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Lidocaine attenuates hypoxia/reoxygenation-induced
inflammation, apoptosis and ferroptosis in lung epithelial
cells by regulating the p38 MAPK pathway

XIAOJUN MA', WETHUA YAN? and NA HE®

Departments of 1Anesthesiology and 2Pathology, Affiliated Hospital of Qingdao University, Qingdao, Shandong 266003;

3Department of Anesthesiology, Affiliated Hospital of Inner Mongolia Medical University,
Hohhot, Inner Mongolia 010000, P.R. China

Received June 24,2021; Accepted November 22,2021

DOI: 10.3892/mmr.2022.12666

Abstract. Lung ischemia-reperfusion (I/R) injury poses a
serious threat to human health, worldwide. The current study
aimed to determine the role of lidocaine in A549 cells, in addi-
tion to the involvement of the p38 MAPK pathway. Oxygen
deprivation/reoxygenation-induced A549 cells were utilized
to simulate I/R injury in vitro. Cell viability and apoptosis
were detected using MTT and TUNEL assays, respectively.
The levels of IL-6, IL-8, TNF-a, malondialdehyde (MDA),
superoxide dismutase (SOD), glutathione peroxidase, iron
and reactive oxygen species (ROS) were measured using
corresponding commercial kits. The corresponding protein
expression levels were also measured using western blotting.
Moreover, a monolayer cell paracellular permeability assay
was performed to determine the permeability of A549 cells.
The results demonstrated that, whilst lidocaine had no influ-
ence on untreated A549 cells, it significantly increased the
viability of hypoxia/reoxygenation (H/R)-induced A549 cells.
A549 cell apoptosis and the release of inflammatory cytokines
in the H/R group were decreased after the addition of lido-
caine. When compared with the H/R group, increased MDA
level and decreased SOD level were observed in H/R-induced
A549 cells following lidocaine treatment. In addition, the
permeability of H/R-induced A549 cells was markedly
decreased following lidocaine treatment. Compared with
the H/R group, the expression levels of tight junction and
ferroptosis-related proteins were significantly upregulated by
lidocaine, whereas the expression of transferrin was down-
regulated. However, p79350, an agonist of p38, reversed the
effects of lidocaine on H/R-induced A549 cells. In conclusion,
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lidocaine exerted a protective role in HR-induced lung epithe-
lial cell injury, which may serve as a potential agent for the
treatment of patients with lung I/R injury.

Introduction

Ischemia-reperfusion (I/R) injury poses a great threat to the
survival of grafts and recipients, leading to an increase in the
morbidity and mortality of patients (1). Lung I/R injury (LIRI)
usually occurs in various clinical situations, including cardiac
arrest, trauma, pulmonary thrombosis, lung transplantation
and cardiopulmonary bypass surgery (2,3). Respiration failure
as a result of LIRI may cause related acute lung injury (ALI)
or acute respiratory distress syndrome (4). At present, the most
effective therapeutic targets and the most promising treatments
for LIRI are still awaiting clinical trial (5). Thus, the identifica-
tion and exploration of targets or drugs with high efficacy to
treat LIRI is urgently required.

Lidocaine is a local anesthetic that exerts efficacy within
1-3 min after administration, with an anesthetic effect that
lasts for 1-3 h (6). In clinical practice, it is used to treat
arrhythmia and is the first line of treatment for patients with
ventricular tachycardia and tremor (7,8). The current evidence
has demonstrated that treatment with lidocaine eliminates
severe arrhythmia and prevents heart death in an in vivo rat
model of acute myocardial I/R (9). Chen et al (10) reported that
the injection of lidocaine into the hepatoduodenal ligament of
rats could protect against I/R-induced liver injury. In addi-
tion, Lei et al (11) reported that low-dose lidocaine protected
against transient focal cerebral ischemia in a rat model. From
these studies, it is clear that lidocaine serves a protective role in
numerous types of I/R injury in different tissues. However, the
effects of lidocaine on LIRI remain unclear and the methods
for LIRI prevention and treatment are yet to be elucidated.

