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Abstract

Background: Several studies have shown a correlation between an altered metab-

olome and respiratory allergies. The epithelial barrier hypothesis proposes that an

epithelial barrier dysfunction can result in allergic diseases development. Der p 1

allergen from house dust mite is a renowned epithelial barrier disruptor and allergy

initiator due to its cysteine‐protease activity. Here, we compared the metabolic

profile of the bronchial epithelium exposed or not to Der p 1 during barrier

establishment to understand its active role in allergy development.

Methods: Calu‐3 cells were cultivated in air‐liquid interface cultures and exposed to
either Der p 1 or Ole e 1 allergens during barrier establishment. The comparative

metabolomics analysis of apical and basolateral media were performed using liquid

chromatography and capillary electrophoresis both coupled to mass spectrometry.

Results: We showed that epithelial barrier disruption by Der p 1 was associated

with a specific metabolic profile, which was highly dependent on the state of the

epithelium at the time of contact. Moreover, an apical‐basolateral distribution of the
metabolites was also observed, indicating a compartmentalization of the response

with differential metabolic patterns. A number of metabolites were changed by Der

p 1, mainly related to amino acids metabolism, such as L‐arginine, L‐kynurenine and
L‐methionine.
Conclusion: This work is the first report on the metabolic response in human

bronchial epithelial cells associated with cysteine‐protease Der p 1 activity, which

could contribute to allergy development. Moreover, it supports a reformulated

epithelial barrier hypothesis that might help to explain allergies and their increasing

prevalence.
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1 | INTRODUCTION

During the last years, the development of inflammatory diseases

such as respiratory allergies has been correlated with changes in

particular metabolites, either generated by the oxidative meta-

bolism or in response to exposome components, such as aller-

gens.1‐5 The complete analysis of metabolites (metabolomics) in a

biofluid has the potential to provide information about alterations

in metabolic pathways that underlie a disease.6,7 In addition, this

technology performs a rapid and accurate analysis of a wide range

of low‐molecular mass molecules, which can enable to uncover

new biomarkers and targets that may be applied in diagnosis,

prognosis and disease treatment. To date, metabolomics based on

nuclear magnetic resonance spectroscopy as well as liquid or gas

chromatography coupled to mass spectrometry have been applied

to numerous clinical disorders, including allergy, cancer and Alz-

heimer’s disease.8‐10

Bronchial epithelial cells play a key role in the orchestration of

lung immune response by secreting a wide variety of mediators,

including cytokines and chemokines, among others.11 The function

of the epithelial barrier is highly dependent on the formation of

apical junctional complexes between adjacent cells, which are

formed by adherens and tight junctions (TJs). Allergic diseases are

characterized by a disrupted epithelial barrier.12 The ‘epithelial

barrier hypothesis’ proposes that an epithelial barrier dysfunction

can be a pivotal first‐step towards the development of allergy and

others diseases.13 Der p 1, the main allergen of house dust mite

(HDM), is a well‐recognized epithelial barrier disruptor,14 as well

as an ‘initiator allergen’,15 because of its cysteine‐protease activity

which can promote an allergic response to unrelated allergens.

Therefore, a comparative metabolomics analysis of the bronchial

epithelium exposure to Der p 1 during barrier establishment will

be key to study the link between defective airway epithelial bar-

rier and allergy development, and understand its role in this

disease.

In this work, air‐liquid interface (ALI)‐cultured Calu‐3 cells

were exposed to a Der p 1 or Ole e 1, an olive pollen allergen

without protease activity,16 during barrier establishment.

Comparative metabolomics analysis was performed using multi-

platform analyses. To our knowledge, this is the first compara-

tive metabolome study reported on the response of human

bronchial epithelium cells to allergen exposure. Our data showed

that the disruption of epithelial barrier by Der p 1 was associ-

ated with a specific metabolome profile, highly dependent on the

epithelial barrier establishment at the time of exposure. In

addition, an apical‐basolateral distribution of the metabolites was

also detected. Finally, the metabolic pathways of particular me-

tabolites that could be involved in the allergic response were

also discussed. Overall, these data support the epithelial barrier

hypothesis, which proposes that a dysfunctional barrier may

underlie allergic diseases development and explain their

increasing prevalence.

