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Abstract

Purpose of Review The aim of our review is to summarize the available literature where metabolomics was used in studies
on childhood asthma, and to find metabolites that are diagnostic biomarker candidates in childhood asthma. Moreover, the
review also describes studies related to metabo-endotypes and heterogeneity of childhood asthma, severity of the disease,
and response to drug treatment.

Recent Findings Metabolomics has opened up new perspectives in childhood asthma investigation. Based on the available
literature, we found nine metabolites that demonstrated the highest diagnostic potential for differentiation between chil-
dren with asthma and healthy controls: adenine, adenosine, benzoic acid, hypoxanthine, p-cresol, taurocholate, threonine,
tyrosine, and 1-methyl nicotinamide. Many of the identified metabolites are closely associated with inflammatory processes
responsible for asthma. Metabolomic analysis also contributed to characterizing new asthma endotypes highlighting the
heterogeneity of pediatric asthma.

Summary Metabolomics can bring about valuable insights, which, when integrated with other omic disciplines, can facilitate
the diagnosis and management of childhood asthma and the search for new biomarkers of the disease. Improvements in the
detection of asthma in preschool children, including asthma endotypes, will ease application of proper treatment and enable
elimination of unnecessary test treatment of corticosteroids in young patients.

Keywords Pediatric asthma - Biomarkers - Metabolites - Metabo-endotypes

1. Introduction

Asthma is a heterogeneous disease, considered one of the
civilization diseases. In 2022, the number of asthma patients
in the world was about 300 million [1]. In 1993, the Global
Initiative for Asthma (GINA) was created to disseminate
the latest information and knowledge about asthma treat-
ment and diagnosis. The organization releases an annual
report to increase global awareness of asthma [2]. Asthma
is an inflammatory respiratory tract disease characterized by
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recurring symptoms, including cough, shortness of breath,
wheezing, and chest pain [3]. It is caused by a combina-
tion of genetic and environmental factors, such as pollution,
stress, obesity, and smoking [4]. According to the Global
Asthma Report, the incidence of asthma in children and ado-
lescents also depends on the continent and country in which
they live or migrate to, which is associated with asthma risk
due to environmental changes [5].
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Children with asthma represent a challenging group of
patients extremely difficult to diagnose. Early diagnosis of
asthma and prompt initiation of treatment allows for good
disease control, prevention of its exacerbations, and progres-
sion toward the development of irreversible changes in the
bronchi, i.e., remodeling. If the diagnosis is made accurately
and early, the patient not only achieves symptom control
faster but also has the possibility of proper psychomotor
development and a higher quality of life. Other respiratory
diseases presenting with the same symptoms are rare, it is
common to commence asthma therapy without first exclud-
ing other possible respiratory conditions. This leads to
unnecessary application of steroid treatment in all children
suspected of asthma. Diagnosis of childhood asthma can be
also challenging due to various types of asthma that depend
on Th2 cytokines (IL-4, IL-5, IL-13), eosinophilic inflam-
mation, allergies, exercise-induced symptoms, or aspirin-
exacerbated reactions [6].

Childhood asthma diagnosis is based mainly on the
patient's symptoms and clinical evaluation of symptoms or
allergies, exclusion of other causes of bronchial obstruction,
and responsiveness to anti-inflammatory therapy [7]. For
older children, more diagnostic methods are available, such
as spirometry (> 5 years), which consists of a functional test
of the respiratory system, and oscillometry (>3 years). A
measurement of the fractional exhaled nitric oxide (FeNO)
flow, airflow variability or bronchial provocation tests,
and IgE serum tests are also performed [8]. Bronchoscopy
involving collection of bronchial secretion or a sample for
histopathological examination can be conducted, but it is
categorized as an invasive and more expensive test [9].
Looking at phenotypic features is insufficient to provide an
accurate diagnosis, and looking upstream (at metabolites and
proteins) may be informative. Changes in metabolites can
be crucial in diagnosing asthma, particularly when it coex-
ists with other diseases, such as food allergies and atopic
dermatitis.

Omics sciences, such as transcriptomics, epigenomics,
metabolomics, and proteomics, used alone or in combina-
tion, could be a key to developing new and effective diagnos-
tics for a variety of conditions, including childhood asthma.
Metabolomics allows for the identification and quantification
of low-molecular-weight compounds (metabolites) in bio-
logical samples. Metabolites serve various functions in the
body, and include such groups of chemicals as amino acids,
organic acids, sugars, fatty acids, lipids, steroids, small pep-
tides, and vitamins [10, 11]. Potential metabolic biomarkers
can be identified and determined using mass spectrometry
— a highly sensitive and selective analytical technique. Fre-
quently used techniques in metabolomic experiments include
liquid chromatography-mass spectrometry (LC-MS), gas
chromatography-mass spectrometry (GC—MS), and nuclear
magnetic resonance (NMR) [12]. Using these methods,
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metabolomic studies of biological samples from patients
with asthma symptoms can contribute to identification of
metabolites associated with asthma pathogenesis, which can
lead to improved understanding of underlying molecular
mechanisms and to finding novel biomarkers of the disease.

