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KEYWORDS Abstract Renal ischemia-reperfusion injury (IRI) is one of the major causes of acute kidney
GPX3; injury, and the inflammatory response is considered a key factor. The selenoprotein GPX3, a
Inflammation; member of the glutathione peroxidase family, has gradually attracted attention for its anti-in-
Ischemia-reperfusion flammatory properties. However, the relationship between GPX3 and the inflammatory
injury; response during renal IRl remains unclear. The present study aims to investigate the role of
Kidney; GPX3 on the inflammatory response during renal IRl and related mechanisms. We utilized
Selenoprotein classic rat models of kidney IRl and cellular hypoxia reoxygenation model. After overexpressing

GPX3 via lentiviruses and adeno-associated viruses, we observed a significant reduction in the
expression levels of inflammatory factors in renal tissues, along with an increase in the expres-
sion of anti-inflammatory factor IL-10, resulting in noticeable alleviation of renal IRI. Mean-
while, we found that GPX3 alleviated the inflammatory response, probably by inhibiting the
MAPK signaling pathway and reducing the expression of NAPDH oxidase. To further validate
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the mechanism by which GPX3 alleviated the inflammatory response, we used the MAPK
signaling pathway agonist anisomycin for intervention. The results showed that anisomycin
intervention significantly reversed the inhibitory effect of GPX3 on the MAPK signaling
pathway, in which the expression level of NADPH oxidase was significantly increased, the
secretion of inflammatory factors was increased, and the degree of renal tissue damage was
significantly increased. These findings suggest that selenoprotein GPX3 alleviates inflammation
during renal IRI by inhibiting the MAPK signaling pathway and reducing NADPH oxidase expres-

sion.

© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

Introduction

Acute kidney injury (AKI) is characterized by a rapid decrease
in glomerular filtration rate over a short period, resulting in
impaired kidney function, elevated serum creatinine levels,
and even symptoms such as oliguria or anuria. Some patients
may require renal replacement therapy, and severe cases
can lead to death." AKI can be triggered by trauma, sepsis,
surgery, or nephrotoxic drugs, with ischemia-reperfusion
injury (IRl) being one of the common causes.? Renal IRI dis-
rupts the redox balance of cells, leading to excessive pro-
duction of reactive oxygen species (ROS) in renal tissue. This
induces a series of events, including mitochondrial
dysfunction, enhanced microvascular permeability, release
of numerous inflammatory factors, and apoptosis and ne-
crosis of renal tubules.®* In addition, incomplete recovery
from IRI-induced AKI can lead to renal fibrosis, thereby
increasing the risk of chronic kidney disease and end-stage
renal failure.®”” Therefore, effectively preventing or miti-
gating renal IRl is crucial for the recovery of renal function
following ischemic events.

Renal IRI can trigger an inflammatory response through
various mechanisms, such as ROS release, immune system
activation, cytokine secretion, and iron death.®'° The in-
flammatory response plays a crucial role in the patho-
physiology of AKI. During AKIl, the expression of
inflammation-related biomarkers increases significantly,
leading to damage to renal tissue. Several studies have
shown that blocking the inflammatory response alleviates
the associated AKI phenotype.’'"'? Thus, inhibiting inflam-
mation is one of the key strategies to mitigate renal IRI.

Selenium is an essential trace element that is present in
proteins (i.e., selenoproteins) in the form of selenocysteine
(Sec).” To date, 25 selenoprotein genes have been identified
in the human genome, including glutathione peroxidase
(GPX), thioredoxin reductase, iodothyronine deiodinases,
and other selenoproteins.’ They are essential for main-
taining human development and health.” Research has
shown that selenoproteins play an important regulatory role
in inflammation by suppressing the expression of inflamma-
tory factors and thereby alleviating tissue and organ dam-
age.'® The selenoprotein glutathione peroxidase 3 (GPX3) is
a member of the GPX family, is primarily secreted by renal
tubular epithelial cells and then released into the blood-
stream."” GPX3 is the only selenoprotein of the GPX family
that can be detected in plasma and is considered the first
barrier involved in cellular redox homeostasis. However, the

relationship between GPX3 and the inflammatory response
during renal IRI, as well as the mechanisms by which it alle-
viates inflammation, has not yet been reported.

