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Introduction: Asthma is a pulmonary disease and its pathogenesis is involved with immune cells and related signal-
ling pathways. Alpha-alumina is material for therapy applications and mucus adhesion promoting protein is cell-
surface protein. Vasoactive intestinal peptide (VIP) exerts immunomodulation. Therefore, the drug delivery system
and target binding molecule could be applicable for treatment of asthma.

Material and methods: VIP-MapA-a-alumina was administered to asthmatic mice. Then, eosinophil percentage,
IgE, IL-4, IL-5, and IL-13 levels, GATA3, and MUC5AC gene expression, ROS and lung histopathology were studied.
Results: Eosinophil percentage, IgE, IL-4, IL-5, IL-13, and ROS levels, expression of GATA3 and MUC5AC genes, goblet
cell hyperplasia, mucus hyper-production, perivascular and peribronchial inflammation were decreased in VIP and
VIP-MapA treated groups and treatment with VIP-MapA has a stronger effect than VIP alone.

Conclusions: The delivery system of VIP carrying to the lung with the use of MapA as an adhesion molecule, could
easily carry VIP and led to penetration of this component to the mucus and reach bronchial cells and present an
effective, strong, and long-acting effect on therapy of asthma.
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Introduction

Asthma is an important pulmonary disease that
threatens public health in all countries, and affects more
than 350 million people. Both genetic predisposition and
environmental factors contribute to the development
and exacerbation of asthma [1-3]. In asthma, aetiology
is not fully understood, but its pathogenesis is involved
with multiple immune cells and related signalling path-
ways such as T helper 2 (Th2) pathway and eosinophilic
inflammation. Excessive reactive oxygen species (ROS)
production plays a main role in the asthma pathogen-
esis, and recent studies implied that GATA3 (main gene
of Th2), MUC5AC (main gene of mucus production), and
KIAA1109 have an association with the moderate-to-
severe asthma development susceptibility. The MUC5AC
has an important role in airway remodelling and teth-
ering impairs mucociliary transport, which is likely to
be main contributors to obstruction of the airway and
asthma mortality [4-6].

Aluminium Oxide Nanoparticle (alpha-alumina,
a-ALO,, 99.9%, 50 nm) is thermodynamically stable
and important material for therapy applications [7]. The
mucus-binding ability of Lactobacillus fermentum is me-

diated by a mucus adhesion promoting protein (MapA),
which is known as a cell-surface protein [8, 9].

Vasoactive intestinal peptide (VIP) consists of 28
amino acid residues and is distributed in the immune
and nervous systems. Abundantly, VIP is present in the
lung and VIP-immunoreactive nerves are involved in the
glands and smooth muscle layer of airways, and walls
of pulmonary vessels. VIP exerts wide biological func-
tions, such as neuromodulation, smooth muscle relax-
ation, anti-inflammation and immunomodulation that
are mediated via interaction with two subtype receptors
VPAC1 and VPAC2. VIP acts as a potent bronchodilator
and VIP deficiency is a pathogenic factor in asthma. It
was also presented that VIP enhances phosphatidylcho-
line synthesis, the major component of surfactants in the
pulmonary system, by enhancing choline-phosphate cy-
tidylyltransferase (CCT) and CCTa mRNA via its receptor-
mediated pathway. Herein, in systemic administration,
the rapid degradation of VIP is the main limitation of its
clinical applications as a therapeutic agent. In addition,
systemic administration of VIP can cause side effects in
the cardiovascular system [7, 10].

About asthma, more of the recently developed medi-
cations had no ability to control all aspects of asthma
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pathophysiology. Based upon recent findings, administra-
tion of exogenous VIP may be effective for the treatment
of asthma in clinically practice [7, 11]. Therefore, the effec-
tive drug delivery system to the target tissue is necessary
and for lung administration, developing the formulation
for pulmonary administration could be applicable and us-
ing VIP with delivery system and target binding molecule
(MapA to the mucus of the airway) would be applicable
in anti-asthma-therapy.

