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ABSTRACT

Virus-mediated asthma exacerbations represent a major clinical burden, characterized by neutrophilic inflam-
mation, airway hyperresponsiveness, and oxidative stress leading to the worsening of asthma symptoms.
Recently, we have reported that poly (I:C)-mediated asthma exacerbation is unresponsive to dexamethasone
(corticosteroid class of drugs) underscoring the need for alternative therapeutic strategy. Given the well-
established anti-inflammatory and antioxidant potential of curcumin, the present study aimed at investigating
the protective potential of curcumin loaded solid lipid nanoparticles (SLNs) against poly (I:C) mediated exac-
erbation of allergic asthma in mice and SLN preparation and characterization. OVA + poly (I:C) exposed mice
were orally administered curcumin loaded SLNs prior to each poly (I:C) instillation for three consecutive days.
Twenty four hours after last poly (I:C) challenge, BALF/lung tissues were procured for the analysis of inflam-
matory cells and molecular players. Pretreatment of OVA + poly (I:C) exposed mice with curcumin-loaded SLNs
ameliorated the robust influx of inflammatory cells along with reduction in the expression of inflammatory
mediators including TNF-a, IL-6, G-CSF, and KC in the lungs of mice. This was accompanied by normalization of
airway hyperresponsiveness and mucus hypersecretion. Protection exerted by curcumin-loaded SLNs was linked
with blunted activation of p38MAPK. Further, our nano formulation improved the redox balance potentially
through enhanced expression of Nrf2. Overall, our data shows that curcumin-loaded SLNs protects against poly
(I:C)-mediated inflammation in allergic asthma by modulating inflammatory and oxidative pathways and thus
may serve as a promising preventive/therapeutic candidate for managing virus mediated asthma exacerbations.

1. Introduction

replication, which can be sensed by the toll-like receptor (TLR) 3 present
on various immune cells including macrophages, neutrophils, and

Asthma is a chronic inflammatory airway disease characterized by
episodic airflow obstruction and airway hyperresponsiveness. A small
proportion of individuals suffer from sudden, acute episodes of wors-
ening of asthma symptoms often associated with progressive decline in
lung functions which frequently lead to increased disease-related
morbidity and cause a greater burden on healthcare resources often
classified as ‘exacerbations’ (Park and Tantisira, 2017; Kim et al., 2018).
Respiratory viral infections, predominantly rhinoviruses and respiratory
syncytial virus, are identified in nearly 80% of exacerbation patients
underscoring viral susceptibility as critical determinant of disease
severity (Feddema and Claassen, 2020). These respiratory viruses use
single-stranded RNA (ssRNA) to encode their genome with
double-stranded RNA (dsRNA) as an intermediate during viral
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non-immune cells like airway smooth muscle cells, and epithelial and
endothelial cells (Lunding et al., 2015). Poly (I:C), a well-established
viral surrogate is often used to mimic viral infections in both in vitro
and in vivo studies. Recently, we have reported that poly (I:C) treatment
in OVA-sensitized and challenged mice effectively mimics the key fea-
tures of viral mediated exacerbation of allergic asthma which respond
poorly to dexamethasone, a corticosteroid class of drugs. Therefore,
alternative preventive/therapeutic strategies are urgently needed to
combat the exacerbated symptoms associated with asthma exacerba-
tions triggered by seasonal viral infections in susceptible individuals.
The perennial herb Curcuma longa, commonly known as turmeric,
belonging to Zingerberaceae family, is widely cultivated in tropic and
subtropics of Asia, especially in India, China, and Indonesia. Curcumin
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(1,7 bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione), a
yellow polyphenol, is one of the main bioactive molecules isolated from
turmeric (Abd El-Hack et al., 2021). Curcumin exhibits broad-spectrum
of biological activities including anti-tumour, anti-bacterial,
anti-oxidant, and anti-inflammatory properties which has led to its
extensive use for treatment of several diseases (Tang et al., 2021; Fan
et al.,, 2015; Peng KT et al., 2019). Due to low bioavailability, and poor
aqueous solubility of curcumin, its clinical utility remains limited. To
overcome these problems, drug delivery systems like polymer, chitosan,
and solid lipid nanoparticles were employed for better bioavailability
and targeted delivery of curcumin. Solid lipid nanoparticles (SLNs), an
emerging alternative drug delivery system, offer desirable properties
such as small size, high drug loading, protection against chemical
degradation, and physical stability (Gera et al., 2017). SLNs have been
previously shown to increase the tissue distribution of curcumin espe-
cially in the liver and lung, and prove to be promising drug-targeting
carrier into the lungs (Wang et al., 2012). However, the potential ef-
fects of curcumin-loaded SLNs (curc-SLNs) in virus-mediated asthma
exacerbations is not known. Therefore, the present study was aimed to
investigate the beneficial potential of curcumin-loaded SLNs in poly (I:
C)-mediated exacerbation of allergic asthma, followed by an attempt to
study the underlying molecular mechanisms using mouse model of the
disease.

