artery FMD after an 8-week intervention
using a daily dose of 800 mg of L-Cit [22]. To the best of our knowledge, this is the only
study that has examined the effect of L-Cit supplementation on macrovascular endothelial
function in humans. L-Cit supplementation (5.8 g/day) improves macrovascular function
by activation of the L-Arg-NO pathway [26]. Similarly, L-Cit supplementation (2 g/day) for
1 month increased plasma NO levels via inhibition of arginase activity in T2D patients [107].
Thus, L-Cit supplementation can be a viable therapeutic strategy to improve obesity and
hyperglycemia-induced endothelial function by increasing L-Arg and NO bioavailability
in middle-aged adults [22,23,26,43]. To our knowledge, there are no studies evaluating the
use of L-Cit supplementation to improve vascular or metabolic parameters in children and
adolescents with obesity. However, the improvements seen in circulating NOx as well as
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endothelial function after L-Cit supplementation in adults and in children with MELAS
suggests that benefits may be useful in obese children with cardiometabolic risk factors
(Table 1).

Impaired endothelial-dependent vasodilation precedes vascular dysfunction (e.g.,
atherosclerosis and arterial stiffness) and hypertension, which is mainly attributed to re-
duce NO bioavailability [37]. Thus, L-Cit supplementation has positive effects in several
vascular abnormalities such as hypertension and arterial stiffness [108] by improving NO
synthesis and organ blood flow and decreasing blood pressure [23,24]. A SBP reduction
was evident following L-Cit supplementation (6 g/day) for 8 weeks in prehypertensive
and hypertensive postmenopausal women with obesity [23,24]. However, no significant
reduction in SBP was observed after 6 and 15 g/day of L-Cit for 2 weeks in overweight
or obese with normal or elevated SBP, probably due to a short supplementation period
and/or inefficiency of L-Cit in non-hypertensive individuals without endothelial dysfunc-
tion [109–111]. Therefore, L-Cit supplementation can reduce blood pressure at rest in adults
with elevated blood pressure or hypertension [23,24], but not in those with normal blood
pressure [22,109]. Moreover, L-Cit has demonstrated the capacity to attenuate the increase
in blood pressure and arterial stiffness in young healthy overweight men [109] and patients
without obesity under stressful conditions [112,113].

Endothelial dysfunction is associated with increased arterial stiffness, especially in
people with hypertension [114]. Figueroa et al. found significant decreases in systemic
(baPWV) and leg (faPWV) arterial stiffness after 6 g/day of L-Cit supplementation for
8 weeks in postmenopausal women with obesity and high blood pressure [25]. Similarly,
Ochiai et al. found a reduction in baPWV after 7 days of supplementation with a similar
dose in healthy middle-aged men with increased baPWV [26]. In contrast, baPWV was not
affected by the same dose of L-Cit supplementation for 14 days in healthy men without
obesity [109]. These findings suggest that L-Cit supplementation is effective in reducing
peripheral arterial stiffness in patients with high arterial stiffness but not in healthy young
adults. Interestingly, an inverse relationship between plasma L-Arg and baPWV was seen
by Ochiai and colleagues [26], suggesting that stimulation of the L-Arg-NO pathway with
L-Cit supplementation may contribute to the decrease in arterial stiffness.

Hyperinsulinemia, a common feature of IR, might enhance vasoconstriction [44]. In
male C57BL/6J mice fed with a high-fat diet (HFD) and L-Cit (0.6 g/L) supplementation
for 15 weeks glucose and insulin levels were reduced compared to the control group [115].
In contrast, L-Cit supplementation for 11 weeks did not affect serum glucose in both
groups compared to the control group in obese/diabetic rodents. However, decreases in
insulin, HOMA-IR, total cholesterol, and free fatty acids suggested improved glucose and
lipid metabolism by L-Cit supplementation in these animal models [116]. In accordance,
male rats supplemented with L-Cit (1 g/kg/day) had lower susceptibility to lipoprotein
oxidation, indicating that L-Cit has a protective antioxidant effect [117]. Male Sprague
Dawley rats received a 4-week fructose (60%) diet to develop steatosis with dyslipidemia. L-
Cit (0.15 g/day) supplementation prevented hypertriglyceridemia and attenuated liver fat
accumulation compared to the groups that received L-Arg or glutamine supplementation,
which were ineffective. This study suggests that L-Cit acts on hepatic lipid metabolism,
partially preventing hypertriglyceridemia and steatosis [118].

Physiological levels of NO stimulate glucose and fatty acid uptake and oxidation in
insulin-sensitive tissues, while inhibit the synthesis of glycogen and fatty acids in target
tissues and enhance lipolysis in white adipocytes [119–121]. Few studies have evaluated
the metabolic effects of L-Cit in adult humans. L-Cit supplementation has improved
serum levels of NO, lipids (triglyceride, HDL cholesterol), glucose control (insulin, glucose,
glycated hemoglobin (HbA1c), HOMA-IR), and inflammation (TNF-α and C-reactive
protein) in patients with obesity and T2D [107,122]. Further studies are required to evaluate
the effects of L-Cit supplementation on lipid and glucose metabolism in individuals with
obesity including children and adolescents.
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Table 1. Effects of L-Citrulline supplementation on vascular and metabolic parameters in adults with obesity.

Articles
Total

Sample
Intervention Group Supplementation Characteristics SBP

(mmHg) NOx PWV (m/s) Glucose
(mg/dL)

Triglycerides
(mg/dL)Sample Age Dose Duration

[23] n = 41 14 women 58 ± 4 years 6 g/day 8 weeks
B 137 ± 13 28.2 ± 7.3 NM NM NM

A 130 ± 15 * 35.2 ± 9.5 *

[109] n = 16 16 men 24 ± 2 (SE) 6 g/day 2 weeks
B 123 ± 3 NM 11.8 a NM NM

A 121 ± 3 11.2 a

[24] n = 23 12 women 58 ± 1 years 6 g/day 8 weeks
B 138 ± 4 NM NM NM NM

A 131 ± 5 *#

[25] n = 40 14 women 58 ± 1 years 6 g/ day 8 weeks

B 137 ± 4 NM
11.5 ± 0.4 b

10.01 ± 0.2 c

14.1 ± 0.5 a
NM NM

A NR
11.3 ± 0.5 b

9.6 ± 0.2 c*
13.2 ± 0.5 a*

[110] n = 41 41 adults 18–66 years 15g/day 2 weeks
B 130 (126–134) NM NM 88 (84–92) 101 (77–126)