In this study, we utilized the classical rat renal IRl model
and cellular hypoxia reoxygenation (H/R) model to
comprehensively explore the specific mechanism of action
of selenoprotein GPX3 to alleviate the inflammatory
response during renal IRI, providing a theoretical basis for
its clinical application in treating renal IRI.

Materials and methods
Materials and reagents

The primary antibodies used in this study were sourced as
follows: anti-GPX3 (abcepta, Cat#AP11221c), anti-NGAL
(ABclonal, Cat#A2092), anti-BAX (ABclonal, Cat#A0207),
anti-NOX2 (ABclonal, Cat#A1636), anti-NOX4 (ABclonal,
Cat#A23465 and Cat#A22149), anti-p22P"* (ABclonal, Cat#
A10694), anti-TNF-o. (ABclonal, Cat#A11534), anti-IL-6
(Abcam, Cat#ab290735), anti-IL1-B (Abcam, Cat#ab315084),
anti-IL-10 (ABclonal, Cat#A2171), anti-P38 (ABclonal,
Cat#A14401), anti-p-P38 (ABclonal, Cat#APs0057), anti-JNK
(Proteintech, Cat#28007-1-AP), and anti-p-JNK (ABclonal,
Cat#AP0631). Anisomycin (Cat#HY-18982), a MAPK pathway
activator, and dihydroethidium (Cat#HY-D0079) were pur-
chased from MCE. TUNEL Andy Fluor™ 488 Apoptosis Detec-
tion Kit was purchased from ABP Biosciences (Cat#A050).

Animal experiments

All animal experiments were approved by the Animal
Experimental Ethics Committee of the Children’s Hospital
of Chongging Medical University and followed the ARRIVE
guidelines. Adult male Sprague—Dawley rats, weighing
250—280 g, were purchased from the Experimental Animal
Center of Chongqging Medical University. The animals were
housed under standardized conditions with controlled
temperature and humidity and a 12-h/12-h light/dark cycle
and were provided with standard food and water ad libi-
tum. The rats were randomly divided into four groups, with
five rats in each group: Sham, IRl, Sham + GPX3, and
IRI + GPX3. The procedure for constructing the renal IRI
model was as follows. After routine anesthesia, hair
removal, disinfection, and draping, the right kidney was
first removed. The left renal pedicle was bluntly separated,
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and a non-invasive vascular clamp was used to occlude the
left renal pedicle for 45 min. Successful ischemia was
indicated by the kidney color changing from bright red to
purplish-black. The clamp was then released, and suc-
cessful reperfusion was indicated by the kidney color
gradually returning to bright red. In the Sham group, the
left renal pedicle was only bluntly separated without
inducing ischemia. After 24 h, rats were killed suddenly
under anesthesia, and blood was taken from the inferior
vena cava to test the renal function of the rats; the left
kidney was taken, half of which was quickly placed in a
—80 °C refrigerator for storage, and the other half of which
was fixed using 4% paraformaldehyde.

Cell culture and H/R model establishment

In the cell experiments, the NRK-52E cell line was used as
the research subject. All cells were cultured in Dulbecco’s
modified Eagle medium containing 10% fetal bovine serum
and 1% penicillin/streptomycin. The cell experiments
employed a classical H/R model to simulate the process of
renal IRIl. The specific procedure was as follows. First, we
cultured and pretreated the cells under normoxic condi-
tions (21% O,, 5% CO,, 37 °C), and after the cells grew to
60%—70%, they were replaced with 1% glucose Dulbecco’s
modified Eagle medium. Next, the cells were incubated
anoxically in a three-gas incubator (Thermo Scientific,
Waltham, MA, USA) for 6 h (1% O,, 5% CO,, 37 °C), and then
the conventional medium was replaced, and incubation was
continued for 24 h under normoxic conditions. Anisomycin,
an effective MAPK pathway activator,'®' was used to
activate the MAPK pathway at a concentration of 5 uM.