2 | MATERIALS AND METHODS

2.1 | Proteins

Natural Der p 1 (LTN‐DP1‐1, Lot. 38190) was supplied from

Indoor Biotech as endotoxin‐free protein (≤ 0.03 EU/μg). Der p

1 was activated by incubation with 0.1 mM reduced glutathione

(GSH; Sigma‐Aldrich) in phosphate buffered saline (PBS) at 37°C

for 15 min, and its cysteine‐protease activity was checked as

described.17 Olive pollen (IBERPOLEN SL) was used to isolate

and purify Ole e 1.16

2.2 | Air‐liquid interface cell cultures

Human bronchial epithelial Calu‐3 cells (ATCC No. HTB‐55,
Lot. 61449062, passages 23–30) were cultured at

3 � 106 cells/cm2 in DMEM nutrient mixture F12 (Thermo

Fisher Scientific), supplemented with 2 mM L‐glutamine (Sigma‐
Aldrich), 100 U/ml penicillin, 100 μg/ml streptomycin (Lonza)

and 5% foetal bovine serum (FBS, Hyclone GE Healthcare),

onto transwell inserts (pore size 0.4 μm, Corning 3470) at ALI,

at 37°C and 5% CO2.

ALI‐cultured cells were exposed apically to the allergen in

0.1 ml PBS containing 0.1 mM GSH on days 2 and 7: Ole e 1

(25 μg/ml) or Der p 1 (10 μg/ml). To the basolateral side, 0.5 ml of

complete DMEM‐phenol free‐medium (Thermo Fisher Scientific)

with 5% FBS were added. After 24 h, the apical and basolateral

media were collected, and kept at −80°C until the metabolomics

analysis (Figure 1A). Cells exposed only to PBS/GSH were used as

control.

The apical and basolateral media were analysed using multi-

platform analyses by liquid chromatography‐quadrupole time‐of‐
flight mass spectrometry (LC‐QTOF‐MS, Agilent 6520 series) and

capillary electrophoresis (CE)‐TOF‐MS (CE‐TOF‐MS, Agilent 6224

series) following previous workflows.18‐22

The establishment of the Calu‐3 cell barrier was checked by

both measuring the transepithelial electrical resistance (TEER) and

immunofluorescence labelling of TJ protein zonula occludens 1

(ZO‐1). TEER was measured using an EVOM2 voltmeter device

(World Precision Instruments) with an STX2 chopstick electrode,

according to the manufacturer's guidelines. TEER values (Ω cm2)

were calculated by multiplying the effective growth area

(0.33 cm2), after subtracting the average resistance of cell‐free
transwell inserts.

Detail information regarding (a) Immunofluorescence labelling

and confocal laser scanning microscopy of TJs, (b) Sample prepara-

tion and Quality control preparation, (c) Metabolomics analysis, (d)

Metabolite annotation, and (e) Statistical analysis are described in

detail in Supporting Information. The raw data are available in

Metabolights repository under accession number MTBLS1755

(http://www.ebi.ac.uk/metabolights).
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3 | RESULTS

3.1 | In vitro characterization of barrier
establishment by ALI‐cultured Calu‐3 cell line