C −1.6
(−6.3–3.1) NR NR

The variables are presented as mean ± standard deviation (SD) or median (ranges). SE: standard error; n: total sample; NM: not measured; NR: values not reported without significant changes; B: basal
measurements; A: after intervention measurements; C: post intervention change; SBP: systolic blood pressure; NOx: nitrite and nitrate; PWV: pulse wave velocity; FMD: flow-mediated dilation; a baPWV:
brachial–ankle PWV; b cfPWV: carotid–femoral PWV; c faPWV: femoral–ankle PWV. Differences within groups: * p < 0.05, differences with the control group: # p < 0.05.
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High fat and low muscle mass in individuals with obesity adversely affect car-
diometabolic risk factors, promoting hyperglycemia, hypertension, and dyslipidemia,
among others [123,124]. Evaluating body composition, male rats that received L-Cit
(1 g/kg/day) supplementation decreased fat mass and increased total body lean mass,
which is mainly muscle, compared with control rats [117]. Another study evaluated obese
mice, where those treated with L-Cit had lower food intake and body weight than the
control group. In HFD fed Sprague Dawley rats, the expression of proopiomelanocortin in
the hypothalamus, a food intake suppression peptide, was significantly higher in the L-Cit
group compared to the control group. Therefore, L-Cit supplementation may decrease
body fat mass by appetite suppression, leading to metabolic improvements [116]. In older
malnourished humans, 10 g of L-Cit supplementation for 3 weeks increased systemic
amino acid availability necessary for protein synthesis in skeletal muscles. In older women,
L-Cit supplementation increased total body lean mass (~1.7 kg) and decreased fat mass
(~1.3 kg) [27]. More studies are required to evaluate the effects of L-Cit supplementation
on body composition in children and adolescents with obesity.

5. Effects of the Aerobic Training in Children and Adolescents with Obesity on
Vascular and Metabolic Parameters

According to the WHO, children and adolescents aged 5–17 years should do at least
60 min of moderate-to-vigorous intensity physical activity daily, most of which should be
aerobic to provide health benefits [125]. Vigorous intensity activities should be incorporated
at least three times per week, including those that strengthen skeletal muscles [125]. A
main cause of overweight and obesity is physical inactivity [126] which results in low
maximal oxygen consumption (VO2 max) and is associated with MetS and cardiometabolic
risk factors in children and youths [127]. Physical activity yields multiple health benefits
like improved vascular, metabolic and body composition parameters described in the
next paragraphs. The articles included in this section, the type of training (walking or
jogging [34], jump rope [31,35] and high intensity interval training (HIIT) [32,33]), intensity
(moderate and high), session duration (4 to 60 min), frequency (3–5 days per week), and
training duration (12–32 weeks) are described in Table 2. An increase in VO2 peak [32,35]
and a decrease in resting heart rate was found in children after aerobic training [31], which
can be related to lower cardiometabolic risk, as elevated resting heart rate is associated
with hypertension and elevated triglycerides, glucose and abdominal adiposity in children
and adolescents [128].

Elevated blood pressure in children increases the risk of hypertension development
during adolescence [129]. Previous studies using supra HIIT (170% peak power output)
and jump rope (low-to-moderate intensity) exercises have seen decreases in SBP in pre-
hypertensive and hypertensive children with obesity [31,32]. This reduction in SBP by
3 to 10 mmHg, respectively, is relevant to improve cardiovascular health as many newly
diagnosed children with hypertension experience cardiovascular damage [130].

Aerobic exercise training has shown promising results on improving brachial artery
FMD in children and adolescents. A significant improvement on FMD was evident after
HIIT [32,33]. Consistent with these findings, others have reported increases in circulating
NOx levels after the exercise interventions [31,32]. These findings demonstrate the ben-
eficial effects of aerobic exercise training on improving endothelial NO production and
endothelial function in obese children [131].
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Table 2. Characteristics of children and adolescents with obesity and aerobic training.

Article Total
Sample Group

Intervention Group Exercise Training Characteristics

Sample Female Male Age (Years) Body Mass Index
(kg/m2) Training Intensity Session

(Minutes)
Frequency

(Days/Week)
Duration
(Weeks)

[35] 175
Exercise 90 55 35 9.7 (9.5, 9.8) 25.9 (25.0, 26.9) Jump rope HR >140 bpm 40 5 32

Control 85 47 38 9.7 (9.5, 9.9) 25 (24.4, 26.8) N/A N/A N/A N/A N/A

[32] 48

HIIT 11 0 11 11± 0.3 24.2 ± 1.0 HIIT: 8 × 2 min
intervals 90% PPO 24 3 12

Supra-HIIT 15 0 15 11± 0.2 26.5 ± 0.9 Supra HIIT: 8 × 20 s
intervals 170% PPO 4 3 12

Control 11 0 11 10.6 ± 0.3 53.6 ± 4.0 N/A N/A N/A N/A N/A

[34] 118 Aerobic
exercise 38 13 25 14.4 ± 1.6 >85th percentile Walking/jogging 60–65% VO2 40–60 3 24

[31] 40
Exercise 20 20 0 15 ± 1 26 ± 3 Jump rope 40–70% HRR 50 5 12

Control 20 20 0 15 ± 1 25 ± 2 N/A N/A N/A N/A N/A

[33] 38 Exercise 25 13 12 15.1 ± 1 28 ± 3 HIIT: 2–6 (100 m
running sprints) NP 10–22 3 12

The variables are presented as mean ± standard deviation (SD) or median (ranges). N/A: not applicable; NM: not measured, instead obesity was considered ≥ 25.0% for men and ≥ 35.0% for women; MICT:
moderate-intensity continuous training; HIIT: high-intensity interval training; bpm; beat/minute; HR: heart rate; HRR: heart rate reserve; HR max: maximum heart rate; PPO: peak power output; VO2: maximal
oxygen consumption; NP: no prescription.
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Boys with obesity showed a decrease in cIMT (~0.2 mm) after HIIT and supra HIIT
(90% and 170% peak power output, 24 and 4 min, respectively, 3 times per week, during
12 weeks) [32]. Interestingly, meta-analytic data suggests that a longer aerobic exercise du-
ration per week may yield small-to-moderate decreases in cIMT. This finding suggests that
structural atherosclerotic changes can be reversed with regular aerobic exercise programs
in obese children [32], as subclinical carotid atherosclerosis is the most common cause of
CVD among children and adolescents [132].

