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Abstract

Background: Pyroptosis is a critical form of cell death during the development of chronic kidney disease (CKD). Tripartite motif 6
(TRIMS®) is an E3-ubiquitin ligase that participates in the progression renal fibrosis (RF). The aim of this study was to investigate the
roles of TRIM6 and Glutathione peroxidase 3 (GPX3) in oxidative stress-induced inflammasome activation and pyroptosis in Ang-II
treated renal tubular epithelial cells. Methods: To study its role in RF, TRIM6 expression was either reduced or increased in human
kidney-2 (HK?2) cells using lentivirus, and Ang-II, NAC and BMS-986299 were served as reactive oxygen species (ROS) inducer, ROS
scavenger and NLRP3 agonist respectively. Pyroptosis and mitochondrial ROS were measured by flow cytometry. The levels of mal-
ondialdehyde (MDA), glutathione (GSH), and superoxide dismutase (SOD) were determined using commercial kits, while the levels
of IL-14, IL-18, IL-6, and tumor necrosis factor-ac (TNF-«) were determined by Enzyme-Linked Immunosorbent Assay (ELISA). Co-
immunoprecipitation (Co-IP) assay was used to evaluate the interaction between TRIM6 and GPX3. Reverse transcription-polymerase
chain reaction (RT-PCR) and western blot were used to measure mRNA and protein expression, respectively. Results: Treatment with
Angiotensin II (Ang II) increased the protein and mRNA levels of TRIM6 in HK2 cells. Ang II also increased mitochondrial ROS
production and the malondialdehyde (MDA) level, but decreased the levels of GSH and SOD. In addition, Ang II enhanced HK2 cell
pyroptosis, increased the levels of IL-143, IL-18, IL-6, and TNF-«, and promoted the expression of active IL-13, NLRP3, caspase-1, and
GSDMD-N proteins. These effects were reversed by knockdown of TRIM6 and by treatment with N-acetyl-L-cysteine (NAC), a ROS
scavenger. BMS-986299, an NLRP3 agonist treatment, did not affect ROS production in HK2 cells exposed to Ang II combined with
NAC, but cell pyroptosis and inflammation were aggravated. Moreover, the overexpression of TRIM6 in HK2 cells resulted in similar
effects to Ang II. NAC and GPX3 overexpression in HK2 cells could reverse ROS production, inflammation, and pyroptosis induced by
TRIM6 overexpression. TRIM6 overexpression decreased the GPX3 protein level by promoting its ubiquitination, without affecting the
GPX3 mRNA level. Thus, TRIM6 facilitates GPX3 ubiquitination, contributing to increased ROS levels and pyroptosis in HK2 cells.
Conclusions: TRIM6 increases oxidative stress and promotes the pyroptosis of HK2 cells by regulating GPX3 ubiquitination. These
findings could contribute to the development of novel drugs for the treatment of RF.
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1. Introduction A stable rate of production and degradation of reac-

Chronic kidney disease (CKD) is a progressive clini-  tive oxygen species (ROS) in the human body is required
cal condition characterized by renal structural change and ~ for the removal of harmful substances. However, failure
renal function loss. CKD develops under the influence of 10 detoxify these reactive products leads to cell and tissue
various risk factors, such as obesity, diabetes and infec- ~ accumulation of ROS, thereby harming organ function [5].
tion [1]. The World Health Organization has listed CKD Oxidative stress acts as a pivotal factor in the progression of
as a major public health problem worldwide, with a global ~ tenal fibrosis (RF). The resulting glomerular lesions and re-
prevalence of 13.4% [2]. China has a large population with nal ischemia lead to inflammation and endothelial dysfunc-
CKD and an overall prevalence of 11.6% for this discase ~ tion [6]. Patients with advanced-stage CKD were found to
[3]. Effective therapeutic options for CKD are currently have increased ROS levels. This plays a crucial role in the

limited [4]. Therefore, clucidation of the underlying mech-  development of RF by initiating an inflammatory chain re-
anism of CKD may help with disease prevention, or with action involving the recruitment of infiltrating macrophages
the delay of disease progression. and the secretion of pro-fibrogenic and pro-inflammatory

cytokines [7]. It has also been shown that renal dysfunction

Copyright: © 2024 The Author(s). Published by IMR Press.
BY This is an open access article under the CC BY 4.0 license.

Publisher’s Note: IMR Press stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.


https://www.imrpress.com/journal/FBL
https://doi.org/10.31083/j.fbl2902058
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

damages the antioxidant system, thereby making patients
highly susceptible to oxidant stress [8]. However, the exact
role of ROS in CKD requires further investigation.

Our previous published article revealed that An-
giotensin (Ang) II is a powerful inducer that can not
only induce production of epithelial mesenchymal transi-
tion (EMT), but also promote the production of ROS that
further mediates the activation of inflammasomes, a cru-
cial process tightly associated with different renal diseases
[9]. N-acetylcysteine (NAC) is an amino acid with multi-
ple biological activities that can exert antioxidant and anti-
inflammatory effects through inhibiting the production and
release of ROS as well as the release of inflammatory cy-
tokines, which plays an important role in reducing kidney
inflammation and delaying the progression of renal fibrosis.

Inflammasomes are cytoplasmic multiprotein com-
plexes that can be triggered by endogenous and exogenous
stimuli. The mechanism of inflammasome activation in-
volves formation of protein complexes that activate caspase
1, which then proteolytically activates pro-inflammatory
cytokines such as IL-13 and IL-18 [10]. A certain degree
of inflammasome activation is beneficial for the host by
eliminating foreign pathogens and repairing damaged tis-
sues, but hyperactivation of inflammasomes can contribute
to various diseases [11]. For example, inflammasome ac-
tivation has been shown to participate in post-ischemic in-
flammation after stroke [12]. Extensive evidence suggests
that Nucleotide-binding domain, leucine-rich repeat, and
pyrin domain-containing protein 3 (NLRP3)-mediated in-
flammasome activation is a vital contributor to diabetes-
related vascular dysfunction and to pro-inflammatory phe-
notypes [13]. A previous study reported that ROS act as a
regulator and trigger of the NLRP3 inflammasome, which
then causes Caspase-1-dependent cell pyroptosis [14]. In-
flammasomes also play an important role in CKD. The inhi-
bition of inflammasome activation has been shown to pro-
tect against dysregulated mitochondrial function and RF
[15]. Despite numerous studies on the role of the inflam-
masome in CKD, the underlying mechanism remains to be
elucidated.

