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ABSTRACT

Background: Asthma is a very common, non-communicable, chronic respiratory disease, with a
high incidence rate worldwide. Currently, no permanent therapeutic strategies are available for the
treatment of asthma. Drugs, such as corticosteroids, f2-agonists, and anticholinergics, only tem-
porarily reduce symptoms and have various adverse effects. In this study, we investigated the use
of fisetin, a readily available natural product found in fruits, such as strawberries and apples, to treat
acute asthma in a preclinical mouse model. Methods: We induced asthma in BALB/c mice using
intraperitoneal sensitization and repeated intratracheal challenges with ovalbumin (Ova), followed
by oral administration of 0.6 mg/kg (MPK) aqueous fisetin (primary stock in DMSO) before each in-
tratracheal challenge. The mice were subsequently evaluated with whole-body plethysmography,
24 hours after the last intratracheal challenge, to measure airway hyper-responsiveness (AHR). The
mice were sacrificed, and their tissues removed to evaluate a range of disease parameters. Results:
In mice treated with fisetin, AHR was significantly reduced, as shown by plethysmography. Acute
inflammation associated with asthma was also reduced, as determined by inhibition of cellular infil-
tration, serum IgE, and serum nitric oxide (NO), as well as a reduction in goblet cell hyperplasia. We
also found that fisetin potentially acts by blocking the Tg2 response, including pro-inflammatory
signaling molecules such as NFkB, STAT6, HIF1a, INOS, TNFa and IL13. Conclusion: Our study
showed that a low dose of fisetin (50 nM), administered orally in an agueous solution, may offer a
safe and economical therapeutic strategy for asthma.
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INTRODUCTION

Asthma is a debilitating disease, particularly if not
managed in the early stages. Most over-the-counter
or prescription medications, however, may result in
refractory disease within a short timespan and/or
are ineffective in a substantial percentage of patients.
Asthma affects 334 million individuals worldwide,
with up to 300,000 deaths and 22 million disability-
adjusted life years lost annually!. Clinical manifes-
tations of the disease are characterized by an infiltra-
tion of the airways with eosinophils, mast cells, and
CD4" Ty? cells®. When a susceptible individual is
exposed to allergens, antigen-presenting cells (APCs)
of the airways in the lungs are activated, leading to
the release of pro-inflammatory cytokines, including
TNFo, NFxB, chemokines, and other mediators that
activate the T2 immune response >3, The Ty? re-
sponse subsequently activates the humoral response
and the production of antibodies. Upon subsequent
challenges with an allergen, the humoral response ac-
tivates further Tg2- and IgE-mediated inflammation
of the airways>. The airways become swollen, and

the epithelial cells lining the airways are stimulated to
over-produce mucus. The excess mucus is deposited
along the walls of the airways, leading to their con-
striction and subsequent restriction in the passage of
air23. This airway restriction and constricted air pas-
sage leads to the characteristic symptoms of asthma,
including coughing, wheezing, chest tightness, and
shortness of breath.

Currently, the principal limitation in asthma treat-
ment is the absence of a safe, permanent cure. The ex-
act incidence rate of asthma occurrence is difficult to
determine due to the lack of conclusive data*. Deaths
due to asthma are often preventable, but they con-
tinue to occur as the result of poor symptom manage-
ment*>. Under-treatment of asthma patients is com-
mon, often due to high costs, especially in low-income
countries. In many countries, appropriate treatment
is either unavailable, very expensive, or of unreliable
quality*. In India, many people consider asthma to be
a stigma and thus hide their disease*. Some patients
stop taking their prescribed medication as soon as the

symptoms disappear, due to the costs of treatment .
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In addition, some people do not respond to existing
therapy.

Figure 1: Structure of Fisetin, with hydroxyl
groups at C3, C7, C4’ and C5’ of the flavonoid
structure, containing 2 phenyl rings (A & B) and
1 heterocyclicring (C).

Fisetin (3,7,3',4’-tetrahydroxyflavone) is a polyphenol
of the flavonoid group (Figure 1). It is obtained from
various fruits and vegetables, such as strawberries and
apples, at concentrations ranging from 2-160 ug/g,
with the highest content found in strawberries®. Sev-
eral studies have reported that fisetin exhibits anti-
inflammatory effects by inhibiting NFxB and TNF .
Studies have also found that fisetin has anti-oxidative,
anti-proliferative and anti-cancer effects®.

In light of the above-mentioned limitations of asthma
therapy, we decided to test the effects of the natural
compound, fisetin, in a preclinical mouse model of al-
lergic asthma. Even though asthma is a chronic dis-
ease involving degeneration of the lungs and airways,
the first stages in the onset of asthma typically in-
volve acute inflammation. Thus, the objective of this
study was to determine the anti-inflammatory effect
of fisetin in an acute preclinical model of asthma. In
our study, we induced asthma in mice by repeated in-
tratracheal challenges with ovalbumin (Ova), follow-
ing initial intraperitoneal sensitization. Fisetin was
administered orally at a relatively low dose, and its
anti-inflammatory effects were assessed with a range
of assays. Plethysmography was carried out to deter-
mine the airway resistance of the mice exposed to Ova
and fisetin. To our knowledge, this is the first time
fisetin has been used orally at such alow dose in a pre-
clinical model for the treatment of acute asthma.

METHODS
Ethical approval

All experiments were performed according to the
rules established by the institutional and depart-
mental animal ethics committee. The animals were
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housed under specific pathogen-free conditions at the
animal house of the Department of Zoology, Univer-
sity of Calcutta.

Mice
6-week-old female BALB/c mice, weighing 20 - 25 g,
were divided into three groups, with n = 4 for each
group:

« Control
« Ova (ovalbumin)

e Ova+F (ovalbumin + fisetin)

Induction of disease & treatment with
fisetin

Mice in the Ova and Ova+F groups were sensi-
tized with an intraperitoneal injection of 100 ug Ova
(Sigma Aldrich), with aluminum hydroxide (Al30H)
(Sigma Aldrich) as an adjuvant, on day 07-°. The
mice were subsequently challenged intratracheally
with 250 p1g Ova on day 8, and 125 g Ova on days 15,
18, and 2119, Intratracheal administration was per-
formed after anesthetizing the mice with isoflurane
in an anesthesia chamber. Mice in the control group
were given normal saline.

One hour before each intratracheal administration of
Ova, mice in the Ova+F group were administered 50
nM of fisetin (corresponding to 0.6 mg/kg [MPK])
orally. Fisetin was obtained from the Cellular Neuro-
biology Laboratory, Salk Institute for Biological Stud-
ies, USA. A stock solution of 1 mg/ml fisetin (equiva-
lent to 3.5 mM) was initially prepared in DMSO, and
subsequently diluted with water to obtain the final
aqueous solution of 50 nM fisetin. This dose was cho-
sen based on previous in vitro studies, in which the
most significant anti-inflammatory effect was found
at this concentration. Figure 2 shows a diagrammatic
representation of the treatment regimen.

