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Abstract Hypobaric hypoxia-induced lung injury can exacerbate the incidence of plateau pulmonary

edema, but relevant pharmacologic measures are relatively limited. Here, we investigate the possible role

of paeoniflorin (Pae) in hypobaric hypoxia-induced lung injury. Through in vivo and in vitro experiments,

we observed that Pae significantly ameliorated hypobaric hypoxia-triggered oxidative stress, inflamma-

tory response, mitochondrial dysfunction and ferroptosis. Using limited proteolysis-mass spectrometry

(LiP-MS), molecular docking, and molecular dynamics simulations, we identified that Pae directly binds

to three amino acid residues (K101, D156, and S198) of the MEK2 protein. Knockdown of MEK2 expres-

sion in vivo and in vitro abrogated the protective effect of Pae. It was also observed that Pae promotes the

binding of MEK2 and ERK2 and increases the phosphorylation level of ERK2, leading to its activation.

This process induced upregulation of SGK1 and the protective effect of Pae against hypobaric hypoxic

*Corresponding authors.

E-mail addresses: gaoyue@bmi.ac.cn (Yue Gao), hao_1216@126.com (Yihao Wang).
†These authors made equal contributions to the work.

Peer review under the responsibility of Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sciences.

https://doi.org/10.1016/j.apsb.2025.12.024

2211-3835 ª 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese

Academy of Medical Sciences. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Chinese Pharmaceutical Association

Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.elsev ie r.com/ loca te /apsb
www.sc iencedirec t . com

Acta Pharmaceutica Sinica B 2026;16(3):1466—1488



permeability transition

pore

lung injury was dependent on SGK1. Collectively, these findings provide pharmacological evidence that

Pae activates SGK1 by targeting MEK2 and mediating MEK2—ERK2 crosstalk, highlighting Pae’s po-

tential as a promising therapeutic agent for hypoxic lung injury-related diseases.

ª 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

With the rapid advancement of transportation and growing demands

in plateau tourism, sports, and military operations, frequent and rapid

migration between plains and high-altitude regions has become

common. However, the hypobaric, hypoxic environment of high al-

titudes poses a serious threat to human health. As altitude increases,

the respiratory system is the first to be affected by hypoxia, char-

acterized by increased alveolar vascular permeability1, impaired

alveolar fluid clearance2, and in severe cases, acute hypobaric, hyp-

oxic lung injury and high-altitude pulmonary edema (HAPE) can be

triggered, which can endanger life3,4. Acute hypoxic lung injury is a

severe hypoxic lung disorder responsible for substantial global

mortality annually. A key pathologic feature of acute hypobaric

hypoxic lung injury is regional alveolar hypoxia5, which induces lung

inflammation6. To date, no definitive therapeutic strategies or drugs

exist for acute hypoxia-induced lung injury. Thus, elucidating the

pathogenesis of acute hypoxic lung injury and developing effective

preventive interventions are urgently needed.

Mitochondrial dynamics and homeostasis have recently been

identified as the primary mechanism of HAPE4. Hypobaric

hypoxia-induced lung injury can exacerbate the incidence of

plateau pulmonary edema, but relevant pharmacologic measures

are relatively limited. In terms of inflammatory regulation, hyp-

oxia drives the accumulation of inflammatory cells in lung tissue,

triggering inflammatory cascades7. Regarding cell death, hypoxia

has been reported to induce apoptosis, necrosis, and ferroptosis in

lung tissue cells8. In terms of oxidative stress, mitochondrial

electron transport chain dysfunction under hypoxia leads to

excessive production of reactive oxygen species (ROS), disrupting

mitochondrial permeability9,10. This disruption further promotes

mitochondrial DNA (mtDNA) release, while ROS can also

oxidatively modify mtDNA, activating the NLRP3 inflammasome

and cGAS—STING pathway-dependent immune responses11,12.

Drp1-mediated imbalance in mitochondrial dynamics and

impaired mitochondrial autophagic flow further exacerbate

disturbed cellular energy metabolism13,14. In recent years, it has

been found that acute hypoxia-induced mitochondrial dysfunction

may be the initiator of oxidative damage, inflammatory cascades,

cell death and vascular barrier disruption15,16. Therefore, targeting

oxidative stress induced by mitochondrial homeostatic imbalance

is a key strategy for treating hypobaric hypoxic lung injury.

Imbalances in mitochondrial homeostasis, including abnormal

mitochondrial membrane potential (MMP), defective mitochondrial

biogenesis, impaired mitochondrial dynamics, calcium ion transport,

abnormal mitochondrial gene expression, and excessive reactive ox-

ygen species (ROS) production are all directly related to the pathology

associated with hypobaric hypoxia lung injury17,18. In addition, the

generation of these processes further exacerbates mitochondrial

dysfunction, leading to a vicious cycle that ultimately triggers hypo-

baric hypoxic lung injury. MEK2, a core kinase of the MAPK/ERK

signaling pathway, regulates cell proliferation, differentiation, and

survival by phosphorylating ERK1/219. ERK2 activity is regulated not

only by upstream MEK2 signaling but also by SGK1, which enhances

ERK signaling activation by promoting MEK/ERK complex

formation20. MEK2—ERK2 and SGK1 regulate mitochondrial ho-

meostasis through multiple mechanisms. ERK2 promotes mitochon-

drial division by phosphorylating the mitochondrial division protein

DRP1 (Ser616) and modulates mitochondria-dependent apoptosis by

regulating BCL-2 family proteins (e.g., BIM, MCL-1)21. In contrast,

SGK1 reduces mitochondrial permeability transition pore (mPTP)

permeability by phosphorylating VDAC122 and stabilizes MMP by

inhibiting GSK-3ß, thereby improving mitochondrial function and

mitigating oxidative stress21. Furthermore, ERK1/2 and SGK1 syn-

ergistically regulate mitophagy, in which activation of ERK1/2

phosphorylation promotes autophagosome formation23, whereas

SGK1 inhibition triggers autophagy-dependent apoptosis through the

mTOR-Foxo3a pathway24. While previous functional studies of

MEK—ERK2 and SGK1 as key regulators of cell survival have

focused primarily on oncology, their role in alleviating lung injury by

regulating mitochondrial homeostasis to promote cell survival under

acute hypoxic conditions remains unreported.

Paeoniflorin (Pae) is a monoterpene glucoside isolated from

Paeonia lactiflora, a common Chinese medicine that has been

used for thousands of years to treat a variety of diseases25. Pae

combined with luteolin can protect by inhibiting inflammation and

oxidative stress in a lipopolysaccharide-induced acute lung injury

model26. Recent studies have shown that Pae also suppresses

oxidative stress and inflammatory responses by restoring MMP,

increasing ATP levels and the enzymatic activity of mitochondrial

complexes I and III, and inhibiting mitochondrial damage and

activation of NLRP3 inflammatory vesicles27. Notably, although

direct evidence for Pae’s efficacy in hypoxic lung injury is limited,

its multifaceted roles in counteracting oxidative stress, inflam-

matory responses, and cell death make it a promising candidate for

mitigating hypobaric hypoxic lung injury.

In the present study, we comprehensively evaluated the phar-

macodynamic effects of Pae in treating hypobaric hypoxic lung

injury using in vivo and in vitro models. Employing proteomic,

genetic, biophysical, and biochemical approaches, we demon-

strated that Pae activates ERK2 by targeting three amino acid

residues of MEK2, promoting MEK2—ERK2 complex formation.

Importantly, Pae’s pharmacological effects are dependent on

SGK1, and ERK2 activation induces SGK1 upregulation, which in

turn alleviates hypobaric hypoxia-induced mitochondrial homeo-

stasis imbalance.

2. Materials and methods

2.1. Animals and treatments

All animal care and experimental procedures were performed in

accordance with the Guidelines for the Care and Use of

Paeoniflorin alleviates hypobaric hypoxia-triggered lung injury 1467



Laboratory Animals published by the National Institutes of Health

(NIH Publication, revised 2011) and approved by the Animal

Ethics Committee of the Academy of Military Medical Sciences

(No: IACUC-DWZX-2023-P685). Male C57BL/6JGpt mice

(20—22 g; 8 weeks) were acquired from Beijing Vital River

Laboratory Animal Technology Co., Ltd. (Beijing, China). All

mice were housed in ventilated cages under controlled environ-

mental conditions (temperature: 22—23 ◦C; humidity: 55%—60%)

with a standardized 12-h light/dark cycle. Food and water were

provided timely throughout the study.

