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Abstract: This narrative review study investigates the correlations between obesity, allergies, and
sleep-disordered breathing in pediatric populations. Searches for pertinent articles were conducted
on the Medline PubMed Advanced Search Builder, Scopus, and Web of Science databases from
unlimited to April 2024. Sleep-disordered breathing causes repeated upper airway obstructions,
leading to apneas and restless sleep. Childhood obesity, which affects around 20% of children, is
often associated with sleep-disordered breathing and allergies such as asthma and allergic rhinitis. It
is distinguished between diet-induced obesity (resulting from excess of diet and physical inactivity)
and genetic obesity (such as is seen in Down syndrome and Prader–Willi syndrome). In children
with diet-induced obesity, chronic inflammation linked to weight can worsen allergies and increase
the risk and severity of asthma and rhinitis. Furthermore, the nasal congestion typical of rhinitis
can contribute to upper respiratory tract obstruction and obstructive sleep apnea. A vicious circle is
created between asthma and sleep-disordered breathing: uncontrolled asthma and sleep-disordered
breathing can worsen each other. In children with genetic obesity, despite alterations in the immune
system, fewer allergies are observed compared to the broader population. The causes of this reduced
allergenicity are unclear but probably involve genetic, immunological, and environmental factors.
Additional research is necessary to elucidate the underlying mechanisms. The present narrative
review study emphasizes the importance of jointly evaluating and managing allergies, obesity, and
obstructive sleep apnea in children considering their close interconnection.

Keywords: allergy; children; Down syndrome; inflammation; obesity; obstructive sleep apnea;
Prader–Willi syndrome; sleep-disordered breathing

1. Introduction

Obstructive sleep apnea (OSA), the most common form of sleep-disordered breathing
(SDB), involves repeated obstruction of the upper airways, causing brief periods of apnea
and sleep disruption. SDB in children, including snoring and OSA, can significantly
affect sleep, daytime behavior, cognitive performance, physical development [1], and
cardiovascular risk [2].

Polysomnography is the foremost diagnostic tool for identifying SDB [1,3]. However,
alternative methods can assist in diagnosing SDB when economic resources are limited,
such as sleep questionnaires (Pediatric Sleep Questionnaire) and pulse oximetry with
McGill oximetry scores [4,5].

The global prevalence of OSA fluctuates, impacting approximately 1.2% to 5.7%
of children. Male children are more commonly affected. In addition, conditions like
obesity can increase the likelihood of developing OSA [6,7] compared to children of normal
weight [8,9]. One study discovered that OSA impacted 38.7% of children with BMI z-scores
below 2 in contrast to 60% of children with BMI z-scores of 2 or above [10].

Pediatric OSA can be classified into three phenotypes based on the underlying causes
and clinical presentations. The three anatomical phenotypes in childhood OSA are adeno-
tonsillar hypertrophy, craniofacial-based clinical phenotypes, and upper airway structure.
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(1) Adenotonsillar hypertrophy phenotype is the most common phenotype of pediatric
OSA, accounting for up to 75% of cases [11]; (2) in the adult phenotype, excess weight
and fat deposition in the neck and upper airway lead to high airway obstruction during
sleep [12]; (3) the congenital phenotype is characterized by structural abnormalities of the
skull and face and neuromuscular disorders [13]. Hypotonic neuromuscular diseases can
cause hypotonia, or decreased muscle tone, in the upper airway muscles, leading to airway
collapse during sleep [14].

Among the genetic conditions, Prader–Willi syndrome (PWS) [15] and Down syn-
drome (DS) [16], which also have a propensity for obesity, pose an increased risk of OSA [17].

Inhalant allergies can be a common comorbidity that may exacerbate SDB in children.
Studies exploring the correlation between SDB and allergic conditions have amassed signif-
icant evidence elucidating the interplay between these ailments [18]. Evidence indicates
a relationship between the severity of allergic rhinitis (AR) and the severity of OSA [19].
While debate persists concerning the impact of nasal inflammation on primary snoring
and OSA, AR is reportedly present in 35% of children with primary snoring and 6% with
OSA [19].

The complex relationship between obesity, genetic phenotype, and allergies in children
is not explicitly investigated in the literature.

1.1. Diet-Induced Obesity and Sleep-Disordered Breathing

Commonly affecting 19.7% of children and adolescents, obesity is characterized by
excess weight without further syndromic features [20]. Children affected by obesity exhibit
a greater prevalence of OSA, with about 36% affected and 60% with the syndrome [21].
The frequency of SDB in obese children markedly surpasses that in the broader pedi-
atric demographic, with estimations ranging from 33% to 61% compared to 1% to 3%,
respectively [22].

Excess fatty tissue can lead to physical health problems in pediatric age groups, such
as hypertension, orthopedic and respiratory issues, sleep disorders, as well as psychosocial
risks like depression, anxiety, and low self-esteem [23]. Regular check-ups are crucial for
overweight and obese children [24].

Pediatric obesity presents a notable risk factor for OSA, one which is primarily at-
tributed to anatomical and inflammatory conditions. Fat accumulation in the neck region
can potentially elevate resistance in the upper airway and disrupt respiratory function
among children aged 8 to 17 years. Notably, an increase of 0.01 in the neck-to-height ratio
(NHR) was correlated with a 55% escalation in obstructive AHI [25]. Obese children also
exhibit anomalies during sleep, such as positive pharyngeal pressure and less pharyngeal
dilatory activity [26].

Adenotonsillar hypertrophy is a significant risk factor for OSA in obese children, but
surgical removal of the tonsils may only have a partial effect on improving the condition [27].
Some studies report a significant reduction in lung function in obese children. Obesity
also increases the risk of developing obesity hypoventilation syndrome (OHS), a condition
recently identified in children as well [28].

1.2. Obesity in Genetic Diseases and Sleep-Disordered Breathing

Genetic diseases associated with childhood obesity include syndromic and non-
syndromic forms. Non-syndromic childhood obesity can also have genetic underpinnings,
with more than 1100 independent genetic loci associated with obesity traits having been
identified [29]. Syndromic obesity can be caused by genetic disorders such as PWS and
DS. These syndromes are characterized by specific genetic abnormalities that contribute to
obesity in affected individuals [30,31].

PWS and DS are both genetic conditions but exhibit significant differences. PWS and
DS represent distinct genetic conditions, sharing several clinical characteristics, including
obesity, muscle hypotonia, ligament laxity, and intellectual disability [32]. However, PWS is
characterized by obesity due to hyperphagia and genetic abnormalities on chromosome 15,
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occurring in 1:10,000–1:30,000 live births [33]. Research indicates that individuals with DS
exhibit a greater incidence of overweight and obesity when compared to their counterparts
in the general population. Estimates suggest that 49% to 80% of young individuals with DS
are overweight or obese, with this number rising to 90% by adulthood [34]. The aetiology
of obesity in youth with DS is multifactorial [34].