Measurement of airway
hyper-responsiveness (AHR)

The mice were exposed to unrestrained, whole-body
plethysmography, which measured the enhanced
pause (Penh) between each inhalation and exhalation.
This measurement provided information about air-
way resistance in mice from the three groups in re-
sponse to increasing concentrations of methacholine
(Mch). On day 22, plethysmography was performed
24 hours after the last intratracheal treatment®!1,
The double-chambers of the plethysmograph (emka
Technologies, France) were initially calibrated with 5
ml air, and the mice from each group were placed
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Figure 2: Diagrammatic representation of the treatment regimen. Ovalbumin was administered intraperi-
toneally on day 0 and intratracheally on days 8, 15, and 21. 50 nM fisetin was administered orally 1 hour before
Ova on days 8, 15, 18 and 21. Mice were sacrificed on day 22.

in the chamber for 10 min to acclimatize before the
start of the experiment. The mice were then exposed
to increasing concentrations (0 mg/ml, 5 mg/ml, 10
mg/ml, 15 mg/ml, and 20 mg/ml) of Mch (TCI, Japan)
in phosphate-buffered saline (PBS) for 1 min, fol-
lowed by recording the Penh for 4 min after each chal-
lenge.

Sacrifice and collection of tissues

After plethysmography, the mice were sacrificed by
cervical dislocation, and the following tissues were
collected for various assays:

Peripheral blood (PB)

PB was obtained by cardiac puncture and collected in
K,-EDTA tubes (BD Biosciences, USA). For differen-
tial cell counts, a smear was prepared on a microscope
slide.

Serum

PB was collected in tubes (without EDTA, to allow for
coagulation), and allowed to stand for at least 30 min.
It was subsequently centrifuged at 10,000 rpm for 10
min at 4°C12, and the supernatant collected in fresh
tubes. The serum was stored at -80°C for later use.

Bronchoalveolar lavage fluid (BALF)

BALF was collected from both lungs by injecting 1 ml
of cold PBS slowly into the lungs, through the trachea,
and drawing out the resultant solution!3. BALF was
centrifuged at 200 x g for 10 min at 4°C. The cell pellet
was resuspended in media for assays and a smear was
made on a microscope slide for differential cell count.

Lung parenchyma

Immediately after collecting BALF, the lungs were
washed with PBS. For the assays, one lung was placed
in a Petri dish and macerated into small pieces.
The lung tissue was digested using a 1X collage-
nase/hyaluronidase cocktail (Stem Cell Technology)

overnight at 37°C. The digested tissue was subse-
quently filtered through a cell strainer to obtain a
single-cell suspension for total cell (TC) count, CFU
assay, and immunophenotyping. For gene expression
studies, whole lung was stored in RNAlater solution
(Ambion, Inc.) at -80°C. For protein expression stud-
ies, whole lung was removed, washed with PBS, and
stored at —-80°C. Whole lung was kept in 10% buffered
formalin for histological studies.

Bone marrow (BM)

The femur bones were collected, the ends were cut,
and the cells flushed out with fresh media for TC
count and collected in 1X PBS for flow cytometry.

TC count

A PB/BALF/lung/BM suspension was mixed with an
equal volume of Trypan Blue dye (Himedia, India),
and cell viability was determined using a hemocy-

tometer.

Differential cell (DC) count

The PB/BALF smears were air-dried, fixed with
methanol (SRL, India), stained with Geimsa stain
(SRL, India) for 15 min, washed, and viewed under
a light microscope (Dewinter Fluorex LED) at 40X
magnification 1. Cell types were distinguished based
on their nuclear morphology.

Immunophenotyping

100 ul of PB (pooled from 4 mice) was mixed with
an equal volume of antibody cocktail and incubated
in the dark for 15 min. A total of 4 ml of 1X RBC
lysis buffer (Himedia, India; diluted in distilled water)
was added, incubated for 20 min, and centrifuged at
1500 rpm for 5 min. The pellet was washed in 2 ml of
FACS buffer (PBS + 10% FBS + 0.3% sodium azide)
and centrifuged at 1500 rpm for 5 min. The pellet was
finally resuspended in PBS for analysis.
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Digested lung and BM cells were strained, washed in
FACS buffer, and stained with an antibody cocktail for
15 min. The stained cells (pooled from 4 mice) were
centrifuged at 1500 rpm for 5 min, and the pellet was
resuspended in PBS for analysis.

Cell surface staining was performed using the follow-
ing antibodies: CD45 for hematopoietic cells (conju-
gated with PerCP/Cy5.5; BioLegend), CD3e for T cells
(conjugated with PE; BD Biosciences, USA), CD4
for helper T (Tx) cells (conjugated with V450; BD
Biosciences, USA), CD8a for cytotoxic T (T¢) cells
(conjugated with Alexa Fluor 488; BD Biosciences,
USA), B220 for B cells (conjugated with FITC; BD
Biosciences, USA), GR-1 for neutrophils (conjugated
with FITC; MACS), and F4/80 for macrophages and
monocytes (conjugated with PE; Invitrogen). Flow
cytometry was performed on BD FACSVerse (BD Bio-
sciences, USA), and the results were analyzed using
FACSSuite software (BD Biosciences, USA).

Estimation of serum IgE

The concentration of total IgE in the serum was deter-
mined using ELISA, according to the datasheet (BD
OptEIA Mouse IgE ELISA Set), with some modifica-
tions. The wells of a 96-well, high-binding flat bot-
tom plate (Corning, USA) were coated with 100 i1 of
serum sample (pooled from 4 mice), diluted 1:10 in
sterile PBS, and incubated overnight at 4°C. The fol-
lowing day, the wells were washed three times with
PBST (PBS + 0.05% Tween 20), and then blocked with
200 ul of blocking buffer (1% BSA in PBS) for 30 min
at room temperature. The wells were washed four
times with PBST, after which 100 ul of 2 pg/ml biotin-
conjugated rat anti-mouse IgE (BD Biosciences), di-
luted in blocking buffer, was added to each well and
incubated for 1 hour at room temperature. The wells
were washed four times with PBST and blotted dry.
A total of 100 pul of 1:1000 avidin-HRP (BD Bio-
sciences), diluted in blocking buffer, was added to
each well and incubated at room temperature for 30
min in the dark, then washed four times with PBST
and blotted dry. A total of 100 ul of TMB substrate
(3,3, 5,5 -tetramethylbenzidene; Sigma Aldrich) was
added to each well and incubated for 10 min at room
temperature in the dark. The reaction was stopped
with 50 ul of 1M phosphoric acid (Merck, India), and
absorbance was measured at 405 nm in an ELISA plate
reader (ThermoFisher Scientific). The concentration
of IgE in each well was calculated with a standard
curve prepared using purified IgE (BD Biosciences,
USA).
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Nitric oxide (NO) assay

100 ul of PB/BALF/lung suspension (pooled from 4
mice) was seeded in the wells of a 96-well plate (Tar-
sons, India). To each well, 100 ul of Griess reagent
(1% sulfanilamide [SRL, India] + 0.1% NED [SRL,
India] in 5% o-phosphoric acid [Merck, India]; pre-
pared at least a day before) was added and incubated
for 10 min at room temperature in the dark. Ab-
sorbance was measured at 540 nm in a multi-well plate
reader (ThermoFisher Scientific). The concentration
of NO in each sample was determined from a standard
curve.

