Redox Biology 71 (2024) 103116

Contents lists available at ScienceDirect

Redox Biology

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/redox

GSTP alleviates acute lung injury by S-glutathionylation of KEAP1 and
subsequent activation of NRF2 pathway

Xiaolin Sun™', Chaorui Guo®', Chunyan Huang?, Ning Lv“, Huili Chen b,ﬁ Haoyan Huang?,

Yulin Zhao?, Shanliang Sun ¢, Di Zhao?, Jingwei Tian ", Xijing Chen® ", Yongjie Zhang "

& Clinical Pharmacology Research Center, School of Basic Medicine and Clinical Pharmacy, China Pharmaceutical University, Nanjing, 211198, PR China

b Department of Pharmaceutics, College of Pharmacy, University of Florida, Orlando, 32827, United States

¢ National and Local Collaborative Engineering Center of Chinese Medicinal Resources Industrialization and Formulae Innovative Medicine, Nanjing University of Chinese
Medicine, 138 Xianlin Road, Nanjing, 210023, PR China

4 School of Pharmacy, Key Laboratory of Molecular Pharmacology and Drug Evaluation (Yantai University), Ministry of Education, Collaborative Innovation Center of
Advanced Drug Delivery System and Biotech Drugs in Universities of Shandong, Yantai University, Yantai, 264005, PR China

ARTICLE INFO ABSTRACT

Keywords: Oxidative stress plays an important role in the pathogenesis of acute lung injury (ALI). As a typical post-

GSTP translational modification triggered by oxidative stress, protein S-glutathionylation (PSSG) is regulated by

S-glutathionylation redox signaling pathways and plays diverse roles in oxidative stress conditions. In this study, we found that GSTP

gi?sztlit:gs:ej:;y downregulation exacerbated LPS-induced injury in human lung epithelial cells and in mice ALI models, con-

KEAP1 firming the protective effect of GSTP against ALI both in vitro and in vivo. Additionally, a positive correlation was

NRF2 observed between total PSSG level and GSTP expression level in cells and mice lung tissues. Further results
demonstrated that GSTP inhibited KEAP1-NRF2 interaction by promoting PSSG process of KEAP1. By the inte-
gration of protein mass spectrometry, molecular docking, and site-mutation validation assays, we identified C434
in KEAP1 as the key PSSG site catalyzed by GSTP, which promoted the dissociation of KEAP1-NRF2 complex and
activated the subsequent anti-oxidant genes. In vivo experiments with AAV-GSTP mice confirmed that GSTP
inhibited LPS-induced lung inflammation by promoting PSSG of KEAP1 and activating the NRF2 downstream
antioxidant pathways. Collectively, this study revealed the novel regulatory mechanism of GSTP in the anti-
inflammatory function of lungs by modulating PSSG of KEAP1 and the subsequent KEAP1/NRF2 pathway.
Targeting at manipulation of GSTP level or activity might be a promising therapeutic strategy for oxidative
stress-induced ALI progression.

levels, increased formation of lipid peroxidation byproducts and
oxidative modification of intracellular proteins [3,4]. Oxidative stress

1. Introduction

Acute lung injury (ALI), commonly caused by bacterial and respi-
ratory viral infections [1,2], is a disordered severe inflammatory process
in the lung that leads to substantial damages to pulmonary endothelial
and epithelial barriers, with a mortality rate up to 40% [3,4].
Oxidant-mediated tissue disruption is considered to play a crucial role in
ALI pathogenesis. Oxidative stress is commonly observed in both
experimental ALI models and ALI patients, involving the imbalance
between elevated oxidant levels and decreased endogenous antioxidant
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induces inflammation by activating the expression of transcription fac-
tors and the subsequent production of inflammatory mediators, ulti-
mately leading to the development of ALI [5]. Intracellular oxidant
levels are positively correlated with the severity of alveolar epithelial
inflammatory damage and the outcome of ALI, while antioxidant en-
zymes play vital roles by eliminating intracellular oxidants and reducing
inflammation thereby attenuating the severity of injury [6]. Thus, sup-
pression of inflammation and/or oxidative stress is considered as a po-
tential strategy for the prevention and treatment of ALL

E-mail addresses: tianjingwei618@163.com (J. Tian), chenxj-lab@hotmail.com (X. Chen), zhangyongjie@cpu.edu.cn (Y. Zhang).

1 These authors contributed equally to the work.

https://doi.org/10.1016/j.redox.2024.103116

Received 21 December 2023; Received in revised form 17 February 2024; Accepted 6 March 2024

Available online 6 March 2024

2213-2317/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-

nc/4.0/).


mailto:tianjingwei618@163.com
mailto:chenxj-lab@hotmail.com
mailto:zhangyongjie@cpu.edu.cn
www.sciencedirect.com/science/journal/22132317
https://www.elsevier.com/locate/redox
https://doi.org/10.1016/j.redox.2024.103116
https://doi.org/10.1016/j.redox.2024.103116
https://doi.org/10.1016/j.redox.2024.103116
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

X. Sun et al.
Abbreviations
ALI acute lung injury
PSSG S-glutathionylation
ROS reactive oxygen species
GSTP glutathione S-transferase isoform P
KEAP1  kelch-like ECH-associated protein 1
NRF2 nuclear factor-erythroid 2-related factor 2
HO-1 heme oxygenase-1
NQO1 NAD(P)H:quinone oxidoreductase 1
FBS fetal bovine serum
LPS lipopolysaccharide
BALF bronchoalveolar lavage fluid
MDA malondialdehyde
MPO myeloperoxidase
ARDS acute respiratory distress syndrome

Reactive oxygen species (ROS) are constantly generated as products
of normal cellular metabolism and participate in the maintenance of
cellular redox homeostasis, whereas the overproduction and accumu-
lation of ROS prompt oxidative stress [7]. The redox status equilibrium
in cells is maintained by various mechanisms, among which the tri-
peptide glutathione (GSH) plays a central role. Depletion of endogenous
GSH is commonly reported in ALI cases [8,9], while GSH supplemen-
tation has been used to attenuate oxidative stress and inflammation,
thereby impeding disease progression [10,11]. Besides its prominent
role of being a major nucleophile in cells, GSH participates in a plenty of
cell signaling pathways. Among them, a protein post-translational
modification process, known as protein S-glutathionylation (PSSG), is
reported to implicate in many redox imbalance-related diseases [12].
PSSG is a unique redox-driven post-translational modification in which
the cysteine of glutathione binds to the-SH (thiol) group of a target
cysteine in the protein via disulfide bond formation. PSSG is reversible
in nature and results in temporary changes in the structure and function
of target proteins. PSSG occurs spontaneously upon oxidative stimuli,
whereas the rate and extent of this process increase with the catalysis of
enzymes [13,14].

Glutathione S-transferase P (GSTP) is the prominent enzyme recog-
nized to catalyze PSSG process [15,16]. GSTP is widely expressed in
different type of cells from various organs. Though being considered as a
cytosolic enzyme, GSTP is also found in the cytoplasm, nucleus, and
mitochondria [17-19]. Besides catalyzing GSH conjugation reactions of
electrophilic substrates, GSTP is involved in regulating a variety of
cellular functions and maintenance of cellular redox homeostasis. PSSG
mediated by GSTP is associated with the pathogenesis of many diseases,
including pulmonary impairment, neurodegenerative disorders, and
cancers [20-22]. In addition, GSTP-mediated PSSG process of essential
protein targets are reported to play antioxidant, anti-inflammatory, and
anti-apoptotic functions in acute and chronic inflammatory responses.
Although the significance of GSTP in modulation respiratory diseases via
catalyzing specific PSSG process is continuously being revealed, the
mechanism of regulation and reduction of ALI mediated by GSTP is still
unclear. Moreover, the target proteins of GSTP-mediated PSSG in ALI
pathogenesis have not been investigated.

