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Abstract: Cordyceps militaris grown on germinated Rhynchosia nulubilis (GRC) exerts various biological
effects, including anti-allergic, anti-inflammatory, and immune-regulatory effects. In this study, we
investigated the anti-inflammatory effects of GRC encapsulated in chitosan nanoparticles (CN) against
particulate matter (PM)-induced lung inflammation. Optimal CN (CN6) (CHI: TPP w/w ratio of 4:1;
TPP pH 2) exhibited a zeta potential of +22.77 mV, suitable for GRC encapsulation. At different
GRC concentrations, higher levels (60 and 120 mg/mL) led to increased negative zeta potential,
enhancing stability. The optimal GRC concentration for maximum entrapment (31.4 ± 1.35%) and
loading efficiency (7.6 ± 0.33%) of GRC encapsulated in CN (GCN) was 8 mg/mL with a diameter of
146.1 ± 54 nm and zeta potential of +30.68. In vivo studies revealed that administering 300 mg/kg of
GCN significantly decreased the infiltration of macrophages and T cells in the lung tissues of PM-
treated mice, as shown by immunohistochemical analysis of CD4 and F4/80 markers. Additionally,
GCN ameliorated PM-induced lung tissue damage, inflammatory cell infiltration, and alveolar septal
hypertrophy. GCN also decreased total cells and neutrophils, showing notable anti-inflammatory
effects in the bronchoalveolar lavage fluid (BALF) from PM-exposed mice, compared to GRC. Next the
anti-inflammatory properties of GCN were further explored in PM- and LPS-exposed RAW264.7 cells;
it significantly reduced PM- and LPS-induced cell death, NO production, and levels of inflammatory
cytokine mRNAs (IL-1β, IL-6, and COX-2). GCN also suppressed NF-κB/MAPK signaling pathways
by reducing levels of p-NF-κB, p-ERK, and p-c-Jun proteins, indicating its potential in managing PM-
related inflammatory lung disease. Furthermore, GCN significantly reduced PM- and LPS-induced
ROS production. The enhanced bioavailability of GRC components was demonstrated by an increase
in fluorescence intensity in the intestinal absorption study using FITC-GCN. Our data indicated that
GCN exhibited enhanced bioavailability and potent anti-inflammatory and antioxidant effects in
cells and in vivo, making it a promising candidate for mitigating PM-induced lung inflammation and
oxidative stress.

Keywords: Chitosan nanoparticles; C. militaris grown on germinated R. nulubilis; particulate matter
anti-inflammatory activity; respiratory disease

1. Introduction

Particulate matter (PM) is one of the major environmental factors for exacerbating
respiratory, skin, and cardiopulmonary diseases in China, Korea, and Japan, with the
effects varying by particle size [1–3]. PM (particles > 10 µm in diameter) is effectively
filtered out by the cilia and mucus in the nasal passages and upper respiratory tract [4].
PM with a diameter 10 µm or less, known as PM10, can reach deep into the respiratory
system due to its small size [5]. PM10 enters the respiratory system through the nose and
mouth, and due to its small size, it can reach deeper parts of the respiratory tract, such as
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the trachea, bronchus, alveoli, and even lung parenchyma. Furthermore, as the particle
diameter decreases, its ability to penetrate deeper into the respiratory system increases.
For instance, PM2.5 (particles 2.5 µm or less in diameter) can reach the bronchioles and
alveoli, leading to more severe health impacts. These fine particles pose significant risks to
both the pulmonary and cardiovascular systems, making them particularly harmful [6–10].
Moreover, ultrafine particles (PM0.1), with diameters of 0.1 µm or less, pose an even greater
risk due to their ability to efficiently pass through the respiratory tract and the alveolar–
capillary barrier, entering the bloodstream. This allows PM0.1 to be distributed throughout
the body, potentially causing systemic effects and contributing to diseases beyond the lungs,
such as cardiovascular and neurological conditions [11].

PM can worsen respiratory illnesses in individuals with preexisting lung conditions
such as chronic obstructive pulmonary disease (COPD) and cystic fibrosis due to various
factors such as biological components, organic compounds, and inorganic compounds [12].
Biological components such as LPS from Legionella pneumophila, Pseudomonas aeruginosa,
Haemophilus influenzae, and Aeromonas species, can induce inflammation and lung tissue
damage by activating the TLR4 pathway and exaggerating the innate immune response [13].
In addition, PM can damage bronchial epithelial cells which could increase bacterial in-
fection as well as colonization [14–18]. This process enhances bacterial adhesion, triggers
inflammation, and exacerbates COPD by further damaging lung tissues [19]. Additionally,
transition metals such as aluminum, iron, copper, chromium, nickel, and manganese, along
with organic compounds like quinones and polycyclic aromatic hydrocarbons (PAHs),
present in PM generate reactive oxygen species (ROS). These ROS, including superoxide
radicals and hydroxyl radicals, further contribute to oxidative stress and inflammation
through various chemical reactions, exacerbating respiratory diseases [20–22]. Numerous
studies have demonstrated a strong correlation between exposure to PM and the onset
of respiratory conditions such as asthma and lung cancer. The detrimental impacts of
PM are linked to several mechanisms including inducing oxidative stress, weakening
epithelial barrier function, and amplifying pro-inflammatory signaling cascades [1,23,24].
To mitigate the detrimental impact of PM on respiratory health, bioactive compounds
from natural sources offer a promising strategy. Previous studies have demonstrated the
efficacy of various bioactive compounds derived from Cordyceps militaris grown on ger-
minated Rhynchosia nulubilis (GRC) [25–31]. Compounds such as cordycepin, proteins,
soyasaponins, isoflavones, and polysaccharides are widely used to treat a number of dis-
eases and conditions, including inflammation and immune-related disorders, cancer, high
blood sugar, hyperlipidemia, respiratory and heart disease [25–31]. These compounds also
increase the levels and activity of antioxidant enzymes such as catalase (CAT), superoxide
dismutase (SOD), and glutathione peroxidase, and inhibit the expression of inflammatory
cytokines [31–36].

However, many active compounds in the extract of GRC become inactive or inert
when orally administered. For example, cordycepin and adenosine, the main bioactive
compounds in GRC, are rapidly metabolized by adenosine deaminase, resulting in the
production of inactive metabolites [37]. Phenolic compounds, including isoflavones and
pro-anthocyanidins, exhibit poor bioavailability as they are poorly absorbed, rapidly me-
tabolized, and eliminated from the body, which limits their biological and pharmacological
effects [38,39].

To resolve this issue, nanotechnology is used for encapsulating active compounds in de-
rived from natural product extracts and treating various diseases, including inflammatory
diseases, cancer, and chronic human diseases. This approach enhances the bioavailability,
targeting capabilities, and controlled-release profiles of the natural products [40–42]. There-
fore, we applied a nanomedicine drug delivery system to effectively transport bioactive
compounds from GRC to target tissues, thereby improving their bioavailability.

Nanoparticle sizes, ranging from 10 to 1000 nm, affect their cellular uptake, tissue
penetration, and targeting capacities [43]. They also improve the solubility of water-soluble
compounds, increase the half-life of systemic circulation by reducing immunogenicity,
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sustain the release of active compounds in the target organ, and lower the frequency of
administration [44–47]. However, serious concerns regarding carbon- and metal-based
nanoparticles have been raised owing to their toxicological impact on humans [48,49]. After
entering the human body, they accumulate in the heart, liver, spleen, kidneys, and brain,
causing mitochondrial damage, DNA alterations, and even cell death [48]. Among nanopar-
ticles, chitosan (CHI) nanoparticles (CNs) draw attention as drug delivery carriers because
they exhibit low toxicity through biodegradability, versatile routes of administration bio-
compatibility, and mucoadhesive activity compared to carbon-based and metal-based
materials [48,49]. This natural polymer is digested by enzymes such as lysozyme and lipase
present in serum or the digestive system, which are non-toxic [40]. Therefore, CNs are ex-
tensively utilized in the fields of nanomedicine for the delivery of hydrophobic compounds,
including drugs, vitamins, proteins, nutrients, and phenolic compounds [40]. CNs are used
to enhance the drug delivery of grape, Elsholtzia splendens, and Mentha longifolia extracts
with natural medicinal properties [38,50,51]. However, the encapsulation of GRC extract in
CNs has not yet been investigated.

Therefore, in this study, we synthesized GRC encapsulated in CNs (GCN) and eval-
uated the size and zeta potential of nanoparticles and their physicochemical properties
to develop an optimal delivery system. Subsequently, the anti-inflammatory and reac-
tive oxygen species (ROS) scavenging effects of GCN were verified in the RAW264.7
cells and murine model exposed to PM2.5. Additionally, the enhanced bioavailability of
GCN in mouse small intestinal tissue was investigated to confirm its potential as a novel
nanomedicine for the treatment of inflammatory lung diseases.

2. Results
2.1. GCN Synthesis

CNs were synthesized using ionic crosslinking between tripolyphosphate (TPP) and
CHI. The size and zeta potential varied with the CHI:TPP ratio and the TPP pH value
(Figure 1A) [52,53]. Despite these variations, there was no significant difference in the
average nanoparticle size when TPP was at pH 2 compared to pH 9. However, as the pH
decreased, the zeta potential increased slightly, indicating that more amino groups (NH3

+)
were exposed on the CN surface due to the decreased negative charge of TPP reducing its
reactivity with CHI. The optimal condition, CN6 (CHI: TPP w/w ratio of 4:1; TPP pH 2),
exhibited the zeta potential of +22.77 mV, ideal for GRC encapsulation (Figure 1B).
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Figure 1. Optimal GRC encapsulated in chitosan nanoparticles (GCN) synthesis. (A) Particle sizes,
concentrations, and zeta potentials of chitosan (CHI) nanoparticles (CN) with different CHI ratios
at pH 9.8 and 2.and (B) Representative NTA images of GCN (2, 4, and 8 mg/mL) and particle size
distribution and zeta potential results of GCN at various GRC concentrations (2, 4, 8, 30, 60, and
120 mg/mL).

At various GRC concentrations (2, 4, 8, 30, 60, and 120 mg/mL), the GRC chitosan
nanoparticles (GCN) showed increased negative zeta potential at higher concentrations
(60 and 120 mg/mL). At a concentration of 8 mg/mL, the encapsulation of GRC extract
under CN conditions (CHI: TPP w/w ratio of 4:1; TPP pH 2) increased the zeta potential from
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+22.77 mV to +30.68 mV. This increase in zeta potential improved stability by minimizing
particle agglomeration [54].

2.2. CN Attenuates Inflammatory Cell Infiltration in PM-Treated Lung Tissue

To explore the inhibitory effects of GCN on macrophage and T-cell infiltration in the
lung tissues of PM-treated mice, immunohistochemical analyses were conducted using
CD4 and F4/80 as markers for helper T cells and macrophages, respectively. As depicted
in Figure 2A, administration of PM alone led to a significant increase in the infiltration of
F4/80-positive macrophages and CD4-positive helper T cells within lung sections. However,
this infiltration was notably reduced following treatment with GCN (300 mg/kg) and GRC
(300 mg/kg), achieving statistical significance, and GCN led to a more significant reduction
in total cell numbers than observed in the PM-exposed group (p < 0.05).
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Figure 2. GCN mitigates macrophage and T-helper-cells infiltration and reduces inflammatory gene
expression in lung tissue of PM-stimulated mice. (A) Representative images of CD4 and F4/80
immunohistochemical staining (scale bar: 50 µm, magnification: 200×). and (B) lung tissue of control,
PM, PM + GCN and PM + GRC-treated mice stained with hematoxylin and eosin (H&E) (scale
bar: 50 µm, 200× magnification) and (C) the total number of cells in the lung tissue section. The
experiments were repeated three times (n > 3) and results are presented as mean ± SD. a–c Bars
with different letters differ significantly at p < 0.05 by Tukey HSD test. PM (particulate matter),
GCN (GRC encapsulated in chitosan nanoparticles). Control = mouse treated with PBS; negative
control group = mouse treated with particulate matter and PBS; GCN = mouse treated with partic-
ulate matter and (GCN 300 mg/kg/day); GRC = mouse treated with particulate matter and GRC
(300 mg/kg/day).
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Furthermore, histological assessments of lung tissue from PM-exposed mice, as shown
in Figure 2B, revealed that while the control group’s lung tissues maintained normal archi-
tecture without pathological alterations, PM exposure resulted in significant pathological
changes. These included inflammatory cell infiltration and alveolar septal hypertrophy [55].
Treatment with GRC (300 mg/kg) and, more significantly, with GCN (300 mg/kg) amelio-
rated these pathological changes (Figure 2B).

2.3. GCN Alleviated PM-Induced Inflammatory Cell Infiltration in BALF

To elucidate the effect of GCN on inflammatory cell infiltration in the bronchioles
and alveoli in the lungs, we measured the number of neutrophils and total cells in the
bronchoalveolar lavage fluid (BALF) (Figure 3).
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Figure 3. GCN reduced the number of infiltrated total cells in bronchoalveolar lavage fluid (BALF) of
mice with PM-induced airway inflammation. Total number of cells in BALF of 6-week PM-exposed
mice by group. The experiments were repeated three times (n > 3) and results are presented as
mean ± SD. a–d Bars with different letters differ significantly at p < 0.05 by Tukey HSD test. PM
(particulate matter), GCN (GRC encapsulated in chitosan nanoparticles). Control = mouse treated
with PBS; negative control group = mouse treated with particulate matter and PBS; GCN = mouse
treated with particulate matter and (GCN 300 mg/kg/day); GRC = mouse treated with particulate
matter and GRC (300 mg/kg/day).

