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Background: Asthma is the most common chronic respiratory disease in children. Although conventional treatments such as inhaled
corticosteroids and long-acting B2-receptor agonists can effectively control symptoms, some children still face the problem of frequent
attacks and drug side effects. As a potential etiological treatment, allergen-specific immunotherapy (AIT) aims to induce immune
tolerance by gradually increasing exposure to specific allergens, thereby relieving asthma symptoms in the long term. This study aimed
to investigate the differential metabolites in children with allergic asthma before and after subcutaneous allergen-specific immunother-
apy (SCIT) using a non-targeted metabolomics approach, to gain deeper insight into the potential mechanisms of AIT and its systemic
effects.

Methods: A total of 30 children were enrolled, including 15 healthy controls and 15 children with asthma (prior to AIT and after
one year of AIT). Serum samples were analyzed using LC-MS to identify differential metabolites and their associated metabolic
pathways.

Results: AIT could reverse the lung function of patients with allergic asthma. There were six pathways that had difference among the
control group, pre-AlIT group and post-AIT group. These six pathways were the PPAR signaling pathway (impact = 0.6000), the
GABAergic synapse (impact =0.5882), the alanine, aspartate and glutamate metabolism (impact =0.4290), the central carbon
metabolism in cancer (impact =0.3019), the arginine biosynthesis (impact =0.2956) and the linoleic acid metabolism (impact
=0.2368). There were 24 metabolites that had difference among these three groups. During them, there were 5 metabolites (9,12,13-
TriHOME; 9,10-Epoxyoctadecenoic acid; Isocitrate; L-Arginine; Succinic acid semialdehyde) of the pre-AIT patients reversed by AIT
compared to the control group. The levels of the 5 metabolites were increased of the pre-AIT compared to the control group. After
one year of usage of AIT, the levels of the 5 metabolites were decreased. Comparing of the pre-AlIT group and post-AIT group
revealed additional pathways: the intestinal immune network for IgA production (impact = 0.5) and aldosterone-regulated sodium
reabsorption (impact = 0.4). Key metabolites included all-trans-retinoic acid, cortisol, and cortisone.

Conclusion: This study demonstrates for the first time the impact of one-year AIT on the metabolic profile of children with allergic
asthma receiving long-term inhaled glucocorticoid therapy. Children with asthma mainly exhibited six pathways which including 24
metabolites disturbances compared to healthy peers, 5 of which were reversed following AIT. AIT may synergistically enhance the
therapeutic effects of glucocorticoids while also introducing novel regulatory mechanisms. The persistence of these metabolic changes
over a one-year period supports their validity as stable therapeutic outcomes rather than transient fluctuations.
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Introduction

Asthma is a chronic inflammatory disease of airway hyperresponsiveness accompanied by reversible airflow limitation,'
often presenting with symptoms such as wheezing, coughing, shortness of breath, and chest tightness.” Asthma affects
millions of people worldwide,” particularly children, making it one of the most common chronic diseases in pediatrics.”
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The pathogenesis of asthma is complex and involves interactions among genetic, epigenetic, and environmental factors.
Treatment options for allergic asthma include allergen avoidance, pharmacotherapy, and allergen-specific immunotherapy
(AIT). Although conventional treatments such as inhaled corticosteroids (ICS) and long-acting beta-agonists effectively
control symptoms in most patients,” some individuals still experience frequent acute exacerbations, medication side
effects, and long-term drug dependency.®’ Especially in pediatric treatment, due to side effects, many individuals
discontinue treatment during the course of therapy. Therefore, it is crucial to find alternative or adjunctive therapies
that can reduce medication use while achieving long-term symptom improvement.

Previous studies have shown that metabolic changes in asthma involve multiple pathways, such as cellular energy and
hypoxia,®? lipid metabolism and oxidative stress,'® and immune/inflammatory pathways,'' and so on. Therefore, further
research on asthma metabolism, particularly studies focused on reversing abnormal metabolic pathways in asthma, has
garnered increased attention.

