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Summary

Allergic asthma is a prominent disease especially during childhood. Indoor allergens, in
general, and particularly house dust mites (HDM) are the most prevalent sensitizers associ-
ated with allergic asthma. Available data show that 65-130 million people are mite-sensi-
tized world-wide and as many as 50% of these are asthmatic. In fact, sensitization to
HDM in the first years of life can produce devastating effects on pulmonary function
leading to asthmatic syndromes that can be fatal. To date, there has been considerable
research into the pathological pathways and structural changes associated with allergic
asthma. However, limitations related to the disease heterogeneity and a lack of knowledge
into its pathophysiology have impeded the generation of valuable data needed to appro-
priately phenotype patients and, subsequently, treat this disease. Here, we report a system-
atic and integral analysis of the disease, from airway remodelling to the immune response
taking place throughout the disease stages. We present an overview of metabolomics, the
management of complex multifactorial diseases through the analysis of all possible
metabolites in a biological sample, obtaining a global interpretation of biological systems.
Special interest is placed on the challenges to obtain biological samples and the method-
ological aspects to acquire relevant information, focusing on the identification of novel
biomarkers associated with specific phenotypes of allergic asthma. We also present an
overview of the metabolites cited in the literature, which have been related to inflamma-
tion and immune response in asthma and other allergy-related diseases.

Allergy, 2017 (47) 442456,

House dust mite allergic asthma

Asthma is a multifactorial, chronic syndrome, which
varies over time and involves genetic and environmen-
tal interactions. It causes reversible airway obstruction
through spasm, inflammation and hypersecretion associ-
ated with airway hyperresponsiveness (AHR), infiltration
of eosinophils and CD4" T helper (Th) type 2 cells into
the airway submucosa and airway epithelial remodelling
[1, 2]. The increased prevalence of asthma can be partly
accounted for by profound changes in our environment
[3], characterized by a rise in urban air pollution and
increased indoor allergen exposure, such as animal dan-
der and mites. Indeed, house dust mites (HDM) are the
most prevalent allergens associated with asthma and
rhinitis around the world [2]. Among HDM, Pyroglyphi-
dae mites are mainly represented by Dermatophagoides
pteronyssinus and Dermatophagoides farinae. Several

antigens have been identified with mites of the Der-
matophagoides species. Recently, the perennial indoor
HDM D. pteronyssinus and their 23 associated allergens
of Der p family were summarized using three official
allergen-related websites as the source [4]. The major
mite allergens Der p 1 and Der p 2 have the ability to
induce asthmatic status through different mechanisms.
While Der p 1 is a cysteine protease capable of inducing
tissue damage and inflammation by cleaving tight-junc-
tion (TJ) proteins Z0O-1 and occludin, the protease Der p
2 displays an allergenic role by mimicking the function
of MD-2 in the activation of TLR4. Therefore, Der p 2
enhances tissue damage, epithelial remodelling and
asthma progression [5]. In the case of Derp 1, its prote-
olytic cleavage increases epithelial permeability leading
to a higher allergen presentation by dendritic cells (DCs)
[6]. Additionally, Der p 1 can induce innate and adap-
tive immune response by binding specific receptors such
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as protease-activated receptors (PAR) present on the sur-
face of epithelial cells (ECs) or mast cells, among others.
This is shown by the increased amount of PAR on respi-
ratory ECs and mast cells in patients with asthma [7].

Airway remodelling in allergic asthma

The airway epithelium is the first physical barrier an
aeroallergen encounters, and it seems to be key to
understanding genetic and environmental interactions
in asthma. In fact, asthma is considered an epithelial
disease because defects in the epithelial barrier lead to
a higher permeability to environmental factors, such as
inhaled allergens and pollutant particles and, conse-
quently, to airway wall remodelling [8, 9]. During air-
way remodelling structural changes take place from the
epithelium to the adventitia due to repeated cycles of
airway injury and repair. The main structural changes
observed are loss of barrier integrity, goblet cell meta-
plasia (hypersecretion of mucus), airway smooth muscle
hyperplasia and hypertrophy, and subepithelial fibrosis
(abnormal deposition of extracellular matrix compo-
nents, such as collagen) [10-12].

The respiratory epithelium is a pseudostratified struc-
ture composed mainly of columnar ciliated ECs, inter-
mixed with mucus-secreting goblet cells, and a pool of
basal cells responsible for epithelial regeneration. The
functionality of the epithelial barrier is maintained by
the formation of TJs and adhering junctions at the api-
cal end of ECs. In the case of HDM sensitization, pro-
teases disrupt epithelial integrity where Der p 1 breaks
epithelial TJs, resulting in increased permeability that
allows allergens to reach submucosal tissue and activate
antigen-presenting cells (APCs) and innate immune
cells (Fig. 1a). In this process proteases can also induce
bronchial smooth muscle contraction and proliferation
[13], and goblet cell metaplasia occurs with the conse-
quent increment in mucus secretion [8, 10, 11, 14]. Air-
way remodelling research is still quite challenging, as
there are no reliable biomarkers intimately associated
with this process.

Immune response during allergic asthma

During allergic asthma, injured ECs produce a set of
cytokines that lead to Th2 immunity. There are four
main pro-Th2 cytokines: thymic stromal lymphopoietin,
granulocyte-macrophage  colony-stimulating  factor
(GM-CSF) and interleukins 25 and 33 (IL-25 and IL-33)
[1, 15]. These cytokines induce DC-mediated Th2 sig-
nalling and, subsequently, asthma progression. More-
over, during an allergic response to inhaled allergens in
the airways, DCs also play an active role by facilitating
interaction of the allergen with IgE attached to FceRlI,
the high-affinity receptor for IgE [16].
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Other APCs, such as macrophages, are present in the
lung environment under homoeostatic conditions. They
act as a sentinel for cellular defence against respiratory
pathogens. In fact, in murine models alveolar macro-
phage (AM) depletion leads to a high degree of inflam-
mation and an increased production of IgE [17],
suggesting an association of AMs with progression of
the asthmatic status. Additionally, in patients with
asthma, AMs can stimulate T cells to produce more
pro-inflammatory cytokines, such as IL-5, amplifying
the allergic inflammatory response [18, 19]. The airway
of patients with asthma has been shown to present an
increment in the expression of Th2 cells as well as
overexpression of IL-4, IL-13, IL-6 and IL-9 pro-inflam-
matory cytokines [14] (Fig. 1b). The overexpression of
IL-4 and IL-13 induces B cells to produce IgE, activates
DCs and AMs, and makes goblet cells increase mucal
secretion leading to hyperplasia [20]. IL-13 cytokines
can also down-regulate Th17 cells involved in mainte-
nance of the mucosal barrier and pathogen clearance,
while IL-6 secreted by Th2 cells, can selectively block
Treg-induced  immunosuppression by  secreting
immune-modulator cytokines such as TGF-f and IL-10
[21].