1.2.1. Obesity in Down Syndrome

DS is a genetic disorder caused by an additional copy of approximately 200 genes from
chromosome 21, resulting in developmental defects that affect many physiological systems.
DS is also associated with an increased risk of obesity. The prevalence of overweight and
obesity collectively varies across studies, ranging from 23% to 70% [35].

Several physiological processes can contribute to this heightened risk. The increased
susceptibility to obesity in children with DS is believed to stem from a combination of
factors, including a diminished metabolic rate, decreased levels of physical activity, and
suboptimal dietary practices [36]. An underactive thyroid gland (hypothyroidism) and a
naturally slower metabolism can diminish the body’s capacity to burn calories. Additionally,
consuming more calories than expended through physical activity produces a calorie
surplus that can lead to weight gain [36]. Therefore, there is a significantly higher prevalence
of OSA among children with DS compared to the general population. However, signs of
SDB were associated with BMI z-score in the 13–15 age group (OR: 1.99 [1.06–3.72], p = 0.03)
and 16–18 years age group (OR: 3.04 [1.22–7.59], p = 0.02) [37]. According to a meta-analysis,
the prevalence of OSA in children with DS ranges from 69% to 76% [38]. Children with
DS are at increased risk of SDB due to features commonly associated with the syndrome,
such as a small oropharynx, midface hypoplasia, narrow nasopharynx, and macroglossia.
Additionally, factors such as obesity, hypothyroidism, and other medical comorbidities are
also known to contribute to the severity of SDB [39,40].

1.2.2. Obesity in Prader–Willi Syndrome

PWS is a rare yet significant genetic disorder resulting from an anomaly on chromo-
some 15. It initially manifests with neonatal hypotonia, feeding challenges, and reduced
appetite, followed by a later phase of weight gain, insatiable hunger, and uncontrollable
eating tendencies, typically emerging between the ages of 2 and 3 [41]. It is considered the
primary genetic contributor to obesity, affecting approximately 1 in 10,000 to 1 in 30,000
live births [33]. Children diagnosed with PWS typically demonstrate a higher ratio of body
fat and display a unique distribution of fat. Individuals with PWS exhibit notably reduced
lean tissue in their arms, legs, and trunks and significantly decreased trunk fat mass [42].
Patients with PWS have a particular tendency to gain weight and may develop serious
health problems related to obesity, such as hypertension and OSA [30,43].

2. Purpose of the Review

This study seeks to enhance the current comprehension of the interaction between
allergies and SDB in obese children. In particular, the manuscript aims to explore, through
various combinations, the role of diet-induced obesity (excess of diet and physical inactiv-
ity), genetic obesity, and inhalant allergies in developing OSA, as addressed in Section 3
through Section 6 of the manuscript. In Section 3, the correlation between obesity and OSA
in pediatric patients is addressed, both in those with diet-induced obesity and in those with
genetic comorbidities such as DS and PWS. Section 4 explores the relationship between
diet-induced obesity, allergies, and SDB in DS patients. Section 5 delves into the relation-
ship between obesity, allergies, and SDB in pediatric patients with PWS. Finally, Section 6
addresses the potential strengths and limitations; Section 7 presents the conclusions.

Electronic searches for pertinent and updated articles were conducted on the Med-
line PubMed Advanced Search Builder (https://pubmed.ncbi.nlm.nih.gov/), Scopus
(https://www.scopus.com/), and Web of Science (http://www.webofscience.com/) on-
line databases (access date 26 April 2024) from unlimited to April 2024 to address these

https://pubmed.ncbi.nlm.nih.gov/
https://www.scopus.com/
http://www.webofscience.com/


Children 2024, 11, 595 4 of 16

questions. The keywords used were obesity, inhalant allergies, asthma, inflammation, sleep
apnea, sleep-disordered breathing, Prader–Willi syndrome, and Down syndrome.

3. Diet-Induced Obesity and Allergic Disease
3.1. Diet-Induced Obesity and Inflammation

Persistent inflammation is strongly linked with allergies and can play a pivotal role
in the onset of allergic conditions and their ongoing management. Childhood obesity
is increasingly being recognized as a condition with potential immediate health con-
sequences, including the development of chronic low-grade inflammation also due to
pro-inflammatory mediators released from the steatotic/inflamed liver [44]. The lower
expression of IL-10 may be decisive for maintaining the low-grade inflammation status in
childhood obesity [45].

Adipose tissue releases various compounds that influence immune function. These
include multiple cytokines, such as tumour necrosis factor-alpha (TNF-α) and interleukins
(IL-1, IL-6), as well as chemokines like monocyte chemoattractant protein-1 (MCP-1) and
eotaxin, which specifically attract monocytes and eosinophils, respectively [46]. Further-
more, obesity is associated with increased levels of circulating acute-phase reactants, such
as C-reactive protein (CRP), which further supports the presence of systemic inflamma-
tion [47].

Adipokines, a group of cytokines synthesized by fatty tissue, are essential for modu-
lating metabolism and immune system functions. Among them, leptin and adiponectin
exhibit contrasting functions [48]. Leptin, an adipokine secreted by fatty tissue, has been
shown to have detrimental effects on OSA. The augmentation of leptin levels alongside fat
mass is implicated in fostering a pro-inflammatory milieu by facilitating the Th1 immune
response. Conversely, adiponectin, a hormone secreted by adipose tissue, possesses anti-
inflammatory properties by inhibiting the NFκB signaling pathway. This inhibition helps
protect against insulin resistance and atherosclerosis [47,49]. However, levels of adiponectin
are typically reduced in obese individuals [50], which contributes to a pro-inflammatory
state. This reduction in adiponectin levels can contribute to chronic low-grade inflamma-
tion associated with conditions like obesity, asthma, and AR. The interplay between these
conditions and sustained low-grade inflammation is complex and multifaceted, potentially
creating a cyclic pattern of inflammation and related health issues.

3.2. Diet-Induced Obesity and Allergies

Constant inflammation increases the risk of developing many diseases, including aller-
gic and immunological ones. Childhood obesity is associated with various immediate and
long-term health implications, including an increased susceptibility to allergies [50]. Obe-
sity could potentially play a role in the rising occurrence of allergic conditions in children.

In a study, participants aged 1 year and older were tested for total and allergen-specific
serum IgE. Obese and overweight children were associated with higher total IgE levels.
Being obese was associated with higher odds of atopy (OR = 1.26; 95% CI: 1.03–1.55). The
odds ratio for sensitization to foods was particularly elevated (OR = 1.59; 95% CI: 1.28–1.98),
whereas the odds for inhalant allergen sensitization were not elevated [51]. Another study
revealed that individuals classified as obese (OR = 1.71; 95% CI: 1.08–2.71, p = 0.021) or
overweight (OR = 1.62; 95% CI: 1.06–2.50, p = 0.026) were linked to a higher likelihood of
allergic disease in prepubertal children compared to those with an average weight [52]. The
correlation between childhood obesity and allergic conditions such as AR, atopic dermatitis,
and chronic urticaria is somewhat contradictory yet remains noteworthy [46].

