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ARTICLE INFO ABSTRACT

Keywords: Aloe vera, known for its rich phytochemical content, has long been used in traditional medicine. This study
Allergen induced airway inflammation aimed to enhance its anti-inflammatory and anti-allergic properties by formulating an intranasal Aloe vera gel
Aloe vera

with propylene glycol (PgAv) and assessing its efficacy through in vitro and in vivo models. In vitro, PgAv and Aloe

g ?:Zlcene glycol vera gel (Av) were tested on LPS-induced HSAEC cells for mRNA expressions of TNFa, IL6, IL1f, and IL5. Co-
THP-1 culture experiments revealed PgAv reduced TNFa and increased IFNy, promoting a Tyl-type response. In vivo,

OVA PgAv was administered intranasally to BALB/c mice with OVA-induced allergic airway inflammation model
(AIAR). PgAv reduced mRNA expression of pro-inflammatory cytokines in bronchoalveolar lavage fluid (BAL),
decreased TNFa and OVA-IGE levels in plasma, and attenuated eosinophil infiltration and lung inflammation.
While PgAv increased IL6 levels, it concurrently reduced PGD2 levels, indicating a therapeutic effect via pros-
tanoid synthesis pathways. PgAv demonstrated superior efficacy compared to Av in modulating inflammatory
responses, enhancing Tyl responses for immunological balance, and mitigating Ty2-mediated inflammation.
These findings suggest PgAv as a promising treatment for allergic airway inflammation, warranting further
investigation to clarify the underlying mechanisms.

1. Introduction more than 360 species worldwide. The medicinal use of Aloe vera
(A. vera (L.) Burm. f.) dates back to ancient times [1]. The gel contains
The genus Aloe, which belongs to the Xanthorrhoeaceae family, has about 75 compounds such as anthrons, carbohydrates, proteins,

Abbreviations: AECB, Airway Epithelial Cell Basal Medium; AIAR, Allergic Airway Inflammation Response; APS, Aloe-polysaccharide; Av, Aloe vera gel; BAL,
Bronchoalveolar Lavage; CARAS, Combined allergic rhinitis and asthma mouse model; DMSO, Dimethyl sulfoxide; EDTA, Ethylenediamine tetraacetic acid; EGF,
Epidermal growth factor; EMA, European Medicines Agency; FBS, Fetal Bovine Serum; H&E, hemotoxin eosin; HaCaT, High sensitivity of human epidermal kera-
tinocytes; HSAEC, Human Small Airway Epithelial Cell Medium; h, hours; IFNy, Interferon gamma; IgE, Immunoglobulin E; IL, Interleukin; LPS, Lipopolysaccharide;
LTB4, Leukotriene B4; LYM, Lymphocytes; MONO, Monocytes; MTT, 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide; NF-kB, Nuclear factor kappa B
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glycoproteins, amino acids, organic acids, saponins, glucomannans,
enzymes, lipids, and vitamins [2,3]. Studies have revealed the phar-
macological effects of these bioactive compounds. A. vera plant has been
shown to have anti-inflammatory [4], anti-aging [5] wound healing [6,
71, antioxidant [8], anticancer [9,10], cardio-protective [11], antidia-
betic [12], laxative [13], antimicrobial [14], and immunomodulatory
[15] effects. The dagger-shaped leaves are made of mainly two parts:
The leaf skin or cortex, known as rind, and the inner parenchyma gel or
pulp. The gel, which is constituted of 95% water with acemannans as the
major constituent, is known to be responsible for the immunomodula-
tory effect of the plant [14]. In another study, it was reported that the
aloin active ingredient in A. vera suppresses the NF-kB pathway [16].

A. vera gel exhibits a structural configuration analogous to a poly-
meric chain network. An increase in elastic modulus was observed as the
temperature increased. A reduction in viscosity was observed with an
increase in shear rate. The viscous structure of the gel represents a
critical parameter in the formulation process. In a study, it was
emphasized that in addition to the existing viscosity of A. vera gel, the
ratio of other substances to be formulated is of great importance.
Otherwise, the viscosity problem may have adverse consequences in
formulation use [17].

Airway inflammation has been demonstrated to be a fundamental
feature of asthma [18-21]. Typically, this involves a mucosal infiltrate
comprising eosinophils [20], mast cells [19], and activated lympho-
cytes, which collectively contribute to structural alterations, including
epithelial damage, subepithelial fibrosis, and smooth muscle hypertro-
phy [21]. Airway hyperresponsiveness and inflammatory cell infiltra-
tion occur in allergic asthma, which is characterized by allergen-induced
airway inflammation or response [22,23]. IL4, IL5, and IL13, which are
some Ty2 cytokines accompanying inflammation, provide IgE produc-
tion of B cells inducing isotype change [24,25]. Eosinophils, another
immune cell that plays a role in allergic inflammation, lead to the release
of histamine, LTB4, TNFa, and IL13 from mast cells, another phase of
inflammation. Many studies have been conducted to investigate the ef-
fect of A. vera, which has strong bioactive components, on allergic
inflammation [26,27]. In one of these studies, it was reported that
OVA-specific IgE and Ty2 cytokine levels decreased after oral adminis-
tration of the formulation containing A. vera gel in mice with an oval-
bumin (OVA) induced food allergy model [28].

This study aims to formulate and diversify the usable forms of the
anti-inflammatory and anti-allergic properties of A. vera, which have
been demonstrated in vitro on numerous occasions, with a more effective
orientation. This study employed propylene glycol (Pg), a well-known
and well-studied excipient with European Medicines Agency (EMA)
approval, which is frequently used in pharmaceutical preparations with
A. vera gel. Pg is employed as a moisturizer in topical formulations, a
preservative in solutions, and a co-solvent in aerosols, oral solutions,
and topical applications [29-31]. The viscosity of A. vera gel represents
a significant obstacle to the inhalation and intranasal (i.n.) applications
of the substance and thus limits the scope of such studies. Accordingly,
in accordance with EMA standards, we selected Pg as a vehicle and
combined it with A. vera gel in the ratio that we determined to facilitate
i.n. administration. To substantiate the efficacy of this approach, we
examined the allergen-induced airway response (AIAR) in both in vitro
and in vivo settings. In this regard, the present study is a preliminary step
towards the preclinical phase.