Another relevant population of Th cells in asthma are
Th9 cells, which are strongly related to asthma initia-
tion and progression. These cells can produce a high
titre of IL-9 cytokine which is involved in different pro-
cesses such as the production of IgE antibodies, in the
increment and stimulation of cell infiltration into the
respiratory tract, and also plays an important role in
collagen deposition and in the survival of innate lym-
phocyte cells 2 (ILC2) [22]. Unlike B and T cells, ILC2
are a group of innate immune cells that belong to the
lymphoid lineage but are devoid of a specific receptor.
Their dysregulation as well as an increase in their num-
ber have been reported to be associated with allergy or
asthma, as activation of these cells contributes to, and
supports, type 2 inflammation, acting synergistically
with Th2 cells [23].

Research in this field unequivocally demonstrates
that allergic asthma is considered a Th2 disease. How-
ever, knowledge into the molecular mechanism of this
multifactorial disease is not as complete as for other
immune diseases with a significant Th2 component, like
diabetes or cancer [24, 25].

Other essential immune cells in the development of
an allergic response and asthma correspond to the eosi-
nophils and mast cells. In fact, eosinophilia is consid-
ered as a histologic feature of asthma and is used as a
marker of severity and progression. Another powerful
marker for asthma detection and classification is eosi-
nophil cationic protein (ECP). This protein is released
following eosinophil degranulation and elevated levels
in patients with asthma have been correlated with
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Fig. 1. Effect of HDM allergen Der p 1 and fecal pellet on airway epithelium. (a) Der p 1 protease activity disrupts epithelium integrity, increases
permeability and activates pro Th2 cytokines released. Lipopolysaccharide recognition from fecal pellet contributes to EC activation and Th2
immunity. (b) Stimulation of ECs by activation of immune cells also leads to Th2 immunity. LPS, lipopolysaccharide; ECs, epithelial cells; TSLP,
thymic stromal lymphopoietin; GM-CSF, granulocyte—macrophage colony-stimulating factor; DC, dendritic cell.

inflammation [26]. Although eosinophilia and ECP
levels have been used until now as markers of severity
progression in asthma, they are not specific biomarkers
for other phenotypes, such as HDM allergic asthma.
This is because they are not considered to be reliable,
as they do not always classify patients according to
phenotype and do not provide a predictive value for
treatment efficacy [27].

Mast cells are considered as key cells to instate an
allergic response. The number of mast cells and their
degranulation are considerably higher in patients with
asthma compared to healthy patients. Their main

functions in asthma are both secretion of proliferative
mediators contained in the granules such as histamine,
tryptase and PGD2, and to increase the hyperrespon-
siveness of airway smooth muscle layer [28]. Moreover,
they also participate in airway remodelling through the
secretion of mast cell tryptase involved in the growth
of ECs and fibroblasts [29, 30].

Clinical biomarkers associated with allergic asthma

As discussed previously, asthma is influenced by a mul-
titude of factors, although the increasing prevalence of
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asthma and atopic diseases over the last few decades is
difficult to explain. Lifestyle factors, environmental
exposures and/or interactions between genes and the
environment probably play a causal role. Several candi-
date genes have been associated with asthma outcome
and development. This is the case of glutathione
S-transferases (GSTs), a supergene family implicated in
detoxification of reactive oxygen species that appear to
be related to asthma susceptibility [31]. Apparently,
some mutations of GSTs may be related to asthma onset
and AHR, however, contradictory data was found
depending on the study group [32, 33]. In fact, Piacen-
tini et al. [32] did not find an association between
GSTT, GSTM and GSTP (glutathion S-transferases) gene
polymorphisms and the development of asthma in an
adult Italian population. While Wang et al. [34] found a
correlation between indoor incense burning and GSTs
polymorphism in children with asthma, Sohn et al. [34]
described a different behaviour of GSTs gene polymor-
phisms using murine models. Another candidate is
ADAM 33, a gene encoding for a disintegrin and met-
alloprotease glycoprotein in charge of cell-to-cell and
cell-to-matrix interaction, which had a higher expres-
sion in ECs from patients with asthma than in controls
[35].

Furthermore, epigenetic modifications have recently
been considered to be important factors in the devel-
opment of asthma [36, 37]. During the prenatal period,
while the development of the airway and immune sys-
tem, maternal exposure to tobacco smoke, traffic-
related pollutants, viral infection or dust mites have
been shown to increase the risk of asthma in offspring
[38-41]. The second critical period for asthma onset is
throughout early childhood, especially in the first year
of life (during alveolar expansion and rebalancing of
the immune responses), where severe viral infections
in the inferior respiratory tract or the exposure to air-
borne environmental irritants, HDM allergens and ther-
apeutics (e.g. acetaminophen) have been shown to
elevate childhood asthma risk [42—44]. Another marker
currently used in medical daily practice to identify
severe phenotypes is the fraction of exhaled nitric
oxide (NO). However, this does not enable the genera-
tion of reliable phenotypes either as it produces con-
tradictory results in predicting eosinophilic airway
inflammation [28, 45, 46]. More recently, periostin, a
protein observed in adults and children with asthma
[47, 48], has been considered a novel biomarker for
allergic inflammation progression.

Altogether, the research work performed in the field of
allergic inflammation reveals an urgent need to continue
looking for early and reliable biomarkers to classify
patients and predict therapeutic responses or, in other
words, that will define specific phenotypes for allergic
asthma. Furthermore, these clinically relevant biomarkers

© 2017 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 47 : 442-456

open up new possibilities for novel interventions and the
development of preventative therapeutic tools.

Metabolomic approaches to defining allergic phenotypes

In recent decades, metabolomics has emerged as a new
tool to manage complex diseases such as allergy-related
conditions, where up to now these specific phenotypes
have not been fully characterized and the metabolic
changes involved are still largely unknown. Metabolo-
mics works by measuring all possible metabolites in a
biological sample, and uses different strategies to pur-
sue this objective. In this sense, working approaches are
mainly divided mainly into two strategies: targeted and
untargeted metabolomics, each with their own inherent
advantages and disadvantages. Independently of the
metabolomic approach followed, a reliable outcome will
depend on the experimental design and its characteris-
tics. In this context, the type of approach, sample size
and type, and analytical platform are described and
discussed below.

Metabolomic approach

Targeted metabolomics is the measurement of defined
groups of chemically characterized and biochemically
annotated metabolites and is closer to classical hypoth-
esis-based analysis. This approach is essential when a
previous knowledge of outstanding metabolites for the
disease exists. Meanwhile, untargeted metabolomics is
the comprehensive analysis of all the measurable mole-
cules in a sample including chemical unknowns, which
may reflect the physiological state of each individual in
the study. Due to its comprehensive nature, untargeted
metabolomics must be coupled with advanced chemo-
metric techniques, such as multivariate analysis, to
reduce the extensive data sets generated into a smaller
set of manageable signals. This methodology is highly
informative in a discovery phase, working without a
prior hypothesis. Untargeted analysis will lead to the
identification of novel biomarkers. These can be useful
to define patient phenotype, to obtain an accurate diag-
nosis, to evaluate disease progression or as targets for
new pharmacological treatments.

