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ABSTRACT

Background: Few studies reported the therapeutic effect of Korean Red Ginseng (KRG) in lung inflam-
matory diseases. However, the anti-inflammatory role and underlying molecular in cadmium-induced
lung injury have been poorly understood, directly linked to chronic lung diseases (CLDs): chronic
obstructive pulmonary disease (COPD), cancer etc. Therefore, in this study we aim to investigate the
therapeutic activities of water extract of KRG (KRG-WE) in mouse cadmium-induced lung injury model.
Method: The anti-inflammatory roles and underlying mechanisms of KRG-WE were evaluated in vitro
under cadmium-stimulated lung epithelial cells (A549) and HEK293T cell line and in vivo in cadmium-
induced lung injury mouse model using semi-quantitative polymerase chain reaction (RT-PCR), quan-
titative real-time PCR (qPCR), luciferase assay, immunoblotting, and FACS.
Results: KRG-WE strongly ameliorated the symptoms of CdSO4-induced lung injury in mice according to
total cell number in bronchoalveolar lavage fluid (BALF) and severity scores as well as cytokine levels.
KRG-WE significantly suppressed the upregulation of inflammatory signaling comprising mitogen-
activated protein kinases (MAPK) and their upstream enzymes. In in vitro study, KRG-WE suppressed
expression of interleukin (IL)-6, matrix metalloproteinase (MMP)-2, and IL-8 while promoting recovery
in CdSO4-treated A549 cells. Similarly, KRG-WE reduced phosphorylation of MAPK and c-Jun/c-Fos in
cadmium-exposed A549 cells.
Conclusion: KRG-WE was found to attenuate symptoms of cadmium-induced lung injury and reduce the
expression of inflammatory genes by suppression of MAPK/AP-1-mediated pathway.
© 2022 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

mechanism and their relationship to elements present in ciga-
rette or tobacco which are responsible for disease development.

Lung epithelial cells are the first line of defense against exoge-
nous pollutants and pathogens [1,2] that can lead to the develop-
ment of various chronic lung inflammatory diseases (CLDs) [3,4].
Tobacco or cigarette smoking is the major etiological factor of CLDs
such as chronic obstructive pulmonary disease (COPD) and cancer
[5], with the primary active therapy being smoking cessation. It
would be beneficial if we can understand the underlying patho-
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Cadmium, present in cigarette/tobacco [6,7], is currently ranked
7th on the priority list of hazardous substances by the Agency of
Toxic Substances and Disease Registry [8]. Studies reported that
pulmonary absorption of inhaled cadmium can reach 80%
compared with 5% when orally ingested [9]. Importantly, cadmium
is highly present in cigarette smoke (i.e. up to 2—4 ug/cigarette) and
fine particulate matter (PM 2.5) [10,11]. Exposure to cadmium has
been directly linked to CLDs [3,11].

Studies shows that cadmium induces inflammation and oxida-
tive stress, resulting in lung damage, secretion of proinflammatory
cytokines from lung epithelial and extracellular matrix degradation
[12]. Sundblad [13] et al., reported increased extracellular cadmium
levels in bronchoalveolar lavage (BAL) fluid of long-term smokers of
COPD patients [13]. Study also demonstrated the association

1226-8453/© 2022 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:ankitamitra@skku.edu
mailto:lyra.enhaihi@gmail.com
mailto:lhp0507@naver.com
mailto:seung-a26@naver.com
mailto:ckhan@kgc.co.kr
mailto:shhyun@kgc.co.kr
mailto:jaecho@skku.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jgr.2022.04.003&domain=pdf
www.sciencedirect.com/science/journal/12268453
http://www.sciencedirect.com/journal/journal-of-ginseng-research
http://www.sciencedirect.com/journal/journal-of-ginseng-research
https://doi.org/10.1016/j.jgr.2022.04.003
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jgr.2022.04.003
https://doi.org/10.1016/j.jgr.2022.04.003

