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A B S T R A C T

Background: Recurrent cow's milk (CM) aspiration is often associated with gastroesophageal reflux in infants and
toddlers and it seems to be implicated in the etiology of different inflammatory lung disorders. This study aimed
to investigate ex vivo the impact of CM aspiration on human airways and whether treatment with beclomethasone
dipropionate (BDP) or sodium cromoglycate (SCG) may prevent the potential CM-induced airway hyper-
responsiveness (AHR).
Methods: Human isolated bronchi were contracted by electrical field stimulation (EFS10Hz) to mimic the con-
tractile tone induced by the parasympathetic activity and challenged with CM, fat/lactose-free CM, or human
breast milk (HM). The effect of pre-treatment with beclomethasone dipropionate (BDP) and sodium cromoglycate
(SCG) was also investigated on the AHR induced by CM.
Results: After a 60 min-challenge with CM 1:10 v/v and fat/lactose-free CM 1:10 v/v, ASM significantly (P < 0.05)
increased compared to control (þ67.04 � 17.08% and þ77.91 � 1.34%, respectively), a condition that remained
stable for 150 min post-treatment, whereas HM did not alter ASM contractility. BDP 1 μM and 10 μM significantly
(P < 0.05) reduced the AHR elicited by CM (�52.49 � 10.97% and �66.98 � 7.90%, respectively vs. control). At
the same manner, SCG 1 μM and 10 μM significantly (P < 0.05) inhibited the CM-induced AHR (�59.03 � 9.24%
and �73.52 � 7.41%, respectively vs. control).
Conclusion: CM induces AHR in human ASM by eliciting an increased parasympathetic contractile response.
Preventive treatment with nebulized SCG may be indicated in infants or toddlers fed with CM, rather than with
BDP due to a superior safety profile.
1. Introduction

Gastroesophageal reflux (GER) often represents a physiological con-
dition in neonates and infants, characterized by the involuntary retro-
grade movement of gastric contents into the oesophagus (Rybak et al.,
2017). However, the clinical presentation of GER is variable, from
innocent regurgitation to severe extra-oesophageal complications such as
aspiration pneumonia and further chronic pulmonary disorders including
asthma and recurrent bronchopulmonary infections (Iwadate et al.,
2001; Colombo and Hallberg, 2000). Unfortunately, although very
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rarely, GERmay lead to sudden infant death (Iwadate et al., 2001). Cow's
milk (CM) aspiration is often associated with GER in infants and toddlers
and even though occasional aspiration is generally asymptomatic, large
amount of aspirated milk seems to be associated with sudden death in
childhood (Iwadate et al., 2001).

Evidence indicates that recurrent CM aspiration induces persistent
inflammation and airway hyperresponsiveness (AHR) related with ab-
normalities in the parasympathetic control of airway smooth muscle
(ASM), and it has been implicated in the etiology of different inflammatory
lung disorders. In a murine animal model, CM aspiration has been
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Table 1
Main characteristics of donors and normal ranges in agreement with GINA (GINA
and Global Initiative for Asthma (GINA), 2020) and GOLD recommendations
(GOLD and Global Initiative for Chronic Obstructive Lung Disease, 2020).

Variables Values Normal range

Gender (male/female) 8/8 /
Age (years) 50.0 � 3.0 /
Height (cm) 164.8 � 2.0 /
Weight (Kg) 68.3 � 3.0 /
Smoking status:
Current 4 /
Former 5 /
Never 7 /
IgE 55.8 � 5.7 <100
CM specific IgE ND ND
Pack years 24.4 � 5.6 /
FEV1 (L) 2.71 � 0.07 /
FEV1 (% predicted) 93.1 � 2.4 >80
FEV1 reversibility (%) 4.8 � 1.3 <12%
FVC (L) 3.34 � 0.09 /
FEV1/FVC 0.81 � 0.01 >0.7

CM: cow's milk; FEV1: forced expiratory volume in 1 s; FVC: forced vital capacity;
GINA: Global Initiative for Asthma; GOLD: Global Initiative for Chronic
Obstructive Lung Disease; IgE: immunoglobulin E; IU: international units; ND:
not detectable.
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associated with airway dysfunction, lung eosinophilia, and goblet cell
hyperplasia (Janahi et al., 2000). Interestingly, recurrent small-volume CM
intratracheal instillation in rabbits caused persistent inflammation and it
was associated with enhanced airway reactivity compared to sham con-
trols (Colombo and Hallberg, 2000). Moreover, this inflammatory state
was characterized by either neutrophilia or eosinophilia in bronchial
lavage specimens (Colombo and Hallberg, 2000). These findings lent
support to the hypothesis that CM microaspiration might significantly
contribute to airway inflammation, thus predisposing patients to increased
airway reactivity in patients with GER (Colombo and Hallberg, 2000).