Sample size and type

Selection of the patients is of paramount importance
in multifactorial diseases; in this sense, for erample,
Chang et al. [49] employed patients with very homo-
geneous respiratory characteristics compared to con-
trols chosen over respiratory evaluations only. These
inclusion criteria enabled the authors to obtain a good
modelling of the groups and feasible results after
applying non-target analysis. However, for population
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studies the number of patients per group is critical,
recommending over 100 samples per group. Herein,
Ried et al. [50] targeted more than 100 metabolites in
2925 patients consisting of 147 patients with asthma
and 2778 controls. Although the groups were unbal-
anced, decreasing the value of the statistics, they were
able to find some significant differences in asthma in
relation with phospholipids. In this quest, for a reliable
study, the selection of patients inside the groups must
be as homogeneous as possible: same number per
group, sex- and age-matched, same body mass index,
closest medical illness chart and, if possible, avoid
confounder factors such as medications or influential
habits, for example smoking or alcoholism.

Sample selection and its manipulation before analysis
will define the type of metabolites observed in the
study. In the case of respiratory conditions, the diffi-
culty to obtain lung tissue unless working with animal
models seems to be a limiting factor. As lung biopsies
and bronchoalveolar lavage fluid (BALF) are considered
as invasive procedures in humans, a close approxima-
tion is the analysis of sputum samples, which is still
not recommended by some authors [51, 52]. An alterna-
tive option is exhaled breath (EB) condensate, which is
a non-invasive sample that has been used in the study
of asthma. However, while EB is a relevant sample in
respiratory affections because it shows the characteristic
compounds from lung metabolism, its greatest handicap
is the difficulty to obtain a reliable interpretation and
correlation of these metabolites with the disease. In
resume, easily extracted samples comprise plasma and
urine, which are the two most common biofluids
employed in metabolomics, as they are considered to be
obtained non-invasively in humans. While plasma rep-
resents a global view of the physiological status at the
time that the sample is collected, urine represents the
end products of metabolism. Therefore, for exploratory
studies that are aimed at obtaining a close molecular
mechanism of a respiratory disease the use of BALF,
lung biopsy, or sputum can be justified. However, when
looking for biomarkers with diagnostic or prognostic
potential, plasma and urine are the most convenient
biofluids.

Analytical platform

Sample treatment will depend on the kind of com-
pounds of interest and the analytical technique to be
employed. Analytical techniques are preferably based
on mass spectrometry (MS), usually combined with a
separation technique [liquid and gas chromatography
(LC, GC) or capillary electrophoresis (CE)] and nuclear
magnetic resonance spectroscopy (NMR). Of all the
coupled MS techniques, LC-MS has been widely
applied and different kinds of samples have been

analysed in independent studies such as serum, BALF
and lung tissue [53] or EB condensate [54]. From both
studies, different classes of compounds have been
observed, such as lipids, fatty acids, prostaglandins
and purine cycle intermediates. In the case of GC-MS,
this technique is suitable for analysing volatile com-
pounds or those chemically volatile after derivatization
(e.g. by trimethylsilylation). As expected, GC-MS has
been applied to volatile samples such as EB where
sample treatment is almost none, although it is also
used for urine, BALF and blood samples [55, 56]. The
most common types of compounds detected by GC-MS
are amino acids, sugars, organic acids and TCA inter-
mediates. Finally, NMR spectroscopy is a non-selective
technique considered to be practically universal which
requires little or no sample preparation, is unbiased,
rapid, robust and quantitative, making it highly suit-
able for non-target analysis. The principal disadvan-
tage of NMR is its lower sensitivity compared to MS
techniques. Regarding NMR-based metabolomics, this
has been used to analyse serum, urine and EB conden-
sate from patients with asthma in different projects
[57-59].

For respiratory diseases, there has also been an
increase in studies and applications that use the elec-
tronic nose. This is an instrument developed to recog-
nize all possible volatile components from the breath.
This apparatus has been successfully applied in the
study of asthma and chronic obstructive pulmonary dis-
ease (COPD), showing promising results in the discrimi-
nation of groups [56, 60-62]. However, challenges still
encountered with this technique including standardiza-
tion of the breath sample collection, validation of
metabolites and, probably, its main bottleneck, the lack
of identification of most significant metabolites [63].

The application of each analytical platform character-
ized by the analytical conditions partially captures sec-
tion the metabolome and, therefore, does not give a
complete picture of the disease. On other hand, despite
the significant advances in analytical technologies, bio-
marker discovery remains a challenge partly because of
the overwhelming task of data treatment. The key lies
in the ability to distinguish genuine biological variation
from analytical and random interferences, although
there are now advanced computer tools to tackle this
problem. Once the potential biomarkers have been
selected there is the arduous task of making the best
interpretation of the new findings. This is either based
on the bibliographic background or, whenever possible,
by projecting the metabolites into known biochemical
pathways to create a new biological hypothesis pending
verification. This is even harder in multifactorial dis-
eases due to different confounder factors such as medi-
cations, age, gender, patients’ habits (e.g. smoking),
sample size and secondary diseases.

© 2017 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 47 : 442-456
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Metabolomic applications in asthma and allergy-related
conditions

An extensive literature search was performed to look
for metabolomic applications related to asthma and
allergy-related conditions. The outcome was divided
into reviews and research articles, the latter grouped as
(i) allergic and (ii) non-allergic/mixed asthma, (iii) food
allergy and (iv) anaphylaxis caused in the oral tract
(Fig. 2a). In general, the outcome of metabolomics in
this field is immature due to the heterogeneity of clini-
cal phenotypes and the complexity of each condition
[64-67]. Tentative biomarkers are insufficient to
describe the complete underlying processes and the
number of published research works is still low [28, 51,
52, 68]. Hence, a proper validation in a large popula-
tion and in longitudinal studies is still required. How-
ever, reviews of airway diseases remark that although
current diagnosis of respiratory diseases performed by
clinicians is based on low specific parameters such as
medical history, symptoms and clinical blood test,
metabolomics is starting to obtain promising findings
in the earlier diagnosis, management and understanding
of these types of diseases [69-71]. This is even more
important in paediatrics where respiratory conditions
are the first cause of morbidity and mortality [72].
Regarding to the methodological conditions, pie charts
showing the types of biofluids and analytical tech-
niques used in the research articles have been included
(Fig. 2b,c). Results showed that blood is the most used
biofluid even for respiratory conditions, compared to
urine, whereas all high throughput analytical tech-
niques were used throughout equally.

