Am J Transl Res 2024;16(10):5385-5397
www.ajtr.org /ISSN:1943-8141/AJTR0158499

Original Article
Peimine ameliorates LPS-induced acute
lung injury by regulating Nrf2 and NF-kB pathways
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Abstract: Objective: To investigate the protective effect of Peimine (PM) against lipopolysaccharide (LPS)-induced
acute lung injury (ALI) in mice and the underlying mechanisms. Methods: KM mice were randomly divided into five
groups: Control, LPS, Peimine low-dose (PM-L, 0.1 mg/kg), medium-dose (PM-M, 1 mg/kg), and high-dose (PM-H,
10 mg/kg) groups. Mice in the PM treatment groups received intraperitoneal injection of Peimine at different doses,
while the mice in control and LPS groups received physiological saline. Afterwards, mice in the LPS and PM groups
were subjected to intranasal instillation of LPS to establish the model of acute lung injury. The wet-to-dry (W/D)
weight ratio of lung tissues was calculated, and H&E staining was performed to observe pathological changes in
the lung tissues. Serum levels of tumor necrosis factor-alpha (TNF-a), interleukin-6 (IL-6), interleukin-13 (IL-1pB),
and MDA were measured using ELISA kits. Western blot was employed to assess the expression of NF-kB, IkBa,
phospho-IkBa, Nrf2, HO-1, and SOD2 in lung tissues. RT-PCR quantified the mRNA levels of Nrf2 and its downstream
genes HO-1 and NQOZ1. Additionally, RAW264.7 cells were treated with various drug concentrations for 24 hours
followed by LPS exposure (100 ng/mL) for another 24 hours. Prior to treatment of RAW264.7 cells with PM and LPS,
the ML385+PM group was pre-treated with ML385 (3 uM) for 4 hours. ELISA kits were used to measure TNF-q, IL-6,
IL-1B, and MDA in cell supernatants, while ROS levels were determined using a ROS assay kit. Results: Compared
with the model group, pretreatment with PM significantly reduced the lung tissue W/D weight ratio, ameliorated lung
tissue pathological changes, and inhibited the secretion of TNF-¢, IL-6, and IL-13 in bronchoalveolar lavage fluid. PM
inhibited the LPS-induced elevation in lung tissue MDA levels, SOD2 consumption, and ROS levels. Furthermore,
PM suppressed LPS-induced NF-kB activation and nuclear translocation, while significantly enhancing the protein
expression of Nrf2 and HO-1 and increasing the mRNA levels of Nrf2 and its downstream genes, such as HO-1 and
NQO1. In RAW264.7 cells, LPS induction led to elevated IL-1B, IL-6, TNF-a, MDA, and ROS levels, which were signifi-
cantly suppressed by PM treatment. However, the antioxidative and anti-inflammatory effects of PM were effectively
blocked by inhibiting the Nrf2 pathway. Conclusion: PM effectively ameliorates LPS-induced lung injury, primarily
through inhibition of the NF-kB pathway, and activation of the Nrf2 pathway, alongside a reduction in the release of
inflammatory factors.
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Introduction notable lack of specific pharmaceuticals and
therapeutic techniques that consistently yield
optimal outcomes. In addition, commonly used
treatments like antibiotics and glucocorticoids
have significant adverse reactions and poten-

tial dependency [3], making them unsuitable for

Acute lung injury (ALIl), a common complication
in patients with sepsis, is characterized by
damaged alveolar epithelial and endothelial
cells, infiltration of inflammatory cells, and the

appearance of congestion and edema. ALl is a
critical condition frequently encountered in
clinical practice, noted for its sudden onset and
high mortality rate [1, 2]. Currently, western
medical treatment primarily focuses on
addressing the underlying disease and provid-
ing respiratory support. However, there is a

long-term use. Therefore, it is meaningful to
delve into the mechanisms underlying ALI and
identify novel therapeutic agents for its preven-
tion and treatment.