Although recurrent aspiration of CM has been shown to alter the
neural control of bronchi in young rabbits (Cazzola et al., 2011), to date
limited data are available concerning the detrimental effect of such
condition in human airways. Children often suffer from both GER and
asthma, however it is difficult to establish a causal relationship between
CM aspiration, GER, and pulmonary sequelae (Orenstein and Orenstein,
1988). Considering the weakness of the current scientific background,
the aim of this study was to investigate ex vivo the impact of CM aspi-
ration on human ASM contractility and whether treatment with the
inhaled corticosteroid (ICS) beclomethasone dipropionate (BDP) or the
cromone sodium cromoglycate (SCG) may prevent the potential
CM-induced AHR.

2. Materials and methods

2.1. Tissue collection and preparation

Regions of lungs were taken from uninvolved areas of neoplastic le-
sions and resected from 16 patients undergoing lobectomy surgery for
lung cancer. Tissues were placed in Krebs-Henseleit (KH) buffer solution
as previously described (Cazzola et al., 2011) and transported to the
Laboratory of Respiratory Clinical Pharmacology at the University of
Rome “Tor Vergata” (Italy) from a nearby hospital. None of the patients
had been chronically treated with bronchodilators or corticosteroids, and
serum immunoglobulin E (IgE) levels were in the normal range (<100
IU/ml), and no CM specific IgE were detected.

Preoperative lung function parameters were normal in all the patients
who were not affected by chronic obstructive respiratory disorders.
Detailed demographic and metric characteristics of donors are reported
in Table 1.

In the laboratory, the airways were cut into rings (subsegmental
bronchi: thickness 1–2 mm, diameter 4–6 mm) and transferred into a 10-
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ml High Tech 8 Channels Manual Compact Organ Bath system (Panlab
Harvard Apparatus, Spain) containing KH buffer solution (37 �C) and
aerated with O2/CO2 (95:5%). Tissues were allowed to equilibrate and
the KH buffer solution was constantly changed.

2.2. Milk challenge

Human isolated bronchi were incubated for up to 150 min with
different dilutions (v/v with KH buffer solution) of CM (carbohydrate 5.0
g/dl, lactose 4.0 g/dl, fat 3.6 g/dl, protein 3.4 g/dl; “Latte fresco Gran-
arolo Alta Qualit�a”, Granarolo S.p.A, Bologna, Italy), fat/lactose-free CM
(carbohydrate 4.9 g/dl, lactose<0.1 g/dl, fat<0.1 g/dl, protein 3.1 g/dl;
“Latte Accadì Senza Lattosio Senza Grassi”, Granarolo S.p.A, Bologna,
Italy), or human breast milk (HM; carbohydrate 7.2 g/dl, lactose 6 g/dl,
fat 3.4 g/dl, protein 1.2 g/dl). HM was donated by a 34-year-old woman
at the 4th month of lactation.

2.3. Transmural stimulation

Transmural stimulation, also called electrical field stimulation (EFS),
was performed by placing tissues between two wire platinum electrodes
(20 mm apart, Panlab Harvard Apparatus, Spain), connected to a 3165
multiplexing pulse booster stimulator (Ugo Basile, VA - Italy). Bronchial
rings were contracted by EFS10Hz (biphasic pulse with a constant current
of 10 V, 0.5 ms, 10s) in order to stimulate the vagal nerve firing (para-
sympathetic pathway) observed in human in vivo via endogenous
cholinergic contractile tone (Cazzola et al., 2011).

2.4. Preparation of drugs

The following drugs were used: BDP (Sigma-Aldrich, Milan, Italy)
diluted in distilled dimethyl sulfoxide (DMSO), β-lactoglobulin (Sigma-
Aldrich, Milan, Italy) diluted in KH buffer solution, and SCG (Sigma-
Aldrich, Milan, Italy) diluted in water. Compounds were stored in small
aliquots at �80 �C until their use.