Allergen-specific immunotherapy (AIT), especially for has gained attention as a potential therapeutic approach. The
goal of AIT is to induce allergen-specific immune tolerance,'” and it is currently the only disease-modifying therapy
available for allergic conditions.'>'* AIT can be administered via subcutaneous immunotherapy or sublingual immu-
notherapy. Studies have shown that AIT, particularly house dust mite-specific AIT, has positive effects in improving
symptoms of allergic asthma in children and reducing the need for medication; however, significant heterogeneity exists
among different studies.'® The precise metabolic and systemic mechanisms underlying AIT remain unclear. Therefore,
further understanding of AIT holds important clinical significance.
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However, the precise metabolic and systemic mechanisms of AIT remain unclear. Metabolomics offers
a comprehensive view of small-molecule changes under physiological or pathological conditions. Therefore, using a non-
targeted metabolomics approach, we investigated the metabolic alterations in children with asthma before and after AIT
to better understand the biological mechanisms associated with the treatment.

Material and Methods

Study Population

A total of 30 children were enrolled and divided into three groups: a control group (15 healthy children), a pre-AIT group,
and a post-AlT group. Data for the pre-AIT and post-AIT groups were obtained from 15 children with asthma, with samples
collected before and after one year of AIT. All asthmatic children were diagnosed according to standard pediatric asthma
criteria,'® and dust mites were confirmed as the primary allergen. Inclusion Criteria: Control group participants aged 5-16
years were healthy children undergoing health examinations during the same period as the children with asthma. Inclusion
criteria for children with asthma were as follows: (1) Children aged 5—16 years who meet the diagnostic criteria for bronchial
asthma as outlined in the Guidelines for the Diagnosis and Optimal Management of Asthma in Children (Patient and Public
Version, 2025);'> (2) Positive skin prick test or serum-specific IgE indicating sensitization to house dust mites
(Dermatophagoides pteronyssinus or Dermatophagoides farinae); (3) Clinically stable condition at the time of enrollment,
with no acute asthma exacerbation in the preceding four weeks; (4) Children with asthma inadequately controlled by inhaled
corticosteroids. All children voluntarily participated in the study, and informed consent was obtained from their guardians.
Exclusion Criteria: (1) Children with other chronic pulmonary diseases (eg., bronchiectasis, cystic fibrosis, or interstitial lung
disease). (2) Presence of acute respiratory infection or systemic infection within four weeks prior to sampling. (3) History of
autoimmune diseases, metabolic disorders, or malignancy. (4) Long-term systemic corticosteroid or immunosuppressant use
within three months prior to enrollment. (5) Incomplete clinical information or poor compliance during follow-up.

The Usage of AIT

AIT was administered by subcutaneous injection of standardized dust mite extract (Alutard SQ, Denmark) for one year.
Serum samples of participants were collected of the three groups: control group, pre-AIT group, and post-AlIT group. All
samples were taken with the informed consent of the children’s families. All the 15 children with allergic asthma
receiving long-term inhaled glucocorticoid therapy. During the course of AIT, as the dose of AIT increases over time, the
dosage of inhaled corticosteroids was not reduced. This study was approved by the Ethics Committee of The First
Affiliated Hospital of Zhengzhou University (2022-KY-0876-002).

Sample Preparation and LC—MS Analysis
Serum was isolated by centrifugation at 1500 g for 10 min at 4°C and stored at —80°C. LC—MS analysis was performed on
a Thermo Q Exactive Plus system coupled to an Ultimate 3000 UHPLC system. Chromatographic separation was achieved on
an ACQUITY UPLC HSS T3 column (150 x 2.1 mm, 1.8 um) maintained at 40°C. The flow rate was 0.25 mL/min, and the
injection volume was 2 pL. For positive ion mode analysis (ESI+), the mobile phases were (C) 0.1% formic acid in acetonitrile
and (D) 0.1% formic acid in water. For negative ion mode analysis (ESI-), the mobile phases were (A) acetonitrile and (B) 5
mM ammonium formate. The linear gradient for both modes was: 0—1 min, 2% C/A; 1-9 min, 2-50% C/A; 9-12 min, 50-98%
C/A; 12-13.5 min, 98% C/A; 13.5-14 min, 98-2% C/A; and 14-20 min (ESI+) or 14-17 min (ESI-), 2% C/A.'®