Non-allergic/mixed asthma

A resume of all the findings published to date on
this topic is presented in Table 1. Basically, most
studies were carried out in adults (Table 1a), there are
two insightful publications into asthma differentiating
from COPD (Table 1b) and two studies in children
(Table 1c). Concerning adults with asthma, significant
advances in metabolic changes linked to the immune
response have been reported. In patients with asthma,
Jung et al. [73] found decreased levels of arginine in
serum, authors correlated this change with the argi-
nine methylation pathway, which is a key process in
asthma involved in the regulation of cytokine overex-
pression. In another study, increased concentrations of
some polyunsaturated phospholipids were found to be
strongly correlated with asthma risk alleles in a pop-
ulation study which included 147 patients with
asthma [50]. Interestingly, in a study with Chinese
patients presenting mild persistent asthma, a decre-
ment in inosine level was associated with inflamma-
tion and hypoxia [49]. Another study reported
increased levels of  nicotinamide, adenosine
monophosphate and arachidonic acid in plasma as
biomarkers of asthmatic inflammation [74]. Besides,
authors specifically suggested taurine as a marker of
swelling induced by the disease. In another study,
Sinha et al. [58] found decreased concentrations of
ammonium ion in EB samples, the authors explained
this decrement as a reduction in glutaminase activity,
an enzyme suppressed by inflammatory cytokines. In
two other studies by Loureiro et al. [75, 76] on
asthma exacerbation and chronic asthma, authors

(a)

Asthma and allergy-related conditions

N =39

Allergic 239
asthma _g

2% food allergy

Type of samples

(b)
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Fig. 2. Percentage pie charts based on publications of (a) asthma and allergy-related conditions, (b) type of samples, (c) analytical techniques and
(d) allergy-related diseases. Key: the searching keywords were as follows: ‘metabolomics and, asthma, allergy or inflammation’ in NCBI PubMed.

© 2017 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 47 : 442-456



448 A Villaseror et al

suruere[Ausayd ‘dre1finqosi),

sardojoyzed
Areuownd jo dn-mojjoy
pue sIsougerp Yy} Ul poyIdwWw

(wed/0C = u)
syuaned dneWY)SE Pl
pue spalqns Ayjreay Suisn

‘proe druedoins ‘dreinddiys [BI2US B SB JI YSI[qBIS Pa1epIfeA 1M ele( *(G€ = U)
‘drewrojr ‘urford ‘dyeuordoxd Iyrewolq ewyjse erdordde 0} I9pIo ur ASojopoyaw S[o1u0d Ay3[eay pue (¢ = u) J)BSUIPUOD
[Ls] ¥10T ‘QuifeAs ‘spide A)jej pajeinieSs  ue 3q 0} sieadde proe druedoin UOnII[0d JgH dZIpIepuels o] syuaned dnewyIse PN ANN-H, a1 L
JuawAoxdwr
[edmurp rewndo I1d3je MOJJIIe
UONBgIDEXd FuLnp s3ssadord A101R11dX? [RWIXEW SUDIWI] poud J[qels Suunp pue
AI0)RWIWERJUT PUB SSAIIS wstueyddw d1dojorsAydoyred uoneqiadexs suunp (01 = u) YIAN-H, /SN
[92] ¥10T SIpAYDp[R| ‘saueY[V JATIBPIXO JO [9AJ] PISLADU] renuajod 1) AjeSNSIAUL O BUIYISE JIUOIYD PIM SINPY -J0I-2D d¢ duun 9
sapAyapre),
‘sauey[e|, ‘Qurwen|3iA1ade[Auayds
QURASAyRwIps ‘dreinddiys
dleuo[ews AJeIII4 d)e}AdEY
OPIXO0-N-dUIWR[AYISWLL} |
Qunruied[A1ade | UONB(IIIBXD J)e]s [o1uod SuLmp pue
Quprured| ‘duluere UOIJB(IIEXD SULINp SSAS BUWIYISE 0] PAUI] SABUBYD uoneqradexd suunp (01 = u) ¥INN-H, /SN
[aL] ¥10T ‘(918108[ 10/pUR) JUIUOAIY],| JANEPIXO JO [AJ] PISBAU] JI[0qEedW ATBULIN JAIISUO O], syuaned dnewyise Inpy -J01-2D dz¢ duln g
S[01u0d
S[OIIU0D W01} AYI[edy Wolj BWIYISE YIIM
sdnewyise SUNRUIWLIISIP synpe jo dyoid drjoqeldw
18 AdeIndde pood D94 Y3 )BUIWLIISIP (ge = u)
JJBIISUOWDP 0} PIAYLUIPI pmo> Adodsondads SIUN[OA AY)[edy pue J1BSUIPUOD
L[L8] €10T VN  21m spuduodwod [endads AL YAN-H, LOYISYM JUTWIAD O] (z8 = u) ewypse yPIm sPAQng YAN-H, a9 v
SI[3[[R uonendod (56T = u) Apmis
S ewWYISe Aq paduangjul J8Ie[ B WO SAI[0gRIdW ¥4 VY0 paseq-uonemndod
PUE BUIYISE UIIM PIJBIDOSSE WIS [G[ Jo d8Uel e pue Y} WOy S[eNnpIAIpUL
A1k s)J pajeinjesunijod SI9[e SLI BWYISE PIYSI[BISI (844T = u) d>newyse
«[0G] €102 SJdTt Pue spdy JO S[PA[ UI SIFUBYD Y} WIOL] BUWIYISE JO UONIRIIOSSY -Uou pue (Ly[ = u) dSNeWwyIsy SIN-0bD-J1 wns €
3s0on[g1 wistjoqelaw pidif Jo uoneIdle
Qururdies ‘durjoydoydsoyd pue ‘sasuodsal unwuit
-01 ‘QuIjoydr ‘d1e1adRL pue erxodAy ‘Aemiyped WISIUBYDdUW
‘[oueyIaWA RUWLIOJY ‘QUIPDSIY | UONB[AYIdW 0} Pl  Bwylse SulA[Iapun SIayIeworq (92 = u) sjonuod Ayje3y| pue
[€4] €10C QuIEIN(S | ‘QUIUOIYIdN| 1M SIBURYD IO [enuiod Jo uonedIYNUIP[ (6€ = u) BUIYISE YIIM SIUdNR] YNN-H, wnRs ¢
Wnds
ur aseurweIn[d jo uonemndar  s}3[qns dnEWY)Se pue [BULIOU (z = u) sjonuod pue
-UMOD 3T} Y}IM PIJB[ILIOD SEM WOo1J Pajd[0d sajdures (89 = u) UIP[IYD dNBWISY
Jseurwein|d SONBWYISE Ul UONBNHUDUO0D g udamIdq ysmsunsip (01 = ) S[onuod pue (£ = u) JBSUIPUOD
[8g] z10T WNIdS4 ‘UOT WNIUOWWIY4 WNIUOWWE JO ISLANJ 01 Adodsondads YN asn o s13[qns dpewyIse yNpy AAN-H, aq 1
S)[NpPe Ul BWYJSE PIXIW/IISIS[[e-UON (€)
SADUIYY BWUYISE Ul PAII[E SAI[OGRIIN sgurpur Apnis ) jo asoding uonendod Apmg sanbruyda], Jdwreg
Ared