2. Materials and methods
2.1. Materials

All the chemicals used in the current study were of analytical grade.
Ovalbumin (OVA) (#A5503), Aluminium hydroxide (Al(OH)3)
(#A1577), Poly (I:C) (#P1530), Bovine Serum Albumin (BSA)
(#85171), dexamethasone (#D1756), methacholine chloride (MeCh)
(62511) was purchased from Sigma Aldrich Co. (St. Louis, MO, USA).
Trizol and iScript cDNA synthesis kit used for RNA isolation and cDNA
preparation, Precision Plus Protein Dual color ladder (17-0374),
Nitrocellulose ~membrane (#1620115), western ECL reagent
(#170-5060) were obtained from Bio-rad, Hercules, CA, USA. Tris
(#103133), Acrylamide (#193982), Glycine (#194825), and SDS
(#811034) were purchased from MP Biomedicals, India. The oligonu-
cleotide primers for qRT-PCR were purchased from Integrated DNA
Technology Inc. (Coralville, Iowa, USA). Antibodies against phospho-
P38MAPK (#9211S), total p38MAPK (#9212S), Nrf2 (#12721S) for
western blotting were purchased from Cell Signalling Technology,
Danvers, MA, USA. Antibody against p-Actin (#sc-1616) was purchased
from Santa Cruz Biotechnology, USA. Curcumin extract was purchased
from Sunpure Extracts Private Limited. All other reagents required in the
study were purchased from HiMedia Laboratories, Mumbai, India, and
Sisco Research Laboratories Pvt. Ltd., Mumbai, India.

2.2. Development of curcumin-loaded solid lipid nanoparticles

Curc-SLNs were prepared as previously reported by us (Sandhu et al.,
2021). Briefly, curc-SLNs were prepared by hot high-pressure homoge-
nization method. Curcumin (0.6% w/w) was dissolved in polyethylene
glycol (PEG) 600 followed by molten Compritol® 888 ATO. This hot
lipid phase was emulsified with aqueous surfactant phase containing
Tween 80 and soya lecithin and maintained at a temperature 5-10 °C
above melting point of Compritol® 888 ATO (70°C to 75°C). This
emulsion was subjected to high pressure homogenization and then
allowed to cool to room temperature leading to formation of lipid
nanoparticles by re-crystallization of hot dispersed lipid.

2.3. Characterization of curc-SLNs

2.3.1. Particle size and Polydispersity index (PDI)
The average particle size and PDI of curc-SLN dispersion was
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analyzed following appropriate dilution with distilled water (1:20)
using a Delsa™ Nano C Particle Analyzer (Beckman Coulter, Brea, CA,
USA).

2.3.2. Zeta Potential

Zeta potential was determined by Delsa™ Nano C Particle Analyzer
(Beckman Coulter, Brea, CA, USA) after appropriate dilution with dou-
ble distilled water.

2.3.3. Entrapment Efficiency

The entrapment efficiency of the prepared curc-SLNs dispersion was
determined by using a dialysis membrane having pore size of 2.4 nm,
and molecular weight cut-off 12-14 kDa. Membrane was soaked in
double-distilled water for 12 h prior to use. The SLNs dispersion (1 ml)
was placed in this pre-soaked dialysis tubing, which was hermetically
sealed, and dialyzed against methanol (50 ml) at room temperature for
45 min. The amount of drug released into the receptor/release medium
was spectrophotometrically analyzed with appropriate dilutions. The
SLNs retained in the dialysis bag were disrupted using mixture of
chloroform and methanol (1:1) to calculate the amount of drug
entrapped within curc-SLNs. Entrapment efficiency was calculated using
following expression.

__ Entrapped drug content (mg)

Entrapment efficiency (%) = Actual drug content (mg) x 100

2.4. Animal acquisition

Female BALB/c mice (4-5 weeks old) weighing around 25-30 g used
in the study were obtained from Central Animal House, Panjab Uni-
versity, Chandigarh. Mice were housed in pathogen-free polypropylene
cages under 12 h light/dark cycle and fed standard pellet diet and water
ad libitum. Animals were acclimatized to local environment for one
week prior to the start of the experiments. All animal experiments were
carried in accordance with the ARRIVE guidelines, and the National
Institutes of Health Guide for the Care and Use of Laboratory Animals
(NIH Publications No. 8023, revised 1978). All animal experiments were
approved by the Panjab University Institutional Animal Ethics Com-
mittee (IAEC) (Approval no: PU/45/99/CPCSEA/IAEC/2022/695).

2.5. Experimental design

Mice were randomly segregated into the following groups (n = 4-6
mice/group).

2.5.1. Group I: Control group
Mice were administered normal saline intraperitoneally followed by
intranasal challenge thrice without giving any other kind of treatment.

2.5.2. Group II: [OVA + pIC] group

Mice were administered intraperitoneal injection containing 10 pg
OVA adsorbed to 2 mg Al(OH)3 on days 0 and 14 and then challenged
with 3% aerosolized OVA using an automated exposure system (inEx-
pose, SCIREQ Scientific Respiratory Equipment Inc., Montréal, Canada)
on days 28, 29, and 30. Twenty-four hours after the last OVA challenge,
mice were intranasally instilled with poly (I:C) at a dose of 200 pg under
5% isoflurane anaesthesia for three consecutive days starting on day 31
as reported by us previously (Sandhu and Naura, 2026) (Fig. 1A).