The results demonstrate a significant increase in the total cells (Figure 3) in the BALF
of mice treated with PM compared to the control group (p < 0.05).

Treatment with 300 mg/kg of either GCN or GRC notably decreased the numbers of
both total cells and neutrophils in the BALF compared to the PM group (p < 0.05). Notably,
GCN led to a more significant reduction in total cell numbers than was observed in the
PM-exposed group (p < 0.05).

2.4. GCN Attenuates Cytokine Expression in PM-Treated Lung Tissue

To evaluate the anti-inflammatory effects of GCN in mice exposed to PM, we examined
whether the level of inflammatory cytokine mRNA expression was reduced in lung tissue.
PM exposure elevated the level of inflammatory cytokine mRNAs expression in mouse lung
tissues. We evaluated the inhibitory effect of GCN on the levels of TNF-α, IL-5, IL-1β, and
INF-γ mRNA expression. As illustrated in Figure 4, PM exposure significantly increased
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these cytokine mRNA levels compared to the control group (p < 0.05). GCN markedly
reduced PM-induced TNF-α and IL-5 mRNA expression, compared to GRC (p < 0.05).
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Figure 4. GCN reduces inflammatory gene expression in lung tissue of PM-exposed mice. The level
of TNF−α, IL−5, IL−1β, and INF-γ mRNAs expression were measured. The experiments were
repeated three times (n > 3) and results are presented as mean ± SD. a−d Bars with different letters
differ significantly at p < 0.05 by Tukey HSD test. PM (particulate matter), GCN (GRC encapsulated
in chitosan nanoparticles). Control = mouse treated with PBS; negative control group = mouse
treated with particulate matter and PBS; GCN = mouse treated with particulate matter and GCN
(300 mg/kg/day); GRC = mouse treated with particulate matter and GRC (300 mg/kg/day).

2.5. GCN Inhibits the Expression of Pro-Inflammatory Cytokines in PM-Stimulated
RAW264.7 Cells

To investigate whether GCN possesses anti-inflammatory effects, we treated GCN
on PM-treated RAW264.7 cells. RAW 264.7 cells were exposed to unsterilized PM and
sterilized PM (100 µg/mL), respectively. The cell viability of unsterilized PM-treated RAW
264.7 cells was significantly lower than that of the sterilized PM-treated RAW264.7 cells
(p < 0.05) (Figure 5A). Sterilized PM showed lower cytotoxic effect on RAW 264.7 cells by
eradicating microorganisms and their components, including LPS. Therefore, in order to
resolve the microorganism contamination issue, we treated LPS on sterilized PM-treated-
RAW264.7 cell for further study [56].
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Figure 5. GCN inhibits particulate matter (PM)- and lipopolysaccharide (LPS)-induced RAW264.7 cell
inflammatory mediator expression. (A) The viability of RAW264.7 cells exposed to wet heat sterilized
PM and unsterilized PM (100 µg/mL) was determined by the cell counting kit-8 (CCK-8) assay.
(B) Viability of RAW264.7 cells after GCN and GRC (200 µg/mL) treatment was measured using a
CCK-8 assay. (C) Nitric Oxide (NO) production in PM (100 µg/mL)- and LPS (100 ng/mL)-treated
RAW 264.7 in the presence or the absence of GRC or GCN (200 µg/mL). (D) Cell viability of GRC
and GCN (200 µg/mL) treatment in PM (100 µg/mL) and LPS (100 ng/mL) stimulated RAW264.7.
(E) Effects of GCN and GRC (200 µg/mL) on the levels of inflammatory cytokine mRNAs in RAW
264.7 cells treated with PM (100 µg/mL) and LPS (100 ng/mL). The experiments were repeated three
times and results are presented as mean ± SD. a–d Bars with different letters differ significantly at
p < 0.05 by Tukey HSD test.

Exposure to PM (100 µg/mL) and LPS (100 ng/mL) decreased RAW 264.7 cell viability,
compared to the control group (p < 0.05). Pretreatment with GCN significantly rescued
PM and LPS-induced cell death (Figure 5C,D). In addition, NO production significantly
increased in PM- and LPS-treated cells (p < 0.05), while it was decreased in GCN-treated
cells (p < 0.05). The levels of IL-1β, IL-6, and COX-2 mRNA expression were significantly
increased in PM- and LPS-treated cells, while they were decreased in GCN-treated cells
(p < 0.05).

2.6. GCN Inhibits PM-Induced Activation of NF-κB/MAPK Signaling Pathways

PM exposure activates the NF-κB pathway through TLR and MAPK signals, including
JNK and ERK, which are crucial for the regulation of inflammatory gene expression [57,58].
To elucidate the suppressive effect of GCN against PM- and LPS-induced NF-κB/MAPK
signaling pathways, we checked the levels of phosphorylated NF-κB (p-NF-κB), ERK
(p-ERK), and c-Jun (p-c-Jun) protein expression in RAW 264.7 cells [58,59].RAW 264.7 cells
stimulated by PM (100 µg/mL) and LPS (100 ng/mL) showed significant increase in the
levels of p-NF-kB, p-ERK, and p-c-Jun protein expressions (p < 0.05) (Figure 6). Pretreatment
with GCN and GRC (200 µg/mL) significantly reduced the levels of these NF-κB/MAPK
signaling proteins. Notably, GCN was more effective than GRC in inhibiting the levels of
p-NF-kB, p-ERK, and p-c-Jun protein expressions (p < 0.05).

Collectively, these data suggest that GCN can reduce the activation of NF-κB and
MAPK signaling pathways in RAW 264.7 cells stimulated by PM and LPS.
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Figure 6. GCN attenuates PM- and LPS-induced inflammatory responses by suppressing the activa-
tion of NF-κB and MAPK signaling pathways. RAW 264.7 cells were pre-treated with 200 µg/mL
GRC or GCN for 1 h, followed by treatment with PM (100 µg/mL) and LPS (100 ng/mL) for 24 h.
Whole-cell lysates were processed for western blot analysis and probed with indicated antibodies.
Phosphorylated NF-κB (p-NF-κB), ERK (p-ERK), and c-Jun (p-c-Jun) protein expression levels in
RAW 264.7 cells were detected using western blotting. The experiments were repeated three times
and results are presented as mean ± SD. a–d Bars with different letters differ significantly at p < 0.05
by Tukey HSD test.

2.7. Enhanced Bioavailability of GCN Reduces ROS Production in RAW 264.7 Cells

We encapsulated GRC in CN to enhance its bioavailability. Our subsequent investi-
gation focused on determining whether GCN exhibits a significantly improved inhibitory
effect on PM- and LPS-induced ROS production compared to GRC alone. As shown in
Figure 7, GCN significantly reduced intracellular ROS production compared to PM and LPS
treatment (### p < 0.001 vs. PM and LPS treated group). Additionally, GCN significantly
reduced ROS production compared to GRC ($$$ p < 0.001 vs. GRC).

The effectiveness of FITC-GCN as a drug delivery system was evaluated by monitoring
intestinal drug absorption in mice. As shown in Figure 8, the fluorescence intensity of FITC-
GCN was more intense than that of the FITC-GRC group ($ p < 0.05 vs. GRC). Additionally,
FITC-GCN was detected more intensely in the submucosal and muscle layers, as well as in
the mucosal area.
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Figure 7. Antioxidant effects of GCN in particulate matter (PM)- and lipopolysaccharide (LPS)-
treated RAW264.7 cells. RAW264.7 cells were treated with GRC or GCN (200 µg/mL) for 1 h
followed by treatment with PM (100 µg/mL) and LPS (100 ng/mL) for 3 h. Intracellular ROS
were detected by fluorescence microscopy (Nikon Eclipse Ti microscope, Point Grey Research, Rich-
mond, BC, Canada) after 2’,7’-dichlorodihydrofluorescein diacetate (DCF-DA) staining, using Meta-
morph software version 7.8 (Universal Imaging, West Chester, PA, USA; magnification = 200×; scale
bar = 100 µm). Relative fluorescence intensities were analyzed using ImageJ software v1.54k. The
experiments were repeated three times and results are presented as mean ± SD. a–d Bars with different
letters differ significantly at p < 0.05 by Tukey HSD test.
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mice. The dose was equivalent to 300 mg/kg FTIC-GRC or FITC-GCN, and small intestinal sections
were taken 3 h after dosage (Scale bar: 100 µm, Magnification: ×100). Relative fluorescence intensities
were analyzed using ImageJ software v1.54k. The experiments were repeated three times and results
are presented as mean ± SD. a–c Bars with different letters differ significantly at p < 0.05 by Tukey
HSD test. PM (particulate matter), GCN (GRC encapsulated in chitosan nanoparticles).

3. Discussion

PM refers to a mixture of tiny airborne particles that pose serious health risks, with
smaller particles like PM2.5 being particularly harmful due to their ability to reach deeper
into the lungs compared to larger particles like PM10. PM10 can enter the respiratory system
and reach areas such as the trachea and alveoli, while PM2.5 can penetrate even further
into lung tissues, leading to significant health risks, including lung and cardiovascular
diseases [5,7–10,60]. PM exacerbates respiratory illnesses, especially in individuals with
preexisting conditions like COPD and cystic fibrosis, by triggering inflammation, oxidative
stress, and weakening the immune response through biological components, organic com-
pounds, and inorganic compounds such as transition metals [12–18,20–22]. The bioactive
compounds in GRC offer a promising strategy for mitigating the detrimental impact of
PM2.5 on respiratory health. Previously, we demonstrated the efficacy of various bioac-
tive compounds from R. nulubilis and C. militaris inherent in GRC. Bioactive substances
such cordycepin, proteins, soyasaponins, isoflavones, and polysaccharides from GRC have
shown potent antioxidant activity, resulting in decreasing PM-induced cell death, demon-
strated by their ability to scavenge free radicals [26,31,34,61]. These compounds have also
increased the levels and activities of CAT, SOD, and glutathione peroxidase and reduced
lipid peroxidation [62–64]. However, bioactive ingredients derived from natural products,
such as phenolic compounds and cordycepin, often face challenges of low bioavailability
due to physicochemical and enzymatic instability and low drug permeability. To resolve
this issue, GRC extract was encapsulated in CNs.

We screened the optimal CNs by ionic cross-linking between TPP and CHI. The
average diameter and zeta potential of CNs can be adjusted based on the w/w ratio of
CHI:TPP and the pH of TPP [52,53]. It was demonstrated that a higher CHI ratio results in a
larger particle size and standard deviation due to cross-linking between the preformed and
newly formed particles, whereas a higher TPP ratio results in a smaller particle size due to
the formation of a dense bond with the CHI amino group [53]. In this study, both the size
and zeta potential of nanoparticles increased with increasing concentration of CHI (except
CN4). Previous studies demonstrated that 100–200 nm size nanoparticles are optimal for
cellular uptake [65,66]. Nanoparticles smaller than 200 nm are more efficiently internalized
by cells via clathrin-mediated endocytosis, leading to enhanced therapeutic efficacy [66].
Consistent with these findings, the GCN (8 mg/mL) in this study had an average size of
146.1 nm, which would facilitate cellular uptake and improve the bioavailability of GRC
components. Furthermore, the zetapotential of CNs showed a positive charge ranging from
+2.2 to +22.77 mV, which is attributed to the protonation of the amino groups of CHI and is
beneficial for cellular uptake [66]. The zeta potential increased slightly as the pH decreased
from 9.8 to 2, suggesting that the reduction in TPP’s negative charge lowered its reactivity
with CHI, thereby exposing more amino groups (NH3

+) on the CN surface [67].
In our findings, CNs containing different GRC concentrations showed an increase

in negative zeta potential at higher levels. According to prior research, the negative zeta
potential of GCNs observed at GRC concentrations (60 and 120 mg/mL) may be due to
the migration of negatively charged compounds in GRC such as polysaccharides [68],
nucleotides [69], and phenolic compounds [70] to the surface of GCNs [40,68]. A high
zeta potential (positive or negative) aids stability by inhibiting agglomeration between
particles and is typically optimal within the range of ±20 to 30 mV [54]. Interestingly,
the zeta potentials of GCN were +35.6, +34.41, and +30.68 mV at GRC concentrations
of 2, 4, and 8 mg/mL, respectively. This result indicates that the stability of the GRC-
encapsulated nanoparticles was enhanced compared to empty nanoparticles produced
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under the chosen CN6 (+22.77 mV) conditions. Notably, GRC 8 mg/mL was used in subse-
quent analyses because it showed good capture and loading efficiencies of 31.4 ± 1.35% and
7.6 ± 0.33%, respectively. GRC 8 mg/mL demonstrated superior entrapment and loading
efficiencies of 31.4 ± 1.35% and 7.6 ± 0.33%, respectively, and was used for the selection
subsequent analysis.