Mass spectrometric detection was conducted using a Q Exactive Plus mass spectrometer with an electrospray
ionization (ESI) source operating in full MS-ddMS2 mode (data-dependent acquisition). Key parameters included:
sheath gas pressure, 30 arb; aux gas flow, 10 arb; spray voltage, +3.5 kV; capillary temperature, 325°C; MSI1 scan
range, m/z 81-1000; MSI resolution, 70,000 FWHM; MS/MS resolution, 17,500 FWHM; normalized collision energy,
30%; and a dynamic exclusion time set to automatic.'’
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Data Analysis

Data Processing and Multivariate Analysis

Raw data were converted to mzXML format using MSConvert (ProteoWizard)'® and processed with XCMS'? for feature
detection, retention time correction, and alignment. Metabolites were identified by matching accurate mass (<30 ppm)
and MS/MS data against the HMDB,20 MassBank,21 LipidMaps,22 mzCloud,23 and KEGG** databases. Data normal-
ization was performed using robust LOESS signal correction (QC-RLSC).?* Features with a relative standard deviation
(RSD) >30% in quality control (QC) samples were excluded.

Multivariate analysis was performed using the Ropls package.® Following data scaling, principal component analysis
(PCA), partial least-squares discriminant analysis (PLS-DA), and orthogonal PLS-DA (OPLS-DA) models were con-
structed. Model validity was assessed through permutation tests, with model performance evaluated by R*X, R?Y, and Q*
values. Discriminating metabolites were selected based on a variable importance in projection (VIP) score > 1 from the
OPLS-DA model, in conjunction with a fold change (FC) analysis and a P value < 0.05 (derived from subsequent
univariate analysis).

Pathway Analysis

Metabolic pathway analysis was performed using MetaboAnalyst, integrating pathway enrichment analysis with topology
analysis. Differential metabolites were mapped onto KEGG pathways for biological interpretation using the KEGG
Mapper tool. For comparisons involving three or more groups, one-way ANOVA (FDR-corrected, P < 0.05) was initially
applied. For metabolites with significant ANOVA results, Tukey’s HSD post-hoc test was used for pairwise comparisons,
with the criteria of q < 0.05 and |log2FC| > 1 to define statistically significant differential metabolites.

Statistical Analysis

Data were analyzed by SPSS version 27.0 software. The Kolmogorov—Smirnov test was used to analyze the normality
of continuous variables. For normally distributed data, an independent #-test was employed to compare differences
between continuous variables; for non-normally distributed data, the Mann—Whitney U-test was used. Categorical data
analysis and comparisons between the two groups were conducted using the chi-squared test or Fisher’s exact test.
Paired t-tests were performed to compare data obtained before and after AIT in patients. The results were presented as
the mean + standard deviation for numerical variables for categorical data. P value <0.05 indicate statistically
significant difference.

Results

General Characteristics of Participants

A total of 30 children were included in this study, comprising 15 healthy controls and 15 children with asthma (before
AIT and one year after AIT). The control group consisted of 9 males and 6 females, while the pre-AIT group comprised
12 males and 3 females. There was no statistically significant difference in gender distribution between the two groups
(P=0.427). The mean age of the control group was (10.73£2.187) years, and that of the experimental group was (9.40
+1.957) years, with no statistically significant difference between the groups (P=0.089). And there was no difference
between the control group and the post-AIT group (P=0.663).

Lung Function of the Patients Before AIT and One year After AIT

We collected lung function data, including FEV,, FEV/FVC, PEF, PEF25, PEFs,, PEF;5 and MMEF from children with
asthma before and after one year of AIT and performed paired comparisons. The results showed statistically significant
differences between the groups (Table 1).