TEER values and TJs between adjacent epithelial cells are accurate

indicators of barrier impairment, a key orchestrator in the develop-

ment of allergic diseases. Thus, Calu‐3 cells were cultured at ALI, and

the establishment of the epithelial barrier was monitored by TEER

measurements and TJ protein ZO‐1 staining (Figure 1). On day 2 at

ALI, the epithelial barrier was still forming as indicated by the low

TEER values (under 100 Ω cm2), and the diffuse cytoplasmic pattern

of the TJ protein ZO‐1; this means that cells are non‐polarized. In
contrast, the increased in both the fluorescence intensity and local-

ization of ZO‐1 at the cell–cell contact zones, and TEER values above

500 Ω cm2 were indicators of the establishment of epithelial barrier

by day 7 at ALI: thus, cells are polarized. Ole e 1 exposure of cells did

not alter TEER values or ZO‐1 pattern, regardless of time of expo-

sure, while exposure to Der p 1 decreased TEER values and caused a

more prominent discontinuous staining pattern of ZO‐1 on day 2

than on day 7.

3.2 | Metabolic profile of ALI‐cultured Calu‐3 cells
exhibit a dual dependence on both type of exposure
and cell polarity

According to the kinetic of the epithelial barrier establishment, LC‐
MS+, LC‐MS− and CE‐MS were used to determine the comparative

metabolic profile of ALI‐cultured Calu‐3 cells after 24 h of exposure

to Ole e 1 or Der p 1 allergens, on days 2 and 7 at ALI. A total of 869

and 877 features were obtained on the apical and basolateral com-

partments of ALI‐cultured Calu‐3 cells, respectively, by the multi-

platform analyses.

F I G U R E 1 Characterization of air‐liquid interface (ALI)‐cultured Calu‐3 cells. (A) Schematic diagram of experiential protocol. Calu‐3 cells
were cultured under ALI conditions and exposed to Der p 1 or Ole e 1 for 24 h during barrier establishment. Cells exposed to PBS/GSH were
used as controls. Apical and basolateral media were collected, and metabolic profile was determined using liquid chromatography‐quadrupole
time‐of‐flight mass spectrometry (LC‐QTOF‐MS) and capillary electrophoresis (CE)‐TOF‐MS. Green and red arrows indicate the timing of
allergen addition, and the sample collection, respectively. (B) Time course of transepithelial electrical resistance values of ALI‐cultured Calu‐3
cells on the indicated time points. Data are representative of three independent experiments and are expressed as the mean ± SD of triplicate
determinations. Significant differences are indicated by ***p < 0.001. (C) Confocal laser scanning microscopy analysis of zonula occludens 1

(red) expression on the indicated time points. Representative Z‐stack projection of 12–16 individual sections are shown. White arrows indicate
tight junction disruptions. Scale bar = 25 μm. Control, unexposed cells; Ole e 1; cells exposed to Ole e 1; and Der p 1, cells exposed to Der p 1
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Non‐supervised principal component analysis (PCA) was used to

detect patterns in samples according to the time of allergen‐exposure
over barrier establishment on apical and basolateral compartments

(Figure 2). For each platform, PCA score plots evidenced that samples

were clearly separate into two clusters depending on the exposure

time (day 2 vs. day 7), both on the apical and the basolateral com-

partments, suggesting that the metabolic response of ALI‐cultured
Calu‐3 cells to an allergen strongly was dependent on the func-

tional state of the epithelial barrier.

Partial least‐squares discriminant analysis (PLS‐DA) of the same
samples were also performed to differentiate between control and

allergen‐exposed groups, both on the apical and basolateral com-

partments during the time of barrier establishment (Figure 3). PLS‐
DA score plots of the apical samples showed that Der p 1‐exposed
group was clearly separated from the control group, regardless of

the time of exposure. However, the apical metabolic profiles of Ole e

1‐exposed and control groups did no exhibit significant differences,

as only one PLS‐DA model was obtained on day 7 by LC‐MS− plat-

form. The differences observed between Ole e 1 and Der p 1 can be

explain by the effect of the latter on the epithelial barrier: Der p 1,

but no Ole e 1, altered TEER values and ZO‐1 expression pattern.