The aim of this review is to summarize the available liter-
ature where metabolomics was used in studies on childhood
asthma. We reviewed different types of biological samples
that were the most commonly used in metabolomic studies
of childhood asthma. Special attention was paid to research
aimed at searching for diagnostic markers of childhood
asthma, as studies focused on the prediction of pediatric
asthma development have been reviewed recently [13]. We
described the metabolite features with high discriminatory
ability in childhood asthma detection that were identified
as biomarker candidates in more than one study. Contrary
to previous reviews of metabolomic studies of asthma, our
review focuses solely on childhood asthma [14, 15]. Moreo-
ver, the review discusses not only research aimed at selecting
metabolites with a diagnostic potential in childhood asthma
but also research designed to study metabolic alterations
among children with asthma to identify different asthma
metabotypes/endotypes. Childhood asthma endotyping
and metabotyping is increasingly discussed in the scientific
literature [3, 16], and may lead to many breakthroughs in
diagnostics and therapy. To complete the picture of asthma
heterogeneity, we also included studies in the field of phar-
macometabolomics, which is one of the latest trends in
metabolomics research [17].

2. Literature Search

A systematic literature search was conducted using the
Pubmed (https://pubmed.ncbi.nlm.nih.gov/) database. The
literature review spanned the time from January 2010 to
April 2024. We decided to review articles from the last
14 years, considering significant development of metabo-
lomics methods in this timeframe and increased interest in
applying metabolomics in childhood asthma. The articles
were searched using different combinations of the follow-
ing keywords: “childhood asthma”, “asthma”, “children
with asthma”, “asthmatic children”, “metabolomics”,
“metabolomic studies”, “metabolites”, “asthma metabo-
lites”, “asthma endotypes”, “asthma metabolic endotypes”,
“endotypes”, “metabotypes”. Our literature review included
studies on identification of metabolites as biomarkers from
children with asthma. First, we excluded articles pertain-
ing to the timeframe and data on adult patients as well as
reviews, systematic reviews, and meta-analyses. Then, the
articles were verified based on their title and abstract review.
We also searched Google Scholar (https://scholar.google.
com/) database and hand-searched other articles and reviews
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to complete the literature review. Due to the many hetero-
geneity in study groups, analytical methods, matrixes and
study objectives in the articles found, it was not possible to
perform a classic meta-analysis. The results of the literature
search are shown in Fig. 1.

3. Selection of Biospecimens and Analytical
Techniques for Metabolomic Studies
of Childhood Asthma

Metabolomics allows for a large-scale qualitative and
quantitative analysis of low-molecular-weight metabolites
from blood (serum, plasma), saliva, urine, induced sputum,

exhaled breath condensate (EBC), nasal lavage fluid, and
stool samples. Sample selection is based on the goal of
the study, an assumption to be proven or verified, and how
easy, difficult, or invasive it is to collect [18]. During sample
selection, it is important to consider the sample size required
for testing and the potential for sample repeatability.
Asthma is difficult to diagnose in children. It varies
in severity and frequency, and there are no standardized
diagnostic methods [19]. The youngest children are chal-
lenging patients due to their lack of communication on
the patient’s side. During medical examination, the best
option would be to take samples in a way that is as non-
invasive and quick as possible [19]. In our review, we sum-
marized which biological samples were taken most often
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Fig. 1 Summary of literature search for reviewed articles. Created in BioRender.com
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in childhood asthma metabolomic studies, and what their
disadvantages and advantages were during an analysis.

EBC samples were used in ten out of 25 reviewed
studies (Tables 1, 2). EBC as a biological sample is non-
invasive to collect, but the procedure is difficult in pedi-
atric patients, especially children under 5 years old. It is
the fluid from the respiratory tract. The test involves the
patient exhaling into a special device for about 10 min,
allowing condensation to accumulate [20]. The condensate
contains compounds that cause/reflect disorder or inflam-
mation in the respiratory tract. Also, throughout the testing
procedure, the biochemical processes taking place in the
samples are not disrupted. Problematically, their intensity
can be easily changed by inflammation, oxidative stress,
and medication [21].

Urine is another biological material that was used in
metabolomic studies of children with asthma. As indicated
in Tables 1 and 2, urine was utilized in eight out of the 25
studies reviewed. Urine is a biological fluid that can be col-
lected and re-collected in an easy and non-invasive way. It
has a less complex composition and contains less protein
than blood. The composition of urine can vary depending
on the gender and age of the patient [10]. Due to a simple
collection procedure from young children, urine remains a
commonly utilized specimen in metabolomic studies. How-
ever, in contrast to EBC or saliva, urine is not directly related
to the respiratory tract.