PM induces inflammatory cytokines from epithelial tissues, macrophages, neutrophils,
and lymphocytes in the respiratory tract, which further attract additional inflammatory cells,
exacerbating inflammatory reaction in the pulmonary system, including BALF [55,71–73].
Previous studies from our group have demonstrated that GCN includes bioactive compounds
such as polysaccharides, cordycepin, and novel isoflavonoids from GRC [26,31,74–76]. Among
them, cordycepin is reported to prevent airway inflammation and reduce inflammatory cell
infiltration in the BALF by decreasing ICAM-1, IL-4, and IL-5 [77]. In addition, we reported
that GRC inhibited inflammatory cell infiltration in the inflamed murine skin with type IV
hypersensitive reaction [28,64]. In this study, the decreased inflammatory cell population in
the BALF and lung tissue histologic observations following GCN administration indicate
a significant reduction in PM-induced lung injury. In our in vivo experiments, we used
non-sterilized PM to replicate natural environmental exposure conditions. Although this ap-
proach closely simulates real-world conditions, it can make it more challenging to pinpoint
the specific mechanisms behind PM-induced effects because of the intricate combination
of biological and chemical PM components. To address these challenges, in our in vitro
studies, we first observed that sterilized PM exhibited reduced cytotoxicity compared to
non-sterilized PM. This finding suggests that the biological components present in PM sig-
nificantly contribute to its overall toxicity. LPS, a component of Gram-negative bacteria that
is often found in high concentrations on PM, plays a crucial role in triggering inflammatory
responses. Many studies have highlighted the significant contribution of PM containing
LPS to the development of inflammatory lung diseases, including COPD [78,79]. To better
understand the mechanisms behind PM-induced inflammatory responses, in vitro studies
used sterilized PM in combination with LPS to investigate the inflammatory reactions
commonly associated with PM exposure.

Exposure to PM damages the first line of defense innate cells, such as macrophages,
monocytes, neutrophils, and epithelial cells [80,81]. Primary alveolar macrophages or
MH-S cells present several practical challenges, including limited commercial availability,
maintenance difficulties, and variability across experiments when studying PM-induced
inflammatory diseases [82]. Given the substantial evidence in the literature supporting
RAW264.7 cells as a well-established and reliable model for investigating inflammation and
oxidative stress in response to PM exposure, we opted to use the commercial RAW264.7
cell line as a representative macrophage model [83–89].

NO is a key mediator in physiological processes, especially in inflammation, primarily
produced by macrophages [90]. Normally, NO aids in blood vessel dilation, platelet
aggregation prevention, and apoptosis regulation [91]. However, upon PM exposure,
excessive NO production via the inducible nitric oxide synthase (iNOS) pathway drives
inflammation, which is particularly significant in respiratory inflammatory diseases like
asthma and bronchiectasis, where increased NO leads to harmful reactive nitrogen species
(RNS), worsening lung disease progression [92–94].

Additionally, it can induce the expression of proinflammatory cytokines such as TNF-α,
IL-1β, IL-5, and IFN-γ, all of which were increased in lung tissue after PM exposure in our
study [72,95–97]. TNF-α and IL-1β, primarily produced by macrophages, further stimulate
lung epithelial cells to produce secondary cytokines and cell adhesion molecules [96,98,99].
This cascade leads to the infiltration of inflammatory cells into lung tissue, intensifying the
inflammatory response [100,101]. IL-5, mainly produced by T helper cells and mast cells,
not only promotes eosinophil activation and recruitment but also activates the JAK/STAT
signaling pathway, enhancing the infiltration and differentiation of Th cells [102–107]. Our
findings suggest that increased inflammatory-cell infiltration in lung tissue and BALF is
due to the induction of proinflammatory cytokines from PM-stimulated cells, including
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macrophages, airway epithelial cells, monocytes, and neutrophils [72,80,106]. Future
studies should focus on analyzing in detail how various components of PM induce cytokine
production in different immune cells.

Moreover, the NF-κB pathway, activated by IL-1β or TNF-α, triggers the release of
additional proinflammatory cytokines including TNF-α, IL-1, and IL-6 [108]. IL-5 also
engages in this inflammatory network by activating Lyn, Syk, and JAK2 through IL-5R
on eosinophils and boosting the transcription of IL-1β, TNF-α, and IL-5 through the Ras-
MAPK and JAK/STAT pathways [104,105,109,110]. This results in the amplification of
inflammatory factors in lung tissue [108–111]. Our previous studies reported that active
components of GRC such as polyphenols and isoflavones (daidzein 7-O-β-d-glucoside
4”-O-methylate, glycitein 7-O-β-D-glucoside 4”-O-methylate, genistein 7-O-β-D-glucoside
4”-O-methylate and genistein 4’-O-β-D-glucoside 4”-O-methylate) inhibit T-cell activation
by reducing the levels of pro-inflammatory cytokines and chemokines such as IL-6 and
IL-1β in mice with type 4 hypersensitivity [64]. In addition, components such as adenosine,
cordycepin, and polyphenols in C. militaris suppressed the mRNA expression of TNF-α and
IL-1β in LPS-stimulated macrophages by downregulating the NF-κB/MAPK pathway [28].
Our data suggest that the reduction of inflammatory cytokine production by GCN reduced
lung inflammation that might be mediated through the inhibition of the NF-κB/MAPK
inflammatory pathways by GRC components. To further explore these possibilities, we
investigated the effect of GCN on PM-stimulated RAW264.7 macrophage cells.

PM can contain LPS, a major component of Gram-negative bacteria, which promotes
the production of pro-inflammatory cytokines. LPS is ubiquitous in the environment and
can be found in high concentrations on PM, and adherent LPS can induce changes in lung
function more than PM alone [78,112]. LPS mediates CD14 and Toll-like receptors to trigger
an inflammatory cytokine response in macrophages, which is a major factor in exacerbating
inflammatory diseases [113–115].

PM can contain high concentrations of LPS, a major component of Gram-negative
bacteria, which promotes the production of pro-inflammatory cytokines [101]. LPS is
ubiquitous in the environment and can be found in high concentrations on PM, and
adherent LPS may induce changes in lung function more than PM alone [100]. LPS mediates
CD14 and Toll-like receptors to trigger an inflammatory cytokine response in macrophages,
which is a major factor in exacerbating inflammatory diseases [102–104].

Therefore, the reduced cytotoxicity in RAW 264.7 cells exposed to sterilized PM in
our results might be primarily due to the inactivation of biological components such as
Gram-negative bacteria and LPS, which play a crucial role in inducing inflammation during
the sterilization process [56]. Thus, in our additional experiments, we co-treated PM and
LPS to better understand the pro-inflammatory capabilities of these components.

The rise in inflammatory markers in macrophages following PM exposure can be
attributed to both its biological and non-biological components. The biological elements,
including Gram-negative bacteria within PM, activate TLR4, leading to enhanced cellular
inflammatory responses [116]. Additionally, PM contains high levels of endotoxins that
induce significant cytotoxicity and inflammation [115]. Non-biological components such as
Fe, Cu, polycyclic aromatic hydrocarbons (PAHs), and quinoline are recognized by various
macrophage receptors (e.g., TLR2/4, NLR, and scavenger receptors). This recognition
leads to an increased expression of TNF-α, IL-1β, IL-6, and COX-2 [117,118]. The pro-
inflammatory cytokines IL-1β and IL-6, produced by macrophages, recruit and activate
leukocytes, promoting an inflammatory response [96,119]. Additionally, the enzyme COX-2
promotes vasodilation and increases vascular permeability, which facilitates the infiltration
of inflammatory cells [120]. Our study indicates that GCN pretreatment notably decreased
IL-1β, IL-6, and COX-2 levels, elevated by PM and LPS exposure, suggesting a reduction in
inflammatory cell infiltration in lung tissue and BALF by inhibiting macrophage activation.

Exposure to PM and LPS is crucial for inducing acute inflammatory responses in
pulmonary macrophages through the activation of the NF-κB via TLR and MAPK (mainly
JNK and ERK) pathways, which regulate the expression of inflammatory genes [57,58].
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This mechanism plays a significant role in the onset of lung diseases [121]. PM and LPS also
cause oxidative stress by producing ROS, such as superoxide anions, nitric oxide, and hy-
drogen peroxide [23,122]. ROS generated by neutrophils, macrophages, and structural cells
(epithelial and endothelial cells) involved in PM-induced inflammatory processes disrupt
the balance between the antioxidant enzymes CAT and SOD and promote inflammation by
activating the redox-sensitive MAPK and NF-κB pathways [20,23,123].

We investigated whether GCN reduces ROS and NF-κB related signaling molecules
involved in PM-induced inflammation. Our findings indicate that GCN pretreatment
significantly blocked the activity of MAPK (JNK and ERK) and NF-κB pathways in PM-
and LPS-exposed macrophages, reducing the production of proinflammatory cytokines.
This suggests that GCN has therapeutic potential in the management of PM-related inflam-
matory lung disease.

LPS, which is often found at significant levels in non-sterile PM, is known to in-
duce ROS production in macrophages, produce inflammatory cytokines in leukocytes,
and induces ROS production in endothelial cells through NAD(P)H oxidase (Nox) ac-
tivation [112,124,125]. We observed a significant increase in intracellular ROS levels in
macrophages exposed to PM and LPS. Additionally, SOD-1 protein expression levels were
significantly reduced in PM-exposed mouse lungs.

The increase in ROS in macrophages exposed to PM may be associated with the in-
crease in inflammatory cytokines such as IL-1β and IL-6 by activating NF-κB and MAPK
pathways [20,123]. These results are consistent with previous studies showing that PM and
LPS can induce oxidative stress and inflammation through similar mechanisms [23,124,125].
These pathways contribute to cellular apoptosis through both extrinsic and intrinsic mecha-
nisms, leading to lung toxicity, alveolar wall damage, emphysema, and COPD [16,67,68,71].
Previously, we reported that GRC contains a variety of bioactive substances derived from C.
militaris and R. nulubilis [25–28,126,127]. GRC contains various bioactive compounds, in-
cluding cordycepin, polysaccharides, polyphenols such as proanthocyanidins, and recently
identified isoflavones (genistein 4-O-β-D-glucoside 4”-O-methylate, daidzein 7-O-β-D-
glucoside 4”-O-methylate, genistein 7-O-β-D-glucoside 4”-O-methylate, and glycitein
7-O-β-D-glucoside 4”-O-methylate), all recognized for their potential to reduce ROS lev-
els [31,34–36]. Polysaccharides from C. militaris demonstrate significant scavenging activity
against hydroxyl and superoxide radicals, playing a key role in directly scavenging ROS [26].
Additionally, phenolic compounds from C. militaris can chelate intracellular iron, thereby
preventing ROS formation through the Haber-Weiss/Fenton reactions [26,128]. Isoflavones
in R. nulubilis inhibit lipid peroxidation, scavenge free radicals, and chelate metal ions,
thereby enhancing antioxidant capacity [129]. Components of GRC also affect cell signaling
pathways associated with oxidative stress and inflammation. Phenolic compounds interfere
with oxidative stress signaling and inhibit the NF-κB and MAPK pathways, thus reducing
inflammatory responses [33]. Cordycepin, the main active component of C. militaris, has
been demonstrated to enhance the activity of antioxidant enzymes such as SOD and glu-
tathione peroxidase (GSH-Px) in PC12 cells treated with 6-OHDA, providing protection
against oxidative damage [32]. Additionally, cordycepin has been shown to inhibit the
phosphorylation of ERK1 at Thr202 and Tyr204 and reduce nuclear levels of NF-κB, further
contributing to its anti-inflammatory effects [130]. This inhibition can potentially reduce
COX2 production by blocking the TLR4/NF-κB signaling pathways, which may lead to
decreased levels of cytokines IL-1β and TNF-α [131]. Our findings support this, showing
a significant reduction in ROS levels in macrophages exposed to PM and LPS following
treatment with GRC and GCN. Additionally, this reduction was associated with lower
levels of inflammatory markers such as IL-1β and COX2, as well as decreased activity in
the NF-κB and MAPK signaling pathways.

In this study, we observed that the fluorescence signal in the intestinal tissue of mice
given the FITC-GRC solution orally was significantly lower than that in mice given FITC-
GCN. Several factors may contribute to the low bioavailability of FITC-GRC, which could
potentially be improved by encapsulating it in chitosan nanoparticles.
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First, many bioactive compounds in GRC, such as flavonoids and polyphenols, exhibit
poor water and lipid solubility, leading to low absorption rates in the gastrointestinal tract
and poor permeability across lipid-rich biological membranes [132,133]. Chitosan nanocar-
riers exhibits ideal properties for drug delivery systems, especially for poorly soluble drugs.
Therefore, FITC-GCN may have improved the solubility of GRC components as an efficient
carrier to enhance the bioavailability of hydrophobic and labile active compounds [134,135].

Second, the absorption of water-soluble components, such as phenolic compounds,
faces considerable obstacles in traversing the intestinal lipid membrane. This is primarily
attributed to the hydrophilic nature of the stagnant aqueous layer covering the intestinal
mucosa, serving as a significant barrier. Drug molecules larger than approximately 0.4 nm
also face challenges passing through these aqueous channels [136,137].

The permeability of water-soluble components was improved by CN. The positively
charged CNs interact strongly with the negatively charged cell membranes, which im-
proves the transport of polar drugs across epithelial surfaces [135,138,139]. Addition-
ally, CNs facilitate intestinal penetration by opening tight junctions between cells and
improving mucosal adhesion and penetration [140]. Therefore, CNs enhance the perme-
ability of water-soluble components in GRC by promoting intestinal permeation through
these mechanisms.

Third, the large molecular size of some plant compounds, such as flavonoids, and
glycoside aglycones, reduces oral absorption since they are too large to be absorbed via pas-
sive diffusion [133,141]. Specifically, flavonoids are mostly found in glycoside forms with
a high molecular weight, leading to poor absorption. These compounds are hydrolyzed
in the intestine to less absorbable forms, further reducing their bioavailability [132]. This
could be enhanced by the reduced size of GCN. The nanometer scale of GCN enables
active compounds of GRC to traverse biological barriers more effectively, enhancing drug
targeting and efficacy [142].