Gene expression by reverse transcriptase
PCR (RT-PCR)

Total RNA was extracted from lung tissues with TRI-
zol reagent according to the manufacturers’ instruc-
tions (Life Technologies, USA). The lungs of mice
from each treatment group were homogenized in 1
ml TRIzol reagent and incubated at room temperature
for 5 min. Subsequently, 200 ul chloroform (Merck,
USA) was added, the tubes were shaken vigorously
for 15 seconds, incubated at room temperature for 2-3
min, and centrifuged at 12,000 x g for 15 min at 4°C.
The upper aqueous layer was carefully transferred to
new tubes. A total of 500 ul of chilled, 100% iso-
propanol (Amresco) was added, and the tubes were
incubated overnight at -20°C. The tubes were cen-
trifuged at 12,000 x g for 10 min at 4°C. The super-
natants were discarded, and the gel-like pellets were
washed with 750 pl of chilled, 75% ethanol (Merck,
USA), vortexed briefly, and centrifuged at 7500 x g
for 5 min at 4°C. The pellets were air-dried and re-
suspended in RNase-free water. The concentration
of RNA in each sample was measured using a Nano-
spectrophotometer (Jenway, UK), and the purity was
assessed by the ratio of the absorbance at 260 nm to
absorbance at 280 nm.

A total of 1 ug RNA from each sample was used
to prepare cDNA, using the ThermoFisher Scientific
Verso cDNA Synthesis kit. A master mix, contain-
ing 1X ¢DNA synthesis buffer, ANTP mix (with 500
UM of each nucleotide), random hexamer primer, RT
enhancer, and Verso enzyme mix (containing the re-
verse transcriptase enzyme), was prepared. To this
mixture, 1 pg of the RNA was added, and the volume
was made up to 20 ul with nuclease-free water. The
cDNA was prepared using the cycle shown in Table 1
below.

The ¢cDNAs prepared were added to the PCR reac-
tion mixture, containing 1X PCR buffer (Invitrogen),
1.5 mM MgCl, (Invitrogen), dNTPs (Invitrogen), 0.5
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Table 1: Protocol for cDNA synthesis

Temperature  Time No. of cycles Purpose
42°C 30 mins 1 cycle cDNA synthesis
95°C 2 mins Inactivation of enzymes

ug each of forward and reverse gene-specific primers
(Eurofins), and Taq polymerase (Invitrogen), and am-
plified by PCR (Applied Biosystems, USA), using the
protocol shown in Table 2.

The sequence and annealing temperature (T°C) of
each primer is provided in Table 3. Gene expression
of inflammatory cytokines, such as iNOS and TNFa,
and TH2 cytokines, such as IL-13, were assessed, with
GAPDH as the housekeeping gene. PCR products
were run in 1% agarose gels (G-Biosciences, USA),
with a 100 bp marker (100 - 2000 bp; GeNet Bio, Ko-
rea) to detect the expression of inflammatory genes.
Bands were observed under UV light in a gel-doc sys-
tem (BioRad), and the intensities of the bands were
determined with Image] software.

Protein expression by Western blot

Lungs were homogenized, and the total cellular pro-
tein was extracted in RIPA buffer containing Tris
(pH 7.4) (Amresco), 150 mM NaCl (SRL, India), 1%
Triton-X-100 (SRL, India), 0.5% sodium deoxycholic
acid (SRL, India), 0.1 % SDS (Merck, USA), 1ImM
EDTA (SRL, India), 10 mM sodium fluoride (SRL,
India), 1 mM PMSF (SRL, India) and 1X protease
inhibitor cocktail (Cell Signaling Technology, USA).
Cell lysate was incubated at 4°C for 2 hours with con-
tinuous stirring, and residual tissue was removed by
centrifugation at 10,000 rpm at 4°C for 20 min. Su-
pernatant was removed and stored at -80°C for future
use. Total protein in the supernatant was estimated
by Bradford reagent (Himedia, India). The concen-
tration of total lung protein was determined from a
standard graph prepared using BSA. Equal amounts
(40 ug) of lung protein were run in a 12% SDS gel
with a pre-stained marker (10 - 250 kDa; BioRad) and
transferred onto a PVDF membrane (Merck, USA).
The membrane was blocked with 5% nonfat dried
milk in PBST for 2 hours at room temperature, hy-
bridized overnight with the primary antibody (1:100
rabbit anti-mouse NFkB [Santa Cruz], 1:100 rabbit
anti-mouse NOS2 [Santa Cruz], 1:100 rabbit anti-
mouse STAT6 [Santa Cruz], 1:100 rabbit anti-mouse
HIFlo [Santa Cruz] and 1:1000 rabbit anti-mouse
GAPDH [Santa Cruz]) at 4°C, and incubated with the
secondary antibody (1:5000 goat anti-rabbit IgG-HRP
[Santa Cruz]) at room temperature for 2 hours. The

membrane was washed with PBST between hybridiza-
tions. The blot was developed using Western ECL sub-
strate (BioRad) and visualized using a chemidoc sys-
tem (Azure Biosystems C400). The intensities of the
bands were determined using Image] software.

Histology

Lung tissues were fixed with 10% formalin at room
temperature for 72 hours. Tissues were first dehy-
drated by passing them through a series of increasing
concentrations of ethanol, beginning with 50% and
progressing in graduated steps to 100%. The tissues
were subsequently treated with xylene, embedded in
paraffin and cut into 5 um sections in a rotary mi-
crotome. The amount of cellular infiltration around
pulmonary blood vessels was assessed by hematoxylin
and eosin staining. Mucus-containing goblet cells
were visualized by Alcian blue staining, and goblet cell
hyperplasia determined. The stained sections were
observed under a light microscope (Dewinter Fluorex
LED) at 4X, 10X and 40X magnifications.