3.3. Diet-Induced Obesity, Allergic Rhinitis, and Obstructive Sleep Apneas

Over time, there has been a rise in the prevalence of AR. Certain studies suggest that
medically diagnosed AR stood at 10.5%. In contrast, the general prevalence of self-reported
current AR (within the previous 12 months) was 18.1% [53].
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A direct correlation between obesity and the prevalence of AR (OR 1.33; 95% CI:
1.04–1.72; p < 0.05), and in particular, obesity in girls and AR (OR 1.48; 95% CI: 1.00–2.18;
p < 0.05), has previously been reported [54]. Another study found that obese children aged
6–7-year-old had an increased prevalence of sensitization (OR = 1.84; 95% CI: 1.11–3.04;
p < 0.05), and overweight children had an increased prevalence of a positive skin prick test
(OR = 2.0; 95% CI: 1.12–3.57; p < 0.05). No correlation has been found between obesity
and AR in 6–7-year-olds (OR = 1.05; 0.75–1.47) or 13–14-year-olds (OR = 1.56; 95% CI:
1.08–2.26) [55]. Research revealed a direct link between elevated BMI and AR, particularly
among young adult females and children [46]. Obesity is recognized as a factor that can
worsen AR symptoms, and simultaneously, it correlates with heightened levels of IL-1β
and leptin. In particular, only parental AR (9.2-fold increase in risk), elevated leptin (11.3-
fold increase in risk), and high expression of IL-1β (5.8-fold increase in risk) emerged as
significant risk factors of moderate to severe persistent AR [56]. Obesity-induced increases
in leptin levels may contribute to heightened inflammation and more severe symptoms
through its interaction with interleukin-1 β (IL-1β) [56]. Obesity negatively influences
the severity of AR when children with AR experience higher carbon monoxide (CO) and
ambient particles ≤ 10 µm in diameter (PM10) but not in non-obese children with AR [57].
Thus, obesity among children with AR was linked to heightened susceptibility to air
pollution, resulting in worsened AR symptoms [57]. The specific mechanisms that connect
obesity to the deterioration of allergies and AR symptoms remain uncertain.

The link between obesity and AR, however, is not straightforward. Some studies
suggest that obesity may be linked to a lower risk of AR, regardless of gender [46]. The
correlation between obesity and AR in children is intricate, with contradictory results. An
extensive study across the United States revealed that central obesity was associated with
reduced odds of AR (OR = 0.35, 95% CI = 0.19–0.64; p < 0.01) in children. After stratification
by sex, this association was similar in female and male children [58].

AR is strongly correlated with OSA development for several reasons. Firstly, nasal
congestion reduces airflow through the upper airways [59], causing fatigue, snoring, and
poor sleep quality. Secondly, nasal congestion can lead to mouth breathing, which causes
the tongue and jaw to shift downwards. This results in a reduced pharyngeal diameter and
altered position of the upper airway dilator muscles, further reducing airflow [19]. This
heightened nasal resistance compels individuals to transition from breathing through the
nose to breathing through the mouth, potentially contributing to upper airway collapse and
apnea generation. Studies have shown that nasal obstruction, whether due to anatomical
issues or chronic allergies, can destabilize the upper airways and worsen OSA by disrupting
normal breathing patterns [60]. Patients with OSAS had higher nasal resistance than
patients without OSAS. Persistent vasomotor and non-vasomotor rhinitis are risk factors
for SDB [61]. Recent research has highlighted the higher Th17/Treg ratio in peripheral
blood among children with OSA and AR than those without AR. This suggests that AR
might be pivotal in fostering OSA [62].

In conclusion, the correlation between obesity, AR, and OSA syndrome underscores the
intricate interconnection among these ailments. Obesity may increase vulnerability to AR
and exacerbate respiratory manifestations, whereas AR could impact the pathophysiology
of OSA, especially in pediatric populations.

3.4. Diet-Induced Obesity, Asthma, and Obstructive Sleep Apneas

Figure 1 shows the interconnection between allergic rhinitis, asthma, and SDB in
children affected by diet-induced obesity.

The link between obesity and asthma in children is firmly established, with numerous
epidemiological studies demonstrating a connection between the two conditions [63,64].
The co-occurrence of asthma and obesity may be due to common pathogenetic factors [65].
Being overweight was significantly associated with an increased prevalence of declared
asthma in 6–7-year-olds (OR = 2.44, 95% CI: 1.52–3.91; p < 0.001) and 13–14-year-olds
(OR = 1.66, 1.09–2.53; p = 0.016) [55]. Children who are persistently overweight have shown



Children 2024, 11, 595 6 of 16

a prolonged impact on the development of incident asthma (OR = 2.47, 95% CI: 1.18–5.12)
and incident AR (OR = 1.44, 95% CI: 1.12–1.84) that can persist into adolescence and early
adulthood [66].
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In adult patients, the interaction between obesity and asthma involves a complex inter-
play of inflammatory processes that can influence the onset and severity of asthma symp-
toms [67]. The higher adiponectin/leptin ratio in non-obese asthma patients compared to
obese asthmatic subjects was the only significant difference between the two groups [68].

An affirmative correlation has been established between asthma and obesity, with
inflammation as the underlying mechanism [63]. Eosinophilic inflammation was observed
in asthmatic patients, while non-eosinophilic inflammation was evident in overweight
patients. Notably, within the overweight children cohort, elevated levels (p < 0.001) of both
acute inflammatory markers, CRP and fibrinogen, were detected, irrespective of asthma
status [63].

Studies indicate a notable contribution of leptin to the pathophysiology of asthma
among those who are obese. In a systematic review, the severity of asthma symptoms
or the frequency of exacerbations tended to be greater in obese individuals, who ex-
hibited elevated levels of leptin and reduced levels of adiponectin, in contrast to their
non-obese counterparts [69]. In asthmatic children, the median serum leptin level was
9.2 ± 16.2 ng/mL. In overweight children, it was 30.6 ± 21.6 ng/mL, and in overweight
asthmatic children, it was 31.1 ± 20.3 ng/mL (p < 0.05). However, atopy was not confirmed
as an underlying mechanism of the association between asthma and overweight [70]. A
meta-analysis confirmed that obesity is characterized by various alterations in both innate
and adaptive immunity, with a transition from a Th2 to a Th1 immune response. This
study reveals differences in immune responses mediated by T-helper cells in lean and obese
children with asthma [71].

OSA stands as the predominant form of SDB in children, especially among those with
severe asthma. A solidly established link exists between childhood asthma and OSA [72]. A
review reported that several studies have highlighted a bidirectional relationship between
the two conditions [65]. A concerning connection is evident between asthma and SDB in
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children. Uncontrolled asthma predisposes children to OSA, which can then exacerbate
asthma control and increase the likelihood of asthma attacks [73]. This bidirectional
relationship is further supported by the significant overlap in symptoms and underlying
mechanisms (pathophysiology) between the two conditions. In patients with severe OSA,
clinical evaluation for asthma should be considered [73].