After 3 days of adaptive feeding, the mice were divided

evenly into six groups (n � 7/group): (1) Control group (Con);

(2) Hypobaric hypoxia model group (Mod); (3) Mod

group + Pae (Pae, MCE, NJ, USA, HY-N0293) 12.5 mg/kg

(Mod + Pae-L); (4) Mod group + Pae 50 mg/kg

(Mod + Pae-H); (5) Mod group + acetazolamide (ACZ,

MCE, NJ, USA, HY-B0782) 100 mg/kg (Mod + ACZ). Pae

group and ACZ group mice were orally administered once a day

for 7 consecutive days. The Con and Mod group mice were

orally administered ultrapure water daily for 7 consecutive

days. To suppress MEK2 levels, mice were injected with U0126

(3 mg/kg dissolved in sterile saline, MCE, NJ, USA, HY-

12031A) for 7 consecutive days. Except for the Con group,

all groups were placed inside a chamber under hypobaric

hypoxia (Guizhou Fenglei Aviation Ordnance Co., Ltd., China,

DWCF50-IIA) continuously for 72 h to ensure food and

drinking water, raised to a simulated altitude of 7000 m at a

speed of 10 m/s. During hypoxia exposure, administer the drug

to mice twice. The experiments for the in vivo study are illus-

trated in Figs. 1B, 9A and 10A. After hypobaric hypoxia

exposure, blood was collected from the mouse eye sockets, and

serum was extracted from all mice, followed by the removal of

lung tissue. Serum samples were separated to determine the

levels of oxidative stress and inflammatory indicators. The

water content of lung tissue was calculated based on wet and

dry weight. Lungs were separated, fixed in 4% para-

formaldehyde, and stored at − 80 ◦C separately.

2.2. Cell culture and treatments

The Human Pulmonary Microvascular Endothelial Cells (HPMEC

cells) were cultured in Dulbecco’s modified Eagle’s medium

(DMEM, Gibco, MA, USA, 6124092), supplemented with 10%

fetal bovine serum (FBS, Gibco, MA, USA, 10099-141) and 1%

penicillin/streptomycin at 37 ◦C in a controlled 5% CO2 incubator.

HPMEC cell lines were purchased from ScienCell™ (CA, USA,

Catalog #3000). The cells were passaged at a rate of 1:4 every

three days for subsequent experiments. CoCl2 (300 μmol/L,

Sigma—Aldrich, STL, USA, 60818) was used to induce an in vitro

hypoxic microenvironment.

2.3. Enzyme-linked immunosorbent assay (ELISA)

The cytokine levels of TNF-α, IL-1ß, IL-6, IL-10, and iNOS in

lung tissues, bronchoalveolar lavage fluid (BALF), and HPMEC

cells were examined using specific assay kits according to the

manufacturer’s instructions. The levels of MDA, CAT, SOD,

T-SOD, T-AOC, GSH, and GSH-Px in lung tissues and HPMEC

cells were quantified using ELISA kits (mmbio, Jiangsu,

China). The kits used are listed in Supporting Information

Table S1.

2.4. Detection of iron in tissues and cells

The concentrations of iron in lung tissues were measured by

Iron Assay Kit (I291, DOJINDO, Japan). In brief, fresh lung

tissues were collected and washed with ice-cold PBS, and

100 mg tissue was grinded with liquid nitrogen. Add 100 μL of

probe solution to each of the standard and sample wells. The

96-well plates were incubated in an incubator at 37 ◦C for 1 h.

The absorbance at 593 nm was measured. To visualize and

quantify the total iron and Fe2+ in the cells, a total iron assay

kit (Servicebio, Wuhan, China, G4301), and a ferrous ion

content assay kit (Solarbio, Beijing, China, BC5415) were used.

After washing with PBS, the cells were incubated with

FerroOrange (2 μmol/L) probes for 30 min at 37 ◦C. Then, the

cells were observed and captured with laser confocal micro-

scopy (Zeiss, Jena, Germany, LSM880). Similarly, the 96-well

plates were incubated in an incubator at 37 ◦C for 1 h. The

absorbance at 593 nm was measured with Cytation™ 5 cell

imaging multifunctional microplate detection system (Agilent,

CA, USA, BioTek Cytation5).

2.5. Lung index, lung water content and lung tissue wet/dry

(W/D) weight ratio

Mice were weighed and recorded before the autopsy, anesthetized

by intraperitoneal injection of 0.6% pentobarbital sodium solution

(0.1 mL/10 g), fixed in a supine position, the thoracic cavity was

opened, and whole lung tissue was removed. After rinsing in pre-

cooled saline and adequate absorption of excess water from the

surface of the lung tissue by the filter paper, it was placed on tin

foil and weighed, and the weight of the lung tissue was recorded

as wet weight. The lung tissues were wrapped with tin foil and

placed in an oven at a temperature of 60 ◦C for 72 h. After the

weight of the lung tissues was constant, the dry weight was

recorded. Lung index, lung water content and wet/dry ratio were

calculated according to Eqs. (1)—(3):

Lung index (%) � Wet weight of whole lung tissue/Mice body

weight × 100 (1)

Lung water content (%) � (Wet weight—Dry weight)/Wet

weight × 100 (2)

Wet/dry (%) � Wet weight/Dry weight × 100 (3)

2.6. Immunohistochemistry (IHC) of the lung tissue

The lung tissue was fixed with 4% paraformaldehyde, embedded in

paraffin, and sectioned. After dewaxing and rehydration, antigen

retrieval was performed using either heat-induced epitope retrieval

or enzymatic digestion. Endogenous peroxidase activity was

blocked with 3% H2O2, followed by blocking of nonspecific

binding sites with serum. The sections were sequentially incubated

with primary antibody (specific target protein antibody, overnight at

4 ◦C) and secondary antibody. Target signals were visualized using

a chromogenic substrate, followed by hematoxylin counterstaining

for nuclei. The sections were dehydrated through a graded ethanol

series, cleared in xylene, and mounted with neutral balsam for

microscopic analysis to localize target protein expression. The

antibodies used are listed in Supporting Information Table S2.
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Figure 1 Pae ameliorates hypobaric hypoxia-induced lung injury. (A) Molecular structure information of paeoniflorin (Pae). (B) Schematic

diagram of the experimental design in mice. (C) HE pathology of lung tissue in C57 mice (n � 3). (D) Lung tissue HE pathology damage score

(n � 3). (E) C57 mouse lung water content analysis (n � 3). (F) C57 mouse lung wet to dry weight ratio analysis (n � 3). (G—I) BALF

inflammatory factor (IL-1ß, IL-6, TNF-α) analysis in C57 mice (n � 4). (J, K) Lung tissue TUNEL staining analysis (n � 3). (L, M) Immu-

nohistochemical analysis of lung tissue iNOS expression (n � 3). (N—Q) ELISA analysis of inflammatory factor (IL-1ß, IL-6, IL-10, TNF-α)

changes in mouse serum (n � 4). (R) Effect of Pae on serum LDH in mice (n � 4). P values are calculated by one-way ANOVA followed by the

Tukey’s test. Data are presented as mean ± SD; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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2.7. Mitochondrial permeability transition pore (mPTP)

The experiment was performed according to mPTP (Thermo,

WLM, USA, M34153) reagent instructions. In brief, take up

50 μL DMSO and dissolve 1 tube of Calcein AM to make a

1 mmol/L Calcein AM master mix. HPMEC cells were trypsin-

digested and resuspended in a culture medium and counted to a

density of 1 × 106 cells/mL. Take the appropriate amount of cells

and centrifuge them at 1000 × g for 5 min, discard the superna-

tant, and resuspend them by adding the appropriate volume of

Calcein AM staining solution, fluorescence quenching work so-

lution. The cells were incubated at 37 ◦C for 30 min, and after

incubation, the cells were collected by centrifugation at 1000 × g

for 5 min at room temperature. Cells were resuspended with

400 μL PBS. The samples were then analyzed by flow cytometry,

and observed under a laser confocal microscope.

2.8. Detection of intracellular and mitochondrial lipid

peroxidation levels

Intracellular and mitochondrial lipid peroxidation were measured

with BODIPY™ 581/591 C11 probes (Thermo, WLM, USA,

D3861), mitoSOX™ (Thermo, WLM, USA, M36009), and

mitoTracker™ green FM (Thermo, WLM, USA, M7514),

respectively, using a confocal microscope. HPMEC cells were

seeded into confocal dishes and subsequently exposed to mito-

SOX™ (5 μmol/L), MitoTracker Green (5 μmol/L), or BODIPY-

C11 (5 μmol/L) in the medium with the dyes, which was then

placed in an incubator (37 ◦C with 5% CO2) for 30 min, respec-

tively. After adding DAPI to the medium for 10 min to label the

nuclei, the cells were washed with PBS and detected by laser

confocal microscopy (Zeiss, Jena, Germany, LSM880).

2.9. Proteomics LC—MS/MS and data analysis

70 μg protein samples from lung tissues and HPMEC cells were

prepared into peptide mixtures for LC—MS/MS analysis (Multi-

Protease Strategy Identifies Three PE2 Missing Proteins in Human

Testis Tissue, 2017). For limited proteolysise-mass spectrometry

(LiP-MS) samples, 100 μg HPMEC whole protein was incubated

with 80 μmol/L Pae and ddH2O respectively, and then enzymat-

ically digested into peptide mixtures with protease K and Trypsin

in sequence (A machine learning-based chemoproteomic approach

to identify drug targets and binding sites in complex proteomes).

All peptide mixtures are cleaned by a home-made C18 column

before entering the mass spectrum. Proteomic analysis was per-

formed by Vanquish™ Neo UHPLC coupled an Orbitrap Explo-

ris™ 480 mass spectrometry (Thermo, WLM, USA). The peptide

mixture was dissolved in a buffer of 1% FA and 1% ACN, then fed

onto a Trap column of 75 μm × 2 cm, and finally entered the mass

spectrum eluted by a nonlinear gradient through a 75 μm × 25 cm

C18 analytical column. The range of MS survey scan is 350—1200

m/z. Normalized AGC target is set to 300% and maximum ion

injection time is set to 25 ms. The data dependent acquirement

mode is used to collect MS/MS spectrum, and the cycle time of 2 s

is controlled, and the ions with the highest abundance in the MS

survey scan are fragmented and scanned at a resolution of 15,000.