Eight of the studies listed in Tables 1 and 2 included blood
(plasma or serum) samples. Blood has a well-described com-
position and contains molecules secreted from all over the
body. Blood samples are attractive research matrices due to
a potentially large number of metabolites that can be deter-
mined. Such samples allow for determination of metabolites
responsible for various physiological conditions in the body.
These compounds include hormones, albumin, globulins,
enzymes, lipids, and amino acids [22]. Importantly, blood
can be analyzed using various techniques and methods, and
their collection is minimally invasive [18].

Sputum used to be frequently utilized as a biological sam-
ple for diagnostic purposes. This biological material is rarely
utilized in asthma metabolomics, and it was used in one of
25 studies reviewed in this article. The material is related
to the respiratory tract. As with other biological samples,
it has a well-known methodology for collection and analy-
sis. However, sputum samples can be easily contaminated
with saliva and red blood cells [23], and are very difficult to
obtain in young children.

In summary, our review of 25 studies examining metabo-
lites in childhood asthma showed that the most commonly
utilized biological samples were EBCs (10 articles). There
were fewer samples of urine (8 articles), blood (8 articles),
and sputum (1 article). LC-MS was the most common ana-
lytical technique used (14 articles), while NMR (8 articles),
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and GC-MS (6 articles) were used less frequently (Table 1,
Table 2).

The type of biological sample collected in the metabo-
lomic studies affects the choice of the analytical method
used for metabolic profiling. This review of the literature
(Tables 1 and 2) revealed that GC-MS and LC-MS were the
most frequently utilized methods for EBC testing, LC-MS
for blood samples analysis, whereas NMR and LC-MS for
urine samples analysis. Other factors affecting the choice of
analytical method include a research question, compounds
of interest, and equipment availability. It should be borne in
mind that the selection of methods for metabolomic stud-
ies affects the obtained results, and no analytical technique
provides coverage of all metabolites contained in a sample.
Therefore, the most complete metabolite profile is yielded
by a combination of results from different analytical plat-
forms [24].

4. Metabolomic Searching for Diagnostic
and Predictive Biomarkers of Childhood
Asthma

4.1. Study Design

In the research summarized in Table 1, the study group con-
sists of children with asthma, and the control group consists
of healthy children without asthma or its symptoms. Metabo-
lomic studies of childhood asthma differed in terms of the
patient’s age and sample size. In the study group, the age of
the children with asthma ranged from O to 18 years (Table 1).
The lowest mean age in the study group was 3.1 years [39],
and the highest 13.1 years [25]. The lowest and highest mean
age in the control group was 3.3 and 13.9 years, respec-
tively [25, 39]. In five out of the 20 articles (Table 1), stud-
ies were conducted on samples collected from children up
to 5 years of age [28, 30, 31, 37, 39]. Most patients in the
study and control groups were male. Male patients with
asthma accounted for 62%, and female patients with asthma
accounted for 38% of the total population from Table 1. The
proportion of healthy male patients was 54%, while that of
healthy female patients was 46%. Worth highlighting is the
fact that the study groups outnumbered the control groups
(Table 1). The size of the research group ranged from 11 to
92 children [38, 40]. The size of the control group ranged
from 11 to 191 individuals [24, 33]. The study performed
by Kelly et al. [24] utilized the largest patient population
with a sample size of 237 patients (Table 1). The smallest
study population of 23 patients was investigated by Gahleit-
ner et al. [38]. Saude et al. [9] employed external validation
using 33 blinded samples from outpatients with asthma and
ten blinded healthy controls. In our review, we looked at
metabolic differences between healthy and pediatric asthma
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patients based on 20 articles on this topic. Our goal was
to find metabolites with promising diagnostic potential and
define their possible functions in the body related to children
asthma.

4.2, Metabolites with the Highest Diagnostic
Potential in Childhood Asthma

2.

Metabolomic studies of pediatric asthma identified numer-
ous metabolites that differentiate between children with
asthma and those without asthma (Table 1). In the articles
included in the review, nine metabolites were identified as
significant discriminative features in two or more studies:
adenine, adenosine, benzoic acid, hypoxanthine, p-cresol,
taurocholate, threonine, tyrosine, and 1-methyl nicotina-
mide (Table 3). Although the clinical utility of the above-
mentioned compounds remains unclear and has to be proved
in further studies, they can increase our understanding of
the molecular mechanisms of childhood asthma. Metabo-
lites and their interactions in the pathogenesis of childhood
asthma and their possible association with airway inflamma-
tion were included in the pathway analysis (Fig. 2).

Adenine is one of five nitrogenous bases of DNA and
RNA. It is involved in the metabolism of purines. It is a
component of adenosine triphosphate (ATP) and adenosine
diphosphate (ADP), and is, therefore, essential for energy
storage and transfer in various cellular processes [47]. Extra-
cellular ATP is released during cellular stress and injury,
leading to the activation of purinergic receptors, which
subsequently promotes the release of pro-inflammatory
cytokines [48]. Metabolomic research showed increased
adenine levels in the group of children with asthma in com-
parison with the control group. Elevated levels of adenine
may be indicative of disorders of the purine metabolism.
Adenine was shown to inhibit LPS-induced inflammation in
mouse macrophage cells, primary mast cells, and peritoneal
cells and attenuate inflammatory cytokine release [49].