CFU-c assay

A colony-forming unit-cell (CFU-c) assay was per-
formed using a semisolid medium to evaluate the
clonogenic potential of the tissue cells (i.e., the ability
of the cells to grow and proliferate into colonies). The
methylcellulose semisolid media was prepared with
IMDM (Himedia, India), 30% FBS (Himedia, India),
20 mg/ml BSA (Biosera), 1% Pen-Strep (Himedia, In-
dia), and 5 ng/ml stem cell factor (Biovision). All con-
stituents, except methyl cellulose, were added to a 50
ml centrifugation tube and vortexed. Finally, 1.5%
methyl cellulose (Himedia, India) was added to this
mixture, vortexed to mix completely, and 1 ml of the
semisolid medium was added to the wells of a 24-
well plate (Merck Millipore). A total of 500 ul of PB/
BALF/ lung-cell suspension (pooled from 4 mice) was
added to each well according to treatment group and
incubated at 37°C in a 5% CO, humidified chamber
(ThermoFisher Scientific) for 7 days. The total num-
ber of colonies formed in each sample was counted,
and the clonogenic potential of the samples was cal-
culated by dividing the number of colonies obtained
by the total number of cells plated.
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Table 2: Protocol for PCR amplification

Temperature Time No. of cycles
95°C 5 mins 1 cycle
95°C 45 secs 30 cycles
T°C 30 secs
72°C 45 secs
72°C 10 mins 1 cycle
4°C hold
Table 3: List of primers used for determination of gene expression by RT-PCR
Gene Primer sequence Tm
GAPDH F 5- GAGGGGCCATCCACAGTCTTC 63.73°C
R 5- CATCACCATCTTCCAGGAGCG 61.78°C
IL-13 F 5'- CGGCAGCATGGTATGGAGTG 61.40°C
R 5- ATTGCAATTGGAGATGTTGGTCAG 59.30°C
iNOS F 5- AATGGCAACATCAGGTCGGCCATCACT 66.48°C
R 5- GCTGTGTGTCACAGAAGTCTCGAACTC 66.48°C
TNFa F 5- GGCAGGTCTACTTTGGAGTCATTGC 64.62°C
R 5- ACATTCGAGGCTCCAGTGAATTCGG 64.62°C

Statistical analysis

All data obtained from the three independent exper-
iments were analyzed with GraphPad Prism 6. Data
are represented as Mean + SEM, and p-values less
than 0.05 are considered to be significant. Statisti-
cal significance was calculated by t-test in GraphPad
Prism 6. An asterisk (*) was used to denote signifi-
cance with respect to control samples, and a hashtag
(#) was used to denote significance in comparison to
Ova-treated samples.

RESULTS
Plethysmography

With increasing concentration of Mch (0 mg/ml, 5
mg/ml, 10 mg/ml, 15 mg/ml and 20 mg/ml), the Penh
value of the Ova-treated mice increased, by 1.62-fold,
2.06-fold, 2.45-fold (p < 0.05), 2.70-fold (p < 0.05) and
2.52-fold (p < 0.05), respectively, compared to un-
treated control (Figure 3). Fisetin reduced the airway
resistance by 1.20-fold, 1.25-fold, 1.91-fold, 1.84-fold
and 1.20-fold, with respect to Ova (Figure 3).

TC of blood, lung, BALF & BM

Upon treatment with Ova, the TC count of blood,
BALE lung, and BM increased, indicating the estab-
lishment of inflammation. The TC of blood increased
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by 2.78-fold (p < 0.05) with Ova, compared to control
(Figure 4 A). The TC count of PB decreased by 1.83-
fold (p < 0.05) with fisetin treatment (Figure 4 A). The
TC count of lung (Figure 4 B) and BALF (Figure 4 C)
increased by 2.34-fold (p < 0.05) and 41.40-fold (p <
0.05), respectively, with Ova. This observation indi-
cates there was an infiltration of cells into the sites of
inflammation. Fisetin successfully inhibited this in-
filtration in both lungs (Figure 4 B) and BALF (Fig-
ure 4 C), by 1.31-fold (p < 0.05) and 2.01-fold (p <
0.05), respectively. Compared to the control, the TC
count in BM (Figure 4 D) increased by 2.66-fold (p
< 0.05) with Ova treatment and was inhibited signif-
icantly with fisetin treatment by 1.62-fold (p < 0.05).
The observed increase in the TC count in BM is an in-
dication of increased production of immune cells in
response to the antigen.

Differential count of eosinophils in the
blood and BALF

Upon with Ova, which induces

eosinophilic asthma, an increase in eosinophils

treatment

in blood and BALF was observed. The percentage
of eosinophils in blood (Figure 6 A) and BALF
(Figure 6 B) increased significantly by 5.76-fold (p
< 0.05) and 8.40-fold (p < 0.05), respectively, with
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Figure 4: Fisetin inhibited the infiltration of cells (A) in the blood by 1.83 fold (p < 0.05), (B) in the lung by
1.31 fold (p < 0.05), (C) in the BALF by 2.01 fold (p < 0.05), and (C) in the BM by 1.62 fold (p < 0.05). (* p <
0.05, compared to control; # p < 0.05, compared to Ova).
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1.29 fold. (* p < 0.05, compared to control; *p < 0.05, compared to Ova).

Ova treatment, compared to the control. In contrast,
fisetin treatment led to a decrease in the percentage of
eosinophils by 2.43-fold (p < 0.05) in blood (Figure 6
A), and by 1.29-fold in BALF (Figure 6 B).

Immunophenotyping of immune cells in
the blood, lungs, and bone marrow

In blood, Ova increased CD457B220" B cells (Fig-
ure 7 A) by 1.67-fold (p < 0.05), CD45TCD3"
T cells (Figure 7 A) by 2.26-fold (p < 0.05),
CD45TCD31tCD4™ Ty cells (Figure 7 A) by 2.27-
fold (p < 0.05), CD45TCD3TCD8" T¢ cells (Fig-
ure 7 A) by 2.31-fold (p < 0.05), CD45"GR1" neu-
trophils (Figure 7 B) by 3.58-fold (p < 0.05), and
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CD457F4/80" macrophages and monocytes (Fig-
ure 7 B) by 9.74-fold (p < 0.05). Fisetin reduced B cells
(Figure 7 A) by 1.27-fold (p < 0.05), Ty cells (Figure 7
A) by 1.14-fold (p < 0.05), neutrophils (Figure 7 B)
by 1.17-fold and F4/80" macrophages and monocytes
(Figure 7 B) by 1.48-fold (p < 0.05). Fisetin, however,
increased the number of CD3™ T cells (Figure 7 A) by
1.06-fold and CD8™ T (Figure 7 A) cells by 1.24-fold
(p < 0.05) in blood.