The R2 values (variance explained) for all models were 0.984–0.539,

and their Q2 (predictive capability) were 0.660–0.190. Samples ana-

lysed by LC‐M− showed higher and most robust PLS‐DA models.

Although some Q2 values were low, the separation between groups

observed in the obtained PLS‐DA models suggest that ALI‐cultured
Calu‐3 cells exposed to Der p 1 exhibited a distinct pattern in the

metabolic profile on the apical compartment. Nevertheless, for most

of the basolateral dataset, no PLS‐DA models were obtained,

indicating that there were no notable significant differences between

groups with the type of exposure at different times of barrier

establishment (Figure 3). Only one model was built for Der p 1‐
exposed group versus control on 2 days using CE‐MS platform, and

this suggest that the differences in metabolic profile between both

groups could be mainly due to the amino acids as this technique al-

lows their detection. And, a single PLS‐DA model was obtained for

Ole e 1 versus control on day 7 using LC‐MS−. On the basis of these
data, the apical and basolateral compartments exhibited different

metabolic profiles, mainly, in Der p 1‐exposed cells.

3.3 | Annotation and identification of metabolites
released by ALI‐cultured Calu‐3 cells after allergen
exposure during barrier establishment

Univariate analysis was performed to define which metabolites were

differentially released among the three groups. A total of 292 and

196 differential features were obtained among all the experimental

groups on the apical compartment on days 2 and 7, respectively. For

the basolateral compartment, 118 and 60 differential features were

detected on days 2 and 7, respectively. The number of features were

significant higher on the apical compartment than on the basolateral

one in all groups.

Heatmaps were generated to visualize the hierarchical cluster

analysis of metabolic profiles from the three groups (Figure 4). These

representations indicate similarity/dissimilarity (as distance measure)

among groups. Each square in the heatmap dendrogram represents

the abundance level of a single metabolite in a single sample. It was

F I G U R E 2 Non‐supervised PCA score plots of apical and basolateral samples from air‐liquid interface‐cultured Calu‐3 control cells and
cells exposed to Der p 1 or Ole e 1 for 24 h during barrier establishment, analysed by liquid chromatography‐mass spectrometry + (LC‐MS+),
LC‐MS− and capillary electrophoresis (CE)‐MS. The number (n) of signatures from apical and basolateral compartments are indicated. The unit
variance‐scaling was applied. Three biological replicates of each group were used. Orange circle, day 2; blue circle, day 7
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observed again that the metabolome of cells exposed to Der p 1

could be clearly separated, both from control and Ole e 1‐exposed
cells within the time of barrier establishment, suggesting a partic-

ular metabolome for the cells after exposure to this allergen

(Figure 4). The metabolome of the three groups could clearly

discriminate from each other whatever the time of barrier estab-

lishment. It is worth noting that the number of decreased metabolites

was notably higher on the basolateral compartments than on the

apical one of Der p 1‐exposed cells on day 2 compared to the other

groups. Finally, Der p 1 and Ole e 1 were linked together by the

F I G U R E 3 PLS‐DA models of apical and basolateral samples between control and allergen‐exposed air‐liquid interface‐cultured Calu‐3
cells on day 2 and day 7 during barrier establishment, using liquid chromatography‐mass spectrometry + (LC‐MS+), LC‐MS− and capillary
electrophoresis (CE)‐MS platforms. Data were UV scaled for all the models, and n = 3 for all groups. Quality parameters of the models: R2 is
the variance explained by the model, and Q2 is the predictive capability, for both 1 means 100%. ‘No model' means that not robust model was
built comparing both groups
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dendrogram suggesting that the metabolic profile of both allergens

share similitudes on the basolateral compartment. In addition, heat-

maps showed that samples could be clearly separated with the time

of barrier establishment both on the apical and the basolateral

compartments (Figure 5). Interestingly, metabolites that were

increased on day 7, tended to be decreased on day 2, and vice versa

(being more evident on the apical compartment). Significant features

were annotated, as illustrated in Tables S1 and S2, amino acids such

as L‐alanine, L‐isoleucine or L‐serine were increased between 7 and

10 fold on the apical compartment of Der p 1 exposed cells on day 7

compared to day 2.