Ferroptosis is a newly discovered type of cell death,
which has distinct properties and functions related to physical
conditions or various diseases (12), such as tumors, kidney
injury and IRI. It has been demonstrated that the inhibition of
ferroptosis can effectively protect against IRI (13). Previous
studies have also revealed that blocking ferroptosis greatly
alleviates cardiomyopathy and that targeting ferroptosis
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could effectively treat fatal heart-related diseases (12,13). For
example, targeting ferroptosis in cardiomyocytes can alleviate
sepsis-induced cardiac injury (14). Of note, it has also been
reported that lidocaine could promote ferroptosis via the
microRNA (miR)-382-5p/cystine/glutamate transporter axis
in ovarian and breast cancer cells (15). However, whether
ferroptosis is involved in the development of LIRI and whether
ferroptosis is also regulated by lidocaine during LIRI remain
unclear.

The p38 MAPK signaling pathway participates in a large
number of different biological effects (16). For example, the
p38 pathway can respond to inflammatory stimuli to maintain
cellular homeostasis in different tissues (17). The p38 pathway
alsoregulates apoptosis and autophagy homeostasis in response
to chemotherapeutic agents (18). Various studies have revealed
that the regulation of p38 MAPK may partially prevent the
occurrence of IRI. For instance, Rutaecarpine inhibits oxida-
tive stress by suppressing the INK/p38 MAPK signaling
pathway, thereby attenuating renal IRI in rats (19). Apelin
improves IRI-induced diabetic myocardium by suppressing
apoptosis and oxidative stress through PI3K and P38-MAPK
signaling pathways (20). Fibronectin-a4f1 ameliorates hepatic
cold ischemia and reperfusion injury by regulating MMP-9
and MT1-MMP via the p38 MAPK pathway (21). In addition,
lidocaine has been verified to protect against I/R-induced brain
injury by regulating the p38 MAPK signaling pathway (22).
Lidocaine also relieved LPS-induced lung injury by blocking
the p38 MAPK signaling pathway in an in vivo rat model of
ALI (23). Thus, it was hypothesized that lidocaine may protect
against LIRI by blocking the p38 MAPK signaling pathway.

The current study aimed to determine the protective
role and underlying mechanisms of lidocaine on hypoxia/
reoxygenation (H/R)-induced LIRI.

Materials and methods

Cell culture and treatment. Human type II alveolar epithelial
cells (A549; cat. no. BNCC337696) were purchased from the
BeNa Culture Collection (Beijing Beina Chunglian Institute
of Biotechnology) and cultured in DMEM (Gibco; Thermo
Fisher Scientific, Inc.) containing 10% FBS (Gibco; Thermo
Fisher Scientific, Inc.), and 1% antibiotics (100 U/ml peni-
cillin and 100 mg/ml streptomycin; Gibco; Thermo Fisher
Scientific, Inc.) at 37°C in a humidified atmosphere with
5% CO,. Lidocaine (cat. no. HY-B0185; MedChemExpress) at
different doses (0.5, 1, 5 and 10 mM) was then administered
to A549 cells at room temperature for 24 h. To explore the
underlying mechanism of lidocaine (10 mM), p79350 (50 #M;
Invitrogen; Thermo Fisher Scientific, Inc.), an agonist of p38,
was adopted to treat A549 cells at room temperature for 1 h.

Lung I/R injury model construction. To simulate lung I/R
injury in vitro, A549 cells were cultured under hypoxic
conditions (1% O,, 5% CO, and 94% N,) at 37°C for 24 h.
Afterwards, cells were exposed to reoxygenation (5% CO, and
95% air) for 4 h (24).

MTT assay. To increase the reliability of subsequent experi-
ments, the effects of different concentrations of lidocaine
on the viability of A549 cells and H/R-induced A549 cells

were detected using MTT. A549 cells were inoculated
into 96-well plates at a density of 1x10* cells/well for 24 h.
Cells were then exposed to 10 ul MTT solution (Beyotime
Institute of Biotechnology) in accordance with the manufac-
turer's protocol, and incubated at 37°C for an additional 4 h.
Subsequently, 200 ml DMSO was added and the absorbance
was detected using a microplate at a wavelength of 490 nm.

TUNEL assay. The effect of different concentrations of
lidocaine (0.5, 1, 5 and 10 mM) on H/R-induced A549 cell
apoptosis was assessed using a TUNEL assay (Beyotime
Institute of Biotechnology) in accordance with the manu-
facturer's protocol. Cells (1x10° cells/well) were fixed with
4% paraformaldehyde for 30 min at room temperature, and
incubated with 0.3% Triton X-100 for 5 min, followed by
incubation with 50 ul TUNEL reaction reagent at 37°C for 1 h.
After staining with 0.5 yg/ml of DAPI for 10 min at room
temperature, TUNEL-positive cells randomly selected from
five fields of view were imaged using a fluorescence micro-
scope with antifade mounting medium (Beyotime Institute of
Biotechnology; magnification, x200).