A. Mitra, L. Rahmawati, H.P. Lee et al.

between the local cadmium and dysregulation in innate immunity
in the lungs, thereby elevating inflammatory marker levels such as
transcription of tumor necrosis factor (TNF)-a in alveolar macro-
phages, cytokines which includes interleukin (IL)-6 and —8 as well
as increased neutrophil activity marker matrix metalloproteinase
(MMP)- 2 and 9 [13]. Previously, human lung epithelial cells and
mouse models show even low levels of cadmium exposure stimu-
lates IL-6 and -8, secretion by Mitogen-activated protein kinase
(MAPK) pathways [14,15]. Therefore, targeting inflammatory
signaling pathways could be an important therapeutic strategy for
cadmium-induced lung injury or CLDs, since identification of the
critical target cascades in CLDs has not been successful. Thus, herbal
drugs and plant-originated compounds have been a thrust area in
the search for novel potential mediators.

Panax ginseng and Korean Red Ginseng (KRG) are a traditional
Korean medicinal herb since thousands of years [16,17]. KRG is
well-known for immune modulation and possesses potential anti-
cancer and anti-inflammatory effects and regulates autophagy
[18,19]. The therapeutic effect of ginseng extracts against asthma
have been well documented [20]. Therefore, we investigate the
anti-inflammatory mechanism and therapeutic effect of KRG-water
extracts (KRG-WE) in cadmium-induced lung injury by targeting
the MAPK/ERK via AP-1 transcription factor. To the best of our
knowledge this is the first report showing the pharmacology and
therapeutical potential of KRG-WE in cadmium induced lung injury
by targeting AP-1 through upstream MAPK/ERK kinase pathway
in vitro and in vivo.

2. Material and methods
2.1. Materials

KRG-WE was obtained from Korean Ginseng Corporation
(Daejeon, Korea). Sodium dodecyl sulfate (SDS), 3-(4,5-
dimethylthiazol,2-yl)-2,5-diphenyltetrazolium bromide (MTT),
Cadmium sulfate and an ERK inhibitor (U0126) were purchased
from Sigma Chemicals Co. (St. Louis, MO, USA). Fetal bovine serum
(FBS) was obtained from Biotechnics Research (Lake Forest, CA,
USA), and Ham's F—12K (Kaighn's) medium, Roswell Park Memorial
Institute 1640 (RPMI 1640) and Dulbecco's Modified Eagle Medium
(DMEM) were obtained from HyClone (Grand Island, NY, USA). The
lung alveolar epithelial cell line (A549) (No. KCLB-10185) was ac-
quired from the Korean Cell Line Bank (KCLB, Seoul, Korea) and
human embryonic kidney cell line (HEK293T) (No. CRL-3216) was
purchased from ATCC (Rockville, MD, USA). The AP-1 binding site-
containing luciferase construct was used as reported previously
[21]. Antibodies (phospho-specific and total) were obtained from
Cell Signaling Technology (Beverly, MA, USA).

2.2. Preparation of KRG-WE and analysis of ginsenosides

Stock solutions (100 mg/mL) of KRG-WE were prepared in PBS
and diluted in media for in vitro studies. For in vivo experiment,
KEG-WE was suspended in 0.5% Na CMC. For ginsenoside analysis,
the UPLC-photo diode array (PDA) system (Waters Co., Milford, MA,
USA) was used to detect 11 ginsenosides, as reported previously
[22,23]. Supplementary Fig. 1 indicates the separation pattern of
ginsenosides observed by HPLC analysis.

2.3. Cell culture

A549 were maintained in F12—K supplemented with 10% heat-
inactivated FBS and 1% penicillin-streptomycin. HEK293T cells were
maintained in DMEM supplemented with 5% heat-inactivated FBS.
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Both cell lines were maintained in a humidified incubator at 37 °C
supplemented with 5% CO,.