Kelch-like ECH-associated protein 1 (KEAP1), the suppressor of nu-
clear factor-erythroid 2-related factor 2 (NRF2), is a critical chaperonin
for E3 ubiquitin ligases for degrading NRF2 [23]. KEAP1 protein is a
27-cysteine enriched structure, many of which were reported to be
highly redox sensitive [24]. Upon electrophilic or oxidative stress,
cysteine residues of KEAP1 are easily oxidized and NRF2 was released
from KEAP1, which leads to the upregulation of subsequent antioxidant
genes and the activation of KEAP1-NRF2 oxidative stress response
pathway [25]. In fact, over a decade ago, Holland et al. have illustrated
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the cysteine modification map of KEAP1 protein, including PSSG
modification, under varying GSH/GSSG ratios and proposed a conse-
quential structural change of Kelch domain in KEAP1 protein, which
eventually resulted in disrupted KEAP1-NRF2 binding using computa-
tional modeling analysis [26]. KEAP1 has been reported to be S-gluta-
thionylated in inflammation [27] and GSTP-catalyzed KEAP1 PSSG
process leading to NRF2 activation is an important neuronal protection
mechanism [28]. However, up until now, the information of KEAP1
modification and role of GSTP in ALI is not available.

In this study, we explored the roles of GSTP and KEAP1 PSSG process
in ALI. With integration of in vitro, in sillico, and in vivo findings, it is
proposed that GSTP-catalyzed PSSG of KEAP1 promoted the dissociation
of KEAP1-NRF2 complex and nuclear translocation of NRF2, activated
the downstream pathways, and eventually ameliorate ALI progress. In
summary, GSTP-catalyzed PSSG of KEAP1 exerts anti-inflammatory ef-
fects in the oxidative stress response in ALI process, which provided a
potential therapeutic target for its treatment.

2. Materials and methods
2.1. Chemicals and reagents

LPS was purchased from Sigma-Aldrich (L-2880, USA). Penicillin and
streptomycin, Fetal bovine serum (FBS), Dulbecco’s modified Eagle’s
medium (DMEM) and Ham’s F-12 K (Kaighn’s) Medium were acquired
from Invitrogen-Gibco (Grand Island, NY). Antibodies against NRF2,
KEAP1, GSTP, HO-1, NQO1, Lamin B, and p-Actin were supplied by Cell
Signaling or Abcam. All other chemicals were offered by Sigma-Aldrich,
if not otherwise indicated. Recombinant human GSTP was prepared in
our laboratory as described previously [29].

2.2. Cell culture

HPAEpiCs were purchased from the ScienCell Research Laboratories
(#3200, USA) and cultured in Alveolar Epithelial Cell Medium (Scien-
cell, 3201, USA) consisting of 96.15 % basal medium, 2.0 % FBS, 1.0 %
epithelial cell growth supplement, and 1.0 % antibiotics. BEAS-2B cells,
purchased from the cell bank of Shanghai Institutes for Biological Sci-
ences (China Academy of Science, Shanghai), were cultured in DMEM
containing 10% FBS. A549 cells, purchased from the cell bank of
Shanghai Institutes for Biological Sciences (China Academy of Science,
Shanghai), were cultured in Ham’s F-12 K (Kaighn’s) Medium con-
taining 10% FBS. All cells were cultured in a humidified incubator at
37 °C with 5% COa.

2.3. Plasmid or siRNA transfection

Expression plasmids containing wild type and C368, C434, and C613
mutant KEAP1 genes, and siRNA targeting at GSTP (GSTP-siRNA) gene
and the negative control (NC-siRNA) were provided by Tsingke Biotech
(Beijing, China). For transient transfection, cells were cultured to 60%—
80% confluence and then transfected using Lipofectamine™ 3000 and
P3000™ reagent (Invitrogen, L3000015, USA) according to the manu-
facturer’s instructions.

GSTP siRNA sense (5-3"): GGCAAGGAUGACUAUGUGATT, antisense
(5’-3"): UCACAUAGUCAUCCUUGCCTT.

2.4. GSH and GSSG measurement

Intracellular GSH and GSSG levels were measured using the
luminescence-based GSH/GSSG-Glo method according to the manufac-
turer’s instructions (Promega, V6611, USA).

2.5. Fe assays

Fe?* and total iron levels in HPAEpiCs were measured using an iron
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assay kit (Abcam, ab83366, UK) in accordance with the manufacturer’s
protocol.

2.6. Western blot

Lung tissue samples or cells were lysed in a RIPA buffer (Beyotime,
P0013B, China) with protease inhibitor cocktail (Roche, 4693132001,
USA) for 20 min. The protein concentrations were measured using a BCA
protein assay kit (Beyotime, P0010, China), and 50 pg of proteins were
transferred onto a PVDF membrane following separation on a 10% SDS-
polyacrylamide gel. The membrane was blocked with blocking solution
(5% (w/v) nonfat dry milk) for 2 h, followed by an overnight incubation
at 4 °C with antibodies against KEAP1 (Cell Signaling Technology, 8047,
1:1000), NRF2 (Cell Signaling Technology, 12,721, 1:1000), GSTP (Cell
Signaling Technology, 3369, 1:1000), HO-1 (Abcam, ab189491,
1:2000), NQO1 (Abcam, ab80588, 1:10,000), Lamin B (Abcam,
ab32535, 1:500) and p-Actin (Cell Signaling Technology, 8457, 1:1000).
The following day, the membrane was incubated for an additional 1 h
with HRP-conjugated secondary antibody (1:1000 dilution) at room
temperature after thoroughly washing three times with PBST. Bands
were detected by ECL (Beyotime, PO018AM, China) and band intensities
were quantified using Image J gel analysis software. All experiments
were performed in triplicate.

2.7. Co-immunoprecipitation

Cells were lysed with IP buffer (Beyotime, P0013J, China) containing
a protease inhibitor cocktail (Roche, 4693132001, USA). The lysates
were incubated with the anti-KEAP1 (Cell Signaling Technology, 4678)
primary antibody overnight on a rotating shaker at 4 °C, followed by the
addition of Protein A/G Magnetic Beads (Thermo Fisher Scientific,
88,804, USA) for another 2 h. Proteins were eluted by sample loading
buffer, followed by western blotting as described above.

2.8. Generation of Gstp knockout mice

Gstpl/p2/p3~/~ mice were generated by Shanghai Model Organisms
Center, Inc. (Shanghai, China). Clustered regularly interspaced short
palindromic repeats/CRISPR-associated 9 (CRISPR/Cas9) systems was
used to disrupt the three Gstp genes in mice. A pair of gRNA sequences
(TGCTAGAATTGGCTAGTCCCTGG and ACCATGTTCCATTGGCG-
TAATGG) was designed for Gstpl/p2/p3~/~. All mice were on the
C57BL/6 J background and were maintained under specific-pathogen-
free conditions. All mice used were male and 6-7 weeks of age.