ELISA. ELISA was employed to determine the release of
various inflammatory cytokines from the cell supernatants
of H/R-induced A549 cells (5x10° cells/well), including IL-6
(cat. no. SQ6000B), IL-8 (cat. no. Q8000B) and TNF-a. (cat.
no. STAOOD; all from R&D Systems, Inc.). Optical density
was recorded at 450 nm using a microplate reader (Bio-Rad
Laboratories, Inc.).

Malondialdehyde (MDA), superoxide dismutase (SOD) and
glutathione peroxidase (GSH-Px) measurement. The levels
of MDA (cat. no. A003-1-2), SOD (cat. no. A001-3-2) and
GSH-Px (cat. no. A005-1-2) in cell suspensions were measured
using assay kits (all from Nanjing Jiancheng Bioengineering
Institute), according to the manufacturer's specifications.

Iron and reactive oxygen species (ROS) level measurement.
The intracellular Fe®* level and ROS level in cells
was detected using an iron colorimetric assay kit (cat.
no. K390-100; BioVision, Inc.) (25) and a fluorescent probe
2'/7'-Dichlorodihydrofluorescein diacetate (DCFH-DA;
Beyotime Institute of Biotechnology) according to the
manufacturer's protocol, respectively.

Monolayer cell paracellular permeability assay. The mono-
layer cell permeability assay was performed using Transwell
apparatus. H/R-induced A549 cells (5x10* cells/well) were
inoculated on Transwell polyester membrane cell culture
inserts in a 24-well plate. Samples were then incubated at
37°C in a humidified atmosphere containing 5% CO,. Within
20-21 days, A549 cells with a confluence of 80-90% were
obtained. Subsequently, 200 p1 Hanks' balanced Salt solution
containing 1 mg/ml sodium fluorescein was added to the
monolayer of the upper chamber. Absorption was detected
using a fluorescence microplate reader, with an excitation and
absorption wavelength of 490 and 520 nm, respectively.

Western blotting. Total protein was extracted from A549 cells
using RIPA lysis buffer (Sangon Biotech Co., Ltd.) and
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Figure 1. Lidocaine increases the relative viability and activation of H/R-induced A549 cells. The viability of (A) lidocaine-treated A549 cells and
(B) H/R-induced A549 cells after lidocaine treatment was detected by using MTT. (C and D) Apoptosis was detected by performing a TUNEL assay. “/P<0.01

and “*P<0.001 vs. H/R; ""P<0.001 vs. control. H/R, hypoxia/reoxygenation.

then quantified using a BCA kit (Pierce; Thermo Fisher
Scientific, Inc.) in accordance with the manufacturer's instruc-
tions. After 15% SDS-PAGE electrophoresis, samples (30 pg)
were transferred to PVDF membranes and subsequently blocked
with 5% non-fat milk for 2 h at room temperature. Membranes
were then incubated with primary antibodies against zonula
occludens-1 (ZO-1; 1:1,000; cat. no. orb35080; Biorbyt), Occludin
(1:1,000; cat. no. orbl1181; Biorbyt), Claudin-1 (1:1,000; cat.
no. orb127883; Biorbyt), ferritin heavy chain 1 (FTHI1; 1:1,000;
cat. no. orb49039; Biorbyt), glutathione peroxidase 4 (GPX4;
1:1,000; cat. no. orb340797; Biorbyt), transferrin (Tf; 1:1,000;
cat. no. ab277635; Abcam), phosphorylated (p)-p38 (1:1,000; cat.
no. ab4822; Abcam), p38 (1:2,000; cat. no. ab170099; Abcam)
and GAPDH (1:2,500; cat. no. ab9485; Abcam) at 4°C overnight.
Next, the membranes were incubated with horseradish perox-
idase-conjugated goat anti-rabbit (1:2,000; cat. no. ab97051;
Abcam) antibodies for 2 h at room temperature. Relative protein
levels were visualized using an ECL kit (Beijing Solarbio Science
& Technology Co., Ltd.) and semi-quantified using ImageJ soft-
ware 1.52 (National Institutes of Health).