The Tripartite motif (TRIM) family of proteins has
three conserved domains. From the N-terminal to the C ter-
minal, these are a RING finger, one or two B-boxes, and
a coiled-coil (CC) domain [9]. Major importance has been
attached to the function of TRIM proteins due to their E3
ubiquitin ligase activity associated with the RING finger
structure [ 16]. Pyroptosis is a type of programed cell death,
also referred to as cellular inflammatory necrosis, with fea-
tures of cell swelling and cell membrane rupture that even-
tually lead to the massive leakage of cellular contents. Stud-
ies have revealed that TRIM proteins are closely involved
in a variety of biological and pathobiological processes, in-
cluding pyroptosis [17,18]. A previous study reported that
enhanced expression of Tripartite motif 6 (TRIM6) was
observed in RF, and that TRIM6 activates mTORCI1 by

ubiquitinating TSC1-TSC2, thereby promoting endoplas-
mic reticulum stress, EMT, and RF [9]. However, the
mechanism that involves TRIM6 in CKD is not well under-
stood. Ang II has been reported to be involved in various
biological processes, including the promotion of EMT and
RF [19], NLRP3 inflammasome activation [20], and the in-
duction of ROS [9]. Ang-II is one of the major contributors
to the progression of renal fibrosis, inflammation, glomeru-
lar injury, and chronic kidney disease [19]. The aim of this
study was to further elucidate the functional role of TRIM6
in RF by using Ang II as a tool. The results should lead to
a better understanding of the underlying molecular mecha-
nism of RF.

2. Material and Methods
2.1 Cell Culture

Human kidney-2 (HK2) cells free of mycoplasma con-
tamination were obtained from the Cell Bank of the Chinese
Academy of Sciences, Shanghai Biology Institute (#SCSP-
511, Shanghai, China). HK2 cells were cultured in RPMI
1640 medium (#11875093, Gibco, Grand Island, NY, USA)
containing 10% fetal bovine serum (#16140071, Gibco),
penicillin (100 IU/mL), and streptomycin (100 pg/mL) in
an incubator (37 °C, 95% humidity, 5% CO3). Cells in
the short interfering RNA negative control (shNC) group
were cultured with negative control shRNA. All cell lines
were validated by STR profiling and tested negative for my-
coplasma. Cells in the Ang II group were cultured with 1
uM Ang II. Cells in the TRIM6 knockdown (shTRIM®6)
group were transfected with shTRIM6 lentivirus. Cells
in the NLRP3 agonist (BMS-986299) group were cultured
with 1 uM BMS-986299 (#2242952-69-6, MCE, Shanghai,
China). Cells in the TRIM6 overexpression (oeTRIM6)
group were transfected with oeTRIM6 lentivirus. Cells
in the N-acetylcysteine (NAC) group were cultured with
100 uM NAC (#616-91-1, Billerica, MA, USA). Cells
in the Glutathione peroxidase 3 (GPX3) overexpression
(0eGPX3) group were transfected with 0eGPX3 lentivirus.
The various evaluations were performed after 24 hours of
cell cultivation.

2.2 Lentivirus Preparation

Full length human GPX3 was cloned into pLVX-puro
(Clontech, Palo Alto, CA, USA). The lentivirus express-
ing short hairpin RNA (shRNA) oligos targeting TRIM6
(shTRIMO6#1, #2), TRIM6 (0e TRIM6) or GPX3 (0eGPX3)
was produced in 293T cells, along with the packaging plas-
mids, psPAX2 and pMD2.G as previously described (2
pg/mL) [9]. The viral supernatant was harvested after 48 h
(1 x 108 transducing units (TU)/mL). Then, HK2 cells were
seeded into 24-well plates and transfected with lentivirus
vectors.
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2.3 Determination of ROS

2’,7'-Dichlorodihydrofluorescein diacetate (DCFH-
DA) was used as a ROS fluorescence probe. DCFH-DA
by itself is not fluorescent and can pass freely through the
living cell membrane. After entering the cell, DCFH-DA is
hydrolyzed by esterases to generate DCFH, which cannot
penetrate the cell membrane. Intracellular ROS can oxi-
dize non-fluorescent DCFH to fluorescent DCF. The intra-
cellular ROS level can be determined by measuring the flu-
orescence of DCF. At the end of cell interventions, samples
were collected and washed with ice-cold PBS. A ROS de-
tection kit (#S0033S, Beyotime, Shanghai, China) was used
to treat cells according to the instructions, and flow cytom-
etry was used to evaluate ROS level in samples. Each assay
was repeated in triplicate.

2.4 Evaluation of Pyroptosis-Related Protein

At the end of cells intervention, samples were col-
lected and washed with ice-cold PBS. Then, cells were in-
cubated with a caspase-1 detection probe (FAM-FLICAR
Caspase 1 Assay Kit, #ICT-97, ImmunoChemistry Tech-
nologies, Davis, CA, USA) for 1 h at 25 °C in the dark.
To remove non-combined caspase-1, the cells were washed
with PBS for three times and incubated with propidium io-
dide solution (Propidium (PI), #P3566; Invitrogen, Carls-
bad, CA, USA) at 3 uM for 15 min in the dark. Thereafter,
the cells were analyzed using flow cytometry (BD FAC-
SCalibur, Franklin Lake, NJ, USA). The pyroptosis cells
were determined by forward scatter/side scatter (FSC/SSC).
The cells in Upper Right quadrant (Q1 UR) and Upper
left quadrant (Q1-UL) were PI positive cells, and the cells
QI1-UR and QI-LR are caspase-1 positive cells. Activate
caspase-1 and PI double positive cells were defined as py-
roptotic cells. Each assay was repeated in triplicate.