2.5.3. Group IIIl: [OVA + pIC + Curcumin-loaded SLNs] group

OVA-sensitized and challenged mice were orally administered
curcumin-loaded SLNs at different doses (0, 5, 10, or 20 mg/kgb.wt.) 1 h
prior to each poly (I:C) instillation daily for three consecutive days
(Fig. 1B).
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Fig. 1. Experimental protocol for curc-SLN treatment in poly (I:C)-induced asthma exacerbation. (A) Female BALB/c mice were sensitized by intraperitoneal in-
jection containing mixture of OVA and aluminium hydroxide and then intranasally challenged with 3% aerosolized OVA on days 28, 29, and 30. Poly (I:C) was
administered intranasally for three consecutive days starting 24 h after last OVA challenge. (B) Free curcumin (20 mg/kg b.wt.)/curcumin-loaded SLNs were orally
administered one hour before each poly (I:C) instillation at different doses i.e. 0, 5, 10, or 20 mg/kg b.wt. On day 34, mice were sacrificed and BALF was procured for
analysis of inflammatory cells and assessment of proinflammatory cytokines. Further, lung tissue was subjected to western blot/PCR/histopathological analysis.

2.5.4. Group IV: [OVA + pIC + Free curcumin] group

Free curcumin was dissolved in 0.5% carboxymethylcellulose (CMC)
and orally administered at a dose of 20 mg/kg b.wt.1 h prior to each poly
(I:C) instillation daily for three consecutive days to OVA-sensitized and
challenged mice (Fig. 1B).

2.6. Measurement of Airway Hyperresponsiveness

sRaw, a measure of airway hyperresponsiveness (AHR) was assessed
in conscious mice after 24 h of the last poly (I:C) exposure using a
double-chamber body plethysmograph (DCP) (SCIREQ, EMKA Tech-
nologies; Montreal, Canada). The animals were exposed to increasing
concentrations of methacholine (0, 12.5, 25, and 50 mg/ml) for three
minutes, after which mean readings were recorded for five minutes.

2.7. Bronchoalveolar lavage fluid (BALF) analysis

Twenty-four hours following the last poly (I:C) challenge, mice were
euthanized by cervical dislocation. A small incision was made on trachea
to insert a cannula and the lungs of mice were lavaged with 1 ml of ice-
cold phosphate buffer saline (PBS) to procure BALF. The collected BALF
was then centrifuged at 1500 rpm for 5 min at 4°C. The resulting cell
pellet was resuspended in PBS to determine total number of inflamma-
tory cells using a hemocytometer. BALF cytospin slides were prepared
using cytospin centrifuge and hematoxylin and eosin (H&E) stained
slides were used for differential analysis of inflammatory cells as pre-
viously reported (Puri and Naura, 2020).

2.8. RNA extraction and real-time PCR

Total RNA was extracted from the lung tissues preserved in RNA later
using Trizol reagent as per the manufacturer’s instructions. The con-
centration and purity of RNA were evaluated with a nanodrop spectro-
photometer while its integrity was checked by agarose gel
electrophoresis. 1 pug of RNA from each sample was reverse transcribed
to cDNA using the iScript cDNA synthesis kit (Biorad, Hercules, USA).
The resulting cDNA was used in combination with SYBR green to
quantify the expression of genes namely TNF-q, IL-6, G-CSF (granulocyte
colony stimulating factor), KC (keratinocyte-derived chemokine), and

B-actin using specific primers as mentioned in Table 1. Quantitative real-
time PCR was conducted using CFX 96 Real Time System, Biorad, Her-
cules, USA) as previously reported (Chandel and Naura, 2025).

2.9. Histopathological analysis

The lungs of mice inflated using 10% neutral buffered formalin
(prepared in PBS) were harvested and kept in 10% formalin for the next
24 h. Following this, the tissues were embedded in paraffin blocks and
tissue sections of 5 um were prepared and fixed onto microscopic slides.
These paraffin-embedded tissue slides were then subjected to H&E
staining for inflammatory cells and periodic acid-Schiff (PAS) staining
for mucus production respectively. Multiple images of H&E-stained and
PAS-stained slides were captured at 100X and 400X. Histological
inflammation score was calculated by the degree of peribronchial and
perivascular inflammation, evaluated on a scale of 0-4: 0 (normal), 1
(occasional cuffing with inflammatory cells), 2 (most bronchi or vessels
surrounded by a depth of 1-3 cells), 3 (most bronchi or vessels sur-
rounded by a depth of 4-5 cells), 4 (most bronchi or vessels surrounded
by a depth of >5 cells). Peribronchial inflammation was evaluated for
severity based on scoring system (0: normal, 1: diameter of <3 cells
thick, 2: diameter of 3-10 cells thick, 3: diameter of >10 cells thick) and
extent (with a score of 0: normal, 1: <10% of the sample, 2: 10-25% of
the sample, 3: >25% of the sample). Inflammation scores were calcu-
lated by multiplying severity by extent (Gracias et al., 2021).
PAS-stained lung sections were used for counting of goblet cells using an
arbitrary scoring system (0: <5% goblet cells; 1: 5-25%; 2: 25-50%; 3:
50-75%; 4: >75%), as described by Grunig et al (Griinig et al., 1998).

Table 1
List of primers used in the experimental study.