Statistical analysis. All the above experiments were
conducted independently at least 3 times. Statistical analysis
was conducted using SPSS 20.0 (IBM Corp.) and data are
presented as the mean + SD. One-way ANOVA was used to
analyze data, after which Tukey's multiple comparison post
hoc test was performed. P<0.05 was considered to indicate a
statistically significant difference.

Results

Lidocaine increases the relative viability of H/R-induced
A549 cells. To increase the reliability of subsequent experi-
ments, an MTT assay was employed to detect the viability of
A549 and H/R-induced A549 cells. As presented in Fig. 1A,
lidocaine had no marked effect on A549 cell viability.
Although cell viability was greatly suppressed following
H/R-induction, lidocaine treatment partly reversed this effect
in a concentration-dependent manner (Fig. 1B). To further
elucidate the biological role of lidocaine, H/R-induced
A549 cell apoptosis was detected by using a TUNEL assay.


https://www.spandidos-publications.com/10.3892/mmr.2022.12666

MA et al: LIDOCAINE ALLEVIATES LUNG EPITHELIAL CELL INJURY
A 600 ok B 9500 C 100 1
.EE_ | *kk
" 20001 T . 80 -
= 400+ - = ] g o s R
£ % £ 1500+ 7 > 007 2
g / 8 % £ )
2 2004 % 2 10001 Z g %
% 500 % %
0 T T % 0 T T é T O T T %
© 5 2 = © 5 8 =2 © 5 2 =2
s s s s s s s s =
EEC ElE EEC
Ed & % £ & = d & *
T I % T I g\':: T I %
D - sk E 2, 150 1
#
? & ;E' #i S it
3 o el #i £ 100
£ 2 o
< o & :
<Q( 47 o 7 i *kk 7"
7% » 501
= *kk I-m.l © é
T 0 1 é I é O T T é
g L 2 g ¢ g g g ¢ g g 2 2 ¢
— ¥o) o - e - =

Figure 2. Lidocaine alleviates the inflammatory and oxidative stress response in H/R-induced A549 cells. Levels of (A) IL-6, (B) IL-8 and (C) TNF-a were
detected by using ELISA. The expression levels of (D) MDA, (E) SOD and (F) GSH-Px were measured. P<0.01 and "#P<0.001 vs. H/R; “*P<0.001 vs. control.
H/R, hypoxia/reoxygenation; MDA, malondialdehyde; SOD, superoxide dismutase; GSH-Px, glutathione peroxidase.

When compared with the H/R group, the results revealed that
lidocaine treatment significantly decreased the apoptosis of
H/R-induced A549 cells (Fig. 1C and D).

Lidocaine alleviates oxidative stress and the inflamma-
tory response in H/R-induced A549 cells. As inflammation
and oxidative stress have a significant influence on IRI,
the effects of lidocaine on the inflammatory response and
oxidative stress were assessed in H/R-induced A549 cells.
In comparison with the control group, IL-6, IL-8 and TNF-a
levels were significantly increased in H/R-induced A549 cells
(Fig. 2A-C). However, this effect was reversed following
lidocaine treatment, particularly at the 10 mM concentration,
which exhibited the most prominent inhibitory effect on the
inflammatory response. H/R significantly increased MDA
levels, and significantly decreased SOD and GSH-Px levels
(Fig. 2D-F). However, downregulated SOD and GSH-Px, and
upregulated MDA levels were reversed following lidocaine
treatment in H/R-induced A549 cells. In summary, lidocaine

treatment eased the inflammatory response and reduced
oxidative stress.

Lidocaine relieves barrier dysfunction in H/R-induced
A549 cells. A monolayer cell paracellular permeability
assay was performed to evaluate the effects of lidocaine on
H/R-induced A549 cell permeability. Compared with the
control group, cell permeability was increased following
H/R induction, which was an effect that was diminished by
10 mM lidocaine treatment (Fig. 3A). The expression of tight
junction proteins was measured via western blotting. The
results revealed that the expression levels of certain proteins,
including ZO-1, Occludin and Claudin-1, were decreased in
H/R-induced A549 cells (Fig. 3B). However, this effect was
significantly reversed by lidocaine treatment, particularly
at the 10 mM dosage. The results indicated that lidocaine
protected against barrier dysfunction by decreasing cell
permeability and increasing tight junction protein expression
in H/R-induced A549 cells.
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Figure 3. Lidocaine relieves barrier dysfunction in H/R-induced A549 cells. (A) Cell permeability was detected using a monolayer cell paracellular permeability
assay. (B) The expression levels of ZO-1, Occludin and Claudin-1 were measured via western blotting. ”"P<0.01 and *#P<0.001 vs. H/R; ““P<0.001 vs. control.