2.5 MDA, GSH and SOD Assays

The levels of malondialdehyde (MDA) and glu-
tathione (GSH) were measured using the thiobarbituric acid
method and the DTNB (5,5’-dithiobis-2-nitrobenoic acid)
method, respectively. The superoxide dismutase (SOD) in-
hibition rate was measured using the WST-1 method (The
WST-1 method is a commonly used method for measuring
cell proliferation based on water-soluble tetrazolium salt
and the principle of dehydrogenase metabolism). The com-
mercial kits for these assays were #A003-1, #A006-2, and
#A001-3, respectively, from the Jiancheng bioengineering
institute, Nanjing, China. The manufacturer’s standard pro-
cedure was followed for all three assays.

2.6 Evaluation of IL-173, IL-18, IL-6, and TNF-« Levels

The supernatant containing IL-13, IL-18, IL-6, and
tumor necrosis factor-a (TNF-«) was harvested from the
culture medium. The expression levels for these factors
were evaluated according to recommended protocols us-
ing the enzyme-linked immunosorbent assay (ELISA) kits
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#H002-1, #HO015-1, #H007-1, and #HO052-1, respectively,
from the Jiancheng bioengineering institute. Each assay
was repeated in triplicate.

2.7 Evaluation of mRNA Expression

The procedure for quantitative reverse transcription
polymerase chain reaction (RT-PCR) analysis was de-
scribed in our previous report [9]. Total RNA was ex-
tracted from HK-2 cells with Trizol reagent (Invitrogen,
Waltham, MA, USA). Reverse transcription was performed
using a first-strand cDNA reverse transcription kit (Takara,
Dalian, Liaoning, China ). Quantitative RT-PCR was em-
ployed to measure the mRNA levels of specific genes with
the SYBR®Green kit (Thermo Fisher Scientific, Waltham,
MA, USA). The mRNA level of genes was measured
with the 27 2ACT method. All data represent the average
of three replicates. The primer sequences are: TRIMO,
5" CTTTCCCACTACTCTTTGTC 3’ and 5° TAAGC-
CTCAGGGTACTTATC 3’; GPX3, 5 GACCAGGTG-
GAGGCTTTG 3’ and 5 GAGGTGGGAGGACAGGAG
3’; GAPDH, 5 AATCCCAT CACCATCTTC 3’ and 5’ AG-
GCTGTTGTCA TACTTC 3'. Each assay was repeated in
triplicate.

2.8 Co-Immunoprecipitation (co-IP) and Western Blot
Assays

The co-IP assay was used to examine the inter-
action between TRIM6 and GPX3. The experimental
workflow was described in a previous report [21]. Cell
lysates were incubated for 1 h at 4 °C with anti-TRIM6
(#0rb623826, Biorbyt, Cambridge, MA, USA), anti-GPX3
(Abcam, Ab275965, Cambridge, MA, USA), or control
IgG (#sc-2748, Santa Cruz Biotech, Santa Cruz, CA, USA),
followed by protein A/G-agarose for 3 h at 4 °C. Precipi-
tates were washed three times in lysis buffer and then eval-
uated by Western blot analysis.

The procedure for Western blot analysis was de-
scribed in our previous report [9]. After blocking with
5% skim milk, the membranes were incubated overnight
at 4 °C with primary antibodies against active IL-173
(#63124, CST, Danvers, MA, USA), IL-18 (#16806-1-
AP, Proteintech, Wuhan, China), Caspase-1 (#Ab179515,
Abcam, Cambridge, MA, USA), cleaved Caspase-1
(#89332, CST), TRIMG6 (#11953-1-AP, Proteintech), GPX3
(#Ab256470, Abcam), NLRP3 (#Ab263899, Abcam), GS-
DMD (#AF4013, Affinity Biosciences, Cincinnati, OH,
USA), GSDMD-N (#Ab215203, Abcam), or GAPDH
(#60004-1-Ig, Proteintech), follow by incubation with a
secondary antibody (#A0208, #A0216, Beyotime, Shang-
hai, China). The enhanced chemiluminescence system
(#WBULSO0100, Millipore, Billerica, MA, USA) was used
to reveal the band intensity, and Image J software for den-
sitometry. The supernatants were used for detecting the ac-
tive forms of IL-1, and the lysates were used for detecting
other protein levels. Each assay was repeated in triplicate.
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Fig. 1. Angiotensin II-induced ROS production is mediated by TRIM6. Transfection of HK2 cells was performed with TRIM6-
interfering lentivirus or with control virus for 24 h. The cells were then treated with 1 uM Ang II for 24 h. (A) TRIM6 protein expression.
(B) TRIM6 mRNA expression. (C,D) Flow cytometry detection of ROS. (E-G) Biochemical detection of MDA, GSH, and SOD. ***p
< 0.001 vs. shNC; AMp < 0.001 vs. Ang II + shNC. NC, Normal Control; ROS, reactive oxygen species; TRIM6, Tripartite motif 6;
HK2 cells, human kidney-2 cells; MDA, malondialdehyde; GSH, glutathione; SOD, Superoxide dismutase; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; DCFH-DA, 2’,7’-Dichlorodihydrofluorescein diacetate.

2.9 Statistical Analysis

Statistical analyses were conducted using GraphPad
Prism 7.0 (Graphpad, La Jolla, CA, USA). The normality
of data was assessed and found to obey normal distribution
characteristics. Data was presented as the mean + standard
deviation (SD) from at least three independent experiments.
Student’s t-test was used for comparison of two groups, and
analysis of variance (ANOVA) was used for comparison of
more than two groups. p < 0.05 was considered significant.