Normalized AGC target is set to 50%, and other parameters are set

to default.

Raw data were processed using Proteome Discoverer (v3.0).

Lung tissue samples were referred to Swiss-Prot reviewed mouse

library, and HPMEC cell samples were referred to Swiss-Prot

reviewed human library. It is worth emphasizing that Lip-MS raw

data is searched by the semi-enzyme digestion method. Retain the

default values for other parameters. Data visualization analysis is

mainly based on the R platform, as follows: differentially

expressed proteins (DEPs) were screened by the Bioconductor

package limma28. Proteins with |log2 (fold change) | > 1 and P

value < 0.05 were identified as DEPs. Functional enrichment

analysis of KEGG and GO was performed by the ClusterProfiler

package29. GSEA analysis was conducted by Bioconductor

package enrichplot, and protein interaction network analysis was

performed by STRING database (https://cn.string-db.org/) and

Cytoscape software.

2.10. Western blot analysis

Protein lysates were extracted using RIPA lysis buffer. Protein

extracted from cells or lung tissues was quantified using a BCA

protein assay kit (Epizyme, Shanghai, China, ZJ101). Equal

amounts of protein from each group (20 μg) were separated via

SDS-PAGE and transferred to polyvinylidene fluoride (PVDF)

membranes (Bio-Rad, CA, USA). After blocking, the blots were

probed with primary antibody at 4 ◦C overnight. The antibodies

used are listed in Table S2. This was followed by the incubation

with horseradish peroxidase (HRP)-conjugated secondary anti-

body. Bands were detected using an ECL detection kit and

analyzed with ImageJ software.

2.11. Cellular thermal shift assay (CETSA)

HPMEC cells density increased to 60%, drugs were added (Con

group and Pae (100 μmol/L) group), followed by incubation at

37 ◦C in a 5% CO2 incubator for 1 h. The cells were then washed

twice with PBS, and cellular proteins from each group were

collected and resuspended in RIPA lysis buffer (containing 150 μL

RIPA, 1% protease, and phosphatase inhibitors). The proteins

from each group were equally divided into 8 aliquots and trans-

ferred to PCR tubes. The PCR thermal cycler was set to 8 tem-

peratures (42, 44, 47, 51, 54, 59, 62, and 66 ◦C). Each protein

aliquot from all groups was heated at the designated temperature

for 3 min, followed by equilibration at room temperature for

3 min. Subsequently, all samples were flash-frozen in liquid

nitrogen, and cell lysis was performed through three cycles of

freezing and thawing. After vortex mixing, the samples were

centrifuged to collect the supernatant. The supernatant was mixed

with 5 × loading buffer and boiled at 100 ◦C for 10 min. The final

samples were subjected to Western Blot analysis.

2.12. Drug affinity responsive target stability (DARTS)

HPMEC density increased to 60%, drugs were added (Con group

and Pae (10, 20,100 μmol/L) group) and incubated in 5% CO2

incubator for 1 h at 37 ◦C. Cells were subsequently washed twice

with PBS, cellular proteins of each group were collected, unstably

bound protein was added to proteinase K, then RIPA lysate

(containing 150 μL RIPA, 1% protease, and phosphatase in-

hibitors) was added, 100 ◦C was boiled for 10 min. The final

sample was used for Western Blot detection.

2.13. Microscale thermophoresis (MST) assay

First, MEK2 protein was labeled with NHS dye. Different con-

centrations of Pae were added to the buffer containing the labeled

1470 Zhenhui Wu et al.



Figure 2 Proteomics reveals that Pae inhibits hypobaric hypoxia-induced reactive oxygen species generation and inflammatory response in

lung tissue. (A) PCA analysis (n � 4). (B) Classification of differential proteins. (C) KEGG functional enrichment analysis of reversed proteins.

(D) Heat map analysis of reverse differential proteins. (E, F) GSEA analysis between Mod and Con groups. (G) GSEA analysis between Pae and

Mod groups. (H—K) ELISA analysis of changes in the levels of inflammatory factors (IL-1ß, IL-6, IL-10, TNF-α) in lung tissues of C57 mice

(n � 6). (L—O) ELISA analysis of changes in the levels of serum oxidative stress indicators (T-SOD, T-AOC, GSH, MDA) in C57 mice (n � 6).

(P, Q) BODIPY C11 staining analysis of changes in lipid peroxidation in lung tissue of C57 mice (n � 3). (R, S) Immunohistochemical analysis

Paeoniflorin alleviates hypobaric hypoxia-triggered lung injury 1471



MEK2 protein and incubated at room temperature for 30 min.

Secondly, desalting is performed after protein labeling. Finally,

the constant affinity (KD) constant was analyzed using the

Monolith NT.115 software (MicroScale Thermophoresis, Munich,

Germany).

2.14. Surface plasmon resonance (SPR) assay

First, after activating the CM5 chip, fix the MEK2 protein to the

CM5 chip. Secondly, ethanolamine was used to seal the chip for

420 s. Then, different concentrations of Pae were loaded, and the

sensor signal was analyzed based on changes in reflected light

intensity over time. Finally, the constant affinity (KD) constant,

was calculated using BiacoreX100 software (Cytiva, MA, USA).

2.15. Cell transfection

The human MAP2K2 gene (MEK2) siRNA for this experiment

was ordered from Shanghai Hanbio (Shanghai, China). The cor-

responding target sequences are listed as followed: F: 5-

GCAACUCGCCGUACAUCGUGG-3; R: ACGAUGUACG

GCGAGUUGCAU (si-MEK2). The experiment was divided into

five groups: si-NC, si-NC + Mod, si-NC + Mod + Pae, si-

MEK2+Mod, and si-MEK2+Mod + Pae, with three replicates

in each group. Two 1.5 mL EP tubes were prepared for each well,

labeled as tube A and tube B, respectively, and placed on a rack

for subsequent use. Tube A: 5 μL of 20 μmol/L si-RNA was added

to 100 μL of separate DMEM medium. Tube B: 5 μL of RNAFit

was added to 100 μL of separate DMEM medium. Then all the

liquid in tube B was transferred to tube A, mixed well, and left for

20 min to form the transfection complex. The effect of siRNA

silencing was detected by Q-PCR and Western blot assay 48 h

after transfection.

2.16. Establishment of stable cell lines

Lentivirus target MAP2K2 (MEK2) and (human source)

(MAP2K2) was selected for this experiment from Genechem

(Shanghai, China). The vector used was numbered GV492, with

the sequence of components Ubc-MCS-3FLAG-CBh-gcGFP-

IRES-puromycin. Briefly, HPMEC cells in good condition were

selected and inoculated in 12-well plates, which were divided into

4 groups: group Con (control group, containing only complete

medium), group M (control virus-infected group containing only

complete medium), group A (lentivirus + HiTransG A), and group

P (lentivirus + HiTransG P). Lentiviral titers were diluted in three

gradients: MOI 10, MOI 50, and MOI 100. Corresponding lenti-

viruses were diluted in serum-containing complete DMEM me-

dium in three titers (1 × 107 TU/mL, 5 × 107 TU/mL, and 1 × 108

TU/mL). The original culture in the 12-well plate was aspirated

and virus was added for infection. The HPMEC cells were

screened by puromycin (2 μg/mL) for 7 days.

2.17. Immunoprecipitation (IP) assay

Protein interactions were identified using a Pierce Crosslink

Immunoprecipitation Kit (Thermo, WLM, USA, 26146). Briefly,

the MEK2 antibodies were covalently crosslinked onto Protein

A/G resin with the incubation of disuccinimidyl suberate for 1.5 h.

Cell lysates prepared with IP Wash Buffer were then incubated

with the resin overnight at 4 ◦C. Finally, the immunoprecipitated

proteins were analyzed by Western blotting.

2.18. Construction of the MEK2-mut expression plasmid and

MEK2-mut protein purification

The cDNA of the human MEK2-Mut (101K, 156D, and 198S both

mutated to Ala) protein was cloned using RTPCR and inserted into

the pET28a vector with N segment carries a 6 × His tag as well as a

thrombin cleavage site. The plasmid containing MEK2-Mut cDNA

was transformed into Escherichia coli (BL21-CodonPlus (DE3)-

RIPL), and clones with the target gene were selected using agar

plates containing chloramphenicol. The E. coli containing the re-

combinant plasmid was precultured overnight in 4 mL of autoclaved

Luria—Bertani (LB) medium at 37 ◦C with shaking at 200 rpm. The

seed culture was inoculated at a rate of 1%—2% into 50 mL of LB

medium and cultured at 37 ◦C with shaking at 150 rpm for 4 h. Next,

1 mmol/L isopropyl thio-ß-D-galactoside (IPTG) was added to initiate

the expression of the target genes, and continue shaking at 37 ◦C,

120 rpm for 4 h. The recombinant MEK2-Mut was then purified from

intracellular proteins using sonication and Ni-affinity chromatography.

After SDS—PAGE analysis and verification, the eluent was dialyzed

and concentrated to obtain high-purity MEK2-Mut protein.

