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A B S T R A C T

Sepsis is a common complication of infections that significantly impacts the survival of critically patients.
Currently, effective pharmacological treatment strategies are lacking. Auranofin, known as an inhibitor of Thi-
oredoxin reductase (TrxR), exhibits anti-inflammatory activity, but its role in sepsis is not well understood. Here,
we demonstrate the significant inhibitory effect of Auranofin on sepsis in a cecal ligation and puncture (CLP)
mouse model. In vitro, Auranofin inhibits pyroptosis triggered by Caspase-11 activation. Further investigations
reveal that inhibiting TrxR1 suppresses macrophage pyroptosis induced by E. coli, while TrxR2 does not exhibit
this effect. TrxR1, functioning as a reductase, regulates the oxidative-reductive status of Thioredoxin-1 (Trx-1).
Mechanistically, the modulation of Trx-1’s reductive activity by TrxR1 may be involved in Caspase-11 activation-
induced pyroptosis. Additionally, inhibiting TrxR1 maintains Trx-1 in its oxidized state. The oxidized form of
Trx-1 interacts with Caveolin-1 (CAV1), regulating outer membrane vesicle (OMV) internalization. In summary,
our study suggests that inhibiting TrxR1 suppresses OMV internalization by maintaining the oxidized form of
Trx-1, thereby restricting Caspase-11 activation and alleviating sepsis.

Abbreviations:

TrxR Thioredoxin reductase
Caspase Cysteinyl aspartate specific proteinase
Trx-1 Thioredoxin-1
CLP Cecal ligation and puncture
CAV1 Caveolin-1
OMV Outer membrane vesicle
LPS Lipopolysaccharide
GSDMD Gasdermin D
CME Clathrin-mediated endocytosis
CavME Caveolae-mediated endocytosis
GBP Guanylate-binding protein
ROS Reactive oxygen species
BMDM Bone marrow-derived macrophage
LDH Lactate dehydrogenase
LAL Limulus amebocyte lysate
CTxB Cholera toxin subunit B

(continued on next column)

(continued )

LATA Latrunculin A
WT Wild-type
DTT Dithiotriol
NLRP1 Nod-like receptor
DMSO Dimethyl sulfoxide
HRP Horseradish peroxidase

1. Introduction

In the context of sepsis, a severe inflammatory response triggered by
bacterial infection emerges as a prominent causative factor [1,2].
Lipopolysaccharide (LPS), a principal constituent of the outer membrane
of Gram-negative bacteria, possesses the potential to induce a dysregu-
lated immune response during sepsis [3]. The inflicted tissue damage, a
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consequence of macrophage excessive activation by LPS, intricately
hinges on the initiation of Caspase-11 [4]. By recognizing LPS in the
cytoplasm, Caspase-11 processes gasdermin D (GSDMD) into a
pore-forming peptide, thereby culminating in pyroptosis [5,6]. Sub-
stantiating this notion is an expanding body of evidence indicating that
Caspase-11-mediated pyroptosis plays a pivotal role in sepsis-related
mortality, disrupting local immune homeostasis by exacerbating
vascular permeability [7,8]. Nonetheless, it is crucial to note that only
LPS delivered into the cytoplasm has the capacity to activate Caspase-11
[8,9]. Given that LPS is a critical constituent of the outer membrane of
Gram-negative bacteria, it can bind not only to pattern recognition re-
ceptors on the cell surface but also be transported into the cytoplasm
through outer membrane vesicles (OMVs) [10]. Consequently, impeding
the delivery of LPS via OMVs emerges as a promising therapeutic
approach for the management of sepsis [11].

The uptake of OMVs into the cytoplasm has been ascertained to occur
via endocytosis [12,13]. The endocytosis pathway encompasses
clathrin-mediated endocytosis (CME) and caveolae-mediated endocy-
tosis (CavME) [14]. In CME, clathrin assembles around membrane pits,
generating a polygonal lattice structure which, in turn, facilitates the
formation of large vesicles, thus promoting the entry of OMVs into the
cytoplasm [15]. Additionally, OMVs can gain access to the cytoplasm via
membrane invagination mediated by caveolin [16]. Upon internaliza-
tion, OMVs subsequently engage in membrane fusion events with
endosomes, culminating in the release of LPS into the cytoplasm [17].
Subsequently, LPS augments Caspase-11 activation and pyroptosis
through its interaction with guanylate-binding proteins (GBPs) [18].
Hence, OMV endocytosis constitutes a pivotal step in the delivery of LPS,
yet the regulatory mechanisms governing this process remain elusive
[10].