-180[ou0Iyd pIAe[dSIp 1B SHIOM [[V "UIP[IYD UL (9) PUE S}Npe ur qdOJ IsureSe ewylse (q) :synpe ul (e) :ewylse paxiw/d1Sw[[e-uou ul sgurpuly pue suonedijdde paseq-sorwo[oqeld|y 1 el

© 2017 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 47 : 442-456



Metabolomic biomarkers in allergic asthma 449

dd0d pue uonejwiy
MoO[Ire Ju)sIsIad YHIm ewyIse
UIM)( UOTIBUTWILIDSIP

UOIR)WI] MOJJITE JO SIIFP
Ie[ruais Jo duasaid

Ul UdAY (IJ0D PUE UONINI)SGO
SABMITE PIXTJ U}IM SITIRWISE
UIMID( IBUTWILIISIP

(ov =u)

ddoD ypm swuaned pue

‘(6€ = u) uondNISqo sAemire
J[QISIIAI NIM 10 ([ = U)

denbape ue paroid Surqyord A[393110d UBD 50U UOIPNISqO SABMITE PIXIJ JJBSUIPUOD
[19] 110T VN g JO UOLBPI[BA [BUIAIXT -3 Aq Suryoid remdsjowr gq PIM R_PR syuaned dnewylsy JS0U JTUOIIIT a9 11
s)Mpe ul Gd0) Pue Bwse paxIuw/dIS[e-uoN (q)
[eued3pun,
‘euedap ‘[eueldo| ‘reuerday
‘leueiuad | ‘TeueIngAyiow
-7 Quesodld | ‘Suedapeiday AJLIDAIS puB uoOnEW WUl AILIRAS
Quedspeiudd[Ayawin-01‘9‘z |, d1iqydoursos ‘uonduny Suny ISBISIp pue swered
‘Quedapin | ‘SueidsyAyiauwip UM PIIBIDOSSE SII[OQERIdW [eJTUID 112U} YIIM SILIBUIY3ISE
-¥‘z| QuerdayiAyrowm pidi[ QuLIN PIseIdUl Jo dqyoxd drwojoqeduw
.[88] 910C -¥| ‘Oueiday ‘Suexay) PBY SONBWYISE 353(O-UON AIeUuLIN JO UONEB[LIO) (25 = u) syuaned dneWYISY SIN-J01-0D d¢ duln 0l
dNV| ‘dplueunodmu
‘(01d-n3[)oPAd | ‘SuisoikyjAwein|3
-X| ‘QuiuereAusydiAwein(3-x |
Aeydins joydared | duifAydoayy
‘Qurypuexered | ‘Quidjied|
‘[o131s011R]| ‘R[OYd0INE]|
1B[0Y2AX03pOIA[S |,
Quisoguryds ‘opruesfoy
‘(9u¥:07) SrUOPIYIRIR,
‘Qurweoueyaoydsoyd
Qurjoyd[AroydsoydoiadA(s, s13(qns dnewyse
‘91eydins suordsorpuerds | ul pard)e Apuedyrugis
eydns suoisjsolpue I9M WSI[OQEIDW IPNIOI[INU Jsuodsar A1ojewrwe[jur
91B0URIS[OYI-{-0XO0 pUE ‘SUIWE}IA PUE SI0}DBJOD puB dunwiwr dJ1ads ) Jo
-g-Ax0IpAy-n-£| ‘9soLnoyeu ‘sapndad ‘sd1jo1qoudx  s9dUINDISU0D d1jogeIdaW [BIAI S[011U0d
dsoiewr | ‘re1ddA[soydsoyd ‘spid] ‘QierpAyoqied P[NOM BWYISE JO JWO[0gRIW Aa1eay Q1 pue (13A3s Q1 SIN-0-0D
[b2] 10T -g| ‘O1eoidedosiAxoipAy-o | ‘a1 ‘urajo1d 0) pre[alr SAU[OqRIRIN ewse[d ey} paje[msod Ay PUB IIAIS-UOU Q) SOBRWYISY /SIN-LI-D1 ewseld 6
auisour| ‘91eqrodse
‘PIdB J1qI0ISBOIPAYDP | dutueeAuayd
‘pIdB J10ZUQAXOIPAYIP pue ‘dsoqu ‘dewrein|3
-¥'g| ‘[01A[SIp| ‘proe pue durwen[s ‘usgonu euIyise Judjsisiad
dLR[RAOUTWER-G | ‘duiuee[Ausayd JO wISI[OQERW pue DA VIL PIIW YIIM PIJRIDOSSE SAFUBLD (L1 = u) sjonuod
‘proe JIIAdI[es | ‘[oydaredAydw  Suipnul ‘sAemyed dIjoge1aw Jrjoqeruw [enuajod 19319p AUI[B PAYDIBW-XIS puE
-¥| ‘proe dijAxoqred-g-d[oukd AY [BIIAIS UL PIA[OAUIL q 0} pauioj1dd sem sajdures -38e pue ewse Judsisd
[6V] G10T  ‘PIOB JIUIINS| ‘PIOR JLI[RAOIY-T|, 0} PaljIUSPL oIOM SAH[OGEIN wniss Suisn SIN-101-0D priw mim syuaned dsaury) SIN-4010-29D wnps 8
SAIUIJY BUWISE Ul PAII[E SO sSurpur Apnys ayy jo asoding uonendod Apnig sanbruyday Jrdureg

(panunuod) [ d[qe],

© 2017 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 47 : 442-456



450 A Villaseror et al

‘(ewrypse drdoje-uou snid drdoje) ewWYISE PIXIAL,

*Adodsond3ds ddurUO0SAI dNAUFLW TeAPNU YN ‘YIBIq PIeYX ‘g ‘dseasip Areuownd dATOINISYO JIUOIY ‘AJ0D

