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Abstract: This study was conducted to confirm the effects of Korean red ginseng on lung and
brain dysfunction in a BALB/c mice model exposed to particulate matter (PM), 5 for 12 weeks.
Learning and cognitive abilities were assessed with Y-maze, passive avoidance, and Morris water
maze tests. To evaluate the ameliorating effect of red ginseng extract (RGE), the antioxidant system
and mitochondrial function were investigated. The administration of RGE protected lung and brain
impairment by regulating the antioxidant system and mitochondrial functions damaged by PM s5-
induced toxicity. Moreover, RGE prevented pulmonary fibrosis by regulating the transforming growth
factor beta 1 (TGF-31) pathway. RGE attenuated PM, 5-induced pulmonary and cognitive dysfunction
by regulating systemic inflammation and apoptosis via the nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-«kB)/c-Jun N-terminal kinases (JNK) pathway. In conclusion, RGE might be a
potential material that can regulate chronic PM; 5-induced lung and brain cognitive dysfunction.

Keywords: Korean red ginseng; Panax ginseng; particulate matter; cognitive dysfunction; lung
fibrosis; inflammation

1. Introduction

Air pollution has natural and anthropogenic causes that affect human health and cause
an increase in disease [1]. Particulate matter (PM) contains a variety of pollutants, including
heavy metals, sulfates, nitrates, volatiles, and organic compounds [2]. PM; 5 is inhaled into
the airway epithelial cells through respiration, affects mucociliary movement, is deposited
in the alveoli, and interferes with the functioning of alveolar macrophages [3]. Chronic
PM, 5 exposure induces the production of oxidative stress and reactive oxygen species
(ROS), leading to an increase in pro-inflammatory cytokines [4]. Activation of cytokines
induces cellular and tissue damage throughout the circulation, resulting in systemic inflam-
mation and deterioration of lung and brain function [5]. Through respiratory and systemic
circulation, PM; 5 produces inflammatory mediators such as transforming growth factor-
beta (TGF-f) and tumor necrosis factor-alpha (TNF-) in the lungs and extrapulmonary
organs [6]. Furthermore, transition metals such as Fe, Mg, Al, and Cu in the PM damage
the blood-brain barrier (BBB) by forming ROS and pro-inflammatory cytokines [7]. Soluble
transition metals in PM that have passed through the BBB cause inflammatory responses
and functional disorders in the brain [8]. Therefore, exposure to PM; 5 causes various
health problems, including chronic respiratory and cardiovascular diseases, myocardial
infarction, and asthma [9]. Most research is focused on the consequences of cardiovascular
and respiratory diseases, but there are relatively few studies on the toxic effects of PM; 5
and systemic inflammation [10].
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Korean red ginseng (Panax ginseng) is well known as a traditional medicinal herb in
East Asia and has tonic properties that maintain or restore the physical condition to nor-
mal [11]. Korean red ginseng contains saponins such as ginsenosides and protopanaxatriol
and non-saponin components such as pyroglutamic acid and p-coumaric acid and is known
to have various physiological activities [12]. These physiological activities are known to en-
hance immune function and have anti-obesity, anti-diabetic, and anti-depressive effects [13].
In addition, Korean red ginseng regulates the nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-«B) pathway stimulated by lipopolysaccharide and inhibits the expres-
sion of transcription factors such as TNF-a and cyclooxygenase-2 (COX-2) [14]. However,
there are few studies on lung function and brain cognitive dysfunction after long-term
exposure to PM; 5. Therefore, we evaluated the effects of Korean red ginseng on lung and
brain dysfunction in systemic inflammation proceeded by PM; 5 toxicity.

2. Results
2.1. Animal Behavioral Tests

In the results of the Y-maze test, there was no meaningful variation in the number of
arm entries in the sham control group (Sham), normal control group (NC), normal sample
group (NS), particulate matter group (PM), red ginseng extract 50 mg/kg of body weight
group (RGE 50), and red ginseng extract 100 mg/kg of body weight group (RGE 100)
(Figure S1). As a result of the alternation behavior tests, there was no meaningful difference
among the Sham (29.98%), NC (25.05%), and NS (25.96%) groups. The PM group (11.03%)
significantly declined spontaneous alternation behavior compared with the NC group.
The RGE groups (RGE50, 24.99%; RGE100, 24.95%) increased more than the PM group
(Figure 1a). As a result of tracing the movement path in the Y-maze test, RGE groups were
similar to Sham, NC, and NS groups in arm entry movement and showed more active
movement than the PM group (Figure 1b).

In the results of the passive avoidance test, the training session of latency during
habitation indicated no meaningful difference among all groups (Figure S2). In the step-
through latencies on the test session, there was no meaningful difference among the Sham
(289.83 s), NC (300.00 s), and NS (300.00 s) groups. Those of the PM group (38.83 s)
especially decreased more than the NC group. Whereas those of the RGE groups (RGE50,
300.00 s; RGE100, 300.00 s) increased more than the PM group (Figure 1c).

In the results of the Morris water maze test, on the first day of the training session,
all groups indicated no meaningful difference (Figure 1d). On the last day of the training
period, the escape latency of the PM group (55.29 s) increased considerably more than the
Sham (13.91 s), NC (14.77 s), NS (14.56 s), RGE50 (11.99 s), and RGE100 (16.04 s) groups. In
the probe test, the relative retention time in the W zone of the PM group (16.03%) declined
more than those of the Sham (75.45%), NC (69.58%), and NS (77.72%) groups. On the other
hand, those of the RGE groups (RGE 50, 69.92%; RGE100, 71.72%) increased more than the
PM group (Figure le). As a result of tracing the movement path of the probe test in the
Morris water maze test, the RGE groups showed movement around the W zone similar to
Sham, NC, and NS groups and stayed in the W zone for a longer time than the PM group
(Figure 1f).

2.2. Antioxidant System

The superoxide dismutase (SOD) activity in lung and brain tissue among the Sham
(lung, 5.52 unit/mg of protein; brain, 4.70 unit/mg of protein), NC (lung, 5.49 unit/mg
of protein; brain, 4.70 unit/mg of protein), and NS (lung, 5.46 unit/mg of protein; brain,
4.11 unit/mg of protein) groups indicated no considerable differences. However, lung
tissue among the RGE groups (RGE 50, 5.33 unit/mg of protein; RGE100, 5.15 unit/mg
of protein) and brain tissue among the RGE groups (RGE 50, 4.05 unit/mg of protein;
RGE100, 4.33 unit/mg of protein) were substantially improved over the PM group (lung,
4.31 unit/mg of protein; brain, 3.37 unit/mg of protein) (Figure 2a).
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Figure 1. Protective effect of red ginseng extract (RGE) on PM; 5-induced mice. (a) alternation
behavior; (b) 3D moving routes in the Y-maze test; (c) latency after learning in the passive avoidance
test; (d) escape latency in the hidden trial; (e) time in the W zone; (f) routes tracking of the probe
test in Morris Water Maze test. Different small letters suggest meaningful differences (p < 0.05). The
results are exhibited as mean & SD (n = 7).
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Figure 2. Protective effect of red ginseng extract (RGE) on PM; 5-induced mice. (a) SOD activity; (b) GSH
contents; (c) MDA contents in lung and brain tissues. Different small letters a—c = lung and a’—” = brain
suggest meaningful different tissues (p < 0.05). The results are exhibited as mean + SD (1 = 5).

The reduced glutathione (GSH) contents in lung and brain tissue among the Sham
(lung, 101% of control; brain, 93.5% of control), NC (lung, 100% of control; brain, 100%
of control), and NS (lung, 100% of control; brain, 88.0% of control) groups indicated no
significant differences. However, lung tissue among the RGE groups (RGE 50, 90.6% of
control; RGE100, 95.2% of control) and brain tissue among the RGE groups (RGE 50, 94.1%
of control; RGE100, 90.8% of control) was significantly increased over the PM group (lung,
63.4% of control; brain, 64.7% of control) (Figure 2b).

The malondialdehyde (MDA) contents in lung and brain tissue among the Sham (lung,
1.06 nmole/mg of protein; brain, 4.85 nmole/mg of protein), NC (lung, 1.10 nmole/mg of
protein; brain, 5.30 nmole/mg of protein), and NS (Ilung, 1.02 nmole/mg of protein; brain,
5.01 nmole/mg of protein) groups indicated no meaningful differences. However, lung
tissue among the RGE groups (RGE 50, 0.95 nmole/mg of protein; RGE100, 1.03 nmole/mg
of protein) and brain tissue among the RGE groups (RGE 50, 4.01 nmole/mg of protein;
RGE100, 3.73 nmole/mg of protein) was substantially decreased compared to the PM group
(lung, 1.27 nmole/mg of protein; brain, 10.1 nmole/mg of protein) (Figure 2c).