In the lung, Ova increased CD4517B220™" B cells (Fig-
ure 8 A) by 19.27-fold (p < 0.05), CD45TCD3"
T cells (Figure 8 A) by 13.25-fold (p < 0.05),
CD457CD3"CD4" Ty cells (Figure 8 A) by 15.38-
fold (p < 0.05), CD45TCD3"CD8" T¢ cells (Fig-
ure 8 A) by 11.07-fold (p < 0.05), CD45TGR1" neu-



Biomedical Research and Therapy, 2022; 9(3):4953-4970

i i Flow cytometry of peripheral blood cells, with CD45,
CD3 (T cell), CD4 (T} cell) and CD8 (T cell) markers GR1 (Neutrophil), and F4/80 (Macrophage & Monocyte) markers
8 5 *
— @B Control o @B Control
© e T Ova
% s Ova % 4
I @8 Ova+F Y s @8 Ova+F
3 3
- 4 -
1) ° 2
=
2 3 *
£ 2 € 1 __#
3 3
=z 4
0
CD45'B220" CD45°CD3" CD3°CD4" CD3'CD8" CD45'GR1" CD45°F4/80"
Cell Types [A] Cell Types [B]

Figure 7: Fisetin reduced the population of immune cells in the blood. Fisetin reduced the B220"B cells (A)
by 1.27 fold (p < 0.05), the CD4* Ty cells (A) by 1.14 fold (p < 0.05), the GR1™ neutrophils (B) by 1.17 fold and the
F4/80+ macrophages and monocytes (B) by 1.48 fold (p < 0.05), but it increased the CD3* T cells (A) by 1.06 fold
and the CD8" TC cells (A) by 1.24 fold (p < 0.05) in the blood. (* p < 0.05, compared to control; #p <0.05, compared

to Ova).

Flow cytometry of lung cells, with CD45, B220 (B cell), Flow cytometry of lung cells, with CD45,
CD3 (T cell), CD4 (T cell) and CD8 (T cell) markers GR1 (Neutrophil), and F4/80 (Macrophage & Monocyte) markers
60 40
_— @B Control =— * @ Control
2 Ova g - T Ova
x
® 40 mm Ova+F ry B Ova+f
°© °
: $ e
g 20 3
Qo
.g g 10
2 z #
CD45'B220" CD45'CD3" CD3'CD4" cCD3'CD8" CD45'GR1" CD45°F4/80"
Cell Types [A] Cell Types [B]

3

Ratio of CD4*/CD8"

0
Control

Ratio of CD3*CD4" and CD3"CD8" cells in the lungs

Ova Ova+F
Treatment Groups [C]

Figure 8: Fisetin reduced the population of immune cells in the lung. Fisetin reduced the B220" B cells (A) by
1.92 fold (p < 0.05), the CD3 ™ T cells (A) by 2.04 fold (p < 0.05), the CD4™ Ty cells (A) by 2.36 fold (p < 0.05), the CD8™
TC cells (A) by 1.75 fold (p < 0.05), the GR1™" neutrophils (B) by 8.02 fold (p < 0.05), and the F4/80" macrophages
and monocytes (B) by 1.21 fold. Fisetin reduced the ratio of CD4"/CD8™ cells by 1.35 fold (p < 0.05). (* p < 0.05,

compared to control; # p < 0.05, compared to Ova).

trophils (Figure 8 B) by 3.05-fold (p < 0.05) and
CD457F4/80" macrophages and monocytes (Fig-
ure 8 B) by 4.18-fold (p < 0.05). Fisetin reduced B cells
(Figure 8 A) by 1.92-fold (p < 0.05), T cells (Figure 8
A) by 2.04-fold (p < 0.05), Ty cells (Figure 8 A) by
2.36-fold (p < 0.05), T cells (Figure 8 A) by 1.75-fold
(p < 0.05), neutrophils (Figure 8 B) by 8.02-fold (p <
0.05), and F4/80" macrophages and monocytes (Fig-
ure 8 B) by 1.21-fold. Ova treatment led to a 1.39-fold
(p < 0.05) increase in the ratio of CD4"T/CD8™ cells,
indicating an increased influx of CD4" Tj cells un-

der asthmatic conditions (Figure 8 C). This ratio was
reduced by 1.35-fold (p < 0.05) with fisetin treatment
(Figure 8 C).

In bone marrow, Ova treatment also led to a signifi-
cant increase in immune cells, indicating an upsurge
in the production of these cells in response to the anti-
gen. A 2.34-fold (p < 0.05) increase in B cells (Figure 9
A), a 4.00-fold (p < 0.05) increase in T cells (Figure 9
A), a 4.25-fold (p < 0.05) increase in CD4™ Ty cells
(Figure 9 A), a 3.00-fold (p < 0.05) increase in CD8™
T cells (Figure 9 A), a 4.21-fold (p < 0.05) increase in
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Figure 9: Fisetin reduced the population of immune cells in the bone marrow. Fisetin reduced the B220" B
cells (A) by 2.24 fold (p < 0.05), the CD3*" T cells (A) by 2.59 fold, the CD4" Ty cells (A) by 2.13 fold (p < 0.05), the
CD8* TC cells (A) by 3.00 fold, the GR1* neutrophils (B) by 1.80 fold, and the F4/80" macrophages and monocytes

(B) by 2.56 fold (p < 0.05). (* p < 0.05, compared to control; # p < 0.05, compared to Ova).
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Figure 10: Fisetin successfully reduced the level of Ova-specific IgE in the serum by 1.33 fold (p < 0.05). (* p
<0.05, compared to control; # p < 0.05, compared to Ova).
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Figure 11: Fisetin reduced the total NO concentration (A) in the blood by 1.84 fold (p < 0.05), (B) in the lung
by 1.13 fold (p < 0.05) and (C) in the BALF by 1.01 fold. (* p < 0.05, compared to control; # p < 0.05, compared

to Ova).
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Figure 12: Fisetin reduced the expression of inflammatory cytokines and signaling molecules at the gene
level. Fisetin reduced the intensities (A), and hence, expressions of IL13, TNFe, and iNOS by 17.54 fold (p < 0.05),
10.87 fold (p < 0.05) and 3.66 fold (p < 0.05) respectively (B). Expression of GAPDH did not change. C: 1 11g RNA
from control lung; O: 1 g RNA from Ova-treated lung; O+F: 1 1tg RNA from Ova+fisetin-treated lung (* p < 0.05,
compared to control; * p < 0.05, compared to Ova).
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Figure 13: Fisetin reduced the expression of pro- inflammatory cytokines and signaling molecules at the
protein level. Fisetin reduced the intensities (A), and hence, expressions of NFxB, HIF1¢, NOS2 and STAT6 by 2.98
fold (p < 0.05), 2.92 fold (p < 0.05), 1.13 fold and 2.02 fold (p < 0.05) respectively (B). Expression of GAPDH did not
change. C: 40 ug protein from control lung; O: 40 ug protein from Ova-treated lung; O+F: 40 ug protein from
Ova-+fisetin-treated lung (* p < 0.05, compared to control; # p < 0.05, compared to Ova).
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Figure 14: Fisetin reduced Goblet cell hyperplasia in the lung by 1.54 fold (p < 0.05), as seen by alcian blue
staining of lung sections. Sections of Ova-treated lungs (B, E, G) show greater number of Goblet cells (marked
with black arrows in Fig. E) than in control lungs (A, D, G) or fisetin-treated lungs (C, F, G). Images taken at 10X (A,
B, C) and 40X (D, E, F) magnifications. (*p < 0.05, compared to control; #p < 0.05, compared to Ova).
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Figure 15: Fisetin restored the clonogenic potential of blood cells by 2.95 fold (p < 0.05), of lung cells by 2.31
fold (p < 0.05) and of BALF cells by 5.07 fold (p < 0.05). (* p < 0.05, compared to control; * p < 0.05, compared

to Ova).

the neutrophils (Figure 9 B) and a 6.42-fold (p < 0.05)
increase in monocytes and macrophages (Figure 9 B)
was observed. Fisetin significantly reduced the num-
ber of B cells by 2.24-fold (p < 0.05) (Figure 9 A), T
cells by 2.59-fold (Figure 9 A), T cells by 2.13-fold
(p < 0.05) (Figure 9 A), T¢ cells by 3.00-fold (Fig-
ure 9 A), neutrophils by 1.80-fold (Figure 9 B), and
macrophages by 2.56-fold (p < 0.05) (Figure 9 B).