Gene Forward Primer 5'-3’ Reverse Primer 3'-5’

TNF-a TAT GGC TCA GGG TCC AAC TC CTC CCT TTG CAG AAC TCA GG
IL-6 CCG GAG AGG AGA CTT CAC AG TCC ACG ATT TCC CAG AGA AC
G-CSF CCT TCA CTT CTG CCT TCC AG GCT CAG GTC TAG GCC AAG TG
KC GCT GGG ATT CAC CTC AAG AA TCT CCG TTA CTT GGG GAC AC
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2.10. Western Blotting

Total protein extracted from lung tissue was lysed in ice-cold RIPA
buffer containing protease and phosphatase inhibitors. The protein ly-
sates were centrifuged to collect supernatant which was used to deter-
mine the protein concentration by Bradford assay (Bradford, 1976).
40 pg protein from each sample was separated on 10% SDS-PAGE and
then transferred to nitrocellulose membrane. The membranes were
blocked with 3% BSA for 1 h at room temperature, and then incubated
with primary monoclonal antibodies against p-Actin (1:1000), phospho
(Thr'®/Tyr'82)-p38MAPK (1:1000), total p38MAPK (1:1000), and Nrf2
(1:1000) overnight at 4°C. After washing the membrane with PBS-T
(PBS with 0.05% Tween-20) thrice, membranes were subsequently
incubated with suitable horseradish peroxidase (HRP)-conjugated sec-
ondary antibody (1:10,000). The blots were finally visualised via
chemiluminescence with the ECL-Plus (Bio-Rad, Hercules, CA, USA)
using Image QuantTM LAS 500 (GE Healthcare Life Sciences). Densi-
tometric analysis was performed using Image J software and protein
expression was normalized against p-actin.

2.11. Biochemical Parameters

The lung tissue homogenates (10% w/v) were prepared in ice-cold
PBS (0.1 N, pH 7.4) at 4°C using a Potter/Elvehjem homogenizer and
was centrifuged at 8000 rpm for 10 min to collect supernatant. The
levels of ROS, malondialdehyde (MDA), reduced glutathione (GSH), and
superoxide dismutase (SOD) activity were determined in the lung tissue
homogenates as described previously (Kaur et al., 2024).

2.12. Statistical analysis

Results are depicted as mean + SD. Since the data were normally
distributed, parametric analysis were performed by using one way
analysis of variance (ANOVA), followed by Tukey’s multiple compari-
sons using Graph-pad prism software (GraphPad Software, Inc. La Jolla,
CA). sRaw was analyzed using two-way ANOVA followed by Tukey’s
multiple comparisons post-test. p value of < 0.05 or less was considered
as statistically significant.

3. Results
3.1. Development and characterization of curc-loaded SLNs

3.1.1. Particle size and PDI
The mean particle size of curc-SLNs was observed to be 147.5

+ 19.15 with a PDI of 0.316 + 0.056 (n = 6), indicating a narrow
particle size distribution while the mean particle size of blank SLNs was
found to be 134.69 nm with a PDI of 0.176 (supplementary figure 1). It
is evident that incorporation of curcumin did not significantly alter the
particle size of the nanoparticles. The small particle size obtained with
both blank and curc-loaded SLNs may be attributed to the presence of
satisfactory surfactant and co-surfactant concentration resulting in
reduction of the surface tension and production of small-size particles.
Further, a low PDI indicates uniform distribution of particles around the
mean.

3.1.2. Zeta potential

Zeta potential of curc-SLNs was measured by Delsa Nano C Zetasizer
(Beckman Coulter, Brea, CA, USA) at 25°C and was found to be -8.816
+ 0.610 (n = 6) (supplementary figure 2). High negative charge in-
dicates formation of stable nano-particulate system with lower chances
of aggregation post-storage for prolonged time period. The negative
charge can be associated with the presence of hydroxyl ions on the
surface of the lipid nanostructures and is consistent with the observa-
tions in the previous studies.
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3.1.3. Morphology and entrapment efficiency

The FESEM and TEM of curc-SLNs showed spherical particles
without any presence of agglomerates indicating their stability as re-
ported by us previously (Sandhu et al., 2021). The entrapment efficiency
of these prepared curc-SLNs was observed to be 80.1 + 0.26%. The
higher entrapment efficiency indicates that the method used for the
preparation of curc-SLNs is suitable and reliable.

The characterization of curc-SLN confirms that curc-SLN were suc-
cessfully formulated with optimal particle size, sufficient surface charge,
and optimal entrapment efficiency. The efficacy of curc-SLNs was
further tested under the experimental conditions mimicking virus-
mediated asthma exacerbation.

3.2. Curcumin mitigates the poly (I:C) mediated neutrophilic
inflammation and airway hyperresponsiveness in OVA-exposed mice

Curcumin at a dose of 20 mg/kg b.wt. has been reported to show
beneficial potential in allergic asthma and associated exacerbations
(Yang et al., 2017; Kumari et al., 2015). In line with this, we initially
tested the efficacy of free curcumin under the conditions of poly (I:C)
mediated asthma exacerbations. Curcumin was orally administered at a
dose of 20 mg/kg b.wt. before poly (I:C) instillation in OVA-exposed
mice. A steep increase in the inflammatory cells (~11 folds,
p < 0.001) was observed in the BALF of OVA + poly (I:C) exposed mice
compared to the control mice (Fig. 2A). Quantitative analysis of BAL
cells confirmed that neutrophils were the majority of inflammatory cells
recruited upon combined exposure to OVA + poly (I:C). Pretreatment
with curcumin markedly blunted the infiltration of neutrophils (~1.9
folds, p < 0.01) in the lungs of mice subjected to OVA + poly (I:C)
treatment (Fig. 2B and C). Further, in our recent study we have reported
that poly (I:C) mediated asthma exacerbation is associated with elevated
sRaw which is an indicator of airway hyperresponsiveness. As shown in
Fig. 2D, curcumin significantly mitigated the OVA + poly (I:C) medi-
ated increase in sRaw in response to increasing concentrations of
methacholine (12.5, 25, and 50 mg/ml).

