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Electroacupuncture Alleviates LPS-
Induced ARDS Through o7 Nicotinic
Acetylcholine Receptor-Mediated
Inhibition of Ferroptosis

Yiguo Zhang"??, Li Zheng?", Huimin Deng?", Di Feng?, Song Hu?, Lina Zhu?,
Wenting Xu?, Wenyu Zhou?, Yu Wang?, Keting Min?, Qing Zhou?, Yuanli Chen?,
Huanping Zhou?, Hao Yang?* and Xin Lv?*

7 Graduate School, Wannan Medical College, Wuhu, China, 2 Department of Anesthesiology, Shanghai Pulmonary Hospital,
Tongji University School of Medicine, Shanghai, China

Acute respiratory distress syndrome (ARDS) is an uncontrollable, progressive pulmonary
inflammatory disease, and as a common clinical critical disease, there is no effective
treatment available. Electroacupuncture (EA) therapy is a type of traditional Chinese medicine
physiotherapy that can alleviate the inflammatory response. However, the potential mechanism
of EA in the treatment of ARDS is not yet clear. Ferroptosis is a new type of programmed cell
death characterized by intracellular iron accumulation and lipid peroxidation. Recently, emerging
evidence has shown that ferroptosis is closely related to the occurrence and development of
ARDS caused by various pathological factors. Here, we further investigated whether EA-
mediated inhibition of ferroptosis in lung tissue could attenuate lipopolysaccharide (LPS)-
induced ARDS and explored its underlying mechanisms. In this study, mice were
administered LPS intraperitoneally to establish a model of LPS-induced ARDS. We found
that EA stimulation could not only reduce the exudation of inflammatory cells and proteins in the
alveolar lumen but also significantly alleviate the pathological changes of lung tissue, inhibit the
production of proinflammatory cytokines and improve the survival rate of mice. Concurrently, we
also found that ferroptosis events occurred in the lung tissue of LPS-induced ARDS mice,
manifested by elevated iron levels, ROS production and lipid peroxidation. Intriguingly, our
results showed that EA stimulation at the Zusanli (ST36) acupoint activated o7 nicotinic
acetylcholine receptor (oe7nAchR) in lung tissue mainly through the sciatic nerve and cervical
vagus nerve, thus exerting anti-ferroptosis and pulmonary protective effects. Additionally, these
effects were eliminated by methyllycaconitine (MLA), a selective antagonist of a7nAchR. In vitro
experiments, activation of a7nAchR protected alveolar epithelial cells from LPS-induced
ferroptosis. Furthermore, our experiments showed that the pulmonary protective effects of
EA stimulation were effectively reversed by erastin, a ferroptosis activator. Collectively, we
demonstrated that EA stimulation could alleviate LPS-induced ARDS by activating o.7nAchR to
inhibit LPS-induced ferroptosis in alveolar epithelial cells. Targeting and regulating ferroptosis in
alveolar epithelial cells may be a potential intervention approach for the treatment of
LPS-induced ALI/ARDS in the future.
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Electroacupuncture Alleviates Sepsis-Induced Lung Ferroptosis

INTRODUCTION

Sepsis is a life-threatening organ dysfunction caused by excessive
inflammation in response to infection and is associated with high
morbidity and mortality. It has been reported that approximately
50% of patients suffering from sepsis will develop acute lung
injury (ALI)/acute respiratory distress syndrome (ARDS) (1, 2).
Sepsis-induced ALI/ARDS is a clinical syndrome characterized
by diffuse damage to alveolar epithelial cells and capillary
endothelial cells, resulting in increased alveolar-capillary
permeability and lung oedema, which will lead to acute
dyspnoea and hypoxemia (3). Although great progress has
been made in modern medical research, there is no effective
treatment strategy for ALI/ARDS patients, and the mortality rate
remains as high as 40% (4, 5).

Acupuncture stimulation is a type of traditional Chinese
medicine (TCM) physiotherapy with a history of thousands of
years that regulates the physiological conditions of the
corresponding internal organs by stimulating specific body
parts (acupoints) (6). Electroacupuncture (EA), as a treatment
method combining acupuncture and electrophysiological
techniques, is commonly used in clinical practice and basic
research. Recently, several studies have demonstrated that EA
treatment can decrease the production of proinflammatory
cytokines, suppress excessive inflammatory responses, and
alleviate organ dysfunction. For instance, Liu et al. (7) reported
that EA stimulation reduces the release of inflammatory factors
through neural regulation, thereby inhibiting the systemic
inflammatory response induced by endotoxin; Yang et al. (8)
confirmed that EA treatment inhibits the production of
proinflammatory factors, attenuates the inflammatory response
of the intestine and promotes gastrointestinal peristalsis. Recent
studies have also shown that EA stimulation attenuates excessive
immune responses in the lung tissue and relieves lung damage by
inhibiting the activation of the nod-like receptor pyrin domain-
containing 3 (NLRP3) inflammasome and the production of
inflammatory exosomes (9, 10). Although these studies have
shown that EA treatment exerts an anti-inflammatory impact on
ALI/ARDS induced by a variety of inflammatory diseases, the
underlying mechanism has not yet been clarified.

The vagus nerve regulates immune function and the
production of proinflammatory factors through the cholinergic
anti-inflammatory pathway. The o7 nicotinic acetylcholine
receptor (0.7nAchR), as a potential target of the cholinergic anti-
inflammatory pathway, is mainly activated by acetylcholine (Ach)
released from the axon terminals of cholinergic neurons to
regulate the immune response (8). a7nAchR is mainly expressed
on macrophages and other immune cells. Several studies have
confirmed that electrical stimulation of the left cervical vagus
nerve can reduce sepsis-induced ALI/ARDS by releasing Ach and
activating 07nAchR on immune cells (11-14). Interestingly,
o7nAchR is also expressed on alveolar epithelial cells, and
alveolar epithelial cells are a major cellular target regulated by
the cholinergic anti-inflammatory pathway (15, 16). Several
studies have confirmed that EA stimulation exerts anti-
inflammatory effects mainly by activating 07nAchR in a variety

of inflammatory diseases (8, 17-20). In addition, the inflammatory
response induced by lipopolysaccharide (LPS) can be reduced by
activating 0i7nAchR on alveolar epithelial cells (21).