Material and methods
VIP-MapA preparation

Preparation of VIP-MapA attachment to alpha-alumi-
na was done according to the previous study [7] and in
brief, after preparation of a-alumina, VIP and MapA were
attached to alpha-alumina particles.

Treatment schedule

BALB/c mice were kept under standard laboratory con-
ditions and were divided in 4 groups (n = 7 mice). To pro-
duce an allergic asthma mouse model, ovalbumin (OVA)
was used for sensitization and challenge according to
a previously studied protocol [12, 13]. Four groups include:
healthy control group (PBS group) that was sensitized and
challenged by PBS, allergic asthma mouse model group
(OVA group), allergic asthma mouse model group that was
treated with VIP (VIP group) and allergic asthma mouse
model group that was treated with VIP-MapA-a-alumina
(VIP-MapA group), on days 25 and 29. On day 31, mice
were euthanized and sampling was done.

BALF cells

Broncho-alveolar lavage fluid (BALF) was col-
lected from lungs. After preparation and staining of
produced slides, the percentage of eosinophils was
determined.

IgE level

The immunoglobulin E level (total IgE) was measured
in blood serum samples (that were taken on day 31) with
a specific ELISA kit.

Cytokines level measurement

BALF was centrifuged and supernatants were applied
to determine the levels of cytokines (IL-4, IL-5, and IL-13)
by using specific ELISA kits.

Gene expression

For study expression of two genes GATA3 and MU-
C5AC, the cells in the BALF were isolated, and from these
cells, total RNA was extracted. After synthesis of cDNA,
quantitative real time PCR was applied and the GAPDH
gene was used as an internal gene.
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Histopathology

Lung tissues of mice were isolated and fixed. Then
slides were stained with hematoxylin and eosin (H&E),
and evaluated by light microscopy to survey mucus hy-
per-production, goblet cell hyperplasia and eosinophilic
inflammation in the perivascular and peribronchial area.

ROS determination in BALF

For measurement of ROS in BALF, BALF cells were
washed and DCFDA was incubated in DMSO. The mi-
croplate fluorescence reader was used to measure fluo-
rescence intensity at excitation and ROS level was ex-
pressed in arbitrary units.

Ethics approval and consent to participate

The current study was approved by the ethic commit-
tee of animal house of ix.med.vet.dep, 2023 (No. IX.MED.
VET.DEPREC.2023.0100016.9).

Statistical analysis

Experimental tests were reported as means + SD and
SPSS software was used for analyses of data with the
paired t-test and Fisher’s LSD tests. GraphPad Prism was
used for providing graphs. And p-value less than 0.05
was supposed as significant.

Results
BALF cells

Eosinophils as main cells in airways of asthma were
increased in BALF of the OVA group (77%) compared with
the PBS group (4%) (Figure 1). Administration of VIP and
VIP-MapA as treatment could decrease eosinophils (63%
and 28%, respectively) in BALF.
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Figure 1. BALF cells. Percentage of eosinophil (EOS) in BALF
of all groups was determined
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Figure 2. IgE. The level of total IgE was measured in serum
of all groups
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Figure 3. Cytokines. The levels of main Th2 cytokines (IL-4,
IL-5 and IL-13) were measured in BALF of all groups
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Figure 4. Gene expression. Expression of two genes; GATA3
and MUC5AC were evaluated in all groups

550

IgE level

The total IgE level in serum was increased in the
OVA group (2639 ng/ml) in comparison to the PBS group
(133 ng/ml) (Figure 2). Administration of VIP and VIP-
MapA as treatment could decrease the total IgE level in
serum (2312 and 1083 ng/ml, respectively).