Overall, these findings suggest that curcumin possesses anti-
inflammatory properties as it effectively ameliorates neutrophilic
inflammation and AHR in OVA + poly (I:C) exposed mice. Based on
these observations, but due to poor solubility and limited bioavail-
ability, we next investigated whether curcumin in the form of solid lipid
nanoparticles could further enhance its potency under these conditions.

3.3. Oral administration of curcumin-loaded SLN alleviates infiltration of
inflammatory cells in the lungs of mice subjected to poly (I:C)-mediated
asthma exacerbation

The infiltration of inflammatory cells, primarily neutrophils, in the
lungs is a key feature of virusinduced asthma exacerbation. Thus, we
first examined the potential of curc-SLN to counter the influx of in-
flammatory cells in the lungs of mice subjected to asthma exacerbation
using a combination of OVA and poly (I:C). It is evident that intranasal
poly (I:C) instillation in OVA-sensitized and challenged mice caused a
substantial increase in the total inflammatory cells (~11 folds,
p < 0.001) in the BALF in comparison to the control mice. Oral
administration of curc-SLN at a dose of 5 mg/kg b.wt. to mice subjected
to OVA + poly (I:C) treatment was unable to ameliorate the inflamma-
tory cells significantly. However, increasing the dose to 10 mg/kg and
20 mg/kg resulted in reduction in total number of inflammatory cells in
the BALF by 2 folds and 3 folds respectively (Fig. 3A). Differential
qualitative and quantitative analysis of BALF cytospin slides revealed
that the majority of inflammatory cells recruited in the lungs of
OVA + poly (I:C) exposed mice were neutrophils, which were markedly
reduced by prior treatment with curc-SLNs, particularly at dose regi-
mens of 10 mg/kg (~2.5 folds, p < 0.001) and 20 mg/kg (~4.5 folds,
p < 0.001) (Fig. 3B and C).

Histopathological analysis of H&E-stained lung tissue sections
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Fig. 2. Curcumin administration in OVA + poly (I:C) exposed mice is associated with attenuation of neutrophilic inflammation and AHR. OVA-sensitized and
challenged mice were instilled with poly (I:C) to induce phenotype of asthma exacerbation. Curcumin was administered orally one hour prior to each poly (I:C)
instillation and BALF was collected to assess (A) Total inflammatory cells; (B) Representative images of H&E-stained BALF cytoslides from different experimental
groups; (C) Quantitative analysis showing neutrophils and eosinophils; (D) sRaw plotted against increasing concentrations of methacholine. Data is represented as
mean + SD (n = 4-5 animals/group). Statistical analysis was performed by one-way ANOVA followed by Tukey’s multiple comparisons. **p < 0.01, ***p < 0.001, *
#p < 0.01 w.r.t. OVA + pIC *##p < 0.001 w.r.t. OVA + pIC. pIC: poly (I:C).
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Fig. 3. Curcumin-loaded SLN ameliorated lung inflammation in poly (I:C)-mediated asthma exacerbation. OVA-sensitized and challenged mice were instilled with
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confirmed that poly (I:C) instillation in OVA-exposed mice led to sig- hand, oral administration of curc-SLN (10 mg/kg and 20 mg/kg)
nificant inflammatory cell recruitment around the bronchi. On the other reduced the infiltration of inflammatory cells with maximum effect
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observed at a dose of 20 mg/kg (Fig. 4A and B). Overall, the data
revealed that administration of curc-SLN at 20 mg/kg b.wt. (equivalent
to that of free curcumin) showed much better effects in ameliorating the
poly (I:C) mediated neutrophilic inflammation while even the lower
dose i.e. 10 mg/kg b.wt. achieved comparable effects to that of a double
dose of 20 mg/kg b.wt. of free curcumin. Additionally, to compare the
impact of curc-SLN with dexamethasone, a steroid class of drugs, BAL
cells procured from mice subjected to different treatments were quan-
tified. The data demonstrated that while dexamethasone failed to
ameliorate the recruitment of inflammatory cells, particularly neutro-
phils in the lungs of OVA + poly (I:C) exposed mice but curc-SLNs
ameliorated the inflammation in OVA + poly (I:C) exposed mice sub-
stantially, confirming the protective efficacy of curc-SLNs even under
steroid resistance conditions in our model (supplementary figure 3).

Further to confirm, if nanocarrier alone can cause any effect on in-
flammatory response, a comparative analysis of control group of mice
was done with blank-SLNs group where naive mice were orally admin-
istered blank-SLNs (without drug) for three consecutive days (once
daily). Our data demonstrated that blank-SLNs alone did not cause any
alteration in the total cells in the BALF in comparison to the control
group, confirming non-visible effect on inflammatory/immune response
(supplementary figure 4).