Data Examination
Base peak chromatograms (BPCs) of all three groups—the control group, pre-AIT group, and post-AIT group—showed
similar retention time patterns, indicating good reproducibility and reliable results (Figure 1A). Principal component
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Table | Lung Function of Patients Before AIT and One year After AIT

pre-AlT Group (n=15) | post-AIT Group (n=15) | P value
FEV, 75.98+13.205 93.84+17.315 0.005
FEV,/FVC 95.84+7.745 100.60£7.295 0.035
PEF 68.00+18.654 97.95+15.953 <0.001
PEF,s5 70.09+17.451 96.96+19.878 <0.001
PEFs 62.46+16.724 83.53+23.481 0.032
PEF;s 48.10+18.406 73.36£25.250 0.045
MMEF 57.06+16.992 83.15+25.258 0.019

Note: Data are expressed as median * standard deviation.

Abbreviations: AIT, allergen-specific immunotherapy; FEV,, forced expiratory volume in
one second; FVC, forced vital capacity; PEF, peak expiratory flow; MMEF, maximum midexpira-
tory flow.

analysis (PCA) and orthogonal partial least squares discriminant analysis (OPLS-DA) confirmed clear separation among
the three groups, and the separation observed in these figures demonstrated the reliability and high quality of the results
(Figure 1B-D).
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Pathway Analysis of Differential Metabolites

Through searching the KEGG database, several key metabolic pathways associated with the differential metabolites were
identified. A bubble plot was constructed using the pathway impact values and P-values derived from the hypergeometric
distribution test, where a higher impact value and a smaller P-value indicated a greater contribution of the pathway.

Figure 2 presents a bubble plot illustrating the impact factors of metabolic pathways among the three groups: the
control group, the pre-AIT group, and the post-AIT group. Six pathways were identified as significantly different across
the groups. They were the PPAR signaling pathway (impact = 0.6000), the GABAergic synapse (impact = 0.5882), the
alanine, aspartate and glutamate metabolism (impact =0.4290), the central carbon metabolism in cancer (impact
=0.3019), the arginine biosynthesis (impact =0.2956) and the linoleic acid metabolism (impact =0.2368). Our results
revealed that 24 metabolites in the pre-AIT group were significantly altered compared to the control group (Figure 3).
Furthermore, these six pathways do not function in isolation; rather, they are closely interconnected through metabolites
such as glutamate, tricarboxylic acid (TCA) cycle intermediates, and fatty acids. This suggests that asthma represents
a systemic metabolic disorder rather than an abnormality confined to a single target. Among the 24 differentially
expressed metabolites, five (9,12,13-TriHOME; 9,10-Epoxyoctadecenoic acid; Isocitrate; L-Arginine; Succinic acid
semialdehyde) were found to be modulated by AIT, showing reversal toward control levels following treatment.
Specifically, the levels of these five metabolites were elevated in the pre-AIT group relative to the control group, and
administration of AIT reversed this trend. This reversal suggests that these metabolites may be regulated by a common
upstream mechanism, with effects persisting for at least one-year post-treatment (Figure 3).

The isocitrate level in the pre-AlIT group was 3.54-fold higher than that in the control group (P<0.001); following
one year of AIT, it decreased to 1.71-fold above the control level. The elevation of isocitrate serves as a compensatory
marker of mitochondrial dysfunction, and its reversal following AIT suggests relief of metabolic blockade in the TCA
cycle and restoration of mitochondrial oxidative phosphorylation capacity.
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Abbreviation: AlT, allergen-specific inmunotherapy.
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Figure 3 Comparison of the 24 metabolites among the three groups—control group, pre-AlT group, and post-AlT group. Central carbon metabolism in cancer: Citric acid (J);
Fructose 1,6-bisphosphate (K); Fumaric acid (L); Isocitrate (N); L-Arginine (O); L-Aspartic acid (P); L-Glutamic acid (Q); L-Glutamine (R); L-Leucine (S); L-Methionine (T); L-Valine
(U); Succinic acid (X). Alanine, aspartate and glutamate metabolism: Citric acid (J); Fumaric acid (L); gamma-Aminobutyric acid (M); L-Aspartic acid (P); L-Glutamic acid (Q);
L-Glutamine (R); Succinic acid semialdehyde (W); Succinic acid (X). Linoleic acid metabolism: 9(S)-HPODE (A); 9,10-DHOME (B); 9,1 0-Epoxyoctadecenoic acid (C); 9-OxoODE
(D); 9,12,13-TriHOME (E); 13-L-Hydroperoxylinoleic acid (H); 13S-hydroxyoctadecadienoic acid (I). GABAergic synapse: gamma-Aminobutyric acid (M); L-Glutamic acid (Q);
L-Glutamine (R); Succinic acid (X). Arginine biosynthesis: Fumaric acid (L); L-Arginine (O); L-Aspartic acid (P); L-Glutamic acid (Q); L-Glutamine (R); N-acetylglutamic acid (V).