2.5. Contraction measurement

Bronchial rings were connected to isometric force transducers Fort25
(WPI, UK). The signal was amplified by a Powerlab 8/36 and Octal
Bridge Amp system (AD instruments, UK), recorded and analyzed via the
LabChart 7 interface software (AD instruments, UK). Tissues were
mounted on hooks and one was attached with thread to a stationary rod
and the other hook tied with thread to an isometric force displacement
transducer. Airways were allowed to equilibrate by flushing with fresh
KH buffer solution. Passive tension was determined by gentle stretching
of tissue (0.5–1.0 g) during equilibration. The isometric change in ten-
sion was measured by the transducer and the tissue vitality was assessed
by EFS10Hz. These procedures allowed the bronchial rings to be correctly
positioned between the hooks. When the passive contractile tone reached
the plateau, rings were washed three times with fresh KH buffer solution
and allowed to equilibrate for further 45 min.

2.6. Experimental design

2.6.1. Study characteristics
This study was designed as ex vivo, prospective, randomized, nega-

tive- and positive-controlled, time-controlled, blinded, parallel-group.

2.6.2. Endpoints
The co-primary endpoints of this study were to investigate the impact

of CM aspiration on ASM contractility and whether BDP and SCG may
have a role in protecting human airways from the potential AHR induced
by CM. Graphical examples of the experimental design and bronchi
contractility is shown in Fig. 1.



Fig. 1. Graphical examples of the experimental design and bronchi contractility in human isolated airways. BDP: beclomethasone dipropionate; Cþ: positive control
(60-min challenge with CM, dilution 1:10 v/v); C-: negative control (KH buffer solution); CM: cow's milk; EFS: electrical field stimulation; KH: Krebs-Henseleit; SCG:
sodium cromoglycate.
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2.6.3. Study 1. effect of milk challenge on the contractile tone of human
isolated bronchi induced by transmural stimulation

Isolated airways were challenged with different concentrations of CM
(dilution 1:1000, 1:100, 1:10 v/v with KH buffer solution) and stimu-
lated by EFS10Hz trains delivered every 15 min for 1 h. After having
identified the minimum concentration of CM that elicited significant
AHR (P < 0.05 vs. negative control, C-), experiments were repeated for
150 min by delivering trains of EFS10Hz each 15 min during the first hour,
and then every 30 min. Isolated airways were also challenged with fat/
lactose-free CM or HM at the same dilution of that of CM-inducing
AHR. Experiments were also performed on bronchial rings incubated
with KH buffer solution (C-). In further experiments, isolated airways
were challenged with different concentrations of β-lactoglobulin diluted
in KH buffer solution (2 μg/ml, 20 μg/ml, 0.2 mg/ml, 2 mg/ml) and
stimulated by EFS10Hz trains delivered every 15 min for 1 h. All the so-
lutions were prepared to have the same isotonic osmolarity (290 mOsm).

2.6.4. Cytokines quantification
At the end of experiments, supernatants were collected for the

quantification of interleukin (IL)-4, IL-13 and IL-33. The quantification of
the compounds was performed by using RayBio® ELISA kits, in agree-
ment with the manufacturer instructions. Briefly, the assays employed
specific antibodies for human IL-4, IL-13, and IL-33 coated on 96-well
plates. Standards and supernatants were pipetted into the wells and IL-
4, IL-13, and IL-33 present in the samples were bound to the wells by
the immobilized antibody. The wells were washed and biotinylated anti-
human IL-4, IL-13, and IL-33 antibodies were added. After washing away
unbound biotinylated antibody, HRP-conjugated streptavidin was
pipetted into the wells. The wells were again washed, tetrame-
thylbenzidine substrate solution was added to the wells and colour
developed in proportion to the amount of IL-4, IL-13, and IL-33 bound.
The stop solution changed the colour from blue to yellow, and the in-
tensity of the colour was measured at 450 nm.

2.6.5. Study 2. effect of BDP and SCG on CM hypersensitivity
Isolated airways were pre-incubated 1 h with BDP 0.1 μM–10 μM or

SCG 0.1 μM–10 μM for 1 h. After that, bronchial tissue was challenged
3

with CM at dilution inducing AHR and stimulated by trains of EFS10Hz
delivered each 15 min for 1 h. Experiments were also performed on
positive control (Cþ), bronchial rings that were challenged with CM and
not treated with BDP or SCG.