Finally, cordycepin and adenosine, the main bioactive compounds in GRC, are rapidly
metabolized by adenosine deaminase, resulting in the production of inactive metabo-
lites [50]. CNs increase the stability of the drug by preventing enzymatic degradation
and maintaining controlled and sustained drug release [143]. The chemical bonding and
structural integrity of GCN are pH-sensitive, allowing for controlled release of GRC compo-
nents [65,138,139]. Previous research has demonstrated that CNs elevate the bioavailability
of bioactive substances, enhancing their ability to scavenge ROS [144,145].

4. Materials and Methods
4.1. Synthesis of Chitosan Nanoparticles (CN) and GRC Chitosan Nanoparticles (GCN)

CNs were prepared using the ionotropic gelation method with sodium triphosphate
pentabasic (TPP) as described by Masarudin et al. [67,146]. A chitosan (CHI) solution
was prepared by dissolving 200 mg of CHI powder in 50 mL of deionized distilled water
(4 mg/mL). Acetic acid (0.5 mL) was added dropwise over 1 h under magnetic stirring at
600 rpm to completely dissolve the powder. The homogenized CHI solution at concentra-
tions of 1 and 4 mg/mL was adjusted to pH 5.5 with 0.5 M NaOH and filtered through a
0.45-µm vacuum filter. To prepare the TPP solution, sodium triphosphate was dissolved
in deionized distilled water at a concentration of 1 mg/mL and adjusted to pH 2 and 9.8
using 1 M HCl or 0.1 M NaOH. The prepared TPP solution was filtered through a 0.45-µm
syringe filter. CN was synthesized at various CHI:TPP w/w ratios (1:1, 2:1, and 4:1).

For CN synthesis, the pH of distilled water was adjusted to 5.5. Briefly, 6 mL of
distilled water was added to the CHI solution and stirred at 600 rpm for 5 min. Then, 6 mL
of pH 2 or 9.8 TPP solution was added dropwise to the stirred CHI solution at 1 mL/min
for 6 min using a syringe pump (NE-300; Just Infusion Syringe Pump; New Era Pump
Systems Inc., Farmingdale, NY, USA), followed by stirring for 30 min. To obtain CNs, the
solution was centrifuged at 15,000 rpm for 30 min, and the obtained pellet was completely
dissolved in 5 mL of 10% sucrose solution for lyophilization. The supernatant was used to
calibrate the amount of unencapsulated GRC in CNs for further experiments.
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GCN was synthesized by adding various concentrations of GRC extract (2, 4, 8, 15, 30,
60, and 120 mg/mL) instead of distilled water under optimal CN synthesis conditions (TPP
mass ratio = 4:1, TPP pH 2, CN6 condition). Consequently, the synthesized GCNs were
collected from solution by centrifugation at 15,000 rpm for 30 min, freeze-dried, and used
in powder form for subsequent experiments.

4.2. NTA

Particle sizes and zeta potentials of CN and GCN were measured using a ZetaView
PMX120 instrument (Particle Matrix GmbH; Inning am Ammersee, Bavaria, Germany) at
the Bionano Materials Research Center of Gachon University, as previously described [147].
The samples were diluted in distilled water and analyzed at room temperature using the
ZetaView Particle Matrix software version 8.05.12 SP2. For particle size measurements, we
used the scatter mode with a 488 nm laser, conducting three cycles at 11 frames per cycle
with a sensitivity of 90, shutter value of 100, and video frame rate of 30. The zeta potential
was analyzed over five cycles at two frames per cycle, using a sensitivity of 90, shutter
value of 100, and video frame rate of 60. Each measurement consisted of approximately
2000–2500 tracks. Prior to analysis, the pre-measured contents were removed, and the
samples were injected into the sample chamber using a sterile syringe.

4.3. PM Sample and Cell Culture Preparation

PM was collected based on the method described in the previous study [31]. To obtain
PM2.5 particles for in vitro and in vivo experiments, HEPA filters that captured PM2.5 were
placed in a 50 mL tube with 10 mL of 75% alcohol. The mixture was then sonicated for
30 min at 4 ◦C using a sonicator (powersonic 610, KLEENTEK, Maroochydore, Queensland,
Australia). The sonicated sample was then filtered to isolate particulate matter smaller than
2.5 µm (PM2.5) using filter paper (1001-110, Whatman, Maidstone, Kent, UK). The filtered
suspension was concentrated with a reduced pressure concentrator and stored at −80 ◦C
until further use.

The RAW 264.7 cells were purchased from the Korean Cell Line Bank (KCLB, Seoul,
Republic of Korea). Cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM,
Welgene, Daegu, Republic of Korea) supplemented with 10% fetal bovine serum (Welgene)
and 1% penicillin and streptomycin (Welgene). They were cultured in a 75 cm2 cell culture
flask at 37.5 ◦C in humidified 5% CO2 incubators.

4.4. In Vivo PM Exposure

Animal experiments were conducted in accordance with the guidelines of the In-
stitutional Animal Care and Use Committee (IACUC) of Gachon University (Gyeonggi,
South Korea), under approval number GU1-2022-IA0023-01. Female BALB/c mice aged
six weeks were purchased from JA BIO (Suwon, Gyeonggi, South Korea) and acclimatized
for one week at 20 ± 2 ◦C before the experiment, with free access to standard laboratory
chow and water under a 12:12 h light–dark cycle (lights on at 06:00). After an acclimation
period, referring to methods like those of Vignal et al., we divided the mice into four groups
(n = 6). Over the course of four weeks (five days per week), we exposed them to PM
using the PARI BOY® SX nebulizer (PARI GmbH, Starnberg, Germany). A PM solution
with a concentration of 132.8 µg/mL was nebulized at a rate of 0.15 ml/min into an 11 L
chamber for 40 min each day, resulting in a total PM content of 796.8 µg per day and an
exposure concentration of 1.66 µg/L, or exposed the control group to distilled water [148].
Additionally, PM (8 µg in 40 µL PBS) was administered intranasally for an additional two
weeks. The average PM level in Seoul is 27 µg/m3, equivalent to a daily human exposure
amount of 287 µg [149,150]. Based on respiratory volume, to mimic the air pollution levels
of Seoul, mice would need to be exposed to approximately 8 µg per day [150] (Figure 9).
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Figure 9. Particulate matter (PM) nebulize schedule. Mice were exposed to PM via inhalation for
4 weeks, followed by an additional week of intranasal instillation (5 days/week, n = 6 per group).
Mice were treated by oral gavage with 100 µL of PBS or sample (300 mg/kg) daily for 6 weeks
(5 days/week) and tissues were collected 2 days later for analysis.

For six weeks (five days per week), mice were orally administered 100 µL PBS or
samples of GCN and GRC (300 mg/kg) daily. At the end point, animals were anesthetized
with Avertin (intraperitoneally at 100 mg/kg) and euthanized via cardiac puncture. Lungs
were perfused with PBS to obtain bronchoalveolar lavage fluid (BALF). Subsequently, the
lungs were harvested and stored at −80 ◦C for RT-PCR and western blot analyses or fixed
in 10% formaldehyde for histological evaluation and then embedded in paraffin blocks.

4.5. Immunohistochemistry

Immunohistochemical analysis was conducted as previously described [64], using
primary antibodies against CD4 (1:100 dilution, Cell Signaling Technology Inc., Danvers,
MA, USA) and F4/80 (1:50 dilution, Invitrogen, Carlsbad, CA, USA) for 1 h at 25 ◦C.
Following primary antibody incubation, sections were washed and then incubated with a
biotinylated anti-rabbit secondary antibody (DAKO, Camarillo, CA, USA) for 30 min. A
horseradish peroxidase (HRP)-streptavidin complex was subsequently applied to detect the
secondary antibody for another 30 min. Chromogenic detection was conducted using the
3,3’-Diaminobenzidine (DAB) chromogen kit (Vector Laboratories, Burlingame, CA, USA),
and sections were counterstained with 1% methyl green for 1 min. Slides were examined
under a Nikon Eclipse Ti microscope equipped with a color digital camera (Point Grey
Research, Richmond, BC, Canada) and images were analyzed with MetaMorph software
version 7.8 (Molecular Devices, Sunnyvale, CA, USA).

4.6. Hematoxylin and Eosin (H&E) Stain

H&E analysis was performed as previously described [151]. Briefly, formalin-fixed
lung tissues embedded in paraffin blocks were sectioned into 5 µm slices. Each paraffin-
embedded tissue section underwent deparaffinization using Xylene (Junsei Chemical Co.,
Ltd., Tokyo, Japan), followed by progressive rehydration through a graded ethanol series
of 100%, 95%, and 70%. The nuclei were stained for 4 min using Hematoxylin solution
(TissuePro Technology, Gainesville, FL, USA). The stained tissues were differentiated in
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0.3% acid alcohol and then rinsed under running tap water. Subsequently, staining was
performed with Eosin solution (TissuePro Technology) for 2 min, followed by a dehydration
process through a graded series of ethanol at 70%, 95%, 100%, and finally Xylene. After
drying in a fume hood, histopathological alterations in the tissues were observed under
a light microscope. Digital microscopic images were captured at a fixed magnification of
200×, focusing on representative areas.

4.7. Bronchoalveolar Lavage Fluid (BALF) Analysis

The bronchoalveolar lavage fluid (BALF) was centrifuged at 1500 rpm for 5 min to
separate cells. For the evaluation of BALF cells, 1 mL of erythrocyte lysis buffer was
added to the isolated cells, followed by centrifugation at 1500 rpm for 5 min. The cells
were then resuspended in 500 µL of RPMI and aliquoted onto slides at a concentration of
0.5–1.0 × 105 cells per 300 µL. After drying for 2 h, cells were stained using a Diff-Quick kit
(Thermo Fisher Scientific, Waltham, MA, USA) and observed under a 100x magnification
using an eclipse Ti-S inverted microscope (Nikon, Tokyo, Japan) for the quantification of
macrophage, neutrophils, and total cell counts. Images were captured using Metamorph
software version 7.8 (Universal Imaging, West Chester, PA, USA). The images presented
are representative of three independent experiments.

4.8. Cell Viability Assay

RAW264.7 cells were evaluated using the cell counting kit-8 (CCK-8) assay (Dojindo
Laboratories, Kumamoto, Japan), as described previously [31,152]. Cells (2 × 104 cells/well)
were seeded in 96-well plates. RAW264.7 cells were treated in the presence or absence of
sterilized PM (heated at 121 ◦C for 20 min with humidification) and non-sterilized PM, each
at a concentration of 200 µg/mL, and then incubated for 24 h. In addition, RAW264.7 cells
were pre-treated with GCN and GRC, each at 200 µg/mL, for 1 h before treating sterilized
PM (200 µg/mL) and LPS (100 ng/mL) After 24 h incubation, 10 µL of CCK-8 solution was
added to each well, and then allowed to react with RAW 264.7 cells for 1 h. The optical
density (OD) was measured using a microplate reader at a wavelength of 450 nm.

4.9. Measurement of Nitric Oxide (NO) Concentration

Released amount of NO from RAW 264.7 macrophages was measured using the Griess
reaction assay as described previously [28]. RAW 264.7 macrophages (2 × 104 cells/well)
were treated with 200 µg/mL of GRC or GCN for 1 h and then treated with PM and LPS
for 24 h. Next, 50 µL of the medium was mixed with Griess reagent (1% sulfanilamide,
0.1% naphthylenediamine dihydrochloride, and 0.5% H3PO4). The optical density was
measured using a microplate reader (Epoch, Biotek Instruments, Inc., Winooski, VT, USA)
at 450 nm.

4.10. RNA Isolation and RT-PCR

Total RNA was isolated from tissue samples and RAW 264.7 cells treated with PM
(100 µg/mL) and LPS (100 ng/mL) as previously described [152]. The PCR protocol was
initiated with an initial denaturation step at 94 ◦C for 2 min, followed by a cycling protocol
of 30 cycles, which included denaturation at 94 ◦C for 30 s, annealing at 55 ◦C for 30 s,
and extension at 68 ◦C for 1 min. A diverse array of primers was utilized for amplifying
specific gene targets as follows: GAPDH (forward: 5’ GAA GGT CGG TGT GAA CGG AT
3’, reverse: 5’ ACT GTG CCG TTG AAT TTG CC 3’), IL-1β (forward: 5’ GAG TGT GGA
TCC CAA GCA AT 3’, reverse: 5’ CTC AGT GCA GGC TAT GAC CA 3’), IL-5 (forward:
5’ TCT GAT CCT CCT GCC TCC TC 3’, reverse: 5’ GAT CCT CCT GCG TCC ATC TG 3’),
IL-6 (forward: 5’ TCC AGT TGC CTT CTT GGG AC 3’, reverse: 5’ AGC CTC CGA CTT
GTG AAG TG 3’), TNF-α (forward: 5’ AAG CCT GTA GCC CAT GTT GTA G 3’, reverse:
5’GAT GGC AGA GAG GAG GTT GAC 3’), INF-γ (forward: 5’ CA CAC TGC ATC TTG
GCT TTG 3’, reverse: 5’ TC CAC ATC TAT GCC ACT TGA G 3’), COX-2 (forward: 5’ ATT
ACT GCT GAA GCC CAC CC 3’, reverse: 5’ GGC CCT GGT GTA GTA GGA GA 3’) and
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iNOS (forward: 5’ CTT CAA CAC CAA GGT TGT CTG CA 3’, reverse: 5’ ATG TCA TGA
GCA AAG GCG CAG AA 3’). The levels of these expressed genes were normalized to the
housekeeping gene GAPDH to ensure accuracy and reliability in the quantification of gene
expression changes.