PPAR signaling pathway: 12-Keto-tetrahydro-leukotriene B4 (G); |3S-hydroxyoctadecadienoic acid (I); 9-cis-Retinoic acid (F).

The L-arginine level in the pre-AIT group was 1.35-fold higher than that in the control group; after one year of AIT, it
decreased to 0.95 times the control level. The increase in L-arginine is a typical manifestation of the “arginine paradox,”

and its normalization following AIT indicates inhibition of the arginase pathway, redirecting arginine metabolism toward
nitric oxide (NO) production and thereby restoring airway dilatory function.
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The succinate semialdehyde level in the pre-AIT group was 28.15-fold higher than that in the control group
(P <0.01); after one year of AIT, it decreased to 0.09 times the control level. The accumulation of succinic acid
semialdehyde reflects impaired GABA degradation; its attenuation after AIT suggests restored succinic semialdehyde
dehydrogenase (SSADH) activity, leading to normalized GABA metabolism and improved regulation of airway smooth
muscle tone and immune cell function.

The 9,10-epoxyoctadecanoic acid level in the pre-AIT group was 118.03-fold higher than that in the control group
(P <0.0001); following one year of AIT, it decreased to 102.31-fold above the control level (P <0.0001). The increase in
9,10-EpoME indicates abnormal activation of the cytochrome P450 (CYP) epoxygenase pathway, and its reversal
suggests that AIT suppresses this overactivation and restores homeostasis of epoxy fatty acid metabolism.

The 9,12,13-trihydroxyoctadecanoic acid level in the pre-AIT group was 90.00-fold higher than that in the control
group (P <0.0001); following one year of AIT, it decreased to 24.44-fold above the control level (P <0.0001). The
elevation of 9,12,13-trihydroxyoctadecanoic acid provides direct evidence of oxidative stress in asthma, and its regres-
sion following AIT indicates restoration of the oxidative—antioxidative balance, protecting the airway epithelium and
vascular endothelium from lipid peroxidation injury.

Although these metabolites belong to distinct pathways, they may be driven by common underlying factors—namely,
oxidative stress and mitochondrial dysfunction.

Comparison between the pre-AIT and post-AIT groups identified additional pathways, including the intestinal
immune network for IgA production (impact = 0.5) and aldosterone-regulated sodium reabsorption (impact = 0.4)
(Figure 4). Key metabolites involved in these pathways included all-trans-retinoic acid, cortisol, and cortisone (Figure 5).
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Figure 4 Bubble plot of metabolic pathway influencing factors of the pre-AlT group and post-AlT. Each point represents a metabolic pathway, with the horizontal axis
representing the -logl0 (P). The P-value represents the P-value from the hypergeometric distribution test. A smaller P-value indicates a more significant impact of the
detected differential metabolites on the pathway. The larger the impact value, the larger the dot, meaning a higher value signifies a greater contribution of the detected
metabolites under that pathway, resulting in a more substantial influence on the metabolic pathway. The color is related to the P-value: darker colors correspond to smaller
P-values, while lighter colors correspond to larger P-values.
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Discussion

Our study reports, for the first time, the impact of one-year AIT intervention on the metabolic profile of asthma in
patients receiving long-term glucocorticoid treatment. The within-subject design allowed us to track the dynamic
metabolic evolution of the same cohort from a “disease + hormonal baseline state” to a “post-treatment state after
one year,” thereby providing deeper insight into the long-term disease-modifying effects of AIT compared to conven-
tional cross-sectional analyses.