Ferroptosis has been recognized as an iron-dependent and
different form of cell death from other classical types triggered by
lipid peroxidation, characterized by intracellular iron
accumulation, production of reactive oxygen species (ROS) and
impairment of the antioxidant system, including inactivation of
glutathione peroxidase 4 (GPX4) and reduced expression of the
light chain subunit SLC7A11 (also known as xCT) of the cystine/
glutamate reverse transporter xc-system, which is responsible for
the transport of cysteine and provides the raw material for the
synthesis of the reductant glutathione (GSH) (22, 23). Erastin
induces ferroptosis by specifically inhibiting SLC7A11 and
resulting in a decrease in GSH synthesis (24). Fe*" is an
essential regulator of normal physiological metabolism, which
can be combined with ferritin to form ferritin light chain and
ferritin heavy chain 1 (FTHI). In the process of ferroptosis, the
expression of FTH1 decreases and excessive iron accumulates in
the cell, which promotes the production of ROS through the
Fenton reaction, thereby facilitating the occurrence of cellular
ferroptosis events (25). More importantly, it plays an important
role to maintain the dynamic balance of the oxidation system and
antioxidant system in the body in reducing LPS-related ALI/ARDS
and improving prognosis (26).

Alveolar epithelial cells are important constituent cells of the
alveolar epithelial-endothelial barrier structure and can be
involved in the repair of the alveolar barrier structure after
damage (27). The alveolar barrier structure is the first line of
innate immune defence in the lungs, and alveolar epithelial cells
are often the most vulnerable site, causing elevated permeability
and diffuse pulmonary oedema, which in turn exacerbates the
extent of the damage in the course of acute lung injury. However,
in the course of ALI/ARDS caused by various pathological
factors, several studies have revealed the relationship between
alveolar epithelial cell injury and ferroptosis, and that inhibition
of ferroptosis in alveolar epithelial cells can alleviate lung injury.
For example, Fan et al. (28) found that melatonin inhibits
ferroptosis in epithelial cells and attenuates PM2.5-related lung
injury by regulating nuclear factor-erythroid 2-related Factor 2
(Nrf2). Xu et al. (26) reported that puerarin can suppress the
ferroptosis of lung epithelial cells and alleviate the inflammatory
response of sepsis-induced lung injury, and Xu et al. (29)
confirmed that ischaemia-reperfusion (IR)-induced lung injury
can be improved by inhibiting ferroptosis and acyl-CoA
synthetase long-chain family member 4 (ACSL4). A recent
study confirmed that EA stimulation can suppress ferroptosis
by downregulating oxidative stress and ferroptosis-related
proteins (30). It is obvious from the above studies that
ferroptosis plays an important role in the progression of lung
injury; however, the mechanism underlying the therapeutic effect
of EA stimulation on ferroptosis of alveolar epithelial cells in
LPS-induced ALI/ARDS is unclear. Thus, the purpose of this
study was to investigate whether EA stimulation can exert a
pulmonary protective effect by inhibiting ferroptosis through
activation of o7nAchR on alveolar epithelial cells.
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MATERIALS AND METHODS

Ethics Statement

All experiments and surgical procedures were approved by the
Animal Care and Use Committee of the Tongji University School
of Medicine, adhered to the recommendations in the Guide for
the Care and Use of Laboratory Animals published by the
National Institutes of Health.

Animal

C57BL/6 male mice (6-8weeks, 22-25g) were obtained from
Zhejiang Vital River Laboratory Animal Technology Co., Ltd.
(Zhejiang, China). All experimental mice were maintained in a
standard animal care room with the conditions of 12-hour light
and 12-hour dark cycle, given adequate chow and had free access
to water. The mice were adapted to the breeding environment for
one week before the start of the formal experimental study.

Electroacupuncture (EA) Intervention

Before the EA stimulation intervention, mice were anaesthetized
by inhalation of isoflurane through a small animal gas anesthesia
machine and placed on a warming pad to sustain their
temperature. EA intervention was applied at the bilateral
Zusanli (ST36) acupoints by inserting acupuncture needles at a
depth of 3 mm. The acupoint is located approximately 4 mm
below the knee joint, 1-2 mm lateral to the anterior tibial
tuberosity. Electrical stimulation was performed with the
current intensity of 0.5 mA, a frequency of 4/20 Hz and the
stimulation time of 20 minutes for 3 consecutive days by using a
HANS acupoint nerve stimulator (HANS-200A, Nanjing,
China). To investigate the effect of EA stimulation at the ST36
acupoint on LPS-induced lung injury and mortality, EA
stimulation was performed 1 hour after intraperitoneal
injection of LPS. At the same time, acupuncture needles
without electrical stimulation (OmA) were inserted into the
same acupoints as a sham EA group (SEA).

Selective Neurotomies

Selective neurotomies were conducted prior to EA stimulation
(Figure 1A). Sciatic nerve transection (SCT): The mice were
anaesthetized with isoflurane by inhalation through a small
animal gas anesthesia machine and the bilateral hindlimbs
were shaved and disinfected. The skin incision was performed
on the posterior lateral thigh of the mice. The sciatic nerve was
obtusely detached, exposed, and a 1 cm long portion of the nerve
was transected, as previously depicted by Torres-Rosas et al. (31).
For the sham group, the same surgical procedure was made, but
without disconnection after the mice were anaesthetized. Left
cervical vagotomy (LCV): It was operated as previously depicted
by Zhai et al. (32). The mice are anaesthetized and a vertical
incision was made along the midline of the neck to isolate the
thyroid gland. The carotid artery and the vagal nerve course were
observed by obtusely separating the sternocleidomastoid muscle.
The left cervical vagus nerve was fixed with a 4.0 surgical suture
and excised about 1 cm. For the sham group, mice were
anaesthetized and the same surgical procedure was performed,
but without disconnection.