2. Material and methods
2.1. Invitro

2.1.1. A. vera gel (Av) extraction

The A. vera plant specimen used in our study is registered in Istanbul
University, Faculty of Pharmacy Herbarium (ISTE) with the number
65118 and cultivated in the Istanbul University Alfred Heilbronn
Botanical Garden greenhouse. A. vera leaves were washed with distilled
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water and weighed. The leaves were left standing vertically in a beaker
for one night to allow the brown latex rich in anthraquinones to flow and
separate. The cut leaf parts were kept in the beaker for 1 night to
separate the anthraquinones. The portion of the leaves kept in the
beaker overnight was dissolved with distilled water and stored in the
refrigerator at +4°C until use. The clear yellow gel was weighed, ho-
mogenized in a Waring Blender, and passed through a cloth filter.

2.1.2. Preparation of the pre-formulation of PgAV

To prepare pre-formulation, the Av was first subjected to lyophili-
zation at 171 hPa for four days, with the conditions maintained at a
temperature of -97°C. Subsequently, the pre-formulation (0.2%, w/v)
was obtained by dissolving the lyophilized Av in a 20% (v/v) propylene
glycol-PBS mixture. The ratio of propylene glycol and PBS was deter-
mined based on the viscosity of the gel. Viscosity assessment acquired
from the Bezmialem Vakif University Drug Application and Research
Center (ILMER) as a service purchase.

2.1.3. Cell culture

This study utilized two distinct cell lines: HSAEC (human primary
small airway cells, PCS-301-010, ATCC) and THP-1 (human leukemia
monocyte cell, TIB-202, ATCC). A specific basal media, designated as
Airway Epithelial Cell Basal (AECB) medium, was prepared with the
following components: HSA 500 pg/mL, linoleic acid 0.6 pM, lecithin
0.6 pg/mL, 6 mM L-glutamine, 0.4% Extract P, epinephrine 1.0 pM, and
transferrin. The final insulin concentration was 10 nM, while that of
triiodothyronine (T3) was 500 pM. Hydrocortisone, epidermal growth
factor (EGF), and insulin were all present at 1 pg/mL. The penicillin
concentration was 10,000 U/mL, while the streptomycin and ampho-
tericin B concentrations were 10 mg/mL and 25 pg/mL, respectively.
The THP-1 cells are suspension cells, and the recommended culture
medium is RPMI 1640, which contains 10% FBS, 100 [U/mL penicillin,
and 100 pg/mL streptomycin at final concentrations. At each passaging
stage, trypsin/EDTA treatment was employed. The cells were then
subjected to centrifugation, after which they were resuspended in fresh
medium, and the passages were performed. Suitable cell stocks were
cryopreserved between passages with DMSO at 5% (v/v) for HSAEC and
10% (v/v) for THP-1. In vitro cultivation processes were performed with
cells frozen between passages 8 and 14 for HSAEC cell lines and between
passages 3 and 6 for THP-1 cell lines.

In order to adapt the co-culture target medium, a transition to RPMI
1640 medium was undertaken. The HSAEC cell line was cultured in the
target medium by applying gradual increases over three-weeks, with
three passages occurring each week. The cells were cultured at a series of
ratios, including 25%:75% (RPMI1640:AECB), 50%:50% (RPMI1640:
AECB), 75%:25% (RPMI1640:AECB), and 100%:0% (RPMI1640:AECB),
respectively. Both media contain 10% fetal bovine serum (FBS), 100 IU/
mL penicillin, and 100 pg/mL streptomycin at final concentrations.
Adaptation to the medium was monitored morphologically under a
microscope.

2.1.4. Viability assessment

The tetrazolium salt 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (Thermo Fisher Scientific, NY, USA) is yellow and
is easily incorporated by viable cells and reduced by the mitochondrial
enzyme succinate dehydrogenase to the formazan compound, which is
purple [32]. HSAEC cells were seeded in a 96-well plate (density of 5 x
102 cells per well) in a 5% CO, atmosphere for 24 h at 37°C. Then, the Av
and PgAv were dispersed in airway epithelial cell basal medium with 10
concentrations (1000, 500, 250, 125, 62.5, 31.25, 15.62, 7.81, 3.9, and
1.95 pg/mL). Cells were incubated for 24 and 48 hours (h). The cells
were washed with PBS three times to remove residual samples before
injecting a fresh cell culture medium into the wells. The stock MTT so-
lution was diluted at 1:10 with a cultivation medium (without phenol
red and FBS), and the assay was performed as described previously [32].
The absorbance of the supernatant was measured at 570 nm. All
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experiments were performed in triplicate/treatment. Statistical analyses
were performed to compare the differences between viability and
half-maximal inhibitory concentration values (ICsp). IC5 values were
calculated using a four-parameter logistic regression model by a Quest
Graph ICsg Calculator [33].

2.1.5. Total RNA isolation and cDNA synthesis

HSAEC cells were induced using one pug/mL LPS for 24 h [34], and an
additional 24 h of treatment were performed with/without Av and PgAv
following LPS-induction. All experiments were conducted in duplicate
for each of the three independent experiments. Then, the total RNA was
extracted using the EcoPURE Total RNA Kit (Ecotech, Erzurum,
Tiirkiye). The final elution buffer volume was 30 ul. The concentration
and quality of the isolated RNA were determined by measuring the
260/280 nm absorbance ratio using Multiscan Go (Thermo Fisher Sci-
entific, MA, USA). Subsequently, the RNA concentration was adjusted to
10 ng/pL for each sample. Then, cDNA synthesis was conducted using a
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
MA, USA), per the manufacturer’s instructions. The obtained cDNAs
were stored at —20°C for further evaluation.

2.1.6. Evaluation of mRNA levels

A total of five genes were assessed, including TNFa, IL5, IL6, and IL1f
mRNA expressions, and human ACTB (beta-actin; cytoskeletal structural
protein) was employed for relative mRNA expression analysis. Primer
design for these genes was conducted using the Primer3Plus software
[35]. The list of primers and annealing temperatures is presented in
Table S1. The primer specificity was confirmed in silico using the UCSC
database, followed by a BLAST search [36]. The optimal annealing
temperature was identified through gradient PCR in a T100 Thermal
Cycler (Bio-Rad, CA, USA), and the resulting products were quantified
via agarose gel electrophoresis. All cDNA samples were diluted 1:5 with
ultrapure water before further experiments. After that, the expression
levels were evaluated with 2X SYBR Green Kit (Nepenthe Arastirma
Teknolojileri, Tiirkiye) according to the manufacturer’s instructions
with the CFX Connect Real-Time PCR Detection System (Bio-Rad, CA,
USA). Samples were tested as duplicates on the same 96-well PCR plate
per sample in 40 cycles, and the mean Cq values were utilized for sub-
sequent analysis. QqRT-PCR was conducted using a two-step method,
comprising a denaturing step at 95°C for 5 seconds, an annealing step for
15 seconds, an extension step at 72°C for 10 seconds, and a final
extension step at 72°C for 2 minutes.