After annotation, a total of 67 and 20 extracellular metabolites

were obtained for the apical and basolateral compartments, respec-

tively (Table S1–S4). These metabolites encompass biochemical

subclasses such as: amino acids, peptides and analogues (i.e., L‐
alanine, asparaginylalanine or pipecolic acid); carbohydrates and

carbohydrate conjugates (i.e., D‐fructose or fructosyl‐lysine); diacyl
glycerophospholipids (i.e., PI(37:7) or PS(41:4)); fatty acids and con-

jugates (i.e., mevalonic acid); pterins and derivatives (i.e., folinic acid);

carbonyl compounds (L‐kynurenine); and pyridinecarboxylic acids

(i.e., niacinamide), among others. Amino acids, peptides and analogues

were the main groups of metabolites that were significantly altered in

both cellular compartments after allergen exposure, both on days 2

and 7. On day 2, L‐glutamic, L‐isoleucine, L‐kynurenine, L‐methionine,
L‐tyrosine, L‐tryptophan and L‐valine were among the top 10 me-

tabolites exhibiting the highest levels in the apical compartment after

Der p 1‐exposure; while on day 7, were L‐alanine, L‐arginine, L‐
glycine, L‐glutamine, L‐isoleucine and L‐methionine, among others.

Interestingly, metabolites related to lipid metabolism, including

sphingolipids, glycerophospholipids, inositol phosphates and fatty

acid thioesters were decreased after Der p 1‐exposure, both on days
2 and 7. Analysis of metabolic pathways altered in ALI‐cultured Calu‐
3 cells after allergen exposure was performed using IMPaLA

(Table S5). Pathway analysis showed that most of the significantly

changed pathways after allergen exposure in comparison to control

cells were related to amino acid metabolism and transport, including

arginine metabolism, glycine, serine and threonine metabolism,

phenylalanine and tyrosine metabolism and tryptophan metabolism.

F I G U R E 4 Heatmaps of significant
metabolites from air‐liquid interface‐cultured
Calu‐3 cells exposed to Der p 1 or Ole e 1
allergens in comparison to control cells, on days
2 and 7 during barrier establishment.

Significantly differed metabolites were selected
using Mann‐Whitney U test (p < 0.05), and
hierarchical clustered using Ward's algorithm,
with dendrograms to represent the distance

between samples: apical data (n = 18,
metabolites n = 409); and basolateral data
(n = 18, metabolites n = 69). Colours represent

the levels of metabolites (rows) from the
biological samples (columns): red, high levels
and blue, low levels
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4 | DISCUSSION

During the last years, metabolomics studies have revealed the

alteration of relevant biological pathways in relation to diseases,

including asthma and other allergic diseases.1‐8 In this work, the

comparative metabolic profile of ALI‐cultured Calu‐3 cells was ob-

tained after the exposure to Der p 1 or Ole e 1 allergens for 24 h, on

days 2 and 7 of culture. The model at day 2 mimics an immature/

impaired airway epithelium in early childhood with viral infections,23

while the model at day 7 represents a mature epithelium of a healthy

individual. Overall, our data show the strong dependence of the

metabolic response to allergen exposure on the epithelium state at

the time of contact, as indicated by the differences detected between

metabolic profiles on day 2 and 7 of culture at ALI. These data agreed

with the functional state‐dependence described for the disruption of

the airway barrier by Der p 1, mainly affecting an immature/impaired

epithelium (day 2), but not on a healthy one (day 7).24 Similarly, a

differentiation state‐dependent of cytokine release by ALI‐cultured
NHBE cells in response to Ole e 1 has also been described.25