Despite extensive research on ALI, the under-
lying molecular mechanisms remain poor-
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ly understood. Inflammation/anti-inflammation
and oxidation/antioxidation imbalances play
crucial roles in the pathogenesis of ALl [4, 5].
NF-kB is a vital molecule in the inflammatory
process, essential for the optimal transcription
and production of several crucial pro-inflamma-
tory cytokines, which are activated by lipopoly-
saccharide (LPS) via the NF-kB pathway in the
early stages of ALI [6, 7]. Simultaneously, acti-
vation of the Nrf2 pathway, which regulates
antioxidant defenses, is regarded as a pivotal
factor in mitigating the inflammatory damage
induced by LPS. It has been reported that Nrf2
can inhibit NF-kB pathway, thus effectively
reducing the adverse reactions of excessive
NF-kB activation under LPS exposure [8].

Fritillaria, a perennial herb in the lily family, is
traditionally used in Chinese medicine for trea-
ting lung inflammation. It is known for its pro-
perties in clearing heat, resolving phlegm, and
detoxification [9, 10]. Peimine (PM), a major
alkaloid component found in Fritillaria, has
demonstrated protective effects in various dis-
ease models, including cerebral ischemia-
reperfusion injury, liver cancer, and arthritis
[11-14]. While previous research has shown
that PM exerts a protective effect on ALl [15-
17], its potential to modulate the inflammatory
response and ALl induced by LPS through the
Nrf2 and NF-kB pathways remains to be fully
explored. LPS, the main toxic component of
most foodborne pathogens such as Escherichia
coli, is widely used to induce ALl caused by
bacterial infections [18]. Upon pathogen detec-
tion, the innate immune system in the lungs is
activated. RAW264.7 cells, as the most abun-
dant innate immune cells in the distal lung, ini-
tiate a robust immune response by recognizing
pathogens through cell membrane receptors.
This activation leads to the production of re-
active oxygen species (ROS), polarization of
RAW264.7 cells towards the M1 phenotype,
and secretion of pro-inflammatory mediators,
thereby playing a critical role in regulating the
body’'s immune system [19, 20]. This study
aims to establish a RAW264.7 cell injury model
and a mouse model of LPS-induced ALI. The
primary objective is to explore the effects and
mechanisms of PM on LPS-induced ALl in mice,
focusing on its regulatory impacts on the Nrf2
and NF-kB pathways.
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Materials and methods
Animals

Fifty SPF-grade Kunming (KM) male mice,
weighing between 18 and 22 grams, were pro-
cured from Sibeifu (Beijing) Biotechnology Co.,
Ltd., under the license number SCXK (Beijing)
2019-0010. The mice were acclimatized to the
new environment for one week at a controlled
temperature of 25+2°C. All experimental proto-
cols were approved by the Animal Experiment
Committee of Wenzhou University (WZU2022-
113), adhering to ethical guidelines described
in the committee’s guidelines for the care and
use of laboratory animals.

Cell culture

The mouse macrophage cell line RAW264.7
(Catalog No. CL-0190) was obtained from
Procell (Wuhan, China). The cell line was veri-
fied via STR identification. Cells were cultured
in supplemented DMEM and maintained in a
37°C incubator with 5% CO,. Passaging was
performed based on cell growth status.

Chemicals and reagents

Peimine (PM, No. 23496-41-5) and lipopolysac-
charide (LPS, No. L381866) were purchased
from Aladdin (Shanghai, China). DMEM medium
(No. A4192002) and fetal bovine serum (No.
10099) were ordered from Gibco (Grand Island,
NY, USA). The 1% penicillin-streptomycin mix-
ture (No. YO001615) and ML385 (Nrf2 inhibi-
tor, No. 846557-71-9) were sourced from
Sigma-Aldrich (St. Louis, MO, USA). Universal
tissue fixative (No. HJ193604) was purchased
from Servicebio (Wuhan, China). The BCA pro-
tein quantification assay kit (No. 042820-
200917) and the reactive oxygen species
detection assay kit (No. SO033M) were ordered
from Beyotime (Shanghai, China). The mouse
ELISA kits for determining TNF-a (No. HO52-1-
2), IL-6 (No. HOO7-1-2), and IL-1B (No. HO02-1-2)
levels, the MDA detection assay kit (No. AO03-
1-2), and the BCA protein detection assay kit
(No. AO45-4-2) were sourced from Nanjing
Jiancheng Bioengineering Institute (Jiangsu,
China). All antibodies used in this experiment,
including TNF-a¢ (No. ab183218), IL-6 (No.
ab303458), IL-1B (No. ab315084), HMGB1
(No. ab18256), SOD2 (No. ab68155), NF-kB
p65 (No. ab207297), IkBa (No. ab32518),
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p-lkBa (No. ab133462), Nrf2 (No. ab62352),
HO-1 (No.ab305290), Lamin B (No. ab232731),
and GAPDH (No. ab8245), were purchased
from Abcam (Cambridge, MA, USA). The ECL
luminescence detection kit (No. 1606902) was
ordered from Merck Millipore (Billerica, MA,
USA). The Trizol reagent (No. 15596018) and
SuperScript 1l reverse transcriptase (No.
18080844) were sourced from Invitrogen
(Carlsbad, CA, USA). The fluorescence quantita-
tive PCR kit (No. 218073) was purchased from
QIAGEN (Duesseldorf, Germany).