2.3. Mitochondrial Activity

The mitochondrial ROS activity in lung and brain tissues among the Sham (lung, 104%
of control; brain, 115% of control), NC (lung, 100% of control; brain, 100% of control), and
NS (lung, 110% of control; brain, 109% of control) groups showed no significant differences.
However, lung tissue among the RGE groups (RGE 50, 76.4% of control; RGE100, 78.9% of
control) and brain tissue among the RGE groups (RGE 50, 98.1% of control; RGE100, 78.6%
of control) was significantly decreased over the PM group (lung, 187% of control; brain,
195% of control) (Figure 3a).
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Figure 3. Protective effect of red ginseng extract (RGE) on PMj 5-induced mice. (a) Mitochondrial
ROS activity; (b) MMP activity; (c) mitochondrial ATP levels in lung and brain tissues. Different
small letters a—c = lung and a’—c” = brain suggest meaningful different tissues (p < 0.05). The results
are exhibited as mean + SD (n = 5).
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The mitochondrial membrane potential (MMP) levels in the lung and brain tissues
among the Sham (lung, 93.2% of control; brain, 102% of control), NC (lung, 100% of control;
brain, 100% of control), and NS (lung, 99.0% of control; brain, 98.1% of control) groups
showed no significant differences. However, lung tissue among the RGE groups (RGE 50,
79.2% of control; RGE100, 122% of control) and brain tissue among the RGE groups (RGE
50, 84.5% of control; RGE100, 108% of control) was significantly increased over the PM
group (lung, 41.5% of control; brain, 76.6% of control) (Figure 3b).

The ATP contents in the lung and brain tissues among the Sham (lung, 45.6 nmole/mg
of protein; brain, 86.8 nmole/mg of protein), NC (lung, 48.5 nmole/mg of protein; brain,
105 nmole/mg of protein), and NS (lung, 48.7 nmole/mg of protein; brain, 108 nmole/mg of
protein) groups indicated no meaningful differences. However, lung tissue among the RGE
groups (RGE 50, 51.8 nmole/mg of protein; RGE100, 79.4 nmole/mg of protein) and brain
tissue among the RGE groups (RGE 50, 135 nmole/mg of protein; RGE100, 111 nmole/mg
of protein) was substantially improved over the PM group (lung, 14.8 nmole/mg of protein;
brain, 56.3 nmole/mg of protein) (Figure 3c).

2.4. Fibrosis Protein Expression in Lung Tissue

The expression of proteins related to the fibrosis response in the lung tissue of mice
exposed to PMy 5 is presented in Figure 4a. The expression levels of TGF-1 (135%),
phosphorylated-suppressor of mothers against decapentaplegic (p-Smad)-2 (123%), p-
Smad-3 (159%), matrix metalloproteinase (MMP)-1 (120%), and MMP-2 (134%) in the
PM group increased more than the NC group (100%). Whereas the expression levels of
TGF-p1 (104%), p-Smad-2 (96.3%), p-Smad-3 (121%), MMP-1 (99.2%), and MMP-2 (109%)
in the RGE100 group showed decreased expression levels compared to the PM group
(Figure 4b—f).

2.5. Inflammatory and Apoptotic Protein Expression in Lung Tissue

The expression of proteins related to the inflammatory and apoptotic response in the
lung tissue of mice exposed to PM; 5 is presented in Figure 5a. The inflammatory protein
expression levels of phosphorylated-c-Jun N-terminal kinases (p-JNK) (143%), phospho-
rylated nuclear factor kappa-light-chain-enhancer of activated B cells (p-NF-«kB) (113%),
phosphorylated nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor,
alpha (p-IkB-«x) (131%), Caspase-1 (172%), COX-2 (154%), and TNF-« (123%) in the PM group
increased more than the NC group (100%). Whereas the RGE100 group showed decreased
p-JNK (101%), p-NF-«B (81.6%), p-IkB-« (87.4%), Caspase-1 (86.9%), COX-2 (99.0%), and
TNF-a (82.2%) expression levels compared to the PM group (Figure 5b—g).

The apoptotic protein expression levels of B-cell lymphoma 2 (BCl-2)-associated X
protein (BAX) (137%), Caspase-3 (142%), and Caspase-7 (130%) in the PM group increased
more than the NC group (100%). Whereas the RGE100 group showed decreased BAX
(109%), Caspase-3 (94.0%), and Caspase-7 (87.4%) expression levels compared to the PM
group. BCl-2 (83.5%) expression levels in the PM group decreased more than in the NC
group. The RGE100 group had increased BCl-2 (94.7%) expression levels compared to the
PM group (Figure 5h-1).

2.6. Inflammatory and Apoptotic Protein Expression in Cerebral Cortex and Hippocampus Tissues

The expression of proteins related to the inflammatory and apoptotic response in the
cerebral cortex and hippocampus tissue of mice exposed to PM; 5 is presented in Figure 6a.
The inflammatory protein expression levels of p-JNK (cerebral cortex, 154%; hippocampus,
155%), p-NF-kB (cerebral cortex, 120%; hippocampus, 171%), Caspase-1 (cerebral cortex,
179%; hippocampus, 151%), and TNF-« (cerebral cortex, 123%; hippocampus, 175%) in
the PM group increased more than the NC group (100%). Whereas the expression levels
of the RGE100 group were substantially downregulated for p-JNK (cerebral cortex, 102%;
hippocampus, 30.9%), p-NF-kB (cerebral cortex, 99.6%; hippocampus, 104%), Caspase-1
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Figure 4. Protective effect of red ginseng extract (RGE) on PM; 5-induced mice. (a) Protein expression
of Western blot image; (b) Protein expression levels of TGF-f1; (¢) p-Smad-2; (d) p-Smad-3; (e) MMP-
1; (f) MMP-2 in lung tissues. Different small letters suggest meaningful differences (p < 0.05). The
results are exhibited as mean + SD (n = 3).

The apoptotic protein expression levels of BAX (cerebral cortex, 127%; hippocampus,
181%), phosphorylated-tau (p-tau) (cerebral cortex, 140%; hippocampus, 148%), and amy-
loid 3 (A) (cerebral cortex, 128%; hippocampus, 125%) in the PM group increased than
the NC group (100%). Whereas the expression levels of the RGE100 group were signif-
icantly decreased for BAX (cerebral cortex, 64.3%; hippocampus, 118%), p-tau (cerebral
cortex, 93.2%; hippocampus, 95.0%), and A3 (cerebral cortex, 82.4%; hippocampus, 94.0%)
compared to the PM group. BCI-2 (cerebral cortex, 80.1%; hippocampus, 61.1%) expression
levels in the PM group decreased more than in the NC group. The RGE100 group increased
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group (Figure 6f-i).
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mean + SD (n = 3).
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3. Discussion

PM; 5 is an air pollutant that induces various health problems, and long-term exposure
has been reported to increase mortality from cardiovascular disease, respiratory disease,
stroke, and diabetes [15]. Therefore, in order to reduce the effect of PM on the human body,
the WHO recently presented air quality guidelines to maintain the concentration of fine
dust with a diameter of less than 2.5 um at 25 pg/m?® per day for humans [16]. Because
continuous exposure to these fine dust environments can easily lead to chronic disability
and premature death, the WHO continuously updates air quality guidelines [17,18]. Inhaled
PM; 5 triggers alveolar epithelial cell damage and induces inflammation and fibrosis in the
lungs, and the pro-inflammatory mediators that are produced affect systemic circulation
from the lungs to the brain [19]. PM;5 absorbed through the BBB produces cytokines
in the bloodstream, activating microglia, oxidative stress, and neuroinflammation in the
brain [20]. Thus, this study was performed to evaluate the effect of red ginseng extract
(RGE) on improving lung and brain tissue dysfunction on systemic inflammation from
PMj 5-induced via the TGF-f31 and NF-«B/JNK pathways.