Cytokine levels

The levels of three main allergic asthma-related Th2
cytokines (IL-4, IL-5 and IL-13) were studied; they were
increased in the OVA group (99, 92, and 167 pg/ml, re-
spectively) as compared to the PBS group (44, 43, and
51 pg/ml, respectively) (Figure 3). Administration of VIP
and VIP-MapA as treatment could decrease IL-4, IL-5 and
IL-13 in BALFE

Gene expression

The gene expression of GATA3 and MUC5AC were
enhanced in the OVA group (12 and 15 relatively ex-
pression, respectively) compared to the PBS group
(1and 1 relatively expression, respectively) (Figure 4). Ad-
ministration of VIP and VIP-MapA as treatment could de-
crease GATA3 (8 and 4 relatively expression, respectively)
and MUCS5AC (7 and 4 relatively expression, respectively)
gene expression.

Histopathology

In the OVA group, perivascular and peribronchial eo-
sinophilic inflammation and also, hyperplasia of the gob-
let cell and mucus hyper-production were increased in
comparison to the PBS group (Figure 5). Administration
of VIP and VIP-MapA as treatment could decrease peri-
vascular and peribronchial eosinophilic inflammation, hy-
perplasia of the goblet cell and mucus hyper-production.

ROS level

ROS level was increased in the OVA group and treat-
ment with VIP and VIP-MapA could ameliorate an in-
creased ROS level (Figure 6). Both treatment strategies
were effective in reduction of the ROS level compared to
the non-treated OVA group.

Discussion

Bronchial inflammation via eosinophil infiltration
with mucus hyper realizing leads to airway obstruction
that is the main problem in asthma and controlling of
this problem is the main therapeutic goal in asthma. In
current clinical practices, the eosinophil and IgE level, as
markers of eosinophilic inflammation, are measured in
type 2 allergic asthma [14, 15]. In our study, treatment of
asthmatic mice with VIP-MapA could control perivascu-
lar and peribronchial inflammation that were mainly eo-
sinophilic inflammation and also, goblet cell hyperplasia
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Figure 5. Histopathology. Perivascular and peribronchial eosinophilic inflammation and also, hyperplasia of the goblet cell
and mucus hyper-production were studied in lung pathological sections in all groups

VIP has a wide range of biological functions and can
act as a neuromodulator of the inhibitory non-adrenergic
and non-cholinergic nervous system of airways, which
influences many aspects of pulmonary biology. VIP de-
ficiency is a causative factor in the respiratory disease
pathogenesis. In the clinical application, VIP was offered
as potential treatment for chronic inflammatory pulmo-
nary diseases such as asthma; however, its application
has several limitations, including difficulty in administra-
tion routes, extremely short half-life in plasma after in-
travenous administration, and its dangerous side effects
on the cardiovascular system [16]. VIP plays an impor-
tant role in the neuroendocrine—-immune response and
participates in cell differentiation, and smooth muscle
relaxation as well as VIP inhibits promotion of Thl to Th2
transformation. Proliferation and hypertrophy of airway
smooth muscle cells (ASMCs) are responsible for airway
remodelling that leads to irreversible pathological chang-
es in the airway. Caveolin (Cav)-1 on the surface of ASMCs
is involved in cell cycle and signal transduction regula-
tion, which allows ASMCs to change from proliferation
to apoptosis. The signalling pathway of the extracellular
signal-regulated kinase (ERK)1/2 is a common pathway
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Figure 6. ROS. The ROS activity level was determined in
all groups

and mucus hyper-production, which are main factors in
bronchial obstruction. This effect was stronger in the VIP-
MapA than in the VIP group that showed an enhancing
effect of MapA on the stability of VIR
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regulated by several proliferative factors, which demon-
strates a regulatory role in airway remodelling of asthma.
The effect of VIP on IL-13-induced ASMCs proliferation
was studied via the VIP effects on phospho-ERK1/2,
ERK1/2, and Cav-1 expression in ASMCs. VIP inhibits the
ERK1/2 signalling pathway phosphorylation and Cav-1
expression on ASMCs, thus inhibits proliferation of the
ASMCs [17]. The GATA3 is the main regulatory and differ-
entiation gene of Th2 and MUCS5AC is the main gene in
mucus production. These two genes were overexpressed
in allergic asthma and led to Th2 immune response domi-
nant and mucus production, respectively, that are main
factors in asthma pathogenesis. Administration of VIP-
MapA as asthma treatment could decrease GATA3 and
MUCS5AC relative expression.