Establishment of animal models and drug
administration

The KM mice were randomly divided into five
groups: a normal control group, an LPS group,
and three PM groups - PM-L (0.1 mg/kg), PM-M
(4 mg/kg), PM-H (10 mg/kg) [17]. Drugs were
administered by intraperitoneal injection 24
hours ahead of LPS exposure at a volume of 10
mL/kg. The control and LPS groups received an
equivalent volume of physiological saline. An
additional dose of the respective treatments
was administered one hour prior to the experi-
mental induction. Isoflurane gas anesthesia
was then performed using a small animal anes-
thesia machine one hour after the drug admin-
istration. To induce the acute lung injury (ALI)
model, animals were administered with LPS
solution (20 pg dissolved in 50 L of PBS) [17,
21], while the control group received nasal
instillation with PBS. The successful establish-
ment of the ALI model was verified by measur-
ing the lung wet-to-dry (W/D) weight ratio and
assessing the degree of lung injury in the model
group through H&E staining. At 12 hours post-
LPS instillation, the animals were euthanized
via an intraperitoneal injection of 1.0% (w/V)
sodium pentobarbital at a dose of 50 mg/kg.
Following euthanasia, the trachea was exposed
for intubation, and 1.5 mL of pre-cooled PBS
was injected into the lungs in three doses. The
bronchoalveolar lavage fluid (BALF) was col-
lected and placed on ice, with a target recovery
rate of 80%.

H&E staining

First, tissue sections were deparaffinized using
xylene, then rehydrated through a series of gra-
dient alcohols (100%, 95%, 90%, 80%, and
70%), and finally rinsed in water. The slides
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were then stained with hematoxylin for 10 min-
utes, followed by differentiation with 2% hydro-
chloric acid for 10 seconds. The sections were
counterstained with eosin for 10 seconds, and
subsequently dehydrated, transparent, and
sealed. The stained sections were subsequent-
ly examined under a microscope.

The content of MDA in lung homogenate

The MDA levels in lung tissue were evaluated
using an MDA detection assay kit, with spectro-
photometric measurements taken at 532 nm.

CCK-8 assay

Log-phase Raw264.7 cells were seeded into a
96-well plate and allowed to adhere. The con-
trol and model groups were refreshed with
serum-containing medium, while the PM group
received medium supplemented with various
concentrations of PM ranging from O to 25 yM
[22]. After a 24-hour treatment period, with 6
replicate wells up for each condition, the plate
was incubated in a cell culture incubator for 1
to 4 hours. Absorbance at 450 nm was then
measured using a Varioskan LUX plate reader
(Thermo Fisher Scientific, Waltham, MA, USA).
Cell viability was calculated using the following
formula: Viability (%) = (OD, ..iment = OPpiand
(OD -0D x 100%.

control blank)

Intracellular ROS measurement

Log-phase Raw264.7 cells were treated with
different drugs according to their respective
groups and incubated for 24 hours. After this
period, LPS (100 ng/mL) was added and incu-
bated for another 24 hours [23]. The
ML385+PM group was pre-treated with ML385
(3 uM) for 4 hours prior to treatment of PM and
LPS [24]. Subsequently, a minimum of 1 mL of
DCFH-DA was added to each well. The cells
were then observed under a fluorescence
microscope, capturing images from three ran-
domly selected fields to assess the intracellular
ROS levels.