3. Results

3.1 Silencing of TRIM6 Inhibits Ang II-Induced ROS
Generation

To study the role of TRIM6 in ROS produc-
tion, TRIM6 expression in HK2 cells was silenced with
lentivirus, or induced by Ang II (1 uM) treatment for 24
hours (Fig. 1A,B). Ang II significantly increased the levels
of ROS (Fig. 1C,D) and MDA (Fig. 1E), but decreased the
levels of GSH (Fig. 1F) and SOD (Fig. 1G). All of these
changes were ameliorated by the silencing of TRIM6 ex-
pression. These results indicate that Angiotensin II-induced
ROS production was mediated by TRIM6.

3.2 Silencing of TRIM6 Inhibits Angiotensin Il-induced
Inflammation and Pyroptosis

To study the role of TRIM®6 in pyroptosis, HK2 cells
in which TRIM6 was silenced were challenged with Ang 11
(1 uM) for 24 hours. Flow cytometry results showed that
Ang II significantly promoted the pyroptosis of HK2 cells
(Fig. 2A,B) and increased the levels of the inflammatory
factors IL-173 (Fig. 2C), IL-18 (Fig. 2D), IL-6 (Fig. 2E),
and TNF-« (Fig. 2F). Immunoblotting results revealed that
Ang II markedly up-regulated the pyroptosis marker pro-
teins NLRP3, GSDMD-N, and active Caspase-1 (Fig. 2G—
I). In contrast, these Ang II-mediated effects were all sig-
nificantly abolished by the silencing of TRIM6. This sug-
gests that Angiotensin II-induced pyroptosis and inflamma-
tion are mediated by TRIM6.

3.3 NAC Suppresses TRIM6-Induced ROS Production and
Pyroptosis

Next, TRIM6 was successfully over-expressed in
HK2 cells, which were then treated with the ROS scav-
enger NAC (100 uM) for 24 h. Overexpression of TRIM6
markedly up-regulated the levels of ROS (Fig. 3A,B) and
MDA (Fig. 3C), but decreased the levels of GSH and SOD
(Fig. 3D,E). Overexpression of TRIM6 also sharply in-
creased the level of pyroptosis (Fig. 3F,G) and the lev-
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Fig. 2. Ang Il-induced inflammation and pyroptosis are mediated by TRIM6. HK?2 cells were transfected with TRIM6-interfering
lentivirus or control virus for 24 h, then treated with 1 pM of Ang II for 24 h. (A,B) Flow cytometric assay of pyroptosis. (C—F) ELISA
assay of IL-18, IL-18, IL-6 and TNF-cv. (G—I) Western blots of pyroptotic protein expression. ***p < 0.001 vs. shNC; "p < 0.05, "p <
0.01,""p < 0.001 vs. AngII + shNC. ELISA, Enzyme-Linked Immunosorbent Assay; NLRP3, Nucleotide-binding domain leucine-rich

repeat and pyrin domain-containing protein 3; GSDMD-N, Gasdermin-N Domain.

els of IL-1/3 (Fig. 3H) and IL-18 (Fig. 31). Western blot
analysis revealed that TRIM6 overexpression markedly up-
regulated the pyroptosis-related markers NLRP3, active
Caspase-1 (P10), and GSDMD-N (Fig. 3J,K). These effects
of TRIM6 overexpression were all significantly abolished
by NAC, indicating the importance of ROS in TRIM6-
induced pyroptosis.

3.4 ROS Induces HK?2 Cell Pyroptosis by Activating
NLRP3

We further investigated the roles of Ang II-mediated
ROS production and the NLRP3 signal in inflammasome
activation and pyroptosis. The ROS scavenger NAC and
the NLRP3 agonist BMS-986299 (1 uM) were added to
Ang Il-treated HK2 cells. Ang II was found to induce
ROS production, inflammation, and pyroptosis, which were
all reduced by NAC treatment (Fig. 4A—D). However, co-
treatment with BMS-986299 abolished the effects of NAC,
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except for the ROS level. Immunoblotting results revealed
that Ang II notably up-regulated expression of the pyrop-
tosis marker proteins active Caspase-1, active IL-1, and
GSDMD-N (Fig. 4E,F). These Ang II-mediated effects
were all significantly reduced by NAC treatment, while co-
treatment with BMS-986299 abolished the effects of NAC
on protein expression (Fig. 4E,F).

3.5 TRIMG Interacts with GPX3 and Promotes its
Ubiquitination in HK2 Cells

The expression of GPX3 was evaluated to gain a bet-
ter understanding of TRIM®6 function in this model. TRIM6
overexpression was found to significantly decrease the level
of GPX3 protein. Silencing of TRIM6 significantly in-
creased the level of GPX3 protein, but neither TRIM6
overexpression or silencing affected GPX3 at the mRNA
level (Fig. 5A). The decrease in GPX3 level with TRIM6
overexpression was suppressed by the proteasome inhibitor
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Fig. 3. NAC suppresses TRIM6-induced ROS production and pyroptosis. TRIM6- overexpressing HK2 cells were treated with the
ROS inhibitor NAC (100 uM) or control solvent for 24 h. (A,B) Flow cytometry evaluation of ROS. (C-E) Biochemical evaluation
of MDA, GSH, and SOD. (F,G) Flow cytometry evaluation of pyroptosis. (H,I) ELISA evaluation of IL-13 and IL-18. (J,K) Western
blot evaluation of pyroptosis marker protein expression. ***p < 0.001 vs. vector; "~ p < 0.001 vs. TRIM6 overexpression (0e TRIMS6).

NAC, N-acetyl-L-cysteine.

MG132 (Fig. 5B). Co-IP results showed that TRIMG6 inter-
acted with GPX3 (Fig. 5C). Importantly, the overexpression
of TRIM6 in HK2 cells significantly promoted the ubiqui-
tination of GPX3 (Fig. 5D). Together, these results demon-
strate that TRIM6 interacts with GPX3 and promotes its
ubiquitination.