2.4. Induction of cadmium-treated lung injury model

Balb/c (age = 8-weeks, male, 20—23 g) obtained from Orient-Bio
(Sungnam, Korea) were kept in SKKU animal holding facility under
pathogen-free conditions at 21-23 °C under constant humidity
(40—60%) and 12-h light—dark cycle. Food and water were given as
required. The mice were categorized into 5 study groups of 5 mice/
group: control/vehicle group, cadmium (2 pg) group, KRG-WE
(300 mg/kg) + cadmium, KRG-WE (400 mg/kg) + cadmium
group, and DEXA (5 mg/kg) + cadmium group. The control group of
mice were administered saline orally using gavage needle. Mice in
the KRG-WE + cadmium groups were given the KRG-WE 300 mg/
kg and 400 mg/kg by orally, respectively twice before 1 h of cad-
mium treatment and once after cadmium treatment for 3 d. The
concentration of KRG-WE (300 and 400 mg/kg) were selected as
previously demonstrated [24,25]. Mice in the DEXA + cadmium
group received DEXA by oral administration twice before 1 h of
cadmium treatment and once after cadmium treatment for 3 days
(Fig. 1). Cadmium group mice were instilled intranasally with 2 pg
CdSO4 in 50 pL PBS twice for 3 d as previously demonstrated [8].
Before cadmium treatment, all mice were anesthetized. Mice were
sacrificed after 3 d. Bronchoalveolar lavage fluid (BALF) and lung
samples were isolated. Total cell count was performed from BALF
using hemocytometer.

2.5. Histology assessment

Mice upper lobes of right lungs were excised and placed in 4%
paraformaldehyde at 4 °C for fixation overnight. The samples were
embedded in paraffin, sectioned at 4 pm, stained with hematoxylin
and eosin, examined under a brightfield microscope (Optinity mi-
croscope, #KI-3000F), and analyzed using Optiview. Semi-
quantitative method was used for inflammatory injury scoring as
previously described [26], summarized in Supplementary Tables 1
and 2

2.6. Cell viability assay

The viability of A549 and HEK293T cells was determined using
MTT assay [27]. After pre-incubation for 18 h, the cells were treated
with different concentrations of KRG-WE (25—400 pg/mL) in
presence and absence of cadmium and incubated for an additional
24 h. The cytotoxicity of the KRG-WE was evaluated using MTT
assay as described previously [28].

2.7. Oxidative stress assessment

Oxidative stress was determined by using 5-(and-6)-chlor-
omethyl-2’, 7' dichlorodihydrofluorescein diacetate (H,DCFDA,
Sigma Aldrich, USA). A549 cells (2 x 10° cells/well) were seeded in
12 well plates and incubated for 24 h followed by pre-treatment
with KRG-WE (300 and 400 pg/mL) for 30 min and treatment
with cadmium (5 uM) for 6 h. The cells were washed with PBS and
incubated (37 °C, 5% CO2) with 10 uM H,DCFDA-containing media
for 30 min in darkness. The H,DCFDA was removed by washing
twice with PBS. ROS levels were measured by CytoFLEX Flow Cy-
tometer (Beckman Coulter Life Sciences, Indianapolis, IN, USA).
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Fig. 1. Anti-inflammatory effect of KRG-WE on cadmium-induced lung injury. (A) Schematic strategy of KRG-WE oral administration and cadmium (CdSO,) intranasal instillation in
mice lung. (B) Histology assessment was performed by H&E-staining to visualize the suppressive effect of KRG-WE (300 and 400 mg/kg) in cadmium induced lung in mice after 3 d
of instillation, scale bar represents 20 um. (C) Total cells in BALF were counted by a cell counter. (D and E) Effect of KRG-WE in CdSO4-induced lung injury was evaluated by scoring
the severity (D) and extent (E) of histological injury. (F and G) The mRNA expression levels of IL-6, MIP-2 (IL-8), MMP-2, c-Fos, and c-Jun were determined in CdSO4-induced mice
lung tissues using qPCR. (H and I) The total and phospho-protein levels of MAPKs (ERK, p38, and JNK) and their upstream enzymes (MEK1/2, MKK3/6, and MKK4) was evaluated in
mice lung tissues using immunoblotting analysis. Data is expressed as the mean + SD of an experiments done with 5 biological replicates. ##: P < 0.01 and ##4#: P < 0.001 compared
to normal group, and *: P < 0.05, **: P < 0.01, ***: P < 0.001, and ****: P < 0.0001 compared to control group.
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2.8. Semi-quantitative (RT-PCR) and quantitative real-time PCR
(qPCR) analysis