2.1.7. Determination of cytokine levels

Cytokine levels were assessed using sandwich ELISA kits for super-
natant samples. All experiments were performed in triplicate across
three independent experiments. TNFa and IFNy levels were measured,
and ELISA kits were purchased from Thermo Fisher Scientific. Recom-
mended kit protocols were followed.

2.2. In vivo

2.2.1. Allergen-induced airway response model (AIAR)

This study was conducted after approval from the Local Animal
Ethics Committee (approval number: 2019265). BALB/c mice were
housed and fed ad libitum and randomly divided into the following
groups: pre-op (n=6), sham group received Alum alone during the
sensitization phase, without OVA. During the challenge phase,
phosphate-buffered saline (PBS) was administered intranasally under
the same anesthesia and procedural conditions. This group was included
to control for the potential effects of the adjuvant and procedural ma-
nipulations in the absence of antigen exposure (n=6). After allergen-
induced airway response (AIAR) model: post-model (n=6) and PgAv
treatment groups (48 h, 96 h, 144 h treatment durations, n = 18; six per
group). BALB/c mice aged 8-10 weeks were subjected to a 21-day
airway inflammation response including two phases: sensitization and
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challenge [37,38] In the sensitization phase, the OVA+Alum mixture
was prepared with final concentrations of 2 mg/kg for OVA and 80
mg/kg for Alum and administered intraperitoneally for seven days
(Fig. S1). After a 10-day interval, OVA solution with a final concentra-
tion of 0.4 mg/mL was administered intranasally to each mouse slowly
over a 15 minutes under general anesthesia. Mice were kept in a vertical
position for at least one minute, and normal breathing was observed
throughout the process. This procedure was repeated once a day for 4
days [38]. During the entire 21-day period, weights and feed con-
sumption of the mice were monitored. Blood samples were collected
from BALB/c mice in the submandibular region during the experimental
phases. The collection of blood samples was conducted through the
facial vein (vena facialis). No anesthesia was administered, and a single
puncture was made in the submandibular triangle, then blood samples
were collected and hemogram measurement was performed instanta-
neously with 1/10 of the blood. Remaining blood is collected into
green-capped (heparinized) pediatric tubes. Approximately 100-200 pL
of blood was obtained from each mouse, and bleeding was stopped by
applying short-term pressure. The samples were centrifuged, and plasma
samples were stored at -80°C until further experimentation.

2.2.2. PgAv treatment

The concentration of the pre-formulation (PgAv) administered per
mouse was calculated based on body surface area [39]. Based on the
data obtained from in vitro experiments, the therapeutic concentration of
PgAv was administered intranasally at 7.8 pg per 40 pl with limited
sedation (inhalant agent), slowly, under breathing monitoring. The
PgAv treatment phase was administered every 24 h. The 48, 96, and 144
h treatments included two, four, and six i.n. administrations respectively
and are referred to as 48 h, 96 h, and 144 h throughout the text.

2.2.3. BAL fluid mRNA levels

Retrieved BAL fluids were centrifuged at 500 g for 3 min. Then, total
RNA isolation was performed from BAL fluids using the EcoPURE Total
RNA Kit. The process of cDNA synthesis was carried out using the same
kit utilized in the in vitro stage. QRT-PCR carried out for five genes
including mouse IL1j, TNFa, IL5, IL6, IFNy, IL4 and RPLPO (ribosomal
protein, large, PO; synonym 36B4) was utilized as a reference gene.
Optimizations for the relevant primer melting temperature were
completed by gradient PCR (Table S1). mRNA levels were determined by
qRT-PCR, employing the aforementioned materials and methods in the
in vitro section.

2.2.4. Histopathological analysis

The lung tissue samples were fixed in 10% neutral buffered formalin
for 24 h. The fixed tissue samples were then processed using the routine
light microscope tissue processing method, whereby they were dehy-
drated by passing through graded alcohols. Subsequently, the samples
were embedded in paraffin after clearing in xylol. Sections 3 — 4 um in
thickness were excised from the paraffin blocks and mounted on posi-
tively charged slides using a rotary microtome. A series of decreasing
alcohol concentrations was employed to rehydrate the slides following
deparaffinization at 70°C. Meticulous staining with hematoxylin-eosin
(H&E) was then conducted after rehydration. Finally, the slides were
examined thoroughly and comprehensively under a light microscope
(Nikon Eclipse 920248, U.S.A.). Each section was evaluated and scored
considering the histopathological changes, including epithelial degen-
eration, cellular infiltration, hemorrhage, alveolar collapse, and septal
thickening. Under 20X magnification, epithelial degeneration, cellular
infiltration, hemorrhage, alveolar collapse, and septal thickening were
scored separately in each section as: 0: absent; 1: Mild; 2: Moderate; 3:
Severe, with a maximum score of 15. All histopathological assessments
and scoring were blinded by two independent histopathologists (M.E.
and E.R.H.) to ensure unbiased evaluation.
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2.2.5. Plasma cytokine levels

Stored plasma samples were used for the TNFa, OVA-IE, IL6, and
PDG2 levels, which were determined by ELISA. TNFo and IL6 ELISA kits
were purchased from Thermo Fisher Scientific, OVA-IgE and PDG2 from
Cayman. The experimental procedures were executed following the
manufacturer’s protocol.

2.3. Statistical analysis

All data were normalized in relation to their respective controls and
are presented as the mean + standard error of the mean for each
treatment group. All graphs and analyses were conducted using
GraphPad Prism v10.3.1. P < 0.05 was considered sufficient to reject the
null hypothesis, and asterisks represent different levels of significance;
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. The Student’s
t-test (two-tailed) and/or Mann-Whitney U-tests were employed to
ascertain the significance of the observed differences between the two
groups when necessary, between time intervals or concentration groups.
Comparisons among groups were performed using one-way analysis of
variation (ANOVA) and/or two-way ANOVA with multiple comparison
tests following Tukey’s, Sidak’s, and Dunnett’s tests. The ratios of all 11
genes’ relative mRNA expression levels for qRT-PCR were calculated
with the 222" method [40]. In addition, ELISA data was calculated by
using sigmoidal four-parameter logistic model.