2.19. AAV transduction

To perform lung tissue vascular endothelial cells-selective gene

knockdown in vivo, an endothelial cells-specific gene transduction

system was employed using an AAV-mediated gene delivery system

(recombinant AAV-VEC), under the control of an endothelial cells-

selective Tie1 promoter (HanBio Co., Ltd., Shanghai, China)30-32.

For lung tissue vascular endothelial cells-selective MEK2 knock-

down, AAV-VEC-Tie1-EGFP-mir30-shMEK2 particles with Tie1

promoter were generated by co-transfecting plasmids, including

shuttle plasmid (carrying the MEK2 shRNA), the pAAV-RC plasmid

coding for AAV capsids and pHelper plasmid, into 293T cells with

Lipofiter transfection reagents (HanBio Co., Ltd., Shanghai, China).

AAV-VEC was injected into the respiratory tract of mice by modi-

fied intranasal method33. Briefly, male C57BL/6J mice were anes-

thetized with isoflurane in a small animal anesthesia machine

(VMR-Matrx VIP3000, MIDMARK, OH, USA). The first person

restrains the mouse head up at a 45 ◦C angle with the right hand and

gently pinched shut mouth with the left hand. A second person

delivered a total volume of 80 μL AAVs (virus titer >1.2 × 1012 vg/

mL) into the nasal cavity of mice in two drops (40 μL each). The

droplets were made to be inhaled passively. Intervention treatment

started four weeks after titration of AAV-VEC.

2.20. Statistical analysis

All statistical analyses were performed using GraphPad Prism 10

(GraphPad software, CA, USA). Data are presented as

mean ± standard deviation (SD) of at least three independent

experiments. Differences between multiple groups were analyzed

by one-way ANOVA followed by Tukey’s test; pairwise

of 4-HNE expression in lung tissue of C57 mice (n � 3). P values are calculated by one-way ANOVA followed by the Tukey’s test. Data are

presented as mean ± SD; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

1472 Zhenhui Wu et al.



Figure 3 Pae inhibits hypoxia-induced oxidative stress, inflammatory response, and ferroptosis in vitro. (A) PCA analysis (n � 4). (B)

Differential protein classification. (C) KEGG functional enrichment analysis of reversed proteins. (D) Confocal microscopy analysis of JC-1 levels

in HPMEC cells (n � 3). (E) ELISA analysis of intracellular iNOS levels (n � 4). (F—I) ELISA analysis of changes in intracellular levels of

inflammatory factors (IL-1ß, IL-6, IL-10, TNF-α) (n � 4). (J) Effect of Pae on Intracellular LDH level (n � 4). (K) BODIPY C11 staining

analysis of cellular lipid peroxidation changes (n � 3). (L—O) ELISA analysis of changes in intracellular levels of oxidative stress indicators
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comparisons were performed using Dunnett’s method in ANOVA.

P < 0.05 was considered statistically significant.

3. Results

3.1. Pae ameliorates hypobaric hypoxia-induced lung injury

The molecular structure of Pae is shown in Fig. 1A. To investi-

gate the pulmonary protective effect of Pae in vivo, we estab-

lished a mouse model of hypobaric hypoxic lung injury using a

hypobaric oxygen chamber to simulate exposure stimulation at

7000 m altitude for 3 days (Fig. 1B). HE staining showed that the

mod mice developed severe inflammatory cell infiltration and

alveolar wall thickening, whereas the Pae-treated group exhibi-

ted a significant inflammation-reducing effect (Fig. 1C and D). In

addition, hypobaric hypoxic stimulation caused significant pul-

monary edema, whereas acetazolamide and Pae treatment

resulted in a significant improvement in lung water content

(Fig. 1E) and wet-to-dry weight ratio (Fig. 1F). Further, ELISA

results showed that hypobaric hypoxia increased pro-

inflammatory cytokine levels (IL-1ß, IL-6, TNF-α) in BALF,

and that Pae intervention was able to reverse this change

(Fig. 1G—I). Notably, Tunel staining showed that Pae was able to

ameliorate DNA damage in lung tissues induced by hypobaric

hypoxia (Fig. 1J and K), suggesting a protective effect against

apoptosis. Immunohistochemical results further revealed that the

upregulation of iNOS in lung tissues was effectively suppressed

after Pae intervention (Fig. 1L and M). In addition, hypobaric

hypoxia significantly up-regulated serum pro-inflammatory fac-

tor (IL-1ß, IL-6, TNF-α) levels (Fig. 1N—Q) and LDH levels and

down-regulated anti-inflammatory factor (IL-10) levels (Fig. 1P)

in mice. Pae reversed serum inflammatory factor and LDH levels

(Fig. 1R). Taken together, our data suggest that Pae ameliorates

hypobaric hypoxia-induced lung injury.

3.2. Proteomics reveals that Pae inhibits hypobaric hypoxia-

induced reactive oxygen species generation and inflammatory

response in lung tissue

To elucidate the mechanism underlying Pae’s protective effects, a

lung tissue proteomic analysis was performed. We obtained high-

quality proteomics data (Supporting Information Fig. S1A and

S1B). Further analysis revealed that Pae was able to signifi-

cantly reverse the proteomic profile of the mod group on the

second principal component (Fig. 2A). Through differential pro-

tein screening (Fig. S1C and S1D) and integration comparison, we

found 25 DEPs that could be reversed by Pae (Fig. 2B). KEGG

analysis revealed that these DEPs were mainly enriched in in-

flammatory response, reactive oxygen species metabolism, and

apoptosis pathways (Fig. 2C). Specifically, inflammatory signaling

proteins (NCF1, MMP8), reactive oxygen species homeostasis

regulators (NCF1, LCN2), and apoptosis-related proteins (MCL1)

were significantly overexpressed in the Mod group, whereas Pae

treatment was able to effectively reverse the expression levels of

these proteins (Fig. 2D). Additionally, gene set enrichment anal-

ysis (GSEA) also revealed the important roles of inflammatory

response and reactive oxygen species metabolic pathways in the

pharmacological activity of Pae (Fig. 2E—G). This finding is

highly consistent with the results of enrichment network analysis

of differential proteins (Fig. S1E and S1F). At the level of

experimental validation, the trend of inflammatory factor content

in lung tissue was highly consistent with the proteomic data

(Fig. 2H—K). Meanwhile, ELISA results showed that Pae signif-

icantly reversed this change of T-SOD, T-AOC, GSH, and MDA

induced by hypobaric hypoxia in serum (Fig. 2L—O). This

conclusion was further supported by the results of BODIPY C11

staining (Fig. 2P and Q) and 4-HNE immunohistochemistry

(Fig. 2R and S) in lung tissues. This reveals that Pae inhibits

hypobaric hypoxia-induced reactive oxygen species generation

and inflammatory response in vivo.

3.3. Pae inhibits hypoxia-induced oxidative stress, inflammatory

response, and inhibits ferroptosis

To further evaluate the in vitro anti-hypoxic effect of Pae and its

protective effect against lung injury, we chose cobalt chloride

(CoCl2) to stimulate human pulmonary microvascular endothe-

lial cells (HPMEC) in order to establish the in vitro hypoxic

injury34. CCK-8 results revealed that 300 μmol/L CoCl2 signif-

icantly inhibited HPMEC cell proliferation, and 10 and 20 μmol/

L Pae significantly reversed the effect of CoCl2 (Supporting

Information Fig. S2A). Pae was found to increase the viability of

HPMEC cells by Calcein-AM staining (Fig. S2B). We further

carried out a proteomic analysis of HPMEC cells. A total of 5482

proteins were identified in the control (Con), model (Mod), and

Pae intervention groups (Fig. S2C). PCA results showed that Pae

was able to reverse the proteomic profile of the mod group

(Fig. 3A). Similarly, by differential protein screening (Fig. S2D

and S2E) and integration comparison, we screened 44 DEPs that

could be reversed by Pae (Fig. 3B). Functional enrichment

analysis of these DEPs resulted in re-emphasizing pathways such

as apoptotic cell clearance, inflammatory response, and mito-

chondrial gene expression (Fig. 3C). At the level of cellular

experimental validation, we first examined the levels of MMP,

apoptosis, and ROS. The decrease in MMP also suggests the

onset of early apoptosis. The MMP level in the Pae group was

significantly enhanced (Fig. 3D, Fig. S2G and S2H). The levels

of iNOS and intracellular NO was significantly decreased by Pae

intervention (Fig. 3E, Fig. S2F). Annexin V and PI double

staining results also confirmed that Pae can significantly alleviate

hypoxia-induced apoptosis (Fig. S2I and S2J). Meanwhile, Tunel

staining revealed that Pae significantly inhibited CoCl2-induced

apoptosis (Fig. S2K).

In addition, Pae significantly reversed the levels of IL-1ß, IL-6,

IL-10, and TNF-α induced by CoCl2 (Fig. 3F—I). The content of

LDH was significantly decreased by Pae intervention (Fig. 3J). In

response to oxidative stress, BODIPY C11 staining showed that

Pae significantly reduced lipid peroxidation levels in HPMEC

cells (Fig. 3K). Correspondingly, we observed that Pae signifi-

cantly reversed the levels of T-SOD, GSH-Px, MDA, and CAT

(Fig. 3L—O). We also found that Pae can significantly alleviate

ROS content in HPMEC cells (Fig. 3P, Fig. S2L and S2M).