Adenosine is accumulated in cells in response to meta-
bolic stress or damage. In patients with asthma, adenosine is
often associated with pro-inflammatory effects [50]. This is
due to its ability to induce bronchoconstriction and enhance
mast cell degranulation [51]. Higher adenosine levels were
found in children with asthma than those without asthma
in three metabolomic studies (Table 3). The application
of different analytical techniques in those studies suggests
a high diagnostic potential of adenosine and the possibil-
ity of its robust determination using different methods.
Increased adenosine levels in asthmatic children suggest its
involvement in ongoing inflammation and hypoxia-related
responses in asthma [52].

Benzoic acid is widely used as a preservative in food,
feed, and pharmaceutical industries due to its strong anti-
microbial properties [53, 54]. Two metabolomic studies
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LC-MS
LC-MS

Matrix Method

Urine
EBC

(CS-NR) children with asthma

R) children with asthma
Age (mean): 13.9

Age (mean): 12.8
refractory asthma

moderate asthma
Age (mean): 13

Group 1: 15 corticosteroid responders (CS-
Age (mean): 12

Group 2: 15 corticosteroid nonresponders
Asthma group 2: 35 children with severe

Male/Female: 12/10
Male/Female: 23/12

Male/Female: 10/5

Male/Female: 11/ 4
Fitzpatrick et al., 2014 [46] Asthma group 1: 22 children with mild-to-

Study design

Abbreviations: EBC exhaled breath condensate, LC-MS liquid chromatography-mass spectrometry, LC—MS/MS liquid chromatography-tandem mass spectrometry, NMR nuclear magnetic reso-

Park et al., 2016 [45]
nance

Table 2 (continued)

Reference
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Table 3 Metabolites identified as relevant in two or more childhood asthma metabolomic studies aimed at searching for diagnostic biomarkers

Metabolite Class of metabolite Subclass of metabolite Type of matrix Level of metabo-  Article references
lites in asthma
patients
Adenine Imidazopyrimidines Purines and purine Urine 18 Saude et al., 2011 [9]
derivatives Sputum 1 Tian et al., 2017 [42]
Adenosine Purine nucleosides Not available Urine 1 Saude et al., 2011 [9]
EBC ¢ T Esther et al., 2009 [35]
EBC T Carraro et al., 2013 [36]
Benzoic acid Benzene and substituted ~ Benzoic acids and deriva- EBC T Dallinga et al., 2010 [34]
derivatives tives Urine 1° Carraro et al., 2018 [30]
Hypoxanthine Imidazopyrimidines Purines and purine Serum il Checkley et al., 2016 [25]
derivatives Urine 1 Tao et al., 2019 [32]
p-Cresol Phenols Cresols Plasma il Kelly et al., 2018 [24]
Urine l Carraro et al., 2018 [30]
Taurocholate Steroids and steroid Bile acids, alcohols and ~ Plasma i Kelly et al., 2018 [20]
derivatives derivatives Serum No data Crestani et al., 2020 [27]
Threonine Carboxylic acids and Amino acids, peptides, Serum No data Crestani et al., 2020 [27]
derivatives and analogues Urine 1 Saude et al., 2011 [9]
Tyrosine Carboxylic acids and Amino acids, peptides, Urine T Saude et al., 2011 [9]
derivatives and analogues Urine l Carraro et al., 2018 [30]
1-Methyl nicotinamide Pyridines and derivatives Pyridinecarboxylic acids ~ Urine l Saude et al., 2011 [9]
and derivatives Urine l Chiu et al., 2018 [31]
Urine l Chiu et al., 2020 [28]

2 higher levels in the research group than in the control group, ® lower levels in the research group than in the control group, ¢ EBC exhaled

breath condensate

found Benzoic acid as a childhood asthma-discriminating
metabolite (Table 3). Interestingly, in EBC samples [34], it
occurred at higher concentrations in asthma patients than in
controls, while in urine samples [30], a reverse relationship
was shown. The identification of xenobiotics as potential
markers raises questions about their origin in the biofluids
and their clinical utility. Therefore, the altered levels of ben-
zoic acid in childhood asthma should be interpreted with
caution.