2.7. Analysis

2.7.1. Pharmacological analysis
The contractile response of isolated bronchial rings was expressed as a

percentage of the standard reference contractile tension acquired at the
end of equilibration time. The standard bronchial contractile tension was
calculated as the mean of 5 consecutive EFS10Hz, 3 min apart from each
other. Maximal contractile tension (Emax) was identified as the highest
contractile force induced by EFS stimulation. For every seven bronchial
rings mounted in the isolated organ bath system, one served as a time
control (Mercier et al., 2002).

2.7.2. Group size, randomization, blinding, data and statistical analysis
Since no published data are currently available concerning the po-

tential AHR induced by CM on ASM and the possible protective role of
BDP and SCG, in the present study it was not possible to calculate the
sample size. However, we set n ¼ 5 in agreement with the current
pharmacological guidelines for preclinical studies, where n refers to in-
dependent values and not replicates (available at: https://bpspubs.onli
nelibrary.wiley.com/hub/journal/14765381/author-guidelines.html).
The total number of bronchial rings necessary to complete the study was
n ¼ 120, including C-, Cþ, and time control. Isolated airways were
collected from at least n ¼ 5 different donors. The number of samples
from a subject permitted to test all the treatments in the same experi-
ment, including controls. The impact of CM, fat/lactose-free CM or HM
on the ASM contractility was compared with C-, whereas the effect of
different concentrations of BDP and SCG against the potential AHR
induced by CM was compared with Cþ.

Values are presented as mean � SEM of n ¼ 5 bronchi from different
subjects, the statistical significance was assessed by the Student's t-test
and analysis of variance (ANOVA), and the level of statistical significance
was defined as P< 0.05. The data and statistical analysis comply with the
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Fig. 2. Concentration-response of 60 min-challenge with CM (A) and effect of
CM 1:10 v/v over 150 min of incubation (B) in human isolated bronchi stim-
ulated by EFS10HZ. *P < 0.05 (statistical analysis assessed by Student's t-test) and
***P < 0.001 (statistical analysis assessed by two-way ANOVA) vs. C-; data
represent the mean � SEM of n ¼ 5 bronchial tissue from different subjects. C-:
negative control (KH buffer solution) CM: cow's milk; EFS: electrical field
stimulation; KH: Krebs-Henseleit.
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recommendations on experimental design and analysis in pharmacology
(Curtis et al., 2018). Data were collected and managed in order to
perform pre-specified statistical analysis; any so called “p-hacking” were
avoided in order to prevent that any potential bias could affect the
robustness of results, as reported by Head and colleagues (Head et al.,
2015).

Each bronchial ring was randomly assigned to a specific treatment by
using a computer-generated sequence. All the study procedures were
performed under blinded condition, in which both the operator and data
analysis were blinded.

All data analysis was performed using computer software GraphPad
Prism 5 (GraphPad Prism, La Jolla, CA, USA).

2.8. Ethics approval and consent to participate

Ethical approval (R.S. 37/20, 2020; Independent Ethical Commit-
tee, Fondazione PTV Policlinico Tor Vergata) and informed consent
were consistent with the National Committee of Bioethics and Com-
mittee for Bio-safety, Biotechnology and Life Sciences (available at:
http://old.iss.it/binary/eric/cont/Informed_consent.pdf), the recom-
mendations on the collection of biological samples for research pur-
poses (available at: https://search.coe.int/cm/Pages/result_details.as
px?ObjectID¼09000016805d84f0), the ethical and legal recommen-
dations concerning the biobank and the research biorepository
(available at: https://www.oeci.eu/Documents/OECI_Biobank.pdf),
and the Comitato Nazionale per la Biosicurezza, le Biotecnologie e le
Scienze per la Vita (Raccolta di campioni biologici a fini di ricerca,
consenso informato, 2009; available at:http://bioetica.governo.it/me
dia/3457/p2009-misto-2-raccolta-di-campioni-biologici-a-fini-di-rice
rca-consenso-informato-it.pdf).