Total RNA was extracted from mice lung tissues or A549 cells
using TRIzol Reagent based on manufacturer's instructions. The
cDNA was synthesized from total RNA (1 pg) using MMLV RTase
(SuperBio, Daejeon, Korea). Quantitative real-time PCR (qPCR) and
Semi-quantitative reverse transcriptase polymerase chain reaction
(RT-PCR) was performed to quantify the mRNA expression as pre-
viously described [29]. All primers sequences are listed in
Supplementary Tables 3 and 4

2.9. Plasmid transfection and luciferase reporter gene activity assay

HEK293T cells (1 x 106 cells/ml in 24-well plates) were trans-
fected with 1 pg of plasmid containing p-galactosidase and AP-1-
Luc in the presence or absence of MyD88 and TRIF using the pol-
yethyleneimine (PEI) reagent. KRG treatment was performed for
12 h before harvesting the cells. Luciferase assays were performed
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using the Luciferase Assay System (Promega, Madison, WI, USA), as
previously reported [30].

2.10. Protein lysate preparation and immunoblotting analysis

The lysates of lower part of the right lungs and A549 cells
(2 x 10° cells/well in 6-well plate) were prepared as previously
described [31] followed by immunoblotting analysis using SDS-
polyacrylamide gel electrophoresis (PAGE) (Bio-Rad, Hercules, CA,
USA) and then immunoblotting with antibodies (total and phos-
phorylated) as previously reported [30]. The bands were
documented.

2.11. Statistical analysis
All data are presented as mean + standard deviation (SD) of at

least three independent experiments. Mann-Whitney tests were
utilized for comparison. The computer program SPSS (version 26,
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Fig. 1. (continued).
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SPSS Inc., Chicago, IL, USA) was used for all statistical tests, and a p-
value<0.05 was considered statistically significant.

3. Results
3.1. Effect of KRG-WE in cadmium-induced lung injury in mice

We investigated the anti-inflammatory effect of KRG-WE in a
cadmium-induced lung injury mouse model. The histology data of
cadmium-induced lung injury (Fig. 1B) shows significant patho-
logical changes in bronchiolar region and throughout alveoli, in-
flammatory cells penetration within alveoli and pulmonary
parenchyma were detected, whereas control mice show normal
lung morphology. However, KRG-WE pre-treated group mice lungs
showed significantly less morphological changes. The inflamma-
tory score indicated the extent and severity of inflammatory cells
and reduction of lung injury in KRG-WE pre-treated cadmium-
induced mice lungs (Fig. 1D and E). Additionally, significant
reduction of total inflammatory cells count was observed in KRG-
WE pre-treated mice lungs (Fig. 1C). Further, we observed that
mRNA levels of IL-6, MIP-2 (homolog of IL-8), and MMP-2 were
increased significantly in cadmium-induced mice lungs compared
to control group and were significantly downregulated by oral KRG-
WE groups (300 and 400 mg/kg) (Fig. 1F). DEXA (5 mg/kg) was also
used as a reference drug and showed inhibition of IL-6, MIP-2, and
MMP-2 mRNA expression compared to cadmium-induced mice
lung. c-Fos and c-Jun mRNA expression (Fig. 1G) was markedly
inhibited in KRG-WE-treated groups (300 and 400 mg/kg) and
DEXA group compared to cadmium-induced mice lung. Further,
immunoblotting analysis was performed to analyze the KRG-WE
inhibition of MAPK signaling in cadmium-induced lung injury in
mice. As demonstrated in (Fig. 1H and I), mice challenged with
cadmium showed significant increase in phosphorylation of ERK,
p38, and JNK and their upstream MEK1/2, MKK3/6, and MKK4
phosphorylation compared to control group and were significantly
inhibited in KRG-WE groups. These results imply that KRG-WE has
a strong potential anti-inflammatory effect against cadmium-
induced lung injury.