The connection among obesity, asthma, and OSA is complex and multifaceted, po-
tentially exacerbating each other. Obesity represents a significant risk factor for both
asthma [74] and OSA. Finally, obesity and SDB often coexist, with inflammation associated
with obesity potentially influencing asthma control and the reciprocal relationship between
OSA and asthma or AR [58]. However, another study suggests that the independent factor
associated with an increase in the risk of moderate/severe OSA was obesity (OR = 1.82, 95%
CI: 1.16–2.87; p = 0.01), whereas current asthma was reduced (OR = 0.45, 95% CI: 0.29–0.70;
p < 0.001) [75]. Therefore, it appears that there is a discrepancy between the reported results.
While some studies indicate a clear correlation between obesity and asthma, others suggest
that current asthma may not be a significant factor in increasing the risk of moderate/severe
OSA in children. Further investigation may be required to fully elucidate the nature of this
relationship and the factors involved.

4. Obesity in Down Syndrome and Allergic Diseases
4.1. Down Syndrome and Immunity

Patients with DS show impairments in their immune system [76,77]. In a review
study, immune system disturbances in individuals with DS are characterized by continuous
increases in cytokine expression, T cell activation, atypical B cell activation, and autoanti-
bodies. Studies have indicated heightened cytokine dysregulation in DS correlates with
more pronounced clinical immune dysfunction [78]. The immune dysfunction observed
in DS could arise from hyperactive interferon responses, possibly due to the presence of
multiple interferon receptor subunits and the autoimmune regulator (AIRE) transcription
factor encoded by chromosome 21 [78,79].

A reduced thymus size in DS patients contributes to lymphopenia and leukopenia.
Individuals with DS exhibit a notable decrease in T lymphocyte count, affecting CD4+
and CD8+ cells [78,80]. Regarding innate immunity, children with DS have a reduction in
CD16+ CD56+ natural killer (NK) cells, while the number of CD16− CD57+ cells increases
in both children and adults [76]. Individuals with DS also exhibit excessive expression
of the SOD1 and ITGB2 genes, which are essential for neutrophil function. Nutritional
deficiencies and accelerated ageing are potential causes of secondary immunodeficiency in
DS [80].

The rate of telomere loss in patients with DS is noted to exceed that of the general
population. In juveniles, the average relative telomere length in studied subjects is sig-
nificantly longer than in the control group (50.46 vs. 40.56, respectively arbitrary units
[AU]; p < 0.005). Immunogenetic abnormalities might contribute to this phenomenon by
promoting increased cell division [81].

Additionally, an increase in CD11c*Tbethigh + CD21lowB cells has been observed. These
cells could potentially participate in the generation of autoantibodies. Specifically, CD11c+
B cells could contribute to autoimmunity in DS [82].

In summary, DS is associated with immune dysregulation, including steady-state
increases in cytokine expression, CD4+ T cell activation, atypical B cell activation, and the
presence of autoantibodies.

4.2. Down Syndrome and Inflammation

Some studies suggest that trisomy 21 is characterized by an upregulation of the
inflammatory response [83]. This is supported by heightened levels of pro-inflammatory
(IL-2, IL-6) and anti-inflammatory cytokines (IL-10, IL-1Ra or interleuchina-1 receptor
antagonist) in adults with DS [83]. Adult DS patients have a higher number of CD8+ T
cells. A CD8+ T cell sub-grop of people with DS shares features observed in autoimmune
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and autoinflammatory conditions [84]. A study investigating prepubertal DS children
evidenced brain-derived neurotrophic factor (BDNF) elevation and a marked reduction
of TNF-α, TGF-β, MCP-1, IL-1α, IL-2, IL-6, IL-10, and IL-12. A different gender response
was observed between males and females DS children in the analyzed cytokines [85].
Inflammatory cytokine levels have been reported to vary between adults and prepubertal
children with DS. Specifically, an increase in IL-2, IL-6, and IL-10 cytokine levels has been
found in adult individuals with DS [83], while a marked reduction in IL-2, IL-6, IL-10, and
IL-12 has been observed in prepubertal children with DS [84]. In summary, children with
DS often display a persistent pro-inflammatory condition, which likely plays a role in their
heightened vulnerability to infections and inflammatory disorders [83].

4.3. Down Syndrome, Allergic Sensitization, and Atopic Eczema

Allergic sensitization is defined as developing specific IgE antibodies to allergens in the
blood (serum) following exposure. At 19 years, those sensitized at 8 years of age or earlier
had the highest risk of asthma (OR = 4.68; 95% CI: 3.15–6.97) and rhinitis (OR = 22.3; 95% CI:
13.3–37.6), and 84% had developed either asthma or rhinitis [86]. Multiple factors, including
genetics, environmental triggers, and the body’s immune response, work together in a
complex way to influence a person’s risk of developing allergies and becoming sensitized
to allergens [87,88].

Patients with DS appear to have a lower allergic sensitization prevalence than non-DS
children. Research indicates that allergic sensitization is much less prevalent in individ-
uals with DS, with a prevalence of 7.6% in DS children compared to 40.2% in non-DS
children [89]. This lower allergic sensitization in DS is generally reflected by diminished
levels of total IgE and reduced incidence of positive skin prick tests [90]. Furthermore, the
limited research on the incidence of allergic diseases in these children suggests they may
be less susceptible to such conditions.

Recent studies have found a prevalence of atopic eczema in up to 5% of patients with
DS, a figure comparable to that seen in the general population [91]. Nevertheless, the
connection between DS, allergic sensitization, and atopic eczema is intricate and could
be influenced by additional factors, including genetic predisposition and environmental
exposures.

4.4. Down Syndrome and Wheezing

Children with DS were more than twice as likely as children in the general population
group to have a moderately increased risk for asthma and respiratory allergies [92]. It
has also been observed that children with DS exhibit a heightened frequency of persistent
wheezing and symptoms of chronic rhinitis. In particular, the relative risk (RR) of current
wheeze in DS was 2.8 (95% CI, 1.42–5.51) compared with siblings and 2.75 (95% CI, 1.28–
5.88) compared with the general population [93]. Recurrent wheezing is prevalent among
children with DS, likely attributed to particular factors associated with DS, but it may not
be directly associated with asthma [89,93].

In summary, wheezing and other respiratory symptoms are common in children
with DS [93,94]. The anatomical and physiological changes observed in the respiratory
tract of individuals with DS probably contribute to the onset of respiratory symptoms like
wheezing and coughing [92]. However, a diagnosis of asthma was found in 3.1% of children
with DS, in 4.2% of siblings, and 6.7% of controls [93]. Finally, the relationship between
wheezing, asthma, and DS is complex, and further research is needed to understand better
the underlying factors contributing to respiratory symptoms in this population.