[o1Inqe
01 3suodsar Ie[N[[2d pue
[013U0d BWISE YOq JO INJed)
SurA[Iapun ue pajuasaidal
wsijoqelaw prdijoduryds
P}V "[0[U0D BWYISE UT
SWISI[OQBIAW PIOk JI[OUI] pue
pIdE duoprydere pajedrjdwr

ejep Suryoid uonejAyaw
PUB ‘SOIWO[0qRRW ‘UoIssaIdxa
QdAroua8 sajeadaur jeyy
yoeoidde sd1wo, aaneigaur
ue SuIsn [01U0D BWISE

euIyISe

PI[0UOD PUE PI[OIUOIUN
M syudned ojul paynens
(07 = u) ssau[[l Surzaaym

[84] 10T VN sIsATeue SJ1WO, dANRISAU]  JO S10IpAad [PA0uU AJUIpI O, 10 BWYISE YIM UIp[y)  SIN-deniqiQ-0-J1 ewse|d VI
suewny
ur uoneprxo pidif jo ynpoid e
3q 0S[e P[nod pue sajkdouow BUIYISE JNOYIM pUB M
QUIXAYOPAIAPwW uewny Aq uondnpoid UIP[IYD UIIMIIQ JBNUIIJIP
-1-[Auadodosi- |, [-] e[NWNS 0 UMOYS pmod sargoid JOA (21 = u) uaIpyd yrearq
[gq] €10C ‘[BU)D0-7 |, QUIZUIGOIOTYIIQ-HT Ud3( Sey [eu1D0-7 JPAYP[Y Pa1237[02 Ay Jeyy daoxd o] Ayi[edy pue ([ = u) JNRWYISY SIN-DD uewny ¢l
UDIP[IYD UI BWISE PIXTW/IISII[[R-UON (9)
9SO[AX4 ‘BaINY
‘[1deINn ‘QULINE}I4 ‘QADBALIID
-3yds ‘rudyjojuedy ‘oueyiaws
‘Qunafosiy ‘dunyuexodAys
QuIpnsIy ‘de1ddROUIPIUENS | JuRwredap
91B[02A]8 | ‘Durwein|s ASUSBI3wd Ay wolj yroq
9s00N[34 ‘Qurue[AylWIps adod ad0D UM IS0y} WOIJ BWISE
QUIUNEA | RN WOlJ BUWYISE )BNUIIJIP M S)NPE )BNUAIIP (¥ = u) Adod
QUITOYDY QUIRIIQL ‘91BQI0dSRY Aew s3j1j0qeRW ATRULIN 0} A)I[Iqe Y3 Sey duLn PIM S)Npe ypim paredwod
[68] 10T QuIUISIR | ‘9BI[RAOSIAXOIPAH-£|  1BY) UIPIAI 1dIdU03-J0-Jo0I] Ul SII[0QeIdW JO SISK[eUY (89 = u) BWISE YUIM SHNPY MIAN-H, ewseld 71
SADUIYAY BUWIYISE Ul PAId)[B SAI[OGRRA sSurpur Apnys yy jo asoding uonendod Apms sanbruyda], Jdureg

(panunuod) 1 d[qer

© 2017 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 47 : 442-456



Metabolomic biomarkers in allergic asthma 451

[65] LooT VN

(0:91) DdosA1r

‘proe drjoydoine)s ‘ueydoydAn

-1 ‘Quisoul| ‘pIde dln4 (0:81/7:81)
Sd| ‘(1:81/0:81) Sd| ‘(1:81) DdosA[1
“(0:91) DdOSATt “(#:02) DOSAT
“(c:81) DdOSATt “(9:2T) DOSAT
Quruegurydss QuisogurydsoiAyds

SISED [[I pUB
AUYI[esY UIMIDQ RUTWLIISIP
0} dpy Aew jeyy endads

ys jo sured punoj Apnmys YL,

BuwIylse dISId[[e

DM PIJRIDOSSE SINIRWOI]
renuajod se paynuapt

M sAemyzed drjogelaw XIs
JO UOTJRIE ) UT PIA[OAUT

s[onuod Ayieay

pUB BWIISE PIM UAIP[IYD

UI9M]3( BUIWILIISIP 1$3q 1By}

SI[qBLIBA U} YSI[qeIS 01 JFH

0] SISA[RUR JIWO[O(e)UI PIse(
-JIAIN JO AMNIQISE) ST} SSISSE O],

JUSUNEAI) PUE SISOUSeIp
[BJTUI[D PIE 0} BWYISE JISId[[E
Jo wistueyRaW [ed130[01q

(11 = u) sjonuod
Apedy pue (5z = u)
BUWIYISE M UIP[IY)

(8 = u) P VAOQ
M PISUD[[BYD PIZIISUIS
0} paredwod (8 = u)

MAIN-H, 9¥esuspuod gg

g

UDIP[IYP Ul ewse dIZRIY (q)

anssn duny

[08] 910C ‘proe dNSLAWA ‘PIDE JIOUBIIPOL SOU[OQEIW [ENURIYIP 9T U} JO SUIPUEISIIPUN JLU[DE) O,  dIW d/g TV dewdf Ay[eay SIN-4010-01 ‘ewseld ¥
dunean | ‘duluere
‘earn | ‘duiursie-[AsAy, ‘ewein(s
-1, Quiuen|g | ‘PIOEB d12dB0)R
deew ‘[0ISOWAZAY oW
-p-019)-£4 (0103, ‘[0I)SA[OYI1 ‘PIOR wisijoqelduw ASIau BUIYISE JISId[[e
1[0y ‘PIdB JIOUR[OYD-qS-HO-qT 11 ur saseandul Surpuodsariod PINPUI-]N(H Ul SSWO[0eIdW
‘pIdB JIUOdN[S4 ‘dsOUURWA ‘[OIISOUIL UM SsaleIpAyoqied Areuow|nd WNIds pue sanssn sunj ‘4Tvyg
9500n[31 ‘9s01de[e34 ‘SIPLIIA[SLI JO uOndNPAI PUE SWSI[OGeIdW Ul SUOTBId)[B AIOJewwejul (£ = u) 21U dATRU
‘SOpLIdAISIP | ‘sproe Anejr JurjoydApneydsoyd—aurjoyd AIsuYRIdwod yIm PUE (8 = u) S[ONUOD Jul[es SIN-OPD-DT  wnias ‘Onssn
[eg] ¥10T ‘sQd ATVd? ‘SDd Suny, uijoy)|  pue [012)S ) Ul SUONEIYIPOJY PeI0sse saFUeYd JI[OGERN ‘(01 = u) paznIsuas-INAH /SW-0-2D sun JTvd €
SIZURYD I9Y30 PajenIul
nq safueyd sy} Jo Auewr BUIYISE JO [9pOW
SUI[OYDI[AOUBIIPEXIY | PISIAI JUOSBYIWEXI(] duunw Y ur JTvg Jo soqyoxd (8 =u)
QUI[OYD|, ‘[0}10d4 ‘pIdR JI[OYd4 ‘BWIISE JO [9POW JULINWL JI[0QEIW UO JUOSBYIUWEXIP JUOSBYIWEXIP YIIM PIjedI)
‘[0ISATOYD 4 ‘SHIA ‘SHAL ‘SId4 [erudwRdx? ue woly JTvyg JO S193JJ9 Y3 )e8NSIAUL BUWYISE :(Z] = U) [9pouwx
9soulqRIRY ‘9S010R[RZ4 ‘dsouuRWf UL WSI[oqeIdW [013)s pue prdi| I9U)INJ 0) BWIYISE [BIUdWLIAAXD BUIYISE {(T] = U) PIZDISUIS SIN-0bD-D1
[6L] €10T QUIUNEIID | ‘e[RUL| ‘AJRIRT| ‘A813ud ur suonerdlfe Suons woij sa[dwes JTyg IsAfeue o] {(21 = u) dIW dAIRN /SIN-0-2D JIvd ¢
JUOSBYIIWEXIP
PIM pjen) PISU[RYD (A)
PUB YAQ PIZI[0SOIdE [PIM
9BUIINSY ‘QUAIS[A1dR[AUsyds PISUS[[BYD (Al) ‘PIZIISUIS
‘[onsour-oduis ‘QuIsolk1p uondunysAp [opouw [ewIUE (I11) ‘QUOSBYIRWEXIP PIM
QUISOJIBS | ‘QUNBAIL 950dN[34 Kemire jo symsai Y} ue Suisn ewyise jo sadAiqns PII)SIUTWPE + [01U0 (I1)
edipeAypw-g4 91IANGAXOIPAY  WOL PIJR[dI 3¢ 0} PUNOJ 1M A} BUIWLIDSIP 01 sdPy  ‘sjonuod (1) :sdnoid sA1y ojur
[18] 600T -€ 4 “9eILNqosIAXoIpAH-71 sAemiped drjoqelaw dyydsg  jey [pued IIeWOI]Q JO SISA[RUY PIPIAIP 1M sB1d-eaurnn ANN-H, uun
S[9POW [BWIUE Ul BWISE ISRV (&)
SADUARJY BUWISE Ul PAI[B SA[ORIDN sguipurg Apmis ayy jo 3soding uonendod Apnmg sanbruyda Jduwres