2.9. Adeno-associated virus vectors

AAV-ZsGreen (1 x 10'® Vg/mL) and AAV-GSTP (1 x 10'% Vg/mL),
prepared by Hanbio Biotechnology Co., Ltd. (Shanghai, China), were
used for GST overexpression in C57BL/6 J mice. The virus vector diluted
by sterile saline was instilled via intratracheally (i.t.) using microsprayer
aerosolizer (YUYAN Instrument, China) after mice were anesthetized
with isoflurane. The dose was 2.5 x 10'° Vg/animal. Lungs were har-
vested on day 28 for further analysis.

2.10. Animal treatment

Wild-type (WT) and Gstp™/~ C57BL/6 J mice were deeply anes-
thetized with 3-5% isoflurane, and administered with sterile saline or
LPS (3 mg/kg) intratracheally (i.t.) using microsprayer aerosolizer
(YUYAN Instrument, China). After LPS challenge for 24 h, all mice were
euthanized by CO; asphyxiation. Lung samples were collected and the
lung coefficient was calculated. Left lobes were used for hematoxylin
and eosin (H&E) staining. Proportion of right lobes were homogenized
in RIPA buffer for Western blot assay. The bronchoalveolar lavage fluid
(BALF) were harvested for subsequent analysis of cell count, protein
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2.11. Malondialdehyde (MDA) and myeloperoxidase (MPO) assays

The lung tissues were homogenized and dissolved in extraction
buffer for the analysis of MDA (Nanjing Jiancheng Bioengineering
Institute, A003-1-1, China) and MPO (Nanjing Jiancheng Bioengi-
neering Institute, AO44-1-1, China) levels. To examine the level of lipid
peroxidation in the lung tissue and accumulation of neutrophils, MDA
and MPO levels were assessed using commercially assay kits according
to the respective manufacturer’s instructions.

2.12. Cell counting and protein concentration assay in BALF

Cell counts in BALF samples were analyzed by the multispecies he-
matology analyzer (Sysmex XN-1000 V, Japan). The protein concen-
trations of BALF were measured.

2.13. ELISA

Cytokine concentrations of IL-1f, IL-6, and TNF-a in BALF from mice
after i. t. Administration of PBS or LPS (3 mg/kg) for 24 h were quan-
tified using mouse ELISA kits according to manufacturer’s protocols
(Invitrogen, 88-7013, 88-7064, 88-7324, USA). Plates were read at
450 nm on a microplate reader (BioTek Synergy Neo 2 Hybrid Multi-
mode Reader, USA).

2.14. Histopathology evaluation

The lung tissues were fixed in 4% paraformaldehyde for 48 h,
embedded in dehydrated paraffin, and sectioned into 4 pm slices. The
sections were rehydrated in an alcohol gradient and stained with he-
matoxylin and eosin (H&E). Lung injury scores were evaluated by a
blinded pathologist based on four criteria, including neutrophil infil-
tration, alveolar edema, alveolar hemorrhage, and lung parenchymal
abnormalities [30,31]. Lung injury was rated as O to 4 points based on its
severity: 0, no injury; 1, less than 25% injury; 2, 25-50% injury; 3,
50-75% injury; and 4, almost 100% injury.

2.15. Detection of KEAP1 S-glutathionylation

Lung tissues and cells were lysed in NP-40 lysis buffer (Beyotime,
PO013F, China) containing 20 mM N-ethylmaleimide (Sigma-Aldrich,
E1271, USA) and protease inhibitor cocktail (Roche, 4693132001,
USA). The lysates were incubated with the anti-glutathione (Virogen,
101-A, USA) primary antibody overnight on a rotating shaker at 4 °C.
Following washing, the mixture was then incubated with Protein A/G
Magnetic Beads according to the manufacturer’s instructions (Thermo
Fisher Scientific, 88804, USA) for 2 h at 4 °C. Afterwards, co-IP was
performed on a magnetic rack, and the obtained immune precipitate was
washed and boiled sequentially. Supernatant was harvested by
removing the magnetic beads and was resolved by non-reducing SDS-
PAGE. A portion of cell lysates was incubated with 50 mM dithiothreitol
(DTT) as the negative control, and the samples were purified through
columns (Bio-Rad Laboratories, USA) to remove DTT before subsequent
immunoprecipitation [32].

2.16. Immunofluorescence staining

HPAEpiCs or BEAS-2B cells were washed with PBS, fixed in 4%
paraformaldehyde for 10 min, and permeabilized with 0.1% Triton X-
100 for 10 min. After blocked with 4% goat serum for 1 h at room
temperature, cells were incubated with corresponding primary antibody
overnight at 4 °C. The next day, cells were washed and incubated with
Alexa Fluor® 488 goat anti-mouse IgG (Invitrogen, A-11001, 1:300) or
Cyanine 3 goat anti-rabbit IgG (Invitrogen, A10520, 1:300) for 1 h at



X. Sun et al.

room temperature, and the nuclei were stained with DAPI. Slides were
photographed under a Zeiss LSM 800 Confocal Laser Scanning
Microcopy.

2.17. Nuclear and cytoplasmic fractionation

HPAEpiCs or BEAS-2B cells were first treated with or without LPS for
the indicated time interval and washed with PBS, and then harvested.
Nuclear and cytoplasmic fractions were separated using a Nuclear and
Cytoplasmic Extraction Kit (Thermo Fisher Scientific, 78833, USA).

2.18. Luciferase assays

HPAEDpiCs were transfected with the Cignal Antioxidant Luciferase
Reporter Kit (Qiagen, CCS-5020 L, USA) and Lipofectamine™ 3000
Reagent (Invitrogen, L3000015, USA). At 24 h after transfection, the
cells were treated with LPS or vehicle solution. Luciferase activity was
measured using Dual-Glo® Luciferase Assay system (Promega Corpo-
ration, E2920, USA).

2.19. Computational modeling

The crystal structures of the human BTB domain (PDB: 7X4X) and
Kelch domain (PDB: 7K29 [33]) of KEAP1, and GSTP (PDB: 1AQW
[34]), were retrieved from the PDB bank [35] (https://www.rcsb.org/).
The full length of KEAP1 protein (https://alphafold.ebi.ac.uk/ent
ry/Q14145) was predicted by AlphaFold [36]. All protein structures
were pre-processed in Schrodinger 2018 [37] using the “protein prep-
aration” module. This involved splitting unnecessary chains, deleting
water molecules, metals, and ions, and adding hydrogens, among other
steps. The covalent binding modes of glutathionylated KEAP1 at C368,
C434, and C613 sites were manually built and refined through
CHARMMZ27 [38] energy minimizations. During the minimizations, the
systems were fixed except for GSH and the corresponding cysteines.
These energy minimizations were performed using the Molecular
Operating Environment (MOE) software [39]. The “Protein-Protein
Docking” module of the Schrodinger software was used to predict the
interactions between KEAP1 and GSTP dimer. The well-prepared crystal
structures of the Kelch domain of KEAP1 and GSTP were utilized for this
simulation. The “Standard” mode was chosen, while all other settings
were kept as default values.