PM; 5 is deposited in the lungs, and some reach the brain through blood circulation,
damages the hippocampus tissue responsible for memory and learning functions, and alters
the function of neuronal synapses from the olfactory bulb to the brain, resulting in cognitive
damage [6,21]. PMy 5 penetrates the BBB and induces pro-inflammatory cytokines, causing
neuroinflammation and amyloid plaque formation [22]. In addition, an increase in brain
inflammation and Af3 accumulation by exposure to PM; 5 ultimately causes Alzheimer’s
disease (AD) [23]. In this study, behavioral tests were conducted to evaluate learning
and memory abilities. PM;5 caused cognitive dysfunction, and RGE prevented brain
dysfunction by improving impaired short-term and long-term memory abilities (Figure 1).
Ginsenosides from ginseng belonging to the genus Panax are triterpenoid saponins with
a four-ring skeleton structure and are denatured under heat and acidic conditions [24].
During the manufacturing process of red ginseng, it is converted into ginsenosides such
as Rgl, Rbl, Rb2, Rc, and Rd with heat treatment [25]. Ginsenosides from Panax japonicus
inhibit oxidative stress and apoptosis and improve cognitive function by regulating Nrf2
and SIRT; pathways related to neurodegenerative diseases in D-galactose-induced neu-
ronal injury [26]. Administration of ginsenoside Rh1 and protopanaxatriol as ginsenoside
Rg1 metabolites ameliorate scopolamine-induced cognitive decline by increasing learning
and memory abilities and activating the hippocampus [27]. Ginsenosides Rgl and Rb1
improve spatial learning ability by increasing the density of hippocampal synaptophysin, a
synaptic protein involved in neurodevelopment, in A{3-induced mice [28]. Ginsenoside Rh1
increases the survival rate of hippocampal cells and activates BDNF, which regulates nerve
cells, confirming its potential as a therapeutic agent for neurodegenerative diseases [29].
Based on these results, RGE with various metabolites derived from ginsenosides with
physiological activities might help improve PM; s5-induced cognitive decline.

Soluble transition metals or organic compounds on the surface of PM; 5 generate
oxidative stress in various tissues [30]. Chronic exposure to PM, 5 increases the level of
oxidative stress and damages the cellular antioxidant system, scavenging the production of
ROS and oxidative radicals [31]. In addition, when the generated oxidative stress is not
properly removed, the antioxidant system is compromised by causing an inflammatory
response, apoptosis, and necrosis [32]. This damage to the antioxidant system reduces
the activities of antioxidant enzymes such as SOD, GSH, and glutathione peroxidase and
induces the production of lipid peroxidation and inflammatory cytokines in the lungs
and brain [33]. Therefore, exposure to particulate matter reduces the conversion of ox-
idized glutathione disulfide (GSSG) to reduced GSH with the inhibition of glutathione
reductase [34]. PM;5 causes an inflammatory response by directly affecting the lungs,
and PM; 5 penetrating brain tissue activates microglia and endothelial cells, causing neu-
roinflammation and neurodegeneration [35]. Similar to these results, exposure to PM; 5
increased oxidative stress and impaired antioxidant systems in lung and brain tissues. To
evaluate the protective effect of RGE against oxidative stress caused by PM; 5 in the lung
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and brain, biomarker levels such as SOD, GSH, and MDA were confirmed. RGE increased
the contents of SOD and GSH, which were reduced by PM; 5, and decreased the increased
MDA contents (Figure 2). Ginsenoside Rg3 protects against cell and tissue damage from
ROS generated by cyclophosphamide by enhanced SOD and catalase in the serum, thymus,
and spleen [36]. In addition, ginsenoside Rh1 protects microglia damaged by H,O, and
inhibits ROS production, increasing antioxidant enzymes such as SOD-2 and catalase [37].
When Panax ginseng is consumed in diabetes induced by streptozotocin, it suppresses
oxidative stress in the liver and increases the content of glutathione, showing antioxidant
protection [38]. Based on these results, RGE inhibits ROS and oxidative stress generated by
PMj; 5, protects the antioxidant system, and attenuates lung and brain tissue damage.

Mitochondria are important organelles related to cellular functions as regulators of
energy metabolism, apoptosis, and excessive oxidative stress [39]. However, exposure to
PM, 5 causes inflammation and mitochondrial damage [40]. Transition metals and polyaro-
matic hydrocarbons in PM damage intracellular mitochondria, destroy the maintenance
of membrane potential and calcium homeostasis and induce ROS production and apopto-
sis [41]. In addition, transition metals in PM induce ROS production by oxidizing organic
compounds through the Fenton reaction [7]. ROS production reduces MMP levels and
causes mitochondrial dysfunction. However, since MMP maintains intracellular energy
homeostasis and suppresses mitochondrial metabolic disorders by increasing ATP syn-
thesis, cell death must be prevented by increasing MMP levels [42]. In addition, ROS
accumulation interferes with normal redox in tissues and shows toxic effects induced by
PM, 5 with the production of free radicals and superoxide [31]. Similar to these studies,
PM, 5 induced excessive ROS production in mitochondria and induced mitochondrial
inactivation in lung and brain tissues. However, RGE improved mitochondrial function by
suppressing ROS production and improving MMP levels that regulate apoptosis signaling
and ATP levels that synthesize energy (Figure 3). Ginsenoside Rgl regulates MMP, ATP, and
ROS in cells damaged by A toxicity and exerts a protective effect against mitochondrial
dysfunction through cascade activation [43]. Ginsenoside Rd also protects mitochondrial
mechanisms by regulating ROS generation, MMP degradation, and cytochrome C release
induced by myocardial ischemia/reperfusion injury [44]. A recent study showed that
ginsenoside Rg1 plays a neuroprotective role by increasing MMP and ATP levels and pre-
venting A-induced mitochondrial dysfunction [45]. RGE, containing various ginsenosides,
improved mitochondrial function with the regulation of mitochondrial ROS content, MMP
level, and ATP content and suppressed the production of inflammatory mediators induced
by PM2.5.

PMj, s-induced inflammation and apoptosis in lung tissue activate lung fibrosis by
inactivating alveolar macrophage function and causing mitochondrial DNA damage [46].
In damaged lung tissue, the production of cytokines increases, and autophagy is induced
in cells by various mechanisms [47]. In addition, prolonged PM, 5 exposure stimulates
the NLRP3 inflammasome activation/IL-13 /TGF-f31 signaling pathway to generate fibro-
sis [48]. TGF-31 plays a role in regulating the damage and repair of lung tissue, which
is activated by PM, 5 and inflammatory response, stimulates fibroblast proliferation and
epithelial-mesenchymal transition, and promotes the expression of p-Smad family and
MMPs activating lung fibrosis [49]. Activation of p-Smad2/Smad3 induces fibrosis by
increasing fibroblasts [50]. In particular, MMP-1 and MMP-2 activate fibrosis and damage
in lung tissue by inducing collagen deposition disorders and inhibiting pulmonary mi-
tochondrial function [51]. Similar to these studies, PM; 5 exposure induced lung fibrosis
by activating TGF-f1 and stimulated Smads and MMPs signals to induce lung tissue
damage. However, RGE protected against lung fibrosis with TGF-f3 pathway regulation
(Figure 4). Panax ginseng prevents lung tissue damage and fibrosis by regulating the TGF-
1/Smad and MMP pathways in bleomycin-induced pulmonary fibrosis [52]. Ginsenoside
Rgl prevented airway fibrosis and chronic lung disease by restricting the TGF-1/Smad
pathway [53]. In addition, ginsenoside Rg3 delayed the progression of pulmonary fibrosis
by inhibiting hypoxia-inducible factor (HIF)/TGF-31 pathway activation [54]. RGE, con-
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taining various ginsenosides with physiological activities, regulated pulmonary fibrosis
caused by chronic PM; 5 exposure. By regulating the expression of factors involved in the
TGF-1/Smad pathway and the MMP pathway, it might be a useful material as a functional
food to protect lung function.