VIP immunoreactivity was observed in all lymphoid
organs and is evidence for the synthesis of VIP by im-
munocytes. VIP regulates biological activities through
its receptors, which are positively coupled to adenylyl
cyclase. Also, VIP can be a physiological cytoprotective
molecule in pathophysiological situations in which im-
munocompetent cells are involved [18]. VIP, as an immu-
nomodulator and anti-inflammatory agent, acts through
its specific receptors: VPAC1 and 2. Stabilized VIP deriva-
tive (IK312532) was suggested as an anti-asthma drug
candidate and was developed for inhalation therapy
[19]. It was observed that in this study VIP-MapA acted
as a strong immunomodulator and this effect was more
powerful than for VIP alone. VIP-MapA could reduce main
Th2 and allergic asthma related cytokines: IL-4, IL-5 and
IL-13 that were increased in the OVA group.

It was shown that the inhaled VIP is rapidly degraded
by endogenous proteases and intravenous administra-
tion of VIP has a cardiovascular side effect. VIP in the
circulation, as well as other natural peptides, is subject
to the rapid chemical and enzymatic degradation after
the systemic administration. To overcome such short-
coming of VIP, a carrier to prevent the self-aggregation
and, maintaining a certain functional form of VIP is nec-
essary. Using erythritol as a carrier, with high stability,
was recently reported for intratracheal administration,
VIP binds to VIP receptors in lung. Thus, manipulated
VIP is advantageous for the therapy of lung diseases
and a pharmacologically useful drug for asthma [20].
The stable VIP derivative for inhalation therapy had no
degradation and conformational changes and exhibited
high inhalation performance. It attenuated inflammatory
symptoms in experimental asthma model rats and de-
creased infiltrated granulocytes [21]. In the current study,
manipulated VIP is more advantageous than VIP alone
for the therapy of asthma. The total Igk level as a main
laboratory marker of allergic diseases was significantly
reduced by VIP-MapA treatment in comparison to VIP
Also, the ROS level was decreased in the VIP-MapA group
and VIP-MapA could ameliorate the increased ROS level
more than VIP
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In a study of 2004, the effect of synthetic VIP-like
analogues (the pituitary adenylate cyclase-activating
peptide or PACAP) on cytokine induction in airways
was evaluated. Systemic administration of the PACAP
analogue attenuated the cytokine-induction in BALF and
also, local administration of the VIP analogue inhibits
cytokine-induced neutrophil recruitment in airways [22].
Eosinophils as main cells in airways of allergic asthma,
were decreased in BALF with administration of VIP-MapA
and this effect was more highlighted in VIP-MapA than
in VIR

The mucus layer is a complex arrangement of mucin
glycoproteins, which plays a main role in protecting the
epithelial surface from harmful foreign substances and
pathogens. The mucus layer is periodically cleared; any
entrapped materials are removed for excretion. Muco-
adhesive systems play an anchor-like role at the site
of mucus and have strong interactions with mucus to
prolong residence; as such, these systems are attractive
candidates for long-term drug delivery. However, one
major drawback of muco-adhesive systems is that they
cannot access the underlying epithelium, which could
influence possible applications and it will have diffi-
culty in penetrating the mucus layer [23]. Lactobacillus
strain, a member of lactic acid bacteria, is characterized
in fermentation of food and can enhance the intestinal
barrier function as the probiotic strain. Lactobacillus
adheres and aggregates in the gastrointestinal tract
to promote maturity of biofilm and the extracellular
matrix secreting through the signal molecules in the
quorum sensing system [24]. Therefore, adhesion prop-
erties of cell surface proteins derived from Lactobacil-
lus strains provides a valuable vehicle to target mucus
containing tissues.