2.20. Molecular dynamics

The Molecular Dynamics (MD) were performed using the Desmond
protocol module in Schrodinger, with OPLS3 force field [40] incorpo-
rated. The SPC solvent model was employed, and the orthorhombic
periodic boundary [41] condition was introduced along with mini-
mizing the box volume to prevent confusion among solvent molecules.
Next, the system was recalculated and neutralized by adding Na™ ions.
The sampling was conducted at a temperature of 300 K and constant
pressure consumption. We take samples at an interval of 250 ps,
completing the entire process within 50 ns, and collect a total of 200
samples for further systematical analysis. The other settings were kept at
their default values. The quality of the MD simulation was evaluated
using Simulation Interaction Diagram tools.

2.21. Statistical analysis

Statistical comparisons were performed in GraphPad Prism 9.0
(GraphPad Software, USA). Unpaired two-tailed Student’s t-test was
used to compare two groups. Comparisons of more than two groups were
tested with one-way ANOVA. Experimental data for each quantitative
analysis were replicated at least three times. Statistical significance was
defined as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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3. Results

3.1. Role of GSTP in LPS-induced oxidative damage and PSSG in human
pulmonary cells

As shown in Fig. 1A, LPS stimulation induced substantially decreased
GSH levels and GSH/GSSG ratio, whereas increased GSSG levels in
HPAEDiCs, representing a typical oxidative stress stimulus. Similar
changes were observed in A549 cells (Fig. S1A). Meanwhile, knockdown
of GSTP further decreased GSH, GSH/GSSG ratio and increased GSSG
levels, indicating a protective role of GSTP in LPS-induced oxidative
stress. In addition, ferrous (Fe®>") and total iron accumulation levels, as
indicators of oxidative stress and early ferroptosis, were significantly
elevated in LPS-treated HPAEpiCs and A549 cells, which was exacer-
bated by the knockdown of GSTP (Fig. 1B and S1B). Meanwhile, the
levels of intracellular PSSG, a post-translational process tightly regu-
lated by redox status, was examined by immunoblotting. As shown in
Fig. 1C and D, intracellular PSSG were significantly stimulated in both
LPS-treated HPAEpiCs and BEAS-2B cells, and GSTP knockdown
compellingly attenuated the LPS-induced upregulation of PSSG level. A
similar upregulation of PSSG was observed in A549 cells (Fig. S1C).
Moreover, LPS-induced intracellular PSSG was shown to follow time
dependent manner in both WT and GSTP-silenced cells (Fig. 1D). These
findings indicated the protective effect of GSTP in regulation of intra-
cellular redox status and PSSG against LPS-induced lung cell injury.

3.2. GSTP deficiency exacerbates the oxidative damage, inflammation,
and lung tissue injury in mice ALI model

Next, the role of GSTP in LPS-induced oxidative damage and
inflammation in ALI mice was investigated. As markers for ROS for-
mation and inflammatory and infiltrative processes in lungs, MDA
content and MPO activity were measured. As shown in Fig. 2A and B,
LPS treatment induced a remarkable increase in MDA content and MPO
activity in both WT and Gstp™/~ mice, while the upregulation was more
pronounced in Gstp~/~ mice. Total cell and neutrophils count, protein
concentration, and pro-inflammatory cytokines including IL-14, IL-6 and
TNF-a in BALF were then determined. Similar with tendency observed in
MDA content and MPO activity, all these markers were significantly
upregulated in the ALI condition at 24 h after LPS exposure, while the
increase of markers was more prominent in Gstp’/ ~ ALI mice compared
to their WT counterparts, indicating a deteriorated lung inflammation,
pulmonary edema, endothelial barrier damage, and inflammatory
infiltration in Gstp™~ mice (Fig. 2C to H). Pulmonary histopathological
examinations showed apparent morphological injury in WT ALI mice,
including the thickened alveolar wall, aggravated inflammatory cells
infiltration, alveolar hemorrhage and interstitial edema, which was
exacerbated in Gstp’/ ~ mice induced by LPS (Fig. 2J). In addition, values
of lung coefficient (Fig. 2I), representing the pulmonary pathological
damage during ALI development, and lung injury scores (Fig. 2K) were
both significantly higher in Gstp’/ ~ ALI mice compared with WT ALI
mice. This part of the results indicated that Gstp™~ mice exhibited
increased susceptibility to cell infiltration and inflammation, referring to
a positive role of GSTP in alleviating ALI-induced inflammation.

3.3. GSTP promotes activation of the KEAP1/NRF2 signaling pathway

To examine how GSTP was involved in reducing oxidative stress,
elevating PSSG levels, and alleviating inflammatory reactions, the role
of GSTP in the oxidative stress response pathway KEAP1/NRF2 was
explored. The co-immunoprecipitation examinations showed that GSTP
knockdown significantly increased the affinity between KEAP1 and
NRF2 (Fig. 3A), whereas GSTP overexpression reduced the affinity
(Fig. 3B), suggesting an augmenting role of GSTP1 to release NRF2 from
KEAP1 against the pro-inflammatory stress. Next, the subcellular loca-
tion of NRF2 under oxidative stress was determined by immunostaining
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Fig. 1. Down regulation of GSTP-mediated PSSG aggravates LPS-induced human pulmonary cells injury. Human pulmonary cells, HPAEpiCs and BEAS-2B, were
transfected with NC-siRNA or GSTP-siRNA and further treated with LPS (200 ng/mL). (A) GSH, GSSG, and the GSH/GSSG ratio in HPAEpiCs. (B) Intracellular Fe?*
and total iron levels in HPAEpiCs. (C) Total PSSG in HPAEpiCs with manipulated GSTP expression levels via non-reducing Western blot. (D) Time- and GSTP-
dependency of total PSSG in BEAS-2B cells via non-reducing Western blot. Data are expressed as means + SD. Experimental data for each quantitative analysis
were replicated at least three times. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns = no significance.
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Fig. 2. GSTP alleviated the oxidative damage, inflammation and lung tissue injury in mice with ALL Gstp~/~ mice were i. t. Administrated with 3 mg/kg of LPS. After
LPS challenge for 24 h, all mice were euthanized and their lungs and BALF were collected. (A-B) MDA and MPO activity in lung tissues were measured. (C-D) Total
cell counts and neutrophils percentage from the BALF were measured using a multispecies hematology analyzer. (E-H) Levels of total protein and cytokines (IL-1f, IL-
6 and TNF-a) secretion in BALF were measured. (I) The lung coefficient was calculated. (J) H&E staining of lung tissues. (K) Semiquantitative analysis of lung injury
scores. Data are expressed as means + SD. n = 8 or 9 mice/group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

and western blotting. As shown in Fig. 3C, an increase in nuclear
accumulation of NRF2 was detected upon LPS exposure, while in GSTP
knocked-down cells the nuclear NRF2 distribution was substantially
diminished. Moreover, western blotting results in Fig. 3D also showed
that GSTP knockdown significantly suppressed LPS-induced upregula-
tion of nuclear and overall NRF2 level as well as the NRF2 downstream
gene HO-1, without disturbing the KEAP1 levels. As shown in Fig. 3E,
the apparent LPS-exposure time dependency of NRF2 and its down-
stream genes in NC-siRNA cells was vanished in GSTP-siRNA cells.
Nevertheless, the total KEAP1 in the two types of cells remained un-
changed upon LPS treatment duration (Fig. 3D and E). Similar phe-
nomenon was also observed in in vivo experiments. In Gstp~/~ mice

treated with LPS, levels of NRF2, HO-1 and NQO1 were significantly
decreased compared to the WT mice (Fig. 3F). Lastly, Fig. 3G showed
that LPS treatment led to an increased transcription activity of NRF2,
which was notably suppressed in GSTP-siRNA treated cells compared to
its NC-siRNA control. Altogether, these results showed that GSTP pro-
moted the dissociation of KEAP1/NRF2 complexes, increased NRF2
nuclear translocation, and enhanced NRF2 downstream HO-1 and NQO1
protein expression.