Previous metabolomics studies have revealed that metabolic alterations in asthma predominantly involve pathways
related to cellular energy metabolism and hypoxia,®’ lipid metabolism and oxidative stress,'” immune and inflammatory
responses,11 amino acid metabolism,“, steroid and nitrogen metabolism, glutamate—glutamine metabolism,9 as well as
bile acid biosynthesis and vitamin metabolism.?” Consistently, our findings identified significant changes in six major
metabolic pathways in asthmatic children, encompassing lipid metabolism, energy metabolism, neurotransmitter pre-
cursors, and signaling molecules. Notably, several metabolites were shared across these pathways. Among the six
pathways, the PPAR signaling pathway and the GABAergic synapse pathway exerted the most significant influence.

PPARs belong to the ligand-activated nuclear receptor superfamily and comprise three subtypes: PPARa, PPARP, and
PPARY. Leukotriene B4, retinoic acid, and 9-hydroxyoctadecadienoic acid are natural ligands of PPARs.*® Among these,
PPARy is the most widely studied subtype and functions as a master transcriptional regulator of adipogenesis.
Accumulating evidence indicates that PPARY also modulates lymphocyte responses, including those of B cells, innate
lymphoid cells (ILCs), and CD4" T helper cells. Studies have shown that PPARY is selectively expressed in Th2 cells and
certain Treg subsets, and its expression is upregulated in epithelial cells following IL-4 stimulation.>**® ILC2s, which
lack T-cell receptors but produce Th2-type cytokines, are enriched in allergic diseases and also express high levels of
PPARy.*! In our study, elevated levels of three PPAR ligands were observed, suggesting that the PPAR pathway may be
activated in children with asthma, consistent with previous findings.
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Regarding the GABAergic synapse pathway, asthmatic children exhibited decreased L-glutamine levels, along with
increased levels of L-glutamic acid, succinic acid, and y-aminobutyric acid (GABA) compared to healthy controls.
GABA, a major inhibitory neurotransmitter in the central nervous system, acts as an excitatory mediator in airway
epithelial cells. GABA receptor expression increases following allergen exposure, and pulmonary neuroendocrine cells
(PNECs)—the primary source of GABA in the airways—promote goblet cell hyperplasia and mucus secretion via GABA
signaling.*** A previous study reported significantly reduced serum glutaminase activity in patients with asthma relative
to healthy individuals.” Given that glutaminase catalyzes the conversion of L-glutamine to L-glutamic acid and ammonia,
the observed reduction in L-glutamine may be attributable to diminished enzyme activity. However, a separate metabo-
lomics study from Korea reported elevated levels of both glutamine and glutamate in asthma patients, suggesting that
discrepancies may arise from population differences or methodological variations, warranting further investigation with
larger sample sizes.®

Elevated succinic acid levels have been previously reported in adults with asthma and were similarly observed in our
pediatric cohort, consistent with findings indicating that succinate expression varies among children with healthy,
controlled, and uncontrolled asthma.****