4.5. Down Syndrome, Allergies, Asthma, and Obstructive Sleep Apneas

Figure 2 shows the interconnection between allergies, respiratory symptoms, and SDB
in children with DS.
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The specific relationship between allergies and OSA in children with DS has been less
directly investigated. Existing literature suggests that the immune system in individuals
with DS may function differently [78,89,95], potentially affecting the low prevalence and
severity of allergies [89]. However, in children with DS, an elevated prevalence of OSA
(53%) [96] and SDB were frequently observed (63%) [96]. For this reason, early screening for
OSA in children with DS is vital [97]. However, a large multicenter cohort study confirmed
that allergic sensitization is much less prevalent in DS (7.6%) than in non-DS (40.2%)
children. In contrast, symptoms such as wheezing, cough, and dyspnea are prevalent
in DS [89]. For this reason, other causes besides allergies should be considered in the
case of respiratory symptoms in children with DS. Finally, the correlations between DS,
allergies, asthma, and OSAS are intricate, and additional research is warranted to gain a
deeper understanding of the underlying factors contributing to respiratory symptoms in
individuals with DS.

5. Obesity in Prader–Willi Syndrome and Allergic Diseases
5.1. Prader–Willi Syndrome and Immunity

Research suggests that individuals with PWS may have an altered immune profile.
Individuals with PWS have an overactivation of the innate immune system, independent
of central adiposity and insulin resistance. PWS subjects showed significantly higher
IL-6 (p < 0.01). Neutrophil activation markers CD66b and CD11b were higher in PWS
compared to obese subjects (p < 0.01), reflecting an activated innate immune system [98].
Furthermore, a study found that individuals with PWS exhibited increased levels of matrix
metalloproteinase (MMP-9; p < 0.001) and myeloperoxidase (MPO; p < 0.001) alongside
reduced levels of macrophage inhibitory factor (MIF; p < 0.001) [99]. These immune
dysregulations in PWS may contribute to the increased susceptibility to inflammation-
related diseases observed in this population.
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5.2. Prader–Willi Syndrome and Inflammation

Four chemokines (MCP1, MDC, Eotaxin, RANTES) showed notably elevated levels
in children with PWS compared to the control group. These chemokines are known
to be pro-inflammatory. Interestingly, no correlation was observed between chemokine
levels and total body fat percentage [100]. Increased concentrations of IL-1β and IL-13
were detected in patients with PWS and are associated with various psychopathological
symptoms. Additionally, most serum inflammatory cytokines, including IL-1β, IL-2R,
IL-12p70, and TNF-α, are increased in PWS. Notably, there is a significant elevation in
CD16+ monocytes, a type of immune cell, among individuals diagnosed with PWS [101].
These findings suggest that activation of the innate immune system, the body’s first line of
defence, maybe a specific feature of PWS [98,99].

5.3. Prader–Willi Syndrome and Allergic Diseases

Figure 3 shows the interconnection between allergies and SDB in children with PWS.
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Individuals with PWS may have a lower prevalence of allergies and rhinitis than
the general population despite exhibiting modified ventilatory control and various other
factors that predispose them to SDB. Although obesity is prevalent in PWS, the relationship
between obesity and pulmonary function in children is intricate [102]. In addition, food
allergies and atopy may be less common in PWS than in the general population [103].

Finally, the relationship between PWS and allergic diseases is not well-studied, and
further research is needed to understand the potential impact of PWS on the immune
system and the development of allergic diseases.

5.4. Comparison Analysis of the Reviewed Studies

The studies we have thoroughly examined explore the intricate connections between
childhood obesity and OSA combined with allergies, asthma, and AR.

Frist, regarding diet-induced obesity, inflammation, and allergies [50], the studies
underscore the significant link between persistent inflammation [45] and conditions like
obesity and allergies [44]. They emphasize how pro-inflammatory mediators released
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from inflamed liver and adipose tissue play a crucial role [44,46,48,50]. However, it is
worth noting that relying solely on published literature might introduce bias, potentially
neglecting other genetic syndromes that affect obesity and allergies. Additionally, the
interactions among obesity, allergies, and respiratory issues are multifaceted and pose
challenges due to various confounding factors.

Second, concerning obesity, allergies, and OSA, the studies highlight how childhood
obesity heightens susceptibility to allergies [51], evidenced by a higher prevalence of
allergic sensitization and atopy among obese children. Despite this, the correlation between
obesity and AR appears complex, with conflicting findings across different studies [51,52].
Moreover, while obesity worsens AR symptoms [46,56], the precise mechanisms linking
obesity, AR symptoms, and OSA remain debated [19,46,60,61].

Moving on to obesity, asthma, and OSA, epidemiological studies firmly establish
a link between obesity and asthma in children [63,64], with obesity contributing to a
persistent low-level inflammatory state [63]. OSA is prevalent among children with asthma,
suggesting a bidirectional relationship between these two conditions [58,74]. The intricate
interplay among obesity, asthma, and OSA exacerbates respiratory symptoms, highlighting
the need for further research to understand underlying factors better.

In terms of DS and allergic diseases, individuals with DS exhibit immune dysregulation
characterized by cytokine dysregulation and alterations in innate immunity [76,78,80].
Although allergic sensitization seems less prevalent in DS [89], the relationship between
DS, allergic diseases, and respiratory symptoms is complex and influenced by various
factors [89,92,93]. Finally, a specific relationship between allergies and OSA in children
with DS requires further research.

Finally, for PWS and allergic diseases, individuals with PWS display altered immune
profiles, including overactivation of the innate immune system and elevated levels of in-
flammatory cytokines [100,101]. Despite the prevalence of obesity in PWS, the relationship
between obesity and allergic diseases is understudied, necessitating further research.

6. Strengths and Limitations

This review provides a detailed examination of how obesity affects health, especially
in conditions like DS and PWS, and delves into its connection to allergies and sleep issues.
It consolidates information from studies and data sources to offer a broader understanding.
Healthcare professionals and researchers can utilize this resource to gain insights into how
obesity, allergies, and breathing problems intersect, particularly in children.

However, it primarily discusses DS and PWS, potentially overlooking other genetic
conditions that also contribute to obesity and allergies. As it relies mainly on published
research, there may be a bias towards studies with positive results, disregarding those with
less significant findings. Additionally, since it focuses on children with DS and PWS, its
applicability to other groups may be limited. Finally, the relationships between obesity,
allergies, and breathing issues are intricate and involve numerous factors, making them
challenging to comprehend fully.

7. Conclusions

This study highlights several key points regarding the interconnection between obesity,
allergic diseases, and SDB. Diet-induced obesity is associated with the onset of persistent
low-grade inflammation and a higher prevalence and severity of allergies like asthma and
AR. Various inflammatory pathways and adipokines mediate this relationship. Addition-
ally, the severity of AR is correlated with diet-induced obesity, and nasal congestion in AR
may contribute to upper airway obstruction and the development of SDB. In diet-induced
obesity, there is a bidirectional relationship between asthma and SDB, with uncontrolled
asthma increasing the risk of SDB and vice versa.