Meanwhile, we also found that Pae significantly reversed the

levels of total Fe, Fe3+ and Fe2+ ions in vivo and in vitro (Fig. 3Q

(T-SOD, GSH-Px, MDA, CAT) (n � 4). (P) Flow cytometry analysis of cellular ROS levels (n � 3—4). (Q, R) Effect of Pae on intracellular total

Fe and Fe2+ levels (n � 3—4). (S) Western blot analysis of GPX4 and FACL4 protein levels (n � 3). P values are calculated by one-way ANOVA

followed by the Tukey’s test. Data are presented as mean ± SD; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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and R, Supporting Information Fig. S3A and S3C). Importantly,

ROS overproduction and lipid peroxidation are inevitable events

triggered by ferroptosis. To further support this finding, Western

blot, immunofluorescence, and immunohistochemistry were used

to examine the level of GPX4, FACL4 protein, respectively

(Fig. 3S, Fig. S3D and S3I. These results further support the

finding that Pae improves hypobaric hypoxia-induced lung injury

by suppressing oxidative stress and ferroptosis.

Figure 4 Pae improves mitochondrial function and inhibits hypoxia-induced structural damage and dysfunction of mitochondria in vitro. (A)

Transmission electron microscopy analysis of changes in cell mitochondrial structure (n � 3). (B) Seahorse analysis of OCR Respiration rate

(n � 4—6). (C, D) Confocal microscopy analysis of mitochondrial permeability transition pore (mPTP) (n � 3). (E) Confocal microscopy

analysis of mito-SOX mitochondrial activity (n � 3). (F, G) Western blot analysis of mitochondrial biogenesis and mitochondrial dynamics-

related proteins (n � 3). P values are calculated by one-way ANOVA followed by the Tukey’s test. Data are presented as mean ± SD;

*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

Paeoniflorin alleviates hypobaric hypoxia-triggered lung injury 1475



Figure 5 Chemical proteome reveals MEK2 protein as a target of Pae. (A) Schematic diagram of the limited proteolysis-mass spectrometry

(LiP-MS) experimental flow. (B) Differential protein volcano plot analysis. (C) Cellular Thermal Shift Assay (CETSA) analysis of Pae and MEK2

protein binding level. (D) Drug Affinity Responsive Target Stability (DARTS) analysis of Pae and MEK2 protein binding levels. (E) 3D
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3.4. Pae improves mitochondrial function and inhibits hypoxia-

induced structural damage and dysfunction of cellular

mitochondria

Apoptosis, ROS production, and ferroptosis are closely associated

with mitochondrial function, and mitochondrial homeostasis is

critical for iron metabolism, apoptosis resistance, and hypoxic

adaptation35. Acute hypoxia resulted in reduced mitochondrial

number, membrane rupture and ridge breakage, while Pae treat-

ment significantly alleviated this structural abnormality (Fig. 4A).

Of interest, this structural improvement is closely related to

functional recovery. Pae was found to elevate OCR and mito-

chondrial respiration rate in a dose-dependent manner by seahorse

assay (Fig. 4B). Further analysis of key indicators of mitochon-

drial function revealed that the mitochondrial mPTP fluorescence

intensity was significantly reduced in hypoxia group (Fig. 4C and

D), while the mitochondrial superoxide level was significantly

increased (Fig. 4E). In contrast, Pae intervention reversed the

above changes triggered by hypoxia exposure. The regulation of

mitochondrial homeostasis by hypoxia is dual: on the one hand, it

contributes to the fragmentation of the mitochondrial network

through activation of the splitting protein DRP1 and inhibition of

the expression of the fusion protein MFN2/OPA136, a dynamic

change that may enhance hypoxic adaptation by increasing

membrane surface area. On the other hand, however, excessive

fragmentation leads to loss of membrane potential and activation

of mitochondrial autophagy, creating a vicious cycle13. In the

present study, Pae can effectively alleviate hypoxia-induced

mitochondrial fission/fusion imbalance by regulating the expres-

sion levels of proteins such as DRP1, MFN2, OPA1, and PGC-1α

(Fig. 4F and G). Combined with previous findings that Pae im-

proves MMP and mPTP function, these results indicate that

mitochondrial homeostasis regulation is a key mechanism under-

lying Pae’s pharmacological activity against hypoxic lung injury.

3.5. Chemical proteome reveals MEK2 protein as a target of

Pae action

To elucidate the key molecular mechanisms Pae’s action, LiP-MS

was used to screen potential target proteins (Fig. 5A). PCA

showed significant differences in proteomic profiles after Pae

treatment (Supporting Information Fig. S4A). The data quality of

target screening was good, and the average CV values of both

groups of samples were within 20% (Fig. S4B). Volcano maps

show significantly more MEK2 in the Pae group (Fig. 5B) and its

peptides had good identification quality (Fig. S4C). To confirm

MEK2 as a direct target of Pae, CETSA, DARTS, molecular

docking, molecular dynamics simulations (MDS), SPR, and MST

assays were performed. The results of CETSA and DARTS indi-

cated that Pae could alleviate the thermal degradation of MEK2

(Fig. 5C), and pronase-mediated nonspecific degradation

(Fig. 5D). Molecular docking results also revealed that Pae binds

stably to MEK2 protein with a binding energy of − 8.12 kcal/mol

(Fig. S4D and S4E). And the D156 and S198 sites are the closest

to Pae, with spatial distances of 1.7 Å and 2.4 Å between them,

respectively (Fig. 5E). Subsequently, further analysis by MDS

revealed that the RMSD value between MEK2 and Pae was

relatively large during the first 18 ns of simulation; it gradually

leveled off after 20 ns and maintained in a small range (Fig. S4F).

The lowest RMSF values were found in amino acid site 101, 156,

and 198, etc (Fig. S4G). The amino acid sites with the highest

energy contribution values were found to be the site K101, D156,

and S198, according to the ordering of the free energy contribu-

tion values. These three sites are Lys101, Asp156, Ser198

(Fig. 5F). The closest amino acid distances after Pae binding to

MEK2 were found to be D156, K101, and S198, respectively, as

analyzed by spatial structure trajectory changes in MDS

(Fig. S4H). The complex energy of Pae binding to MEK2 was

calculated and the total free energy of binding was − 56.74 kcal/

mol (Fig. S4I). The SPR results showed that the KD binding

constant of Pae and MEK2 was 1.247 μmol/L (Fig. 5G), and the

MST results showed that the KD binding constant of the two was

0.867 μmol/L (Fig. 5H), suggesting that the two have a strong

mutual binding effect.

To verify the accuracy of the binding site of Pae and MEK2

protein, we first compared the MEK2 protein homologous among

Homo, Mus, Rattus, and Bos species (Fig. 5I). Subsequently, we

mutated three sites (K101, D156, and S198) into Ala (Fig. 5J), and

predicted the structures of the three-point mutant proteins and the

three sites simultaneously mutated proteins (K101A, D156A,

S198A, and Mut-3A) by Alphafold3, respectively. Molecular

docking showed that the binding energies of Pae to K101A,

D156A, S198A, and Mut-3A proteins were − 7.34 kcal/mol,

− 7.23 kcal/mol, − 7.19 kcal/mol, and − 6.89 kcal/mol, respec-

tively (Fig. S4J). Analysis of the number of hydrogen bonds after

binding revealed that the number of HBonds was reduced in

K101A-Pae, D156A-Pae, and S198A-Pae compared to MEK2-Pae

(Fig. S4K). RMSD was larger after mutation at all three loci

compared to MEK2-Pae; K101A, D156A, and S198A were all

above MEK2-Pae (Fig. S4L). It is suggested that the binding of

Pae to MEK2 is affected and the stability is reduced after the three

site mutations. Finally, the KD binding constants of Pae to the

point mutated purified protein MEK2 (MEK2Mut) were found to

be 390 μmol/L (Fig. 5K) and 505 μmol/L (Fig. 5L) as verified by

SPR and MST experiments, respectively. Collectively, these data

demonstrate that MEK2 is a direct target of Pae, with binding

residues at K101, D156, and S198.

3.6. Inhibition of MEK2 causes mitochondrial damage,

promotes mPTP opening, and exacerbates lipid peroxidation and

ferroptosis in vitro

To verify whether Pae’s protective effects against acute hypoxic

lung injury are MEK2-dependent, Pae was combined with the

specific MEK2 inhibitor U0126. Microscopic observation showed

that U0126 aggravated hypoxia-induced cellular shrinkage and

apoptotic body formation (Fig. 6A). Flow cytometry results

showed that U0126 significantly suppressed Pae-induced MMP

visualization of molecular docking analysis of Pae binding to MEK2 protein. (F) MDS analysis of the amino acid free energy contribution of Pae

binding to MEK2 protein. (G) Surface plasmon resonance (SPR) analysis of Pae with MEK2 protein binding level. (H) Microscale Thermo-

phoresis (MST) analysis of Pae with MEK2 protein binding level. (I) Amino acid sequence display of MEK2 protein among different species. (J)

Sequence display of three site mutations in Pae binding to MEK2 protein. (K) SPR analysis of Pae binding to MEK2-Mut protein. (L) MST

analysis of Pae binding to MEK2 and MEK2-Mut proteins. Dunnett’s method in ANOVA test (C) was used for statistical analysis. *P < 0.05;

**P < 0.01.
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Figure 6 U0126 causes mitochondrial damage, mPTP opening, lipid peroxidation, and ferroptosis in vitro. (A) Cell morphology observation (n � 3).