Children and adolescents with obesity had a reduction in arterial stiffness (~0.7 to
0.8 m/s), measured with baPWV, an arterial segment that includes the aorta and leg arteries.
The training protocols consisted of jump rope (at moderate-intensity for 12 weeks) [31],
HIIT and supra HIIT [32]. In children and adolescents, hypertension may lead to increased
arterial stiffness [54], and thus reductions in SBP may explain decreases in baPWV [31,32].
Participants had higher SBP at baseline (>120 mmHg) [31,32] than other studies that
found no significant reductions in cfPWV [34,35]. Given that aerobic training at moderate-
and high-intensity reduces baPWV but not cfPWV, these findings indicate a reduction in
peripheral PWV.

Aerobic training at moderate-to-high intensity for 4–60 min improved at least one
lipid parameter (total cholesterol [32,34], LDL cholesterol [32] triglycerides [32,33] or HDL
cholesterol [35]) in obese children and adolescents. In a systematic review, the magnitude of
the effects of aerobic training on the metabolic profile of obese children was associated with
the intensity (≤75% heart rate max) and duration (60 min) and frequency (3 times a week)
of the exercise session [133]. These findings suggest that high-intensity aerobic exercise
sessions could be efficient in improving lipid profile in obese children and adolescents.
However, diet must be monitored to yield such improvements.

Aerobic training shows a favorable impact on body composition in children and
adolescents with obesity, of which had a reduction in waist circumference [31,33], total body
fat percentage [31,35], and increases in lean mass [31] after aerobic training at moderate-to-
high intensity for 12–32 weeks. One study shows that waist circumference is associated
with aerobic capacity (an important health-related factor) in boys and girls [134]. These
studies suggest that aerobic training is fundamental to achieve beneficial changes in fat
and muscle mass, thus, a lower cardiovascular risk in children with obesity.

Exercise training in children and adolescents with obesity showed positive effects on
cardiometabolic risk factors (Table 3). It is important to emphasize that exercise recommen-
dations for children are designed for the prevention of cardiometabolic risk factors as well
as depression and anxiety [125]. Therefore, aerobic training should be included in CVD
prevention and treatment programs in children and adolescents with obesity.

6. Effects of L-Citrulline Supplementation and Exercise Training in Individuals with
Obesity on Vascular and Metabolic Parameters

The interest on the potential synergistic or additive effect of L-Cit supplementation
and exercise training is supported by improvements in vascular and metabolic param-
eters. Aerobic training improves body composition, lipid profile, endothelial function,
atherosclerosis, arterial stiffness, and blood pressure in children and adolescents with
obesity [31–35]. L-Cit supplementation increases the bioavailability of L-Arg and NO to
enhance vasodilation [22,23,26], improve arterial stiffness, and regulate blood pressure
by having an antihypertensive effect in adults [23,24], and may improve endothelial func-
tion in children and adolescents with obesity with lower NO production and endothelial
dysfunction [102,103]. L-Cit supplementation has also demonstrated to improve glucose
control [107,122], muscle protein synthesis [27], and body composition (lean mass and fat
mass) [116] (Figure 3). The combination of aerobic exercise training and L-Cit supplementa-
tion on metabolic and cardiovascular parameters in obesity has only been studied in adults
(Table 4). The most important benefits are discussed below.
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Table 3. Effects of exercise training on cardiovascular disease risk factors in children and adolescents with obesity.

Articles Group

SBP (mmHg) FMD (%) cIMT (mm) PWV (m/s) SBP (mmHg) LDL-C (mg/dL)

Baseline
Post/
Mean

Changes
Baseline

Post/
Mean

Changes
Baseline

Post/
Mean

Changes
Baseline

Post/
Mean

Changes
Baseline

Post/
Mean

Changes
Baseline

Post/
Mean

Changes

[35]
Exercise 105 (103, 107) 0.1 (−1.5, 1.7) NM 105 (103, 107) 0.1 (−1.5, 1.7) 5.1 (4.9, 5.3) b −0.02

(−0.23, 0.2)
105

(103,107) 0.1 (−1.5, 1.7) 102 (95,110) −6 (−10, −2)

Control 102 (100, 104) 0.3 (−1.3, 2) NM 102 (100, 104) 0.3 (−1.3, 2) 5.1 (4.9, 5.2) b −0.04
(−0.18, 0.26)

102
(100,104) 0.3 (−1.3, 2) 103 (96,110) −5 (−9, −1)

[32]

HIIT 128 ± 4 125 ± 4 8.9 11.1 *# 128 ± 4 125 ± 4 9.97 a 9.3 *# 128 ± 4 125 ± 4 112 ± 6 88 ± 6 *

Supra
HIIT 127 ± 4 116 ± 3 * 7.9 10.1 * 127 ± 4 116 ± 3 * 9.86 a 9.06 *# 127 ± 4 116 ± 3 * 105 ± 6 81 ± 5 *#

Control 121 ± 4 121 ± 4 8.3 7.4 121 ± 4 121 ± 4 10.04 a 10.2 121 ± 4 121 ± 4 111 ± 7 104 ± 6

[34] Aerobic
exercise 112 ± 8 0.9 ± 1.4 NM 112 ± 8 0.9 ± 1.4 5.97 ± 0.75 b −0.19 ±

0.14 112 ± 8 0.9 ± 1.4 87 ± 24 −4 ± 2

[31] Exercise 126 ± 3 120 ± 2 *# NM 126 ± 3 120 ± 2 *# 8.2 ± 1 a 7.4 ± 0.2 *,# 126 ± 3 120 ± 2 *# NM

Control 126 ± 4 127 ± 5.3 NM 126 ± 4 127 ± 5.3 8.2 ± 0.5 a 8.1 ± 0.2 126 ± 4 127 ± 5.3 NM