LPS-Induced ALI/ARDS Model and

Drugs Treatment

The mice were randomly divided into the various groups (n=4-6
mice per group). To construct LPS-induced ALI/ARDS model in
mice, lipopolysaccharide (LPS, Escherichia coli,0111: B4; Sigma-
Aldrich, St. Louis, MO, USA) was dissolved in sterile phosphate
buffered saline (PBS) and injected intraperitoneally at a dose of 5
mg/kg. Mice in the control group were injected intraperitoneally
with equal volume of sterile PBS. For the EA treatment group, EA
stimulation was performed 1 h after LPS injection for three
consecutive days. Methylaconitine (MLA, 5 mg/kg; Tocris
Bioscience), a selective 07nAchR antagonist, was dissolved in
sterile saline and injected intraperitoneally 1h before EA
treatment (Figure 1B). The ferroptosis agonist Erastin
(15mg/kg; AdooQ Bioscience, Irvine, CA) was dissolved in 5%
dimethyl sulfoxide (DMSO)/corn oil and injected intraperitoneally
1h prior to EA treatment (Figure 1B). The selection of dose and
time for MLA and Erastin administration were based on the
results of previous studies (33, 34) and our pre-experiments. At the
selected time point (day 3 after LPS injection), all mice were
executed under anesthesia and samples were collected.

Cell Culture and Intervention

The Mouse lung epithelial cells line MLE-12 cells were obtained
from the American Type Culture Collection (ATCC) and grown
in DMEM/F12 medium (Gibco, CA, USA) containing 10% fetal
bovine serum (Gibco, CA, USA) and 1% penicillin/streptomycin
(Gibco, CA, USA). MLE-12 cells were cultured at 37°C
incubators in a humidified atmosphere of 5% CO2. We used
10ug/ml LPS to stimulate MLE-12 cells for 24h. Additionally, the
MLE-12 cells were treated with various drug interventions, such
as vehicle, PNU-282987 (30uM) and Erastin (10uM) for different
times, depending on the experimental needs. In this experiment,
one sample constituted an independent replicate, and at least
three replicates were performed for samples in each group.

Cell Viability Determination

The CCK-8 assay kit (Dojindo, Kumamoto, Japan) was used to
measure the cell viability of MLE-12 cells when they were stimulated
with different drugs according to the manufacturer’s instructions.
Cells were inoculated into 96-well plates at a density of 5000 cells
per well and treated with Erastin (10uM), LPS (10pg/ml), PNU-
282987 (30uM) or the same volume of DMSO at various time
points when cell growth reached about 60%. After 24 h, 10 ul of
working solution was added to each well of the 96-well plate and
incubated in a 37°C incubator for 2 h. Next, the absorbance at 450
nm was detected by a microplate reader (Bio-Rad, Hercules, CA).

Lung Histopathological and Injury

Score Analysis

The lung tissues of mice were fixed in 4% paraformaldehyde for at
least 24 hours and the samples were then paraffin embedded.
Paraffin blocks were sectioned at a thickness of 5 um and stained
with hematoxylin and eosin (H&E). Finally, as described previously
(35), the severity of lung injury was scored pathologically in four
main aspects: alveolar congestion, pulmonary hemorrhage,
infiltration of neutrophils in airspace or vessel wall, and the
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FIGURE 1 | Schematic diagram showing the detail of EA stimulation, surgical approach and drug treatment in LPS-induced ALI/ARDS mouse model. (A) Mice were
performed with selective neurotomy 3 days prior to LPS (5 mg/kg) administration, after which the mice were then treated with EA stimulation. (B) Mice were injected
intraperitoneally with LPS (5mg/kg) 1 h prior to MLA (5mg/kg) or erastin (15mg/kg) administration, after which the mice were then treated with EA stimulation.

thickness of alveolar wall/hyaline membrane formation. Each
scoring parameter was assessed in turn on a scale of 0 to 4: 0
(minimal injury), 1 (mild injury), 2 (moderate injury), 3 (severe
injury), and 4 (maximum injury). The sum of the four parameters
represents the final lung injury score.

Measurement of Protein Concentration
and Inflammatory Cell Count in BALF
According to our previous study (35), the bronchoalveolar lavage
fuid (BALF) samples were centrifuged at 800xg for 5 minutes.
The supernatant was collected and the protein content was
determined using the BCA protein assay kit (Thermo
Scientific, Rockford, IIl). The cell pellet was resuspended in
100uL PBS and then cells were stained with Wright-Giemsa
(Solarbio, Beijing, China) according to the manufacturer’s
protocols. The number of inflammatory cells were quantified
using a light microscope. Under the microscope, 200 cells/slice
were counted at x40 magnification.

Lung Tissue Wet/Dry (W/D) Weight

Ratio Analysis

After the mice were sacrificed, the right lung tissue was removed,
weighed and recorded as wet weight (W). Subsequently, the wet
lung tissues were placed in an oven at 80°C for 24 hours and
weighed three times at different time points chosen until the
weight no longer changed, and then their dry weight (D) was
measured. Next, the occurrence of pulmonary oedema was
evaluated by calculating the W/D ratio.

RNA Extraction and Real-Time
Quantitative PCR

Total RNA was isolated from MLE-12 cells or the lung tissues
using Trizol reagent (Invitrogen, Calif). After quantifying the
concentration and purity of RNA, the gDNA was removed and

complementary DNA synthesis was conducted using Prime
Script RT Master Mix (Takara, China). Subsequently, real-time
qPCR was conducted on a Light Cycler 480 real-time PCR
system (Roche, Rotkreuz, Switzerland) using iTaq universal
SYBR Green Super mix (Bio-Rad, Hercules, Calif). The relative
expression levels of the target genes were standardized to B-actin
and calculated by using the 27**“T method. The primer
sequences are shown in Supplementary Table 1.