(B, C) Flow cytometry analysis of cellular MMP (n � 3—4). (D) Elisa analysis of cellular GSH levels (n � 4—6). (E) Flow cytometry analysis of

cellular BODIPY C11 (n � 3—4). (F, G) Confocal microscopy analysis of mPTP (n � 3). (H, I) Western blot analysis of cellular MEK2, GPX4, OPA1,

p-ERK2, ERK2, PGC-1α, NRF2, NRF1, BCL2, MFN2, SGK1, and BAX protein expression changes (n � 3—4). (J) Q-PCR analysis of SGK1 mRNA

in HPMEC cells (n � 4). (K) Q-PCR analysis of GPX4 mRNA in HPMEC cells (n � 4). P values are calculated by one-way ANOVA followed by the

Tukey’s test. Data are presented as mean ± SD; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns: not significant.
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Figure 7 Knockdown of MEK2 in HPMEC cells causes mitochondrial damage, induces mPTP opening and aggravates lipid peroxidation. (A)

Schematic diagram of MEK2 knockdown cell experiment. (B—D) ELISA analysis of cellular oxidative stress indicators (SOD, GSH, MDA) levels

(n � 4). (E—H) Q-PCR analysis of intracellular PTGS2 (E), IL1B (F), IL6 (G), and MT-ND1 (H) mRNA levels (n � 4). (I) Flow cytometry

analysis of cellular BODIPY C11 (n � 3—4). (J, K): Confocal microscopy analysis of cellular mPTP changes (n � 3). (L, M): Western blot

analysis of cellular p-ERK2, ERK2, NRF1, NRF2, BAX, BCL2, GPX4, and MFN2 protein expression (n � 3—4). P values are calculated by one-

way ANOVA followed by the Tukey’s test; pairwise comparisons were performed using Dunnett’s method in ANOVA. Data are presented as

mean ± SD; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns: not significant.
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Figure 8 MEK2 overexpression suppresses lipid peroxidation and mPTP opening, and improves mitochondrial biogenesis. (A) Schematic

diagram of the cellular experiment process. (B—D) ELISA analysis of cellular oxidative stress indicators (SOD, MDA, GSH) levels (n � 4).

(E—H) Q-PCR analysis of intracellular PTGS2 (E), IL6 (F), TNF (G), and MT-ND1 (H) mRNA levels (n � 4). (I) Flow cytometry analysis of

cellular BODIPY C11 (n � 3—4). (J) Flow cytometry analysis of cellular mPTP (n � 3—4). (K, L) Western blot analysis of cellular p-ERK2,

ERK2, BCL2, GPX4, SGK1, NRF2, MFN2, PGC-1α, and NRF1 protein expression (n � 3—4). (M) Molecular docking to analyze the effect of
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elevation in vitro (Fig. 6B and C). Similarly, U0126 significantly

decreased the increase in GSH levels (Fig. 6D) caused by Pae and

promoted the upregulation of lipid peroxidation levels in HPMEC

cells (Fig. 6E). In addition, Pae significantly reversed the opening

of the mPTP induced by U0126 (Fig. 6F and G). This data implied

that U0126 causes cellular oxidative stress and mitochondrial

damage. To explore the mechanism of Pae, we detected the

expression of MEK2, p-ERK2/ERK2, and SGK1 proteins (which

may be downstream proteins of ERK2). Intriguingly, U0126

significantly inhibited the effect of Pae on increasing the expres-

sion levels of MEK2, p-ERK2 (Fig. 6H and I). Notably, U0126

significantly reduced the effect of Pae on promoting the expres-

sion of mitochondrial function-related proteins (PGC-1α, NRF1,

NRF2) (Fig. 6H and I), but had no significant effect on OPA1,

MFN2 and SGK1 proteins (Fig. 6H and I). Subsequently, we also

analyzed apoptosis and ferroptosis-related protein levels. U0126

significantly suppressed the effects of Pae up-regulation of GPX4,

BCL2 and Pae down-regulation of BAX (Fig. 6H and I). As ex-

pected, Q-PCR detection also found that U0126 markedly

decreased SGK1 (Fig. 6J) and GPX4 mRNA levels (Fig. 6K).

These data indicate that MEK2 inhibition induces cellular

oxidative stress and mitochondrial damage, abrogating Pae’s

protective effects.

3.7. Knockdown of MEK2 causes mitochondrial damage,

induces mPTP opening and aggravates lipid peroxidation in vitro

To further confirm MEK2’s role in Pae’s protective effects, MEK2

was silenced in HPMECs using MEK2 siRNA (si-MEK2)

(Fig. 7A). Q-PCR and Western blot verified successful MEK2

knockdown (Supporting Information Fig. S5A and S5B). MEK2

knockdown significantly reduced Pae-induced GSH and SOD

levels and increased MDA content (Fig. 7B—D), indicating

impaired antioxidant capacity. Q-PCR showed that MEK2

knockdown decreased MEK2 and SGK1 mRNA (Fig. S5C and

S5D), and enhanced the levels of PTGS2, IL1B, and IL6 mRNA

(Fig. 7E—G). Meanwhile, mitochondrial mtDNA content (MT-

ND1, MT-ND4) can indirectly reflect mitochondrial damage37.

Q-PCR results showed that knockdown of MEK2 significantly

upregulated MT-ND1, and MT-ND4 mRNA levels and eliminated

the inhibitory effect of Pae (Fig. 7H, Fig. S5E). This suggests that

MEK2 knockdown causes mitochondrial damage. To examine the

effect of MEK2 knockdown on mitochondrial damage, it was

shown by flow cytometry and confocal fluorescence assay that

MEK2 knockdown significantly aggravated hypoxia-induced lipid

peroxidation (Fig. 7I) and excessive opening of mPTP in vitro

(Fig. 7J and K).

To confirm the improving effect of Pae on lung injury was

dependent on the MEK2—ERK2 pathway, Western blot analysis of

the expression of related proteins was performed. As expected,

MEK2 knockdown significantly suppressed ERK2 protein phos-

phorylation and decreased SGK1 protein levels (Fig. 7L and M).

Further analysis of mitochondrial biogenesis and dynamics related

proteins including NRF1, NRF2, MFN2, and OPA1. Knockdown

of MEK2 markedly inhibited the expression of NRF1, NRF2, and

OPA1 proteins (Fig. 7L and M, Fig. S5B). Pae failed to improve

mitochondrial biogenesis and dynamics related proteins in si-

MEK2 cells. Similarly, the levels of ferroptosis-associated

proteins and mRNA were explored and the enhanced GPX4

caused by Pae were eliminated after MEK2 knockdown (Fig. 7L

and M, Fig. S5F). Apoptotic protein and gene expression were

also analyzed in HPMEC cells, Pae failed to improve the level of

BCL2 and BAX protein/gene in si-MEK2 cells (Fig. 7L and M,

Fig. S5G and S5H). Overall, these findings support the idea that

the efficacy of Pae in hypobaric hypoxia-induced lung injury de-

pends on MEK2.

3.8. Inhibition of SGK1 induces oxidative stress, promotes

mPTP opening, and induces apoptosis and inflammatory

responses

Recent studies have shown that SGK1 can maintain MMP and

calcium homeostasis by phosphorylating VDAC1 protein and

inducing its ubiquitination degradation, thereby inhibiting the

abnormal opening of the mPTP22. To further determine whether

SGK1 is involved in the regulation of Pae’s maintenance of

mitochondrial homeostasis, we added an SGK1 inhibitor

(EMD683638, EMD) to HPMEC cells (Supporting Information

Fig. S6A). We examined the effects of EMD on oxidative stress,

inflammatory factors, lipid peroxidation, and mPTP opening in

HPMEC cells. ELISA results showed that EMD significantly

inhibited Pae to ameliorate hypoxia-induced aberrant expression

of SOD, MDA, and GSH (Fig. S6B—S6D). Flow cytometry also

demonstrated that EMD treatment counteracted Pae’s alleviation

of lipid peroxidation (Fig. S6E) and excessive opening of mPTP

(Fig. S6F) in HPMEC cells. As expected, Q-PCR assay confirmed

that EMD significantly increased IL6, TNF, and PTGS2 mRNA

levels (Fig. S6G—S6I). Similarly, EMD also significantly coun-

teracted Pae’s up-regulation of hypoxia-induced reduction in

BCL2 mRNA levels and down-regulation of elevated BAX and

CASP3 mRNA levels (Fig. S6J—S6L).