[33] Exercise NM 7.9 12.2 * NM NM NM 90 ± 23 99 ± 25

This table describes the effects of exercise training on cardiometabolic disease risk factors of the studies shown in Table 2. The variables are presented as mean ± SD or median (ranges). NM: not measured; WC:
waist circumference; SBP: brachial systolic blood pressure; cIMT: intima-media thickness; PWV: pulse wave velocity; a baPWV: brachial–ankle PWV; b cfPWV: carotid–femoral PWV; FMD: flow-mediated dilation;
LDL-C: low density lipoprotein cholesterol; HIIT: high-intensity interval training. Differences within groups: * p < 0.05, differences between groups: # p < 0.05.
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In children and adolescents with obesity and cardiometabolic alterations, aerobic training helps to improve blood pressure
(SBP), endothelial function (NO and FMD), atherosclerosis (cIMT), arterial stiffness (baPWV), dyslipidemia (triglycerides,
total cholesterol, LDL-C and HDL-C), and body composition (waist circumference and total body fat). L-Cit supplementa-
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Hypertension is the most important risk factor for CVD in adults. Effective interven-
tions are constantly searched to improve blood pressure. Obese postmenopausal women
received L-Cit (6 g/day), whole-body vibration training (an alternative strength training
modality) or the combination of both interventions for 8 weeks [23]. All groups similarly
decreased SBP, indicating that this combined intervention has no additive effect on blood
pressure at the prescribed dose and duration. However, the combined intervention was
more effective than each individual intervention to decrease pressure wave reflection
and aortic stiffness, which may be clinically significant for postmenopausal women with
elevated blood pressure and hypertension [23,25]. These findings showed that the combi-
nation of exercise training (WBVT) and L-Cit supplementation have beneficial effects on
arterial function in obese postmenopausal women [23,25]. This population is of special
interest because they have higher risk of CVD attributed to aging and sex-related increases
in aSBP, wave reflection, and proximal aortic stiffness [135]. However, these studies do not
represent the entire population of adults with obesity, and WBVT is not a conventional
strength training modality.

There are no studies evaluating the metabolic effects of combined exercise training and
L-Cit in individuals with obesity. In a study by Buckinx et al., two groups of healthy older
adults without obesity combined HIIT with L-Cit supplementation (10 g/day) or placebo
for 12 weeks with no impact on metabolic markers (glucose, insulin, HOMA-IR or lipid
profile) [136], as they had no basal metabolic abnormalities. Given that the cardiometabolic
effects of oral L-Cit might be via de novo L-Arg synthesis, L-Cit and L-Arg supplementation
may produce similar metabolic effects. In a randomized placebo-controlled trial, two
groups of middle-aged adults with obesity and T2D received a low-calorie diet and exercise
training (both aerobic and resistance) combined with either L-Arg supplementation (8.3 g)
or placebo for 3 weeks. Compared with the placebo group, L-Arg supplementation had an
additive effect on vascular function, glucose and lipid metabolism, and fat mass as well as
prevented the loss of muscle mass associated with hypocaloric diet [137]. Since oral L-Cit is
more efficient than L-Arg for increasing plasma L-Arg availability, L-Cit supplementation
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combined with exercise training may have similar or possibly greater beneficial effects
on vascular and metabolic function than those observed with L-Arg supplementation.
However, clinical trials are needed to validate this hypothesis.

Several studies have evaluated the effect of exercise training and L-Cit supplementa-
tion on anthropometric parameters, finding no significant changes in BMI [23,25,136,138].
Buckinx et al. studied older adults with obesity and muscle weakness who performed
HIIT with L-Cit supplementation (10 g/day) or placebo for 12 weeks. Although there were
no significant increases in lean mass with HIIT and L-Cit supplementation, a decrease in
total and leg fat mass percentages were noted after HIIT and L-Cit supplementation [138].
Despite the lack of impact on muscle mass, HIIT with L-Cit improved arm muscle strength
and walking speed [138], suggesting that the combination of L-Cit and HIIT may improve
total body fat loss and increase strength more than exercise training alone.

A research group examined the effects of strength training (WBVT) combined with
L-Cit or placebo on body composition and muscle strength in obese postmenopausal
women. It was found that WBVT alone and WBVT plus L-Cit supplementation had similar
significant decreases in body fat percentage [25]. L-Cit supplementation and WBVT favored
the increase in leg lean mass compared with the WBVT and placebo groups. However,
the improvements in leg muscle strength were similar with or without L-Cit, indicating
no additional benefit of L-Cit in postmenopausal women with obesity. Although L-Cit
combined with unconventional strength training had additive positive effects on arterial
stiffness and muscle mass in obese postmenopausal women [25], the impact on endothelial
function as a potential mechanism was not examined. These findings suggest that both
types of training (HIIT and WBVT) combined with L-Cit supplementation have beneficial
effects on body composition.

To our knowledge, only the studies reviewed in this section have reported effects
on vascular and muscular parameters using L-Cit in combination with different types of
exercise training in adults with obesity. There are no studies evaluating changes in glucose
metabolism or lipid profile in individuals with obesity using L-Cit plus exercise training. As
a limitation, in the reviewed studies, the individuals without obesity did not have metabolic
alterations to evaluate the effect of these combined interventions. Another limitation is
that L-Cit has not been evaluated in combination with resistance training. Unfortunately,
the combination of L-Cit plus aerobic training has not been examined in children and
adolescents. The studies that investigated L-Cit supplementation in children focused on
improving a specific condition, such as MELAS. Randomized, placebo-controlled studies
are required to evaluate the combination of these two interventions in children and ado-
lescents with obesity because results of previous studies suggest that L-Cit and exercise
training can be an effective strategy to counteract the effects of obesity on vascular and
metabolic function at early stages of life.
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Table 4. Effects of L-Citrulline supplementation and exercise training on vascular and metabolic parameters in adults with obesity.