A. Control OVA+pIC
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3.4. Pre-treatment of curcumin-loaded SLN was associated with
normalization of airway hyperresponsiveness in OVA + poly (I:C) exposed
mice

Acute asthma exacerbations are associated with reduced airflow
resulting mainly from increased airway resistance (Bakakos et al.,
2023). Therefore, we analyzed the effect of curc-SLN on OVA + poly
(I:C)-mediated airway hyperresponsiveness in asthmatic mice. Data
revealed that OVA + poly (I:C)-exposed mice showed significant in-
crease in sRaw, a measure of airway hyperresponsiveness, with
increasing concentrations of methacholine as compared to control mice.
Pre-treatment with curc-SLNs at a dose of 5 mg/kg was unable to cause
much improvements in sRaw when exposed to increasing concentrations
of methacholine. Notably, oral administration of curc-SLN to
OVA + poly (I:C)-exposed mice at the doses of 10 mg/kg and 20 mg/kg
was associated with significant improvements in sRaw towards normal
in comparison to OVA + poly (I:C) exposure, with maximal benefit at
20 mg/kg (Fig. 5). The above data demonstrated that curc-SLNs
ameliorated OVA + poly (I:C) mediated airway hyperresponsiveness in
mice.

3.5. Curcumin-loaded SLN mitigated OVA + poly (I:C) induced mucus
overproduction in the lungs of mice

Because mucus hypersecretion is an important hallmark feature of
asthma, we investigated the effect of curc-SLN on mucus hypersecretion
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mography. sRaw showed normalization towards basal level upon pretreatment
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loaded SLN (20 mg/kg).

in OVA + poly (I:C) treated mice. Histopathological analysis of PAS-
stained lung tissue sections revealed a substantial increase in mucus
production in the lungs tissue sections of OVA and poly (I:C)-exposed
mice. In contrast, oral administration of curc-SLN markedly ameliorated
the mucus production at both the doses i.e. 10 mg/kg and 20 mg/kg
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(Fig. 6A). Additionally, mucus overproduction is correlated to airflow
limitation. Therefore, we also examined the effect of curc-SLN on peak
expiratory flow (PEF), a measure of airflow limitation. Pre-treatment of
OVA + poly (I:C) treated mice with curc-SLN showed significant im-
provements in PEF at 10 mg/kg and 20 mg/kg with better observations
at higher dose (Fig. 6B).

3.6. Curcumin-loaded SLNs downregulated the expression of
inflammatory mediators upon exposure to OVA + poly (I:C) in mice

Several cytokines are released by inflammatory cells that mediate
recruitment, activation, and survival of these inflammatory cells during
the orchestration of asthma. Although, asthma is dominated by Ty2
immune response, our previous study showed that Ty2 response was
comparatively subdued but surprisingly innate immune response was
found to be prominently activated upon poly (I:C) mediated asthma
exacerbation. Therefore, we next performed qRT-PCR to analyze the
effect of curc-SLN at a dose of 20 mg/kg b.wt. on these inflammatory
mediators namely TNF-a, IL-6, G-CSF, and KC. Fig. 7 revealed that
OVA + poly (I:C) showed a steep increase in the mRNA expression of
inflammatory mediators specifically TNF-o (~4 folds, p < 0.01), IL-6
(~5 folds, p < 0.01), G-CSF (~10 folds, p < 0.01), and KC (~15 folds,
p < 0.001). Pre-treatment with curc-SLN at a dose of 20 mg/kg mark-
edly reduced the expression of TNF-a (~ 3.5 folds, p < 0.01), IL-6 (~5
folds, p < 0.01), G-CSF (~6 folds, p < 0.01), and KC (~6.5 folds,
p < 0.01) in the lungs of OVA + poly (I:C) exposed mice towards normal
[Fig. 7 (A-D)].

3.7. Curcumin-loaded SLN ameliorated OVA + poly (I:C)-mediated
increase in proinflammatory mediators in the BALF of mice

Previously, we have reported that OVA + poly (I:C) mediated
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asthma exacerbation was associated with steep rise in proinflammatory
cytokines, particularly TNF-a and IL-6. Therefore, we next decided to
analyze whether anti-inflammatory action exerted by curc-SLN are
associated with production of these proinflammatory cytokines. Indeed
oral pretreatment with curc-SLN led to a marked decline in the levels of
both cytokines TNF-a (~4.5 folds, p < 0.001) and IL-6 (~2.7 folds,
p < 0.001) in the BALF of OVA + poly (I:C) exposed mice (Fig. 8A and
B).

3.8. Curcumin-loaded SLN pre-treatment restores OVA + poly (I:C)-
mediated redox imbalance in the lungs of mice

Evidence suggests that inflammatory cells release reactive oxygen
intermediates that cause oxidative damage and further aggravate the
lung inflammation (Pérez-Figueroa et al., 2021). It is well known that
curcumin possess anti-oxidant properties, therefore, we next evaluated
the effect of curc-SLNs on the redox balance in the lung tissue homog-
enate of OVA + poly (I:C)-exposed mice. Thus, we quantified the levels
of oxidative stress parameters i.e. ROS, MDA, protein carbonyl, and
GSH. It is evident that OVA + poly (I:C) treatment in mice elevated the
oxidative stress markedly as reflected by the data on ROS, MDA, protein
carbonyl, and GSH as compared to the control mice. Interestingly,
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curc-SLN at a dose of 20 mg/kg restored the levels of ROS (~2 folds,
p < 0.001), MDA (-3 folds, p < 0.001), and protein carbonyl (~2.5
folds, p < 0.001), and GSH (~1.5 folds, p < 0.01) substantially towards
normal in comparison to OVA + poly (I:C) exposed mice [Fig. 9(A-D)].