PMj, 5 entering the body activates macrophages and induces systemic inflammation,
resulting in tissue dysfunction [9]. PM derived from the combustion of vehicle exhaust
and fossil fuels destroys membrane stability and activates inflammatory responses and
cytotoxic pathways [55]. Chronic PM;5 exposure stimulates alveolar macrophages to
produce cytokines and, through systemic circulation, stimulates key pathways in lung
and brain dysfunction [56]. The inflammatory response of PM, 5 activates NF-kB, which
increases the levels of inflammatory cytokines such as TNF-«, IL-133, and COX-2, resulting
in neurotoxicity and microglial activation [57,58]. In addition, exposure to PM; 5 induces
oxidative stress that increases the number of macrophages in the lungs, and NF-«B/TNF-o
pathway stimulation and Ca?* influx result in cytochrome c release into the cytosol [59].
PM, 5 upregulated pro-apoptotic proteins such as caspase-3, caspase-9, and BAX and
downregulated the anti-apoptotic protein BCl-2. It also released cytochrome c-induced
caspases associated with apoptosis [60]. In particular, PM exposure impairs brain function
with neuronal cell death and inflammatory responses and activates the amyloid beta and
tau phosphorylation pathways, which are the cause of neurodegenerative diseases [61].
Amyloid plaques formed by amyloid aggregation are detected in the PM-damaged hip-
pocampus and cerebral cortex and accelerate cytokines and inflammation in the brain.
When the pathway is activated, A and p-tau accumulate in the hippocampal region ex-
posed to air pollutants, which can lead to neurodegenerative diseases [62]. In this study,
PMj; 5 showed protein expression of factors that regulate inflammatory and apoptotic
responses in lung and brain tissues through the NF-«kB/JNK pathway. However, RGE
modulated PM.; s-induced cytokines suppressed signaling pathways and attenuated the
inflammatory response (Figures 5 and 6). Ginsenoside Rb1 attenuated and protected the
TLR-2-mediated NF-kB and p-JNK pathways in Staphylococcus aureus-induced acute lung
injury [63]. Ginsenoside Rgl regulated the expression of the pro-inflammatory cytokines
TNF-a and COX-2 in lung tissue by LPS-induced NF-«B activation [64]. Endothelial cells
that regulate apoptosis in inflammation and angiogenesis are destroyed by cytokines and
reactive oxygen species, but ginsenoside Rg3 inhibits apoptotic activity, regulates BAX
and BCI-2, and inhibits caspase-3 and caspase-9 to protect them [65]. Ginsenoside Rg3 can
induce apoptosis of lung cancer cells with the activation of the PINK1-Parkin signaling
pathway, suggesting a protective role in mitophagy [66]. Additionally, ginsenoside Re
improves diabetes-induced cognitive decline by inhibiting neuronal cell death by regu-
lating JNK phosphorylation and p-tau aggregation in high-fat diet-induced diabetes [67].
Ginsenoside Rg3 improves inflammation and cytotoxicity by regulating the NF-kB pathway
and inhibiting TNF-a expression in microglia against A3, toxicity [68]. In Ap1_40-induced
Alzheimer’s disease (AD), ginsenoside Rb1 inhibits the expression of BAX and caspase-3 in
the hippocampus and increases the expression of BCI-2, thereby regulating the neuronal
cell death pathway and preventing AD [69]. Ginsenoside Rgl prevents AD with its pro-
tective effects on memory capacity and neuronal synaptic plasticity in the hippocampus
and inhibits the accumulation of amyloid beta and p-tau [70]. In conclusion, the toxicity
of PMj 5 induces systemic inflammation with the regulation of ROS generation and cell
signaling pathways. RGE improved lung and brain dysfunction with the regulation of
the NF-kB/JNK pathway and prevented neurodegenerative diseases by protecting against
brain neuroinflammation and apoptosis.

4. Materials and Methods
4.1. Preparation of Red Ginseng Extract (RGE)
RGE was provided by the Korea Ginseng Corporation (Buyeo, Republic of Korea) on

24 November 2021. Ginseng roots were washed and steamed by raising their temperature
from 50 °C to 98 °C for 4 h. They were first dried for 15 h at 60~70 °C, and a secondary
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drying cycle was conducted in a closed chamber for 5 days at 50 °C. To prepare red ginseng
extract, dried roots were consecutively extracted seven times for 12 h at 87 °C with distilled
water. The filtered extracts were spray-dried to produce RGE and kept at —20 °C until
use. The information on RGE’s ginsenoside compounds was supplied by Korea Ginseng
Corporation (Daejeon, Republic of Korea) and is presented as follows (Rgl, 0.41 mg/g;
Re, 0.46 mg/g; Rf, 1.50 mg/g; Rg2s, 2.01 mg/g; Rbl, 6.24 mg/g; Rc, 2.32 mg/g; Rb2
222 mg/g; Rd, 1.10 mg/g; Rg3s, 4.03 mg/g; Rg3r, 1.99 mg/g; Rhl, 1.55 mg/g). Red
ginseng (Panax ginseng) is registered as a functional raw material for healthy functional
foods in the Republic of Korea, and the standard for the content of functional ingredients is
specified as more than 2.5 mg/g by combining Rg1, Rb1, and Rg3 [71].

4.2. Animal Experimental Design

BALB/c mice (male, 6 weeks) were obtained from Samtako (Osan, Republic of Ko-
rea). The mice were separated into four cages and maintained in a standard laboratory
environment with a 22 & 2 °C temperature, 12 h light/dark cycle, and 55% humidity. The
animals were randomly separated into six groups: sham (without chamber exposure),
normal control (clean air exposure), normal sample (clean air exposure + RGE 100 mg/kg
of body weight), PM (PM; 5-exposed), RGE 50 (PM; 5-exposed + RGE 50 mg/kg of body
weight) and RGE 100 (PM; 5-exposed + RGE 100 mg/kg of body weight). PM; 5 was bought
from Power Technology Inc. (Arizona Test Dust, Arden Hills, MN, USA). The RGE was
dissolved using clean drinking water and administered using a feeding needle one time a
day before PM; 5 exposure. In this study, the concentrations of RGE fed to the mice were 50
and 100 mg/kg of body weight, and considering the corresponding intake for a 60 kg adult,
the human equivalent doses (HED) are inferred to be 240 and 480 mg/60 kg/day [17]. The
RGE concentration used in this experiment was set based on previous studies conducted on
animals that could confirm the significant protective effect of Korean red ginseng [24-26].
Based on the evidence from Park et al. [72] that a dose between 40 and 200 mg/kg of body
weight showed the best effect in mice exposed to fine dust, the study was conducted by
setting it to between 50 and 100 mg/kg of body weight. The whole body of mice was
continuously exposed to PM; 5 at a concentration of 500 ug/ m3 [72]. PM, 5 was dissolved
in filtered water and sprayed in aerosol form at an airflow rate of 10 L/min for 5 h/day
for 12 weeks. All animal procedures were performed according to the procedures of the
Animal Care and Use Committee of Gyeongsang National University (approval number:
GNU-210803-M0069, approval day: 3 August 2021). Experimental protocols were per-
formed following the Policy of the Ethical Committee of the Ministry of Health and Welfare,
Republic of Korea. The experimental design is presented in Figure 7. After the behavioral
tests, the mice were sacrificed using CO, for ex vivo tests.

In vivo start
Behavior test
Y-maze
PM, < exposure Morris water maze
Passive avoidance
Adaptation
1 Sacrifice
PM, 5 exposure + Red ginseng extract intake Yy
—— —
for 12 weeks
| L1 ;
|
I I I I ex vivo start
1stweek 25 week 145t week 165t week
Sacrifice &
Mitochondrial test

Figure 7. Experimental design of the animal behavioral test for PM; 5-induced mice.
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4.3. Animal Behavioral Tests

The Y-maze consists of a three-arm maze surrounded by walls measuring 33 cm long,
15 cm high, and 10 cm wide. The angle of each arm of the maze is the same. In the test,
mice were placed at the end of one arm in the maze and allowed to move freely through
the maze for 8 min. The percentage of alternating behaviors in which the mouse crossed
the three arms was recorded. The mice’s motion was recorded using a Smart 3.0 video
tracking system (Panlab, Barcelona, Spain). To conduct the Y-maze test, it was analyzed
according to the method of Van der Borght et al. [73].

The passive avoidance chamber consists of two zones with a dark area that could
shock electric shock and a lighted area divided by a central door. When the mice’s feet
had moved completely and entered the dark part, an electric shock of 0.5 mA was applied
for 3 s, and the step-through latency time of the lighted part was recorded. The passive
avoidance test measurements were analyzed according to the method of Tsai et al. [74].

The Morris water maze consists of a circular pool 150 cm in diameter and 60 cm in
height. The circular pool was filled with water and squid ink (Cebesa, Spain), and the
temperature was maintained at 23 &+ 2 °C. The test was separated into four quadrants
labeled N, E, S, and W by marks on the outside of the pool. A black escape platform was
placed in the center of the W zone so that it was not visible at the water level. Mice swam
freely for 60 s until they found and climbed the platform, after which they were trained
four times a day for 4 days in an environment where the platform was not visible 1 cm
under the water’s surface. In the probe test, the mice swam freely in the platform-free pool
for 60 s, and the retention time was recorded using a video tracking system (Smart v3.0,
Panlab). To confirm the Morris water maze test, it was analyzed according to the method
of Tsai et al. [74].