4.11. Western Blot Analysis

Western blotting was conducted in accordance with previously described methods [31,153].
In brief, RAW 264.7 cells were lysed in radioimmunoprecipitation assay (RIPA) buffer
(Cell Signaling, MA, USA) and subsequently homogenized. Proteins were isolated by
centrifugation at 14,000× g for 10 min.

Protein concentrations were quantified using the Pierce bicinchoninic acid (BCA)
protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA). Equal amounts of pro-
teins were resolved by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). The separated proteins were then transferred onto nitrocellulose membranes
(Bio-Rad Laboratories, Inc., Hercules, CA, USA) and blocked with 5% bovine serum al-
bumin (BSA) for 1 h at room temperature. Overnight incubation at 4 ◦C was done with
the membranes immersed in Tris-buffered saline with Tween (TBS-T, 20 mM Tris, 500 mM
sodium chloride, pH 7.6, 0.1% Tween 20) containing primary antibodies against phosphory-
lated (p)-ERK (1:1000; Cell Signaling, Danvers, MA, USA), phosphorylated (p)-c-Jun (1:1000;
Cell Signaling, Danvers, MA, USA), phospho-NF-κB (1:1000; Cell Signaling, Danvers, MA,
USA), and beta-actin (1:1000; Cell Signaling, Danvers, MA, USA) diluted as per the pro-
tocols. This was followed by a 1 h incubation with horseradish peroxidase (HRP)-linked
anti-rabbit IgG secondary antibody (1:2000; Cell Signaling, Danvers, MA, USA). The blots
were visualized using an enhanced chemiluminescence detection solution (EzWestLumi
plus, ATTO corporation, Tokyo, Japan) and images were captured and analyzed using
Odyssey LCI Image software (LI-COR Biosciences, Lincoln, NE, USA). The blots shown are
representative of at least three repeats.

4.12. Reactive Oxygen Species (ROS) Assay

The generation of reactive oxygen species (ROS) was measured using the method
described previously [1]. Briefly, intracellular ROS levels were measured with 25 µM DCFH-
DA, which forms fluorescent DCF upon reacting with ROS, following the manufacturer’s
protocol (ab113851, Abcam, Cambridge, UK). After treating cells in 6-well plates with
DCFH-DA and incubating at 37 ◦C for 45 min, fluorescence was detected at 100× using a
Nikon Eclipse Ti-S microscope and Metamorph software version 7.8, with ImageJ software
v1.54k quantifying the fluorescence intensity to indicate ROS levels.

4.13. Ex Vivo Absorption Study in Mouse

Mouse small intestinal absorption was assessed using previously described meth-
ods [154]. Prior to the experiment, mice were fasted for 12 h. They were then orally
administered FITC-GRC, FITC-GCN, or FITC aqueous suspension at a dose of 300 mg/kg.
FITC-GRC was prepared by adding FITC solution (0.05 mg/mL) to GRC extract (8 mg/mL),
followed by centrifugation and resuspension until no fluorescence was detected in the
supernatant. FITC-GCN was prepared by adding FITC-GRC (8 mg/mL) to CHI (4 mg/mL)
and TPP (1 mg/mL), followed by repeated centrifugation until no fluorescence was de-
tected in the supernatant. Next, 3 h after administration, the mice were sacrificed, and the
intestine were immediately excised by laparotomy. The intestines were washed with PBS
to clear out any luminal contents, and the tissues were fixed in 4% paraformaldehyde for
1 day before being placed in a 30% sucrose solution until embedding. Subsequently, the
small intestine tissues were cryosectioned and examined at 100× magnification using a
confocal microscope (Nikon Eclipse Ti-S, Nikon, Tokyo, Japan). The visualization of FITC-
GCN and GRC was performed using MetaMorph software version 7.8(Universal Imaging,
West Chester, PA, USA).
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4.14. Statistical Analysis

Data were collected from at least three separate experiments and presented as
mean ± standard deviation. Statistical evaluation was performed using one-way analysis
of variance followed by Tukey HSD test. Data analysis was performed using SPSS version
12 software (IBM Corp., Chicago, IL, USA).

5. Conclusions

This study demonstrated the effectiveness of GCN in reducing lung inflammation
and damage caused by PM exposure. PM harms lung tissue and impairs the immune
defense system, leading to oxidative stress and inflammatory reactions that worsen a range
of respiratory diseases. GCN inhibits the production of PM- and LPS-induced inflamma-
tory cytokines and mitigates inflammation by blocking the NF-κB and MAPK signaling
pathways. Additionally, GCN alleviates oxidative stress through increased antioxidant
enzyme activity and reduced ROS levels. The primary bioactive components of GRC,
such as cordycepin, polysaccharides, polyphenols, and isoflavonoids, demonstrate strong
antioxidant and anti-inflammatory properties. These compounds help decrease lung cell
death and prevent the infiltration of inflammatory cells into the lungs due to PM exposure.
CNs enhance the bioavailability of GRC constituents, facilitating intestinal absorption and
cellular uptake. Notably, nano-encapsulation of GRC enhances its permeability through
biological membranes, protects it from enzymatic degradation, and allows for sustained
drug release. Therefore, this study supports the potential therapeutic utility of GCN in
treating PM-related inflammatory lung diseases, calling for further research to elucidate
the mechanism of action of GCN more clearly.

Author Contributions: Conceptualization, H.-J.P.; methodology, H.-J.P. and B.-J.P.; validation, H.-J.P.,
B.-J.P. and K.-R.D.; investigation, H.-J.P., B.-J.P. and K.-R.D.; resources, H.-J.P. and B.-J.P.; data curation,
B.-J.P.; writing—original draft preparation, B.-J.P. and H.-J.P.; writing—review and editing, H.-J.P.;
visualization, B.-J.P.; supervision, H.-J.P.; project administration, H.-J.P.; funding acquisition, H.-J.P.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Research Foundation of Korea (NRF),
NRF-2021R1F1A1048156. This work was supported by the Gachon University research fund of
2022(GCU-202301290001).

Institutional Review Board Statement: Animal experiments were conducted in accordance with
the guidelines of the Institutional Animal Care and Use Committee (IACUC) of Gachon University
(Gyeonggi, South Korea), under approval number GU1-2022-IA0023-01.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: We, the authors, would like to thank Dong-Ki Park and researchers from the Cell
Activation Research Institute (CARI, Gyeonggi-do, Korea).

Conflicts of Interest: Author Kyu-Ree Dhong was employed by the company Magicbullettherapeutics
Inc. The remaining authors declare that the research was conducted in the absence of any commercial
or financial relationships that could be construed as a potential conflict of interest.

References
1. Schraufnagel, D.E. The health effects of ultrafine particles. Exp. Mol. Med. 2020, 52, 311–317. [CrossRef]
2. Wang, T.; Wang, L.; Moreno-Vinasco, L.; Lang, G.D.; Siegler, J.H.; Mathew, B.; Usatyuk, P.V.; Samet, J.M.; Geyh, A.S.; Breysse, P.N.

Particulate matter air pollution disrupts endothelial cell barrier via calpain-mediated tight junction protein degradation. Part.
Fibre Toxicol. 2012, 9, 35. [CrossRef] [PubMed]

3. Dai, X.; Liu, H.; Chen, D.; Zhang, J. Association between ambient particulate matter concentrations and hospitalization for
ischemic heart disease (I20-I25, ICD-10) in China: A multicity case-crossover study. Atmos. Environ. 2018, 186, 129–135. [CrossRef]

4. Kim, K.-H.; Kabir, E.; Kabir, S. A review on the human health impact of airborne particulate matter. Environ. Int. 2015, 74, 136–143.
[CrossRef] [PubMed]

https://doi.org/10.1038/s12276-020-0403-3
https://doi.org/10.1186/1743-8977-9-35
https://www.ncbi.nlm.nih.gov/pubmed/22931549
https://doi.org/10.1016/j.atmosenv.2018.05.033
https://doi.org/10.1016/j.envint.2014.10.005
https://www.ncbi.nlm.nih.gov/pubmed/25454230


Int. J. Mol. Sci. 2024, 25, 10642 21 of 26

5. Fiordelisi, A.; Piscitelli, P.; Trimarco, B.; Coscioni, E.; Iaccarino, G.; Sorriento, D. The mechanisms of air pollution and particulate
matter in cardiovascular diseases. Heart Fail. Rev. 2017, 22, 337–347. [CrossRef] [PubMed]

6. Squadrito, G.L.; Cueto, R.; Dellinger, B.; Pryor, W.A. Quinoid redox cycling as a mechanism for sustained free radical generation
by inhaled airborne particulate matter. Free. Radic. Biol. Med. 2001, 31, 1132–1138. [CrossRef] [PubMed]

7. Thangavel, P.; Park, D.; Lee, Y.-C. Recent insights into particulate matter (PM2.5)-mediated toxicity in humans: An overview. Int.
J. Environ. Res. Public Health 2022, 19, 7511. [CrossRef]

8. Qin, Y.; Zhang, H.; Liu, Q.; Jiang, B.; Chen, J.; Zhang, T. Sulforaphane attenuates oxidative stress and inflammation induced by
fine particulate matter in human bronchial epithelial cells. J. Funct. Foods 2021, 81, 104460. [CrossRef]

9. Di, A.; Wu, Y.; Chen, M.; Nie, D.; Ge, X. Chemical characterization of seasonal PM2.5 samples and their cytotoxicity in human
lung epithelial cells (A549). Int. J. Environ. Res. Public Health 2020, 17, 4599. [CrossRef]

10. Dagher, Z.; Garçon, G.; Billet, S.; Gosset, P.; Ledoux, F.; Courcot, D.; Aboukais, A.; Shirali, P. Activation of different pathways of
apoptosis by air pollution particulate matter (PM2.5) in human epithelial lung cells (L132) in culture. Toxicology 2006, 225, 12–24.
[CrossRef]

11. Kwon, H.-S.; Ryu, M.H.; Carlsten, C. Ultrafine particles: Unique physicochemical properties relevant to health and disease. Exp.
Mol. Med. 2020, 52, 318–328. [CrossRef] [PubMed]

12. Wang, Q.; Liu, S. The effects and pathogenesis of PM2.5 and its components on chronic obstructive pulmonary disease. Int. J.
Chronic Obstr. Pulm. Dis. 2023, 18, 493–506. [CrossRef] [PubMed]

13. Chen, W.; Chen, S.; Zhao, L.; Zhang, M.; Geng, H.; Dong, C.; Li, R. Effects of real-ambient PM2.5 exposure plus lipopolysaccharide
on multiple organ damage in mice. Hum. Exp. Toxicol. 2022, 41, 09603271211061505. [CrossRef] [PubMed]

14. Liu, J.; Chen, X.; Dou, M.; He, H.; Ju, M.; Ji, S.; Zhou, J.; Chen, C.; Zhang, D.; Miao, C. Particulate matter disrupts airway epithelial
barrier via oxidative stress to promote Pseudomonas aeruginosa infection. J. Thorac. Dis. 2019, 11, 2617. [CrossRef] [PubMed]

15. Woo, S.H.; Lee, S.M.; Park, K.C.; Park, G.N.; Cho, B.; Kim, I.; Kim, J.; Hong, S. Effects of fine particulate matter on Pseudomonas
aeruginosa adhesion and biofilm formation in vitro. BioMed Res. Int. 2018, 2018, 6287932. [CrossRef]

16. Chen, X.; Liu, J.; Zhou, J.; Wang, J.; Chen, C.; Song, Y.; Pan, J. Urban particulate matter (PM) suppresses airway antibacterial
defence. Respir. Res. 2018, 19, 5. [CrossRef]

17. Liu, H.; Zhang, X.; Zhang, H.; Yao, X.; Zhou, M.; Wang, J.; He, Z.; Zhang, H.; Lou, L.; Mao, W. Effect of air pollution on the total
bacteria and pathogenic bacteria in different sizes of particulate matter. Environ. Pollut. 2018, 233, 483–493. [CrossRef]

18. Zomuansangi, R.; Lalbiaktluangi, C.; Gupta, V.K.; Medders, A.A.; Vidal, J.E.; Singh, B.P.; Song, J.J.; Singh, P.K.; Singh, A.; Vellingiri,
B. Interaction of bacteria and inhalable particulate matter in respiratory infectious diseases caused by bacteria. Atmos. Pollut. Res.
2023, 15, 102012. [CrossRef]

19. Sarwar, F.; Alam, K.; Chow, C.W.; Saeed, M.; Malik, R.N. Pulmonary dysfunction augmenting bacterial aerosols in leather
tanneries of Punjab, Pakistan. Int. J. Chronic Obstr. Pulm. Dis. 2021, 16, 2925–2937. [CrossRef]

20. Li, N.; Xia, T.; Nel, A.E. The role of oxidative stress in ambient particulate matter-induced lung diseases and its implications in
the toxicity of engineered nanoparticles. Free. Radic. Biol. Med. 2008, 44, 1689–1699. [CrossRef]

21. Shen, M.; Liu, G.; Zhou, L.; Yin, H.; Arif, M.; Leung, K.M.Y. Spatial distribution, driving factors and health risks of fine particle-
bound polycyclic aromatic hydrocarbons (PAHs) from indoors and outdoors in Hefei, China. Sci. Total Environ. 2022, 851, 158148.
[CrossRef] [PubMed]

22. Abdul-Wahab, S.A. Indoor and outdoor relationships of atmospheric particulates in Oman. Indoor Built Environ. 2006, 15, 247–255.
[CrossRef]