Hypoxanthine belongs to the purine metabolite group.
It is converted to uric acid by xanthine oxidase, a pro-
cess that generates reactive oxygen species (ROS) [55].
These ROS contribute to oxidative stress, which is a key
feature of chronic inflammatory diseases such as asthma.
Increased levels of hypoxanthine were reported in serum
and urine collected from children with asthma (Table 3).
Markedly higher level of hypoxanthine was also found
in adult patients with asthma [55]. Elevated hypoxan-
thine levels are indicative of increased oxidative stress
and hypoxia, which are commonly observed in asthmatic
patients during exacerbations [56]. This means that hypox-
anthine levels may serve as a marker of asthma severity
in children.

p-Cresol is an aromatic amino acid metabolism metabo-
lite produced by human and animal gut microflora. It binds

to proteins and, as a partially lipophilic molecule, can be
strongly associated with plasma proteins [57]. p-Cresol is
excreted with urine, and its concentration in the plasma may
be indicative of kidney health or dysfunction. p-Cresol lev-
els were found higher in plasma samples of children with
asthma and in lower levels in urine samples of children
with asthma (Table 3). Different directions of changes in
this metabolite level can result from different biofluids ana-
lyzed and various characteristics of the enrolled patients.
Elevated levels of p-cresol in patients with asthma could
indicate changes in the gut microbiota, which are known
to influence systemic inflammation and immune responses.
This highlights the potential role of gut microbiota and its
metabolic products in the pathogenesis of asthma and sug-
gests that targeting these pathways might offer new thera-
peutic approaches [58].

Taurocholate is found in the small intestine, supporting
digestion and absorption of fats and vitamins, and is syn-
thesized in the liver from cholesterol [59]. Along with other
bile acids, can interact with immune cells and influence
the production of cytokines, which are crucial in managing
inflammation and airway reactivity in asthmatic patients.
Studies have demonstrated that taurocholate can inhibit
inflammatory responses by activating specific receptors,
such as the farnesoid X receptor (FXR) [60]. Taurocholate

@ Springer
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Adenine T Reactive Oxygen Species (ROS)

Inhibits inflammation

Adenosine 1
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Fig.2 Metabolic pathways and their involvement in childhood
asthma pathogenesis based on performed metabolomic studies. The
diagram illustrates the interactions between key metabolites identi-
fied as discriminative features in childhood asthma metabolomic
studies. Three main metabolic groups are highlighted: the purine
pathway (including adenine, adenosine, and hypoxanthine), gut
microbiota metabolites (p-cresol and taurocholate), and amino acids
with their derivatives (threonine and tyrosine). Arrows indicate meta-
bolic relationships and physiological effects. Cellular stress initiates
ATP release, leading to increased adenine levels, which shows anti-
inflammatory properties. Elevated adenosine levels enhance mast cell
degranulation, contributing to bronchoconstriction. Hypoxanthine,

was found in higher levels in children with asthma in a study
by Kelly et al. [29]. Crestani et al. [27] also found a dif-
ference between the research and control groups, however,
it did not provide information on the direction of change.
They also pointed to differences in taurocholate levels in
patients with asthma and those with various allergic and
atopic diseases. The elevated levels of taurocholate may sug-
gest its involvement in reducing inflammation and prevent-
ing excessive immune responses, which are hallmarks of
asthma pathophysiology [60, 61].

Threonine is an essential amino acid, and it needs to be
supplemented with food participating in lipid metabolism
and protein synthesis. Threonine is needed for the produc-
tion of collagen, and elastin plays a role in maintaining
a healthy appearance of the skin [62]. More importantly,
threonine plays relevant functions in the immune system,
where lymphocytes use it to support their proliferation and
secretion of antibodies [62]. It is a part of the gastrointestinal
mucin and is also responsible for intestinal immune function.
Saude et al. [10] found lower threonine concentrations in
the children with asthma than in the control group. It can be

@ Springer

through xanthine oxidase activity, generates reactive oxygen species
(ROS), exacerbating airway inflammation. Gut microbiota-derived
metabolites demonstrate variable effects: p-cresol shows inconsist-
ent levels across studies, while increased taurocholate exhibits anti-
inflammatory properties through FXR activation. Among amino
acids, decreased threonine levels may impair lymphocyte prolifera-
tion and tyrosine shows variable levels affecting p-cresol production.
Color coding indicates metabolite level changes in asthmatic chil-
dren: pink (1) represents increased levels, blue (|) indicates decreased
levels, and yellow (1]) shows variable levels reported across different
studies. Green boxes represent physiological processes

supposed that lower threonine levels in young patients with
asthma may be due to the development of asthma-induced
inflammation.

Tyrosine is an endogenous amino acid. Its presence
affects catecholamine neurotransmitters, such as dopamine
and norepinephrine. It influences energy levels, improves
memory, and shows significant cognitive benefits. Tyros-
ine is metabolized by gut bacteria into p-cresol sulfate [63].
Studies in mice demonstrated that p-cresol or tyrosine can
alleviate allergic diseases of the airways. Metabolomic stud-
ies showed discrepancy in urine tyrosine levels in children
with asthma (Table 3). We suspect that this may be due to
different age of the children patients, older than 5 years [9]
and younger than 5 years [30] (Table 1). Therefore, due to
the research outcome inconsistency, we cannot conclude
whether lower or higher levels of tyrosine can be helpful in
distinguishing patients with asthma.