Western Blot Analysis

Total protein of MLE-12 cells or the lung tissues were lysed and
extracted using RIPA lysis buffer containing a protease inhibitor,
a phosphatase inhibitor, and Phenylmethanesulfonyl fluoride
(Beyotime, Shanghai, China). Protein concentrations were
quantified using the BCA protein assay kit (Thermo Scientific,
Rockford, IlI). The target proteins were separated by 12% SDS-
PAGE and transferred to PVDF membranes (Millipore, Billerica,
Mass). Furthermore, the PVDF membranes were blocked with
5% Bovine Serum Albumin (BSA) for 1h at room temperature
and incubated overnight at 4°C with primary antibodies against
o7nAchR (1:1000, Abcam), GPX4(1:1000, Abcam), SLC7A11
(1:1000, ABclonal, Wuhan, China), FTH1(1:1000, Cell Signaling
Technology), B-actin (1:1000, Cell Signaling Technology). The
membranes were washed 3 times with TBST and then incubated
with secondary antibody (1:5000, anti-rabbit IgG, Cell Signaling
Technology) for 1h. The target proteins were measured using the
enhanced chemiluminescence (Thermo Scientific, USA) and
western blotting assay system (Bio-Rad, USA). In addition, the
relative protein expression was calculated by using Quantity One
software (Bio-Rad, USA).

Detection of ROS
Generation of ROS was detected with ROS Assay Kit (Beyotime,
China). In brief, DCFH-DA was diluted to a concentration of
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10 uM. MLE-12 cells were washed with PBS firstly and incubated
with DCFH-DA at 37°C for 20 min. After that, cells were washed
with PBS for 3 times and detected by fluorescent microscopy. In
vivo experiment, fresh lung tissues were stained with DHE for
ROS detection, which was performed as described previously
(36). The level of ROS in lung tissues (red fluorescence) was
determined by a fluorescence microscope (Olympus,
Tokyo, Japan).

Measurement of Ferroptosis-Related
Markers

Levels of Iron, the lipid peroxidation metabolite malondialdehyde
(MDA) and the reductant glutathione (GSH) were measured in
the lung tissues and MLE-12 cells by using the Iron assay kit
(Sigma-Aldrich), the MDA assay kit (Sigma-Aldrich), and the
GSH assay kit (Sigma-Aldrich), respectively, in accordance with
the manufacturer’s instructions.

Statistical Analysis

All results in this study were presented as the mean + standard
deviation (SD). Statistical analyses were performed using SPSS
17.0 software (SPSS, Chicago, Ill) and GraphPad Prism 8.0
software. To compare the differences between the two groups,
Student’s t-test was employed. However, differences between
multiple groups were compared by using a one-way ANOVA
analysis and Tukey’s post hoc test. These statistical differences
were regarded as significant at the level of p<0.05.

RESULTS

Ferroptosis Is Activated in an LPS-Induced
ALI/ARDS Model
In this study, we established an LPS-induced ALI/ARDS mouse
model by intraperitoneal injection of LPS. First, we observed the
survival rate of mice injected intraperitoneally with LPS and found
that the mice had the highest mortality rate in the first 3 days
(Supplementary Figure 1C). We then evaluated pathological
changes and acute inflammatory responses in the lung tissues on
Day 1, 2, 3 and 4 after LPS administration. The H&E staining and
lung injury score results showed that intraperitoneal LPS injection
induced significant pathological changes, including incomplete
alveolar walls, thickened alveolar septa, diffuse interstitial oedema
and inflammatory cell infiltration in the lung tissues in a time-
dependent manner, and reached their peak in the first 3 days after
injection (Supplementary Figures 1A, B, D, E). Similarly, the
mRNA expression of proinflammatory cytokines, such as
interleukin (IL)-1B and tumor necrosis factor (TNF)-¢, in the
lung tissues evidently increased in the first 3 days and
significantly decreased on Day 4 after LPS injection
(Supplementary Figures 1F, G). Therefore, a 3-day time point
was selected as the interventional time point to be used in the
following experiments (Figures 2A-G).

Next, we detected makers of ferroptosis, such as iron
accumulation, reductant GSH levels, MDA content and lipid
peroxidation levels in lung tissues after LPS administration.

As shown in this study, the GSH level in the lung tissues was
reduced after LPS injection, while intraperitoneal injection of
LPS dramatically increased the contents of malondialdehyde
(MDA), a final product of lipid peroxidation, and iron in the
lung tissues (Figures 20-Q). Furthermore, we also found that
LPS administration reduced the mRNA and protein levels of
ferroptosis negative regulators, such as GPX4, SLC7A11, and
FTH1 in the lung tissue compared with the control group
(Figures 2H-N). These results suggested that ferroptosis
events occured in an LPS-induced ALI/ARDS mouse model.

Electroacupuncture Inhibites Ferroptosis
in Lung Tissues and Alleviates LPS-
Induced ALI/ARDS

We next sought to assess the therapeutic effect of EA on LPS-
induced ferroptosis and ALI/ARDS in the lung tissues
(Figure 3A). The results showed that the downregulated
GPX4, SLC7A11 and FTHI mRNA and protein levels in the
lung tissues of LPS-challenged mice were all increased after EA
treatment; however, sham EA treatment had no significant effect
on GPX4, SLC7A11 and FTH1 mRNA and protein levels in the
lung tissues of LPS-challenged mice (Figures 3B-H). Moreover,
as shown in the results, EA treatment remarkably mitigated the
LPS-induced upregulation of iron and MDA contents and
increased the level of GSH in the lung tissues of LPS-treated
mice but not sham EA treatment (Figures 3I-K). We also found
that after LPS injection, the production of ROS in the lung tissues
was increased, while EA treatment markedly inhibited LPS-
induced ROS accumulation in the lung tissues (Figure 3T).
The H&E staining results clearly showed that after treatment
with LPS, acute inflammatory responses, such as interstitial
oedema, pulmonary architecture destruction and inflammatory
cell infiltration, were observed in the lung tissues; however, the
aforementioned pathological changes in the lung were evidently
attenuated following EA intervention but not by sham EA
(Figure 3L). In addition, the lung injury score and W/D ratio
were also significantly decreased after EA treatment
(Figures 3M, N). By analysing the BALF results, we found that
EA intervention significantly reduced the total protein
concentration in BALF and reduced inflammatory cell
exudation in mice injected intraperitoneally with LPS but not
sham EA treatment (Figures 30, P). We next examined the gene
expression of proinflammatory cytokines in lung tissues by real-
time qPCR and found that both IL-1f and TNF-o. mRNA
expression was significantly upregulated in the lung tissues of
LPS-treated mice and that EA treatment effectively reduced the
gene expression of these two proinflammatory cytokines,
whereas sham EA treatment did not produce a significant anti-
inflammatory effect (Figures 3Q, R). We also verified the role of
EA in improving the survival of LPS-induced ALI/ARDS mice.
The results showed that EA could improve the survival rate of
mice injected intraperitoneally with LPS (Figure 3S). These data
confirmed that EA stimulation at the ST36 acupoint could
effectively inhibit ferroptosis in lung tissues, alleviated the
pulmonary inflammation response and improved the survival
rate in LPS-induced ALI/ARDS mice.
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SLC7A11 (M) and FTH1 (N) in the lung tissues were detected by real-time gPCR (n = 4). The contents of Iron (0), GSH (P) and MDA (Q) in lung tissues (n = 4).
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EA Suppresses Ferroptosis in Lung
Tissues and Alleviates LPS-Induced ALI/
ARDS by Activating a7nAchR