3. Results
3.1. Viscosity assessment

The viscosity of the Av was determined to be 200 mPa.s using a
rheometer. A pre-formulation was prepared by dissolving 0.2% (w/v)
lyophilized Av and 20% (v/v) propylene glycol solution in PBS to ach-
ieve a suitable viscosity for the intended experiments. The viscosity
values obtained for PgAv pre-formulation concentrations ranging from
62.5 to 1.95 pg/mL are presented in Table S4. The target viscosity range
for further experiments (intranasal treatment) is 1-10 mPa-s [41,42].

3.2. Viability changes

We determined the working concentration using an MTT assay on
HSAEC cells. Av and PgAv were compared with 10 different concen-
trations using two time intervals (24h and 48h). The adjusted viability
changes were not significant but showed a concentration-dependent
decrease for Av for both time intervals, except for the lowest concen-
trations at 1.98 and 3.96 pl/mL (p=0.0397 and p=0.0255, respectively)
(Fig. 1A left graph). For PgAv, a similar decrease according to concen-
tration gradient was determined between 1.98 and 62.5 pl/mL con-
centrations (for 1.98 p=0.0272, for 3.9 p=0.0329, for 7.8 p=0.0155, for
15.9 p=0.0345, for 31.7 p=0.0271, for 62.5 p=0.0235), and treatment
with higher than those concentrations showed increased viability at 125
to 500 pl/mL when compared with untreated (for 125 p=0.0089, for 250
pl/mL p=0.0419, for 500 and 1000 pl/mL was not found significant)
(Fig. 1A right graph). These differences resulted primarily from Av
viscosity, and while using PgAv, Pg provided more support for Av to
enhance the cultivation process with increased solubility. Furthermore,
ICsp were determined for HSAEC cells. For Av, the ICso value was 1033
pg/ mL for 24 h and 121 pg/mL for 48 h. The IC5q of PgAv value was 312
pg/mL for 24 h and increased to 500 pg/mL for 48 h. This result
demonstrated is a reverse correlation between Av and PgAv through
time. The most important factor is the high viscosity of the Av. Again,
the increased solubility and viability over time due to the addition of Pg
exhibit a comparable pattern to PgAv viability. Candidate treatment
concentrations were determined at 3.9 pg/mL and 7.8 pg/mL for further
assays.
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3.3. Concentration-dependent modulation of pro-inflammatory cytokine
expression by Av and PgAv in LPS-treated HSAEC cells

HSAEC cells were treated with Av and PgAv at 3.9 and 7.8 pg/mL
concentrations for 24 h, subsequently, total RNA isolation was per-
formed. The spectrophotometric assessment of total RNA samples esti-
mated A260/280 ratios with an average of 1.92 (min. 1.78 - max. 2.11).
The average RNA concentrations were 137.5 ng/ul. qRT-PCR results
showed that TNFa and IL5 mRNA levels showed high levels of changes
depending on the concentration gradient, in particular, 7.8 pl/mL con-
centration of the PgAv group presented a significant decrease compared
to LPS-treated HSAEC cells (p=0.0122 and p=0.0414, respectively)
(Fig. 1B, 1C). In addition, after treatment with only Av for both con-
centrations (3.9 and 7.8 pg/mL), the TNFa and IL5 cytokine mRNA levels
showed similar results (p=0.068 for TNFa, and p=0.0287 for IL5). In Av
treatment, IL6 mRNA levels decreased for both concentrations (3.9 and
7.8 pg/mL) (p=0.0068). However, in LPS-treated Av and PgAv groups,
IL6 mRNA levels increased compared to untreated, while it also showed
a decreasing pattern in the LPS-treated group. Statistically, only the 7.8
pg/mL concentration of the PgAv group was found to be significant
(p=0.0122) (Fig. 1D). As expected, other pro-inflammatory cytokine
IL15 mRNA levels showed a similar pattern to IL6, except only Av groups
where lowest expression was seen (Fig. 1E). When compared with the
LPS-treatment group, IL1f mRNA levels in the Av group for both
candidate concentrations showed 222 ratios estimated as 0.0011 and
0.0036, the lowest levels among all cytokines (p=0.0068). Pro-
inflammatory cytokines decreased more at the 7.8 ug/mL concentra-
tion than at the 3.9 pug/mL concentration; the effects were more pro-
nounced at 7.8 pg/mL across all markers for the treatment target after
LPS treatment. All standard deviations of mRNA relative expression
results were compiled in Table S2.

3.4. Invitro co-culture model reveals differential modulation of TNFa and
IFNy levels by Av and PgAv in airway inflammation

Subsequently, we performed an in vitro airway inflammation
response with direct cell contact co-culture to understand the process in
more detail. Before to co-culture, the HSAEC and THP-1 cell lines were
prepared for medium adaptation, based on literature, by stimulating
THP-1 monocyte cells with LPS, at an induction concentration of 1 pug/
mL for a 3 and 6 h. The HSAEC and THP-1 cell lines were co-cultured at a
ratio of 1:10 (THP-1:HSAEC) as previously reported [43] and treated
with Av and PgAv at 3.9 and 7.8 pg/mL concentrations (Fig. 1F). After
24 h of treatment, the supernatants were collected and analyzed for
TNFa and IFNy levels. PgAv treatment resulted in an elevation of TNFa
levels following both 3 and 6 h LPS induction periods. Specifically, at a
3.9 pg/mL concentration, TNFa levels significantly increased after 3 h of
LPS stimulation (p = 0.0192) (Fig. 1G, upper panel). Concurrently, IFNy
levels also showed a significant increase in the PgAv-treated groups,
particularly at both LPS induction time points, with the most pro-
nounced effect observed at 3.9 pg/mL (p = 0.0002) (Fig. 1G, lower
panel). Moreover, a comparison based on LPS stimulation durations
revealed a significant positive correlation (p = 0.0056). All standard
deviations of cytokine measurements are provided in Table S3.