3.6 GPX3 Inhibits TRIM6-Induced ROS Production and
Pyroptosis

GPX3 was successfully overexpressed in HK2 cells
that overexpress TRIM6 (Fig. 6A). The overexpression of
GPX3 significantly abolished TRIM6-induced ROS pro-
duction (Fig. 6B,C) and MDA content (Fig. 6D). Overex-
pression of GPX3 also attenuated the decreased GSH level
(Fig. 6E) and SOD level (Fig. 6F) associated with TRIM6

overexpression. Moreover, overexpression of GPX3 re-
versed the following changes induced by TRIM6 overex-
pression: increased pyroptosis (Fig. 6G,H), IL-15 (Fig. 61),
and IL-18 (Fig. 6J), and increases in the pyroptosis-related
marker proteins NLRP3, GSDMD-N, and active Caspase-
1 (Fig. 6K,I,L). Together, these results indicate that GPX3
inhibits TRIM6-induced ROS production and pyroptosis.

4. Discussion

The inappropriately activated renin-angiotensin sys-
tem (RAS) plays a critical role in renal tissue injury and
remodeling in CKD progression. Ang Il mediates the ma-
jority of the classical biological functions of the RAS sys-
tem and regulates renal cellular and physiological responses
in the renal system [22]. Ang II is also related to renal in-
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jury and fibrosis via activating renal tubular cells as well as
local immune cells to increase inflammation release, such
as IL-6, and TNF-a, and causes cell apoptosis [23,24]. Ang
11 is widely used to treatment renal cells in vitro to detected
the pathobiology of CKD [25,26]. In the present study, we
first revealed that Ang II induced the pyroptosis of HK2
cells by markedly increasing the ROS level via TRIM6. Ad-
ministration of the ROS scavenger NAC significantly ame-
liorated Ang II-induced ROS and pyroptosis in HK2 cells.
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Furthermore, the NLRP3 agonist BMS-986299 abolished
the effects of NAC, but did not affect the ROS level. Mech-
anistic studies indicate that the functional role of TRIM6 in
the Ang Il-induced ROS changes and pyroptosis of HK2
cells is via the ubiquitination of GPX3.

ROS-mediated redox signaling plays a very important
role in various biological processes. Redox balance is crit-
ical, as elevated ROS levels may damage cells [27]. The
accumulation of ROS also has been shown to trigger an in-
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flammatory response [7]. Furthermore, ROS-induced ac-
tivation of the NLRP3 inflammasome pathway has been
reported in triple-negative breast cancer [28]. Activation
of the NLRP3 inflammasome can regulate IL-1/5 and IL-
18 levels via the NF-xB pathway [29], while increases
in NLRP3 and caspase-1 expression favor the progression
of CKD and RF [29]. Inflammasome activation requires
two signals, so called priming and activation [30]. Prim-
ing is triggered by microbial molecules or endogenous cy-
tokines and leads to the upregulation of NLRP3 and pro-
IL-17 through the activation of transcriptional factor NF-
kB. After receiving the priming signal, NLRP3 inflamma-
somes are activated by various factors such as pathogen as-
sociated molecular patterns (PAMPs) or damage associated
molecular patterns (DAMPs) [31]. Some natural products
such as dihydroquercetin have shown efficacy at attenuat-
ing RF via the suppression of ROS and the NLRP3 inflam-
masome [32]. Our results indicate that overexpression of
TRIMG6 significantly increased ROS levels, decreased GSH
and SOD, and promoted inflammasome activation in HK2
cells. These findings indicate that TRIM6 promotes ROS-
dependent inflammasome activation and pyroptosis in HK2
cells.

Pyroptosis is one of the main forms of programmed
cell death and serves as a defensive barrier against endoge-
nous and exogenous pathogens [33]. As mentioned above,

ROS can activate the NLRP3 inflammasome, resulting in
the production and release of pro-inflammatory cytokines.
Activation of the NLRP3 inflammasome also leads to the
cleavage of gasdermin D (GSDMD). This causes release of
its N-terminus and ultimately the formation of pores on the
cell membrane, resulting in cell rupture and the release of
cytokines [29]. Pyroptosis has been demonstrated to regu-
late numerous biological activities. For instance, increased
expression of pyroptosis-related proteins has been associ-
ated with a lower risk of breast cancer [34]. Inhibition of
GSDMD-dependent pyroptosis reduces the progression of
silica-induced pulmonary inflammation and fibrosis [35].
Pyroptosis was also found to be involved in renal intersti-
tial fibrosis in the unilateral ureteral occlusion model [36].
Another study found that renal tubule injury induced by
ureteral obstruction is highly susceptible to the initiation of
fibrosis, with pyroptosis playing a major part in this process
[37]. The present results showed that Angiotensin II signifi-
cantly promoted pyroptosis, as shown by increased levels of
IL-103 and IL-18, while also up-regulating the expression of
pyroptosis marker proteins including NLRP3, GSDMD-N,
and active Caspase-1 (P10). More importantly, the present
findings suggest the promotion of pyroptosis was dependent
on TRIM6. TRIM6 was found to perform an important reg-
ulatory function in pyroptosis-mediated HK2 cell injury.