In cases of genetic obesity such as DS and PWS, despite alterations in the immune
system, allergies are less common compared to the general population. While the precise
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causes behind this phenomenon in PWS and DS remain unclear, a combination of genetic,
immunological, and environmental factors is likely involved.

Our study contributes to the body of scientific literature on obesity and its comorbidi-
ties, including OSA and allergies, laying a foundation for further research. By investigating
the role of allergies in genetically determined obesity conditions, we identify a gap in
current research, suggesting an area of interest for future studies. While the correlation
between dietary obesity, OSA, and allergies has been adequately addressed in the literature,
the role of allergies in genetically determined obesity conditions remains insufficiently ex-
plored. Long-term observational studies tracking individuals from childhood to adulthood
could offer valuable insights into the progression of AR, asthma, and OSA concerning
obesity. Clinical trials assessing the effectiveness of weight management interventions in
alleviating respiratory symptoms and enhancing outcomes in individuals with obesity and
comorbid respiratory conditions are warranted.

Finally, these findings emphasize the significance of adopting a comprehensive ap-
proach to evaluating and addressing allergic conditions and SDB in patients with either
diet-induced or genetic obesity, considering the complex interconnections between them.

Author Contributions: Conceptualization, C.V. and F.C.; methodology, M.Z.; validation, L.P., A.P. and
G.P.; formal analysis, M.Z. and L.P.; investigation, C.V. and F.C.; data curation, M.Z.; writing—original
draft preparation, M.Z. and L.P.; writing—review and editing, L.P.; visualization, A.P.; supervision,
G.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

References
1. Gipson, K.; Lu, M.; Kinane, T.B. Sleep-Disordered Breathing in Children. Pediatr. Rev. 2019, 40, 3–13. [CrossRef]
2. Zaffanello, M.; Piacentini, G.; La Grutta, S. The cardiovascular risk in paediatrics: The paradigm of the obstructive sleep apnoea

syndrome. Blood Transfus. 2020, 18, 217. [CrossRef]
3. Zaffanello, M.; Ferrante, G.; Zoccante, L.; Ciceri, M.L.; Nosetti, L.; Tenero, L.; Piazza, M.; Piacentini, G. Predictive Power of

Oxygen Desaturation Index (ODI) and Apnea-Hypopnea Index (AHI) in Detecting Long-Term Neurocognitive and Psychosocial
Outcomes of Sleep-Disordered Breathing in Children: A Questionnaire-Based Study. J. Clin. Med. 2023, 12, 3060. [CrossRef]

4. Chervin, R.D.; Hedger, K.; Dillon, J.E.; Pituch, K.J. Pediatric sleep questionnaire (PSQ): Validity and reliability of scales for
sleep-disordered breathing, snoring, sleepiness, and behavioral problems. Sleep Med. 2000, 1, 21–32. [CrossRef]

5. Villa, M.P.; Pietropaoli, N.; Supino, M.C.; Vitelli, O.; Rabasco, J.; Evangelisti, M.; Del Pozzo, M.; Kaditis, A.G. Diagnosis of
Pediatric Obstructive Sleep Apnea Syndrome in Settings With Limited Resources. JAMA Otolaryngol. Head Neck Surg. 2015, 141,
990–996. [CrossRef]

6. Kaditis, A.G.; Alvarez, M.L.A.; Boudewyns, A.; Alexopoulos, E.I.; Ersu, R.; Joosten, K.; Larramona, H.; Miano, S.; Narang, I.;
Trang, H.; et al. Obstructive sleep disordered breathing in 2- to 18-year-old children: Diagnosis and management. Eur. Respir. J.
2016, 47, 69–94. [CrossRef]

7. Tsukada, E.; Kitamura, S.; Enomoto, M.; Moriwaki, A.; Kamio, Y.; Asada, T.; Arai, T.; Mishima, K. Prevalence of childhood
obstructive sleep apnea syndrome and its role in daytime sleepiness. PLoS ONE 2018, 13, e0204409. [CrossRef]

8. Zinchuk, A.V.; Gentry, M.J.; Concato, J.; Yaggi, H.K. Phenotypes in obstructive sleep apnea: A definition, examples and evolution
of approaches. Sleep Med. Rev. 2017, 35, 113–123. [CrossRef]

9. Di Filippo, P.; Orlandi, G.; Neri, G.; Di Pillo, S.; Chiarelli, F.; Rossi, N.; Attanasi, M. Effect of tonsillectomy in a child with obesity
and obstructive sleep apnea: A case report and review of the literature. Front. Pediatr. 2022, 10, 1101267. [CrossRef]

10. Alonso-Álvarez, M.L.; Cordero-Guevara, J.A.; Terán-Santos, J.; Gonzalez-Martinez, M.; Jurado-Luque, M.J.; Corral-Peñafiel,
J.; Duran-Cantolla, J.; Kheirandish-Gozal, L.; Gozal, D. Obstructive sleep apnea in obese community-dwelling children: The
NANOS study. Sleep 2014, 37, 943–949. [CrossRef]

11. Tan, H.L.; Kaditis, A.G. Phenotypic variance in pediatric obstructive sleep apnea. Pediatr. Pulmonol. 2021, 56, 1754–1762.
[CrossRef] [PubMed]

12. Cielo, C.M.; Keenan, B.T.; Wiemken, A.; Tapia, I.E.; Kelly, A.; Schwab, R.J. Neck fat and obstructive sleep apnea in obese
adolescents. Sleep 2021, 44, zsab158. [CrossRef] [PubMed]

https://doi.org/10.1542/pir.2018-0142
https://doi.org/10.2450/2020.0283-19
https://doi.org/10.3390/jcm12093060
https://doi.org/10.1016/s1389-9457(99)00009-x
https://doi.org/10.1001/jamaoto.2015.2354
https://doi.org/10.1183/13993003.00385-2015
https://doi.org/10.1371/journal.pone.0204409
https://doi.org/10.1016/j.smrv.2016.10.002
https://doi.org/10.3389/fped.2022.1101267
https://doi.org/10.5665/sleep.3666
https://doi.org/10.1002/ppul.25309
https://www.ncbi.nlm.nih.gov/pubmed/33543838
https://doi.org/10.1093/sleep/zsab158
https://www.ncbi.nlm.nih.gov/pubmed/34165571


Children 2024, 11, 595 13 of 16

13. Fernandes Fagundes, N.C.; Loliencar, P.; MacLean, J.E.; Flores-Mir, C.; Heo, G. Characterization of craniofacial-based clinical
phenotypes in children with suspected obstructive sleep apnea. J. Clin. Sleep Med. 2023, 19, 1857–1865. [CrossRef] [PubMed]