3.9. Curcumin-loaded SLN administration to OVA + poly (I:C) exposed
mice leads to reduced phosphorylation of p38MAPK but enhanced
expression of Nrf2 in lung tissue

In light of the observed amelioration in inflammation and restoration
of redox balance, we next sought to investigate whether curc-SLN
modulate key upstream signalling pathways governing these re-
sponses. Therefore, western blot analysis was conducted to check the
activation status of p38MAPK and the expression of antioxidant tran-
scription factor Nrf2. Phosphorylation of MAPK at Thr'®/Tyr!8? is
recognized as an indicator of its activation. As expected, OVA + poly (I:
C) mediated asthma exacerbation resulted in a remarkable upregulation
in the phosphorylation status of p38MAPK in comparison to the control
mice, confirming the activation of pro-inflammatory pathway. On the
other hand, the expression of Nrf2 was observed to be markedly sup-
pressed upon OVA + poly (I:C) treatment in mice, reflecting impaired
antioxidant defence. Notably, pre-treatment with curc-SLN at dose of
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Fig. 9. Effect of curcumin-loaded SLN on oxidative stress in OVA and poly (I:C) exposed mice. Lung tissues were assessed for (A) ROS; (B) MDA; (C) Protein carbonyl;
(D) GSH. Data is represented as mean + SD (n = 4 animals/group). Statistical analysis was performed by one-way ANOVA followed by Tukey’s multiple comparisons.
**p < 0.01, ***p < 0.001. pIC: poly (I:C), SLN 20: curcumin-loaded SLN (20 mg/kg).
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20 mg/kg significantly attenuated p38MAPK phosphorylation while
restoring expression of Nrf2 back towards basal level (Fig. 10A and B).
These results suggest that curc-SLNs exert its protective effects partly by
inhibiting p38MAPK activation and reactivating Nrf2 antioxidant
signalling.

4. Discussion

Viral infections are major contributors to asthma exacerbations, with
nearly 80% of episodes associated with respiratory viruses (Bochkov and
Gern, 2016; Nakagome and Nagata, 2022). Although corticosteroids,
often combined with bronchodilators, are the cornerstone treatment for
asthma, approximately 5-10% of asthmatic patients exhibit poor
responsiveness to steroid-based therapies including virus-mediated
asthma exacerbation, and are increasingly becoming resistant to ste-
roid use (Wadhwa et al., 2019). This leads to increased hospitalizations
and emergency department visits and account for around 50% of asthma
related health care costs. Despite being the primary treatment for ma-
jority of asthma patients, the 5-10% of patients who do not respond
effectively to these treatments underscore the urgent need for alterna-
tive strategies capable of targeting these sudden episodes of asthma
worsening (Adcock and Ito, 2004). In this context, we investigated the
protective effects of curcumin-loaded SLNs under conditions mimicking
viral mediated exacerbation of allergic asthma using combination of
OVA and poly (I:C).

The immune response plays a crucial role in the pathogenesis of
asthma exacerbation, with infiltration of various inflammatory cells
being a characteristic manifestation of airway inflammation (Mei et al.,
2022). The neutrophilic inflammation is a defining feature of
virus-mediated asthma exacerbations and correlates with disease
severity and steroid insensitivity (Wark et al., 2001; Curren et al., 2023;
Ito et al., 2008). These recruited inflammatory cells release a cascade of
cytotoxic proteins, lipid mediators, ROS, and cytokines which collec-
tively drive airway hyperresponsiveness (AHR) and mucus over-
production (Park et al., 2016). Therefore, modulating the neutrophil
influx and derived mediators could be a valuable therapeutic approach
in virus-mediated asthma exacerbation. Accordingly, we initially
assessed the effect of curc-SLN on OVA + poly (I:C)-mediated asthma
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exacerbation like features. Our data confirms that OVA + poly (I:C)
exposure to mice mimics asthma exacerbation like features as reflected
by a massive surge in the infiltration of inflammatory cells, particularly
neutrophils in lungs of mice which is in line with our recent report
(Sandhu and Naura, 2026). Further, OVA + poly (I:C)-mediated influx
of inflammatory cells was effectively attenuated by pretreatment with
curc-SLN in a dose-dependent manner. Neutrophils, together with acti-
vated epithelial cells are a rich source of cytokines, chemokines, and
growth factors that amplify the inflammatory response. Poly (I:C)
robustly engages TLR3 and activates nuclear factor kB (NF-xB) signalling
pathway and Mitogen-Activated Protein Kinase (MAPK) pathway which
leads to heightened transcription of pro-inflammatory mediators like
IL-6, IL-8, and TNF-a (Yong et al., 2009; Yang et al., 2022). The in-
flammatory cytokines TNF-a and IL-6 regulate inflammation through
activation, and recruitment of neutrophils, promoting the neutrophil
infiltration to the inflammatory sites, and triggering the release of
various free radicals, therefore orchestrate the inflammatory process in
asthma (Niessen et al., 2021; Kolaczkowska and Kubes, 2013). Further,
the pro-inflammatory milieu created in the airways of asthmatics-
characterized by elevated TNF-a and IL-6 also potentiate AHR by
enhancing airway smooth muscle (ASM) responsiveness possibly via
modulation of calcium signalling (Sutcliffe et al., 2012; Lai and Rogers,
2010). In agreement with these mechanisms, our qRT-PCR data indicate
that curc-SLN treatment markedly blunts the OVA + poly (I:C)-medi-
ated increased expression of TNF-a, IL-6, G-CSF, and KC in lung tissues
of mice. Moreover, the protein levels of TNF-a, and IL-6 in BALF were
found to be remarkably reduced following curc-SLN treatment in
OVA + poly (I:C)-mediated asthma exacerbations. Such suppression in
cytokine expression/production was mirrored by physiological im-
provements as substantial reduction in sRaw was observed. Further the
histopathological data reveals that curc-SLN effectively mitigated the
OVA + poly (I:C) mediated mucus overproduction. The above findings
align with previous studies demonstrating the anti-inflammatory prop-
erties of curcumin against various inflammatory diseases like allergic
asthma, COPD, inflammatory bowel disease, acute pancreatitis,
arthritis, atherosclerosis (Burge et al., 2019; Xu et al., 2022; Wang et al.,
2019; Shahid et al, 2019). Mechanistically, curcumin’s
anti-inflammatory effects are strongly linked to its ability to inhibit
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Fig. 10. Effect of curcumin-loaded SLN on protein expression of p38MAPK and Nrf2 in OVA + poly (I:C) exposed mice. (A) The phosphorylation of p38MAPK at
Thr'®/Tyr'®2 and expression of Nrf2 in the lung tissues of different experimental groups. (B) Densitometric analysis of phospho-p38MAPK against total p38MAPK
and Nrf2 against B-actin. Data is represented as mean + SD (n = 3 animals/group). Statistical analysis was performed by one-way ANOVA followed by Tukey’s
multiple comparisons. **p < 0.01, ***p < 0.001. pIC: poly (I:C), SLN 20: curcumin-loaded SLN (20 mg/kg).
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MAPK signalling, thereby suppressing the production of inflammatory
cytokines (Rana et al., 2016). Consistent with this, we observed that
treatment with curc-SLN leads to suppression of OVA + poly (I:
C)-mediated p38MAPK phosphorylation in lungs of mice. Thus, it is
plausible that modulation of MAPK signalling by curc-SLN represents an
important mechanism to mitigate OVA + poly (I:C)-induced asthma
exacerbation like phenotype.