1-Methyl nicotinamide is a metabolite of nicotinamide
produced in the liver. This metabolite has anti-inflamma-
tory and anti-bacterial properties [64]. 1-Methyl nicotina-
mide was identified as a differentiating metabolite in three
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urine-based metabolomic studies of childhood asthma [9,
28, 31] (Table 3). All works demonstrated lower levels of
1-methyl nicotinamide in children with asthma than in the
control group. A low concentration of 1-methyl nicotinamide
in urine may indicate vitamin B3 deficiency, as 1-methyl nic-
otinamide is a metabolite of nicotinamide. Studies in murine
animal models indicate that 1-methyl nicotinamide can pre-
vent asthma exacerbations [64]. A decrease in 1-methyl
nicotinamide may be due to higher energy requirements due
to asthma-caused inflammation or could indicate its defi-
cient anti-inflammatory activity, contributing to heightened
inflammatory state observed in asthma [65, 66].

Based on the information above, the metabolites identi-
fied as molecules with the highest diagnostic potential in
childhood asthma demonstrate notable differences in their
functions within the human body. Many of the metabolites
identified as potential diagnostic markers for childhood
asthma are closely linked to inflammatory processes, which
underscores their potential role as biomarkers in this dis-
ease and contributes to understanding its pathophysiology.
To prove the potential clinical use and robustness of these
metabolites, cohort studies would have to be conducted. It is
also necessary to conduct research focused on the population
of preschool children, as they are the group that is the most
difficult to diagnose. We suggest that utilization of targeted
metabolomics techniques in the studies would assess the rel-
evance of the proposed metabolites.

5. Metabolomic investigations
of heterogeneity of childhood asthma

5.1. Phenotypes, Endotypes, and Metabotypes
of Childhood Asthma

Asthma exhibits significant heterogeneity in its clinical man-
ifestations, pathophysiological mechanisms, and treatment
responses [3, 67]. This variability is captured by the con-
cepts of phenotypes, endotypes, and metabotypes, provid-
ing a comprehensive framework for understanding asthma's
complexity [6]. Phenotypes refer to observable character-
istics of asthma that arise from the interaction of genetic,
environmental, and lifestyle factors [68]. Endotypes delve
deeper, defining subtypes based on specific pathophysiologi-
cal mechanisms and molecular profiles [3]. Metabotypes,
identified through metabolomic profiling, represent the
metabolic foundations of asthma phenotypes and endotypes.
Recognizing these distinctions is crucial for personalizing
asthma management and improving patient outcomes [6].
Phenotypes of childhood asthma encompass various
clinical, physiological, morphological, and biochemical
symptoms unique to each patient. Influenced strongly by
inherited traits, environmental factors, and demographics,

phenotypes can affect asthma exacerbations depending on
where a child lives. Key phenotypes include allergic and
non-allergic asthma [68], eosinophilic and non-eosinophilic
asthma [69], aspirin-sensitive asthma [70], exercise-induced
asthma [71], and obesity-related asthma [72]. These catego-
ries underscore the importance of accurate diagnosis and
tailored treatment strategies based on symptom severity
[73-76].

Moving to endotypes, we encounter subtypes signifying
specific disease etiologies and pathophysiological mecha-
nisms. Endotypes at the genome, transcriptome, proteome,
or metabolome levels can be identified using 'omics' tech-
niques [6]. The well-known inflammatory endotypes in
asthma include T2-high (eosinophilic), neutrophilic, pauci-
granulocytic, and mixed granulocytic asthma, with child-
hood asthma commonly involving Th2 low and Th2 high
endotypes [77].

Metabolomics identifies specific endotypes of childhood
asthma, known as metabotypes, offering insights into meta-
bolic disturbances associated with asthma and helping to tai-
lor personalized treatment plans. Children with mild asthma
exhibit less severe metabolic disturbances, stable metabolic
profiles, and minimal inflammatory markers, correlating
with well-controlled asthma managed with low-dose inhaled
corticosteroids. Moderate asthma shows intermediate meta-
bolic changes and inflammation, with frequent symptoms
requiring regular controller medications. In severe asthma,
significant metabolic disturbances and high levels of inflam-
matory markers are observed, with children often experienc-
ing poorly controlled symptoms and frequent exacerbations,
necessitating advanced therapies including biologics target-
ing specific cytokines [8, 13, 78, 79].

Recognizing and understanding phenotypes, endotypes,
and metabotypes is essential for personalizing childhood
asthma diagnosis and treatment. By integrating metabolomic
data with clinical and physiological information, healthcare
providers can develop more effective, individualized treat-
ment plans that address the specific metabolic disturbances
in each patient, ultimately improving outcomes for children
with asthma.