Estimation of total IgE in serum

Elevations in serum IgE levels are a characteristic fea-
ture of eosinophilic asthma. This finding was con-
firmed in our results, where the level of serum IgE rose
by 1.68-fold (p < 0.05) with Ova treatment, as com-
pared to the control (Figure 10 ). Fisetin successfully
restored serum IgE to nearly control levels, by 1.33-
fold (p < 0.05), compared to Ova (Figure 10 ).

Estimation of total NO concentration in the
blood, BALF, and lung

NO is an inflammatory marker, and Ova treatment
led to a 2.32-fold (p < 0.05) increase of NO concen-
tration in the blood (Figure 11 A), a 1.39-fold (p <
0.05) increase in the lung (Figure 11 B), and a 3.57-
fold increase in BALF (Figure 11 C). Fisetin reduced
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NO concentration in all three tissues, by 1.84-fold (p
<0.05) in the blood (Figure 11 A), 1.13-fold (p < 0.05)
in the lung (Figure 11 B), and 1.01-fold in BALF (Fig-
ure 11 C).

Estimation of expression of pro-
inflammatory cytokines and signaling
molecules at the gene level

We assessed the gene expression of pro-inflammatory
cytokines and signaling molecules, such as IL13,
TNFa, and iNOS, by RT-PCR. We used GAPDH as
the housekeeping gene, the expression of which did
not change with either treatment (Figure 12 A). On
the other hand, expression of the genes under study
increased significantly with Ova treatment, compared
to control, as determined by the intensities of the
bands on the gels. With Ova treatment (lanes marked
O in Figure 12A), the expression of IL13, TNFa, and
iNOS increased by 18.69-fold (p < 0.05), 12.40-fold
(p < 0.05), and 7.87-fold (p < 0.05), respectively (Fig-
ure 12 B), compared to control (lanes marked C in
Figure 12A). With fisetin treatment (lanes marked
O+F in Figure 12 A), the expression of IL13, TNFa,
and iNOS decreased by 17.54-fold (p < 0.05), 10.87-
fold (p < 0.05), and 3.66-fold (p < 0.05), respectively
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Figure 16: Possible mechanism of action of fisetin in reducing the symptoms of acute asthma. Ovalbumin
activates the Ty %response via TNFor and NFkB, activating the transcription of pro-inflammatory genes, as well
as over-production of immune cells in the bone marrow, leading to increase in inflammation and symptoms of
asthma. Fisetin most likely prevents the activation of TNFar and NFxB, leading to the down-regulation of pro-
inflammatory genes, consequently resulting in the decrease in inflammation and symptoms of asthma. Fisetin also
inhibits the over-production and migration ofimmune cells from the bone marrow to the lungs, via the blood. Red
boxes mark the points at which, according to our hypothesis, fisetin may act in reducing the symptoms of asthma.

(Figure 12 B). These findings suggest a down regula-
tion in the expression of inflammatory molecules.

Estimation of expression of pro-
inflammatory cytokines and signaling
molecules at the protein level

We also assessed the protein expression of pro-
inflammatory cytokines and signaling molecules like
NFxB (molecular weight 65 kDa), HIF1 & (molecular
weight 132 kDa), NOS2 (molecular weight 130 kDa)
and STAT6 (molecular weight 119 kDa). We used
GAPDH (molecular weight 37 kDa) as the house-
keeping protein, whose expression did not change
with any treatment (Figure 13 A). On the other hand,
the expression of the proteins under study increased
significantly with Ova treatment, compared to con-
trol, as determined by the intensities of the bands on
the blots. With Ova treatment (lanes marked O in
Figure 13A), the expression of NFxB, HIF1c, NOS2
and STATS6 increased by 4.34-fold (p < 0.05), 3.79-
fold (p < 0.05), 3.27-fold (p < 0.05) and 3.66-fold (p <
0.05), respectively (Figure 13 B), compared to control
(lanes marked C in Figure 13A). With fisetin treat-
ment (lanes marked O+F in Figure 13 A), the inten-
sities of NFxB, HIF1o, NOS2 and STAT6 decreased

by 2.98-fold (p < 0.05), 2.92-fold (p < 0.05), 1.13-
fold and 2.02-fold (p < 0.05), respectively (Figure 13
B). This finding suggests there was a successful down
regulation in the expression of the pro-inflammatory
molecules.

Goblet cell hyperplasia in the airways of the
lungs

In asthma, the goblet cells, which are mucus-
producing epithelial cells of the lungs and airways,
produce excessive amounts of mucus, leading to the
swelling of the cells. This metaplasia is a marker of
asthma. Our study showed that Ova treatment led
to a 2.97-fold (p<0.05) increase in the percentage of
metaplastic goblet cells (Figure 14 B, Figure 14 E,
Figure 14 G), as compared to the control (Figure 14
A, Figure 14 D, Figure 14 G). Fisetin treatment led
to a 1.54-fold (p < 0.05) reduction in the percentage
of metaplastic goblet cells (Figure 14 C, Figure 14 F,
Figure 14 G), confirming the efficacy of fisetin in re-
ducing the symptoms of asthma.

Estimation of clonogenic potential of cells

Clonogenic potential is the ability of cells of a tissue to
proliferate and form colonies. In cases of inflamma-
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tion or degeneration, the cells lose their ability to pro-
liferate to their full potential. This effect was observed
in the Ova-treated groups, where the clonogenic po-
tential of blood (Figure 15 A), lung (Figure 15 B) and
BALF (Figure 15 C) decreased by 6.16-fold (p < 0.05),
4.57-fold (p < 0.05), and 110.18-fold (p < 0.05), re-
spectively. Fisetin, in contrast, restored clonogenic
potential to a moderate degree. The clonogenic po-
tential of blood (Figure 15 A), lung (Figure 15 B)
and BALF (Figure 16 C) increased by 2.95-fold (p <
0.05), 2.31-fold (p < 0.05), and 5.07-fold (p < 0.05),
respectively, suggesting that fisetin treatment as po-
tential pro-regenerative effects.