Article Total
Sample

Intervention Groups Exercise Characteristics L-
Citrulline

Dose

SBP
(mmHg)

aSBP
(mmHg) Aix (%)

NOx
(µmol/L) PWV (m/s) WC (cm)Sample Age Training Session Frequency/

Duration

[23] n = 41 13 women 58 ± 3 years
WBVT:

dynamic leg
exercises

1–5 sets
(30–60 s)

3 days/week
For 8 weeks

6 g/day B 140 ± 9 133 ± 9 43.5 ± 10.2 28.2 ± 14.9 NM NM

A 132 ± 9 * 123± 9 * 33.3 ± 8.3 * 38.3 ± 19.6 * NM

[25] n = 41 13 women 58 ± 1 years
WBVT:

dynamic leg
exercises

1–5 sets
(30–60 s)

3 days/week
For 8 weeks 6 g/day

B 140 ± 3 NM NM NM
11.7 ± 0.3 b

14.7 ± 0.4 a

10.4 ± 0.3 c
NM

A NR
10.8± 0.3 b*
13.4 ± 0.4 a*
9.8 ± 0.2 c*

NM

[138] n = 56 26 adults
65.7 ± 4.2

years HIIT 30 min 3 days/week
For 12 weeks

10 g/day
B NM NM NM NM NM 107 ± 11

A 104 ± 11 *

[136] n = 44 23 adults
67.6 ± 5.01

years HIIT 30 min 3 days/week
For 12 weeks

10 g/day
B NM NM NM NM NM 98.3 ± 10.2

A 95.9 ± 10.9 *

The variables are presented as mean ± standard deviation (SD). n: total sample; NM: not measured; NR: values not reported; B: basal measurements; A: after intervention measurements; BMI: body mass index;
WC: waist circumference; SBP: systolic blood pressure; aSBP: aortic systolic blood pressure; PWV: pulse wave velocity; a baPWV: brachial–ankle PWV; b cfPWV: carotid–femoral PWV; c faPWV: femoral–ankle
PWV; AIx: augmentation index; NOx: nitrite and nitrate; WBVT: whole-body vibration training. Differences within groups: * p < 0.05.
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7. Conclusions and Remarks

Children and adolescents with obesity may have early vascular aging characterized
by endothelial dysfunction, elevated blood pressure, arterial stiffness, and multiple car-
diometabolic risk factors that increases the risk of CVD development in adulthood. Aerobic
training is essential to reduce cardiometabolic disorders associated with obesity in children
and adolescents. Interventions at moderate-to-high intensity for 12–32 weeks have showed
positive effects on endothelial function, arterial stiffness, atherosclerosis, blood pressure,
and IR. L-Cit supplementation increases the bioavailability of L-Arg and NO in children
and adults. In adults, L-Cit supplementation has shown to be effective for improving blood
pressure, arterial stiffness, body composition (lean and fat mass), and metabolism (glucose
and lipid profile), especially in obese individuals. The WBVT and L-Cit supplementation is
an effective strategy to improve cardiovascular and muscular health in adults with obesity;
thus, further studies are needed to test the effectiveness of this combination in children
and young adults with obesity and cardiometabolic alterations.
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20. Čolak, E.; Pap, D. The role of oxidative stress in the development of obesity and obesity-related metabolic disorders. J. Med.
Biochem. 2021, 40, 1–9. [CrossRef]

21. Breuillard, C.; Cynober, L.; Moinard, C. Citrulline and nitrogen homeostasis: An overview. Amino Acids 2015, 47, 685–691.
[CrossRef] [PubMed]

22. Morita, M.; Sakurada, M.; Watanabe, F.; Yamasaki, T.; Doi, H.; Ezaki, H.; Morishita, K.; Miyakex, T. Effects of oral L-Citrulline
supplementation on Lipoprotein oxidation and Endothelial dysfunction in humans with Vasospastic Angina. Immunol. Endocr.
Metab. Agents Med. Chem. 2013, 13, 214–220. [CrossRef]

23. Wong, A.; Alvarez-Alvarado, S.; Jaime, S.J.; Kinsey, A.W.; Spicer, M.T.; Madzima, T.A.; Figueroa, A. Combined whole-body
vibration training and L-Citrulline supplementation improves pressure wave reflection in obese postmenopausal women. Appl.
Physiol. Nutr. Metab. 2016, 41, 292–297. [CrossRef]

24. Wong, A.; Chernykh, O.; Figueroa, A. Chronic L-Citrulline supplementation improves cardiac sympathovagal balance in obese
postmenopausal women: A preliminary report. Auton. Neurosci. Basic Clin. 2016, 198, 50–53. [CrossRef]

25. Figueroa, A.; Alvarez-Alvarado, S.; Ormsbee, M.J.; Madzima, T.A.; Campbell, J.C.; Wong, A. Impact of L-Citrulline supplementa-
tion and whole-body vibration training on arterial stiffness and leg muscle function in obese postmenopausal women with high
blood pressure. Exp. Gerontol. 2015, 63, 35–40. [CrossRef] [PubMed]

26. Ochiai, M.; Hayashi, T.; Morita, M.; Ina, K.; Maeda, M.; Watanabe, F.; Morishita, K. Short-term effects of L-Citrulline supplementa-
tion on arterial stiffness in middle-aged men. Int. J. Cardiol. 2012, 155, 257–261. [CrossRef] [PubMed]

27. Bouillanne, O.; Melchior, J.-C.; Faure, C.; Paul, M.; Canoui-Poitrine, F.; Boirie, Y.; Chevenne, D.; Forasassi, C.; Guery, E.; Herbaud,
S.; et al. Impact of 3-week citrulline supplementation on postprandial protein metabolism in malnourished older patients: The
Ciproage randomized controlled trial. Clin. Nutr. 2019, 38, 564–574. [CrossRef] [PubMed]

28. Rey-López, J.P.; Vicente-Rodríguez, G.; Biosca, M.; Moreno, L.A. Sedentary behaviour and obesity development in children and
adolescents. Nutr. Metab. Cardiovasc. Dis. 2008, 18, 242–251. [CrossRef] [PubMed]

29. Hills, A.P.; Okely, A.; Baur, L. Addressing childhood obesity through increased physical activity. Nat. Rev. Endocrinol. 2010, 6,
543–549. [CrossRef] [PubMed]

30. Fox, K.R. Childhood obesity and the role of physical activity. J. R. Soc. Promot. Health 2004, 124, 34–39. [CrossRef] [PubMed]
31. Sung, K.-D.; Pekas, E.J.; Scott, S.D.; Son, W.-M.; Park, S.-Y. The effects of a 12-week jump rope exercise program on abdominal

adiposity, vasoactive substances, inflammation, and vascular function in adolescent girls with prehypertension. Eur. J. Appl.
Physiol. 2019, 119, 577–585. [CrossRef]