23. Valavanidis, A.; Vlachogianni, T.; Fiotakis, K.; Loridas, S. Pulmonary oxidative stress, inflammation and cancer: Respirable
particulate matter, fibrous dusts and ozone as major causes of lung carcinogenesis through reactive oxygen species mechanisms.
Int. J. Environ. Res. Public Health 2013, 10, 3886–3907. [CrossRef] [PubMed]

24. Wang, T.; Chiang, E.T.; Moreno-Vinasco, L.; Lang, G.D.; Pendyala, S.; Samet, J.M.; Geyh, A.S.; Breysse, P.N.; Chillrud, S.N.;
Natarajan, V. Particulate matter disrupts human lung endothelial barrier integrity via ROS-and p38 MAPK–dependent pathways.
Am. J. Respir. Cell Mol. Biol. 2010, 42, 442–449. [CrossRef] [PubMed]

25. Phull, A.-R.; Dhong, K.-R.; Park, H.-J. Lactic Acid Bacteria Fermented Cordyceps militaris (GRC-SC11) Suppresses IgE Mediated
Mast Cell Activation and Type I Hypersensitive Allergic Murine Model. Nutrients 2021, 13, 3849. [CrossRef]

26. Phull, A.-R.; Ahmed, M.; Park, H.-J. Cordyceps militaris as a bio functional food source: Pharmacological potential, anti-
inflammatory actions and related molecular mechanisms. Microorganisms 2022, 10, 405. [CrossRef]

27. Kwon, H.-K.; Jo, W.-R.; Park, H.-J. Immune-enhancing activity of C. militaris fermented with Pediococcus pentosaceus (GRC-
ON89A) in CY-induced immunosuppressed model. BMC Complement. Altern. Med. 2018, 18, 75. [CrossRef]

28. Kwon, H.-K.; Song, M.-J.; Lee, H.-J.; Park, T.-S.; Kim, M.I.; Park, H.-J. Pediococcus pentosaceus-fermented Cordyceps militaris
inhibits inflammatory reactions and alleviates contact dermatitis. Int. J. Mol. Sci. 2018, 19, 3504. [CrossRef]

29. Park, D.K.; Park, H.-J. Ethanol extract of Cordyceps militaris grown on germinated soybeans attenuates dextran-sodium-sulfate-
(DSS-) induced colitis by suppressing the expression of matrix metalloproteinases and inflammatory mediators. BioMed Res. Int.
2013, 2013, 102918. [CrossRef]

30. Lee, S.; Kwon, H.K.; Park, H.J.; Park, Y.S. Solid–state fermentation of germinated black bean (Rhynchosia nulubilis) using
Lactobacillus pentosus SC65 and its immunostimulatory effect. Food Biosci. 2018, 26, 57–64. [CrossRef]

https://doi.org/10.1007/s10741-017-9606-7
https://www.ncbi.nlm.nih.gov/pubmed/28303426
https://doi.org/10.1016/S0891-5849(01)00703-1
https://www.ncbi.nlm.nih.gov/pubmed/11677046
https://doi.org/10.3390/ijerph19127511
https://doi.org/10.1016/j.jff.2021.104460
https://doi.org/10.3390/ijerph17124599
https://doi.org/10.1016/j.tox.2006.04.038
https://doi.org/10.1038/s12276-020-0405-1
https://www.ncbi.nlm.nih.gov/pubmed/32203103
https://doi.org/10.2147/COPD.S402122
https://www.ncbi.nlm.nih.gov/pubmed/37056681
https://doi.org/10.1177/09603271211061505
https://www.ncbi.nlm.nih.gov/pubmed/35098763
https://doi.org/10.21037/jtd.2019.05.77
https://www.ncbi.nlm.nih.gov/pubmed/31372298
https://doi.org/10.1155/2018/6287932
https://doi.org/10.1186/s12931-017-0700-0
https://doi.org/10.1016/j.envpol.2017.10.070
https://doi.org/10.1016/j.apr.2023.102012
https://doi.org/10.2147/COPD.S328129
https://doi.org/10.1016/j.freeradbiomed.2008.01.028
https://doi.org/10.1016/j.scitotenv.2022.158148
https://www.ncbi.nlm.nih.gov/pubmed/35988617
https://doi.org/10.1177/1420326X06066322
https://doi.org/10.3390/ijerph10093886
https://www.ncbi.nlm.nih.gov/pubmed/23985773
https://doi.org/10.1165/rcmb.2008-0402OC
https://www.ncbi.nlm.nih.gov/pubmed/19520919
https://doi.org/10.3390/nu13113849
https://doi.org/10.3390/microorganisms10020405
https://doi.org/10.1186/s12906-018-2133-9
https://doi.org/10.3390/ijms19113504
https://doi.org/10.1155/2013/102918
https://doi.org/10.1016/j.fbio.2018.09.009


Int. J. Mol. Sci. 2024, 25, 10642 22 of 26

31. Lee, H.-J.; Park, H.-J. Germinated Rhynchosia nulubilis fermented with lactobacillus pentosus SC65 reduces particulate matter
induced type II alveolar epithelial apoptotic cell death. Int. J. Mol. Sci. 2021, 22, 3660. [CrossRef] [PubMed]

32. Olatunji, O.J.; Feng, Y.; Olatunji, O.O.; Tang, J.; Ouyang, Z.; Su, Z. Cordycepin protects PC12 cells against 6-hydroxydopamine
induced neurotoxicity via its antioxidant properties. Biomed. Pharmacother. 2016, 81, 7–14. [CrossRef]

33. Lopez-Corona, A.V.; Valencia-Espinosa, I.; González-Sánchez, F.A.; Sánchez-López, A.L.; Garcia-Amezquita, L.E.; Garcia-Varela,
R. Antioxidant, anti-inflammatory and cytotoxic activity of phenolic compound family extracted from raspberries (Rubus idaeus):
A general review. Antioxidants 2022, 11, 1192. [CrossRef] [PubMed]

34. Chen, X.; Wu, G.; Huang, Z. Structural analysis and antioxidant activities of polysaccharides from cultured Cordyceps militaris.
Int. J. Biol. Macromol. 2013, 58, 18–22. [CrossRef] [PubMed]

35. Yu, H.M.; Wang, B.-S.; Huang, S.C.; Duh, P.-D. Comparison of protective effects between cultured Cordyceps militaris and natural
Cordyceps sinensis against oxidative damage. J. Agric. Food Chem. 2006, 54, 3132–3138. [CrossRef] [PubMed]

36. Choi, J.N.; Kim, J.; Lee, M.Y.; Park, D.K.; Hong, Y.-S.; Lee, C.H. Metabolomics revealed novel isoflavones and optimal cultivation
time of Cordyceps militaris fermentation. J. Agric. Food Chem. 2010, 58, 4258–4267. [CrossRef]

37. Marslin, G.; Khandelwal, V.; Franklin, G. Cordycepin nanoencapsulated in poly (lactic-co-glycolic acid) exhibits better cytotoxicity
and lower hemotoxicity than free drug. Nanotechnol. Sci. Appl. 2020, 13, 37–45. [CrossRef]

38. Soleymanfallah, S.; Khoshkhoo, Z.; Hosseini, S.E.; Azizi, M.H. Preparation, physical properties, and evaluation of antioxidant
capacity of aqueous grape extract loaded in chitosan-TPP nanoparticles. Food Sci. Nutr. 2022, 10, 3272–3281. [CrossRef]

39. Nunes, S.; Madureira, A.R.; Campos, D.; Sarmento, B.; Gomes, A.M.; Pintado, M.; Reis, F. Solid lipid nanoparticles as oral delivery
systems of phenolic compounds: Overcoming pharmacokinetic limitations for nutraceutical applications. Crit. Rev. Food Sci. Nutr.
2017, 57, 1863–1873. [CrossRef]

40. Acay, H.; Yildirim, A.; Erdem Güzel, E.; Kaya, N.; Baran, M.F. Evaluation and characterization of Pleurotus eryngii extract-loaded
chitosan nanoparticles as antimicrobial agents against some human pathogens. Prep. Biochem. Biotechnol. 2020, 50, 897–906.
[CrossRef]

41. Acosta, E. Bioavailability of nanoparticles in nutrient and nutraceutical delivery. Curr. Opin. Colloid Interface Sci. 2009, 14, 3–15.
[CrossRef]

42. Li, Z.; Jiang, H.; Xu, C.; Gu, L. A review: Using nanoparticles to enhance absorption and bioavailability of phenolic phytochemicals.
Food Hydrocoll. 2015, 43, 153–164. [CrossRef]

43. Watkins, R.; Wu, L.; Zhang, C.; Davis, R.M.; Xu, B. Natural product-based nanomedicine: Recent advances and issues. Int. J.
Nanomed. 2015, 10, 6055.

44. Singh, S.; Pandey, V.K.; Tewari, R.P.; Agarwal, V. Nanoparticle based drug delivery system: Advantages and applications. Indian J.
Sci. Technol. 2011, 4, 177–180. [CrossRef]

45. Sim, S.; Wong, N.K. Nanotechnology and its use in imaging and drug delivery. Biomed. Rep. 2021, 14, 42. [CrossRef]
46. Patra, J.K.; Das, G.; Fraceto, L.F.; Campos, E.V.R.; Rodriguez-Torres, M.d.P.; Acosta-Torres, L.S.; Diaz-Torres, L.A.; Grillo, R.;

Swamy, M.K.; Sharma, S. Nano based drug delivery systems: Recent developments and future prospects. J. Nanobiotechnol. 2018,
16, 71. [CrossRef]

47. Wilczewska, A.Z.; Niemirowicz, K.; Markiewicz, K.H.; Car, H. Nanoparticles as drug delivery systems. Pharmacol. Rep. 2012, 64,
1020–1037. [CrossRef]

48. Sengul, A.B.; Asmatulu, E. Toxicity of metal and metal oxide nanoparticles: A review. Environ. Chem. Lett. 2020, 18, 1659–1683.
[CrossRef]

49. Yuan, X.; Zhang, X.; Sun, L.; Wei, Y.; Wei, X. Cellular toxicity and immunological effects of carbon-based nanomaterials. Part.
Fibre Toxicol. 2019, 16, 18. [CrossRef]

50. Lee, J.-S.; Kim, G.-H.; Lee, H.G. Characteristics and antioxidant activity of Elsholtzia splendens extract-loaded nanoparticles.
J. Agric. Food Chem. 2010, 58, 3316–3321. [CrossRef]

51. El-Aziz, A.R.M.A.; Al-Othman, M.R.; Mahmoud, M.A.; Shehata, S.M.; Abdelazim, N.S. Chitosan nanoparticles as a carrier for
Mentha longifolia extract: Synthesis, characterization and antifungal activity. Curr. Sci. 2018, 114, 2116–2122.

52. Sreekumar, S.; Goycoolea, F.M.; Moerschbacher, B.M.; Rivera-Rodriguez, G.R. Parameters influencing the size of chitosan-TPP
nano-and microparticles. Sci. Rep. 2018, 8, 4695. [CrossRef] [PubMed]

53. Liu, H.; Gao, C. Preparation and properties of ionically cross-linked chitosan nanoparticles. Polym. Adv. Technol. 2009, 20, 613–619.
[CrossRef]

54. Madureira, A.R.; Pereira, A.; Castro, P.M.; Pintado, M. Production of antimicrobial chitosan nanoparticles against food pathogens.
J. Food Eng. 2015, 167, 210–216. [CrossRef]

55. He, F.; Liao, B.; Pu, J.; Li, C.; Zheng, M.; Huang, L.; Zhou, Y.; Zhao, D.; Li, B.; Ran, P. Exposure to ambient particulate matter
induced COPD in a rat model and a description of the underlying mechanism. Sci. Rep. 2017, 7, 45666. [CrossRef]

56. Silva, R.A.B.d.; Leonardo, M.R.; Faccioli, L.H.; Medeiros, A.I.; Nelson-Filho, P. Effect of different methods of sterilization on the
inactivation of bacterial endotoxin (LPS) in endodontic files. Braz. J. Microbiol. 2007, 38, 270–272. [CrossRef]

57. Kaur, M.; Chandel, J.; Malik, J.; Naura, A.S. Particulate matter in COPD pathogenesis: An overview. Inflamm. Res. 2022, 71,
797–815. [CrossRef]

https://doi.org/10.3390/ijms22073660
https://www.ncbi.nlm.nih.gov/pubmed/33915904
https://doi.org/10.1016/j.biopha.2016.03.009
https://doi.org/10.3390/antiox11061192
https://www.ncbi.nlm.nih.gov/pubmed/35740089
https://doi.org/10.1016/j.ijbiomac.2013.03.041
https://www.ncbi.nlm.nih.gov/pubmed/23537797
https://doi.org/10.1021/jf053111w
https://www.ncbi.nlm.nih.gov/pubmed/16608242
https://doi.org/10.1021/jf903822e
https://doi.org/10.2147/NSA.S254770
https://doi.org/10.1002/fsn3.2891
https://doi.org/10.1080/10408398.2015.1031337
https://doi.org/10.1080/10826068.2020.1765376
https://doi.org/10.1016/j.cocis.2008.01.002
https://doi.org/10.1016/j.foodhyd.2014.05.010
https://doi.org/10.17485/ijst/2011/v4i3.16
https://doi.org/10.3892/br.2021.1418
https://doi.org/10.1186/s12951-018-0392-8
https://doi.org/10.1016/S1734-1140(12)70901-5
https://doi.org/10.1007/s10311-020-01033-6
https://doi.org/10.1186/s12989-019-0299-z
https://doi.org/10.1021/jf904091d
https://doi.org/10.1038/s41598-018-23064-4
https://www.ncbi.nlm.nih.gov/pubmed/29549295
https://doi.org/10.1002/pat.1306
https://doi.org/10.1016/j.jfoodeng.2015.06.010
https://doi.org/10.1038/srep45666
https://doi.org/10.1590/S1517-83822007000200015
https://doi.org/10.1007/s00011-022-01594-y


Int. J. Mol. Sci. 2024, 25, 10642 23 of 26

58. Xiao, S.; Zhang, W.; Chen, H.; Fang, B.; Qiu, Y.; Chen, X.; Chen, L.; Shu, S.; Zhang, Y.; Zhao, Y. Design, synthesis, and structure–
activity relationships of 2-benzylidene-1-indanone derivatives as anti-inflammatory agents for treatment of acute lung injury.
Drug Des. Dev. Ther. 2018, 12, 887–899. [CrossRef]

59. Christian, F.; Smith, E.L.; Carmody, R.J. The regulation of NF-κB subunits by phosphorylation. Cells 2016, 5, 12. [CrossRef]
60. Han, H.; Oh, E.-Y.; Lee, J.-H.; Park, J.-W.; Park, H.J. Effects of particulate matter 10 inhalation on lung tissue RNA expression in a

murine model. Tuberc. Respir. Dis. 2021, 84, 55. [CrossRef]
61. Diaz, P.; Jeong, S.C.; Lee, S.; Khoo, C.; Koyyalamudi, S.R. Antioxidant and anti-inflammatory activities of selected medicinal

plants and fungi containing phenolic and flavonoid compounds. Chin. Med. 2012, 7, 26. [CrossRef] [PubMed]
62. Ashraf, S.A.; Elkhalifa, A.E.O.; Siddiqui, A.J.; Patel, M.; Awadelkareem, A.M.; Snoussi, M.; Ashraf, M.S.; Adnan, M.; Hadi, S.