4.4. Antioxidant System

After behavioral tests, the lung and whole brain were homogenized with 10 x volume
of phosphate-buffered saline (pH 7.4) using a bullet blender (Next Advance Inc., Averill
Park, NY, USA). Experiments were conducted to measure antioxidant system biomarkers
such as SOD, reduced GSH, and MDA contents. Protein concentration was determined
by a microplate reader (Epoch 2, BioTek Instruments, Inc., Winooski, VT, USA) using the
Bradford protein assay [75]. SOD content was estimated using a SOD kit (Sigma-Aldrich
Chemical Co., St. Louis, MO, USA). Measurements of reduced GSH contents and MDA
contents were performed according to previous studies [76].

4.5. Mitochondrial Activity

Lung and whole brain were homogenized by mixing mitochondrial isolation (MI) buffer
that included 215 mM mannitol, 0.1% bovine serum albumin, 20 Mm 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) Na*, 75 mM sucrose and 1 mM ethylene glycol-bis(2-
aminoethylether)-N, N, N’, N'-tetraacetic acid (EGTA) using a bullet blender. The mixture
was centrifuged at 13,000 x g at 4 °C for 10 min, and the pellet was combined with MI buffer
containing 0.1% digitonin and MI buffer containing 1 mM EGTA. The combination was
obtained by centrifuge (13,000x g, 4 °C for 15 min). The pellet was combined with MI buffer,
and the mitochondrial activation was measured [77].

To measure the mitochondrial ROS content, the mitochondrial extract was resus-
pended with a respiration buffer (125 mM potassium chloride, 2 mM potassium phosphate
monobasic, 2.5 mM malate, 20 mM HEPES, 1 mM magnesium chloride, 5 mM pyruvate,
and 500 uM EGTA, pH 7.0) and 25 uM 2/,7’-dichlorofluorescein diacetate in a dark room for
20 min. The ROS contents were measured using a fluorometer microplate reader (Infinite
F200, Tecan Co., San Jose, CA, USA) at 485 nm (excitation wave) and 535 nm (emission
wave) [77].

To investigate the MMP level, the mitochondrial extract was reacted with 1 M
5,5,6,6'-Tetrachloro-1,1,3,3'-tetraethylbenzimidazolylcarbocyanine iodide (JC-1) in MI
buffer containing 5 mM pyruvate and 5 mM malate. The mixture was reacted in a dark
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room for 20 min, and fluorescence was measured at a wavelength of 530 nm (excitation
filter) and 590 nm (emission filter) using a fluorometer microplate reader (Infinite F200) [77].

The mitochondrial ATP level was evaluated using an ATP assay kit (Sigma-Aldrich
Chemical Co.) according to the manufacturer’s protocol. The ATP level was measured
using a luminescence meter (GloMax-Multi+, Promega Corp., Madison, WI, USA) and
calculated according to a standard curve.

4.6. Western Blot Assay

The lung, cerebral cortex, and hippocampal tissues were homogenized by mixing
with ProtinExTM animal cell/tissue (Gene All Biotechnology, Seoul, Republic of Korea)
including 1% protease inhibitor cocktails (Quartett, Berlin, Germany). The homogenates
were centrifuged (13,000x g, 4 °C for 10 min). The supernatants were divided using
sodium dodecyl sulfate-polyacrylamide gel and transferred to a polyvinylidene difluoride
membrane (Millipore, Billerica, MA, USA). To block the membrane, it was incubated for
1 h with 5% skim milk, and the primary antibodies (1:1000) were reacted for 12 h at 4 °C.
After that, the membranes were reacted with secondary antibodies (1:2000) for 1 h at room
temperature. Primary antibodies and secondary antibodies for anti-mouse were bought
from Cell Signaling Technology (Danvers, MA, USA) and Santa Cruz Biotechnology (Dallas,
CA, USA). Finally, the chemiluminescence band was detected using an iBright CL 1000
Imaging System (Thermo Fischer Scientific, Waltham, MA, USA) [78].

4.7. Statistical Analysis

All results were expressed as the mean =+ standard deviation (SD). Significant differ-
ences among the groups were established by one-way analysis of variation with Duncan’s
multiple range test (p < 0.05) with the SAS software (version 9.4, SAS Institute Inc., Cary,
NC, USA).

5. Conclusions

PM; 5 is a serious problem and induces a systemic inflammatory response. However,
there are few drugs or foods that can effectively ameliorate the toxicity of PM; 5. In this
study, chronically exposed PM; 5 is involved in the regulation of systemic inflammation.
However, the administration of RGE improves PM; s-induced cognitive dysfunction by
regulating the damaged antioxidant system and mitochondrial activation. RGE regulated
pulmonary fibrosis with the regulation of the TGF-f1 pathway. In addition, RGE protected
the lung, cerebral cortex, and hippocampal tissues by regulating the NF-xB/JNK pathway
involved in inflammatory responses and apoptosis signals. In conclusion, these results
suggest that RGE might be used as a functional food material to improve lung and brain
dysfunction with the control of systemic inflammation in chronic PMj; 5-exposed mice.

Supplementary Materials: The supporting information can be downloaded at: https:/ /www.mdpi.
com/article/10.3390/ijms241713266/s1.

Author Contributions: Conceptualization, H.J.H.; methodology, ] HK., T.YK,, S.G.J. and HS.L,;
validation, ] M.K., H.L.L.,, M.].G. and H.].H.; formal analysis, ].HK.,]JM.K,, HL.L. and M.].G.; inves-
tigation, . HK., T.YK,, S.G.J. and H.S.L.; resources, H.].H.; data curation, ] H.K.; writing—original
draft preparation, J.H.K,; writing—review and editing, ] M.K. and H.J.H.; supervision, H.J.H. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the 2021 grants from the Korean Society of Ginseng.

Institutional Review Board Statement: The animal study protocol was approved by the Animal
Care and Use Committee of Gyeongsang National University (approval number: GNU-210803-M0069,
approval day: 3 August 2021). Experimental protocols were conducted by the Policy of the Ethical
Committee of the Ministry of Health and Welfare, Republic of Korea.

Informed Consent Statement: Not applicable.


https://www.mdpi.com/article/10.3390/ijms241713266/s1
https://www.mdpi.com/article/10.3390/ijms241713266/s1

Int. J. Mol. Sci. 2023, 24, 13266 16 of 19

Data Availability Statement: The data presented in this study are available on request from the
corresponding author applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kinney, PL. Climate change, air quality, and human health. Am. ]. Prev. Med. 2008, 35, 459—-467. [PubMed]

2. Reiss, R.;; Anderson, E.L.; Cross, C.E.; Hidy, G.; Hoel, D.; McClellan, R.; Moolgavkar, S. Evidence of health impacts of sulfate-and
nitrate-containing particles in ambient air. Inhal. Toxicol. 2007, 19, 419-449. [CrossRef]

3. Vernetti, L.; Gough, A.; Baetz, N.; Blutt, S.; Broughman, ].R.; Brown, J.A.; Foulke-Abel, J.; Hasan, N.; In, J.; Kelly, E. Functional
coupling of human microphysiology systems: Intestine, liver, kidney proximal tubule, blood-brain barrier and skeletal muscle.
Sci. Rep. 2017, 7, 42296. [CrossRef] [PubMed]

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.

5. Meller, P; Folkmann, . K.; Forchhammer, L.; Brauner, E.V,; Danielsen, PH.; Risom, L.; Loft, S. Air pollution, oxidative damage to
DNA, and carcinogenesis. Cancer Lett. 2008, 266, 84-97. [CrossRef] [PubMed]

6.  Elder, A,; Oberdorster, G. Translocation and effects of ultrafine particles outside of the lung. Clin. Occup. Environ. Med. 2006,
5, 785-796.