Previous studies have demonstrated that o7nAchR played an
important role in vagal-mediated cholinergic anti-inflammatory
pathways, a7nAchR activation was involved in the protective

effect of EA stimulation in ALI/ARDS (19, 37). We next
investigated whether EA could alleviate LPS-induced ferroptosis
in lung tissues by activating o7nAchR (38). The western blot results
showed that EA could upregulate the protein expression of
o7nAchR in the lung tissues of LPS-treated mice, while the EA-
induced upregulation of the expression of o7nAchR protein was
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FIGURE 3 | Inhibition of ferroptosis by EA stimulation alleviates LPS-induced ARDS. The mice were injected intraperitoneally with LPS (5mg/kg) for 1 hour followed by EA
stimulation at the bilateral Zusanli (ST36) acupoints (A), 20min/day, three days and then the lung tissues were harvested. (B-H) The relative mRNA and protein levels of
GPX4, SLC7A11, and FTH1 were determined by real-time gPCR and westemn blotting, respectively (n = 4). The contents of Iron (I), GSH (J) and MDA (K) in lung tissues
(n = 4). (L) The representative H&E staining of lung tissue sections (scale bar, 50 um). (M) The lung injury score analysis (n = 4). (N) The wet/dry ratio of lung tissues (n = 4).
(O) The protein concentration in BALF (n = 4). (P) The number of inflammatory cells in BALF (n = 4). The IL-1B (Q) and TNF-a (R) mRNA levels in lung tissues were
determined by real-time gPCR (n = 4). (S) The survival rate of mice (n =10). (T) The ROS level in lung tissues were evaluated by DHE staining (scale bar, 50 um). Data are
expressed as mean + SD. *p < 0.05, *p < 0.01 and **p < 0.001 indicate significant differences from each group. ns, no significance.

significantly inhibited by methyllycaconitine (MLA), a selective
07nAchR antagonist (Figures 4A, B). Concurrently, MLA also
dampened the upregulation of GPX4, SLC7Al11 and FTHI1
expression by EA in the lung tissues of LPS-treated mice
(Figures 4A, C-H). As shown in the results, in the LPS-induced
ALI/ARDS model, EA treatment significantly reduced the levels of
iron, MDA and ROS in the lung tissues and increased the content of
GSH, but these regulatory effects were effectively suppressed by
MLA (Figures 4I-K, R). H&E staining further revealed that EA
treatment markedly inhibited inflammatory cell infiltration,
alleviated lung injury, and reduced lung injury scores in LPS-
injected mice, while MLA eliminated this protective effect of EA
(Figures 4L, M). MLA also inhibited the therapeutic effect of EA on
the exudation of proteins and inflammatory cells in the BALF of
LPS-injected mice (Figures 4N, O). Pretreatment with MLA
weakened the suppressive effect of EA on the gene expression of
IL-1f and TNF-o in lung tissues of LPS-injected mice

(Figures 4P, Q). These results confirmed that EA treatment
inhibited LPS-induced ferroptosis in lung tissues by
activating o7nAchR.

The Pulmonary Protective Effect of EA Is
Eliminated by Sciatic Nerve Transection
The ST36 acupoint is located near the branches of the sciatic
nerve, such as the common peroneal nerve and tibial nerve. To
explore whether the sciatic nerve is essential for the
antiferroptotic effect of EA in lung tissues, we performed
sciatic nerve transection. Compared with the EA group, the
EA-induced elevation of GPX4, SLC7A11 and FTHI1 protein
and mRNA expression in the lung tissues of LPS-injected mice
was significantly inhibited by bilateral sciatic nerve transection
(Figures 5A, C-H). We also found that EA stimulation failed to
upregulate 07nAchR protein expression in the lung tissues of
LPS-injected mice after bilateral sciatic nerve transection
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(Figures 5A, B). As shown in the results, both the reduction in
iron and MDA levels and the upregulation of GSH content in the
lung tissues of LPS-injected mice evoked by EA stimulation were
significantly affected by bilateral sciatic nerve transection
(Figures 5I-K). In addition, after bilateral sciatic nerve
transection, the inhibitory effect of EA on the" production of
ROS in lung tissues after LPS stimulation was almost eliminated
(Figure 5R). We also found no improvement in the symptoms of
lung injury and no reduction in lung injury scores in LPS-
injected mice after bilateral sciatic nerve transection (Figures 5L,
M). The results of the BALF analysis further suggested that EA-
induced inhibition of protein exudation and inflammatory cell
infiltration in the lung tissues of LPS-injected mice was evidently
eliminated by bilateral sciatic nerve transection (Figures 5N, O).
As shown in this study, real-time qPCR detection revealed that
EA treatment failed to suppress the gene expression levels of the
inflammatory factors IL-1f and TNF-o. in LPS-stimulated lung
tissues after bilateral sciatic nerve transection (Figures 5P, Q).
The above evidence indicated that the sciatic nerve was essential
for the antiferroptotic effect of ST36 acupoint EA stimulation in
LPS-induced ALI/ARDS.