&% IMR Press


https://www.imrpress.com

0 3.0
i — Vector
o % o2 f
AR e ©) i =
d N o 200 ’ ‘\ % 2.0
€ ' — 0eTRIM6 S
GPX3 | ™= == s 25kDa 3 ‘ %
o \ Q10
100
|
GAPDH | wemm s s 36 kDa \ 0eTRIME +
,3\\ 0eGPX3 0.0
0 T T el § T
102 ‘03 104 tﬁﬁ (06
DCFH-DA
1500 gooo 200 Vector 0eTRIMG _ 0eTRIM6 + 0eGPX3
AnA B o ° T EvE= M v arornasn] | © Tarueren TR
= .
21000 £ 60.0 ~ g150 . . .
2 iy 8 400 e 2100 e = =
% @ g
O 500 k3 2 ) %] ]
§200 4’ 50 e ) )
] 2 . 24 A ) :
0.0 € oo 00 S CUTC ) arrew| . Jaruesw aumoess)| | o Joriwesin) Q1LRE46%)
< © o o o < o o 107 10°  10¢ 0% 10° 107 102 10° 104 10° 10° 10° 102 10° 10 10 10° 107
& & g & & S & & S
& bx°® & Q}x"@ & @x°® Caspase-1
& & &
& & &
| J K . L "
40.0 150.0 QQQ\F OQOQ
[e) x
. 5 © ®
© © TP\ U\
~30.0 - e 5 AW W O
3 J1o00 qed@ S& é&?“\ RCI oé«\
2 an < a8 ° °
£200 5
@ =
T 2 50.0 NLRP3 | ®== w=== == 110kDa GSDMD | === S s 53Dy
=100
20 kD GSDMD-N - 30 kDa
0.0 0.0 . X (b caspase-1 — — a
5 © % © e
N & & g
N SO & o
@ IS GAPDH - ‘- 36 kDa
& o & Pro-caspase-1 Wl e s 45 kDa 4
@§ &
& &*

GAPDH

— )
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overexpression.

GPX3 has important antioxidant activity. It uses glu-
tathione to catalyze the reduction of intracellular ROS,
thereby protecting cells, DNA, and proteins against ROS
damage [38]. Studies have shown that GPX3 overexpres-
sion exerts anti-oxidative stress protection against acute
kidney injury, and improves the viability of tubular cells
[39]. On the other hand, decreased GPX3 expression
diminished its anti-oxidative stress effects and activated
pro-tumorigenic redox signaling, thereby promoting tumor
growth, proliferation, and metastasis [40]. GPX3 also par-
ticipates in fibrosis, and oxidative stress is considered a reg-
ulator in the development of idiopathic pulmonary fibrosis,
which can be attributed to the upregulation of GPX3 [41].
The current study found that overexpression of TRIMG6 sig-
nificantly decreased the level of GPX3 protein, whereas the
silencing of TRIM6 expression significantly increased the
level of GPX3 protein. Furthermore, our results suggest
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that TRIM6 decreased the GPX3 protein level by promot-
ing its ubiquitination. These results suggest a new role for
GPX3 in RF and broaden our understanding of the patho-
genesis of RF.

Protein ubiquitination is a post-translational modifica-
tion that regulates all aspects of cell activity, including the
cell cycle, proliferation, apoptosis and differentiation [42].
Recently, TRIM proteins have aroused the interest of re-
searchers due to their E3 ubiquitin ligase activity. For ex-
ample, TRIM23 has been shown to regulate adipocyte dif-
ferentiation via the ubiquitination of PPAR~y [43]. TRIM6
was also reported to activate mTORCI1 by ubiquitinating
TSC1-TSC2 to promote endoplasmic reticulum stress and
RF [9]. Our study demonstrates that TRIM6 facilitates
GPX3 ubiquitination. More importantly, we show that
TRIM6-regulated GPX3 ubiquitination modulates RF by
regulating ROS and pyroptosis. These findings demon-
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strate the significance of the TRIM6/GPX3/pyroptosis axis
in RF, and may help with new drug development for
RF/CKD.

It is worth noting that further research on
TRIM6/GPX3-mediated RF will require the develop-
ment of an animal model. /n vitro studies with other
cell types in addition to the HK-2 cell line should also
provide more evidence. Although further experiments are
necessary, the current findings highlight the importance of
TRIM6/GPX3 in RF.

The main limitation of this experiment is the lack of
in vivo experiments. Besides, Ang II could trigger various
signaling, the present reveled the role of TRIM6/GPX3 in
CKD in vitro. The protective role of TRIM6 might also as-
sociate with other signaling pathways, and we will explore
this in future experiments.

5. Conclusions

These research findings provide novel insights into the
role of TRIM6/GPX3 signaling in RF. They suggest that
Ang IT-induced ROS levels and pyroptosis in HK2 cells are
mediated by TRIMG6 via the promotion of GPX3 ubiquitina-
tion. Our findings shed light on the molecular mechanism
of TRIM6/GPX3 in relation to RF, and may lead to the de-
velopment of novel therapeutic options for RF and CKD.

Availability of Data and Materials

The datasets generated during and/or analyzed during
the current study are available from the corresponding au-
thor on reasonable request.

Author Contributions

Conceptualization, JL, LL, PT and QX. Methodology,
LL, PT, WC and JH. Software, WC, WWL and WRL. Val-
idation, QX, JC and WWL. Formal analysis, LL, JL and
JH. Investigation, LL, JH and QX. Resources, JL. Data cu-
ration, JL, JC, WWL and WRL. Writing—original draft
preparation, JL, LL, PT and QX. Writing—review and edit-
ing, all authors. Visualization, LL, WRL and JH. Supervi-
sion, JL. Project administration, JL. Funding acquisition,
JL. All authors have read and agreed to the published ver-
sion of the manuscript. All authors have participated suffi-
ciently in the work to take public responsibility for appro-
priate portions of the content and agreed to be accountable
for all aspects of the work in ensuring that questions related
to its accuracy or integrity. All authors contributed to edi-
torial changes in the manuscript.

Ethics Approval and Consent to Participate

The cellular study was reviewed and approved by
Ethics committee of Seventh People’s Hospital of Shang-
hai University of Traditional Chinese Medicine (2019-AR-
005).

10

Acknowledgment

Not applicable.

Funding

This work was supported by the National Natural Sci-

ence Foundation of China (NSFC-82074261).

Conflict of Interest

The authors declare no conflict of interest.

References

(1]

(2]

[10]

[11]

[12]

[13]

[14]

[15]

Kalantar-Zadeh K, Jafar TH, Nitsch D, Neuen BL, Perkovic V.
Chronic kidney disease. Lancet (London, England). 2021; 398:
786-802.

Hill NR, Fatoba ST, Oke JL, Hirst JA, O’Callaghan CA, Lasser-
son DS, et al. Global Prevalence of Chronic Kidney Disease -
A Systematic Review and Meta-Analysis. PloS One. 2016; 11:
e0158765.