To confirm SGK1 as a downstream target of ERK2, EMD in

combination with LM22B (an agonist of ERK2) was used in the

HPMEC cells (Fig. S6M). ELISA results showed that EMD

significantly abrogated the reversal of aberrant SOD, MDA, and

GSH expression by LM22B (Fig. S6N—S6P). Flow cytometry also

showed that EMD counteracted the effect of LM22B in hypoxia-

induced lipid peroxidation (Fig. S6Q) and mPTP over-opening

(Fig. S6R) in HPMEC cells. As expected, Q-PCR analysis

confirmed that LM22B significantly inhibited inflammatory re-

sponses (Fig. S6S—S6U) and apoptosis (Fig. S6V—S6X), while

EMD counteracted the effects of LM22B. This indicates that

SGK1 acts as a downstream factor of ERK2, and inhibition of

SGK1 can induce oxidative stress and inflammatory responses,

promote the opening of mPTP and apoptosis.

3.9. MEK2 overexpression in vitro reduces lipid peroxidation,

inhibits mPTP opening, and improves mitochondrial biogenesis

To continue to verify the involvement of MEK2 in the regulation

of mitochondrial homeostasis by Pae, MEK2 overexpression (OE-

MEK2) was performed in HPMEC cells (Fig. 8A). Western blot

confirmed successful overexpression (Supporting Information

Fig. S7A and S7B). ELISA analysis revealed that OE-MEK2 in

HPMEC cells enhanced antioxidant activity, including SOD,

MDA, and GSH (Fig. 8B—D). Q-PCR results showed that the

Pae on the binding of MEK2—ERK2 complex. (N) IP assay for the effect of Pae on MEK2 and ERK2 protein interactions. P values are calculated

by one-way ANOVA followed by the Tukey’s test. Data are presented as mean ± SD; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Figure 9 Pae activates the MEK2-ERK2-SGK1 axis in vivo to ameliorate mitochondrial dysfunction and alleviate hypobaric hypoxic lung

injury. (A) Schematic diagram of the animal experiment. (B—D) ELISA analysis of T-SOD, GSH-Px, and MDA contents in lung tissues
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levels of pro-inflammatory factors (IL6, TNF, and PTGS2 mRNA)

were significantly suppressed in OE-MEK2 cells (Fig. 8E—G).

Meanwhile, Q-PCR results revealed that OE-MEK2 significantly

down-regulated MT-ND1, MT-ND4 mRNA levels and eliminated

the effect of EMD (Fig. 8H, Fig. S7C). This suggests that OE-

MEK2 in HPMEC cells reversed EMD-induced mitochondrial

damage. Notably, OE-MEK2 also significantly protected HPMEC

cells from hypoxia-induced lipid peroxidation (Fig. 8I) and

inhibited hypoxia-induced mPTP over-opening (Fig. 8J). In

addition, we analyzed the expression of OE-MEK2 on down-

stream ERK2 and SGK1 proteins. The results revealed that OE-

MEK2 significantly upregulated p-ERK2/ERK2 and SGK1 pro-

tein expression (Fig. 8K and L). We further analyzed the level of

mitochondrial biogenesis and kinetics-related proteins by OE-

MEK2. As expected, OE-MEK2 promoted the expression of

NRF1, NRF2, MFN2, and PGC-1α protein expression (Fig. 8K

and L). Importantly, OE-MEK2 also significantly reversed the

inhibitory effects of hypoxia on GPX4, BCL2 protein expression

(Fig. 8K and L) and BCL2, BAX, and CASP3 mRNA transcription

(Fig. S7D—S7F). Interestingly, to determine the regulatory role of

Pae on MEK2/ERK2 interaction, we performed molecular dock-

ing and IP experiments, respectively. Docking results revealed that

the binding of the Pae—MEK2—ERK2 ternary complex was more

stable with a binding energy of − 9.44 kcal/mol compared to the

binding energy of the Pae—MEK2 binary complex (− 8.12 kcal/

mol). As shown in Fig. 8M and Supporting Information Fig. S8,

the MEK2 protein structure is shown in green, the ERK2 protein

structure is shown in cyan, and the yellow part in the center is Pae.

Apparently, Pae still binds to the MEK2 protein Ser-198 amino

acid (Fig. S8). In addition, the IP results also showed that MEK2

bound to ERK2 more obviously after Pae addition (Fig. 8N).

These results indicate that MEK2 overexpression mimics Pae’s

protective effects, and Pae promotes MEK2-ERK2 complex for-

mation to activate downstream signaling.

3.10. Pae activates the MEK2—ERK2—SGK1 axis in vivo to

ameliorate mitochondrial dysfunction and alleviate hypobaric

hypoxic lung injury

To confirm whether inhibition of the MEK2—ERK2—SGK1 axis

exacerbates hypobaric hypoxia-induced lung injury, C57 mice

were treated with Pae and U0126 (Fig. 9A). Subsequently, U0126

significantly promoted hypobaric hypoxia-induced inflammatory

responses and oxidative stress, as reflected in elevated levels of

proinflammatory factors (TNF-α, IL-1ß, IL-6) in lung tissue

(Supporting Information Fig. S9A—S9C). At the same time, this is

also reflected in abnormal oxidative stress indicators (T-SOD,

GSH-Px, MDA) in lung tissue and serum (Fig. 9B—D,

Fig. S9D—S9F). Consistently, U0126 significantly aggravated in-

flammatory cell infiltration and alveolar wall thickening in lung

tissues of model mice and elevated histopathological scores, while

the Pae-treated group showed a significant therapeutic effect

(Fig. 9E and F). To further validate the effect of U0126 on the

MEK2—ERK2—SGK1 axis, we found by immunohistochemistry

that U0126 significantly reduced SGK1 positive expression

(Fig. 9G and J). Meanwhile, the results of WB experiments also

revealed that inhibition of MEK2 also decreased p-ERK2/ERK2,

and SGK1 protein expression (Fig. 9N and O). In addition, we also

continued to verify the effect of Pae on U0126 in regulating

mitochondrial homeostasis and apoptosis in lung tissues. Western

blot experiments revealed that U0126 significantly reduced the

expression of Nrf1, Nrf2, and enhenced the level of DRP1, BAX

protein (Fig. 9N and O). This aberrant expression of these proteins

severely affected mitochondrial function. Pae’s intervention

treatment significantly reversed the aberrant expression of NRF1,

NRF2, DRP1, MFN2, BCL2, and BAX proteins (Fig. 9N and O).

To further evaluate the effect of U0126 on ferroptosis in lung

tissue, we examined lung tissue lipid peroxidation, total iron and

lung tissue GPX4 levels, respectively. It was found that U0126

promoted hypobaric hypoxia-induced lung tissue lipid peroxida-

tion (Fig. 9H and K), GPX4 downregulation (Fig. 9I, L, N, O), and

lung tissue total Fe accumulation (Fig. 9M). Notably, Pae suc-

ceeded to improve ferroptosis and apoptosis caused by hypobaric

hypoxia-induced mitochondrial damage. Consequently, these re-

sults reveal that the pulmonary protective effect of Pae depends on

MEK2—ERK2—SGK1 axis.

3.11. MAP2K2 knockdown in pulmonary vascular endothelial

cells abolished the improvement effect of Pae on lung injury

To further confirm that the beneficial effects of Pae on hypobaric

hypoxia-induced lung injury depend on MEK2 in vivo, MAP2K2

gene knockdown (KD) mice in pulmonary vascular endothelial

cells was examined using AAV-VEC-Tie1 (Fig. 10A), which were

supported by the Western blot and immunohistochemistry analysis

(Supporting Information Fig. S10A—S10D). MEK2 KD decreased

significantly levels of MPO (Fig. 10B), LDH (Fig. 10C), and

COX-2 (Fig. 10D) in hypobaric hypoxia-induced lung injury.

MEK2 KD also causes structural changes in the lungs (Fig. 10E

and F) and exacerbates inflammatory responses in BALF

(Fig. S10E), lung tissue (Fig. S10F), and serum

(Fig. S10G—S10I).

In addition, MEK2 KD resulted in an decrease in SGK1 pro-

tein expression (Fig. 10G and H) and a significant increase in lipid

peroxidation (Fig. 10I and J) in lung tissue. This contributes to the

exacerbation of oxidative stress (GSH, MDA, and SOD)

(Fig. 10K, Fig. S10J and S10K), iron overload (Fe2+) (Fig. 10L),

weakened mitochondrial biogenesis (down-regulating the levels of

OPA1, MFN2, NRF1, and NRF2 protein) (Fig. 10M and N), and

ultimately leads to endothelial cell apoptosis (BCL2 and BAX

protein) and ferroptosis (GPX4 protein) (Fig. 10M and N).

Additionally, Pae failed to improve pulmonary structural changes

and lipid peroxidation in MEK2 KD mice (Fig. 10E, F, I, J).