DISCUSSION

Asthma is a chronic respiratory disorder that affects
a substantial fraction of the global population. Over
15% of deaths worldwide are caused by asthma®. Cur-
rently, the primary limitation in asthma therapy is the
lack of a permanent cure with no adverse effects. Cur-
rent therapeutic strategies include the use of corticos-
teroids, long- and short-acting 3-agonists and an-
ticholinergics, all of which have a variety of adverse

effects 116

Moreover, none of these strategies are
permanent cures, and only provide temporary relief
to patients. Management of the disease, especially in
under-developed countries, is poor, due to the high
cost or low availability of therapy®®. In addition to
these factors, many patients do not respond, or be-
come refractory (i.e., develop non-responsiveness), to
existing therapies and/or react to the adverse side ef-
fects (contra-indications) of prolonged use of steroids
and long-acting bronchodilator (LABA) inhalers and
short-acting beta agonists (SABAs).

With these limitations in mind, we designed this
study to assess the efficacy of fisetin, an easily available
natural compound, as a treatment for asthma in a pre-
clinical mouse model. Previous studies have shown
that fisetin possesses anti-oxidative, anti-proliferative
and anti-inflammatory activity ®. Although fisetin has
been investigated in previous studies, the novelty of
our study lies its non-invasive approach, ease of ad-
ministration, and dosing. Previous studies have uti-
lized fisetin at doses starting from 1 MPK and as high
as 50 MPK, in a vehicle of DMSO 51719, In our
study, we used a significantly lower dose of 0.6 MPK
fisetin in an aqueous solution. In addition, fisetin was
orally administered, as opposed to the intratracheal,
intravenous, or intraperitoneal administrations used
in previous studies 111719, Oral administration pro-
vides an easier form of treatment and acts on the dis-
ease in a systemic manner.
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In our study, we induced asthma in BALB/c mice with
ovalbumin (Ova) for 21 days. The mice were sensi-
tized with 100 ug Ova on day 0, followed by repeated
challenges with 250 g Ova on day 8 and 125 g Ova
on days 15, 18, and 21. Assessment of lung func-
tion 24 hours after the last Ova challenge showed sig-
nificantly higher Penh (i.e., the enhanced pause be-
tween inhalation and exhalation), in response to in-
creasing concentrations of methacholine. This obser-
vation suggests that repeated challenges with Ova led
to increased AHR, which is a characteristic symptom
of asthma. Fisetin reduced AHR to nearly control lev-
els (Figure 3), suggesting that it was successful in re-
versing the airway constriction that occurs in asthma.
After sacrificing the mice, their tissues were collected
for a variety of assays. The TC count of PB, lung,
and BALF increased significantly with Ova treat-
ment, in addition to eosinophilic infiltration in the
blood and BALF, and the serum IgE levels. The TC
count of PB, lungs, BALF and BM (Figure 4), the
eosinophil count of PB and BALF (Figure 6), and
level of serum IgE (Figure 10) all decreased signifi-
cantly with fisetin treatment. Hematoxylin and eosin
staining of lung sections also showed reduced cellu-
lar infiltration in the lungs with fisetin, compared to
Ova-treated lungs (Figure 5). Furthermore, fisetin
significantly reduced the infiltration of CD45+7B220"
B cells, CD457CD3" T cells, CD457CD3*CD4*
Ty cells, CD45TCD3TCD8™" T cells, CD45TGR1T
neutrophils and CD45"F4/80" macrophages in the
blood, lungs, and bone marrow, which had increased
with Ova treatment (Figures 7, 8 and 9). In addition,
the ratio of CD4™ and CD8™ cells in the lungs was
significantly downmodulated by fisetin (Figure 8 C).
The concentration of NO, an inflammatory marker,
increased significantly in all three tissues from the
mice treated with Ova, which decreased significantly
with administration of fisetin (Figure 11). Alcian blue
staining of lung sections showed a reduction in the
number of mucus-containing goblet cells along the
epithelia of the lungs (Figure 14). These observa-
tions indicate the anti-inflammatory effects of fisetin
in asthma.

Fisetin also restored clonogenic potential (i.e., the
ability of cells to form colonies) of cells in the blood,
lungs, and BALE, which had been significantly re-
duced with Ova treatment (Figure 15). The ability of
fisetin to restore the clonogenic potential of cells in
various tissues suggests that it has regenerative effects.
Studies have shown that, on encountering an antigen,
the macrophages of the airways and lungs are acti-
vated through toll-like receptors (TLRs), pathogen-
associated molecular patterns (PAMPs) and damage-
associated molecular patterns (DAMPs)20-22, These
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macrophages either release cytokines, such as IL25
and IL33, activate signaling molecules including
TNFo and NFkB, or endocytose and destroy the
20-22 The released cytokines
and signaling molecules subsequently induce the dif-

antigen themselves

ferentiation of naive T cells into the Ty pheno-
type, which release inflammatory cytokines, such as
IL4, IL5 and IL1329-22, 114 and IL13 further ac-
tivate the Ty? pathway via STATS, induce B cells
to produce antibodies, induce goblet cells to over-
express mucus, and activate additional monocytes
and macrophages2%-22. IL5 stimulates the increased
production of eosinophils in the lungs and signals
the bone marrow DCs to increase the production of
CD3" T cells20-22, These CD3* cells in turn induce
the increased production of macrophages in the BM,
which subsequently move into the lungs and differen-
tiate into alveolar macrophages?%-22. CD3™ cells also
differentiate into Tg? cells and increase the produc-
tion of IL5, which induces eosinophilia in bone mar-
row, and their movement back to the lung, through
the action of TNFa 20-22,

Earlier studies have found that asthma in general, as
well as that induced by Ova, is regulated by key sig-
naling molecules, of which TNF¢ and NF«B play im-
portant roles. TNFq is produced by macrophages
upon activation of certain membrane-bound pattern-
recognition molecules and is a major cytokine of
2324 After being

cleaved and activated by the TNFo-converting en-

the innate immune response

zyme, TNFo binds to its receptor, leading to the acti-
vation of intracellular signaling cascades?3, which in
turn leads to phosphorylation and subsequent nuclear
localization of the p50-p65 subunits of NFxB 2324,
The active NFxB then promotes the transcription of
other pro-inflammatory genes of the Ty response,
including those of IL4 and IL13, which, in turn,
activate genes like STAT6, iNOS and HIF1¢ 227,
NFxB also activates the transcription of more TNFo
in a feedback loop?®. TNFq is also involved in
the interaction between mast cells and smooth mus-
cles and, therefore, in the development of AHRZ2324
In addition, TNFa plays a major role in attracting
eosinophils and T cells to the lungs?3. Asthma leads
to hypoxic conditions and increased production of
NO in the tissue, which is reflected in the over expres-
sion of HIF1 and iNOS, respectively. In a state of
inflammation, hypoxic conditions prevail, as a result
of low oxygen availability due to damaged vasculature
and increased infiltration of immune cells?8. In aller-
gic asthma, HIF1 & promotes inflammation and stim-
ulates the infiltration of eosinophils 8.