AJresrgojouo1yd paAerdsip
JIe SYIOM [[Y "ASIS[[e pooj pue sixe[Aydeue (p) pue ‘S)mpe ul (3) ‘UIP[IYD UI (q) ‘SPPOW [BWIUE SUISN () :SUONIPUOD PIJe[AI-ASId[[E Ul sSurpuy pue suonedijdde paseq-sOIWO[OqeId ‘T d[qRL

© 2017 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 47 : 442-456



452 A Villaseror et al

‘urngreao ‘yAQ ‘Adodsondads adueuosar dnauSew JeadNU YN SATW ISNp snoy ‘NH ‘sIopuodsar A[Ted ‘syq ‘ypearq pafeyxa ‘gq ‘siapuodsar [enp ‘sy( ‘pInyy 8eAe[ Ie[0dATROYDUOI] ‘JTVH

pIe duny ‘Quiyiuex | duiyiuexodAy

pe

JLIN JO [9AJ] U} UI ISBADUT
ue Ajqejou pue Aemyped
Juund ay} 03 Surduoq

uoneznisuas jnuedd Jo IsInod
S} SULINP SII[ORIAW WIS
19313p 0} pasn sem yoeordde

NIW (£ = u) [01UOD

pue (£ = u) A[uo-urxoy
BIS[OYD ‘(£ = u) A[uo-nuead
(L = u) uoneznIsuas

[98] s10C ‘QUISOUL| ‘QUISOUIPR | ‘QUIUIPY | SaI[0qRIdW JO 3[1joid pardy ,SOTWO, [BINATRUR PIseIqu) UIX0] BIS[OYD PUB INUBIJ SIN-DT wnRS 11
sdno18 Ppowr dnoi3
uondNpsuen) [BUSIS  PUB [01UO0D UIDMI( SRDUIRJJIP urungre [ed (1) pue
pioe droueddpejuad-u| ‘[olqere [031SOUT PUE WSI[OqBIW 10J UDIB3S PUB S[PPOW dnoi8 vAQ (11) ‘sjonuod (1)
-14 ‘[ousour-odut| ‘9sodn[gs ‘proe AZ13u3 01 payuI[ 3q IyS1w [ewrue sixe[Aydeue 10j saqyord (1 = u) sdnoi8 a1y} ojut
[68] z10C  durWNy4 ‘PR JUAINGAXOIPAH-£-(Y)| Sxe[Aydeue pansagans sisAfeuy d1[0qRIdW SIN-DD 9BIAUG O], PapIAIp 219Mm sGid-eauinn SIN-DD wnRS 0l
AS131e pooj pue sixe[Aydeuy (p)
d8ud[[eyd-a1d 1 dsouurwf
‘Aerwied [Aypun ‘dreew sasuodsar dnewylse J8ud[[eyYd uoneERyUL
QUIDAIS[A1908-N |, ‘QuIuoryaw A8ud[reYd [enp woij Aed paje[ost UdBId[e 18D 01 (9 = u ‘sY()
QurjoydoydsoydordadA[djAouoprydere  -1sod Je S pue SYJ UIMIdq PJJNPUI-UIBI[B JBUIWLISIP Jsuodsar dnewyise uoj
-7l passa1dxa A[fenuaidyyip ued Jeyy suidyed Iendsjow pue (g = u :syy) asuodsax SIN/SIN-DT
[€8] €10C ‘reydins jouayd [Auia- | ‘urqnarig SEM PIDR DIOUBXIYES0d0( poo[q [erdyduad woly AJnuapl o]  dNeWISE A1 (PIM SJUINEJ /SIN-0-0D ePWSRd 6
S)Npe ul ewy)se SB[V (9)
sadArouayd edrurpd
IIY) UIM]( AJBUTWLIDSIP
(e1 urpueseisord uonduny 0} ydwane ue ur ALDAS (1 = u) sjonuod
-019Y-9/g ueX0qUIOIY} Buny pue SurjPpowar Aemire ISBISIP JO SIUSFIP JUARYIP  AyYI[eY pue BUIYISE ([ = U)
[e2dDd-AX01pAY-07)| ‘TOLID[BIIIL ‘UONRWWERHUI YIIM PIJRIDOSSE M UIP[IYD dNBUWIYISE AIAIS UM ‘(1€ = U)
[¥s] €102 ‘UISOUIPRAX03p | ‘PIdR dloUNY|, 1M saBueyd JIjoqeRN  SulApnis 01 sdrwotearq Ajdde og, AIDAIS-UOU PIM UIPIYD)  SN-deniqiQ-)T d)esudpuod g 8
SISeISIp AlojeuwIwe[jul
Ul S)[OQEBIW 3SAY] JO SA[0X SIN-DT Aq sa[qerreA juaurwold
PISO[ISIP AU Y} YIIM ) Jo urduo [edrsofoiq Ay}
PJR[ALI0D 3q ABW SIUIUOD 3sopsip 01 A[qissod pue ewy)se (21 = u) sjonuod Aypredy
PIdk d0Adk d[ozepruiAyiaus PIOE J113JE J[OZBPIWI[AYIdW  YIIM SIJB[ILIOD Jel} UONRULIOJUT payplew-a8e pue (1 = u)
[£L] T1OT ‘0IJ-3[[1 ‘PIOB JIUBDOIN)4 PUEB P JIUBIOIN JO UONINPIY JULIN JO JUNOWE ) SSISSE O], UIP(IYD dneuryise didoyy SIN-1010-D1 duun L
ueydordAn !
OPIXO0-N-dUIWR[AYISW LI}
QUI[[PUOSI}|, ‘QUIUOIYI4
Qeuodns| ‘QuiueeAudyds
QUNIUIRI[ARdR-01 QuILIR[AYIdUIL S[apout Ay}
QUIULINUAY | ‘R[[IUBAOWOY |, Jo uoneredas 3y} ur [BIQLD Sumas Jusnedino [esrd4y (¢¥ = u) sjonuod
reanddryy ‘Sunrureds 3 01 SWAAS IPA VI I A3 B Ul UIP[IYD dNRWYISE JO Aypresy sa yusauniedap
deren[8oxo-g4 9e1AINqosiKxoIpAy 0] PaJe[aI SAI[OQRIIN "PIId)[e UONBUIWLIDSIP Y} UI SUBIDIUID ASuagws woy (07 = u)
-7| ‘OprureunoduAyIawm 3q 01 Ieadde wisijogeRw djRy 03 A8o10uyd31 YN Aq BUWILISE d[QeISun pue
[¢8] 110C -1 QuUIWeISIYIAIN-T |, PIOE OUIWE PUE UIJOIJ  SULIN UL SIU[OCEIIW JO SISK[BUY (€L = 1) QRIS YIM UIP[IY) AAN-H,; utfy 9
SADUAYY BUWIISE Ul PAIJ[E SA[OGRRA sgurpurg Apms 2y jo soding uonendod Apmg sanbruyda], Jdures