Wang F, He K, Wang J, Zhao MH, Li Y, Zhang L, et al. Preva-
lence and Risk Factors for CKD: A Comparison Between the
Adult Populations in China and the United States. Kidney Inter-
national Reports. 2018; 3: 1135-1143.

Yan H, Xu J, Xu Z, Yang B, Luo P, He Q. Defining therapeutic
targets for renal fibrosis: Exploiting the biology of pathogenesis.
Biomedicine & Pharmacotherapy. 2021; 143: 112115.

Pizzino G, Irrera N, Cucinotta M, Pallio G, Mannino F, Ar-
coraci V, et al. Oxidative Stress: Harms and Benefits for Hu-
man Health. Oxidative Medicine and Cellular Longevity. 2017;
2017: 8416763.

Park S, Lee JP, Kim DK, Kim YS, Lim CS. Superior effect of
allopurinol compared to febuxostat on the retardation of chronic
kidney disease progression. PloS One. 2022; 17: €0264627.
Simmons EM, Langone A, Sezer MT, Vella JP, Recupero P,
Morrow JD, et al. Effect of renal transplantation on biomarkers
of inflammation and oxidative stress in end-stage renal disease
patients. Transplantation. 2005; 79: 914-919.

Verma S, Singh P, Khurana S, Ganguly NK, Kukreti R, Saso L, et
al. Implications of oxidative stress in chronic kidney disease: a
review on current concepts and therapies. Kidney Research and
Clinical Practice. 2021; 40: 183-193.

Liu W, YiY, Zhang C, Zhou B, Liao L, Liu W, et al. The Expres-
sion of TRIM6 Activates the mTORC1 Pathway by Regulating
the Ubiquitination of TSC1-TSC2 to Promote Renal Fibrosis.
Frontiers in Cell and Developmental Biology. 2021; 8: 616747.
Latz E, Xiao TS, Stutz A. Activation and regulation of the in-
flammasomes. Nature Reviews. Immunology. 2013; 13: 397—
411.

Zheng D, Liwinski T, Elinav E. Inflammasome activation and
regulation: toward a better understanding of complex mecha-
nisms. Cell Discovery. 2020; 6: 36.

Fusco R, Siracusa R, Genovese T, Cuzzocrea S, Di Paola R. Fo-
cus on the Role of NLRP3 Inflammasome in Diseases. Interna-
tional Journal of Molecular Sciences. 2020; 21: 4223.

Ferreira NS, Bruder-Nascimento T, Pereira CA, Zanotto CZ,
Prado DS, Silva JF, et al. NLRP3 Inflammasome and Mineralo-
corticoid Receptors Are Associated with Vascular Dysfunction
in Type 2 Diabetes Mellitus. Cells. 2019; 8: 1595.

Bai R, Lang Y, Shao J, Deng Y, Refuhati R, Cui L. The Role
of NLRP3 Inflammasome in Cerebrovascular Diseases Pathol-
ogy and Possible Therapeutic Targets. ASN Neuro. 2021; 13:
17590914211018100.

Guo H, Bi X, Zhou P, Zhu S, Ding W. NLRP3 Deficiency At-
tenuates Renal Fibrosis and Ameliorates Mitochondrial Dys-

&% IMR Press


https://www.imrpress.com

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

function in a Mouse Unilateral Ureteral Obstruction Model
of Chronic Kidney Disease. Mediators of Inflammation. 2017;
2017: 8316560.

Han X, Huang C, Qu X, Liu S, Yang X, Wang Y, et al. Tripartite
motif-containing 15 overexpression in non-small cell lung can-
cer is associated with poor patient prognoses. Journal of Cancer.
2019; 10: 843-852.

Shi J, Gao W, Shao F. Pyroptosis: Gasdermin-Mediated Pro-
grammed Necrotic Cell Death. Trends in Biochemical Sciences.
2017; 42: 245-254.

Shi J, Zhao Y, Wang K, Shi X, Wang Y, Huang H, et al. Cleav-
age of GSDMD by inflammatory caspases determines pyroptotic
cell death. Nature. 2015; 526: 660—665.

Carvajal G, Rodriguez-Vita J, Rodrigues-Diez R, Sanchez-
Loépez E, Rupérez M, Cartier C, ef al. Angiotensin II activates
the Smad pathway during epithelial mesenchymal transdifferen-
tiation. Kidney International. 2008; 74: 585-595.

Wang J, Wen Y, Lv LL, Liu H, Tang RN, Ma KL, ef al. Involve-
ment of endoplasmic reticulum stress in angiotensin II-induced
NLRP3 inflammasome activation in human renal proximal tubu-
lar cells in vitro. Acta Pharmacologica Sinica. 2015; 36: 821—
830.

Lin JS, Lai EM. Protein-Protein Interactions: Co-
Immunoprecipitation. Methods in Molecular Biology (Clifton,
NJ.). 2017; 1615: 211-219.

Barrera-Chimal J, Lima-Posada I, Bakris GL, Jaisser F. Min-
eralocorticoid receptor antagonists in diabetic kidney disease -
mechanistic and therapeutic effects. Nature Reviews. Nephrol-
ogy. 2022; 18: 56-70.

Cong C, Yuan X, Hu Y, Chen W, Wang Y, Tao L. Catalpol Al-
leviates Ang II-Induced Renal Injury Through NF-kB Pathway
and TGF-31/Smads Pathway. Journal of Cardiovascular Phar-
macology. 2022; 79: el16—e121.

Skibba M, Qian Y, Bao Y, Lan J, Peng K, Zhao Y, et al. New
EGFR inhibitor, 453, prevents renal fibrosis in angiotensin II-
stimulated mice. European Journal of Pharmacology. 2016; 789:
421-430.

Shiu YT, Jaimes EA. Transcription Factor ETS-1 and Reactive
Oxygen Species: Role in Vascular and Renal Injury. Antioxi-
dants (Basel, Switzerland). 2018; 7: 84.