H/R, hypoxia/reoxygenation; ZO-1, zonula occludens-1.

Lidocaine inhibits p38 MAPK-mediated ferroptosis in
H/R-induced A549 cells. To explore the mechanism of lidocaine
in ferroptosis, ROS level and iron level was first evaluated. As
shown in Fig. 4A-C, ROS and iron levels were significantly
elevated by H/R induction, but were then significantly
reduced by lidocaine treatment in a concentration-dependent
manner. Subsequently, western blotting was performed and
the expression levels of p38 MAPK pathway-related and
ferroptosis-related proteins were assessed, including FTHI,
GPX4 and Tf. Compared with the control group, the expres-
sion levels of FTHI and GPX4 were significantly decreased by
H/R induction; however, the expression of Tf was significantly
increased under the same conditions. Following lidocaine
treatment at various concentrations, the H/R-induced decrease
of FTH1 and GPX4, and the H/R-induced increase of Tf, was
significantly reversed (Fig. 4D). Furthermore, the H/R-induced
increase in p-p38, a p38 MAPK-related protein, in A549 cells
was significantly downregulated following lidocaine treatment
(Fig. 4E). However, p38 expression remained unchanged after
lidocaine treatment and H/R induction. To conclude, lidocaine
inhibited ferroptosis in H/R-induced A549 cells by regulating
the p38 MAPK signaling pathway.

Lidocaine suppresses oxidative stress and the inflammatory
response in H/R-induced A549 cells by blocking the p38
MAPK signaling pathway. To investigate the underlying

mechanism of lidocaine on the inflammatory response
and oxidative stress, p79350, an agonist of p38, was used
to pre-treat A549 cells. Lidocaine at a concentration of
10 mM was selected for further experiments. Compared
with the H/R + lidocaine group, p-p38 protein expression
was upregulated in the H/R + p79350 + lidocaine group,
which demonstrated that p79350 increased the activity
of p39 MAPK signaling (Fig. 5A). The results of ELISA
suggested that H/R induction significantly stimulated the
release of IL-6, IL-8 and TNF-a, while lidocaine treat-
ment significantly inhibited this effect. Furthermore, when
compared with the H/R + lidocaine group, IL-6, IL-8 and
TNF-a levels were increased again in the H/R + p79350 +
lidocaine group (Fig. 5B-D). Subsequently, the expres-
sion levels of MDA, SOD and GSH-Px were assessed. As
demonstrated in Fig. 5E-G, increased MDA expression
levels induced by H/R were significantly downregulated in
the H/R + lidocaine group. Additionally, the H/R-induced
decrease in SOD and GSH-Px expression were subsequently
significantly increased in A549 cells in the H/R + lidocaine
group. However, MDA expression was increased, and SOD
and GSH-Px expression levels were decreased in the H/R +
p79350 + lidocaine group, when compared with the H/R +
lidocaine group. In summary, p79350 partially reversed the
inhibitory effects of lidocaine on the inflammatory response
and oxidative stress in H/R-induced A549 cells.
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Figure 4. Lidocaine inhibits p38 MAPK-mediated ferroptosis in H/R-induced A549 cells. Levels of (A and B) ROS and (C) iron were detected using their
corresponding commercial Kits. (D) The expression levels of FTH1, GPX4 and Tf were measured via western blotting. (E) The expression levels of p-p38 and
p38 were measured via western blotting. “P<0.05, #P<0.01 and “#P<0.001 vs. H/R; ““P<0.001 vs. control. H/R, hypoxia/reoxygenation; FTHI, ferritin heavy
chain 1; GPX4, glutathione peroxidase 4; Tf, transferrin; p-, phosphorylated; ROS, reactive oxygen species.