(panunuod) z d[qer,

© 2017 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 47 : 442-456



Metabolomic biomarkers in allergic asthma 453

found increased levels of alkanes and aldehydes in
both studies, and associated these changes with a
higher level of oxidative stress in the worse states of
asthma. Furthermore, urocanic acid, a compound from
histidine catabolism, was proposed as a potential bio-
marker of the disease as authors found lower levels
in adults with asthma [57]. Interestingly, urocanic
acid was also found to be significantly reduced in
urine of children with allergic asthma [77]. In paedi-
atric studies with non-allergic asthmatic children an
increased level of 2-octenal, a volatile compound,
was described to stimulate IL-1 expression [55],
whereas in a recent study, sphingolipid metabolism
was reported to be altered as an outcome of airway
inflammation [78].

Allergy-related diseases

Regarding research into allergy using metabolomics,
the outcome of 11 studies revealed the huge amount
of work that remains to be done in this vast field
(Fig. 2d and Table 2). In allergic asthma, this disease
has been studied in animal and human models. In ani-
mals, an ovalbumin (OVA)-sensitized mice model
showed alterations in the amino acid, energy and lipid
metabolic pathways using BALF samples [79]. Whereas
when Yu et al. [80] analysed plasma of the same mice
model, authors found significant changes in dode-
canoic and myristic acids, phytosphingosine, sphinga-
nine, inosine and taurocholic acid, suggesting these
molecules could be involved in the inflammatory
response. Another study proposed that a lower level of
tyrosine in the urine of guinea-pigs was the result of
increased eosinophil and/or neutrophil activity [81].
For HDM allergic asthma, new insights are appearing,
herein Ho et al. [53] used a commercial HDM extract
to provoke sensitization in mice. Through this
approach, pulmonary alterations were observed over
the metabolism of lipids and sterols. Along with these
changes a significant loss of carbohydrates and the
increment in choline in the lung were linked with
airway inflammation [51].

In the case of allergic asthma in children, one study
suggested retinoic acid as a metabolite related to airway
remodelling and inflammation, as it appeared to be ele-
vated in the more severe patients. Likewise, deoxyade-
nosine, a metabolite of adenosine, was correlated with
several pro-inflammatory effects [52]. Additionally,
Mattarucchi et al. [77] proposed reduced amounts of
urocanic acid, methylimidazole acetic acid and Ile-Pro
fragment resembling metabolite as modulating mole-
cules of the immune system in asthma with a role in
inflammation. Also, an increased level of 1-methylhis-
tamine in the urine of children with asthma was associ-
ated with inflammation [82].

© 2017 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 47 : 442-456

In adults with allergic asthma, a study comparing
patients with either a short allergic response (early
responders; ERs) or those with a prolonged allergic
response (dual responders; DRs), showed a lower level
of cortisol in ER patients, assigning it an immunosup-
pressive and anti-inflammatory role in allergy length
response [83, 84]. Interestingly, after an allergic chal-
lenge a decrease in docosahexaenoic acid (DHA) was
observed in the ER group suggesting the potential of
DHA to make the allergic inflammation disappear.

In other types of allergies, a study of anaphylaxis pro-
duced by OVA-sensitized guinea-pigs was reported [85].
As expected, high levels of IgE in serum were found in
the sensitized model compared to controls, and altered
levels of glucose, lipid and inositol phosphate, which
were related to the energy pathway and signal transduc-
tion. Finally, in food allergy, Kong et al. [86] showed the
promising capacities of metabolomics, finding uric acid
to be a strong potential biomarker in the accurate predic-
tion of peanut allergy in children. The authors started
from a mice model where different metabolites related to
purine metabolism were observed and, later, authors
validated their measured uric acid in children’s urine.

Future directions

To date, there are no available biomarkers to make a
full characterization of allergic asthma phenotypes,
which at this moment are poorly characterized within
diagnostic criteria in the clinical setting. We are con-
vinced that the search for these biomarkers will
improve current treatments of patients by allowing a
more precise and personalized medicine. Initial find-
ings have produced promising results in different sub-
types of allergy, based mainly on good stratification
criteria of the individuals in the studies. However,
there is still more work pending in this field. Results
found in animals should be correlated in humans and
more research must be carried out in human models.
Furthermore, there is a need to cover other subtypes
of allergy and characterize their phenotypes and speci-
fic altered biochemistry using metabolic fingerprinting
approach through multiplatform analysis (NMR, LC-
MS, GC-MS and CE-MS). We expect that in the near
future a combination of different markers, including
those obtained through metabolomics studies, will give
clinicians the opportunity to monitor allergic condi-
tions and predict whether a patient will respond to a
specific treatment.
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