3.4. GSTP upregulates S-glutathionylation of KEAP1 in response to ROS

To further explore the mechanism behind GSTP-mediated KEAP1/
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Fig. 3. Effects of GSTP on LPS-induced KEAP1/NRF2 pathway activation. (A) HPAEpiCs transfected with NC-siRNA and GSTP-siRNA (n = 3), both groups were
treated with LPS (200 ng/mL) for 60 min, then co-immunoprecipitation of KEAP1 and immunoblotting analysis were performed to assess the binding of NRF2. (B)
HEK293 transfected with pCMV and GSTP plasmids (n = 3), both groups were treated with LPS (200 ng/mL) for 60 min, and co-immunoprecipitation of KEAP1 and
immunoblotting analysis were performed to assess the binding of NRF2. (C) Immunofluorescence staining and confocal microscopy imaging of BEAS-2B cells
transfected with GSTP-siRNA after exposure to LPS (200 ng/mL) for 2 h. (D) Expression levels of KEAP1, HO-1, total and nuclear NRF2 in GSTP-knocked down and
control HPAEpiCs were measured after LPS (200 ng/mL) treatment for 30 min, n = 3. (E) Time- and GSTP-dependency of KEAP1, HO-1, NQO1, total and nuclear
NRF2 expression levels in GSTP-knocked down and control BEAS-2B were measured after LPS treatment (200 ng/mL), n = 3. (F) The lung tissues were collected and
lysed for protein analyzed of HO-1, NQO1 and NRF2 levels. Gstp™/~ mice were i. t. Administrated with 3 mg/kg of LPS. n = 8 or 9 mice/group. (G) HPAEpiCs cells
were co-transfected with the antioxidant response element reporter plasmid and the indicated siRNA for 48 h and were harvested for luciferase assay, n = 4. Data are
Expressed as means + SDs. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns = no significance.

NRF2 pathway activation, the role of GSTP1 in PSSG of KEAP1 was
determined. In GSTP knocked-down HPAEpiCs and A549 cells, the PSSG
level of KEAP1 was remarkably suppressed (Fig. 4A and S2A). In addi-
tion, as shown in Fig. 4B and C, overexpression of GSTP in HEK293 cells
significantly upregulated the PSSG levels of total protein and KEAP1,
with the overall KEAP1 level being constant, as well as in A549 GSTP-
overexpressed cells (Fig. S2B). Moreover, the addition of DTT in co-IP
samples basically erased the bands in Fig. 4A and C, S2A and S2B,
confirming the binding of GSH to KEAP1 was via disulfide bonds.
Furthermore, KEAP1 was significantly S-glutathionylated in the lungs of
both WT and Gstp~/~ mice after LPS dosing while the extent of S-glu-
tathionylated KEAP1 was largely lower in Gstp~/~ mice than in WT mice,
while the expression of KEAP1 was unaffected (Fig. 4D). The overlapped
signals observed by immunofluorescence confocal microscopy demon-
strated that GSTP and KEAP1 were co-localized in the cytoplasm of
HPAEDiCs, indicating possible direct interactions between GSTP and
KEAP1 (Fig. 4E). Lastly, by incubating recombinant KEAP1 protein with
varying concentrations of GSTP upon H,05 oxidative insult, it is proved
that GSTP catalyzed the S-glutathionylation of KEAP1 protein in both
monomer and dimer forms following a clear GSTP concentration-
dependent manner (Fig. 4F). Overall, these data indicated that KEAP1
was substantially S-glutathionylated in response to oxidative stress and
GSTP played an essential catalytic role in this process.

3.5. C434 is essential for NRF2 nuclear accumulation in responding to
oxidative stress

The PSSG site of KEAP1 in the presence of GSTP was determined by
LC-MS/MS from recombinant KEAP1 protein samples. Fig. S3A showed
the MS/MS spectra and identified sequences of the three detected pep-
tides in KEAP1 molecule. By alignment with the published KEAP1
sequence, C368, C434, and C613 were identified as the S-glutathiony-
lated sites of KEAP1 catalyzed by GSTP. In addition, the binding modes
of GSH to C368, C434, and C613 in KEAP1 were visualized by molecular
docking approach, as shown in Fig. S3B. Notably, these three cysteine
residues were all located in the Kelch domain of the KEAP1 protein. The
three identified S-glutathionylated cysteine sites were mutated to serine,
respectively, to evaluate the biological significance of KEAP1 PSSG. As
shown in Fig. 5A and B, the difference in KEAP1 PSSG levels in mutated
KEAP1-transfected HPAEpiCs was evaluated. Co-immunoprecipitation
results showed that LPS-induced PSSG of KEAP1 in HPAEpiCs trans-
fected with C434S mutant plasmids was significantly reduced, but not in
cells transfected with C368S or C613S mutant plasmids. Next, we vali-
dated the subcellular localization of NRF2 in cells transfected with
mutant plasmids in the presence or absence of oxidative stress. When
exposed to LPS, NRF2 accumulated in the nucleus of HPAEpiCs trans-
fected with wild type plasmid as well as C368S and C613S mutant
plasmids, but not in C434S counterparts (Fig. 5B). Consistently, NRF2
transcriptional activity was significantly suppressed in C434S mutant
expressed cells (Fig. 5C). Furthermore, it was found that expression of
nuclear NRF2 and activation of its downstream enzymes HO-1 and NQO-
1 were largely reduced in C434S mutant expressed HPAEpiCs with LPS
treatment (Fig. 5D).

3.6. Computational analysis of GSTP-catalyzed KEAP1 PSSG at C434
and the impact on NRF2 binding

To illustrate the binding mode between KEAP1 and GSTP in context
of C434 PSSG, a protein-protein docking simulation was performed.
Since functional KEAP1 and GSTP proteins both exist as homodimers,
the stoichiometry of KEAP1 dimer to GSTP dimer was illustrated as 1 to
2. As shown in Fig. 6A, C434 was located in the outer loop connecting
the p-sheets in Kelch domain of KEAP1 structure, which was able to
contact GSTP and forms interaction. The very close distance between
KEAP1-C434 and G-site of GSTP, as depicted in Fig. 6B, suggested the
possibility of a disulfide bond formation between GSH and KEAP1-C434.
By performing a molecular dynamic simulation, the formation of KEAP-
SSG at C434 was visualized in Fig. 6C, where Y7, W38, and Y108 in
GSTP were identified as the key interacting residues in this complex.