Measurement of cytokine levels
Log-phase Raw264.7 cells were seeded at a
density of 6 x 10™4 cells/well. Following this,

cells were treated with different drugs accord-
ing to various group assignments and incubat-
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Table 1. Primers for RT-PCR

Gene Primer sequence (5'-3")
Nrf2 F: GGTATTTGACTTCAGTCAA
R: ATGTCCACCAGGGTCTCAAT
HO-1 F: CGTAAATGACTTCAGTCAA
R: CGCAGAGACTAGTACAGTT
NQO1 F: CATGGCGGTCAGAAAAGCAC
R: ATGGCATACAGGTCCGACAC
Gapdh F: TGTGTCCGTCGTGGATCTGA

R: TTGCTGTTGAAGTCGCAGGAG

ed for 24 hours. LPS (100 ng/mL) was subse-
quently added and incubated for another 24
hours. The ML385+PM group underwent pre-
treated with ML385 (3 uM) for 4 hours before
the addition with PM and LPS. The supernatant
was collected from the culture medium for
analysis. Following the manufacturer’s instruc-
tions, the levels of the cytokines TNF-«, IL-1[3,
and IL-6 in both BALF and the supernatant from
the cells were measured by using ELISA Kits.

Western blotting

Approximately 100 mg of lung tissue was resus-
pended in RIPA buffer and incubated for 30
minutes for lysis, followed by centrifugation of
the lysate. Equal amounts of protein (30 ug per
well) were loaded onto an SDS-PAGE gel and
subjected to electrophoresis at 120 V. Proteins
were then transferred onto a PVDF membrane
at 220 mA for 1 hour, and the membrane was
blocked with 5% skim milk. It was then incubat-
ed overnight at 4°C with primary antibodies at
appropriate dilutions, washed twice with TBST,
and incubated with the secondary antibodies.
Protein bands were visualized using an ECL
detection Kkit.

RNA extraction and RT-PCR

Total RNA was extracted from lung tissue using
TRIZOL, followed by a DNasel treatment. The
RNA was converted into cDNA utilizing a reverse
transcription kit. The primers used for PCR
amplification are listed in Table 1 of this study.

Data analysis

Statistical results are presented as mean *
standard deviation (xts). Analysis of variance
(ANOVA) was used to compare differences
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across multiple groups, while the t-test was
applied for comparisons between two specific
groups. A P-value of less than 0.05 was consid-
ered statistically significant.

Results

Pre-treatment with PM ameliorated LPS-
induced ALI

Lung edema is a hallmark of ALI, and the lung
W/D ratio was employed to evaluate pulmonary
edema. As illustrated in Figure 1A, the W/D
ratio in the LPS group was significantly higher
than in the control group (P < 0.01). However,
treatment with high-dose PM (PM-H) (P < 0.01)
markedly inhibited this increase, indicating that
PM could effectively reduce the degree of LPS-
induced ALl pulmonary edema.

H&E staining was conducted to investigate the
protective effects of PM on lung tissue. As
shown in Figure 1B, compared to the control
group, LPS induced significant pathological
changes, such as inflammatory cell infiltration,
hemorrhage, alveolar wall thickening, and ca-
pillary congestion. In contrast, the lung struc-
ture alterations and damage were markedly
improved in the PM-M and PM-H groups. The
findings indicate that pretreatment with PM can
substantially mitigate the pathological altera-
tions associated with LPS-induced ALI.

Pre-treatment with PM inhibited the inflamma-
tory response in LPS-induced ALI mice

To evaluate the effect of PM on the cytokine
production induced by LPS, an ELISA was con-
ducted to quantify the concentrations of TNF-«,
IL-6, and IL-1B in BALF. As depicted in Figure
2A, cytokine levels in the LPS group were sig-
nificantly higher compared to the control group
(all P < 0.01). These results were further vali-
dated by Western blot analysis, which revealed
that LPS treatment significantly elevated the
expression levels of inflammatory proteins in
lung tissue. However, pretreatment with PM
effectively attenuated these elevations (all P <
0.01) (Figure 2B). Additionally, the protein
expression levels of HMGB1 were evaluated
across all groups. LPS treatment increased
HMGB1 expression in mice, whereas PM effec-
tively inhibited the protein expression of
HMGB1 (Figure 2C). Collectively, these findings
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Figure 1. The effects of Peimine (PM) on lipopolysaccharide (LPS)-induced acute lung injury (ALl). A. The effect of
PM on lung W/D ratio. B. The representative image of lung tissues (200x). The statistical results are presented as
mean + standard deviation (x+s, n=10 in each group). Compared with control group, “*P < 0.001; compared with

LPS group, *P < 0.05.

demonstrate that PM can attenuate the inflam-
matory response in LPS-induced ALI mice.