Moreover, the multivariate analysis of the samples revealed further

differences between the epithelial cell response to Ole e 1 and Der p

1 allergens. Exposure to Der p 1 significantly altered the metabolic

profile of the cells but no significant differences were detected be-

tween metabolic profiles of Ole e 1‐exposed cells compared to con-

trol cells. These differences could be partly explained by the cysteine‐
protease activity of Der p 1 that previous studies have shown to

contribute to the allergic response by different mechanisms.14 In this

sense, Der p 1 disrupts bronchial epithelial barrier by cleavage of the

TJ proteins (occludins, claudins and ZO‐1), which results in cell sig-

nalling alteration. Here, we showed that disruption of the epithelial

barrier by Der p 1 was associated with a specific metabolic profile

dependent on the epithelial barrier establishment at the time of

exposure (day 2 vs. day 7). In addition, the data also demonstrated

differences in the apical versus basolateral distribution of metabo-

lites, suggesting that independent signalling pathways may occur in

the apical and basolateral compartments of the polarized bronchial

epithelial after allergen exposure. Epithelial cell polarity results from

the cell barrier formation, which depends on TJs and adherens

junctions established between neighbouring cells. Cell polarity is

crucial in maintenance of lung homoeostasis. Therefore, the disrup-

tion of cell polarity by environmental insults such as proteases, could

have an important function in the development of allergy.

Several pathways were altered after allergen exposure during

epithelial barrier establishment. Marked changes in amino acid

metabolism were found. High levels of the amino acids glycine, serine,

and threonine, which shares biochemical pathways, were detected on

the apical compartment of ALI‐cultured Calu‐3 cells after Der p 1

exposure on day 7. The metabolic pathways of these amino acids

have been associated with severe asthma in children.26 Serine is a

precursor of the amino acids glycine and cysteine that are compo-

nents of the tripeptide GSH, which plays a key role in the regulation

of lung pro‐inflammatory response. Similarly, high levels of glutamine
were also found on the apical compartment of this culture. The

observed increased levels of the essential GSH precursor suggests

that GSH metabolism and synthesis are altered in Der p 1, exposed

cells on day 7. In addition, serine is also a precursor of sphingolipids

and glycerophospholipids, which are decreased after Der p 1 expo-

sure during barrier establishment.

Moreover, high levels of the branched chain amino acids L‐valine
and L‐isoleucine were also detected on the apical compartment of

ALI‐cultured Calu‐3 cells after Der p 1 exposure along the culture. It

has been reported that branched amino acid supplementation

modulate the immune response by promoting cell proliferation and

regulation of cytokine secretion.27 This was accompanied by high

F I G U R E 5 Heatmaps of significant
metabolites from air‐liquid interface‐cultured
Calu‐3 cells on day 2 versus day 7 during barrier
establishment. Significantly differedmetabolites
(p < 0.05) with a false discovery rate ≤0.1
obtained using liquid chromatography‐mass
spectrometry + (LC‐MS+), LC‐MS− and
capillary electrophoresis‐MS platforms were
selected: apical data (n = 18, metabolites

n = 338); and basolateral data (n = 18,
metabolites n=65). Colours represent the levels
of metabolites (rows) from the biological

samples (columns): red, high levels; and blue, low
levels
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levels of L‐histidine and L‐methionine on the apical compartment of

ALI‐cultured Calu‐3 cells after Der p 1 exposure. Histidine is the

precursor of histamine, an inflammatory mediator and disruptor of

the epithelial barrier,28 whose levels are elevated in allergic patients.

Methionine plays an important role in the synthesis of proteins

involved in the immune response. This has been identified as a

biomarker of asthma, along with glutamine and histidine,29 and all

three altered at seizure stage of pollinic patients.30

On the other hand, L‐tryptophan, L‐arginine and L‐kynurenine
were significantly increased on the apical compartment of ALI‐
cultured Calu‐3 cells after Der p 1 exposure but not on the baso-

lateral one, compared to both, control and Ole e 1‐exposed cells.