3.2. Effect of KRG-WE in cadmium-treated A549 cells

We determined the effect of KRG-WE on the viability of A549
and HEK293T cells by MTT assay. KRG-WE dosage 25—400 pg/mL
did not significantly alter the viability of these cells (Fig. 2A) and
suppressed CdSO4 (5 pM)-induced cytotoxicity of A549 cells
(Fig. 2B). We further investigated the effect of KRG-WE (25—400 ug/
mL) on IL-8, IL-6, and MMP-2 expression in A549 cells treated with
CdSO4 by semi-quantitative RT-PCR. The mRNA expression levels of
IL-8, IL-6, and MMP-2 significantly decreased in the presence of
KRG-WE at 300 and 400 pg/mL (Fig. 2C and D). Therefore, in sub-
sequent experiments, we treated the cells with 300 and 400 pg/mL.
Since cadmium can induce cell death via ROS production in cells
[32,33], we examined whether KRG-WE can suppress ROS pro-
duction in A549 cells under CdSO4 induction. As Fig. 2E shows,
KRG-WE dose-dependently inhibited CdSO4-induced ROS genera-
tion (Fig. 2E). Treatment with 300 and 400 pg/mL of KRG-WE
decreased ROS generation by 23.04% and 22.86%, respectively,
compared with cadmium-induced A549 cells (29.41%). Therefore,
the KRG-WE also has antioxidants effects in lung alveolar epithelial
cell lines (A549).
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3.3. Effect of KRG-WE on upstream signaling of AP-1 activation in
cadmium-treated A549 cells

MAPK phosphorylation plays a crucial role in regulating the
cadmium-induced lung inflammatory responses [8,34]. Our in vivo
results also showed that KRG-WE can inhibit MAPK phosphoryla-
tion in cadmium-induced mice lung injury (Fig. 1H and I, relative
density summarized in supplementary Fig.4A). To confirm this, we
further performed immunoblotting analysis on MAPK signaling
in vitro. Indeed, we also observed that KRG-WE pretreatment
significantly inhibited the phosphorylation of ERK, p38, and JNK,
time-dependently (1, 3, and 6 h) (Fig. 3A, relative density summa-
rized in supplementary Fig.5A) and dose-dependently (300 and
400 pg/mL at 6 h) (Fig. 3B, relative density summarized in
supplementary Fig.5B). KRG-WE also suppressed the phosphory-
lation levels of their upstream enzymes such as MEK1/2, MKK3/6,
and MKK4, time-dependently and dose-dependently (Fig. 3C and D,
relative density summarized in supplementary Fig. 5A and 5C).

We further investigated AP-1 suppression by KRG-WE through
examining c-Fos and c-Jun activation level. As Fig. 3E shows, KRG-
WE (300 and 400 pg/mL at 6 h) dose-dependently blocked the
phospho-protein levels of c-Fos and c-Jun in cadmium-treated
A549 cells (Fig. 3E, relative density summarized in supplementary
Fig.5D). To confirm that KRG-WE can block AP-1 activation, we
performed an AP-1-mediated luciferase reporter gene assay using
HEK293T cells transfected with adapter molecules MyD88 and TRIF
during exposure of KRG-WE (300 and 400 pug/mL). As
Supplementary Fig. 2A and B depict, KRG-WE significantly reduced
AP-1-mediated luciferase activity.

Studies reported that production of IL-8 and IL-6 by human lung
epithelial cells are regulated by ERK1/2 [8]. In addition, MAPK has
been demonstrated as a regulator of AP-1 transcription factor and
linked to proinflammatory gene expression [35]. Since KRG dis-
played suppression of MAPK, whether KRG-WE-targeted MAPK is a
critical target in suppression of cadmium-induced lung injury was
investigated. As expected, it was found that U0126, an ERK inhibi-
tor, more efficiently suppresses the mRNA levels of IL-6, IL-8, c-Fos,
and c-Jun in cadmium-induced A549 cells (Fig. 3F and G).