Pre-treatment with PM alleviated the oxidative
stress response in LPS-induced ALI mice

To further explore the potential impact of PM on
oxidative stress in ALl lung tissue induced by
LPS, MDA levels were evaluated in lung tissue.
There was a significant increase in MDA levels
in the LPS-stimulated group (P < 0.01) (Figure
3A). However, these increases were significant-
ly reduced in mice pre-treated with PM (P <
0.01). WB revealed that SOD2 levels in the lung
tissues of ALI mice induced by LPS was signifi-
cantly decreased, whereas PM pre-treatment
effectively countered this depletion of SOD2
(Figure 3B).

Pre-treatment with PM activated the Nrf2
pathway and inhibited NF-kB activation in-
duced by LPS

The genes associated with the inflammatory
response induced by LPS are critically depen-
dent on the activation of NF-kB. To investigate
the mechanisms by which PM modulates the
production of pro-inflammatory mediators, we
assessed the levels of NF-kB p65, IkBa, and
p-IkB. Figure 4A illustrates that LPS adminis-
tration significantly reduced IkBa levels and
increased p-IkBa levels. However, pretreat-
ment with PM notably mitigated these altera-
tions. Furthermore, Figure 4B demonstrates
that LPS stimulation enhanced the nuclear lev-
els of NF-kB p65, whereas PM administration
prevented the translocation of NF-kB p65 from
the cytoplasm to the nucleus compared to the
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LPS group (Figure 4C, 4D). These findings indi-
cate that PM efficiently suppresses the activa-
tion of IkBa and hinders the nuclear transloca-
tion of NF-kB p65 induced by LPS.

Pre-treatment of PM ameliorated LPS-induced
inflammation and oxidative stress

Compared to the control, PM doses exceeding
15 uM were found to moderately inhibit cell
growth and affect cell viability. Consequently,
doses of 15 uM or lower were used in subse-
quent experiments to avoid significant effects
on cell viability, as demonstrated in Figure 5A.

In RAW264.7 cells, LPS induction (100 ng/mL)
significantly increased the levels of IL-1j, IL-6,
TNF-a, MDA, and ROS. However, treatment with
PM at 5 or 15 uM significantly reduced the pro-
duction of these inflammatory mediators and
ROS (Figure 5B-D), illustrating that PM exhibits
anti-inflammatory and antioxidative effects on
LPS-induced RAW264.7 cells.

PM inhibited LPS-induced inflammation and
oxidative stress by activating the Nrf2 pathway

After treating RAW264.7 cells with the Nrf2
inhibitor ML385, the levels of IL-1[3, IL-6, TNF-«,
MDA, and ROS were increased (Figure 6A-C).
This suggests that the inhibition of the Nrf2
pathway could serve to block the antioxidant
and anti-inflammatory effects of PM.

Discussion

Acute lung injury (ALI), as well as its progression
to acute respiratory distress syndrome (ARDS),
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Figure 2. The effects of PM on LPS-induced ALI inflammation. A. The levels of IL-18, IL-6, and TNF-a in BALF were determined by ELISA. B. The levels of inflammatory
proteins in lung tissues was determined by Western blot analysis. C. The levels of HMGB1 protein in lung tissues was determined by Western blot analysis. The
statistical results are presented as mean * standard deviation (x+s, n=10 in each group). Compared with control group, “*P < 0.001; compared with LPS group, *P
< 0.05, #P < 0.01, ##P < 0.001. BALF: bronchoalveolar lavage fluid.
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Figure 3. The effects of PM on oxidative response induced by LPS in ALI. A. Effect of PM on MDA level in lung tissues.
B. The SOD2 expression in lung tissues. The statistical results are presented as mean + standard deviation (xts,
n=10 in each group). Compared with control group, ***P < 0.001; compared with LPS group, #*P < 0.05, #P < 0.01,
##P < 0.001. MDA: Malondialdehyde; SOD: Superoxide Dismutase.

has emerged as a significant life-threaten-
ing challenge in clinical settings. Traditional
Chinese medicine, recognized for its numerous
benefits in treating ALI, has emerged as a prom-
ising approach for intervention [25].