Lactobacillus adhesion can be done with a mucus-
producing goblet cell and bacterial cells adhere to the
mucus [25, 26]. The mucus-binding protein has a role
in the adhesion and immunomodulatory activity of
Lactobacillus. Furthermore, mucus-binding protein trig-
gers immune regulation through the Toll-like receptor
4 (TLR4) signalling pathway and inhibits the activation
of mitogen-activated protein kinase (MAPK) signalling
pathway [27]. VIP has an immunomodulatory effect
on the control of asthma but it cannot be used alone
because it has many side effects and this peptide can
be eliminated or destroyed. We used a new delivery
system to carry VIP in the lung via inhalation and with
use of MapA as an adhesion molecule, and VIP could
stay on mucus of airways. Therefore, MapA acted as an
anchor and VIP could reach the airway. On the other
hand, use of alpha-alumina led to easy carrying of VIP
and was a linker between VIP and its anchor (MapA).
Also, it could increase density of VIP-MapA and led to
penetration of this component to the mucus and reach
bronchial cells, which presents an effective, strong,
long-acting and applicable asthma therapy.

Advances in Dermatology and Allergology 4, August/2023



Study effect of MAPA-VIP on control of allergic asthma pathophysiology

Conflict of interest

—

ol

~

10.

11.

12.

13.

14.

15.

16.

The authors declare no conflict of interest.

References

. Lankarani KB, Honarvar B, Athari SS. The mechanisms un-

derlying helicobacter pylori-mediated protection against al-
lergic asthma. Tanaffos 2017; 16: 251-9.

. Hajimohammadi B, Athari SM, Abdollahi M, et al. Oral

administration of acrylamide worsens the inflammatory
responses in the airways of asthmatic mice through agita-
tion of oxidative stress in the lungs. Front Immunol 2020;
11: 1940.

. Jiang J, Nasab EM, Athari SM, Athari SS. Effects of vitamin E

and selenium on allergic rhinitis and asthma pathophysiol-
ogy. Respir Physiol Neurobiol 2021; 286: 103614.

. Qian L, Nasab EM, Athari SM, Athari SS. Mitochondria signal-

ing pathways in allergic asthma. J Investig Med 2022; 70:
863-82.

. Ma B, Athari SS, Nasab EM, Zhao L. PI3K/AKT/mTOR and

TLR4/MyD88/NF-xB signaling inhibitors attenuate patho-
logical mechanisms of allergic asthma. Inflammation 2021;
44:1895-907.

.Wu Z, Nasab EM, Arora P, Athari SS. Study effect of probiot-

ics and prebiotics on treatment of OVA-LPS-induced of aller-
gic asthma inflammation and pneumonia by regulating the
TLR4/NF-kB signaling pathway. J Transl Med 2022; 20: 130.
Athari SS, Pourpak Z, Folkerts G, et al. Conjugated alpha-
alumina nanoparticle with vasoactive intestinal peptide
as a Nano-drug in treatment of allergic asthma in mice.
Eur ) Pharmacol 2016; 791: 811-20.

. Miyoshi'Y, Okada S, Uchimura T, Satoh E. A mucus adhesion

promoting protein, MapA, mediates the adhesion of Lacto-
bacillus reuteri to Caco-2 human intestinal epithelial cells.
Biosci Biotechnol Biochem 2006; 70: 1622-8.

.Fernandez N, Wrzosek L, Radziwill-Bienkowska JM, et al.

Characterization of mucus-related properties of streptococ-
cus thermophilus: from adhesion to induction. Front Physiol
2018; 9: 980.

Athari SS, Mortaz E, Pourpak Z, et al. VIP-loaded PLGA as an
anti-asthma nanodrug candidate. Comparative Clin Pathol
2016; 25: 791-6.