4. Discussion

As it is well-known that KRG has immune modulation and
possesses potential anti-cancer and anti-inflammatory effects and
regulates autophagy [18,19]. Few clinical studies reported that
Panax ginseng (G115) has inhibitory effect of acute exacerbation and
improving quality of life in COPD patients, but they are not signif-
icant [36,37]. In addition, previously, inhibition of ginsenoside Re
showed significant suppressive effect against LPS-induced lung
inflammation via MAPKs/NF- kB/c-Fos signaling pathway [38]. As
we have mentioned above, cadmium is one of the hazardous ele-
ments which significantly present in cigarette/tobacco smoke and
in PM2.5 as well and it is highly associated to CLDs [10,11]. How-
ever, the mechanism and anti-inflammatory effect of KRG in
cadmium-induced lung injury in CLDs is still not reported. Hence, it
is more important to understand the mechanism of cadmium
induced lung injury and how KRG-WE can mitigate its effect. In this
study, we investigated the anti-inflammatory therapeutic effect of
KRG-WE and its mechanism in cadmium-induced lung injury in
CLDs development in vitro and in vivo. Studies show that cadmium
is a potent activator of IL-8 and IL-6 in human lung epithelial cells as
well in vivo [8]. Additionally, elevation of MMP-2 expression is
associated with COPD/emphysema [3]. Our study shows, oral
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Fig. 2. Anti-inflammatory effect of KRG-WE in cadmium-treated A549 cells. (A) Effect of KRG-WE (0—400 pg/mL) on viability of A549 and HEK293T cells was evaluated by MTT
assay. (B) Recovery activity of KRG-WE (0—400 pg/mL) on CdSO4—induced cell death of A549 cells was determined by MTT assay. (C and D) Suppressive effect of KRG-WE (0—400 ug/
mL) on the mRNA expression of inflammatory genes was evaluated using semi-quantitative RT-PCR (C) and qPCR. Radical scavenging activity of KRG-WE (300 and 400 pg/mL) on
CdSO4—induced ROS generation in A549 cells. ROS levels were determined by flowcytometric analysis. Data is expressed as the mean + SD of an experiments done with 3 biological
replicates. ###: P < 0.001 compared to normal group, and *: P < 0.05, ***: P < 0.001, and ****: P < 0.0001 compared to control group.

administration of KRG-WE in mice model of cadmium-induced
lung injury shows decreased inflammatory cells infiltration and
less alveolar damage in their lung section compared to cadmium
treated group (Fig. 1A—E). Further, KRG-WE significantly inhibits
the expression of IL-6, MIP-2, MMP-2, c-Fos, and c-Jun at the
transcriptional level in cadmium-treated lung tissues (Fig. 1F and
G). Therefore, KRG-WE can modulate inflammatory responses by
inhibiting transcriptional activation of inflammatory genes.
Immunoblotting results show that KRG-WE (300 and 400 mg/kg)
strongly suppressed the phosphorylation of MAPK pathway
compared with cadmium-induced mouse lungs (Fig. 1H and I).
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DEXA (5 mg/kg) also suppresses both mRNA and protein levels in
cadmium-treated lung tissue like KRG-WE.

We further determine the anti-inflammatory effect and molec-
ular mechanism of KRG-WE against lung-injury in cadmium
exposure in vitro. Lung epithelial cells are known to be first line
barrier and key regulators of inflammatory responses, however
aberrant inflammation leads to CLDs [1,2]. Hence, we used human
lung alveolar epithelial cells (A549) to determine KRG-WE anti-
inflammatory effect and its molecular mechanism against
cadmium-exposed lung injury. Since ROS production is important
for CLDs [32,33], we determined, KRG-WE suppresses cadmium-
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Fig. 3. Inhibitory effect of KRG-WE on activation of AP-1-related signaling pathway. (A—E) Total and phospho-protein levels of ERK1/2, p38, JNK, MEK1/2, MEK3/6, MKK4, and -
actin in CdSO4—treated A549 cell lysates were determined by immunoblotting analysis. (F and G) Effect of KRG-WE on the mRNA expression of inflammatory genes, IL-8 and IL-6 (F),
and AP-1 subunits, c-Fos and c-Jun (G) in CdSO4—treated A549 cells using qPCR. Data is expressed as the mean + SD of an experiments done with 3 biological replicates. ###:
P < 0.001 compared to normal group, and *: P < 0.05, **: P < 0.01, and ***: P < 0.001 compared to control group.

induced oxidative stress in A549 cells dose-dependently (Fig. 2E) [40]. As we demonstrated above, cadmium is a potent activator of
and cell viability was not affected (Fig. 2A and B). Previously, studies IL-8, IL-6, and MMP-2, which lead to CLDs [3,8]. We observed that
reported that KRG inhibits ROS production in bisphenol A (BPA)- KRG-WE has anti-inflammatory effect against cadmium-induced
induced inflammation in lung cancer in vitro [39] and in ototoxicity
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Fig. 4. Summary of anti-inflammatory mechanisms of KRG-WE in cadmium-induced lung injury.

inflammation in A549 cells by inhibiting IL-8, IL-6, and MMP-2
mRNA expression (Fig. 2C and D).