Inflammatory responses in ALl can lead to dif-
fuse pulmonary edema affecting both the lung
parenchyma and interstitium, accompanied by
widening of the gaps between endothelial cells
[26]. The W/D ratio of the lungs is a critical indi-
cator of pulmonary edema and a common
symptom of inflammation [27]. In this study, PM
significantly reduced the LPS-induced increase
in W/D ratio of the lungs in mice, indicating its
effect on improving pulmonary edema caused
by LPS. Concurrently, PM pretreatment also
ameliorated the deteriorating histopathological
changes in the lungs, indicating an improve-
ment in lung injury.

LPS can initiate and amplify the body’s inflam-
matory response, leading to the accumulation
of inflammatory cells such as neutrophils, a key
factor in the onset of ALI [28, 29]. Inflammatory
cytokines like TNF-q, IL-6, and IL-13 play crucial
roles in ALl pathogenesis by promoting inflam-
mation [30]. TNF-a acts as a pivotal multifunc-
tional cytokine involved in the pathogenesis of
AL, triggering innate immune responses by
inducing the release of other cytokines, such
as IL-6 from macrophages. IL-6 further intensi-
fies the inflammatory cascade, resulting in sig-
nificant pulmonary damage [31, 32]. In addi-
tion, IL-1B serves as an important prognostic
marker in ALI, contributing to alveolar epithelial
repair [33]. The results of this study demon-
strates a significant reduction in the levels of
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TNF-alpha, IL-6, and IL-1B in the presence of
PM, indicating that the improvement observed
in the LPS-induced ALI mouse model by PM is,
at least in part, attributable to the nega-
tive regulation of pro-inflammatory cytokine
secretion.

HMGBL1 is another molecule closely associated
with ALI. It not only promotes the activation of
infammatory cells, prompting macrophages
and neutrophils to synthesize and release
inflammatory factors, thus accelerating inflam-
mation, but also participates in oxidative stress
responses that further aggravate lung injury
[34]. These findings reveal that PM significantly
reduces the protein levels of HMGB1, suggest-
ing that PM may negatively regulate pro-inflam-
matory cytokine secretion through modulation
of HMGB1.

Oxidative stress and inflammation are often
interdependent, with numerous studies sug-
gesting that oxidative stress is directly trig-
gered by inflammatory stimulation [35]. Oxi-
dative stress typically involves an excess of
ROS, leading to increased levels of MDA. In this
study, pretreatment with PM significantly inhib-
ited the LPS-induced increase in MDA levels.
Superoxide dismutases (SODs) represent a pri-
mary defense against reactive oxygen species
(ROS) by acting as scavenging enzymes [36].
SOD2, primarily distributed in the mitochon-
dria, serves as a crucial protein for maintaining
the stability of the mitochondrial environment
by neutralizing oxygen radicals within the mito-
chondria. This protein also supports anti-apop-
totic functions in response to oxidative stress,
ionizing radiation, and inflammatory cytokines

Am J Transl Res 2024;16(10):5385-5397
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Figure 4. The effects of PM on Nrf2 and NF-kB pathways in LPS-induced ALl mice. A. PM inhibited the activation of
NF-kB. B. The inhibitory effect of PM on NF-kB nuclear translocation induced by LPS. C. Effects of PM treatment on
the expression of Nrf2 and HO-1. D. Effects of PM treatment on the mRNA expression of Nrf2, NQO1, and HO-1. The
statistical results are presented as mean % standard deviation (xts, n=10 in each group). Compared with control
group, P < 0.001; compared with LPS group, #P < 0.05, #P < 0.01, ##P < 0.001.