7. Vidrio, E.; Jung, H.; Anastasio, C. Generation of hydroxyl radicals from dissolved transition metals in surrogate lung fluid
solutions. Atmos. Environ. 2008, 42, 4369—4379. [CrossRef]

8.  Ljubimova, ].Y.; Braubach, O.; Patil, R.; Chiechi, A.; Tang, J.; Galstyan, A.; Shatalova, E.S.; Kleinman, M.T.; Black, K.L.; Holler, E.
Coarse particulate matter (PM;5_1¢) in Los Angeles Basin air induces expression of inflammation and cancer biomarkers in rat
brains. Sci. Rep. 2018, 8, 5708. [CrossRef]

9.  Atkinson, RW,; Mills, I.C.; Walton, H.A.; Anderson, H.R. Fine particle components and health—A systematic review and
meta-analysis of epidemiological time series studies of daily mortality and hospital admissions. . Expo. Sci. Environ. Epidemiol.
2015, 25, 208-214. [CrossRef]

10. Samet, ].M.; Dominici, F.; Curriero, EC.; Coursac, I.; Zeger, S.L. Fine particulate air pollution and mortality in 20 US cities,
1987-1994. N. Engl. ]. Med. 2000, 343, 1742-1749. [CrossRef]

11. Lee, S.M.; Bae, B.-S.; Park, H.-W.; Ahn, N.-G.; Cho, B.-G.; Cho, Y.-L.; Kwak, Y.-S. Characterization of Korean Red Ginseng (Panax
ginseng Meyer): History, preparation method, and chemical composition. J. Ginseng Res. 2015, 39, 384-391. [CrossRef]

12.  Hyun, SH,; Kim, SW.; Seo, HW.,; Youn, S.H.; Kyung, ].S; Lee, Y.Y; In, G.; Park, C.-K.; Han, C.-K. Physiological and pharmacolog-
ical features of the non-saponin components in Korean Red Ginseng. J. Ginseng Res. 2020, 44, 527-537. [PubMed]

13.  CHOI, K.t. Botanical characteristics, pharmacological effects and medicinal components of Korean Panax ginseng CA Meyer. Acta
Pharmacol. Sin. 2008, 29, 1109-1118. [PubMed]

14. Kim, J.H,; Yi, Y.-S.; Kim, M.-Y;; Cho, ].Y. Role of ginsenosides, the main active components of Panax ginseng, in inflammatory
responses and diseases. J. Ginseng Res. 2017, 41, 435-443. [PubMed]

15.  Pope III, C.A.; Dockery, D.W. Health effects of fine particulate air pollution: Lines that connect. J. Air Waste Manag. Assoc. 2006,
56,709-742. [CrossRef]

16. World Health Organization. WHO Global Air Quality Guidelines: Particulate Matter (PMj 5 and PMy), Ozone, Nitrogen Dioxide,
Sulfur Dioxide and Carbon Monoxide; World Health Organization: Geneva, Switzerland, 2021.

17. Cujié, M.; Cirovi¢, Z.; Poli¢, M.; Jankovi¢-Mandi¢, L.; Radenkovi¢, M.; Onjia, A. Assessment of the burden of disease due to PM; 5
air pollution for the Belgrade district. Therm. Sci. 2023, 27, 104. [CrossRef]

18. Turner, M.C.; Andersen, Z.].; Baccarelli, A.; Diver, W.R.; Gapstur, S.M.; Pope, C.A., III; Prada, D.; Samet, J.; Thurston, G.; Cohen, A.
Outdoor air pollution and cancer: An overview of the current evidence and public health recommendations. Ca-Cancer J. Clin.
2020, 70, 460-479.

19. Wu, S;; Yin, L.; Han, K;; Jiang, B.; Meng, Q.; Aschner, M.; Li, X.; Chen, R. NAT10 accelerates pulmonary fibrosis through
N4-acetylated TGFB1-initiated epithelial-to-mesenchymal transition upon ambient fine particulate matter exposure. Environ.
Pollut. 2023, 322, 121149.

20. Tamagawa, E.; van Eeden, S.F. Impaired lung function and risk for stroke: Role of the systemic inflammation response? Chest
2006, 130, 1631-1633. [CrossRef]

21. Liang, C; Jiang, Y,; Zhang, T, Ji, Y.; Zhang, Y.; Sun, Y.; Li, S.; Qi, Y.; Wang, Y.; Cai, Y. Atmospheric particulate matter impairs
cognition by modulating synaptic function via the nose-to-brain route. Sci. Total Environ. 2023, 857, 159600. [CrossRef]

22. Song,].; Han, K.; Wang, Y,; Qu, R;; Liu, Y.; Wang, S.; Wang, Y.; An, Z.; Li, ].; Wu, H. Microglial activation and oxidative stress in
PM,; 5-induced neurodegenerative disorders. Antioxidants 2022, 11, 1482. [CrossRef]

23.  Fu, P; Guo, X,; Cheung, EM.H.; Yung, K.K.L. The association between PM, 5 exposure and neurological disorders: A systematic
review and meta-analysis. Sci. Total Environ. 2019, 655, 1240-1248. [CrossRef] [PubMed]

24. Zhang, Q.; Wang, X.; Lv, L.; Su, G.; Zhao, Y. Antineoplastic activity, structural modification, synthesis and structure-activity
relationship of dammarane-type ginsenosides: An overview. Curr. Org. Chem. 2019, 23, 503-516. [CrossRef]

25.  Lee, S.M. Thermal conversion pathways of ginsenosides in red ginseng processing. Nat. Prod. Sci. 2014, 20, 119-125.


https://www.ncbi.nlm.nih.gov/pubmed/18929972
https://doi.org/10.1080/08958370601174941
https://doi.org/10.1038/srep42296
https://www.ncbi.nlm.nih.gov/pubmed/28176881
https://doi.org/10.1016/j.canlet.2008.02.030
https://www.ncbi.nlm.nih.gov/pubmed/18367322
https://doi.org/10.1016/j.atmosenv.2008.01.004
https://doi.org/10.1038/s41598-018-23885-3
https://doi.org/10.1038/jes.2014.63
https://doi.org/10.1056/NEJM200012143432401
https://doi.org/10.1016/j.jgr.2015.04.009
https://www.ncbi.nlm.nih.gov/pubmed/32617032
https://www.ncbi.nlm.nih.gov/pubmed/18718180
https://www.ncbi.nlm.nih.gov/pubmed/29021688
https://doi.org/10.1080/10473289.2006.10464485
https://doi.org/10.2298/TSCI220131104C
https://doi.org/10.1378/chest.130.6.1631
https://doi.org/10.1016/j.scitotenv.2022.159600
https://doi.org/10.3390/antiox11081482
https://doi.org/10.1016/j.scitotenv.2018.11.218
https://www.ncbi.nlm.nih.gov/pubmed/30577116
https://doi.org/10.2174/1385272823666190401141138

Int. . Mol. Sci. 2023, 24, 13266 17 of 19

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Wang, T,; Di, G,; Yang, L.; Dun, Y.; Sun, Z.; Wan, J.; Peng, B.; Liu, C.; Xiong, G.; Zhang, C. Saponins from Panax japonicus attenuate
D-galactose-induced cognitive impairment through its anti-oxidative and anti-apoptotic effects in rats. J. Pharm. Pharmacol. 2015,
67,1284-1296. [CrossRef]

Wang, Y.-Z.; Chen, J.; Chu, S.-F,; Wang, Y.-S.; Wang, X.-Y.; Chen, N.-H.; Zhang, J.-T. Improvement of memory in mice and increase
of hippocampal excitability in rats by ginsenoside Rgl’s metabolites ginsenoside Rh1 and protopanaxatriol. . Pharmacol. Sci.
2009, 109, 504-510. [CrossRef]

Mook-Jung, I.; Hong, H.S.; Boo, ].H.; Lee, K.H.; Yun, S.H.; Cheong, M.Y.; Joo, L; Huh, K; Jung, M.W. Ginsenoside Rb1 and Rg1
improve spatial learning and increase hippocampal synaptophysin level in mice. J. Neurosci. Res. 2001, 63, 509-515.

Hou, J.; Xue, ]J.; Lee, M.; Yu, J.; Sung, C. Long-term administration of ginsenoside Rh1 enhances learning and memory by
promoting cell survival in the mouse hippocampus. Int. J. Mol. Med. 2014, 33, 234-240. [CrossRef]

Gehling, W.; Khachatryan, L.; Dellinger, B. Hydroxyl radical generation from environmentally persistent free radicals (EPFRs) in
PM, 5. Environ. Sci. Technol. 2014, 48, 4266—4272. [CrossRef]

Liu, K.; Hua, S.; Song, L. PM; 5 exposure and asthma development: The key role of oxidative stress. Oxidative Med. Cell. Longev.
2022, 2022, 3618806.

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]

Gurgueira, S.A.; Lawrence, J.; Coull, B.; Murthy, G.K.; Gonzalez-Flecha, B. Rapid increases in the steady-state concentration
of reactive oxygen species in the lungs and heart after particulate air pollution inhalation. Environ. Health Perspect. 2002, 110,
749-755. [CrossRef] [PubMed]

Xia, T.; Kovochich, M.; Nel, A. The role of reactive oxygen species and oxidative stress in mediating particulate matter injury.
Clin. Occup. Environ. Med. 2006, 5, 817-836.