Adeno-associated virus (AAV)-mediated
overexpression in rats

The overexpression AAV (GPX3) was synthesized by Gen-
eChem Co., Ltd. in Shanghai (Cat#10061222). GPX3 AAV
(AAV9-GPX3; 1.09E+13 viral genome copies per milliliter;
promoter: cytomegalovirus) was injected via the tail vein
(diluted using 9 mL saline; total amount injected per rat:
1.09E+11 viral genome copies (100 uL)). The control group
received an injection of an empty vector via the tail vein.
The procedure was strictly carried out according to the
manufacturer’s instructions. Two weeks later, the rats were
anesthetized and subjected to the renal IRl model as previ-
ously described.

Lentiviral overexpression in cells

The culture conditions for NRK-52E cells were the same as
described above. The overexpression lentivirus (LV-GPX3;
1.5E+9 transducing units per milliliter; vector: GV513;
element order: Ubi-MCS-CBh-gcGFP-IRES-puromycin) was
synthesized by GeneChem Co., Ltd. in Shanghai
(Cat#10027761). We cultured the cells in a 96-well plate
and divided them into five groups based on different mul-
tiplicity-of-infection (MOI) values (MOl 10, MOI 20, MOI 30,
and MOI 50). The cells were incubated in a 37 °C incubator
with 5% CO, for 24 h. After removing the medium containing

the lentivirus, the cells were further cultured in fresh
medium for 72 h, with the medium being changed every
24 h. The transfection efficiency of the lentivirus at
different MOI values was observed under a fluorescence
microscope to determine the optimal MOI value. The pro-
cedure was strictly carried out according to the manufac-
turer’s instructions. Subsequent cell experiments were
conducted using the established cell models under the
determined optimal MOI conditions.

Rat serum assay

About 3 mL of blood was taken from the inferior vena cava of
rats under anesthesia, and the upper layer of serum was
centrifuged and placed in an automatic biochemical
analyzer (Cobas C701, Roche, Basel, Switzerland) to detect
the levels of urea nitrogen and creatinine in each group,
which were used to assess the renal impairment of the rats in
each group. Serum expression levels of aspartate amino-
transferase (AST) and alanine aminotransferase (ALT) were
also examined to assess preliminarily whether the inter-
vention of AAV9-GPX3 caused damage to liver function.

Hematoxylin-eosin staining and
immunohistochemistry staining

Kidney tissues were fixed in 4% paraformaldehyde for 24 h,
dehydrated, embedded, and sectioned into 4 um slices. The
sections were deparaffinized and rehydrated according to
standard procedures, followed by hematoxylin-eosin
staining and immunohistochemistry staining. The immuno-
histochemistry staining procedure was as follows. Antigen
retrieval was performed by heating the sections in a citrate
buffer. After quenching endogenous peroxidase activity and
blocking with bovine serum albumin, the sections were
washed with phosphate buffer saline and incubated with
primary antibodies at 4 °C overnight (all primary antibodies
were diluted at 1:200). The following day, the sections
were washed with phosphate buffer saline, incubated with
a reaction enhancer, followed by secondary antibodies, and
then counterstained with hematoxylin. Finally, the sections
were dehydrated through an alcohol gradient, cleared with
xylene, and mounted.

Immunofluorescence staining

NRK-52E cells were cultured on cell crawls in 24-well plates,
routinely fixed with 4% paraformaldehyde, permeabilized
with Triton, blocked with bovine serum albumin and washed
with phosphate buffer saline, incubated with primary anti-
body, and placed in the refrigerator at 4 °C overnight. On the
second day, the cell slides were incubated with secondary
antibody at room temperature for 1 h in the dark and then
washed routinely with phosphate buffer saline; stained with
phalloidin in the dark for 1 h and then washed again with
phosphate buffer saline; stained with DAPI in the dark for
10 min; and then blocked and visualized under the A1R
confocal microscopy system (Nikon, Japan).
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TUNEL assay

NRK-52E cells were cultured on cell crawls according to the
different treatment conditions described above, routinely
fixed in 4% paraformaldehyde, permeabilized with Triton,
and then subjected to TUNEL according to the kit in-
structions. Immunofluorescence images were taken and
analyzed by an A1R confocal microscopy.

Measurement of intracellular ROS in cells

ROS levels in cells were measured with dihydroethidium
(MCE, HY-D0079) according to its use instructions. The cells
were cultured on cell crawls according to the experimental
design, and then the medium was aspirated and discarded.
After that, 500 uL of dihydroethidium at a final concen-
tration of 10 umol/L was added to each well, and the cells
were incubated in a 37 °C incubator with 5% CO, in the dark
for 30 min. The cells were then washed three times with a
serum-free medium and observed under a fluorescence
microscope.