Meanwhile, Western blot results also revealed that MEK2 KD also

decreased p-ERK2/ERK2 (Fig. 10M and N). These data implied

that stimulation of ERK2—SGK1 axis by Pae via contribution to

the MEK2 was not observed in MEK2 KD mice. Notably, the

MEK2 KD plus Pae group did not show further improvement in

(n � 4—5). (E, F) Lung histopathology scores with HE pathology staining plots (n � 3). (G, J) Immunohistochemical analysis of the expression

of SGK1 in lung tissue (n � 3). (H, K) BODIPY C11 fluorescence analysis of lipid peroxidation levels in lung tissue (n � 3). (I, L) Immu-

nohistochemical analysis of the expression of GPX4 in lung tissue (n � 3). (M) Effect of U0126 on total Fe content in lung tissue (n � 3—4). (N,

O) Western blot analysis of the effect of DRP1, OPA1, BCL2, BAX, MFN2, NRF1, NRF2, GPX4, p-ERK2, ERK2, SGK1 protein expression in

lung tissues (n � 3—4). P values are calculated by one-way ANOVA followed by the Tukey’s test. Data are presented as mean ± SD; *P < 0.05;

**P < 0.01; ***P < 0.001; ****P < 0.0001; ns: not significant.
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Figure 10 Knockdown of MEK2 in pulmonary vascular endothelial cells abolished the lung injury protective effect of Pae. (A) Schematic

diagram of the animal experiment. (B—D) ELISA analysis of MPO, LDH, and COX-2 contents in lung tissues (n � 4—5). (E, F) Lung
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mitochondrial function and inhibition of ferroptosis in hypobaric

hypoxia-induced lung injury. These results reveal that the pul-

monary protective effect of Pae depends on MEK2. All of the

above data confirm that Pae binds to MEK2 and regulates the

phosphorylation of ERK2, which activates SGK1, promotes

mitochondrial biogenesis and mitochondrial dynamics, and at-

tenuates hypobaric hypoxia-induced lung injury (Fig. 10O, by

Figdraw).

4. Discussion

4.1. Pae significantly alleviates hypobaric hypoxic-induced lung

injury in mice

Hypobaric hypoxic-induced lung injury is a serious hypoxic lung

disease that causes a large number of deaths worldwide each

year38,39. The complexity of hypobaric hypoxia-induced lung

injury pathogenesis, spanning dysregulated inflammation, mito-

chondrial dysfunction, oxidative stress, and novel cell death

pathways like ferroptosis38,40-42. The natural product Pae has

significant antioxidant and anti-inflammatory effects43 and

significantly alleviates brain damage44, myocardial damage45,

lung injury46, and liver injury47 caused by various factors,

especially improving respiratory system diseases. The

efficacy of Pae in antioxidant injury has drawn considerable

attention to the efficacy of Pae in hypobaric hypoxia-induced

lung injury48. Many studies have shown that Pae plays a

crucial role in lung injury caused by various factors. Pae (50 and

100 mg/kg) protects against influenza A virus-induced acute

lung injury by decreasing pulmonary edema, and ameliorating

histopathological changes in the lungs49. However, the effect of

Pae on hypobaric hypoxia-induced lung injury needs further

study.

Our results showed that Pae (50 mg/kg) reduces lung water

content and wet-dry weight ratio, ameliorates lung structural

damage, and reverses hypoxia-induced upregulation of inflam-

matory proteins. Pae also effectively suppresses oxidative stress

and lipid peroxidation in HPMEC and lung tissues, which is

consistent with lung tissue proteomic data showing reversal of

ROS regulatory pathways. These findings support Pae’s potential

as a therapeutic agent for acute hypobaric hypoxia-induced lung

injury.

4.2. Screening and validation of Pae target proteins

Advancements in multi-omics have revealed numerous direct

targets of Pae. Proteomics-based screening methods for small

molecule target proteins include thermal proteomics50,

DARTS51, Lip-MS52, ABPP53, and the newly developed PELSA

technology54. Among them, Lip-MS has attracted much attention

because it does not rely on exogenous tag synthesis, can fully

simulate the binding of small molecule compounds and target

proteins under physiological conditions, and is able to identify

the binding regions of target proteins. In this study, LiP-MS,

molecular docking, MDS, CETSA, DARTS, SPR, MST, and

point mutation analysis identified MEK2 as a high-confidence

target of Pae, with binding residues at K101, D156, and S198.

MEK2 act as a linear relay in the MAPK pathway to mediate

development and homeostasis. Studies have shown that MEK2

deficiency leads to the disappearance of ERK2 phosphorylation,

triggering weakened cell proliferation and apoptosis55. Corre-

spondingly, MEK2 acts as a classical ERK1/2 upstream kinase,

and we found that Pae was able to increase the phosphorylation

level of ERK2, which in turn activated ERK2 to promote the

expression of downstream-related survival molecules. IP results

indicated that the enhanced interaction between MEK2 and

ERK2 promoted by Pae was the main reason for the activation of

ERK2 phosphorylation. Docking results showed that Pae could

be more stable by binding to the SER198 site on the MEK2-

ERK2 complex. This suggests that Pae binds to Ser198 on

MEK2, promotes the interaction of MEK2 with ERK2, and ac-

tivates ERK2 phosphorylation.

4.3. Pae exerts protective effects against hypobaric hypoxic lung

injury through ERK2-SGK1 regulation of mitochondrial

homeostasis

Mitochondria in endothelial cells primarily play a signaling role in

the cell’s response to environmental signals. Mitochondrial ho-

meostasis has an important regulatory effect on angiogenesis,

oxidative stress, and inflammatory activation56. Hypoxia activates

DRP1 phosphorylation, inducing excessive mitochondrial fission,

releasing cytochrome C, and promoting apoptosis36. Conversely,

hypoxia leads to reduced OPA1 protein levels inhibiting mito-

chondrial fusion, compromising the structural integrity of mito-

chondrial cristae, and decreasing the efficiency of ATP

synthesis57. In vivo experiments, Pae was able to attenuate the

oxidative stress state, ameliorate apoptosis occurring in lung tis-

sues, and reverse mitochondrial homeostatic regulatory proteins in

hypobaric hypoxia-induced injury mice. In vitro experiments, Pae

significantly elevated mitochondrial oxidative phosphorylation

function (OCR) and increased MMP. Meanwhile, we found that

the regulatory effects of Pae on mitochondrial homeostasis were

dependent on the presence of MEK2—ERK2 as well as SGK1.

ERK2 and SGK1 as well-known survival molecules regulate

mitochondrial homeostasis through multiple pathways58-60.

Importantly, we found that Pae significantly improved mPTP and

reversed the dynamic homeostasis of proteins including mito-

chondrial division DRP1 as well as fusion OPA1, MFN2, and

others by promoting the formation of MEK2—ERK2 complex and

subsequent induction of SGK1 expression. Ultimately, mito-

chondrial dynamic homeostasis was maintained under hypoxia to

minimize subsequent excessive apoptotic and inflammatory

responses.

histopathology scores with HE pathology staining plots (n � 3). (G, H) Immunohistochemical analysis of the expression of SGK1 in lung tissue

(n � 3). (I, J) BODIPY C11 fluorescence analysis of lipid peroxidation levels in lung tissue (n � 3). (K) ELISA analysis of GSH, MDA, and SOD

contents in lung tissues (n � 4—5). (L) Effect of MEK2 KD on Fe2+ content in lung tissue (n � 3—4). (M, N) Western blot analysis of the effect

of p-ERK2, ERK2, OPA1, MFN2, BCL2, BAX, NRF1, NRF2, and GPX4 protein expression in lung tissues (n � 3—4). (O) Schematic repre-

sentation of the mechanism of Pae’s pharmacological activity. Pae binds to MEK2 and regulates the phosphorylation of ERK2, which activates

SGK1, promotes mitochondrial biogenesis and mitochondrial dynamics and alleviates hypobaric hypoxia induced-lung injury. P values are

calculated by one-way ANOVA followed by the Tukey’s test. Data are presented as mean ± SD; *P < 0.05; **P < 0.01; ***P < 0.001;

****P < 0.0001; ns: not significant.
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4.4. The MEK2—ERK2—SGK1 pathway is essential for Pae to

exert its protective effects

ERK2 and SGK1, key mediators of tumor cell survival, regulate

apoptosis resistance and mitochondrial homeostasis―mechanisms

that support tumor progression21,61. However, in this study, they

ameliorate hypobaric hypoxia-induced lung injury through sur-

vival signaling pathways. SGK1 blocks pro-apoptotic BIM

expression by phosphorylating FOXO (promoting cytoplasmic

retention and ubiquitin-dependent degradation62), enhances

PINK1/Parkin-mediated mitophagy63, and maintains MMP and

calcium homeostasis by phosphorylating VDAC1 (inhibiting

abnormal mPTP opening)22. ERK2 and SGK1 also exhibit syn-

ergistic effects: ERK2 phosphorylates GSK3ß to inhibit its ac-

tivity (blocking mitochondrial outer membrane permeability)64,

while SGK1 promotes mitochondrial biogenesis via PGC-1α

activation, ensuring energy supply under hypoxia65. MEK2

knockdown in vivo and in vitro suppressed the level of p-ERK2

and SGK1 protein, abolished the improvement effect of Pae on

hypobaric hypoxia-induced lung injury. These data implied that

MEK2—ERK2—SGK1 pathway is essential for Pae to exert its

pulmonary protective effects.

5. Conclusions

In this study, we demonstrate that the MEK2—ERK2—SGK1

signaling axis is critical for Pae’s pharmacological activity. Using

MEK2 inhibitors, MEK2 knockdown (in vivo and in vitro), and

MEK2 overexpression (in vitro), we confirm that Pae’s pulmonary

protective effects are MEK2-dependent. Collectively, our findings

show that Pae activates MEK2, inhibits mPTP opening via the

ERK2—SGK1 axis, maintains mitochondrial homeostasis, and

effectively alleviates hypobaric hypoxia-induced lung injury.

These results highlight Pae’s potential as a therapeutic agent for

hypoxic lung injury-related diseases.
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