Kang, YJ.; Tan, H.Y,; Lee, C.Y.; Cho, H. An air particulate pollutant induces neuroinflammation and neurodegeneration in human
brain models. Adv. Sci. 2021, 8, 2101251. [CrossRef] [PubMed]

Wei, X.; Su, E; Su, X; Hu, T.; Hu, S. Stereospecific antioxidant effects of ginsenoside Rg3 on oxidative stress induced by
cyclophosphamide in mice. Fitoterapia 2012, 83, 636-642. [CrossRef]

Jung, J.-S.; Lee, S.-Y.; Kim, D.-H.; Kim, H.-S. Protopanaxatriol ginsenoside Rh1 upregulates phase II antioxidant enzyme gene
expression in rat primary astrocytes: Involvement of MAP kinases and Nrf2/ARE signaling. Biomol. Ther. 2016, 24, 33. [CrossRef]
Kim, H.-J.; Lee, S.-G.; Chae, I.-G.; Kim, M.-].; Im, N.-K; Yu, M.-H.; Lee, E.-]; Lee, L.-S. Antioxidant effects of fermented red ginseng
extracts in streptozotocin-induced diabetic rats. J. Ginseng Res. 2011, 35, 129. [CrossRef]

Ott, M.; Gogvadze, V.; Orrenius, S.; Zhivotovsky, B. Mitochondria, oxidative stress and cell death. Apoptosis 2007, 12, 913-922.
[CrossRef]

Fujiwara, N.; Kobayashi, K. Macrophages in inflammation. Curr. Drug Targets Inflamm. Allergy 2005, 4, 281-286. [CrossRef]
Zheng, L.; Liu, S.; Zhuang, G.; Xu, J.; Liu, Q.; Zhang, X.; Deng, C.; Guo, Z.; Zhao, W.; Liu, T. Signal transductions of BEAS-2B cells
in response to carcinogenic PM; 5 exposure based on a microfluidic system. Anal. Chem. 2017, 89, 5413-5421. [CrossRef]

Zhang, F; Xu, Z.; Gao, ].; Xu, B.; Deng, Y. In vitro effect of manganese chloride exposure on energy metabolism and oxidative
damage of mitochondria isolated from rat brain. Environ. Toxicol. Pharmacol. 2008, 26, 232-236. [CrossRef]

Shin, S.J.; Jeon, S.G.; Kim, ]J.-i.; Jeong, Y.-o.; Kim, S.; Park, YH.; Lee, 5.-K.; Park, H.H.; Hong, S.B.; Oh, S. Red ginseng attenuates
Ap-induced mitochondrial dysfunction and A{3-mediated pathology in an animal model of Alzheimer’s disease. Int. . Mol. Sci.
2019, 20, 3030. [CrossRef] [PubMed]

Wang, Y.; Li, X.;; Wang, X.; Lau, W.; Wang, Y.; Xing, Y.; Zhang, X.; Ma, X.; Gao, F. Ginsenoside Rd attenuates myocardial
ischemia/reperfusion injury via Akt/GSK-3f signaling and inhibition of the mitochondria-dependent apoptotic pathway. PLoS
ONE 2013, 8, €70956.

Kwan, K.K.L.; Yun, H.; Dong, T.T.X,; Tsim, K.W.K. Ginsenosides attenuate bioenergetics and morphology of mitochondria in
cultured PC12 cells under the insult of amyloid beta-peptide. J. Ginseng Res. 2021, 45, 473-481. [CrossRef] [PubMed]

Li, R;; Zhou, R.; Zhang, J. Function of PMj 5 in the pathogenesis of lung cancer and chronic airway inflammatory diseases. Oncol.
Lett. 2018, 15, 7506-7514. [CrossRef] [PubMed]

Racanelli, A.C.; Kikkers, S.A.; Choi, A.M.; Cloonan, S.M. Autophagy and inflammation in chronic respiratory disease. Autophagy
2018, 14, 221-232. [CrossRef]

Gauldie, J.; Bonniaud, P,; Sime, P.; Ask, K.; Kolb, M. TGF-f3, Smad3 and the process of progressive fibrosis. Biochem. Soc. Trans.
2007, 35, 661-664. [CrossRef]

Ding, S.; Wang, H.; Wang, M.; Bai, L.; Yu, P.; Wu, W. Resveratrol alleviates chronic “real-world” ambient particulate matter-
induced lung inflammation and fibrosis by inhibiting NLRP3 inflammasome activation in mice. Ecotoxicol. Environ. Saf. 2019, 182,
109425. [CrossRef]

Zhou, X.-M.; Wang, G.-L.; Wang, X.-B.; Liu, L.; Zhang, Q.; Yin, Y.; Wang, Q.-Y.; Kang, J.; Hou, G. GHK peptide inhibits
bleomycin-induced pulmonary fibrosis in mice by suppressing TGF31/Smad-mediated epithelial-to-mesenchymal transition.
Front. Pharmacol. 2017, 8, 904. [CrossRef]

Dancer, R.; Wood, A.; Thickett, D. Metalloproteinases in idiopathic pulmonary fibrosis. Eur. Respir. J. 2011, 38, 1461-1467.
[CrossRef]


https://doi.org/10.1111/jphp.12413
https://doi.org/10.1254/jphs.08060FP
https://doi.org/10.3892/ijmm.2013.1552
https://doi.org/10.1021/es401770y
https://doi.org/10.1016/S0891-5849(01)00703-1
https://www.ncbi.nlm.nih.gov/pubmed/11677046
https://doi.org/10.1289/ehp.02110749
https://www.ncbi.nlm.nih.gov/pubmed/12153754
https://doi.org/10.1002/advs.202101251
https://www.ncbi.nlm.nih.gov/pubmed/34561961
https://doi.org/10.1016/j.fitote.2012.01.006
https://doi.org/10.4062/biomolther.2015.129
https://doi.org/10.5142/jgr.2011.35.2.129
https://doi.org/10.1007/s10495-007-0756-2
https://doi.org/10.2174/1568010054022024
https://doi.org/10.1021/acs.analchem.7b00218
https://doi.org/10.1016/j.etap.2008.04.003
https://doi.org/10.3390/ijms20123030
https://www.ncbi.nlm.nih.gov/pubmed/31234321
https://doi.org/10.1016/j.jgr.2020.09.005
https://www.ncbi.nlm.nih.gov/pubmed/34295207
https://doi.org/10.3892/ol.2018.8355
https://www.ncbi.nlm.nih.gov/pubmed/29725457
https://doi.org/10.1080/15548627.2017.1389823
https://doi.org/10.1042/BST0350661
https://doi.org/10.1016/j.ecoenv.2019.109425
https://doi.org/10.3389/fphar.2017.00904
https://doi.org/10.1183/09031936.00024711

Int. . Mol. Sci. 2023, 24, 13266 18 of 19

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.

74.

75.
76.

Yang, L.; Chen, P-p.; Luo, M.; Shi, W.-1.; Hou, D.-s.; Gao, Y.; Xu, S.-f.; Deng, J. Inhibitory effects of total ginsenoside on
bleomycin-induced pulmonary fibrosis in mice. Biomed. Pharmacother. 2019, 114, 108851. [PubMed]

Guan, S.; Liu, Q.; Han, F; Gu, W,; Song, L.; Zhang, Y.; Guo, X.; Xu, W. Ginsenoside Rgl ameliorates cigarette smoke-induced
airway fibrosis by suppressing the TGF-$1/Smad pathway in vivo and in vitro. BioMed Res. Int. 2017, 2017, 6510198. [PubMed]
Fu, Z.; Xu, Y.-s.; Cai, C.-q. Ginsenoside Rg3 inhibits pulmonary fibrosis by preventing HIF-1x nuclear localisation. BMC Pulm.
Med. 2021, 21, 70.

Kim, D.H.; Lee, H.; Hwangbo, H.; Kim, S.Y.; Ji, S.Y,; Kim, M.Y,; Park, S.-K.; Park, 5.-H.; Kim, M.-Y.; Kim, G.-Y. Particulate matter
2.5 promotes inflammation and cellular dysfunction via reactive oxygen species/p38 MAPK pathway in primary rat corneal
epithelial cells. Cutan. Ocul. Toxicol. 2022, 41, 273-284.

Miyata, R.; van Eeden, S.F. The innate and adaptive immune response induced by alveolar macrophages exposed to ambient
particulate matter. Toxicol. Appl. Pharmacol. 2011, 257, 209-226.

Li, R;; Zhao, L.; Tong, J.; Yan, Y.; Xu, C. Fine particulate matter and sulfur dioxide coexposures induce rat lung pathological injury
and inflammatory responses via TLR4/p38/NF-«B pathway. Int. J. Toxicol. 2017, 36, 165-173.