ROS

Merge

FIGURE 4 | EA suppresses ferroptosis in lung tissue and alleviates LPS-induced ALI/ARDS by activating o.7nAchR. The mice were injected intraperitoneally with
MLA (5mg/kg) after LPS (5mg/kg) administration for 1 hour followed by EA stimulation, 20min/day, three days. (A-H) The relative mRNA and protein levels of
a7nAchR, GPX4, SLC7A11, and FTH1 in lung tissues were examined by real-time gPCR and western blotting, respectively (n = 4). The contents of Iron (I), GSH (J)
and MDA (K) in lung tissues (n = 4). (L) The representative H&E staining of lung tissue sections (scale bar, 50 um). (M) The lung injury score analysis (n = 4). (N) The
protein concentration in BALF (n = 4). (O) The number of inflammatory cells in BALF (n = 4). The mRNA expression of IL-1B (P) and TNF-a (Q) in lung tissues (n =
4). (R) The ROS level in lung tissues were evaluated by DHE staining (scale bar, 50 um). Data are expressed as mean + SD. *p < 0.05, **p < 0.01 and **p < 0.001

The Vagus Nerve Is Involved in the
Pulmonary Protective and Antiferroptotic
Effects of EA in LPS-Induced ALI/ARDS
Numerous studies have shown that the vagal nerve-mediated
cholinergic anti-inflammatory pathway is responsible for
regulating immune functions and the inflammatory response,
and EA stimulation at the sciatic nerve, such as the ST36
acupoint, controls systemic inflammation and attenuates organ
dysfunction by inducing vagal activation (7, 19, 31, 39). To explore
whether the vagal nerve is involved in the protective effect of EA
on LPS-induced ferroptosis in mice, we performed a left cervical
vagotomy before intraperitoneal injection of LPS (8). Compared
with the EA group, we found that the expression of 07nAchR
protein was not elevated in the lung tissues of LPS-injected mice
with left cervical vagotomy after EA treatment (Figures 6A, B). In
addition, the effect of EA on the protein and mRNA expression of
GPX4, SLC7A11 and FTHI in the lung tissues of LPS-injected
mice was significantly inhibited after left cervical vagotomy
(Figures 6A, C-H). As shown in the results, both the reduction
in iron and MDA levels and upregulation of GSH content in the
lung tissues of LPS-injected mice evoked by EA stimulation were
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FIGURE 5 | The pulmonary protective effect of EA is eliminated by sciatic nerve transection. Mice were performed with sciatic nerve transection 3 days prior

to LPS (56 mg/kg) administration, after which the mice were then treated with EA stimulation, 20min/day, three days. (A-H) The relative mRNA and protein levels of
a7nAchR, GPX4, SLC7A11, and FTH1 in lung tissues were examined by real-time gPCR and western blotting (n = 4). The contents of Iron (I), GSH (J) and MDA
(K) in lung tissues (n = 4). (L) H&E staining of lung tissue sections (scale bar, 50 um). (M) The lung injury score analysis (n = 4). (N) The protein concentration in
BALF (n = 4). (O) The number of inflammatory cells in BALF (n = 4). The mRNA expression of IL-18 (P) and TNF-a (Q) in lung tissues were examined by real-time
gPCR (n = 4). (R) The ROS level in lung tissues were evaluated by DHE staining (scale bar, 50 um). Data are expressed as mean + SD."p < 0.05, *p < 0.01 and

suppressed by left cervical vagotomy (Figures 6I-K). Consistently,
the inhibitory effect of EA on LPS-induced ROS production in
lung tissues was almost eliminated by left cervical vagotomy
(Figure 6R). Next, H&E staining, lung injury scores and BALF
analysis showed that left cervical vagotomy abolished the effects of
EA in alleviating the pulmonary inflammatory response,
decreasing lung injury scores, and suppressing protein exudation
and inflammatory cell aggregation (Figures 6L-0). As shown in
this study, after left cervical vagotomy, EA treatment failed to
inhibit the gene expression of the proinflammatory factors IL-13
and TNF-o in the lung tissues of LPS-injected mice (Figures 6P,
Q). The above results suggested that EA stimulation at the ST36
acupoint effectively inhibited LPS-induced ferroptosis and reduced
the inflammatory response in lung tissues via activation of the
vagal nerve.

EA Treatment Attenuates LPS-Induced
ALI/ARDS by Inhibiting Ferroptosis

We further investigated whether EA treatment mitigated LPS-
induced ALI/ARDS by attenuating ferroptosis. Erastin, an inducer
of ferroptosis, was applied in this study. As shown in the figures,
erastin significantly hampered EA treatment-induced upregulation

of GPX4, SLC7A1l and FTHI expression and GSH levels and
reversed EA treatment-induced downregulation of the levels of
MDA, iron and ROS in the lung tissues of LPS-injected mice
(Figures 7A-J, Q). Erastin also effectively abolished the protective
effect of EA on LPS-induced lung injury, with the main pathological
features being widened alveolar septa, haemorrhage in lung tissues
and massive inflammatory cell infiltration (Figures 7K, L). The
results of BALF analysis indicated that after treatment with erastin,
EA intervention failed to reduce the protein content and the total
number of inflammatory cells in BALF (Figures 7M, N). We
further detected the gene expression of IL-1B and TNF-o in lung
tissues and found that erastin treatment reversed the inhibitory
effect of EA on LPS-induced ALI/ARDS and the upregulation of
inflammatory factor expression (Figures 70, P). These results
suggested that EA treatment mitigated LPS-induced ALI/ARDS
by attenuating ferroptosis.