Lidocaine inhibits barrier dysfunction and ferroptosis in
H/R-induced A549 cells by blocking the p38 MAPK signaling
pathway. A549 cell permeability was assessed by using a
monolayer cell paracellular permeability assay. As presented
in Fig. 6A, the H/R-induced increase of cell permeability
was significantly suppressed in the H/R + lidocaine group;
however, these inhibitory effects were partially reversed in
the H/R + p79350 + lidocaine group. The expression levels
of tight junction proteins were measured via western blot-
ting. In comparison with the H/R group, ZO-1, Occludin and
Claudin-1 expression levels were significantly increased in
the H/R + lidocaine group (Fig. 6B). However, this increase
was subsequently decreased in the H/R + p79350 + lidocaine
group, indicating that it counteracted the protective effects
of lidocaine. In addition, the reduced ROS and iron levels
in the H/R + lidocaine group were partially reversed in the
H/R + p79350 + lidocaine group in A549 cells (Fig. 6C-E).
Then, western blotting was also employed to measure the

expression of ferroptosis-related proteins, including FTHI,
GPX4 and Tf. The results revealed that H/R induction
decreased the expression levels of FTH1 and GPX4, but
increased the expression of Tf (Fig. 6F). FTHI and GPX4
expression levels were significantly upregulated in the
H/R + lidocaine group, and significantly downregulated
Tf expression levels in A549 cells; however, these effects
were reversed in the H/R + p79350 + lidocaine group. To
summarize, lidocaine suppressed barrier dysfunction and
ferroptosis in H/R-induced A549 cells by blocking the p38
MAPK signaling pathway.

Discussion

LIRI is a significant clinical problem that has been evident
for a number of years. It usually occurs following lung
transplantation, revascularization of pulmonary embolism,
cardiopulmonary resuscitation, pulmonary arterioplasty,
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Figure 5. Lidocaine suppresses oxidative stress and the inflammatory response in H/R-induced A549 cells by blocking the p38 MAPK signaling pathway.
(A) The expression levels of p-p38 and p38 were measured via western blotting. Levels of (B) IL-6, (C) IL-8 and (D) TNF-a were detected by using ELISA. The
expression levels of (E) MDA, (F) SOD and (G) GSH-Px were measured. ““P<0.001 vs. control; #42P<0.001 vs. H/R; “P<0.05 and *#P<0.001 vs. H/R + lido-
caine. H/R, hypoxia/reoxygenation; p-, phosphorylated; MDA, malondialdehyde; SOD, superoxide dismutase; GSH-Px, glutathione peroxidase.

shock and various heart bypass operations (26,27). LIRI can  methods that demonstrate high efficacy have not yet been
lead to severe organ damage and various types of cell death, determined (5). Thus, investigating additional effective
resulting in an increase of mortality (28). However, therapeutic  therapeutic measures is of great importance. The current study
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Figure 6. Lidocaine inhibits barrier dysfunction and ferroptosis in H/R-induced A549 cells by blocking the p38 MAPK signaling pathway. (A) Cell permeability
was detected by performing a monolayer cell paracellular permeability assay. (B) The expression levels of ZO-1, Occludin and Claudin-1, were measured via
western blotting. Levels of (C and D) ROS and (E) iron were detected by using their corresponding commercial kits. (F) The expression levels of FTH1, GPX4
and Tf were measured via western blotting. ““P<0.001 vs. control; 244P<0.001 vs. H/R; P<0.05, #P<0.01 and ##P<0.001 vs. H/R + lidocaine. H/R, hypoxia/reox-
ygenation; ZO-1, zonula occludens-1; ROS, reactive oxygen species; FTHI, ferritin heavy chain 1; GPX4, glutathione peroxidase 4; Tf, transferrin.

therefore constructed an in vitro model of LIRI to investigate
the protective role and underlying mechanism of lidocaine.

In the present study, lidocaine demonstrated a protective
effect against LIRI. Previous studies have demonstrated that the
constant infusion of lidocaine could protect against myocardial
I/R injury (MIRI) and prevent cardiac death (9,29). Studies
have also revealed that lidocaine administration reduced
IRI (11,30). The results of the present study determined that
lidocaine protected against LIRI in H/R-induced A549 cells.
Evidently, lidocaine can exert protective effects on IR injury
in various diseases, such as ischemic brain damage, ischemic
spinal cord and myocardial injury (31-33). Of note, it has been
found that lidocaine can inhibit the process of apoptosis under

multiple pathological states, such as cerebral I/R injury and
myocardial damage due to ischemia and reperfusion (34,35),
consistent with the findings in the present study. However,
lidocaine is also reported to induce the process of apoptosis
in various cancer cell lines, thereby inhibiting cancer devel-
opment (36,37). Therefore, the effect of lidocaine on cell
apoptosis is not absolute, as lidocaine can exert proapoptotic
effects on tumor cell lines or exert antiapoptotic effects on
I/R-induced cell injury.