To elucidate the molecular mechanism of KEAP1 PSSG at C434 on
the binding of NRF2, the 50 ns MD simulations were performed on the
high-affinity binding ETGE and low-affinity binding DLG motifs of
NRF2, respectively, to compare KEAP1-NRF2 and C434-
glutathionylated KEAP1-NRF2 systems. Fig. 6D and H indicated that
the KEAP1-ETGE, KEAP1-DLG, GSH-KEAP1-ETGE, and GSH-KEAP1-
DLG systems all achieved equilibrium after 50 ns. Apparently, both
ETGE and DLG motifs of NRF2 bound to C434-glutathionylated KEAP1
exhibited higher root-mean-square deviation (RMSD) values, indicating
a lowered stability of binding (Fig. 6D and H). Afterwards, a systematic
analysis on the conformations of the rotatable bonds of both ETGE and
DLG motifs were conducted. As depicted in Fig. 6F and J, significant
changes of rotation angle patterns for GSH-KEAP1-ETGE system were
observed at E78, E79, and E82 and for GSH-KEAP1-DLG system were
observed at Q26 and L30, indicating less stable conformations of both
GSH-KEAP1-ETGE and GSH-KEAP1-DLG complexes. It is of interesting
to note that although L30 did not directly interact with KEAP1 in a polar
manner, it did influence the interaction between DLG and KEAP1 by
transiting the a-helix around L30 into a more flexible loop conformation
(Fig. 6K). Comparative binding modes before and after PSSG of KEAP1
at C434 (Fig. 6G) showed that multiple interactions between ETGE-
KEAP1 were split, including ETGE-E78 and KEAP1-R483, ETGE-E79
and KEAP1-R483/S508, ETGE-E82 and KEAP1-S363/N382, whereas an
intramolecular hydrogen bond formed between ETGE-T80 and ETGE-
D77 remained conserved. Similar results were observed in DLG-KEAP1
system, including a decrease in the occurrence of H-bond/ionic in-
teractions between DLG-D27 and KEAP1-R380 from 68% to less than
30% and a decrease in the occurrence of H-bond/ionic interactions be-
tween DLG-D29 and KEAP1-R483 from 100% to 86%. However, in-
teractions between DLG-Q26 and KEAP1-G433, as well as DLG-Q29 and
KEAP1-G415, remained conserved.

The observations, altogether, provided molecular details of GSTP1
binding to KEAP1 for the catalysis of PSSG at C434 and revealed the
mechanism of promoting NRF2 disassociation from computational
simulation view.

3.7. Antioxidant pathway activation of GSTP in the model of
LPS-induced acute lung injury

To further ascertain whether and how GSTP plays a protective role in
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Fig. 4. KEAP1 is S-glutathionylated and catalyzed by GSTP under oxidative stress conditions. (A) Co-IP showing PSSG of KEAP1 in HPAEpiCs was reduced by GSTP-
siRNA transfection via non-reducing Western blot, after exposure to LPS (200 ng/mL) for 30 min, n = 3. Whole cell lysates confirmed the expression of GSTP, KEAP1,
and p-Actin via reducing Western blot. (B) Total PSSG level via non-reducing Western blot in HEK293 transfected with pCMV and GSTP expression plasmids, after
exposure to LPS (200 ng/mL) for 30 min, n = 3. Whole cell lysates confirmed the expression of GSTP and p-Actin via reducing Western blot. (C) Co-IP showing PSSG
of KEAP1 in HEK293 was enhanced by GSTP overexpression via non-reducing Western blot, after exposure to LPS (200 ng/mL) for 30 min, n = 3. Whole cell lysates
confirmed the expression of GSTP, KEAP1, and p-Actin via reducing Western blot. (D) Non-reducing Western blot of PSSG of KEAP1 in lung tissues from Gstp™/~ and
WT mice following i. t. Administration of PBS or LPS. n = 8 or 9 mice/group. (E) Immunofluorescence staining and confocal microscopy imaging of HPAEpiCs
showing the colocalization of GSTP and KEAP1. (F) GSTP concentration dependency of human recombinant KEAP1 PSSG in dimer and monomer status via non-
reducing Western blot. The level of KEAP1 was conformed via reducing Western blot. Data are expressed as means + SDs. *P < 0.05, **P < 0.01, ***P < 0.001,

*#**P < 0.0001, ns = no significance.

<

LPS-induced ALI, multiple endpoints related to inflammation and lung
injury were compared in AAV-GSTP treated (high expression of GSTP
protein as evidenced in Fig. S2F) and AAV-ZsGreen mice. As shown in
Fig. 7A, the PSSG level of KEAP1 versus total KEAP1 in AAV-GSTP
pretreated mice was significantly higher than that in AAV-ZsGreen
mice in ALIL while the total KEAP1 level remained unchanged. Mean-
while, notable elevated levels of NRF2 and its downstream antioxidant
proteins HO-1 and NQO1 were detected in AAV-GSTP ALI mice
compared to AAV-ZsGreen ALI mice (Fig. 7B). Furthermore, GSTP sup-
pressed LPS-induced MDA (Fig. 7C) expression and MPO (Fig. 7D) ac-
tivity upregulation in lungs, indicating reduced inflammatory damage.
The total number of cells, neutrophils infiltration, and protein exudation
in BALF were reduced in AAV-GSTP ALI mice (Fig. 7E-G). Moreover, the
IL-1B, IL-6 and TNF-ua levels in BALF significantly decreased in GSTP
overexpressed mice after LPS treatment (Fig. 7H-J). Consistently, the
lung coefficient, lung histological examinations and corresponding lung
injury scores all demonstrated a significant reduction of inflammation
by GSTP overexpression in lungs (Fig. 7K-M). Taken together, this part
of the results confirmed that extrinsic administration of GSTP attenuated
LPS-induced oxidative stress and inflammation damage of lungs via
promoting PSSG of KEAP1 to disturb KEAP1-NRF2 complex and acti-
vating the NRF2 downstream pathways.

4. Discussion

The redox-activated factor NRF2 regulates transcription of around
250 genes, including those encoding proteins involved in cellular redox
homeostasis and inflammation [42-44]. NRF2 activity is predominantly
regulated by its repressor, KEAP1. In the present study, it is found that
GSTP promoted KEAP1/NRF2 signaling pathway activation in ALL
Moreover, GSTP-catalyzed PSSG of KEAP1 at C434 residue was shown to
play a key role in KEAP1/NRF2 pathway activation, which reversed
pulmonary edema and inflammation progression. By elucidating the
catalytic role of GSTP in KEAP1 PSSG in ALI, our study proposed a novel
underlying mechanism for oxidative stress-induced ALI, as well as a
potential strategy for the treatment of ALIL

GSH is the core of redox defenses during oxidative stress. Upregu-
lation of inflammatory response in lung cells are usually influenced by
the cellular redox status (GSH/GSSG ratio) [42-46]. Decreased
GSH/GSSG ratio under oxidative stress conditions represents a signifi-
cant conversion from GSH to GSSG. The elevated level of intracellular
GSSG promoted the extent of PSSG level through the disulfide bond
formation between the protein thiol group and GSH. Dysregulation of
PSSG has been suggested to substantially influence the progression of
diseases, most of which are results of redox imbalance. The roles of PSSG
in various diseases, particularly the respiratory related syndromes, have
been widely explored. For example, PSSG levels were found to be
downregulated in sputum from eosinophilic and neutrophilic asthmatics
[47]. While in contrast, the overall PSSG levels in the lungs from mice
with lung fibrosis and from patients with idiopathic pulmonary fibrosis
were elevated [21,48]. GSTP is the major enzyme catalyzing the forward
reaction of PSSG, besides the well-known roles in catalyzing GSH
conjugation of small molecules [49]. Previous studies have showed that
the consequences of GSTP-mediated PSSG in different respiratory dis-
eases were diverse, suggesting the complexity of mechanisms behind

10

[21,50-52]. The details of mechanisms by which GSTP regulates the
pathophysiology of ALI and the target proteins of S-glutathionylation
are to be clarified.