Activating a7nAchR Protects Against
LPS-Induced Damage and Ferroptosis in
MLE-12 Cells

Alveolar epithelial cells are the essential component of the
alveolar epithelial-endothelial barrier and may be firstly
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FIGURE 6 | The pulmonary protective and antiferroptotic effects of EA were eliminated by left cervical vagotomy in LPS-induced ALI/ARDS. Mice were performed with
cervical vagotomy 3 days prior to LPS (5 mg/kg) administration, after which the mice were then treated with EA stimulation, 20min/day, three days. (A-E) The relative protein
levels of a7nAchR, GPX4, SLC7A11, and FTH1 in lung tissues were examined by western blotting (n = 4). The mRNA expression of GPX4 (F), SLC7A11 (G) and FTH1 (H)
in lung tissues were examined by real-time gPCR (n = 4). The contents of Iron (I), GSH (J) and MDA (K) in lung tissues (n = 4). (L) H&E staining of lung tissue sections (scale
bar, 50 um). (M) The lung injury score analysis (n = 4). (N) The protein concentration in BALF (n = 4). (O) The number of inflammatory cells in BALF (n = 4). The IL-1f (P) and
TNF-a. (Q) mRNA levels in lung tissues were examined by real-time gPCR (n = 4). (R) The ROS level in lung tissues were evaluated by DHE staining (scale bar, 50 um). Data

are expressed as mean + SD. *p < 0.05, *p < 0.01 and **

affected by ARDS. Excessive damage to alveolar epithelial cells
could lead to an increase in alveolar-capillary permeability and
cause pulmonary oedema (40-42). In addition, several studies
have shown that ferroptosis occurs in alveolar epithelial cells
following LPS stimulation (26, 43). To further investigate the role
of the at7nAchR-mediated signalling pathway in LPS-induced
ferroptosis in alveolar epithelial cells, the highly selective
o7nAchR agonist PNU-282987 and the ferroptosis inducer
erastin were used in vitro. As expected, PNU-282987
significantly elevated the protein expression of o7nAchR in
LPS-treated mouse alveolar epithelial cells (MLE-12)
(Figures 8A, B). The results in the figure revealed that PNU-
282987 significantly inhibited LPS-induced MLE-12 cell injury,
manifested by the increased expression of GPX4, SLC7A11 and
FTHI and the increased levels of cell viability and GSH
(Figures 8A, C-J). The contents of MDA and ROS in LPS-
treated MLE-12 cells were also decreased by PNU-282987
(Figures 8K, N). Similarly, after pretreatment with erastin, the
antiferroptotic effect of PNU-282987 was eliminated in LPS-
treated MLE-12 cells. In addition, the inhibitory effect of PNU-
282987 on the LPS-induced inflammatory response in MLE-12

0 < 0.001 indicate significant differences from each group. ns, no significance.

cells was also reversed by erastin, as evidenced by a significant
increase in IL-1B and TNF-o levels (Figures 8L, M). These
results suggested that activation of a7nAchR relieved the
inflammatory response and protected alveolar epithelial cells
from LPS-induced ferroptosis.

DISCUSSION

In the present study, we explored the pulmonary protective effect
of EA treatment and its potential mechanism in LPS-induced
ferroptosis of alveolar epithelial cells. We revealed for the first
time that EA stimulation of the ST36 acupoint could significantly
attenuate LPS-induced lung injury by inhibiting ferroptosis in
lung tissues through activation of a7nAchR. More importantly,
the inhibitory effects of EA on both the inflammatory response
and ferroptosis in LPS-induced ALI/ARDS were dependent on
the sciatic nerve and cervical vagus nerve. Moreover, our in vitro
experiments also showed that activation of 07nAchR attenuated
the inflammatory response and protected LPS-treated lung
epithelial cells from ferroptosis. Collectively, the present study
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FIGURE 7 | EA stimulation alleviates LPS-induced ALI/ARDS by inhibiting ferroptosis. Mice were injected intraperitoneally with LPS (5mg/kg) 1 h prior to erastin
(15mg/kg) administration, after which the mice were then treated with EA stimulation, 20min/day, three days. (A-G) The relative mRNA and protein levels of GPX4,
SLC7A11 and FTH1 in lung tissues were examined by real-time gPCR and western blotting (n = 4). The contents of Iron (H), GSH (I) and MDA (J) in lung tissues

(n = 4). (K) The lung injury score analysis (n = 4). (L) H&E staining of lung tissue sections (scale bar, 50 um). (M) The protein concentration in BALF (n = 4). (N) The
number of inflammatory cells in BALF (n = 4). The IL-1B (O) and TNF-a (P) mRNA levels in lung tissues were examined by real-time gPCR (n = 4). (Q) The ROS level
in lung tissues were evaluated by DHE staining (scale bar, 50 um). Data are expressed as mean + SD. *p < 0.05, **p < 0.01 and ***p < 0.001 indicate significant

suggested that EA stimulation at the ST36 acupoint inhibited
ferroptosis in alveolar epithelial cells by activating ot7nAchR via
the sciatic nerve and cervical vagus nerve, and might be a
potential mechanism by which EA treatment alleviates LPS-
induced ALI/ARDS.

o7nAchR is a target of a cholinergic anti-inflammatory
signalling pathway that is widely expressed on the surface of
alveolar epithelial and immune cells and is activated primarily by
the release of acetylcholine from vagal efferent nerves (44).
Previous studies have demonstrated that EA treatment can
exhibit potent organ protective effects in various disease
conditions, such as postoperative ileus (8), doxorubicin-
induced cardiotoxicity (45), cerebral IR injury (46), and
hepatic IR injury (47), and this protective role of EA
stimulation is mostly dependent on the activation of o7nAchR.
It is worth noting that the therapeutic effects of EA therapy on a
variety of organs are directly related to multiple signalling
pathways mediated by a7nAchR, in which the a7nAchR-
mediated Janus kinase 2 (JAK2)/signal transducer and
activator of transcription 3(STAT3) signalling pathway (48),
high-mobility group Box 1(HMGB1)/nuclear factor-«xB (NF-
kB) signalling pathway (49), and NLRP3 signalling pathway
(18) have been regarded as significantly associated with the
organ-protective effects of EA treatment. In the present study,
we found that EA could upregulate the expression of ot7nAchR
to inhibit the production of proinflammatory factors, reduce

protein and inflammatory cell exudation in the alveolar lumen,
and improve histopathological changes in lung tissues, thereby
alleviating LPS-induced ALI/ARDS. However, the pulmonary
protective effect of EA stimulation was reversed with the
application of the o7nAchR-specific antagonist MLA. In
addition, in vitro experiments, we found that activation of
o7nAchR on alveolar epithelial cells reduced the production of
proinflammatory factors and enhanced cell viability.