Wang D, Nasab EM, Athari SS. Study effect of Baicalein en-
capsulated/loaded Chitosan-nanoparticle on allergic asthma
pathology in mouse model. SaudiJ Biol Sci 2021; 28: 4311-7.
Nasab EM, Athari SM, Motlagh B, Athari SS. Effects of oral
administration of Ocimum basilicum on goblet cell hyper-
plasia and upstream cytokine gene expression in allergic
asthma. Revue francaise d’allergologie 2020; 60: 64-8.
Masoume Athari S, Mehrabi Nasab E, Shamsadin Athari S.
Study effect of Ocimum basilicum seeds on mucus produc-
tion and cytokine gene expression in allergic asthma mice
model. Revue francaise d’allergologie 2018; 58: 489-93.
Ogawa H, Azuma M, Umeno A, et al. Singlet oxygen -derived
nerve growth factor exacerbates airway hyperresponsive-
ness in a mouse model of asthma with mixed inflammation.
Allergol Int 2022; 71: 395-404.

Athari SS, Athari SM. The importance of eosinophil, platelet
and dendritic cell in asthma. Asian Pacific J Trop Dis 2014;
4 (S1): S41-7.

Onoue S, Yamada S, Yajima T. Bioactive analogues and drug
delivery systems of vasoactive intestinal peptide (VIP) for
the treatment of asthma/COPD. Peptides 2007; 28: 1640-50.

Advances in Dermatology and Allergology 4, August/2023

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Wang J, Shang YX, Cai XX, Liu LY. Vasoactive intestinal pep-
tide inhibits airway smooth muscle cell proliferation in
a mouse model of asthma via the ERK1/2 signaling pathway.
Exp Cell Res 2018; 364: 168-74.

Pozo D, Delgado M, Martinez M, et al. Immunobiology of
vasoactive intestinal peptide (VIP). Immunology Today 2000;
21: 7-11.

Misaka S, Aoki Y, Karaki SI, et al. Inhalable powder formula-
tion of a stabilized vasoactive intestinal peptide (VIP) de-
rivative: anti-inflammatory effect in experimental asthmatic
rats. Peptides 2010; 31: 72-8.

Ohmori Y, Onoue S, Endo K, et al. Development of dry pow-
der inhalation system of novel vasoactive intestinal peptide
(VIP) analogue for pulmonary administration. Life Sci 2006;
79:138-43.

Onoue S, Aoki Y, Matsui T, et al. Formulation design and in
vivo evaluation of dry powder inhalation system of new
vasoactive intestinal peptide derivative ([R15, 20, 21, L17,
A24,25, des-N28]-VIP-GRR) in experimental asthma/COPD
model rats. Int J Pharm 2011; 410: 54-60.

Sergejeva S, Hoshino H, Yoshihara S, et al. A synthetic VIP
peptide analogue inhibits neutrophil recruitment in rat air-
ways in vivo. Regulatory Peptides 2004; 117: 149-54.
Subramanian DA, Langer R, Traverso G. Mucus interaction to
improve gastrointestinal retention and pharmacokinetics of
orally administered nano-drug delivery systems. ) Nanobio-
technol 2022; 20: 362.

YuY, Zong M, Lao L, et al. Adhesion properties of cell surface
proteins in Lactobacillus strains in the GIT environment.
Food Funct 2022; 13: 3098-109.

Ortega-Anaya J, Marciniak A, Jiménez-Flores R. Milk fat glob-
ule membrane phospholipids modify adhesion of Lactoba-
cillus to mucus-producing Caco-2/Goblet cells by altering the
cell envelope. Food Res Int 2021; 146: 110471.

Hami M, Naddaf S, Mobedi |, et al. Prevalence of Linguatula
serrata infection in domestic bovids slaughtered in Tabriz
Abattoir, Iran. Iran J Parasitol 2009; 4: 25-31.

Xiong R, Pan D, Wu Z, et al. Structure and immunomodu-
latory activity of a recombinant mucus-binding protein of
Lactobacillus acidophilus. Future Microbiol 2018; 13: 1731-43.

553