Western blotting

Proteins were extracted from rat kidney tissues and NRK-52E
cells using RIPA lysis buffer containing protease inhibitors,
and protein concentrations were determined using a bicin-
choninic acid kit (Beyotime, Cat#P0012). Equal amounts of
protein samples were separated by SDS-PAGE and then
transferred onto PVDF membranes. After blocking, the
membranes were incubated with primary antibodies (diluted
to a concentration of 1:1000) at 4 °C overnight. The next day,
after washing with tris-buffered saline containing 0.1%
Tween 20, the membranes were incubated with secondary
antibodies (diluted to a concentration of 1:15,000) at room
temperature for 1 h. Protein bands were visualized using the
ChemiDoc System (Bio-Rad, Hercules, CA, USA). Finally, a
semi-quantitative analysis of the Western blot bands was
performed using ImageJ software.

Statistical analysis

Statistical analysis of experimental data was conducted
using Image J and Prism software (GraphPad Software, La
Jolla, CA). Differences between two groups were assessed
using the unpaired student’s t-test. One-way analysis of
variance (ANOVA) was employed for comparisons among
multiple groups. p-values < 0.05 were considered statisti-
cally significant. The symbols used for indicating signifi-
cance levels are as follows: *+=+p < 0.0001, =*x*=*
p < 0.001, *+p < 0.01, and *p < 0.05.

Results
Effect of selenoprotein GPX3 on IRl in rat kidney

In the present study, we verified the effect of GPX3 on renal
IRI after overexpression of GPX3 in animal experiments by
injecting GPX3 AAV through the tail vein of rats (Fig. 1A).
First, we verified the expression level of GPX3 in rat kidney

tissues by immunohistochemistry and western blotting. We
found that the expression level of GPX3 was significantly
increased in the Sham + GPX3 group compared with the
Sham group (Fig. 1B, C, G) and similarly significantly
increased in the IRl + GPX3 group compared with the IRI
group (Fig. 1B, C, G). This confirms the success of our
modeling. Meanwhile, we found by immunohistochemistry
that GPX3 was mainly located in renal tubules for expres-
sion (Fig. 1B), which was caused by the fact that GPX3 was
mainly secreted by renal tubular epithelial cells. Next, we
found that when subjected to IRI, the expression level of
GPX3 was significantly reduced (Fig. 1B, C, G), renal func-
tion was impaired (Fig. 1D), renal histopathological damage
was aggravated (Fig. 1E), and the expression levels of renal
tubular epithelial cell damage marker (NGAL) and apoptotic
protein (BAX) were significantly increased (Fig. 1E—G).
After being subjected to GPX3 overexpression, serum levels
of urea nitrogen and creatinine were significantly reduced
(Fig. 1D), renal histopathological damage was significantly
reduced, and the expression levels of NGAL and BAX in
renal tissues were significantly reduced compared with
those in the IRI group (Fig. 1TE—G). GPX3 was demonstrated
to be effective in alleviating renal IRI.

Effect of selenoprotein GPX3 on inflammatory
response in IRl in rat kidney

In the present study, after the detection of inflammatory
factors (IL1-1B, TNF-a, and IL-6), it was found that the
expression of the inflammatory factors was significantly
increased in the IRI group compared with the Sham group
(Fig. 2A—C). However, after GPX3 overexpression, the
expression levels of the inflammatory factors were signifi-
cantly reduced (Fig. 2A—C). This implies that GPX3 can
inhibit the expression level of inflammatory factors and
alleviate the inflammatory response during renal IRI.

Effects of selenoprotein GPX3 on the MAPK
signaling pathway

In our previous study, we found that inhibition of the MAPK
signaling pathway was effective in alleviating renal IRI.2° To
further clarify whether GPX3 played a protective role by
inhibiting the MAPK signaling pathway during IRI in rat kid-
ney, we used western blotting to detect the key proteins of
the MAPK signaling pathway again. We found that the
expression of key proteins of the MAPK signaling pathway was
significantly higher in the IRl group compared with the Sham
group (Fig. 3A, B), demonstrating that the MAPK signaling
pathway is significantly activated when the kidney is sub-
jected to IRI. After overexpression of GPX3, the expression
levels of key proteins of the MAPK signaling pathway were
significantly reduced compared with the IRl group (Fig. 3A,
B), demonstrating the ability of GPX3 to inhibit the MAPK
signaling pathway in the rat renal IRl model.