32. Chuensiri, N.; Suksom, D.; Tanaka, H. Effects of high-intensity intermittent training on vascular function in obese preadolescent
boys. Child. Obes. 2018, 14, 41–49. [CrossRef]

33. Da Silva, M.R.; Waclawovsky, G.; Perin, L.; Camboim, I.; Eibel, B.; Lehnen, A.M. Effects of high-intensity interval training on
endothelial function, lipid profile, body composition and physical fitness in normal-weight and overweight-obese adolescents: A
clinical trial. Physiol. Behav. 2020, 213, 112728. [CrossRef] [PubMed]

34. Lee, S.; Libman, I.; Hughan, K.S.; Kuk, J.L.; Barinas-Mitchell, E.; Chung, H.; Arslanian, S. Effects of exercise modality on body
composition and cardiovascular disease risk factors in adolescents with obesity: A randomized clinical trial. Appl. Physiol. Nutr.
Metab. 2020, 45, 1377–1386. [CrossRef] [PubMed]

35. Davis, C.L.; Litwin, S.E.; Pollock, N.K.; Waller, J.L.; Zhu, H.; Dong, Y.; Kapuku, G.; Bhagatwala, J.; Harris, R.A.; Looney, J.; et al.
Exercise effects on arterial stiffness and heart health in children with excess weight: The SMART RCT. Int. J. Obes. 2019, 44,
1152–1163. [CrossRef] [PubMed]

36. Tousoulis, D.; Kampoli, A.-M.; Papageorgiou, N.; Stefanadis, C. The role of nitric oxide on Endothelial function. Curr. Vasc.
Pharmacol. 2012, 10, 4–18. [CrossRef] [PubMed]

37. Tran, V.; De Silva, T.M.; Sobey, C.G.; Lim, K.; Drummond, G.R.; Vinh, A.; Jelinic, M. The vascular consequences of metabolic
syndrome: Rodent models, endothelial dysfunction, and current therapies. Front. Pharmacol. 2020, 11, 148. [CrossRef]

http://doi.org/10.1542/peds.2006-2543
http://doi.org/10.1016/j.jpeds.2007.07.055
http://doi.org/10.3389/fped.2018.00148
http://www.ncbi.nlm.nih.gov/pubmed/29881718
http://doi.org/10.1542/peds.2017-1603
http://www.ncbi.nlm.nih.gov/pubmed/28739653
http://doi.org/10.3892/etm.2016.3632
http://www.ncbi.nlm.nih.gov/pubmed/27698739
http://doi.org/10.1001/archpediatrics.2009.268
http://www.ncbi.nlm.nih.gov/pubmed/20124140
http://doi.org/10.3390/biom10020291
http://doi.org/10.5937/jomb0-24652
http://doi.org/10.1007/s00726-015-1932-2
http://www.ncbi.nlm.nih.gov/pubmed/25676932
http://doi.org/10.2174/18715222113139990008
http://doi.org/10.1139/apnm-2015-0465
http://doi.org/10.1016/j.autneu.2016.06.005
http://doi.org/10.1016/j.exger.2015.01.046
http://www.ncbi.nlm.nih.gov/pubmed/25636814
http://doi.org/10.1016/j.ijcard.2010.10.004
http://www.ncbi.nlm.nih.gov/pubmed/21067832
http://doi.org/10.1016/j.clnu.2018.02.017
http://www.ncbi.nlm.nih.gov/pubmed/29503060
http://doi.org/10.1016/j.numecd.2007.07.008
http://www.ncbi.nlm.nih.gov/pubmed/18083016
http://doi.org/10.1038/nrendo.2010.133
http://www.ncbi.nlm.nih.gov/pubmed/20736922
http://doi.org/10.1177/146642400312400111
http://www.ncbi.nlm.nih.gov/pubmed/14971191
http://doi.org/10.1007/s00421-018-4051-4
http://doi.org/10.1089/chi.2017.0024
http://doi.org/10.1016/j.physbeh.2019.112728
http://www.ncbi.nlm.nih.gov/pubmed/31676260
http://doi.org/10.1139/apnm-2019-0993
http://www.ncbi.nlm.nih.gov/pubmed/32674587
http://doi.org/10.1038/s41366-019-0482-1
http://www.ncbi.nlm.nih.gov/pubmed/31754238
http://doi.org/10.2174/157016112798829760
http://www.ncbi.nlm.nih.gov/pubmed/22112350
http://doi.org/10.3389/fphar.2020.00148


Nutrients 2021, 13, 2991 20 of 24

38. Jamwal, S.; Sharma, S. Vascular endothelium dysfunction: A conservative target in metabolic disorders. Inflamm. Res. 2018, 67,
391–405. [CrossRef]

39. Schmidt, T.S.; Alp, N.J. Mechanisms for the role of tetrahydrobiopterin in endothelial function and vascular disease. Clin. Sci.
2007, 113, 47–63. [CrossRef]

40. Xia, N.; Horke, S.; Habermeier, A.; Closs, E.; Reifenberg, G.; Gericke, A.; Mikhed, Y.; Münzel, T.; Daiber, A.; Förstermann, U.; et al.
Uncoupling of Endothelial Nitric Oxide Synthase in Perivascular Adipose tissue of diet-induced obese mice. Arter. Thromb. Vasc.
Biol. 2016, 36, 78–85. [CrossRef]

41. Zhou, L.; Sun, C.-B.; Liu, C.; Fan, Y.; Zhu, H.-Y.; Wu, X.-W.; Hu, L.; Li, Q.-P. Upregulation of arginase activity contributes to
intracellular ROS production induced by high glucose in H9c2 cells. Int. J. Clin. Exp. Pathol. 2015, 8, 2728–2736.