Inflammation serves an important role in the mechanism
of LIRI (38), such that the regulation of inflammation has
been revealed to effectively alleviate the disease (39). Previous
studies have verified that IL-8 levels are markedly increased
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in lung tissue and systemic circulation after IR (40,41). This
is problematic, as significantly higher IL-8 levels may result
in higher mortality rates following lung transplantation (42).
Lan er al (39) and de Perrot et al (40) reported that elevated
TNF-a and IL-6 levels contributed to organ IR injury. In the
present study, the results of ELISA demonstrated that IL-6,
IL-8 and TNF-a levels were markedly increased in A549 cells
following H/R induction. However, the application of lidocaine
inhibited these effects in a concentration-dependent manner.

Oxidative stress is another critical factor in the mecha-
nism of LIRI. MDA, the end product of lipid peroxidation,
can reflect the degree of lipid peroxidation in lung tissue (43).
In the present study, it was revealed that MDA levels in
H/R-induced A549 cells were increased when compared
with the control group, suggesting that cell membrane lipid
peroxidation had increased. Subsequent lidocaine treatment
decreased MDA levels, revealing that lidocaine could reduce
lipid peroxidation. SOD is the main endogenous antioxidant
enzyme found in lung tissue, the detection of which can
reflect the degree of oxidation resistance (43). The current
study determined that SOD levels were markedly decreased
following H/R induction, which was an effect that could be
partially abolished by lidocaine treatment. These results
are in line with previous findings that antioxidants may be
promising targets for LIRI (44).

As ferroptosis is a key part of LIRI, it was investigated in
the current study. Ferroptosis is a newly discovered form of
regulated cell death that depends on the existence of iron and
is triggered by lipid ROS (45). The knockout or inactivation of
GPX4 prevents cells from inhibiting lethal lipid peroxidation in
phospholipid bilayers, eventually leading to cell death (46-48).
The present study revealed that the expression levels of FTH1
and GPX4 were markedly downregulated in H/R-induced
A549 cells, indicating that ferroptosis had occurred in LIRI,
which is in line with the results of previous studies in organs
such as the kidney and intestine (49,50). The adoption of lido-
caine may therefore upregulate FTH1 and GPX4 expression
levels, thus inhibiting ferroptosis. Of note, it is interesting that
the 5 mM lidocaine concentration appeared to have similar
effects to the 10 mM concentration on markers of ferroptosis
and tight junction proteins. However, the effects of 10 nM lido-
caine on cell viability, inflammatory response and oxidative
stress were higher than those of 5 mM lidocaine. The different
sensitivity of lidocaine to different cellular bioactivity may be
a reason accounting for this condition.

Furthermore, it is reported that regulation of the p38
MAPK signaling pathway may be an effective target for IRI,
as evidenced by a previous study that revealed MIRI could be
inhibited through the regulation of the P38 MAPK signaling
pathway (51). Jiang et al (22) reported that lidocaine exerted
protective effects on cerebral IR injury by suppressing the
activation of p38 MAPK. Additionally, through the regulation
of the p38 MAPK signaling pathway, lidocaine could protect
against LPS-induced lung injury (23). Therefore, it was hypoth-
esized in the current study that lidocaine treatment could
relieve LIRI by blocking the p38 MAPK signaling pathway.
To test this theory, p79350, an agonist of p38, was utilized to
pre-treat A549 cells in the present study. The results revealed
that p79350 partially reversed the protective effect of lidocaine
on H/R-induced A549 cells, indicating that regulation of the
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p38 MAPK signaling pathway could be an effective target
underlying the protective effects of lidocaine on LIRI.

However, there are still some limitations of the present study.
First, this study only explored the regulatory effect of lidocaine
on ferroptosis in LIRI, but whether ferroptosis is a necessary
regulatory pathway for lidocaine remains unclear. The applica-
tion of ferroptosis inhibitors is worthy of further investigation
to determine the involvement of ferroptosis in lidocaine-treated
LIRI. Furthermore, in vivo experiments will also be conducted
in our future work to further verify these findings.

In conclusion, lidocaine could regulate inflammation,
oxidative stress and ferroptosis by blocking the p38 MAPK
signaling pathway. Thus, lidocaine could act as a novel
therapeutic treatment of patients with LIRI.
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