5.2. Metabolomic Investigations Related
to Metabo-endotypes of Childhood Asthma

In light of the pediatric asthma heterogeneity linked to clini-
cal symptoms, disease severity, treatment response, and
prognosis, various metabolomic studies were designed and
performed in order to look for hints and answers to unmet
clinical needs. Table 2 shows a comparison of research
employing different groups of young asthma patients.

The metabolomic study of childhood asthma endotypes
was a substudy performed in a cohort study by Rago et al.
[44]. One of the cohorts was incorporated in the discovery
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group, and the second cohort was incorporated in the vali-
dation group. The study ultimately included 577 and 513
patients aged 6 months and 6 years in the discovery group,
respectively, and 469 patients in the validation group. The
study found that one metabolite, ceramideglycosyl-n-
stearoyl-sphingosine, increased with age in children with
asthma. They showed that SNP 17qg21 is associated with the
occurrence of asthma in children and is related to increased
transcription of ORMDL3, which is involved in sphingolipid
synthesis. However, the study did not identify a specific
metabolite that could potentially become a biomarker for
childhood asthma, but suggests the existence of an early-
onset endotype related to sphingolipid levels.

The objective of the study by Kelly et al. [16] was to
identify and validate metabo-endotypes of asthma and differ-
ences in asthma-relevant phenotypes. The study of children
between 5 and 14 years of age recruited in two cohort stud-
ies. The authors identified five asthma metabo-endotypes
in the first cohort, which were subsequently validated in
the second cohort. Metabo-endotype group classification
depended on the levels of cholesterol esters, triglycerides,
and fatty acids. This was one of the largest cohort studies
based on biological samples from children with asthma,
so the data have great informational and diagnostic poten-
tial that can be tested in future studies based on selected
metabolites.

5.3. Metabolomic investigations related to response
to drug treatment among children with asthma

Investigations of metabolic markers related to response to
treatment belong to an emerging subdiscipline of metabo-
lomics called pharmacometabolomics [17]. Pharmaco-
metabolomics can provide molecular information on the
underlying biology of different responses to therapeutics
in asthma patients [80]. Childhood asthma heterogeneity
requires therapies tailored to the patients, which is in line
with the precision medicine strategy.

Quan-Jun et al. [43] performed metabolomic studies on
two biological fluids from children with asthma—serum and
urine. The study groups were divided into two subgroups
(Table 2). In total, they identified 33 differential metabo-
lites in serum and urine analyses, and nine metabolites were
recurring—Ilactate, cis-aconitate, 5-HIAA, 3-methylhisti-
dine, glucose, alanine, creatine, citrulline, and asparagine.
The direction of changes in recurring metabolites was the
same in both biospecimens in children from both research
groups. The authors also indicated that combined treatment
with budesonide and salbutamol causes changes in the
metabolome in children. In contrast, using them individu-
ally had no effect on the metabolomic profile in children
with asthma during an acute exacerbation of the disease.
This study may contribute to the understanding of the effects
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of different corticosteroids or beta2-agonists on the metabo-
lomic profile in children with asthma.

Park et al. [45] conducted a urine metabolomic investi-
gation involving two groups of children with asthma: corti-
costeroid responders (CS-R) and corticosteroid nonrespond-
ers (CS-NR). The study aimed to test the characteristics
that differed between the groups, and 30 differences were
found. The significantly altered metabolites in the CS-R
and CS-NR groups included two metabolites of glutathione
(GSH), y-glutamylcysteine increased in the CS-R group and
cysteine-glycine increased in the CS-NR group. The authors
proposed five candidate markers to identify differences
between the groups that are needed for future metabolomics
studies, such as 3,6-dihydro nicotinic acid, 3-methoxy-
4-hydroxyphenyl(ethylene)glycol, 3,4-dihydroxy-phenyla-
lanine, y-glutamylcysteine, and cysteine-glycine.

Fitzpatrick et al. [46] compared metabolites in a group
of children with mild-to-moderate asthma on corticosteroid
treatment and children with severe refractory asthma treated
with higher doses of a corticosteroid. The study revealed that
severe asthma in children is associated with a multitude of
metabolic disorders, which are related to oxidative stress.
The authors showed that severe, corticosteroid refractory
asthma in children can be related to metabolites such as gly-
cine, serine, and threonine. They suggest that severe asthma
may be associated with other diseases, such as obesity or
obstructive sleep apnea, which can be important in required
further studies.

This overview presents studies in which the drugs taken
and the response to them are of significant interest. They
conclude that the use of different corticosteroids or beta2-
agonists leads to changes in the metabolomic profile in chil-
dren with asthma. These studies form the basis for future
research looking for changes in the metabolomic profile
caused by corticosteroid treatment.

6. Future perspectives and clinical needs

Metabolomics opened up new perspectives in childhood
asthma investigation in various scientific disciplines, such
as analytical chemistry, pharmacy, or molecular biology.
Metabolomic investigations may lead to development of
new diagnostic tools for asthma, contribute to characteriz-
ing new asthma endotypes, and accelerate implementation
of personalized asthma treatment (Fig. 3). Introduction of
new pediatric asthma metabo-endotypes will allow clini-
cians to select appropriate treatment and monitor response
to the applied therapy. This is especially important in the
youngest patients, when the disease begins at the stage of
intensive child development.