Figure 16 shows a diagrammatic representation of
the sequence of events by which Ova induces acute
asthma. Our analysis of protein expression by West-
ern blot, and gene expression by RT-PCR, confirmed
the anti-inflammatory effects of fisetin. We found that
fisetin significantly inhibited the expression of TNFa,
IL13, and iNOS genes (Figure 12), and the expression
of NF«xB (p65 subunit), STAT6, HIF1¢, and NOS2
proteins (Figure 13). Based on our observations, we
hypothesized that fisetin exerts its principal effects in
one the following ways:

« Fisetin prevents the activation of TNFa, which
consequently prevents the activation of NFxB.
Such an effect would lead to down regulation in
the transcription of other downstream genes.

« Fisetin either directly prevents the formation of
the active NFxB dimer or its nuclear localiza-
tion. This effect would prevent the transcrip-
tion of downstream pro-inflammatory genes,
including that of the TNFa feedback-loop.

« Fisetin may also suppress the over-production
of CD3" T cells and macrophages in the bone
marrow, and their subsequent migration into
the lungs through the blood.

Whether by path (i), (ii), or (iii), fisetin reduces in-
flammation, AHR, and other symptoms characteristic
of asthma, including the release of inflammatory me-
diators, such as IgE and NO (Figure 16). Thus, fisetin
could also potentially maintain mitochondrial func-
tion in the presence of oxidative stress as is evidenced
by the potential mechanism outlined in Figure 16.
This study highlights the potential for asthma to be
treated with natural compounds like fisetin, even
when administered orally and at a significantly lower
dose than that previously studied. Fisetin was found
to reduce the acute inflammation that occurs in the
first stages of asthma. Fisetin does not appear to
have any adverse effects or toxicities when used long-
term, as we also found in a separate study that fisetin
was effective in a mouse model of chronic asthma?®.
The present study investigates the effect of fisetin on
the sudden and severely acute, inflammatory phase of
asthma, which, over time and without proper treat-
ment, may develop into the chronic phase of the dis-
ease, involving tissue remodeling. The effect of fisetin
in chronic asthma was investigated by Paul et al.?’.
We can surmise that, while the inflammation may
be similar in the early stages, because the causative
agent is the same, the subsequent downstream phe-
nomenon, including target cells and the signals, in
which the disease plays out, are different.
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The
proliferative and anti-cancer

anti-inflammatory,  anti-oxidative,  anti-

effects of fisetin
are well-documented %12, In addition to the present
study, we have investigated the effects of fisetin
in several preclinical disease models, including
peritonitis 331, idiopathic pulmonary fibrosis3*33,
and atopic dermatitis, with positive results. In the
present study, fisetin was repurposed to elucidate its
potential role in reversing allergic inflammation in
the acute stage of disease, while in a previous study,
its effects in the chronic phase were explored?’,
in which the key players and signaling pathways
differ widely. As previously mentioned, the key
events in the reversible, acute phase of asthma are
eosinophilic infiltration, IgE, mucus hypersecretion
by goblet cells, and AHR, with NFxB and TNF«
guiding the underlying mechanisms. On the other
hand, the chronic phase involves fibrosis and tissue
remodeling, smooth muscle hypertrophy, epithelial
cell damage, and collagen deposition, most of which
are guided by the effects of transforming growth
factor beta (TGFf). TGFf has been implicated
in the induction of apoptosis of airway epithelial
cells, mucus hypersecretion through stimulation of
goblet cell proliferation, induction of proliferation
and differentiation of fibroblasts and synthesis of
extracellular matrix proteins, and tissue remodeling
through the production and release of vascular
endothelial growth factor (VEGF) and plasminogen
activator inhibitor34-36, All these factors contribute
to the swelling and obstruction of the airways, which
TGFB has
also been found to create resistance to the effects

is characteristic of prolonged asthma.

of B2-agonist bronchodilators that are currently
prescribed as asthma therapy 7.

Fisetin may also exert its therapeutic effects through
the gut-lung axis, as it has been shown that fisetin

can regulate gut microbiota 3839,

Intact gut bacte-
ria or their metabolites, especially short-chain fatty
acids (SCFAs), may cross the intestinal barrier, reach
the systemic circulation, and modulate immune re-
sponse in the lungs4?. SCFAs, whether from bacterial
metabolites or high-fiber diets, may act in the lungs as
signaling molecules to resident APCs to stimulate the
immune response°. It has been reported that SCFA-
deficient mice with induced asthma showed an ele-
vated inflammatory response %,

Fisetin has also been found to have senolytic proper-
ties and may aid in the prevention of senescent tissue
damage and the destruction of senescent cells, exacer-
bated by acute inflammation due to the repetitive on-
slaught of allergic asthma. Tissue aging is marked by

enhanced cellular senescence, a stress-response that
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induces damaged cells to exit from the cell cycle and
produce a pro-inflammatory, senescence-associated
secretory phenotype (SASP). Recent research has re-
ported further evidence that fisetin may act as a pow-
erful senolytic4!.

With the worldwide increase in asthma, the high cost
of therapy, and the side effects of current therapeutic
strategies, our study of fisetin in a pre-clinical mouse
model may provide a starting point for the develop-
ment of a safer, more efficient, and more cost-effective

treatment for asthma.

CONCLUSIONS

Orally administered fisetin, in an aqueous solution
and at a low dose of 50 nM (corresponding to 0.6
MPK), appears to be a safe and economical method
for treating asthma in its early acute inflammatory
phase, based on its effects in a preclinical mouse
model. In the acute phase of the disease, fisetin acts by
inhibiting eosinophilic infiltration, IgE production,
CD3+CD4" Ty cell production and migration, ac-
tivation of NFkB and TNFa, along with the Tg? cy-
tokines.

ABBREVIATIONS

Ova:
responsiveness; MPK: Milligram (of therapeutic

Ovalbumin; ~ AHR: Airway hyper-
agent) per kg body weight of mouse; Penh: Enhanced
pause; Mch: Methacholine; PB: Peripheral blood;
BALF: Broncho-alveolar lavage fluid; IL: Interleukin;
CD: Cluster of differentiation; IgE: Immunoglobulin
E; iNOS: Inducible nitric oxide synthase; NFkB:
Nuclear factor k- light chain enhancer of activated
B cells; STAT: Signal transducer and activator of
transcription; IFNY: Interferon y; PBS: Phosphate
buffered saline; PBST: Phosphate buffered saline
with Tween-20; DMEM: Dulbecco’s Modified Eagle
Medium; HRP: Horse radish peroxidase; IMDM:
Iscove’s Modified Dulbeccos Medium; FBS: Fetal
bovine serum; BSA: Bovine serum albumin; PCR:
Polymerase chain reaction; LABA: Long Acting Beta
Agonist; SABA: Short Acting Beta Agonist.
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