3. Results

3.1. Baseline characteristics of isolated airways

No significant difference (P > 0.05) was detected between the wet
weight of the human isolated bronchial rings used in the different
treatments arms (overall 89.31 � 7.61 mg), regardless of the smoking
habit of donors. The contractile tension induced by trains of 10 Hz EFS in
control bronchi and before treatments was 408.76 � 66.96 mg. The
amount of tissues available to complete this study permitted to use the
same tissue for all conditions (Cþ, C-, different concentrations of treat-
ments) in each experiment.

3.2. Impact of CM and β-lactoglobulin on the ASM contractility

A 60 min-challenge with CM 1:1000 and 1:100 v/v elicited no effect
(P > 0.05) on human transmural-induced ASM contractility compared to
C-. Conversely, treatment with CM 1:10 v/v significantly enhanced ASM
contractility (Emax vs. C-: þ67.04 � 17.08%, P < 0.05), as well as
β-lactoglobulin administered at 0.2 mg/ml and 2 mg/ml (overall Emax vs.
C-: þ52.82 � 13.85%, P < 0.05) (Fig. 2A). The transmural-induced AHR
induced by CM 1:10 v/v remained stable for 150 min post-treatment (P
< 0.001 vs. C-; Fig. 2B). Neither CM nor β-lactoglobulin significantly
altered the passive contractile tone of human bronchial rings (P > 0.05
vs. pre-challenge, data not shown).

3.3. Impact of fat/lactose-free CM and HM on ASM contractility

Fat/lactose-free CM 1:10 v/v induced significant AHR (Emax vs. C-:
þ77.91 � 1.34%, P < 0.05) after 60 min of treatment, and the increased
transmural-induced ASM contractility remained stable for 150 min post-
treatment (P < 0.001 vs. C-) (Fig. 3). The extent and time-course of AHR
inducedby fat/lactose-free CM1:10 v/vwas not significantly different (P>
0.05) that than elicited by CM 1:10. On the contrary, HM 1:10 v/v did not
significantly (P> 0.05) alter the ASM contractility compared to C- (Fig. 3).
4

3.4. Protective effect of BDP and SCG on the AHR induced by CM

Both BDP and SCG prevented the AHR elicited by 60 min-challenge
with CM 1:10 v/v in a concentration-dependent manner. BDP 1 μM
and 10 μM, but not BDP 0.1 μM, induced a significant reduction of AHR
elicited by CM, compared with Cþ (�52.49 � 10.97% and �66.98 �
7.90% respectively, P < 0.05). In the same manner, also SCG 1 μM and
10 μM, but not SCG 0.1 μM, significantly inhibited the AHR induced by
CM, compared with Cþ (�59.03 � 9.24% and �73.52 � 7.41%
respectively, P < 0.05). No difference was detected between BDP and
SCG with respect to the prevention of AHR (P > 0.05), and both the
compounds abolished the AHR mediated by CM when administered at
higher concentrations (Fig. 4). BDP and SCG did not significantly alter (P
> 0.05) the ASM contractility in not-challenged airways (data not
shown).

3.5. Cytokine release

The challenge with CM 1:10 v/v induced a significant (P < 0.05)
release of IL-4 and IL-13 in human isolated bronchial tissue (þ117.30 �
7.00% and þ85.04 � 11.93% vs. C-, respectively). Also β-lactoglobulin
0.2 mg/ml significantly increased the release of IL-4 and IL-13 (þ85.04
� 11.93% and þ66.96 � 8.20% vs. C-, respectively). Neither CM 1:10 v/
v nor β-lactoglobulin significantly (P > 0.05) modulated the
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Fig. 3. Impact of fat/lactose-free CM and HM on contractile tone induced by
EFS10HZ in human isolated bronchi. ***P < 0.001 (statistical analysis assessed
by two-way ANOVA) vs. C-; data represent the mean � SEM of n ¼ 5 bronchial
tissue from different subjects. C-: negative control (KH buffer solution); CM:
cow's milk; EFS: electrical field stimulation; HM: human milk; KH:
Krebs-Henseleit.