Cordycepin for health and wellbeing: A potent bioactive metabolite of an entomopathogenic medicinal fungus Cordyceps with
its nutraceutical and therapeutic potential. Molecules 2020, 25, 2735. [CrossRef] [PubMed]

63. Zheng, G.; Zhu, S. Antioxidant effects of soybean isoflavones. Antioxid. Hum. Health 1999, 123–130.
64. Lee, H.-J.; Cho, H.-E.; Park, H.-J. Germinated black soybean fermented with Lactobacillus pentosus SC65 alleviates DNFB-induced

delayed-type hypersensitivity in C57BL/6N mice. J. Ethnopharmacol. 2021, 265, 113236. [CrossRef] [PubMed]
65. Zhang, J.; Chen, X.G.; Peng, W.B.; Liu, C.S. Uptake of oleoyl-chitosan nanoparticles by A549 cells. Nanomed. Nanotechnol. Biol.

Med. 2008, 4, 208–214. [CrossRef]
66. Aibani, N.; Rai, R.; Patel, P.; Cuddihy, G.; Wasan, E.K. Chitosan nanoparticles at the biological interface: Implications for drug

delivery. Pharmaceutics 2021, 13, 1686. [CrossRef]
67. Masarudin, M.J.; Cutts, S.M.; Evison, B.J.; Phillips, D.R.; Pigram, P.J. Factors determining the stability, size distribution, and cellular

accumulation of small, monodisperse chitosan nanoparticles as candidate vectors for anticancer drug delivery: Application to the
passive encapsulation of [14C]-doxorubicin. Nanotechnol. Sci. Appl. 2015, 8, 67. [CrossRef]

68. Concórdio-Reis, P.; Macedo, A.C.; Cardeira, M.; Moppert, X.; Guézennec, J.; Sevrin, C.; Grandfils, C.; Serra, A.T.; Freitas, F.
Selenium Bio-Nanocomposite Based on Alteromonas macleodii Mo169 Exopolysaccharide: Synthesis, Characterization, and In
Vitro Antioxidant Activity. Bioengineering 2023, 10, 193. [CrossRef]

69. Cho, H.; Cho, Y.Y.; Bae, Y.H.; Kang, H.C. Nucleotides as nontoxic endogenous endosomolytic agents in drug delivery. Adv.
Healthc. Mater. 2014, 3, 1007–1014. [CrossRef]

70. Lu, Q.; Li, D.-C.; Jiang, J.-G. Preparation of a tea polyphenol nanoliposome system and its physicochemical properties. J. Agric.
Food Chem. 2011, 59, 13004–13011. [CrossRef]

71. De Grove, K.; Provoost, S.; Brusselle, G.; Joos, G.; Maes, T. Insights in particulate matter-induced allergic airway inflammation:
Focus on the epithelium. Clin. Exp. Allergy 2018, 48, 773–786. [CrossRef] [PubMed]

72. Li, R.; Kou, X.; Xie, L.; Cheng, F.; Geng, H. Effects of ambient PM 2.5 on pathological injury, inflammation, oxidative stress,
metabolic enzyme activity, and expression of c-fos and c-jun in lungs of rats. Environ. Sci. Pollut. Res. 2015, 22, 20167–20176.
[CrossRef] [PubMed]

73. Sun, Q.; Jiang, S.; Xu, X. Particulate Air Pollution on Systemic Inflammatory Response: Roles of Monocytes and Neutrophils; European
Respiratory Society: Lausanne, Switzerland, 2012.

74. Park, D.K.; Choi, W.S.; Park, H.-J. Antiallergic activity of novel isoflavone methyl-glycosides from Cordyceps militaris grown on
germinated soybeans in antigen-stimulated mast cells. J. Agric. Food Chem. 2012, 60, 2309–2315. [CrossRef] [PubMed]

75. Ohta, Y.; Lee, J.-B.; Hayashi, K.; Fujita, A.; Park, D.K.; Hayashi, T. In vivo anti-influenza virus activity of an immunomodulatory
acidic polysaccharide isolated from Cordyceps militaris grown on germinated soybeans. J. Agric. Food Chem. 2007, 55, 10194–10199.
[CrossRef]

76. Han, J.Y.; Im, J.; Choi, J.N.; Lee, C.H.; Park, H.J.; Park, D.K.; Yun, C.-H.; Han, S.H. Induction of IL-8 expression by Cordyceps
militaris grown on germinated soybeans through lipid rafts formation and signaling pathways via ERK and JNK in A549 cells.
J. Ethnopharmacol. 2010, 127, 55–61. [CrossRef]

77. Lee, C.-T.; Huang, K.-S.; Shen, G.; Grumezescu, A.M.; Holban, A.M.; Wang, Y.-T. Trends in the immunomodulatory effects of
Cordyceps militaris: Total extracts, polysaccharides and cordycepin. Front. Pharmacol. 2020, 11, 575704. [CrossRef]

78. Fonceca, A.M.; Zosky, G.R.; Bozanich, E.M.; Sutanto, E.N.; Kicic, A.; McNamara, P.S.; Knight, D.A.; Sly, P.D.; Turner, D.J.; Stick,
S.M. Accumulation mode particles and LPS exposure induce TLR-4 dependent and independent inflammatory responses in the
lung. Respir. Res. 2018, 19, 15. [CrossRef]

79. Song, Y.; Ichinose, T.; He, M.; He, C.; Morita, K.; Yoshida, Y. Lipopolysaccharide attached to urban particulate matter 10 suppresses
immune responses in splenocytes while particulate matter itself activates NF-κB. Toxicol. Res. 2016, 5, 1445–1452. [CrossRef]

80. Wu, W.; Jin, Y.; Carlsten, C. Inflammatory health effects of indoor and outdoor particulate matter. J. Allergy Clin. Immunol. 2018,
141, 833–844. [CrossRef]

81. Ishii, H.; Fujii, T.; Hogg, J.C.; Hayashi, S.; Mukae, H.; Vincent, R.; van Eeden, S.F. Contribution of IL-1β and TNF-α to the initiation
of the peripheral lung response to atmospheric particulates (PM10). Am. J. Physiol.-Lung Cell. Mol. Physiol. 2004, 287, L176–L183.
[CrossRef]

82. Malainou, C.; Abdin, S.M.; Lachmann, N.; Matt, U.; Herold, S. Alveolar macrophages in tissue homeostasis, inflammation, and
infection: Evolving concepts of therapeutic targeting. J. Clin. Investig. 2023, 133, e170501. [CrossRef] [PubMed]

83. Xu, J.; Xu, H.; Ma, K.; Wang, Y.; Niu, B.; Zhang, L.; Li, F. lncRNA Gm16410 mediates PM2. 5-induced macrophage activation via
PI3K/AKT pathway. Front. Cell Dev. Biol. 2021, 9, 618045.

https://doi.org/10.2147/DDDT.S160314
https://doi.org/10.3390/cells5010012
https://doi.org/10.4046/trd.2020.0107
https://doi.org/10.1186/1749-8546-7-26
https://www.ncbi.nlm.nih.gov/pubmed/23176585
https://doi.org/10.3390/molecules25122735
https://www.ncbi.nlm.nih.gov/pubmed/32545666
https://doi.org/10.1016/j.jep.2020.113236
https://www.ncbi.nlm.nih.gov/pubmed/32750462
https://doi.org/10.1016/j.nano.2008.03.006
https://doi.org/10.3390/pharmaceutics13101686
https://doi.org/10.2147/NSA.S91785
https://doi.org/10.3390/bioengineering10020193
https://doi.org/10.1002/adhm.201400008
https://doi.org/10.1021/jf203194w
https://doi.org/10.1111/cea.13178
https://www.ncbi.nlm.nih.gov/pubmed/29772098
https://doi.org/10.1007/s11356-015-5222-z
https://www.ncbi.nlm.nih.gov/pubmed/26304807
https://doi.org/10.1021/jf205199j
https://www.ncbi.nlm.nih.gov/pubmed/22296272
https://doi.org/10.1021/jf0721287
https://doi.org/10.1016/j.jep.2009.09.051
https://doi.org/10.3389/fphar.2020.575704
https://doi.org/10.1186/s12931-017-0701-z
https://doi.org/10.1039/C6TX00216A
https://doi.org/10.1016/j.jaci.2017.12.981
https://doi.org/10.1152/ajplung.00290.2003
https://doi.org/10.1172/JCI170501
https://www.ncbi.nlm.nih.gov/pubmed/37781922


Int. J. Mol. Sci. 2024, 25, 10642 24 of 26

84. Su, R.; Jin, X.; Zhang, W.; Li, Z.; Liu, X.; Ren, J. Particulate matter exposure induces the autophagy of macrophages via oxidative
stress-mediated PI3K/AKT/mTOR pathway. Chemosphere 2017, 167, 444–453. [CrossRef] [PubMed]

85. Mischler, S.E.; Cauda, E.G.; Di Giuseppe, M.; McWilliams, L.J.; St. Croix, C.; Sun, M.; Franks, J.; Ortiz, L.A. Differential activation
of RAW 264.7 macrophages by size-segregated crystalline silica. J. Occup. Med. Toxicol. 2016, 11, 57. [CrossRef] [PubMed]

86. Michael, S.; Montag, M.; Dott, W. Pro-inflammatory effects and oxidative stress in lung macrophages and epithelial cells induced
by ambient particulate matter. Environ. Pollut. 2013, 183, 19–29. [CrossRef]

87. Park, M.; Park, S.; Choi, Y.; Cho, Y.-L.; Kim, M.J.; Park, Y.-J.; Chung, S.W.; Lee, H.; Lee, S.-J. The mechanism underlying correlation
of particulate matter-induced ferroptosis with inflammasome activation and iron accumulation in macrophages. Cell Death Discov.
2024, 10, 144. [CrossRef]

88. Facchin, B.M.; Dos Reis, G.O.; Vieira, G.N.; Mohr, E.T.B.; da Rosa, J.S.; Kretzer, I.F.; Demarchi, I.G.; Dalmarco, E.M. Inflammatory
biomarkers on an LPS-induced RAW 264.7 cell model: A systematic review and meta-analysis. Inflamm. Res. 2022, 71, 741–758.
[CrossRef]

89. Stanca, L.; Geicu, O.I.; Serban, A.I.; Dinischiotu, A. Interplay of oxidative stress, inflammation, and autophagy in RAW 264.7
murine macrophage cell line challenged with Si/SiO2 quantum dots. Materials 2023, 16, 5083. [CrossRef]

90. Connelly, L.; Jacobs, A.T.; Palacios-Callender, M.; Moncada, S.; Hobbs, A.J. Macrophage endothelial nitric-oxide synthase
autoregulates cellular activation and pro-inflammatory protein expression. J. Biol. Chem. 2003, 278, 26480–26487. [CrossRef]

91. Rosselli, M.; Keller, R.; Dubey, R.K. Role of nitric oxide in the biology, physiology and pathophysiology of reproduction. Hum.
Reprod. Update 1998, 4, 3–24. [CrossRef]

92. Shen, J.; Shen, D.; Tang, Q.; Li, Z.; Jin, X.; Li, C. Mogroside V exerts anti-inflammatory effects on fine particulate matter-induced
inflammation in porcine alveolar macrophages. Toxicol. Vitr. 2022, 80, 105326. [CrossRef] [PubMed]

93. Sharma, J.; Al-Omran, A.; Parvathy, S. Role of nitric oxide in inflammatory diseases. Inflammopharmacology 2007, 15, 252–259.
[CrossRef] [PubMed]

94. Park, H.S.; Kim, S.R.; Lee, Y.C. Impact of oxidative stress on lung diseases. Respirology 2009, 14, 27–38. [CrossRef] [PubMed]
95. Wei, T.; Tang, M. Biological effects of airborne fine particulate matter (PM2. 5) exposure on pulmonary immune system. Environ.