Asthma has been well linked to the generation of reactive oxygen
species (ROS), with neutrophils described as the major source of ROS
(Combhair and Erzurum, 2010; Nadeem et al., 2003). To correlate the
anti-inflammatory potential of curc-SLN with its anti-oxidant properties,
we measured various oxidative stress parameters. OVA + poly (I:C)
treatment in mice exhibit substantial increase in ROS, MDA, and protein
carbonyls, accompanied by depletion of GSH. Curc-SLN restored the
redox homeostasis towards normal effectively, indicating its
anti-oxidant properties. The antioxidant properties of curcumin stems
from its unique p-diketone structure and rich = electrons system, which
confer potent free radical scavenging property through transfer of
electrons or hydrogen atoms donation from phenolic sites (Barzegar and
Moosavi-Movahedi, 2011). Multiple studies confirm curcumin’s broad
ROS-scavenging abilities; it inhibits lipid peroxidation, scavenges su-
peroxide radicals, and interacts with stable free radicals like DPPH (Ak
and Giilcin, 2008; Borra et al., 2013; Yuan et al., 2022). Moreover,
curcumin has been reported to activate Nrf2, master regulator of cellular
antioxidant response making it possible that curc-SLN activates Nrf2 to
impede the oxidative stress generated by poly (I:C) in the lungs (Rahban
et al., 2020; Ghafouri-Fard et al., 2022; Lin et al., 2019). In line with this,
our data showed that curc-SLN restored the expression of Nrf2 towards
normal in mice subjected to conditions mimicking virus-mediated
asthma exacerbations. The ability to modulate oxidative stress
markers, alongside its anti-inflammatory effects, provides a compelling
mechanistic rationale for their use in managing virus-mediated asthma
exacerbation. Recent reports have also demonstrated that asthma
exacerbation can be aggravated by environmental stressors such as NOz,
high temperature, and high humidity, which are associated with
increased inflammation, oxidative stress, AHR, and activation of tran-
sient receptor potential (TRP) channels, particularly TRPV1 (Lu et al.,
2023a, 2024a, 2023b, 2024b). These findings are consistent with our
observation of heightened inflammation, AHR, pathologic changes, and
oxidative stress upon virus-mediated asthma exacerbation. Overall,
these studies suggest that different exacerbating stimuli may converge
on common downstream processes, particularly oxidative stress and
inflammation, while involving distinct upstream pathways.

While the study provides important mechanistic findings, we pri-
marily focused on acute exacerbation endpoints, long-term studies are
required to determine whether curc-SLN can modify chronic airway
remodelling or prevent recurrent exacerbations. Additionally, the study
did not evaluate potential interactions with existing asthma manage-
ment therapies particularly corticosteroids which would be essential for
translational relevance in clinical settings.

Nevertheless, our findings point to the anti-inflammatory and anti-
oxidant effects of curcumin-loaded SLNs as it effectively mitigates poly
(I:C)-induced exacerbation of allergic asthma by suppressing neutro-
philic inflammation, and restoring redox balance through inhibition of
MAPK signalling, and alleviating AHR and mucus hypersecretion. These
highlight curcumin-loaded SLNs as a promising preventive/therapeutic
strategy for managing virus-triggered asthma exacerbations, warranting
further translational investigation.
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