Effect of selenoprotein GPX3 on NADPH oxidase
(NOX)

Previous studies have found a close link between the
expression level of NADPH oxidase (NOX) and the MAPK
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signaling pathway.?' NOX is not only a major source of ROS
but likewise a key regulator of the inflammatory
response.?? In renal tissues, NOX2 and NOX4 are expressed
at the highest levels.?> NOX proteins do not have catalytic
activity on their own, they need to bind to each other with
a variety of regulatory subunits to form stable complexes
before they can function, of which p22°"°* is the most
common stabilizing factor of NOX complexes.?* To further
explore the effect of selenoprotein GPX3 on NOX oxidase,
we found that the expression levels of NOX2, NOX4, and
p22°"°* were significantly increased in the renal tissues of
rats in the IRl group compared with the Sham group
(Fig. 3C—E), which implies that renal IRl was able to induce
NOX oxidase expression. When subjected to the interven-
tion of selenoprotein GPX3, the expression levels of NOX2,
NOX4, and p22P"°* were significantly reduced (Fig. 3C—E),
demonstrating the ability of selenoprotein GPX3 to inhibit
the expression of NOX oxidase.

Effect of selenoprotein GPX3 on the level of cell
damage and apoptosis

To further elucidate the role of GPX3, we utilized a cell H/R
model in rat NRK-52E cells to simulate kidney IRI, and
concurrently employed lentiviral overexpression of GPX3 to
explore its potential mechanisms (Fig. 4B). First, we found
that the infection efficiency of GPX3 in cells was positively
correlated with MOI, which gradually increased with the
increase of MOI value. Among them, lentiviral GPX3 was
able to be significantly overexpressed in rat NRK-52E cells
when the MOI value was 50. Considering that too high MOI
would affect the state of cell growth, we used this con-
centration for subsequent studies (Fig. 4A). Furthermore,
compared with the Control group, GPX3 expression was
significantly decreased in the H/R group (Fig. 4C, D). At this

stage, the expression levels of NGAL and BAX were signifi-
cantly increased (Fig. 4E, F, H). TUNEL assay likewise
confirmed significantly higher levels of apoptosis
(Fig. 4G—1). Upon GPX3 overexpression, the expression
levels of NGAL and BAX in the H/R + GPX3 group were
decreased compared with the H/R group (Fig. 4E, F, H), and
apoptosis levels were also significantly reduced (Fig. 4G—I).
This demonstrates that the overexpression of GPX3 can
alleviate cell damage and apoptosis.

Effect of selenoprotein GPX3 on MAPK signaling
pathway and NOX

We re-validated the role of selenoprotein GPX3 on the
MAPK signaling pathway and NOX in a cellular H/R model.
We found that the MAPK signaling pathway was significantly
activated (Fig. 5E—I), the expression level of NOX oxidase
was significantly increased (Fig. 5A—C, F, ), and the
expression of ROS was significantly increased (Fig. 5B—H) in
the H/R group compared with the Control group, which was
in keeping with the results of the animal experiments.
However, upon GPX3 overexpression, the MAPK signaling
pathway was significantly inhibited compared with the H/R
group (Fig. 5E—I), the expression level of NOX was reduced
(Fig. 5A—C, F, 1), and the secretion of ROS was significantly
reduced (Fig. 5E—I). Once again, GPX3 was shown to inhibit
the MAPK signaling pathway and reduce NOX oxidase and
ROS production.

Effect of selenoprotein GPX3 on inflammatory
response

In our study, we found that the expression levels of in-
flammatory factors (IL1B, IL6, and TNF-a) and anti-
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inflammatory factor (IL10) were significantly higher in the
H/R group, compared with the Control group (Fig. 5D—G,
J), implying that the level of inflammation in the cells was
significantly increased when the cells were subjected to H/
R, which was in keeping with the results of animal experi-
ments. The expression levels of inflammatory factors (IL18,
IL6, and TNF-a) were significantly reduced, and the
expression of anti-inflammatory factor (IL10) was signifi-
cantly increased upon GPX3 overexpression, compared with
the H/R group (Fig. 5D—G, J). This again demonstrates the
ability of GPX3 to alleviate inflammatory levels in cells and
increase the release of anti-inflammatory factors.