14. Oliven, A.; Aspandiarov, E.; Gankin, I.; Gaitini, L.; Tov, N. Collapsibility of the relaxed pharynx and risk of sleep apnoea. Eur.
Respir. J. 2008, 32, 1309–1315. [CrossRef] [PubMed]

15. Tan, H.L.; Urquhart, D.S. Respiratory Complications in Children with Prader Willi Syndrome. Paediatr. Respir. Rev. 2017, 22, 52–59.
[CrossRef] [PubMed]

16. Lal, C.; White, D.R.; Joseph, J.E.; van Bakergem, K.; LaRosa, A. Sleep-disordered breathing in Down syndrome. Chest 2015, 147,
570–579. [CrossRef] [PubMed]

17. Austeng, M.E.; Overland, B.; Kvaerner, K.J.; Andersson, E.M.; Axelsson, S.; Abdelnoor, M.; Akre, H. Obstructive sleep apnea in
younger school children with Down syndrome. Int. J. Pediatr. Otorhinolaryngol. 2014, 78, 1026–1029. [CrossRef] [PubMed]

18. Liu, J.; Wu, Y.; Wu, P.; Xu, Z.; Ni, X. Analysis of the impact of allergic rhinitis on the children with sleep disordered breathing. Int.
J. Pediatr. Otorhinolaryngol. 2020, 138, 110380. [CrossRef] [PubMed]

19. D‘Elia, C.; Gozal, D.; Bruni, O.; Goudouris, E.; Meira, E.C.M. Allergic rhinitis and sleep disorders in children—Coexistence and
reciprocal interactions. J. Pediatr. (Rio. J.) 2022, 98, 444–454. [CrossRef]

20. Sujatha, U.; Yadav, S. Prevalence of Obesity and Its Relationship With Hypertension Among School-Going Adolescents Aged
12-16 Years. Cureus 2023, 15, e42999. [CrossRef]

21. Piotto, M.; Gambadauro, A.; Rocchi, A.; Lelii, M.; Madini, B.; Cerrato, L.; Chironi, F.; Belhaj, Y.; Patria, M.F. Pediatric Sleep
Respiratory Disorders: A Narrative Review of Epidemiology and Risk Factors. Children 2023, 10, 955. [CrossRef] [PubMed]

22. Calcaterra, V.; Rossi, V.; Tagi, V.M.; Baldassarre, P.; Grazi, R.; Taranto, S.; Zuccotti, G. Food Intake and Sleep Disorders in Children
and Adolescents with Obesity. Nutrients 2023, 15, 4736. [CrossRef] [PubMed]

23. Sahoo, K.; Sahoo, B.; Choudhury, A.K.; Sofi, N.Y.; Kumar, R.; Bhadoria, A.S. Childhood obesity: Causes and consequences. J. Fam.
Med. Prim. Care 2015, 4, 187–192. [CrossRef] [PubMed]

24. Puma, A.; Pecoraro, L.; Salvottini, C.; Carbonare, L.D.; Piacentini, G.; Pietrobelli, A. Parental Perceptions and Concerns Related to
the Consequences of Pediatric Obesity: Feeling or Real Problem? Endocr. Metab. Immune Disord. Drug Targets 2023, 23, 1380–1391.
[CrossRef] [PubMed]

25. Katz, S.L.; Blinder, H.; Naik, T.; Barrowman, N.; Narang, I. Does neck circumference predict obstructive sleep apnea in children
with obesity? Sleep Med. 2021, 78, 88–93. [CrossRef] [PubMed]

26. Arens, R.; Marcus, C.L. Pathophysiology of upper airway obstruction: A developmental perspective. Sleep 2004, 27, 997–1019.
[CrossRef]

27. Kang, K.T.; Chou, C.H.; Weng, W.C.; Lee, P.L.; Hsu, W.C. Associations between adenotonsillar hypertrophy, age, and obesity in
children with obstructive sleep apnea. PLoS ONE 2013, 8, e78666. [CrossRef] [PubMed]

28. McCoy, J.; Karp, N.; Brar, J.; Amin, R.; St-Laurent, A. A novel case of central hypoventilation syndrome or just heavy breathing? J.
Clin. Sleep Med. 2022, 18, 2321–2325. [CrossRef]

29. Vourdoumpa, A.; Paltoglou, G.; Charmandari, E. The Genetic Basis of Childhood Obesity: A Systematic Review. Nutrients 2023,
15, 1416. [CrossRef] [PubMed]

30. Kim, S.J.; Cho, S.Y.; Jin, D.K. Prader-Willi syndrome: An update on obesity and endocrine problems. Ann. Pediatr. Endocrinol.
Metab. 2021, 26, 227–236. [CrossRef]

31. Basil, J.S.; Santoro, S.L.; Martin, L.J.; Healy, K.W.; Chini, B.A.; Saal, H.M. Retrospective Study of Obesity in Children with Down
Syndrome. J. Pediatr. 2016, 173, 143–148. [CrossRef]

32. Cimolin, V.; Galli, M.; Grugni, G.; Vismara, L.; Albertini, G.; Rigoldi, C.; Capodaglio, P. Gait patterns in Prader-Willi and Down
syndrome patients. J. Neuroeng. Rehabil. 2010, 7, 28. [CrossRef]

33. Crinò, A.; Fintini, D.; Bocchini, S.; Grugni, G. Obesity management in Prader-Willi syndrome: Current perspectives. Diabetes
Metab. Syndr. Obes. 2018, 11, 579–593. [CrossRef] [PubMed]

34. Ptomey, L.T.; Oreskovic, N.M.; Hendrix, J.A.; Nichols, D.; Agiovlasitis, S. Weight management recommendations for youth with
Down syndrome: Expert recommendations. Front. Pediatr. 2022, 10, 1064108. [CrossRef] [PubMed]

35. Bertapelli, F.; Pitetti, K.; Agiovlasitis, S.; Guerra-Junior, G. Overweight and obesity in children and adolescents with Down
syndrome-prevalence, determinants, consequences, and interventions: A literature review. Res. Dev. Disabil. 2016, 57, 181–192.
[CrossRef] [PubMed]

36. Hetman, M.; Barg, E. Pediatric Population with Down Syndrome: Obesity and the Risk of Cardiovascular Disease and Their
Assessment Using Omics Techniques-Review. Biomedicines 2022, 10, 3219. [CrossRef] [PubMed]

37. Sawatari, H.; Chishaki, A.; Rahmawati, A.; Ando, S. Growth-related changes in the influence of obesity on signs suggesting
sleep-disordered breathing and sleepiness in young individuals with Down syndrome. J. Intellect. Disabil. Res. 2023, 67, 1150–1160.
[CrossRef] [PubMed]

38. Lee, C.F.; Lee, C.H.; Hsueh, W.Y.; Lin, M.T.; Kang, K.T. Prevalence of Obstructive Sleep Apnea in Children With Down Syndrome:
A Meta-Analysis. J. Clin. Sleep Med. 2018, 14, 867–875. [CrossRef] [PubMed]