3.5. Dynamic hematological and physiological outcomes in an AIAR
treated with PgAv

A total of 27 days of experimental flow, including 21 days of model
creation and treatment of mice, was completed (Fig. 2A). Throughout
this process, the weights, feed consumption and hemogram parameters
of the animals were monitored on a weekly basis during the pre-op,
sensitization, and challenge stages (Fig S2). Following the establish-
ment of the mouse model, the sham groups exhibited an increase in
weight over time, whereas the treatment groups demonstrated a weight
stabilization. The evaluation of feed intake in the mice revealed a
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Fig. 2. Effect of PgAv on hematological and cytokine responsesin an allergen induced airway inflammation response model (AIAR). (A) Experimental
scheme of AIAR model in BALB/c mice and PgAv administration timeline. (B) Hemogram analysis showing changes in RBC, MONO, and LYM counts during pre-op,
post-model, sham, and treatment phases. A mild increase in RBC and MONO was observed post-PgAv treatment (MONO p = 0.0123); LYM count significantly
increased from 48 h to 144 h (p = 0.0468). (C) mRNA expression levels of IL14, TNFa, IL5, IL6, IFNy, and IL4 in BAL fluid assessed by qRT-PCR. PgAv significantly
reduced pro-inflammatory cytokines at various timepoints (IL1 96 h, p = 0.0007; TNFa 96 h, p = 0.0003; IL5 96 h, p = 0.0109; IL6 96 h, p = 0.0086; IFNy 48 h to
144 h, p=0.0371; IL4 ns for all h). *p<0.05, **p<0.01,***p<0.001, and ****p<0.0001. RBC: Red blood cells; MONO: Monocytes; LYM: Lymphocytes; BAL:

Bronchoalveolar lavage.

decrease in consumption from the sensitization stage, which remained at
consistent throughout the treatment. This outcome was positively
correlated with the mice’s weight change and developed due to the
OVA/Alum induction process.

A decreased RBC count was observed from the pre-op to the post-
model stage, with a declining profile. In the treatment groups, stabil-
ity was observed following the post-model stage. While a slight increase
was observed at 144h treatment in the RBC count and was not found
statistically significant (Fig. 2B). The observed increase in RBC following
treatment with PgAv provides evidence that the polysaccharides present
in Av, as previously reported, possess erythropoiesis-stimulating prop-
erties [44]. Another parameter is the change in MONO levels. AIAR,
which is known to have significant effects in the asthma model [45],
increased in the treatment groups applied with PgAv (p=0.0123). The
results demonstrate that the implemented model resulted in the pre-
dicted increase in inflammation. While the initial statistical analysis did
not identify a significant difference at the outset of the treatment, sub-
sequent observations revealed a fluctuating pattern. The observed
decrease from pre-op to post-model stages is compatible with the sham
group; however, LYM levels continued to increase during the treatment
process. A statistically significant reduction was observed in all treat-
ment groups compared to the pre-op (p < 0.0001 for all treatment
groups). Noteworthy observation for LYM count showed a significant
increase through 48h to 144 h treatment (p=0.0468) (Fig. 2B).

3.6. Temporal analysis of pro-inflammatory cytokine expression in BAL
fluid following PgAv treatment in an AIAR model

The quality of RNA isolated from BAL samples revealed that all RNA
samples exhibited A260/280 ratios with an average of 1.91 (minimum
1.77, maximum 2.05). The mean RNA concentration was 14.8 ng/pl
(10.9-18.7 ng/pl). After treatment with PgAv, collected BAL fluids were
used to assess relative mRNA expression levels of IL1j, TNFa, IL5, IL6,
IFNy, and IL4 cytokines.

Upon examination of IL1f mRNA levels, a statistically significant
decrease in expression levels was observed between pre-op and after
AIAR (p=0.0008). TNFa mRNA expression levels between the pre-op
and post-model groups, an increase in TNFa levels was observed,
though this increase was not statistically significant (Fig. 2C). A signif-
icant difference was identified between the post-model and sham
groups, with a notable decline in TNFa levels (p=0.0072). Similarly, a
significant decrease was observed in the treatment process after the
formation of AIAR (48 h, p=0.0013; 96 h, p=0.0003; 144 h, p=0.0010).
Furthermore, the lowest level of TNFa was observed after 96 h of
treatment, compared to the pre-op state (p=0.0417). Furthermore, a
statistically significant increase was observed in IL5 mRNA expression
levels between the pre-op and sham groups (p=0.0035). Despite the
absence of a statistically significant difference between the sham and
post-model groups, an increase in IL5 levels was observed. A decrease in
IL5 mRNA expression levels was noted when comparing the sham and
two treatment groups (for 96 h, p=0.0109; for 144 h, p=0.0048)
(Fig. 2C). An examination of the mRNA expression levels of another
cytokine, IL6, revealed a decrease following the 96 h treatment period,
when compared to the levels observed prior to the treatment
(p=0.0469). With the formation of the AIAR, the levels of IL6 increased
(p=0.0497). As the treatment with PgAv continued, similar patterns
were observed in IL5 and IL6 mRNA levels (48 h p=0.0196; 96 h
p=0.0086; 144 h p=0.0352). Subsequently, when Similar to the TNFa

and IL6 levels, a decrease was also observed for treatment groups (48 h
p=0.0031; 96 h p=0.0007; 144 h p=0.003) (Fig. 2C). IFNy mRNA levels
significantly declined in the post-model group compared to the sham
group (p = 0.0412), as well as compared to the 48 h treatment group (p
= 0.001). IFNy expression was recovered throughout treatment, with
levels increasing significantly from 48 to 144 h (p = 0.0371). This
suggests that IFNy is modulated in a biphasic manner, possibly in asso-
ciation with the immunomodulatory actions of PgAv. IL4 mRNA
expression exhibited group-dependent variability; however, none of the
changes were statistically significant (Fig. 2C). A relative increase was
observed in the sham group compared to the pre-op and post-model
groups, but PgAv treatment did not significantly alter IL4 expression
levels. This finding suggests limited responsiveness of IL4 to treatment
under these experimental conditions.

3.7. Histopathological outcomes

Histopathological analysis of lung tissue sections revealed marked
differences between experimental groups, highlighting the time-
dependent therapeutic effects of PgAv in AIAR.