Anisomycin reverses the protective effects of
selenoprotein GPX3

To further demonstrate that selenoprotein GPX3 could
regulate the expression of NOX oxidase by inhibiting the

MAPK signaling pathway, thereby alleviating the inflam-
matory response, we activated the MAPK signaling pathway
using anisomycin in rat NRK-52E cells (Fig. 6A). We found
that the expression levels of NGAL and BAX were signifi-
cantly increased in the H/R + AAnisomycin group compared
with the H/R group (Fig. 6B—E, F). TUNEL assay likewise
revealed that apoptotic levels of cells were significantly
increased (Fig. 6C, D). This implies that the activation of
the MAPK signaling pathway by anisomycin can further
aggravate the level of cellular damage, which again sug-
gests that the activation of the MAPK signaling pathway is
closely linked to cellular damage. Next, we found that
NGAL and BAX expression were significantly increased in the
H/R + GPX3+Anisomycin group compared with the H/
R + GPX3 group (Fig. 6B—E, F), and the level of apoptosis
was significantly increased, as shown by TUNEL assay
(Fig. 6C, D). This demonstrates that anisomycin, an agonist
of the MAPK signaling pathway, reverses the protective
effects of GPX3.
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Anisomycin reverses the inhibitory effect of
selenoprotein GPX3 on the MAPK signaling pathway

The above results demonstrated that anisomycin interven-
tion was able to reverse the protective effect of GPX3 on
cells. To further verify that the protective effect of GPX3
was achieved by inhibiting the MAPK signaling pathway and
regulating NOX oxidase secretion, we again examined the
expression levels of the MAPK signaling pathway, NOX oxi-
dase, ROS, and inflammatory factors. We found that the
MAPK signaling pathway was further activated in the H/
R + Anisomycin group compared with the H/R group, which
has verified that anisomycin is an agonist that can effec-
tively activate the MAPK signaling pathway (Fig. 7E—I).
Meanwhile, the expression levels of NOX2, NOX4, and
p22°P"°* were significantly increased (Fig. 7A, B, F, J), ROS
production was significantly increased (Fig. 7C—H), and the
expression of inflammatory factors (TNF-a, IL1B3, and IL6)
was increased (Fig. 7D—G, K). This demonstrates that the
activation of the MAPK signaling pathway can further pro-
mote the secretion of NOX oxidase, increase the expression
level of ROS, and enhance the inflammatory response.
Next, we found that the expression level of the MAPK
signaling pathway was increased in the H/
R + GPX3 + Anisomycin group compared with the H/
R + GPX3 group, implying that anisomycin was able to
reverse the inhibitory effect of GPX3 on the MAPK signaling
pathway (Fig. 7E—I). Meanwhile, the expression levels of
NOX2, NOX4, and p22P"** were further increased (Fig. 7A,
B, F, J), promoting ROS production (Fig. 7C—H), and the
expression of inflammatory factors (TNF-a, IL1B, and IL6)
was likewise significantly increased (Fig. 7D—G, K). This
demonstrated that when anisomycin reversed the inhibitory
effect of GPX3 on the MAPK signaling pathway, the
expression of NOX oxidase was further increased, promot-
ing ROS production and exacerbating the inflammatory
response. Therefore, we suggest that the selenoprotein
GPX3 may regulate the expression of NOX oxidase by
inhibiting the MAPK signaling pathway, thereby alleviating
the inflammatory response.

Discussion

This study aims to provide evidence on whether seleno-
protein GPX3 can alleviate the inflammatory response
during renal IRl and to propose possible mechanisms
mediating this effect, demonstrating that GPX3 could be a
novel therapeutic target for mitigating renal IRl. We con-
structed classic rat models of renal IRl and cell H/R models,
and overexpressed GPX3 using adenoviral and lentiviral
vectors both in vivo and in vitro to explore the mechanisms
by which GPX3 inhibits inflammation (Fig. 8A). The results
suggest that selenoprotein GPX3 may alleviate renal IRl by
inhibiting the MAPK signaling pathway and reducing the
expression of NOX, thereby decreasing the release of in-
flammatory factors (Fig. 8B). Thus, our study identifies
selenoprotein GPX3 as a potential new target for alleviating
inflammation during renal IRI.