These metabolites have been associated to allergy.31,32 The essential

amino acid L‐tryptophan is breakdown by the indoleamine 2,3‐diox-
ygenase (IDO) enzyme in N‐formyl‐kynurenine via the kynurenine

pathway, which also include the metabolite kynurenine.33 IDO‐1 is

the predominant isoform expressed in the lung by epithelial cells

among others.34 This enzyme has been involved in allergic inflam-

mation by controlling local levels of tryptophan.35‐38 Defective IDO

activity has been reported in rhinitis allergic patient and in airway

epithelial primary cultures and cell lines after HDM exposure.39,40

Moreover, high tryptophan levels have been described in serum of

pollinic patients35 and linked to unresponsiveness to immunotherapy

in different animal models.41‐44 We found a decreased kynurenine/

tryptophan ratio on the apical compartment of ALI‐cultured cells

exposed to Der p 1 on day 2, when the barrier is not yet established.

Interestingly, this ratio was not altered on day 7, when the barrier is

established. It has been shown that kynurenine contributes to

tolerance induction against allergens and has been associated with

low activity of IDO.41,45,46 Overall, our data support the notion that

exposure to Der p 1 induces an inflammatory response on the apical

compartment of ALI‐cultured Calu‐3 cells on day 2. L‐arginine plays a
key role in the regulation of airway function via the production of the

bronchodilating nitric oxide (NO) by the nitric oxide synthase (NOS).

Both arginine and NO have been extensively reported to be

increased in asthma.47‐49 However, controversy exits about their role

on airway responsiveness and remodelling.50 Thus, an increased NOS

activity has been associated to a pro‐inflammatory state, whereas an
up‐regulation of arginase activity has been linked to an anti‐
inflammatory state and inhibition of Th2 response.50‐53 Moreover,

increased amounts of intracellular NO have been shown to inhibit the

mitochondrial respiratory chain, leading cells to rely on Warburg

metabolism for energy generation.54 Interestingly, asymmetrical

dimethyl arginine (ADMA), another important metabolite in arginine

metabolism, was increased on the apical compartment after Der p 1

exposure only on day 7. ADMA is a potent NOS inhibitor, and low

levels of this metabolite have been associated with decreased airway

function in asthmatic patients.55,56

The lung is a metabolically highly active organ whose glucose

consumption exceeds that of other organs.57 Our data suggested that

ALI‐cultured Calu‐3 cells shift their metabolism to aerobic glycolysis

or Warburg metabolism for ATP production after exposure to Der p

1 on day 2, as indicated by the accumulation of pantothenic acid on

the apical compartment. The pantothenic acid is precursor of the

synthesis of coenzyme A, which is essential in the metabolism of fatty

acids and the citric acid cycle. The low levels of pyridoxal found on

the basolateral media after Der p 1 treatment supports the notion

that the epithelial cells are using aerobic glycolysis as pyridoxal lib-

erates glucose monomers form glycogen (glycogenolysis).54 Warburg

metabolism is switched on in response to cellular activation in

numerous cell types and in highly proliferative cells, such as T cells

and macrophages.58,59 However, further studies are needed to un-

derstand its role in the immature epithelial barrier.

To our current knowledge, this is the first time a study has re-

ported on the metabolic response of human bronchial epithelial cells

to allergen exposure. Together, our data proved that the disruption

of epithelial barrier by the cysteine‐protease Der p 1 activity was

associated with a specific metabolic profile, which could contribute to

allergy development. Moreover, this metabolic response was highly

dependent on the epithelial barrier establishment at the time of

allergen exposure. The metabolic changes may provide a key to

uncovering the role of the epithelial barrier in the development of

allergic diseases at the molecular level. Finally, these data support a

reformulated epithelial barrier hypothesis, which postulates that a

dysfunctional barrier can underlie allergic diseases development and

explain their increasing prevalence.
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