Iron is an essential element for maintaining normal
physiological conditions, including haematopoiesis, synthesis of
many enzymes, immune regulation and energy metabolism.
However, intracellular iron accumulation also has toxic effects in
terms of biological function, generating large amounts of oxygen
free radicals, which in turn cause damage to intracellular DNA,
proteins, and cell organelles (50). Ferroptosis is a nonapoptotic
form of regulated cell death that is characterized by intracellular
iron overload and lipid peroxidation product accumulation.
Notably, ferroptosis has been shown to occur in the lung tissues
of LPS-stimulated mice and alveolar epithelial cells (26). In this
study, we demonstrated that ferroptosis was significantly activated
in LPS-induced ALI/ARDS mice with elevated Fe** and MDA
levels, reduced levels of the reducing agent GSH, and
downregulated gene and protein expression of GPX4, SLC7A11
and FTH1. Recent studies have further confirmed that inhibition
of ferroptosis in alveolar epithelial cells attenuates lung injury and
thus protects the lung barrier structure. Dong et al. (51) proved
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FIGURE 8 | Activating o.7nAchR protects against LPS-induced damage and ferroptosis in MLE-12 cells. MLE-12 cells were treated with erastin (10 uM) 3 h prior to
LPS (10 ug/ml) treatment, after which the MLE-12 cells were then treated with PNU-282987 (30 uM). (A) The protein expression levels of a7nAchR (B), GPX4 (C),
SLC7A11 (D) and FTH1 (E) in MLE-12 cells were examined by westing blotting. The mRNA expression levels of GPX4 (F), SLC7A11 (G), FTH1 (H), IL-1p (L) and
TNF-o (M) in MLE-12 cells were examined by real-time gPCR (n = 6). (l) Cell viability was detected by an CCK8 assay (n = 6). The cellular contents of GSH (J) and
MDA (K) (n = 6). (N) The cellular ROS level in MLE-12 cells were evaluated by ROS Assay Kit (scale bar, 50 um). Data are expressed as mean + SD. *p < 0.05,

**p < 0.01 and **p < 0.001 indicate significant differences from each group. ns, no significance.

that Nrf2 can inhibit ferroptosis by upregulating the levels of
telomerase reverse transcriptase (TERT) and SLC7A11, and then
attenuate lung injury induced by intestinal ischemia-reperfusion.
Peng et al. (43) revealed that Jumonji domain containing protein-3
(JMJD3) deficiency alleviates LPS-induced ALI/ARDS by
promoting Nrf2 expression to inhibit the ferroptosis of alveolar
epithelial cells. Consistent with previous findings, our
experimental results revealed that EA stimulation at the ST36
acupoint significantly inhibited ferroptosis and attenuated
LPS-induced ALI/ARDS. Additionally, in LPS-treated MLE-12
cells, we found that LPS stimulation downregulated the
expression of GPX4, SLC7A11 and FTHI, increased the levels
of MDA and ROS, and reduced the content of GSH. However,
the administration of the o7nAchR agonist PNU-282987
inhibited the occurrence of LPS-triggered ferroptosis events.
We also found that application of the ferroptosis agonist erastin
reversed the inhibitory effect of a7nAchR activation on
ferroptosis in vivo and in vitro experiments, which further
demonstrated that EA stimulation exerted a pulmonary
protective effect through o7nAchR-mediated inhibition of
LPS-induced ferroptosis.

Previous studies have shown that EA treatment can exert
anti-inflammatory and antioxidative stress effects, which in turn

protect vital organ function (52, 53). However, it is unclear how
EA stimulation at the ST36 acupoint remotely modulates the
functional state of the organs. Our results showed that EA
stimulation at the ST36 acupoint remarkably inhibited LPS-
induced ferroptosis events and attenuated the pulmonary
inflammatory response. The ST36 acupoint at the hind limb
region is mainly located near the sciatic nerve and its branches,
and previous studies have demonstrated that the stimulatory
signal from EA stimulation may be transmitted into the spinal
cord and brain via sciatic afferent nerve fibres. Interestingly, our
results found that surgical severance of the bilateral sciatic nerve
effectively eliminated the inhibitory effect of EA on LPS-triggered
ferroptosis events in lung tissues, which was mainly manifested
in the downregulation of the expression of GPX4, SLC7A11 and
FTHI, the elevation of iron, MDA and ROS levels, and the
reduction of reductant GSH content. Additionally, sciatic nerve
transection abolished the mitigating effect of EA on the LPS-
induced pulmonary inflammatory response. Thus, it was further
confirmed that the anti-ferroptosis and pulmonary protective
effects of EA treatment in LPS-induced ALI/ARDS act through
the sciatic nerve. The vagus nerve is the predominant
parasympathetic nerve connecting the brain with most internal
organs, and studies have shown that the vagus nerve is the major

Frontiers in Immunology | www.frontiersin.org

February 2022 | Volume 13 | Article 832432


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Zhang et al.

Electroacupuncture Alleviates Sepsis-Induced Lung Ferroptosis

innervating nerve of the pulmonary airway, acting as a bridge
between the central nervous system and the lung (54). To
investigate whether the vagus nerve is involved in regulating
the transmission of stimulatory signals at the ST36 acupoint into
the lungs, our data further confirmed that surgical severance of
the left cervical vagus nerve almost completely abolished the
inhibitory effect of EA on LPS-induced ferroptosis events and the
pulmonary inflammatory response. Therefore, these results
suggest that sciatic nerve activity and vagal nerve stimulation
induced by EA treatment may share a common set of neural
codes to modulate the functional state of the lungs.

In conclusion, our results revealed for the first time that EA
stimulation at the ST36 acupoint inhibits LPS-induced
ferroptosis of alveolar epithelial cells through activation of
07nAchR, attenuating the pulmonary inflammatory response
and thereby alleviating LPS-induced ALI/ARDS.
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