Renal IRl is one of the main causes of AKI, while in-
flammatory response is an important factor in initiating and
exacerbating AKI.>* The level of leukocyte infiltration, the

production of inflammatory mediators, and the interaction
between endothelial cells and leukocytes are significantly
increased during the renal IRI-induced inflammatory
response.?®> Neutrophils and macrophages are activated in
this process, releasing large amounts of cytokines, ROS, and
enzymes, inducing apoptosis and necrosis, and ultimately
causing damage to kidney tissue.?>?® The release of pro-
inflammatory cytokines and chemokines further promotes
leukocyte infiltration and exacerbates the inflammatory
cascade.” Current research has demonstrated that inhib-
iting the inflammatory response is effective in alleviating
renal IRI. Scindia et al. found that renal IRI caused signifi-
cant alterations in systemic iron homeostasis, inducing the
onset of an inflammatory response and exacerbating renal
tissue damage. In contrast, heparin can alleviate renal IRI
by regulating systemic iron homeostasis and reducing the
release of inflammatory factors.?” Shan et al., on the other
hand, found that allicin could improve renal IRI by inhibit-
ing the inflammatory response in rats.?® It is thus clear that
suppression of the inflammatory response is an important
measure in the treatment of renal IRI.

GPX3, a member of the GPX family, is a selenoprotein
with antioxidant potential by reducing glutathione and
catalyzing hydrogen peroxide, hydroperoxides, and lipid
hydroperoxides, thereby controlling the cellular redox
microenvironment and preventing oxidative damage.?’
GPX3 is primarily found in renal tubular epithelial cells,
with approximately 70% of GPX3 secreted from the baso-
lateral membrane of proximal tubular cells and released
into the plasma through the basolateral artery. Under
normal conditions, GPX3 in plasma mainly originates from
the kidneys.?**' However, current studies have found that
GPX3 is found in the cytoplasm and plasma membrane of
the heart, lung, liver, brain, adipose tissue, mammary
gland, and gastrointestinal tract in mammals, in addition to
kidney tissue.>°>* In addition to the antioxidant properties
of selenoprotein GPX3, its anti-inflammatory effects are
gradually attracting attention. Reddy et al. found in their
study that up-regulation of GPX3 inhibited ROS and
hydrogen peroxide production in chronic obstructive pul-
monary disease, thereby alleviating the inflammatory
response in this disease. Li et al. found that deficiency of
selenoprotein GPX3 increased the expression of the tran-
scription factors NF-xB and HIF1-q, increased the secretion
of inflammatory factors, and induced an inflammatory
response, which aggravated renal tissue damage.*® These
findings suggest that GPX3 may be an effective therapeutic
target for inhibiting inflammation in tissues and organs. To
further explore the role of GPX3 in the inflammatory
response during renal IRI, we used classical rat models of
renal IRl and cell H/R models. We found that increasing the
expression levels of GPX3 could effectively inhibit the
secretion of inflammatory factors in renal tissue and cells,
alleviating the inflammatory response and thereby pro-
tecting against renal IRI.

The NADPH oxidase (NOX) family is a major source of
ROS in eukaryotic cells and is likewise important in the
regulation of inflammatory responses.®”>® Among them,
NOX2 and NOX4 have the highest expression levels in renal
tissues.>*** ROS production is central to the progression of
many inflammatory diseases, and ROS are both signaling
molecules and inflammatory mediators.*’ Reducing the
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expression levels of NOX2 and NOX4 was found to be
effective in suppressing the inflammatory response in kid-
ney tissue. Chen et al., in their study of cisplatin-induced
AKI, found that NOX2 deficiency was effective in reducing

the inflammatory response and alleviating proximal tubular
injury.* Li et al. found that inhibition of NOX4 attenuates
mitochondrial dysfunction and inflammatory responses and
is a potential therapeutic target for septic AKI.** It follows
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Flowchart and mechanism diagram for this study. (A) The overall process of this study. (B) The mechanism of interest

for this study. The green arrows represent facilitation, and the red arrows represent inhibition.