[37]. Similar research on the effects of curcum-
in on ventilator-induced lung injury (VILI) has
revealed that curcumin pretreatment can miti-
gate VILI by increasing Nrf2 and SOD2 levels in
lung tissue [38]. In this study, pretreatment
with PM effectively reduced the depletion of
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SOD2 and significantly increased SOD2 levels
in the lungs. This suggests that PM pretreat-
ment effectively enhances the function of the
antioxidant system, preventing oxidative tissue
damage from free radicals and maintaining nor-
mal levels of SOD2 expression.
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of PM on the secretion of IL-1, IL-6, and TNF-a from Raw264.7 cells induced by LPS. D. The representative image
of Raw264.7 cells with LPS and PM treatment (200x%). The statistical results are presented as mean + standard
deviation (x+s, n=6 in each group). Compared with control group, P < 0.001; compared with LPS group, *P < 0.05,
##p < 0.01, ##*P < 0.001.

NF-kB plays a pivotal role in numerous cellular
processes [39] and remains inactive in the
cytoplasm under unstimulated conditions. How-
ever, upon LPS stimulation, the degradation
and phosphorylation of IkBa are augmented,
ultimately leading to the release and nuclear
translocation of NF-kB [40]. Notably, NF-kB
serves as a crucial transcription factor for the
expression of various genes essential to the
inflammatory response in the lung tissue.
Consequently, targeted inhibition of the NF-kB
pathway emerges as a promising therapeutic
approach for the treatment of ALI. Additionally,
the Nrf2 pathway represents a major endoge-
nous antioxidant defense system [41] that can
inhibit the activation of the NF-kB pathway by
enhancing antioxidant defenses, thereby effec-
tively counteracting the adverse effects of
NF-kB overactivation after LPS exposure.
Disruption of the NF-kB/Nrf2 axis by LPS con-
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tributes to the onset and development of ALI
[42]. Our results demonstrate that pretreat-
ment with PM inhibits NF-kB activation while
simultaneously activating Nrf2, suggesting that
PM exerts a protective effect against LPS-
induced ALl through these mechanisms. Similar
results have been reported previously. For
instance, B-linalool, extracted from patchouli
oil, has been demonstrated to mitigate LPS-
induced ALI through the inhibition of NF-kB and
the activation of the Nrf2 signaling pathway
[43]. Furthermore, strictosamide has been
shown to alleviate LPS-induced inflammation
by targeting ERK2 and decreasing its phos-
phorylation, which in turn inhibits NF-«kB signal-
ing [44]. Macrophages, key coordinators in the
pathogenesis of ALIl, serve as the first line
of defense against airborne particles and
microbes. Their functions are traditionally clas-
sified into “M1 classically activated macro-
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Figure 6. Blocking Nrf2 pathway reversed the effects of PM on LPS-induced inflammation and oxidative stress
in Raw264.7 cells. A. Blocking Nrf2 pathway reversed the effects of PM on LPS-induced IL-1B, IL-6, and TNF-«
secretion in Raw264.7 cells. B. Blocking Nrf2 pathway reversed the effects of PM on LPS-induced MDA levels in
Raw264.7 cells. C. Blocking the Nrf2 pathway reversed the effects of PM on LPS-induced ROS levels in Raw264.7
cells, as evidenced by immune staining (200x). The statistical results are presented as mean * standard deviation
(xxs, n=6 in each group). Compared with control group, ~*P < 0.001; compared the LPS group, #*##P < 0.001.

phages (CAM)” and “M2 alternatively activated
macrophages (AAM)”. M1 macrophages are
characterized by the secretion of pro-inflamma-
tory cytokines such as IL-183, IL-6, IL-18, and
TNF-&, which promote autoimmune diseases
[45]. Our study found that PM pretreatment
suppressed the production of ROS, MDA, and
inflammatory mediators in LPS-induced Raw-
264.7 cells, exerting significant antioxidative
and anti-inflammatory effects. Importantly, PM
effectively inhibited M1 polarization in RAW-
264.7 cells, reducing excessive secretion of
IL-18, IL-6, and TNF-a. These effects were effec-
tively blocked by the Nrf2 inhibitor ML385, sug-
gesting that PM attenuates LPS-induced ALI
through Nrf2 signaling.
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In conclusion, PM exerts a protective effect
against LPS-induced ALl by inhibiting NF-kB
p65 activation, activating the Nrf2 pathway,
reducing the generation of inflammatory fac-
tors, and decreasing oxidative stress levels,
ultimately improving lung repair after injury.
These results support PM as a potential candi-
date for further development in the research of
ALl treatment.
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