In the pre-op group, lung architecture appeared normal. Alveolar
structures were well-organized with thin, homogeneous interalveolar
septa, and no signs of inflammation, fibrosis, or epithelial degeneration.
Bronchial and bronchiolar epithelial surfaces were intact, displaying no
evidence of hyperplasia, dysplasia, or structural disruption (Fig. 3). In
contrast, the post-model group showed pronounced histopathological
damage. This included marked degeneration in bronchial and bronchi-
olar epithelium—evident as nuclear pyknosis, perinuclear and cyto-
plasmic edema, and epithelial cell death—resulting in significant
accumulation of cellular debris within bronchiolar lumens (p = 0.0048).
Additionally, widespread hemorrhage, thickened interalveolar septa,
eosinophilic amorphous material accumulation, and dense inflamma-
tory cell infiltration were observed, particularly around blood vessels
and within the septal connective tissue.

In the PgAv 48 h treatment group, histopathological damage closely
resembled the sham. Severe epithelial degeneration, lumen obstruction
by cellular debris, thickened interalveolar septa, alveolar lumen
collapse, hemorrhage, and inflammation were all evident. These find-
ings suggest that early PgAv treatment alone was insufficient to reverse
inflammation-induced tissue injury at this time point. Following 96 h of
PgAv treatment, lung sections revealed considerable improvement.
Although focal degeneration and alveolar collapse were still observed,
the extent of hemorrhage and inflammation was markedly reduced. The
mean hemorrhage score was significantly lower than that of the 48 h
group (p = 0.0268), and many areas exhibited near-normal histological
features.

After 144 h of treatment, a more pronounced reduction in patho-
logical alterations was evident. Large regions of lung tissue appeared
histologically healthy. While some areas still showed localized epithelial
degeneration, septal thickening, and alveolar collapse, both epithelial
degeneration scores (p = 0.0268, p = 0.0007 vs. sham and 48 h) and
septal thickness scores (p = 0.0268 vs. 48 h) were significantly reduced,
indicating progressive histological recovery over time (Fig. 3). These
findings support the therapeutic potential of PgAv in modulating
allergen-induced lung injury, with histological improvement becoming
evident in a time-dependent manner.
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Fig. 3. Histopathological evaluation of lung tissue following PgAv treatment in the allergen-induced airway response (AIAR) model. Representative lung
sections and histological scoring outcomes are presented for each experimental group. Upper left panel shows the pre-op group, corresponding to the healthy lung
sections. Mid-left panel indicates the post-model; Lung sections exhibited marked degeneration in the bronchiolar epithelium, with epithelial cells and cellular debris
visible in the lumen (blue arrows). The presence of hemorrhage, inflammatory cell infiltration (yellow asterisks), and thickening of interalveolar septa (red arrows) is
observed. Upper right panel: lung sections from the PgAv 48 h treatment group exhibited significant degeneration in the epithelial lining of bronchiolar walls. This
degeneration was characterized by epithelial cells and cellular debris visible within the lumen (blue arrows). The bronchiolar lumen, indicated by a black star,
appears nearly completely obstructed by cellular debris. Hemorrhage, inflammatory cell infiltration (yellow asterisks), significant thickening of the interalveolar
septa (red arrows), and alveolar lumen collapse (blue asterisks) are observed. The mid-right panel displays lung sections from the PgAv 96 h treatment group. A
reduction in pathological changes is observed. In some regions of the lung, degeneration of the bronchiolar epithelium (blue arrows), thickening of the interalveolar
septa (red arrows), alveolar lumen collapse (blue asterisks), small areas of hemorrhage, inflammatory cell infiltration (yellow asterisks), and accumulation of
amorphous material (green asterisks) are evident lower-right panel: Lung sections from the PgAv 144 h treatment group. A significant reduction in pathological
changes is observed. In some areas of the lung, degeneration of the bronchiolar epithelium (blue arrows), thickening of the interalveolar septa (red arrows), alveolar
lumen collapse (blue asterisks), small hemorrhage, and inflammatory cell infiltration (yellow asterisks) are visibly evident. All sections are X20 unless otherwise
indicated. The graph displays the histological scores of five histological parameters in the in vivo groups.

3.8. Systemic modulation of inflammatory cytokines, OVA-specific IgE,
and PGD?2 levels by PgAv treatment in an AIAR mouse model

Blood samples were collected from mice at specified intervals
throughout the experimental procedure, including the creation of the
AIAR and the subsequent treatment phase. The plasma was separated,
and the cytokine levels were evaluated. As is known, the quantity of
plasma from mice is limited. Accordingly, the present study was

conducted with a limited number of cytokines due to the constraints
imposed by the limited frequency of blood collection and amount of
plasma through AIAR and the treatment process. Among the observed
variables, TNFa levels demonstrated a marked increase, which was
statistically significant as a consequence of post-sensitization (p=0.014).
Similarly, a significant increase was observed following in. OVA
administration (post-challenge) (p=0.042). In particular, TNFa levels
demonstrated a notable decline during the 144 h treatment with PgAv,
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with a p-value of 0.037. This decline resulted in TNFa levels closely
approximating the levels observed during the sensitization phase
(Fig. 4).

The most crucial marker in the formation of the AIAR and in
demonstrating the efficacy of the treatment is OVA-IgE, and it levels
increased with OVA+Alum and subsequent i.n. OVA administration
during post-sensitization and challenge processes, respectively
(p=0.0286). After generating an AIAR, OVA-specific IgE levels were
decreased by PgAv treatment at indicated time intervals (48, 96, 144 h)
(p=0.0145). In the post-challenge stage, OVA-specific IgE levels were
still increased despite the treatment being administered only twice (48
h). As expected, higher IgE levels continued after challenge. Subse-
quently, administration of four treatments (96 h) resulted in a decrease
compared to two treatments (48 h). It was close to the post-challenge
level for IgE and, in addition, six repeated treatments (144 h) with
PgAv showed continuous decrease (p=0.0069) (Fig. 4). Another pro-
inflammatory cytokine, IL6, demonstrated a statistically significant in-
crease following post-sensitization (p=0.0011). A decrease was
observed in the subsequent i.n. OVA (post-challenge) (p=0.0779), yet an
increase was noted over time with the treatment process (at 96 h
p=0.0193 and at 144 h p=0.0259) (Fig. 4).
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The effects of allergic inflammatory cytokines, which are localized in
the airway mucosa by the current AIAR model, result in activating IgE-
dependent pathways. The prediction of a treatment pathway through
cytokines in the model created within the scope of the study is contin-
gent upon the stages obtained thus far. It is established that PGD2,
produced from prostaglandins in the mechanism of airway inflamma-
tion, plays a role in the activation of eosinophils, fibroblasts, smooth
muscle cells, and Ty2-type cells [46]. The remaining plasma samples
obtained from mice were evaluated for their PDG2 content (Fig. 4).
PGD2 levels did not differ significantly between the groups (pre-op,
post-sens, post-prov, 48 and 96 h of treatment). An increase was
observed during the post-challenge period, which continued until the
treatment group was administered twice (p<0.05). Furthermore, it was
determined that PDG2 levels decreased at the end of 144 h, which was
the longest period of treatment, compared to both pre-op and
post-challenge (p=0.0146 and p=0.0097 respectively).