Liu M, Ning X, Li R, Yang Z, Yang X, Sun S, ef al. Signalling
pathways involved in hypoxia-induced renal fibrosis. Journal of
Cellular and Molecular Medicine. 2017; 21: 1248-1259.

Kong H, Chandel NS. Regulation of redox balance in cancer and
T cells. The Journal of Biological Chemistry. 2018; 293: 7499—
7507.

Tang J, Bei M, Zhu J, Xu G, Chen D, Jin X, ef al. Acute cad-
mium exposure induces GSDME-mediated pyroptosis in triple-
negative breast cancer cells through ROS generation and NLRP3
inflammasome pathway activation. Environmental Toxicology
and Pharmacology. 2021; 87: 103686.

Zhang H, Wang Z. Effect and Regulation of the NLRP3 Inflam-
masome During Renal Fibrosis. Frontiers in Cell and Develop-
mental Biology. 2020; 7: 379.

&% IMR Press

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

He Y, Hara H, Nafiez G. Mechanism and Regulation of NLRP3
Inflammasome Activation. Trends in Biochemical Sciences.
2016; 41: 1012-1021.

Ma Y, Long Y, Chen Y. Roles of Inflammasome in Cigarette
Smoke-Related Diseases and Physiopathological Disorders:
Mechanisms and Therapeutic Opportunities. Frontiers in Im-
munology. 2021; 12: 720049.

Ding T, Wang S, Zhang X, Zai W, Fan J, Chen W, ef al. Kid-
ney protection effects of dihydroquercetin on diabetic nephropa-
thy through suppressing ROS and NLRP3 inflammasome. Phy-
tomedicine: International Journal of Phytotherapy and Phy-

topharmacology. 2018; 41: 45-53.
Liu X, Lieberman J. A Mechanistic Understanding of Pyropto-

sis: The Fiery Death Triggered by Invasive Infection. Advances
in Immunology. 2017; 135: 81-117.

Wu X, Mao X, Huang Y, Zhu Q, Guan J, Wu L. Detection of pro-
teins associated with the pyroptosis signaling pathway in breast
cancer tissues and their significance. International Journal of
Clinical and Experimental Pathology. 2020; 13: 1408-1414.
Song M, Wang J, Sun Y, Pang J, Li X, Liu Y, ef al. Inhibition of
gasdermin D-dependent pyroptosis attenuates the progression of
silica-induced pulmonary inflammation and fibrosis. Acta Phar-
maceutica Sinica. B. 2022; 12: 1213-1224.

Chung SD, Lai TY, Chien CT, Yu HJ. Activating Nrf-2 signal-
ing depresses unilateral ureteral obstruction-evoked mitochon-
drial stress-related autophagy, apoptosis and pyroptosis in kid-
ney. PloS One. 2012; 7: €47299.

Li Y, Yuan Y, Huang ZX, Chen H, Lan R, Wang Z, et al.
GSDME-mediated pyroptosis promotes inflammation and fibro-
sis in obstructive nephropathy. Cell Death and Differentiation.
2021; 28: 2333-2350.

Pang P, Abbott M, Abdi M, Fucci QA, Chauhan N, Mistri M,
et al. Pre-clinical model of severe glutathione peroxidase-3 de-
ficiency and chronic kidney disease results in coronary artery
thrombosis and depressed left ventricular function. Nephrology,
Dialysis, Transplantation: Official Publication of the European
Dialysis and Transplant Association - European Renal Associa-
tion. 2018; 33: 923-934.

Xia'Y, Pan W, Xiao X, Zhou X, Gu W, Liu Y, ef al. MicroRNA-
483-5p accentuates cisplatin-induced acute kidney injury by tar-
geting GPX3. Laboratory Investigation; a Journal of Technical
Methods and Pathology. 2022; 102: 589-601.

Chang C, Worley BL, Phaéton R, Hempel N. Extracellular Glu-
tathione Peroxidase GPx3 and Its Role in Cancer. Cancers. 2020;
12: 2197.

Schamberger AC, Schiller HB, Fernandez IE, Sterclova M,
Heinzelmann K, Hennen E, ef al. Glutathione peroxidase 3 lo-
calizes to the epithelial lining fluid and the extracellular matrix
in interstitial lung disease. Scientific Reports. 2016; 6: 29952.
Swatek KN, Komander D. Ubiquitin modifications. Cell Re-
search. 2016; 26: 399-422.

Watanabe M, Takahashi H, Saeki Y, Ozaki T, Itoh S, Suzuki M,
et al. The E3 ubiquitin ligase TRIM23 regulates adipocyte dif-
ferentiation via stabilization of the adipogenic activator PPAR~.
eLife. 2015; 4: e05615.

11


https://www.imrpress.com

	1. Introduction
	2. Material and Methods
	2.1 Cell Culture
	2.2 Lentivirus Preparation
	2.3 Determination of ROS
	2.4 Evaluation of Pyroptosis-Related Protein
	2.5 MDA, GSH and SOD Assays
	2.6 Evaluation of IL-1, IL-18, IL-6, and TNF- Levels
	2.7 Evaluation of mRNA Expression 
	2.8 Co-Immunoprecipitation (co-IP) and Western Blot Assays
	2.9 Statistical Analysis

	3. Results
	3.1 Silencing of TRIM6 Inhibits Ang II-Induced ROS Generation
	3.2 Silencing of TRIM6 Inhibits Angiotensin II-induced Inflammation and Pyroptosis 
	3.3 NAC Suppresses TRIM6-Induced ROS Production and Pyroptosis
	3.4 ROS Induces HK2 Cell Pyroptosis by Activating NLRP3 
	3.5 TRIM6 Interacts with GPX3 and Promotes its Ubiquitination in HK2 Cells
	3.6 GPX3 Inhibits TRIM6-Induced ROS Production and Pyroptosis

	4. Discussion
	5. Conclusions
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