Fig. 4. Protective effect of BDP and SCG against the AHR induced by CM in
human isolated bronchi stimulated by EFS10HZ. *P < 0.05 and **P < 0.01 vs. Cþ
(statistical analysis assessed by Student's t-test); data represent the mean � SEM
of n ¼ 5 bronchial tissue from different subjects. AHR: airway hyper-
responsiveness; BDP: beclomethasone dipropionate; Cþ: positive control (60-
min challenge with CM, dilution 1:10 v/v); C-: negative control (KH buffer so-
lution); CM: cow's milk; EFS: electrical field stimulation; KH: Krebs-Henseleit;
SCG: sodium cromoglycate.
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concentrations of IL-33 vs. C-. Both BDP and SCG significantly (P > 0.05)
reduced the increased levels of IL-4 (�65.44 � 5.29% and �73.27 �
7.54% vs. CM 1:10 v/v, respectively) and IL-13 (�91.31 � 13.31% and
�83.13 � 11.06% vs. CM 1:10 v/v, respectively). No effect of BDP and
SCG was detected on IL-13. Detailed information on the modulation of
the levels of IL-4, IL-13, and IL-33 is shown in Fig. 5.

4. Discussion

The results of this research indicate that the acute challenge with CM
elicits AHR in human isolated bronchi, by increasing ’70% the para-
sympathetic contractile response induced by EFS10Hz when diluted 1:10
with KH buffer solution. Conversely, at higher dilutions CM did not alter
the human ASM contractility. Interestingly, it has been demonstrated via
semi-quantitative analysis that the positivity of milk in the airways of
sudden death cases in infants ranged from 0.3% to 86.4%, with a mean
value of 18.0% (Iwadate et al., 2001). Such an evidence endorses the
translational applicability of our ex vivo model of milk aspiration.

Considering the consolidated translational impact resulting from ex-
periments performed in isolated bronchial tissue (Calzetta et al., 2015,
2017, 2019; Cazzola et al., 2015; Rogliani et al., 2015, 2019), in this
study we provide for the first time a suitable ex vivo model of CM aspi-
ration that may be applied to understand the mechanisms leading to AHR
and the potential pharmacological interventions to prevent such a
detrimental condition.

Since high concentrations of some disaccharides such as glucose may
induce AHR in human bronchial tissue (Cazzola et al., 2012; Rogliani
et al., 2016), we tested whether the concentration of lactose in the CM
could lead to AHR by challenging the isolated airways with
fat/lactose-free CM. This experimental approach permitted also to assess
the potential role of the fat component of CM in the modulation of ASM
contractility. In this respect, we have demonstrated that neither the fat
nor lactose constituents of CM were responsible of AHR, because
fat/lactose-free CM induced the same increase in ASM contractile
response as that elicited by CM.

Indeed, this evidence supports the hypothesis that probably the pro-
tein component of CM may be the cause of AHR of human ASM. Inter-
estingly, since HM did not induce AHR in human isolated bronchi, we
have hypothesized that some specific protein(s) of CM, and not of HM,
could be responsible for the increased contractility in human airways.
Thus, considering the differences in the protein constitution between HM
and CM, probably β-lactoglobulin, the predominant protein in bovine
5

whey that is completely absent from human whey, could be the main
candidate leading to the AHR in human ASM. In this study we have
proven such a hypothesis, as β-lactoglobulin induced AHR in human
isolated bronchi not only when it was diluted in KH buffer solution at the
same concentration of normal CM composition (2 mg/ml) (Franzoi et al.,
2019), but also when the concentration of β-lactoglobulin was consistent
with that of CM diluted 1:10 (0.2 mg/ml) used in our experiments. In any
case, we cannot exclude that also caseins of CM may have a role in
increasing the contractility of human bronchi. In fact, while α-S1 caseins
represent the largest casein fraction in CM, β-caseins by far dominate in
HM. However, β-lactoglobulin remains one of the major CM allergens
(Cortes-Perez et al., 2009; Adel-Patient et al., 2001). In this respect, we
have found that not only CM but also β-lactoglobulin increase the release
of IL-4 and IL-13 from human bronchial tissue, with no effect on IL-33.
This phenomenon may explain why CM and β-lactoglobulin induce
AHR to EFS10Hz but do not alter the baseline passive contractile tone of
human isolated airways. In fact, it has been demonstrated that IL-4 and
IL-13 do not increase ASM contractility per se, but they elicit AHR to
different stimuli via the activation of type II IL-4R (IL-4Rα/IL-13Rα1)
expressed on ASM (Gour and Wills-Karp, 2015; Manson et al., 2020;
Brightling and Bradding, 2005). Moreover, the data of this study allow
ruling out the possibility that CM and β-lactoglobulin may induce AHR
due to the activation of an IL-33/IL-13 axis, as conversely previously
reported (Kaur et al., 2015).