We observed that KRG-WE could block the transcriptional
activation of inflammatory genes, so we next determined its tar-
geted transcription factor AP-1. Studies demonstrated that AP-1 is
known to influence the production of pro-inflammatory cytokines
and regulates cell proliferation, apoptosis, and inflammation [35].
As previously confirmed luciferase reporter gene assay to measure
AP-1 activity triggered by TRIF and MyD88 [41,42], we found that
KRG-WE inhibits the AP-1 luciferase activity dose-dependently
(Supplementary Fig. 2). MyD88 and TRIF are the intracellular pro-
teins recruited by TLR4 receptor which activates MAPK upstream
signaling pathway of AP-1 [43]. It has been previously demon-
strated that cadmium induces the mucin 8 level in lung airway
epithelial cells through TLR4 mediated ERK1/2/MAPK pathway
[44]. MAPK might play a key role in anti-inflammatory activity of
KRG-WE. Our study demonstrates that KRG-WE inhibits the ERK,
p38, and JNK phosphorylation time-dependently (1, 3, and 6 h) and
dose-dependently (300 and 400 pg/mL) (Fig. 3A and B) in
cadmium-exposed A549 cells. Additionally, the phosphorylation of
MEK1/2, MKK4, and MEK3/6, upstream of ERK and p38 and JNK,
was also significantly suppressed in cadmium exposure both time-
and dose-dependently (Fig. 3C and D). We also determined that
KRG-WE (300 and 400 pg/mL) dose-dependently blocked c-Fos and
c-Jun phosphorylation in cytosol at 6 h (Fig. 3E), which implies that
KRG-WE can inhibit c-Fos and c-Jun nuclear translocation, thereby
blocking the AP-1 activation and modulating inflammatory re-
sponses. Thus, these results confirm that KRG-WE inhibited MAPK/
AP-1 activity in cadmium-induced lung injury. In addition, we
determined that inhibition of MEK/ERK1/2 pathway and KRG-WE
treated significantly decreased the mRNA expression of IL-8, IL-6,
and AP-1 subunits (Fig. 3F and G). Interestingly, we found that KRG-

WE with U0126 more efficiently inhibit these proinflammatory
cytokines and the c-Fos and c-Jun transcript levels in cadmium-
induced A549 cells (Fig. 3F and G). Previous studies reported that
production of IL-8 and IL-6 by human lung epithelial cells is regu-
lated by ERK1/2 [8]. In addition, MAPK has been demonstrated as
regulators of AP-1 transcription factors and linked to the proin-
flammatory gene expression [35]. Hence, our data suggests that
KRG-WE may have pharmacologically synergistic effect with U0126
against cadmium-induced lung injury.

Conclusively, the in vivo and in vitro assays confirmed that KRG-
WE significantly reduced cadmium-induced production of proin-
flammatory cytokines (IL-6 and IL-8) and MMP-2 via MAPK/ERK/
AP-1 inactivation, as summarized in Fig. 4. KRG-WE also amelio-
rated the symptoms of cadmium-induced lung injury in mice. KRG
root extract (white ginseng) was previously reported as having
anti-inflammatory potential against LPS-induced acute lung injury
(ALI)/acute respiratory distress syndrome (ARDS) via PIsK-Akt
signaling pathway and MAPK signaling pathway [38,45]. Hence, our
data strongly suggest that KRG-WE might have anti-inflammatory
potential effect against cadmium-induced lung injury in CLDs.
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AP-1 Activator protein —1

MAPKs  Mitogen-activated protein kinases
ERK1/2  Extracellular Signal-Regulated Kinases 1 and 2
p38 P38 mitogen-activated protein kinases
JNK c-Jun N-terminal kinase

MKK Mitogen-activated protein kinase kinase
IL-18 Interleukin 8

IL-6 Interleukin 6

MMP-2  matrix metalloproteinase 2

MIP-2 macrophage inhibitory protein 2
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