Up to date, the exact redox mechanisms by which oxidative stress-
induced modifications leading to ALI are still unclear. In this study,
we found that deficiency of GSTP in human alveolar epithelial cells
significantly exacerbated ALI by modulating KEAP1/NRF2 signaling
pathway. Moreover, we showed that KEAP1 was prone to PSSG under
oxidative stress conditions and this process was substantially catalyzed
by GSTP. Further experiments showed that S-glutathionylation at C434
residue of KEAP1 promoted the KEAP1-NRF2 complex disassociation
and NRF2 nuclear translocation, thereby activating NRF2 antioxidant
signaling pathway and ameliorating lung cell inflammation.

Afterwards we used LPS as the oxidative stress inducer, which is one
of the most commonly utilized models in ALI research and shares high
similarities in pathophysiology to human ARDS [53]. LPS exposure to
the lung causes activation of macrophages and leakage of inflammatory
cells, especially the neutrophils, into the lungs, which not only leads to
the release of inflammatory cytokines, but also induces the formation of
ROS and oxidative stress [54,55]. In our work, LPS exposure increased
GSH/GSSG ratio, Fe?* and total Fe levels, and total PSSG levels in
human lung cells, while the loss of GSTP significantly aggravated
LPS-induced lung cell damage, confirming the protective effect of
GSTP-regulated PSSG in ALIL This is consistent with recent studies that
GSTP plays key protective roles in oxidative stress [56,57].

To further explore the roles of GSTP in ALL a Gstpl/2/3 triple-
knockout mice model was constructed. Humans only have one iso-
form, GSTP1, while mice have three isoforms, Gstpl, Gstp2 and Gstp3
[58]. The human GSTP1 gene has high homology with mouse Gstpl and
2 of 83%, and slightly lower homology with mouse Gstp3 of 75% [17].
In humans, GSTP1 is mainly expressed in the lung, liver, heart, and
brain. In particular, GSTP1 is highly expressed in all types of respiratory
epithelial cells, including type I and type II alveolar epithelial cells, in
human lungs [59]. Similarly, murine Gstp is highly expressed in lungs
[60,61]. In our study, it is clearly seen that the absence of GSTP in mice
exacerbated LPS-induced ALI by increasing lipid peroxidation and
pro-inflammatory cytokines production, which is in accordance with in
vitro data. These results suggested that the beneficial effects of GSTP
against ALI may be closely related to its antioxidant and
anti-inflammatory activities.

Next, in human lung epithelial cells, the potential molecular target of
GSTP-catalyzed PSSG under ALI-mimicking conditions was identified as
KEAP1, which is susceptible to redox-dependent regulation. As the
predominant oxidative stress response signaling pathway, KEAP1/NRF2
activation is commonly implicated in the ALI process [62,63]. This study
showed that GSTP promoted NRF2 activation under oxidative stress
conditions without influencing total KEAP1 level, while it induced sig-
nificant intracellular PSSG. Following experiments showed that KEAP1
is a glutathionylation target protein in ALI while its glutathionylation
was essentially catalyzed by GSTP. KEAP1 structure is enriched with
reactive cysteine residues, which act as sensors for endogenously pro-
duced and exogenously encountered chemical inducers that readily
react with sulfhydryl groups. The reactivity of KEAP1 cysteines has been
comprehensively reviewed before [24], among which C77, C297, C319,
C368, and C434 were proposed as the most sensitive ones to form
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Fig. 5. C434 PSSG of KEAP1 enhances NRF2 nuclear translocation and activated downstream pathways. (A) Co-immunoprecipitation of KEAP1 and GSH was
performed, and relative KEAP1 PSSG levels were measured, n = 3. (B) Immunofluorescence staining and confocal microscopy imaging of HPAEpiCs cells with
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Fig. 6. Computational modeling of GSTP-catalyzed KEAP1 PSSG at C434 and molecular dynamic analysis of C434 PSSG on KEAP1-NRF2 binding. (A) The binding
mode of the full-length structure of KEAP1 (dimer) bound to GSTP dimers. Major domains of KEAP1 were shown in different colors. The BTB domain (PDB: 7X4X)
and Kelch domain (PDB: 7K29) are crystal structures, while the other domains are predicted by Alphafold. The GSTP dimers are shown in pale blue and pale orange,
respectively. Key residue C434 and GSH are shown in orange and green-cyan spheres. The whole complex is shown as a cartoon as well as transparent surfaces. (B)
The detailed binding information of KEAP1 (pale yellow cartoon) bound to the G-site of GSTP (pale blue cartoon) with GSH (green-cyan ball and sticks). (C) The
binding modes of GSH (pink-cyan sticks) to KEAP1 by forming a disulfide bond with C434 after molecular dynamics simulations. The un-bounded conformation of
GSH is shown in transparent green-cyan sticks. Other key residues are shown in grey sticks, and key interactions are depicted as dotted lines. (D) The root-mean-
square deviation (RMSD) values of the backbone (xC) of KEAP1 (pale green), KEAP1-GSH (pale orange), and the corresponding bound NRF2 ETGE motif (green
and orange, respectively) were determined. The RMSD is used to measure the average displacement change of a group of atoms within a specific frame, relative to a
reference frame, which was calculated for each frame in the trajectory. (E) The chemical structure of the ETGE motif is presented. 2D schematic NRF2 ETGE with
color-coded rotatable bonds is presented, and each rotatable bond torsion is accompanied by a dial plot and bar plot of the same color in panel F. (F) The NRF2 ETGE
motif torsion plot summarizes the conformational changes of every rotatable bond (RB) in NRF2 ETGE throughout the simulation trajectory (0.00-50.00 ns). The dial
plots describe the torsion over the course of the simulation, with the center representing the beginning and the radial direction representing the time evolution. The
dial plots on the left and right refer to the KEAP1-NRF2-ETGE and GSH-KEAP1-NRF2-ETGE system, respectively. (G) Comparative binding modes of ETGE motif of
NRF2 with the KEAP1 Kelch domain before (pale-yellow) and after (pale-blue) molecular dynamics. Key residues are highlighted in corresponding colors, and key
interactions are indicated by magenta dotted lines. The residues that correspond to the residues of KEAP1 are depicted as balls and sticks, and labelled in grey to
differentiate them from the orange-labelled residues in ETGE motif. (H) The RMSD values of the backbone (aC) of KEAP1 (pale green), KEAP1-GSH (pale orange), and
the corresponding bound NRF2 DLG motif (green and orange, respectively) were determined. (I) The chemical structure of the DLG motif is presented. 2D schematic
of DLG motif with color-coded rotatable bonds is presented, and each rotatable bond torsion is accompanied by a dial plot and bar plot of the same color in panel J.
(J) The DLG motif torsion plot summarizes the conformational changes of every RB in DLG motif throughout the simulation trajectory (0.00-50.00 ns). The dial plots
on the left and right refer to the KEAP1-DLG and GSH-KEAP1-DLG system, respectively. (K) Comparative binding modes of DLG motif of NRF2 with the KEAP1 Kelch
domain before (pale-yellow) and after (pale-blue) molecular dynamics is shown. Key residues are highlighted in corresponding colors, and key interactions are
indicated by magenta dotted lines. The residues that correspond to the residues of KEAP1 are depicted as balls and sticks, and labelled in grey to differentiate them
from the orange-labelled residues in DLG motif. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