Allergen-specific immunotherapy (AIT) is the only disease-modifying intervention recommended by the World
Allergy Organization (WAO).'* The usage of AIT is to induce allergen-specific immune tolerance and prevents allergic
disease progression.'* AIT can be given via a subcutaneous immunotherapy (SCIT) or sublingual immunotherapy (SLIT)
route. Allergen-specific immunotherapy showed a positive effect in improving the symptoms of childhood asthma and
reducing the need for medication, but there was significant heterogeneity among different studies.>® Our results showed
that the level of the 5 metabolites (9,12,13-TriHOME; 9,10-Epoxyoctadecenoic acid; Isocitrate; L-Arginine; Succinic
acid semialdehyde) could be reversed by AIT after one year which were increased of the pre-AIT group compared to the
control group. These five regulatory metabolites belong to four dimensions: energy metabolism, amino acid metabolism,
neurotransmitter metabolism, and lipid metabolism. Also, their common upstream are oxidative stress and mitochondrial
dysfunction, which are the core characteristics of asthma pathophysiology. These abnormal states were significantly
reversed after one year, suggesting that the investigational drug not only controlled symptoms but also potentially
repaired the metabolic dysregulation of asthma at its root. This “metabolic repair” effect represents an ideal characteristic
of disease-modifying therapy. It is worth noting that the model group has already been treated with glucocorticoids, while
the post-AIT group has been treated with research drugs on top of glucocorticoids for one year. Therefore, the 5
metabolite callbacks observed by us are additional effects of studying drugs in the context of long-term treatment with
glucocorticoids. According to literature reports, glucocorticoids themselves can regulate the metabolism of arginine and
linoleic acid,®” but there is no evidence of their effects on the GABAergic pathway. In this study, the callback of succinic
acid semialdehyde (GABAergic pathway) and the further decrease of arginine and linoleic acid metabolites suggest that
the investigational drugs may synergistically exert their effects by enhancing the known effects of glucocorticoids and
introducing new regulatory pathways. Under a one-year time frame, the continued existence of these effects eliminates
the possibility of short-term fluctuations and supports their reliability as true therapeutic effects.

Notably, significant changes were also observed in two other pathways—intestinal immune network for IgA
production and aldosterone-regulated sodium reabsorption—involving all-trans-retinoic acid, cortisol, and cortisone. All-
trans-retinoic acid showed no significant difference from controls before or after AIT, suggesting that this pathway may
not be central to asthma pathogenesis.

Protective IgA levels are often reduced in the airways of individuals with asthma. Retinoic acid, a metabolite of
vitamin A, may promote IgA synthesis.>® Importantly, all-trans-retinoic acid also exerts corticosteroid-like anti-
inflammatory effects and can attenuate airway hyperresponsiveness and remodeling.>® In our study, all-trans-retinoic
acid levels decreased following AIT, which may reflect treatment-related metabolic adaptation; however, post-treatment
levels did not differ significantly from those in controls. Cortisol and cortisone, endogenous steroid metabolites, were
reduced prior to AIT and increased after treatment to levels comparable to those in healthy children. Steroid metabolism
in asthma is known to fluctuate with disease activity—adrenal glucocorticoid concentrations rise during acute exacer-
bations and subsequently decline, returning to levels similar to controls during remission.*” Long-term systemic
corticosteroid therapy can further suppress endogenous steroid metabolites. The normalization of cortisol and cortisone
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observed after AIT in our study may be attributable to improved disease control and reduced use of inhaled corticoster-
oids, although this relationship requires further validation.

There are certain limitations to this study: firstly, the lack of a control group that only uses glucocorticoids for 1 year
makes it impossible for us to fully distinguish between the drug effects studied and the long-term cumulative effects of
glucocorticoids. However, literature reports that the metabolic regulatory effects of glucocorticoids typically reach
a plateau in the short term, so further changes after one year are more likely to be attributed to the investigational
drug. Secondly, the one-year time span may have mixed factors such as season and environment, but the self-controlled
before and after control design to some extent controlled for these variables. Future research could establish a long-term
treatment group with glucocorticoid monotherapy and use denser time point sampling (such as 3 months, 6 months, 12
months) to accurately depict the trajectory of metabolite changes over treatment time.

Conclusion

This study demonstrates for the first time the impact of one-year AIT on the metabolic profile of children with allergic
asthma receiving long-term inhaled glucocorticoid therapy. Children with asthma mainly exhibited six pathways which
including 24 metabolites disturbances compared to healthy peers, 5 of which were reversed following AIT. AIT may
synergistically enhance the therapeutic effects of glucocorticoids while also introducing novel regulatory mechanisms.
The persistence of these metabolic changes over a one-year period supports their validity as stable therapeutic outcomes
rather than transient fluctuations.
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