39. Santos, R.A.; Costa, L.H.; Linhares, R.C.; Pradella-Hallinan, M.; Coelho, F.M.S.; Oliveira, G.D.P. Sleep disorders in Down
syndrome: A systematic review. Arq. Neuropsiquiatr. 2022, 80, 424–443. [CrossRef]

40. Pecoraro, L.; Ferron, E.; Solfa, M.; Mirandola, M.; Lauriola, S.; Piacentini, G.; Pietrobelli, A. Body composition and laboratory
parameters in children with down syndrome: The DONUT study. Clin. Nutr. ESPEN 2023, 57, 253–257. [CrossRef]

https://doi.org/10.5664/jcsm.10694
https://www.ncbi.nlm.nih.gov/pubmed/37401764
https://doi.org/10.1183/09031936.00139407
https://www.ncbi.nlm.nih.gov/pubmed/18550611
https://doi.org/10.1016/j.prrv.2016.08.002
https://www.ncbi.nlm.nih.gov/pubmed/27839656
https://doi.org/10.1378/chest.14-0266
https://www.ncbi.nlm.nih.gov/pubmed/25644910
https://doi.org/10.1016/j.ijporl.2014.03.030
https://www.ncbi.nlm.nih.gov/pubmed/24809771
https://doi.org/10.1016/j.ijporl.2020.110380
https://www.ncbi.nlm.nih.gov/pubmed/33152971
https://doi.org/10.1016/j.jped.2021.11.010
https://doi.org/10.7759/cureus.42999
https://doi.org/10.3390/children10060955
https://www.ncbi.nlm.nih.gov/pubmed/37371187
https://doi.org/10.3390/nu15224736
https://www.ncbi.nlm.nih.gov/pubmed/38004130
https://doi.org/10.4103/2249-4863.154628
https://www.ncbi.nlm.nih.gov/pubmed/25949965
https://doi.org/10.2174/1871530322666220530121012
https://www.ncbi.nlm.nih.gov/pubmed/35638538
https://doi.org/10.1016/j.sleep.2020.12.018
https://www.ncbi.nlm.nih.gov/pubmed/33418431
https://doi.org/10.1093/sleep/27.5.997
https://doi.org/10.1371/journal.pone.0078666
https://www.ncbi.nlm.nih.gov/pubmed/24205291
https://doi.org/10.5664/jcsm.10122
https://doi.org/10.3390/nu15061416
https://www.ncbi.nlm.nih.gov/pubmed/36986146
https://doi.org/10.6065/apem.2142164.082
https://doi.org/10.1016/j.jpeds.2016.02.046
https://doi.org/10.1186/1743-0003-7-28
https://doi.org/10.2147/dmso.S141352
https://www.ncbi.nlm.nih.gov/pubmed/30323638
https://doi.org/10.3389/fped.2022.1064108
https://www.ncbi.nlm.nih.gov/pubmed/36819200
https://doi.org/10.1016/j.ridd.2016.06.018
https://www.ncbi.nlm.nih.gov/pubmed/27448331
https://doi.org/10.3390/biomedicines10123219
https://www.ncbi.nlm.nih.gov/pubmed/36551975
https://doi.org/10.1111/jir.13079
https://www.ncbi.nlm.nih.gov/pubmed/37671733
https://doi.org/10.5664/jcsm.7126
https://www.ncbi.nlm.nih.gov/pubmed/29734982
https://doi.org/10.1590/0004-282x-anp-2021-0242
https://doi.org/10.1016/j.clnesp.2023.07.003


Children 2024, 11, 595 14 of 16

41. Muscogiuri, G.; Barrea, L.; Faggiano, F.; Maiorino, M.I.; Parrillo, M.; Pugliese, G.; Ruggeri, R.M.; Scarano, E.; Savastano, S.; Colao,
A. Obesity in Prader-Willi syndrome: Physiopathological mechanisms, nutritional and pharmacological approaches. J. Endocrinol.
Investig. 2021, 44, 2057–2070. [CrossRef]

42. Theodoro, M.F.; Talebizadeh, Z.; Butler, M.G. Body composition and fatness patterns in Prader-Willi syndrome: Comparison with
simple obesity. Obesity (Silver Spring) 2006, 14, 1685–1690. [CrossRef] [PubMed]

43. Zaffanello, M.; Pietrobelli, A.; Piacentini, G.; Guzzo, A.; Antoniazzi, F. The Impact of Growth Hormone Therapy on Sleep-Related
Health Outcomes in Children with Prader-Willi Syndrome: A Review and Clinical Analysis. J. Clin. Med. 2023, 12, 5504.
[CrossRef]

44. Gutiérrez-Cuevas, J.; Santos, A.; Armendariz-Borunda, J. Pathophysiological Molecular Mechanisms of Obesity: A Link between
MAFLD and NASH with Cardiovascular Diseases. Int. J. Mol. Sci. 2021, 22, 11629. [CrossRef] [PubMed]

45. Mattos, R.T.; Medeiros, N.I.; Menezes, C.A.; Fares, R.C.; Franco, E.P.; Dutra, W.O.; Rios-Santos, F.; Correa-Oliveira, R.; Gomes, J.A.
Chronic Low-Grade Inflammation in Childhood Obesity Is Associated with Decreased IL-10 Expression by Monocyte Subsets.
PLoS ONE 2016, 11, e0168610. [CrossRef] [PubMed]

46. Stefani, C.; Pecoraro, L.; Flodmark, C.E.; Zaffanello, M.; Piacentini, G.; Pietrobelli, A. Allergic Diseases and Childhood Obesity: A
Detrimental Link? Biomedicines 2023, 11, 2061. [CrossRef]

47. Ellulu, M.S.; Patimah, I.; Khaza’ai, H.; Rahmat, A.; Abed, Y. Obesity and inflammation: The linking mechanism and the
complications. Arch. Med. Sci. 2017, 13, 851–863. [CrossRef] [PubMed]

48. Calcaterra, V.; Regalbuto, C.; Porri, D.; Pelizzo, G.; Mazzon, E.; Vinci, F.; Zuccotti, G.; Fabiano, V.; Cena, H. Inflammation
in Obesity-Related Complications in Children: The Protective Effect of Diet and Its Potential Role as a Therapeutic Agent.
Biomolecules 2020, 10, 1324. [CrossRef]

49. Winer, J.C.; Zern, T.L.; Taksali, S.E.; Dziura, J.; Cali, A.M.; Wollschlager, M.; Seyal, A.A.; Weiss, R.; Burgert, T.S.; Caprio, S.
Adiponectin in childhood and adolescent obesity and its association with inflammatory markers and components of the metabolic
syndrome. J. Clin. Endocrinol. Metab. 2006, 91, 4415–4423. [CrossRef]
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