Certainly, the proposed model of CM aspiration allows excluding that
the AHR is mediated by an allergic response since bronchial tissues were
not previously sensitized to CM, and none of the donors were positive for
CM specific IgE. Thus, the evidence provided by our results suggests that
β-lactoglobulin is the main protein responsible for the EFS-induced AHR
in human airways.

In this study, we have also investigated whether treatment with either
BDP or SCGmight prevent the CM-induced AHR. BDP and SCG prevented
the increased ASM contractility elicited by CM in a concentration-
response manner, although both the agents resulted effective only
when administered at concentrations �1 μM. Interestingly, the level of



Fig. 5. Impact of CM, β-lactoglobulin, BDP, and SCG on the release of IL-4 (A), IL-13 (B), and IL-33 (C) in human isolated bronchi. *P < 0.05, **P < 0.01, and ***P <

0.001 vs. C-; #P < 0.05 vs. CM (statistical analysis assessed by Student's t-test); data represent the mean � SEM of n ¼ 5 bronchial tissue from different subjects. BDP:
beclomethasone dipropionate; C-: negative control (KH buffer solution); CM: cow's milk; IL: interleukin; KH: Krebs-Henseleit; SCG: sodium cromoglycate.
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efficacy detected for both BDP and SCG in this research was greater than
that previously reported in other studies performed in isolated ASM
(Rogliani et al., 2020; Cazzola et al., 2016; Calzetta et al., 2018; Stewart
and Fennessy, 1983; Lin et al., 2011), probably due to differences in the
nature of the stimuli applied to the isolated airways and/or
species-specific responses to the investigated treatments.

The rapid protective impact of BDP detected in this study is consistent
with that resulting from previous experiments and is mainly mediated by
non-genomic effect (Cazzola et al., 2016). Such an observation gives
reason to believe that the CM-induced AHR may be related with an
impairment of the Gsα subunit of G protein activity and or an alteration of
the cyclic adenosine monophosphate-dependent protein kinase A axis.
Moreover, the protective effect of SCG against AHR suggests that in
human isolated airways challenged with CM the increased contractility
to EFS may be also related with the degranulation of mast cells. In fact, it
has been demonstrated that mast cells are located in close proximity to
parasympathetic neurons (Powers et al., 2001; Weigand et al., 2009) and
it is well known that SCG is a mast cell–stabilizing agent characterized by
a very rapid onset of action and that prevents the release of mast cell
mediators such as histamine, cysteinyl leukotrienes, prostaglandin (PG)
D2, PGE2, and the prostacyclin metabolite 6-keto PGF1α (S€afholm et al.,
2019; Anderson et al., 2010). This may suggest an interaction between
mast cells and ASM, a proved critical condition for the development of
asthma (Brightling and Bradding, 2005).

Unexpectedly, in the present investigation BDP and SCG resulted to
be equally effective at inhibiting CM-induced AHR. To date it is exten-
sively recognized that cromones are characterized by a superior safety
profile than ICSs, particularly in children (Kannisto et al., 2002). As a
matter of fact, the overall beneficial therapeutic action of ICSs may be
limited by the risk of adverse events (AEs) such as gastroesophageal
reflux disease that, in turn, may facilitate CM aspiration, although the
currently available inhaled formulations have less systemic AEs
compared to oral ones (Sch€acke et al., 2002). In fact, in children ICSs are
reported to increase the risk of diabetes, osteopenia, and growth
impairment (Hossny et al., 2016). On the other hand, SCG may be safely
administered to children via nebulization (Food and Drug Administration
(FDA), 2003).

This study has certainly some limitations, mainly related with the
intrinsic characteristics of the ex vivo model. Specifically, since the
bronchial rings were obtained from random areas of the lungs, it is not
possible to predict whether these areas would have been those exposed to
6

CM aspiration. Furthermore, the model used in this study cannot take
into consideration the role of airway mucus in the exposure to CM.

5. Conclusion

The evidence raised from our research along with those currently
available in the literature suggests that preventive treatment with SCG
may be indicated especially in infants weaned off breast-feeding and
switched to CM or toddlers fed with CM experiencing GER. In this light,
further specific studies are needed to confirm the translational evidence
concerning the effect of CM aspiration in human airways and the pro-
tective effect of inhaled therapy in children with GER.
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