4. Discussion

A. vera has a long history of medicinal use due to its powerful phy-
tochemicals, which have antioxidant, antiviral, immunomodulatory,
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Fig. 4. Serum TNF-«o, OVA-IgE, IL6 and PDG2 levels in mice were determined by ELISA. The serum levels of four inflammatory mediators (TNFo, OVA-IgE, IL6,
and PGD2) were measured at different time points during the experimental protocol. The following time points were considered: pre-op, post-sens, post-chal, 48 h, 96
h, and 144 h post-treatment. TNFa: The levels of TNFa exhibit a significant increase following the sensitization and challenge phases. A peak is observed at 48 h post-
treatment, gradually declining over time (96 h and 144 h). OVA-IgE: Serum levels of OVA-IgE display a marked increase following the challenge, with the highest
levels being observed at 48 h post-treatment. As time progresses, the levels decrease gradually at 96 h and 144 h. IL6 levels progressively increase throughout the
experimental phases, significantly rising at 144 h post-treatment. PGD2 levels remain relatively stable across the pre-op, post-sens, and post-chal phases but show a
transient peak at 48 h post-treatment. The levels slightly decrease at 96 h and 144 h. Significant changes are noted with p< 0.05, **p < 0.01, and ***p < 0.001. OVA:

Ovalbumin; PDG2: prostaglandin D2.
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and anti-inflammatory properties [47]. Although studies on allergic
rhinitis and airway inflammation are limited, recent findings are
promising. For instance, aloin, the active component of A. vera, thinned
the nasal mucosa in the CARAS mouse model, reduced peribronchial
inflammation, and decreased IL4, IL5, and IL13 levels in BALF [48].
Additionally, A. vera is frequently used in studies due to its cell regen-
eration properties [49]. Preformulations containing A. vera include
polycaprolactone (PCL) [50-52], chitosan [53], poly(vinyl alcohol)
(PVA) [54], and poly(lactic-co-glycolic acid) (PLGA) [55]. These for-
mulations demonstrate the potential of A. vera in tissue engineering
applications.

IgE-mediated allergic diseases, including asthma, allergic rhinitis,
and atopic dermatitis, have been observed to demonstrate analogous
inflammatory characteristics [56]. The distinguishing characteristics of
these diseases are attributable to anatomical structure, inflammation
levels, and interactions with airway smooth muscle cells, which result in
symptoms such as bronchoconstriction or nasal congestion [57].
IgE-dependent mast cells, Ty2 cells, and ILC2 have been identified as the
mediators of eosinophil infiltration [58]. In BALB/c mice, the i.n. de-
livery of the substance has been demonstrated to be more efficacious
than the i.p. route at lower doses [59]. Furthermore, the probiotic
Lactobacillus rhamnosus GG administered via the i.n. route has been
shown to reduce airway hyperresponsiveness and IL5/IL13 levels [60].
The present findings suggest that the i.n. administration of the substance
may constitute a viable alternative in cases of allergic airway
inflammation.

We aimed to enhance the anti-inflammatory and anti-allergic effects
of A. vera, previously shown in vitro. A. vera gel containing the EMA-
approved Pg was selected as the preferred excipient. Subsequently, the
LPS-induced inflammatory response pattern in vitro was determined in
small airway epithelial cells. Both formulations preserved cell viability
at low-to-moderate doses, but Av alone reduced viability over time,
likely due to its viscosity and mucopolysaccharides. At >62.5 pg/mL,
PgAv showed a nonlinear viability response, possibly due to Pg’s
nutrient-like or solubilizing effects. IC50 analysis further confirmed that
both formulations had substantially higher IC50 values, supporting the
use of lower concentrations for mechanistic studies. Working concen-
trations of 3.9 and 7.8 ug/mL were chosen to avoid off-target and
cytotoxic effects. These doses fall within a range where moderate yet
statistically significant changes in viability were observed and are well
below the IC50 values. They also reflect a biologically relevant window
that avoids artificial enhancement caused by higher solute levels. Thus,
they were deemed appropriate for subsequent in vitro analyses.

Following stimulation with LPS in HSAEC cells, cytokine mRNA
levels were evaluated after treatment with Av and PgAv. LPS increases
the expression of proinflammatory cytokines, including IL6, IL1f, and
TNFa, by binding to TLR4 and activating the NF-xB pathway [61]. The
study revealed consistent mRNA changes in IL6, TNFa, IL14, and IL5. As
demonstrated in previous studies [62,63], an increase in Av concen-
tration has been shown to reduce IL6 mRNA levels, and similar effects
were observed in this study. It is evident that PgAv further strengthened
this effect, providing a 25-fold decrease in TNFa mRNA levels compared
to the untreated group. In addition, there was a 24-fold increase in IL5, a
9-fold decrease in IL6, and a 47-fold decrease in IL15. The most signif-
icant discrepancy between the PgAv and Av groups indicated that the
anti-inflammatory potential of PgAv was partially related to cytokine
levels.