that reducing the expression of NOX oxidase can serve to
alleviate the inflammatory response. We found in the pre-
sent study that when the kidney was subjected to IRI and
the cells underwent H/R interventions, the expression
levels of both NOX2 and NOX4 were significantly increased,
and the secretion of inflammatory factors was significantly
increased. Additionally, ROS expression was notably
increased in cells, further confirming that NOX oxidases
promote the release of inflammatory factors. However,
after overexpressing selenoprotein GPX3, the expression
levels of NOX2 and NOX4 in renal tissues and cells were
significantly reduced, ROS expression was markedly
decreased, and the secretion of inflammatory factors was
subsequently diminished. These findings indicate that
selenoprotein GPX3 can alleviate renal IRI by inhibiting the
expression levels of NOX oxidases and reducing the release
of inflammatory factors.

The MAPK signaling pathway is a series of highly conserved
enzyme-catalyzed reaction cascades that have been closely
associated with inflammatory responses.** In our previous
study, we found that selenoprotein GPX3 was negatively
correlated with the expression of the MAPK signaling
pathway during renal IRI using single gene GSEA enrichment
analysis, implying that selenoprotein GPX3 could inhibit the
activation of the MAPK signaling pathway.* Meanwhile, in
our study on selenomethionine alleviation of renal IRI, we
demonstrated that inhibition of the MAPK signaling pathway
was effective in alleviating the expression levels of inflam-
matory factors in renal tissues.”’ In the present study, we
found that overexpressing selenoprotein GPX3 in renal tis-
sues and cells significantly suppressed the MAPK signaling
pathway and reduced the expression of NOX oxidases, sug-
gesting that NOX oxidase levels are regulated by the MAPK
signaling pathway. To further determine whether inhibition
of the MAPK signaling pathway was the primary cause of
reduced NOX oxidase expression, we used the MAPK signaling

pathway agonist anisomycin for intervention. We found that
the intervention of anisomycin was able to successfully
reverse the inhibitory effect of GPX3 on the MAPK signaling
pathway, in which case there was a significant increase in the
production of NOX oxidase, an increase in the expression of
inflammatory factors, and an increase in the extent of
cellular damage. This demonstrates that selenoprotein GPX3
alleviates the inflammatory response by inhibiting the MAPK
signaling pathway, which at the same time plays an impor-
tant regulatory role for NOX oxidase. Therefore, we hy-
pothesized that selenoprotein GPX3 could alleviate the
inflammatory response during renal IRl by inhibiting the
MAPK signaling pathway and reducing the expression of NOX
oxidase.

There are still some limitations in our current study. In
the animal experiments, we only detected the expression
levels of ALT and AST in the serum of rats after the inter-
vention using AAV9-GPX3, which was used to assess whether
the intervention of AAV9-GPX3 caused any damage to liver
function. The results showed that there was no statistically
significant difference in the expression of ALT and AST in
the Sham + GPX3 and IRI + GPX3 groups compared with the
Sham and IRI groups (Fig. S1A, B). However, we noticed that
there seemed to be a trend toward increased expression
levels of AST in the Sham + GPX3 group compared with the
Sham group (Fig. S1B). This may be because the AAV pro-
moter we used is a cytomegalovirus, not a promoter spe-
cific to kidney tissue. This creates the possibility that it may
also interact with other tissues or cells in addition to kidney
tissue. However, the effects of AAV9-GPX3 on other tissues
and organs of rats were not fully evaluated in our present
study, and we will also further explore whether the inter-
vention of AAV9-GPX3 caused toxic damage to other tissues
and organs in subsequent experiments.

In conclusion, our results suggest that selenoprotein
GPX3 can inhibit the inflammatory response during renal IRI
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and alleviate renal IRI, which may be closely related to the
inhibition of the MAPK signaling pathway and the regulation
of NADPH oxidase expression. Therefore, this study dem-
onstrates that selenoprotein GPX3 is a potential target for
suppressing inflammation and treating renal IRI. This also
supports the potential application of selenoprotein GPX3 in
inflammatory diseases.
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