Liu, F; Huang, Y.; Zhang, F.; Chen, Q.; Wu, B.; Rui, W.; Zheng, ].C.; Ding, W. Macrophages treated with particulate matter PM, 5
induce selective neurotoxicity through glutaminase-mediated glutamate generation. J. Neurochem. 2015, 134, 315-326. [CrossRef]
Cattani-Cavalieri, I.; Valenca, S.S.; Lanzetti, M.; Carvalho, G.M.C.; Zin, W.A.; Monte-Alto-Costa, A.; Porto, L.C.; Romana-Souza, B.
Acute exposure to diesel-biodiesel particulate matter promotes murine lung oxidative stress by Nrf2/HO-1 and inflammation
through the NF-kB/TNF-« pathways. Inflammation 2019, 42, 526-537.

Yang, X.; Feng, L.; Zhang, Y.; Hu, H.; Shi, Y,; Liang, S.; Zhao, T.; Fu, Y,; Duan, J.; Sun, Z. Cytotoxicity induced by fine particulate
matter (PMy5) via mitochondria-mediated apoptosis pathway in human cardiomyocytes. Ecotoxicol. Environ. Saf. 2018, 161,
198-207.

Sahu, B.; Mackos, A.R.; Floden, A.M.; Wold, L.E.; Combs, C.K. Particulate matter exposure exacerbates amyloid-f3 plaque
deposition and gliosis in APP/PS1 mice. J. Alzheimers Dis. 2021, 80, 761-774.

Choi, J.; Oh, J.Y.; Lee, Y.S.; Min, KH.; Hur, G.Y; Lee, S5.Y.; Kang, K.H.; Shim, J.J. Harmful impact of air pollution on severe acute
exacerbation of chronic obstructive pulmonary disease: Particulate matter is hazardous. Int. J. Chronic Obstruct. Pulm. Dis. 2018,
13, 1053-1059. [CrossRef] [PubMed]

Shaukat, A.; Guo, Y.-f; Jiang, K.; Zhao, G.; Wu, H.; Zhang, T.; Yang, Y.; Guo, S.; Yang, C.; Zahoor, A. Ginsenoside Rb1 ameliorates
Staphylococcus aureus-induced Acute Lung Injury through attenuating NF-kB and MAPK activation. Microb. Pathog. 2019, 132,
302-312. [PubMed]

Ye, Y.; Shan, Y.; Bao, C.; Hu, Y.; Wang, L. Ginsenoside Rgl protects against hind-limb ischemia reperfusion induced lung injury
via NF-kB/COX-2 signaling pathway. Int. Immunopharmacol. 2018, 60, 96-103. [PubMed]

Min, J.-K,; Kim, J.-H.; Cho, Y.-L.; Maeng, Y.-S; Lee, S.-J.; Pyun, B.-].; Kim, Y.-M.; Park, J.H.; Kwon, Y.-G. 20 (S)-Ginsenoside Rg3
prevents endothelial cell apoptosis via inhibition of a mitochondrial caspase pathway. Biochem. Biophys. Res. Commun. 2006, 349,
987-994.

Hwang, S.-K,; Jeong, Y.-].; Cho, H.-J.; Park, Y.-Y.; Song, K.-H.; Chang, Y.-C. Rg3-enriched red ginseng extract promotes lung cancer
cell apoptosis and mitophagy by ROS production. J. Ginseng Res. 2022, 46, 138-146.

Kim, J.M.,; Park, C.H,; Park, S.K.; Seung, TW.; Kang, ].Y.; Ha, ].S.; Lee, D.S.; Lee, U.; Kim, D.-O.; Heo, H.J. Ginsenoside re
ameliorates brain insulin resistance and cognitive dysfunction in high fat diet-induced C57BL/6 mice. ]. Agric. Food Chem. 2017,
65,2719-2729.

Joo, S.S.; Yoo, YM.; Ahn, BW.; Nam, S.Y.; Kim, Y.-B.; Hwang, K.W.; Lee, D.I. Prevention of inflammation-mediated neurotoxicity
by Rg3 and its role in microglial activation. Biol. Pharm. Bull. 2008, 31, 1392-1396. [CrossRef]

Wang, Y,; Li, Y.;; Yang, W.; Gao, S.; Lin, J.; Wang, T.; Zhou, K.; Hu, H. Ginsenoside Rb1 inhibit apoptosis in rat model of Alzheimer’s
disease induced by Afq_49. Am. |. Transl. Res. 2018, 10, 796.

Li, E; Wu, X,; Li, J.; Niu, Q. Ginsenoside Rgl ameliorates hippocampal long-term potentiation and memory in an Alzheimer’s
disease model. Mol. Med. Rep. 2016, 13, 4904-4910.

So, S.-H,; Lee, ] W,; Kim, Y.-S.; Hyun, S.H.; Han, C.-K. Red ginseng monograph. ]. Ginseng Res. 2018, 42, 549-561.

Park, SK.; Kang, J.Y.; Kim, ].M.; Kim, H.-J.; Heo, H.J. Ecklonia cava attenuates PM; 5-induced cognitive decline through
mitochondrial activation and anti-inflammatory effect. Mar. Drugs 2021, 19, 131. [CrossRef] [PubMed]

Van der Borght, K.; Havekes, R.; Bos, T.; Eggen, B.J.; Van der Zee, E.A. Exercise improves memory acquisition and retrieval in the
Y-maze task: Relationship with hippocampal neurogenesis. Behav. Neurosci. 2007, 121, 324. [CrossRef] [PubMed]

Tsai, E-S.; Cheng, H.-Y.; Hsieh, M.-T.; Wu, C.-R; Lin, Y.-C.; Peng, W.-H. The ameliorating effects of luteolin on beta-amyloid-
induced impairment of water maze performance and passive avoidance in rats. Am. J. Chin. Med. 2010, 38, 279-291. [CrossRef]
[PubMed]

Ernst, O.; Zor, T. Linearization of the Bradford protein assay. J. Vis. Exp. 2010, 38, €1918.

Kim, ].M.; Lee, U.; Kang, ].Y,; Park, S.K,; Shin, E.J.; Kim, H.-J.; Kim, C.-W.; Kim, M.-].; Heo, H.]. Anti-amnesic effect of walnut via
the regulation of BBB function and neuro-inflammation in AB1_4-induced mice. Antioxidants 2020, 9, 976. [CrossRef]


https://www.ncbi.nlm.nih.gov/pubmed/30965234
https://www.ncbi.nlm.nih.gov/pubmed/28421197
https://doi.org/10.1111/jnc.13135
https://doi.org/10.2147/COPD.S156617
https://www.ncbi.nlm.nih.gov/pubmed/29681728
https://www.ncbi.nlm.nih.gov/pubmed/31059756
https://www.ncbi.nlm.nih.gov/pubmed/29709772
https://doi.org/10.1248/bpb.31.1392
https://doi.org/10.3390/md19030131
https://www.ncbi.nlm.nih.gov/pubmed/33673531
https://doi.org/10.1037/0735-7044.121.2.324
https://www.ncbi.nlm.nih.gov/pubmed/17469921
https://doi.org/10.1142/S0192415X10007841
https://www.ncbi.nlm.nih.gov/pubmed/20387225
https://doi.org/10.3390/antiox9100976

Int. . Mol. Sci. 2023, 24, 13266 19 of 19

77. Brown, M.R.; Geddes, ].W,; Sullivan, P.G. Brain region-specific, age-related, alterations in mitochondrial responses to elevated
calcium. J. Bioenerg. Biomembr. 2004, 36, 401-406. [CrossRef]
78. Taylor, S.C.; Posch, A. The design of a quantitative western blot experiment. BioMed Res. Int. 2014, 2014, 361590. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1023/B:JOBB.0000041775.10388.23
https://doi.org/10.1155/2014/361590

	Introduction 
	Results 
	Animal Behavioral Tests 
	Antioxidant System 
	Mitochondrial Activity 
	Fibrosis Protein Expression in Lung Tissue 
	Inflammatory and Apoptotic Protein Expression in Lung Tissue 
	Inflammatory and Apoptotic Protein Expression in Cerebral Cortex and Hippocampus Tissues 

	Discussion 
	Materials and Methods 
	Preparation of Red Ginseng Extract (RGE) 
	Animal Experimental Design 
	Animal Behavioral Tests 
	Antioxidant System 
	Mitochondrial Activity 
	Western Blot Assay 
	Statistical Analysis 

	Conclusions 
	References