To assess potential in vivo effects, TNFa (pro-inflammatory) and IFNy
(inhibitory) levels were quantified in an LPS-induced co-culture
inflammation model. Previous studies reported that peak NF-xB
pathway activation and cytokine production in THP-1 cells occurred
within 3-6 h post-LPS exposure [64,65]. Based on this, Av and PgAv
were tested at different time points. Av treatment did not significantly
affect TNFa levels, while PgAv showed a time-dependent effect: after 6 h
of LPS exposure, TNFa levels declined, indicating a potential
anti-inflammatory response. This suggests that PgAv may modulate

10

Immunology Letters 276 (2025) 107070

TNFa expression depending on exposure duration, likely due to its
bioactive components influencing signaling dynamics. Although PgAv
demonstrated certain immunological effects at a dose of 7.8 pug/mL, we
decided to use a 3.9 pug/mL concentration for in vivo studies based on
both efficacy and consistency. Specifically, IFNy levels increased
significantly at 3.9 ug/mL under both short-term and long-term LPS
induction, indicating that PgAv can reliably promote the Ty1l-dominant
immune response, indicating a reliable TH1-promoting effect and stable
TNFa response. However, while some noticeable changes were observed
at the 7.8 ug/mL concentration, these were generally inconsistent or
paradoxical across different readings and conditions. Such variability
raises reproducibility and therapeutic reliability concerns, particularly
in more complex and dynamic in vivo environments. Therefore, 3.9
ug/mL was considered a more suitable candidate for further evaluation.
We aimed to understand PgAv’s mechanism rather than dose-response;
hence, we prioritized reproducibility. This dose allowed precise evalu-
ation of downstream mechanisms.

Various animal species have been used to study airway inflamma-
tion. Although rodents do not spontaneously develop asthma or allergy,
their small size, low cost, and ease of sensitization make them preferable
[66,67]. Discrepancies between human asthma and mouse models
highlight the importance of selecting an appropriate model. According
to Daubeuf’s study, AIAR responses vary with an 8-day OVA induction.
In another model, a 23-day induction reduced reproducibility due to
repeated anesthesia for intranasal delivery [68]. Nevertheless, since a
Ty2-directed immunologic response is obtained, the BALB/c and
C57BL/6 mouse strains are predominantly utilized in related models.
However, BALB/c mice are more frequently preferred than C57BL/6
mice due to their propensity to elicit a more robust Ty2-directed im-
mune response [69,70]. We used female mice due to sex-based differ-
ences in airway inflammation. As demonstrated by Melgert et al. [71],
female mice show a greater tendency to develop allergic airway
inflammation and hyperresponsiveness compared to males. This makes
female mice a more suitable and sensitive models.

To reduce bronchoconstriction-related AIAR and animal loss caused
by varying intranasal OVA doses, a low dose of 0.4 mg/kg was chosen for
the 21-day protocol [72]. After 21 days of AIAR, all groups maintained
stable weights and showed reduced feed intake. Similar outcomes were
assessed in an OVA-induced asthma model, which observed no adverse
effects [73]. In our study, the stability of PgAv treatment in mouse
weights was interpreted as an absence of side effects. A decrease in RBC
count was seen from pre-op to post-model hemograms. RBC increase
after PgAv supports the idea that Av polysaccharides may stimulate
erythropoiesis [44]. MONO levels increase with inflammation. LYM
levels decreased post-model as in the sham, then increased during
treatment, with a later decline in prolonged treatments.

A comparison was conducted for mRNA expression levels of IL1f,
TNFa, IL5, IL6, IFNy, and IL4 in BAL fluid samples to evaluate local
rather than systemic effects further. As expected, TNFa mRNA levels
increased with the progression of AIAR but declined upon PgAv treat-
ment. Similarly, IL6 levels decreased post-model and were further
reduced with PgAv compared to sham and pre-op groups. The role of
eosinophils in airway remodeling, mucus secretion, and Ty2-driven
inflammation is well established [74], with activated eosinophils
releasing cytokines such as IL4, IL5, IL10, and IL13 [75,76]. In our
model, IL5 expression peaked in the sham group and declined progres-
sively with PgAv, indicating a local anti-inflammatory effect. IL13
expression also declined from the pre-op to post-model phase, with
lower levels observed in treatment groups than in sham. Notably, IL15
expression correlated positively with IL6 levels. A time-dependent in-
crease in IFNy expression during treatment suggests potential immuno-
modulatory effects of PgAv. In contrast, IL4 expression showed
group-dependent variation without statistical significance, indicating
limited responsiveness of IL4 to PgAv under the current experimental
conditions.

The alterations in BAL fluid mRNA expression profiles and lung
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tissue histologic changes were examined concurrently. Airway inflam-
mation, a hallmark of asthma, gives rise to structural alterations,
encompassing epithelial damage, subepithelial fibrosis, and smooth
muscle hypertrophy [21]. In the present study, the increased infiltration
score of the post-model group was associated with increased scores of
epithelial degeneration, alveolar collapse, septal thickening, and hem-
orrhage, as expected. The 48 h PgAv treatment group exhibited
heightened alterations compared to the post-model group, while the 96
h treatment group demonstrated superiority in epithelial degeneration
and cellular infiltration. Conversely, the 144 h treatment group exhibi-
ted optimal efficacy in controlling hemorrhage, alveolar collapse, and
septal thickening. Except for the 48 h treatment group, the various
treatment protocols positively impacted restoring healthy lung histol-
ogy. The most challenging aspect of the study is determining the
quantity of OVA-specific IgE and the impact of concomitant alterations
in TNFa and IL6 levels on the treatment process. The limited plasma
obtained from mice resulted in restricted cytokine evaluations.

Additionally, as is well established in the context of allergen-specific
responses, there is an increase in the number of mast cells and activation
of PDG2, which is influenced by the amount of arachidonic acid. Among
the pathways potentially influenced by our pre-formulation, the process
obtained with cytokines exhibited limited pathway specificity. Studies
have shown that PGD: released peripherally can directly activate Th2
cells, increasing local IL4 and IL5 production without antigens or
additional stimuli [77]. Alterations in mRNA expression in BAL fluid
revealed increased IL5 and decreased TNFa, IL6, and IL1p levels, indi-
cating a predominant Ty2-type response rather than Tyl. This
Ty2-directed profile suggests that IgE regulation may occur through
alternative pathways, potentially modulated by PGD2-related mecha-
nisms, particularly via mast cell activity. Supporting this, IFNy expres-
sion exhibited a time-dependent increase during treatment, implying
possible immunomodulatory effects of PgAv on Tyl-related responses.
In contrast, IL4 expression remained statistically unchanged across
groups, indicating limited responsiveness to PgAv under the present
experimental conditions.

In conclusion, our study underscores the potential of PgAv in man-
aging allergic airway inflammation. By downregulating Ty2-associated
cytokines and promoting a Tyl-related response, PgAv helps to correct
the underlying immune imbalance characteristic of allergic conditions.
Its ability to modulate key inflammatory pathways positions PgAv as a
promising addition to current treatment strategies. Further studies are
warranted to clarify the underlying signaling mechanisms, determine
optimal dosing, and evaluate long-term efficacy.
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