Toxicol. Pharmacol. 2018, 60, 195–201. [CrossRef]
96. Arango Duque, G.; Descoteaux, A. Macrophage cytokines: Involvement in immunity and infectious diseases. Front. Immunol.

2014, 5, 117833. [CrossRef]
97. Veronesi, B.; Oortgiesen, M.; Carter, J.; Devlin, R. Particulate matter initiates inflammatory cytokine release by activation of

capsaicin and acid receptors in a human bronchial epithelial cell line. Toxicol. Appl. Pharmacol. 1999, 154, 106–115. [CrossRef]
98. Hiraiwa, K.; van Eeden, S.F. Contribution of lung macrophages to the inflammatory responses induced by exposure to air

pollutants. Mediat. Inflamm. 2013, 2013, 619523. [CrossRef]
99. Dinarello, C.A. Proinflammatory cytokines. Chest 2000, 118, 503–508. [CrossRef]
100. Driscoll, K.E.; Carter, J.M.; Hassenbein, D.G.; Howard, B. Cytokines and particle-induced inflammatory cell recruitment. Environ.

Health Perspect. 1997, 105, 1159–1164.
101. Zelová, H.; Hošek, J. TNF-α signalling and inflammation: Interactions between old acquaintances. Inflamm. Res. 2013, 62, 641–651.

[CrossRef]
102. Bass, D.A. Behavior of eosinophil leukocytes in acute inflammation. II. Eosinophil dynamics during acute inflammation. J. Clin.

Investig. 1975, 56, 870–879. [CrossRef]
103. Varricchi, G.; Senna, G.; Loffredo, S.; Bagnasco, D.; Ferrando, M.; Canonica, G.W. Reslizumab and eosinophilic asthma: One step

closer to precision medicine? Front. Immunol. 2017, 8, 247108. [CrossRef] [PubMed]
104. Pelaia, C.; Vatrella, A.; Busceti, M.T.; Gallelli, L.; Terracciano, R.; Savino, R.; Pelaia, G. Severe eosinophilic asthma: From the

pathogenic role of interleukin-5 to the therapeutic action of mepolizumab. Drug Des. Dev. Ther. 2017, 11, 3137–3144. [CrossRef]
[PubMed]

105. Adachi, T.; Alam, R. The mechanism of IL-5 signal transduction. Am. J. Physiol. -Cell Physiol. 1998, 275, C623–C633. [CrossRef]
[PubMed]

106. Seif, F.; Khoshmirsafa, M.; Aazami, H.; Mohsenzadegan, M.; Sedighi, G.; Bahar, M. The role of JAK-STAT signaling pathway and
its regulators in the fate of T helper cells. Cell Commun. Signal. 2017, 15, 23. [CrossRef] [PubMed]

107. Hu, X.; Li, J.; Fu, M.; Zhao, X.; Wang, W. The JAK/STAT signaling pathway: From bench to clinic. Signal Transduct. Target. Ther.
2021, 6, 402. [CrossRef]

108. Liu, T.; Zhang, L.; Joo, D.; Sun, S.-C. NF-κB signaling in inflammation. Signal Transduct. Target. Ther. 2017, 2, 17023. [CrossRef]
109. Reuter, C.W.; Morgan, M.A.; Bergmann, L. Targeting the Ras signaling pathway: A rational, mechanism-based treatment for

hematologic malignancies? Blood J. Am. Soc. Hematol. 2000, 96, 1655–1669.
110. Corrigan, C.J.; Loke, T.-K. Clinical and molecular aspects of glucocorticoid resistant asthma. Ther. Clin. Risk Manag. 2007, 3,

771–787.
111. Shin, S.A.; Joo, B.J.; Lee, J.S.; Ryu, G.; Han, M.; Kim, W.Y.; Park, H.H.; Lee, J.H.; Lee, C.S. Phytochemicals as anti-inflammatory

agents in animal models of prevalent inflammatory diseases. Molecules 2020, 25, 5932. [CrossRef]
112. Ren, Y.; Ichinose, T.; He, M.; Youshida, S.; Nishikawa, M.; Sun, G. Co-exposure to lipopolysaccharide and desert dust causes

exacerbation of ovalbumin-induced allergic lung inflammation in mice via TLR4/MyD88-dependent and-independent pathways.
Allergy Asthma Clin. Immunol. 2019, 15, 82. [CrossRef] [PubMed]

https://doi.org/10.1016/j.chemosphere.2016.10.024
https://www.ncbi.nlm.nih.gov/pubmed/27750168
https://doi.org/10.1186/s12995-016-0145-2
https://www.ncbi.nlm.nih.gov/pubmed/28018477
https://doi.org/10.1016/j.envpol.2013.01.026
https://doi.org/10.1038/s41420-024-01874-y
https://doi.org/10.1007/s00011-022-01584-0
https://doi.org/10.3390/ma16145083
https://doi.org/10.1074/jbc.M302238200
https://doi.org/10.1093/humupd/4.1.3
https://doi.org/10.1016/j.tiv.2022.105326
https://www.ncbi.nlm.nih.gov/pubmed/35134483
https://doi.org/10.1007/s10787-007-0013-x
https://www.ncbi.nlm.nih.gov/pubmed/18236016
https://doi.org/10.1111/j.1440-1843.2008.01447.x
https://www.ncbi.nlm.nih.gov/pubmed/19144046
https://doi.org/10.1016/j.etap.2018.04.004
https://doi.org/10.3389/fimmu.2014.00491
https://doi.org/10.1006/taap.1998.8567
https://doi.org/10.1155/2013/619523
https://doi.org/10.1378/chest.118.2.503
https://doi.org/10.1007/s00011-013-0633-0
https://doi.org/10.1172/JCI108166
https://doi.org/10.3389/fimmu.2017.00242
https://www.ncbi.nlm.nih.gov/pubmed/28344579
https://doi.org/10.2147/DDDT.S150656
https://www.ncbi.nlm.nih.gov/pubmed/29133975
https://doi.org/10.1152/ajpcell.1998.275.3.C623
https://www.ncbi.nlm.nih.gov/pubmed/9730944
https://doi.org/10.1186/s12964-017-0177-y
https://www.ncbi.nlm.nih.gov/pubmed/28637459
https://doi.org/10.1038/s41392-021-00791-1
https://doi.org/10.1038/sigtrans.2017.23
https://doi.org/10.3390/molecules25245932
https://doi.org/10.1186/s13223-019-0396-4
https://www.ncbi.nlm.nih.gov/pubmed/31889961


Int. J. Mol. Sci. 2024, 25, 10642 25 of 26

113. Becker, S.; Soukup, J.M.; Sioutas, C.; Cassee, F.R. Response of human alveolar macrophages to ultrafine, fine, and coarse urban air
pollution particles. Exp. Lung Res. 2003, 29, 29–44. [CrossRef] [PubMed]

114. Alexis, N.E.; Lay, J.C.; Zeman, K.; Bennett, W.E.; Peden, D.B.; Soukup, J.M.; Devlin, R.B.; Becker, S. Biological material on inhaled
coarse fraction particulate matter activates airway phagocytes in vivo in healthy volunteers. J. Allergy Clin. Immunol. 2006, 117,
1396–1403. [CrossRef] [PubMed]

115. Yang, L.; Liu, G.; Lin, Z.; Wang, Y.; He, H.; Liu, T.; Kamp, D.W. Pro-inflammatory response and oxidative stress induced by specific
components in ambient particulate matter in human bronchial epithelial cells. Environ. Toxicol. 2016, 31, 923–936. [CrossRef]

116. Arias-Pérez, R.D.; Taborda, N.A.; Gómez, D.M.; Narvaez, J.F.; Porras, J.; Hernandez, J.C. Inflammatory effects of particulate
matter air pollution. Environ. Sci. Pollut. Res. 2020, 27, 42390–42404. [CrossRef]

117. Shoenfelt, J.; Mitkus, R.J.; Zeisler, R.; Spatz, R.O.; Powell, J.; Fenton, M.J.; Squibb, K.A.; Medvedev, A.E. Involvement of TLR2 and
TLR4 in inflammatory immune responses induced by fine and coarse ambient air particulate matter. J. Leukoc. Biol. 2009, 86,
303–312. [CrossRef]

118. Wang, J.; Huang, J.; Wang, L.; Chen, C.; Yang, D.; Jin, M.; Bai, C.; Song, Y. Urban particulate matter triggers lung inflammation via
the ROS-MAPK-NF-κB signaling pathway. J. Thorac. Dis. 2017, 9, 4398. [CrossRef]

119. Gabay, C. Interleukin-6 and chronic inflammation. Arthritis Res. Ther. 2006, 8, 1–6. [CrossRef]
120. Rundhaug, J.E.; Fischer, S.M. Cyclo-oxygenase-2 plays a critical role in UV-induced skin carcinogenesis. Photochem. Photobiol.

2008, 84, 322–329. [CrossRef]
121. He, M.; Ichinose, T.; Yoshida, S.; Ito, T.; He, C.; Yoshida, Y.; Arashidani, K.; Takano, H.; Sun, G.; Shibamoto, T. PM2. 5-induced

lung inflammation in mice: Differences of inflammatory response in macrophages and type II alveolar cells. J. Appl. Toxicol. 2017,
37, 1203–1218. [CrossRef]

122. Øvrevik, J.; Refsnes, M.; Låg, M.; Holme, J.A.; Schwarze, P.E. Activation of proinflammatory responses in cells of the airway
mucosa by particulate matter: Oxidant-and non-oxidant-mediated triggering mechanisms. Biomolecules 2015, 5, 1399–1440.
[CrossRef] [PubMed]

123. Boukhenouna, S.; Wilson, M.A.; Bahmed, K.; Kosmider, B. Reactive oxygen species in chronic obstructive pulmonary disease.
Oxidative Med. Cell. Longev. 2018, 2018, 5730395. [CrossRef] [PubMed]

124. Simon, F.; Fernández, R. Early lipopolysaccharide-induced reactive oxygen species production evokes necrotic cell death in
human umbilical vein endothelial cells. J. Hypertens. 2009, 27, 1202–1216. [CrossRef] [PubMed]

125. Kwon, D.H.; Cha, H.-J.; Choi, E.O.; Leem, S.-H.; Kim, G.-Y.; Moon, S.-K.; Chang, Y.-C.; Yun, S.-J.; Hwang, H.J.; Kim, B.W. Schisan-
drin A suppresses lipopolysaccharide-induced inflammation and oxidative stress in RAW 264.7 macrophages by suppressing the
NF-κB, MAPKs and PI3K/Akt pathways and activating Nrf2/HO-1 signaling. Int. J. Mol. Med. 2018, 41, 264–274. [CrossRef]
[PubMed]

126. Seo, H.; Song, J.; Kim, M.; Han, D.-W.; Park, H.-J.; Song, M. Cordyceps militaris grown on germinated soybean suppresses
KRAS-driven colorectal cancer by inhibiting the RAS/ERK pathway. Nutrients 2018, 11, 20. [CrossRef]

127. Tran, N.K.S.; Kim, G.-T.; Lee, D.Y.; Kim, Y.-J.; Park, H.-J.; Park, D.K.; Park, T.-S. Fermented Cordyceps militaris extract ameliorates
hepatosteatosis via activation of fatty acid oxidation. J. Med. Food 2019, 22, 325–336. [CrossRef]

128. Rodrigo, R.; Bosco, C. Oxidative stress and protective effects of polyphenols: Comparative studies in human and rodent kidney.
A review. Comp. Biochem. Physiol. Part C Toxicol. Pharmacol. 2006, 142, 317–327. [CrossRef]

129. Arora, A.; Nair, M.G.; Strasburg, G.M. Antioxidant activities of isoflavones and their biological metabolites in a liposomal system.
Arch. Biochem. Biophys. 1998, 356, 133–141. [CrossRef]

130. Radhi, M.; Ashraf, S.; Lawrence, S.; Tranholm, A.A.; Wellham, P.A.D.; Hafeez, A.; Khamis, A.S.; Thomas, R.; McWilliams, D.;
De Moor, C.H. A systematic review of the biological effects of cordycepin. Molecules 2021, 26, 5886. [CrossRef]

131. Sun, T.; Dong, W.; Jiang, G.; Yang, J.; Liu, J.; Zhao, L.; Ma, P. Cordyceps militaris improves chronic kidney disease by affecting
TLR4/NF-κB redox signaling pathway. Oxidative Med. Cell. Longev. 2019, 2019, 7850863. [CrossRef]

132. Pulok Mukherjee, K.; Harwansh, R.K.; Bhattacharyya, S. Chapter 10-Bioavailability of Herbal Products: Approach toward Improved
Pharmacokinetics, Evidence-Based Validation of Herbal Medicine; Elsevier: Amsterdam, The Netherlands, 2015.

133. Nagar, G. Phytosomes: A novel drug delivery for herbal extracts. Int. J. Pharm. Sci. Res. 2019, 4, 949–959.
134. Tiyaboonchai, W. Chitosan nanoparticles: A promising system for drug delivery. Naresuan Univ. J. Sci. Technol. (NUJST) 2003, 11,

51–66.
135. Jafernik, K.; Ładniak, A.; Blicharska, E.; Czarnek, K.; Ekiert, H.; Wiącek, A.E.; Szopa, A. Chitosan-based nanoparticles as effective
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