<

protein-Cys-SG type of disulfides [26]. Besides, various types of chem- Carvalho et al. reported a protective role of GSTP-catalyzed KEAP1 PSSG

ical inducers were reported to target at different cysteine sites in KEAP1 against a neurotoxicant and predicted C434 as the plausible modifica-
to regulate NRF2 [64,65]. For example, KEAP1 C151 and C288 act as the tion site without wet lab evidence [28]. In the present study, we com-
functional sensors for the electrophile DEM and 15 d-PGJs, respectively bined site-specific mutation experiment with computational simulation
[66,67]. approaches to fully elucidate the molecular mechanisms of PSSG at
Covalent modification and oxidation of KEAP1 cysteine residues can C434 on KEAP1/NRF2 pathway.
lead to dissociation of NRF2 and facilitate its nuclear translocation, As shown in Fig. 6, the protein-protein interaction of KEAP1 and
eventually leading to activation of NRF2-dependent antioxidant genes GSTP to form C434-GSH disulfide was clearly visualized and the changes
[68]. Previous studies have reported various cases of direct modification in chemical bond rotation leading to an unstable binding between C434-

of specific cysteine sensors in KEAP1 by electrophiles as the initiation glutathionylated KEAP1 and ETGE and DLG motifs of NRF2 were pro-
event of oxidative stress response [68-70]. In fact, PSSG of KEAP1 was posed. Although it is generally accepted that DLG motif binds to KEAP1

implicated in several biological processes including neutral protection, with a much lower affinity than that of ETGE [76], the detailed KEAP1
immune response activation, and anti-cancer treatment [27,28,71]. binding mechanisms to two motifs of NRF2 and how that controls NRF2
Nevertheless, the GSTP-catalyzed KEAP1 PSSG in ALI has never been ubiquitination were very complicated and to be fully validated [24].
investigated before. To unravel the underlying mechanism by which Originally, ETGE was considered as the essential motif for the

GSTP activated the KEAP1/NRF2 signaling pathway under ALI condi- KEAP1-NRF2 interaction and NRF2 activation [77]. Later on, Fukutomi
tion, effects of PSSG of KEAP1 on KEAP1-NRF2 interaction were eval- et al. reported that KEAP1 C434 located near the DLG binding surface
uated. The KEAP1-NRF2 interaction is essential for the activation of the [78], and suggested the previously-observed S-guanylation of C434 with

ARE-controlled antioxidant enzyme system, and also has been impli- 8-nitro-cGMP may specifically disrupted the interaction between DLG
cated as therapeutic targets for many diseases prevention and treatment motif and KEAP1 [75]. Consistent with previous understanding that
[72,73]. Our in vivo and in vitro experimental results showed that GSTP ETGE and DLG motifs binding modes to KEAP1 were distinct from each
could further significantly promote weakening of KEAP1-NRF2 inter- other [78], our MD simulation and rotatable bonds conformation anal-
action, enhance NRF2 expression and nuclear translocation, and in- ysis results showed that the binding of both motifs to KEAP1 were
crease the expression of its downstream antioxidant proteins, including remarkably influenced by C434 PSSG, which supported the observation
HO-1 and NQO1. Notably, we identified that GSTP induced PSSG of of subsequential NRF2 pathway activation.

KEAP1 at the C368, C434, and C613 sites, with the modification at C434 Lastly, a GSTP overexpression mice model was used to validate the
proved to be the pivotal PSSG site which promoted NRF2 nuclear previous observations and proposed hypothesis in this study. Consistent
translocation, binding to ARE and subsequent activation of downstream with the rest of results, overexpression of GSTP in lungs increased the
pathways. In fact, C434 has been known as one of the most sensitive PSSG level of KEAP1, promoted the upregulation of antioxidant
cysteine sites in KEAP1, which was prone to chemical-induced modifi- signaling factors after LPS stimulation, and alleviated the levels of pro-

cations [26,28,74,75]. Holland et al. have proposed C434 and C368 as inflammatory cytokines and oxidative damage in lung tissue. Therefore,
the critical sites for KEAP1-NRF2 binding, while the detailed evidences it is suggested that GSTP is able to reduce oxidative damage in lung
were computational-based energy minimization analysis and citation of tissue and exhibit a protective effect against LPS-induced ALI and
earlier publications, in which the single mutation of C368 or C434 inflammation in vivo. Currently, selective GSTP inhibition by small-
neighboring residues, e.g. G364C, G340C, or H436A in KEAP1, resulted molecule chemical inhibitors (Telintra) [79] or siRNA (NBF-006) [80]
in weakened NRF2 affinity or repressed NRF2 activity [26]. Following has been developed for the treatment of myelodysplastic syndrome or
studies like Fujii et al. [75] and Cheng et al. [74] showed that PSSG or cancers, respectively, whereas the strategies of targeted and specific

chemical modification of KEAP1 C434 in cellular experiments using activation of GSTP in vivo is to be explored. Based on our research
co-IP method and suggested a mechanism of PSSG- or chemical covalent findings, pulmonary administration of GSTP recombinant protein
binding-mediated inactivation of Cul 3-KEAP1 complex ubiquitin ligase preparations loaded by advanced biopharmaceuticals delivery system

activity, which resulted the activation of NRF2 pathway. Additionally, might be a potential strategy for the treatment of ALI in the future.
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Fig. 7. GSTP alleviated the oxidative damage, inflammation and lung tissue injury in mice with ALI via promoting KEAP1 PSSG. Mice pretreated with AAV-GSTP
were i. t. Administrated with 3 mg/kg of LPS. After LPS challenge for 24 h, all mice were euthanized and their lungs and BALF were collected. (A) PSSG of KEAP1 in
lung tissues from mice pretreated with AAV-GSTP. (B) The lung tissues were collected and lysed for the immunoblotting of HO-1, NQO-1 and NRF2 levels. (C-D) MDA
and MPO activity in lung tissues were measured. (E-F) The total cell counts and neutrophils percentage from the BALF were measured counted using a multispecies
hematology analyzer. (G-J) Levels of total protein and cytokines (IL-1f, IL-6 and TNF-«) secretion in BALF were measured. (K) The lung coefficient was calculated
(L) H&E staining of sections of lungs. (M) Semiquantitative analysis of lung injury scores. Data are expressed as means + SD. n = 8 or 9 mice/group. *P < 0.05, **P <
0.01, ***P < 0.001, *

“P < 0.0001, ns = no significance.

In conclusion, as presented in Fig. 8, this study elucidated the GSTP- University. The animal experiments were approved by the Ethics Com-
catalyzed KEAP1 PSSG process in lung epithelia under oxidative con- mittee of China Pharmaceutical University (No. 2022-03-048), and all
ditions and proposed the biological mechanisms and therapeutic sig- the experimental processes were carried out according to the National

nificances behind. The GSTP-mediated enhancement of KEAP1 PSSG Institutes of Health Guide for the Care and Use of Laboratory Animals.
process disassociate KEAP1-NRF2 interactions, facilitate the dissocia-

tion of KEAP1-NRF2 complex, thereby promote NRF2 nuclear trans- CRediT authorship contribution statement
location and activate downstream proteins expression, eventually
leading to ameliorated lung inflammation and injury. Our results indi- Xiaolin Sun: Writing - original draft, Visualization, Validation,
cate that GSTP is a potential target for anti-inflammatory drug devel- Investigation, Formal analysis, Data curation, Conceptualization.
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