The metabolomic research conducted so far shows prom-
ising results and indicates several metabolites that should
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Fig.3 Overview illustrating possible clinical utility of metabolomic studies in childhood asthma. Created with BioRender.com

be further studied as childhood asthma markers (Table 3).
Future investigations are needed to properly assess the
robustness of these marker candidates and their clinical util-
ity. Studies employing different biofluids should be under-
taken to select the most appropriate biological specimens
for determination of a given compound. Among 25 studies
included in the review, only two employed two various bio-
logical specimens [28, 43]. Chiu et al. [28] analyzed plasma
and urine samples collected from children with asthma and
a healthy control group, whereas Quan-Jun et al. [43] ana-
lyzed serum and urine collected from children with asthma
during acute exacerbation and control asthma participants.
The metabolomic investigation in pediatric asthma is char-
acterized by a vast spectrum of biological samples sub-
jected to analysis (Fig. 3). Table 3 shows good agreement
or lack of agreement in the fluctuations of metabolite levels
determined in different body fluids of children with asthma.
Therefore, the analysis of different biofluids collected from
the same group of patients, using the same analytical meth-
odology, will provide a broader context for the observed
metabolic shifts in childhood asthma, and will allow for the
selection of the most informative biospecimens relevant to
the intended application.

Another future direction in childhood asthma metabo-
lomics is the inclusion of various control groups. A vast
majority of the performed studies, aimed to identify diagnos-
tic markers of pediatric asthma, employed a control group
of healthy children (Table 1). However, asthma in children
often coexists with allergies and other atopic diseases.
Therefore, studies involving different comparative groups
(e.g. children with allergy but without asthma) are needed
to better interpret the obtained metabolomic data and link
them to the molecular mechanisms of the disease Moreover,
they allow for determination of specificity of the proposed
asthma markers.

We believe that metabolomics can contribute valuable
insights that, when integrated with other disciplines, will
prove indispensable for the diagnosis of asthma in children.
In addition, it would help to quickly differentiate asthma,
respiratory diseases, or other comorbidities, such as allergy
or atopic dermatitis. This is necessary to make a precise
diagnosis and implement personalized treatment for young
patients with asthma. It would be necessary to combine all
data on childhood asthma in the specialized fields of genom-
ics, transcriptomics, and metabolomics. So, to gather all the
information together, it is essential to integrate the intercon-
nected information points: cellular interactions, molecular
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relations, and biochemical mechanisms in one place as a
specific disease map [81].

In the future, metabolomics can play a major role in the
selection of an appropriate therapy tailored to individual
patients and identification of molecular targets for new treat-
ment strategies. It is anticipated that the number of phar-
macometabolomic investigations in pediatric asthma will
increase providing candidates for predictive biomarkers
useful in making treatment decisions.

Asthma endotyping, particularly metabo-endotyping, is
an emerging field in asthma research that leverages detailed
analysis of metabolic profiles to classify asthma patients
into distinct subgroups. This approach offers new avenues
for understanding the disease's complexity and improving
patient care. The future of asthma treatment lies in person-
alized medicine, where therapies are tailored to the indi-
vidual's metabolic profile. By continuously refining metabo-
endotyping techniques and integrating them with clinical
data, researchers can develop more effective treatment plans
that address unique metabolic disturbances in each patient.
This personalized approach is expected to enhance treatment
efficacy, reduce adverse effects, and improve overall patient
outcomes and quality of life [82].

Implementation of metabolomic methods into clinical
practice will require establishing of standardized protocols
for analytical performance and data analysis. It should be
remembered that both pre-analytical and analytical factors
can influence the acquired data [83]. Therefore, standardiza-
tion of sample collection, handling, and storage conditions
constitute essential issues helping to preserve sample stabil-
ity and obtain reproducible results [84].

7. Conclusions

The metabolomic studies included in the review provided
fresh insight into the pathogenesis of childhood asthma,
the effects of applied drugs, and the existence of asthma
subtypes. We believe that the current review will benefit
the design of future metabolomic studies. As experience
is gained, more clinically relevant findings will likely be
obtained in investigations of metabolic shifts in pediatric
asthma patients. Undoubtedly, metabolomics and its subdis-
ciplines have great translational potential for the diagnosis,
treatment, and management of children with asthma. In the
face of high prevalence of asthma in the pediatric popula-
tion and the need for rapid implementation of treatment, it
is crucial to have reliable asthma indicators. Improvements
in the detection of asthma in preschool children, including
asthma endotypes, will ease application of proper treatment
and enable elimination of unnecessary test treatment of cor-
ticosteroids in suspected patients. They will also help decide
whether to start treatment after the first episode of asthma.
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