42. Michell, D.M.; Andrews, K.L.; Chin-Dusting, J.P.F. Endothelial dysfunction in hypertension: The role of arginase. Front. Biosci.
2011, 3, 946–960. [CrossRef] [PubMed]

43. Bhatta, A.; Yao, L.; Xu, Z.; Toque, H.A.; Chen, J.; Atawia, R.T.; Fouda, A.; Bagi, Z.; Lucas, R.; Caldwell, R.; et al. Obesity-induced
vascular dysfunction and arterial stiffening requires endothelial cell arginase 1. Cardiovasc. Res. 2017, 113, 1664–1676. [CrossRef]

44. Meza, C.A.; La Favor, J.D.; Kim, D.-H.; Hickner, R.C. Endothelial dysfunction: Is there a Hyperglycemia-induced imbalance of
NOX and NOS? Int. J. Mol. Sci. 2019, 20, 3775. [CrossRef] [PubMed]

45. Fantin, F.; Giani, A.; Zoico, E.; Rossi, A.P.; Mazzali, G.; Zamboni, M. Weight loss and hypertension in obese subjects. Nutrients
2019, 11, 1667. [CrossRef]

46. Rathinam, V.A.; Fitzgerald, K.A. Inflammasome complexes: Emerging mechanisms and effector functions. Cell 2016, 165, 792–800.
[CrossRef]

47. Paz-Filho, G.; Wong, M.-L.; Licinio, J.; Mastronardi, C. Leptin therapy, insulin sensitivity, and glucose homeostasis. Indian J.
Endocrinol. Metab. 2012, 16, 549–555. [CrossRef]

48. Seravalle, G.; Grassi, G. Obesity and hypertension. Pharmacol. Res. 2017, 122, 1–7. [CrossRef] [PubMed]
49. Ryan, M.J.; Coleman, T.T.; Sasser, J.M.; Pittman, K.M.; Hankins, M.W.; Stec, D.E. Vascular smooth muscle-specific deletion of the

leptin receptor attenuates leptin-induced alterations in vascular relaxation. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2016, 310,
R960–R967. [CrossRef]

50. Hall, J.E.; do Carmo, J.M.; Silva, A.; Wang, Z.; Hall, M.E. Obesity, kidney dysfunction and hypertension: Mechanistic links. Nat.
Rev. Nephrol. 2019, 15, 367–385. [CrossRef] [PubMed]

51. Thijssen, D.H.J.; Bruno, R.M.; Van Mil, A.C.C.M.; Holder, S.M.; Faita, F.; Greyling, A.; Zock, P.L.; Taddei, S.; Deanfield, J.; Luscher,
T.; et al. Expert consensus and evidence-based recommendations for the assessment of flow-mediated dilation in humans. Eur.
Heart J. 2019, 40, 2534–2547. [CrossRef] [PubMed]

52. Wilson, A.C.; Urbina, E.; Witt, S.A.; Glascock, B.J.; Kimball, T.R.; Mitsnefes, M. Flow-mediated vasodilatation of the brachial
artery in children with chronic kidney disease. Pediatr. Nephrol. 2008, 23, 1297–1302. [CrossRef]

53. Shah, A.S.; Urbina, E.M. Vascular and Endothelial function in youth with Type 2 Diabetes Mellitus. Curr. Diabetes Rep. 2017,
17, 36. [CrossRef]

54. Cote, A.T.; Harris, K.; Panagiotopoulos, C.; Sandor, G.; Devlin, A. Childhood obesity and cardiovascular dysfunction. J. Am. Coll.
Cardiol. 2013, 62, 1309–1319. [CrossRef]

55. Su, Y.; Liu, X.-M.; Sun, Y.-M.; Jin, H.-B.; Fu, R.; Wang, Y.-Y.; Wu, Y.; Luan, Y. The relationship between endothelial dysfunction and
oxidative stress in diabetes and prediabetes. Int. J. Clin. Pr. 2008, 62, 877–882. [CrossRef]

56. Pacifico, L.; Perla, F.M.; Tromba, L.; Carbotta, G.; Lavorato, M.; Pierimarchi, P.; Chiesa, C. Carotid extra-media thickness in
children: Relationships with Cardiometabolic risk factors and Endothelial function. Front. Endocrinol. 2020, 11. [CrossRef]
[PubMed]

57. Miniello, V.L.; Faienza, M.F.; Scicchitano, P.; Cortese, F.; Gesualdo, M.; Zito, A.; Basile, M.; Recchia, P.; Leogrande, D.; Viola, D.;
et al. Insulin resistance and endothelial function in children and adolescents. Int. J. Cardiol. 2014, 174, 343–347. [CrossRef]

58. Urbina, E.M.; Bean, J.A.; Daniels, S.R.; D’Alessio, D.; Dolan, L.M. Overweight and hyperinsulinemia provide individual
contributions to compromises in brachial artery distensibility in healthy adolescents and young adults: Brachial distensibility in
children. J. Am. Soc. Hypertens. 2007, 1, 200–207. [CrossRef]

59. Rodriguez, C.J.; Miyake, Y.; Grahame-Clarke, C.; Di Tullio, M.R.; Sciacca, R.R.; Boden-Albala, B.; Sacco, R.L.; Homma, S. Relation
of plasma glucose and Endothelial function in a population-based multiethnic sample of subjects without Diabetes Mellitus. Am.
J. Cardiol. 2005, 96, 1273–1277. [CrossRef] [PubMed]

60. Chandra, S.; Fulton, D.J.; Caldwell, R.B.; Toque, H.A. Hyperglycemia-impaired aortic vasorelaxation mediated through arginase
elevation: Role of stress kinase pathways. Eur. J. Pharmacol. 2019, 844, 26–37. [CrossRef]

61. Curley, S.; Gall, J.; Byrne, R.; Yvan-Charvet, L.; McGillicuddy, F.C. Metabolic inflammation in obesity—At the crossroads between
fatty acid and cholesterol metabolism. Mol. Nutr. Food Res. 2020, 65, e1900482. [CrossRef]

62. Andersen, C.J.; Murphy, E.K.; Fernandez, M.L. Impact of obesity and metabolic syndrome on immunity. Adv. Nutr. 2016, 7, 66–75.
[CrossRef]

63. Llewellyn, A.; Simmonds, M.C.; Owen, C.; Woolacott, N. Childhood obesity as a predictor of morbidity in adulthood: A
systematic review and meta-analysis. Obes. Rev. 2015, 17, 56–67. [CrossRef]

64. Ley, K.; Miller, Y.I.; Hedrick, C.C. Monocyte and macrophage dynamics during atherogenesis. Arter. Thromb. Vasc. Biol. 2011, 31,
1506–1516. [CrossRef]

http://doi.org/10.1007/s00011-018-1129-8
http://doi.org/10.1042/CS20070108
http://doi.org/10.1161/ATVBAHA.115.306263
http://doi.org/10.2741/199
http://www.ncbi.nlm.nih.gov/pubmed/21622244
http://doi.org/10.1093/cvr/cvx164
http://doi.org/10.3390/ijms20153775
http://www.ncbi.nlm.nih.gov/pubmed/31382355
http://doi.org/10.3390/nu11071667
http://doi.org/10.1016/j.cell.2016.03.046
http://doi.org/10.4103/2230-8210.105571
http://doi.org/10.1016/j.phrs.2017.05.013
http://www.ncbi.nlm.nih.gov/pubmed/28532816
http://doi.org/10.1152/ajpregu.00336.2015
http://doi.org/10.1038/s41581-019-0145-4
http://www.ncbi.nlm.nih.gov/pubmed/31015582
http://doi.org/10.1093/eurheartj/ehz350
http://www.ncbi.nlm.nih.gov/pubmed/31211361
http://doi.org/10.1007/s00467-008-0815-0
http://doi.org/10.1007/s11892-017-0869-0
http://doi.org/10.1016/j.jacc.2013.07.042
http://doi.org/10.1111/j.1742-1241.2008.01776.x
http://doi.org/10.3389/fendo.2020.574216
http://www.ncbi.nlm.nih.gov/pubmed/33071981
http://doi.org/10.1016/j.ijcard.2014.04.115
http://doi.org/10.1016/j.jash.2007.01.008
http://doi.org/10.1016/j.amjcard.2005.06.070
http://www.ncbi.nlm.nih.gov/pubmed/16253596
http://doi.org/10.1016/j.ejphar.2018.11.027
http://doi.org/10.1002/mnfr.201900482
http://doi.org/10.3945/an.115.010207
http://doi.org/10.1111/obr.12316
http://doi.org/10.1161/ATVBAHA.110.221127


Nutrients 2021, 13, 2991 21 of 24

65. Landsberg, L.; Aronne, L.J.; Beilin, L.J.; Burke, V.; Igel, L.I.; Lloyd-Jones, D.; Sowers, J. Obesity-related hypertension: Pathogenesis,
cardiovascular risk, and treatment—A position paper of the The Obesity Society and the American Society of Hypertension.
Obesity 2012, 21, 8–24. [CrossRef] [PubMed]

66. Juonala, M.; Magnussen, C.; Berenson, G.S.; Venn, A.; Burns, T.L.; Sabin, M.; Srinivasan, S.R.; Daniels, S.R.; Davis, P.H.; Chen, W.;
et al. Childhood adiposity, adult adiposity, and cardiovascular risk factors. N. Engl. J. Med. 2011, 365, 1876–1885. [CrossRef]

67. Hall, J.E.; Carmo, J.M.D.; Silva, A.; Wang, Z.; Hall, M.E. Obesity-induced hypertension: Interaction of neurohumoral and renal
mechanisms. Circ. Res. 2015, 116, 991–1006. [CrossRef]

68. Abrignani, M.G.; Lucà, F.; Favilli, S.; Benvenuto, M.; Rao, C.M.; Di Fusco, S.A.; Gabrielli, D.; Gulizia, M.M. Lifestyles and
cardiovascular prevention in childhood and adolescence. Pediatr. Cardiol. 2019, 40, 1113–1125. [CrossRef]

69. Theodore, R.F.; Broadbent, J.; Nagin, D.S.; Ambler, A.; Hogan, S.; Ramrakha, S.; Cutfield, W.; Williams, M.; Harrington, H.;
Moffitt, T.; et al. Childhood to early-midlife systolic blood pressure trajectories: Early life predictors, effect modifiers, and adult
cardiovascular outcomes. Hypertension 2015, 66, 1108–1115. [CrossRef] [PubMed]

70. Hanspeter, B.; Cockroft, J.R.; Deanfield, J.; Donald, A.; Ferrannini, E.; Halcox, J.; Kiowski, W.; Lüscher, T.F.; Mancia, G.; Natali, A.;
et al. Endothelial function and dysfunction. Part II: Association with cardiovascular risk factors and diseases. A statement by the
Working Group on Endothelins and Endothelial Factors of the European Society of Hypertension*. J. Hypertens. 2005, 23, 233–246.
[CrossRef]

71. Eley, V.; Christensen, R.; Guy, L.; Dodd, B. Perioperative blood pressure monitoring in patients with obesity. Anesthesia Analg.
2019, 128, 484–491. [CrossRef]

72. Skilton, M.R.; Celermajer, D.S.; Cosmi, E.; Crispi, F.; Gidding, S.S.; Raitakari, O.T.; Urbina, E.M. Natural history of atherosclerosis
and abdominal aortic intima-media thickness: Rationale, evidence, and best practice for detection of atherosclerosis in the young.
J. Clin. Med. 2019, 8, 1201. [CrossRef]

73. Cochain, C.; Zernecke, A. Macrophages in vascular inflammation and atherosclerosis. Pflügers Arch. Eur. J. Physiol. 2017, 469,
485–499. [CrossRef] [PubMed]

74. Rocha, V.Z.; Libby, P. Obesity, inflammation, and atherosclerosis. Nat. Rev. Cardiol. 2009, 6, 399–409. [CrossRef] [PubMed]
75. Ryder, J.R.; Northrop, E.; Rudser, K.D.; Kelly, A.S.; Gao, Z.; Khoury, P.R.; Kimball, T.R.; Dolan, L.M.; Urbina, E.M. Accelerated

early vascular aging among adolescents with obesity and/or Type 2 Diabetes Mellitus. J. Am. Heart Assoc. 2020, 9, e014891.
[CrossRef] [PubMed]

76. Onut, R.; Balanescu, A.P.S.; Constantinescu, D.; Calmac, L.; Marinescu, M.; Dorobantu, M. Imaging Atherosclerosis by Carotid
Intima-media Thickness in vivo: How to, Where and in Whom? MAEDICA J. Clin. Med. 2012, 7, 153–162.
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