Oxidative stress refers to the generation of reactive oxygen species
(ROS) and the disruption of the protective mechanisms, often concom-
itant with the onset of inflammation [19]. Endocytosis frequently cor-
relates with alterations in oxidative stress levels, yet the regulatory
association between these processes remains unclear [20]. In coping
with cellular oxidative stress, the thioredoxin system plays an important
role. Thioredoxin reductase (TrxR) specifically catalyzes the
NADPH-dependent reduction of thioredoxin (Trx) to maintain its
reduced state. Thioredoxin is a ubiquitous enzyme that catalyzes
thiol-disulfide exchange reactions, relying on a conserved active site
containing two cysteine residues, which can be oxidized to form a
reversible disulfide bond. Thioredoxin not only maintains redox ho-
meostasis, but also participates in the regulation of cell death. On the
one hand, it is suggested that Trx-1 triggers apoptosis under oxidative
stress by regulating the release of ASK1 or directly regulating the
S-nitrosation of Caspase-3 [21–23]. On the other hand, Trx-1 affects
pyroptosis by regulating the NLRP3 or NLRP1 inflammasome [24,25].
Although these studies have revealed the regulation of oxidative stress
on cell homeostasis, the mechanism of Caspase-11 activation of pyrop-
tosis remains unclear. In this study, we present evidence that the inhi-
bition of TrxR1 mitigates sepsis and suppresses Caspase-11 activation.
Notably, our findings reveal that TrxR1 inhibition maintains Trx-1 in an
oxidized state (disulfide), rather than a reduced state (dithiol). The
oxidized form of Trx-1 can interact with caveolin 1 (CAV1), modulating
OMV endocytosis. Collectively, these results illuminate that cellular
reductive stress may serve as an inflammatory signal for Caspase-11
activation.

2. Results

2.1. Auranofin alleviates sepsis induced by cecal puncture and ligation in
vivo

The Auranofin, a TrxR inhibitor, was selected for the treatment of
sepsis. The results showed that Auranofin significantly reduced the
mortality of sepsis caused by CLP in mice (Fig. 1A). Histopathological

analysis of liver and lung in mice revealed that Auranofin effectively
alleviated CLP-induced tissue damage, hemorrhaging, and infiltration of
inflammatory cells (Fig. 1B). Furthermore, Auranofin exhibited a note-
worthy reduction in the increase of spleen weight induced by sepsis
(Fig. 1C). The results also indicated that Auranofin attenuated the ele-
vations in sepsis-induced levels of LDH, BUN, and ALT (Fig. 1D). When
applied in the context of intestinal bacterial infections resulting from
appendix puncture, Auranofin significantly diminished bacteria burden
in the blood of mice (Fig. 1E). Moreover, in septic mice, serum con-
centrations of proinflammatory cytokines such as TNF-α, IL-1β, and IL-
18 exhibited marked increases, which were effectively mitigated by
Auranofin (Fig. 1F). Notably, the expression of Cleaved-Caspase-11 and
GSDMD-N in liver and lung tissues displayed significant reductions
following Auranofin treatment (Fig. 1G and H). Collectively, these in
vivo studies provide compelling evidence that Auranofin ameliorated
tissue damage caused by sepsis.

2.2. Auranofin inhibits Caspase-11 activation and pyroptosis induced by
E. coli infection in vitro

The occurrence of sepsis is intricately linked to the overactivation of
macrophages. To explore the impact of Auranofin on macrophage acti-
vation, pyroptosis was induced by E. coli infection. This infection led to a
significant reduction in cell viability in both J774A.1 cells and mouse
bone marrow-derived macrophages (BMDMs). Remarkably, Auranofin
counteracted the decline in cell viability triggered by E. coli infection
(Fig. 2A). The occurrence of pyroptosis was associated by the release of
lactate dehydrogenase (LDH). Notably, Auranofin attenuated the LDH
release induced by E. coli infection (Fig. 2B). During the course of E. coli
infection, the structural integrity of the cell membrane was compro-
mised, allowing PI-tagged nucleic acid to penetrate the cells. The results
of the PI uptake assay demonstrated that Auranofin mitigated the
disruption of the cell membrane structure (Fig. 2C). Pyroptosis coin-
cided with the release of IL-1β, which was significantly inhibited by
Auranofin in response to E. coli infection (Fig. S1A). Additionally,
pyroptosis caused by E. coli infection necessitated the activation of
Caspase-11 inflammasome. Western blot analysis revealed that Aur-
anofin significantly suppressed the activation of Caspase-11 (p26) and
formation of GSDMD-N induced by E. coli infection (Fig. 2D). Mean-
while, the enzymatic activity of TrxR is also significantly inhibited by
Auranofin (Fig. 2E). Activation of Caspase-11 by E. coli is contingent
upon the levels of LPS in the cytoplasm. To assess the cytoplasmic LPS
levels, digitonin extraction from macrophage cytoplasm and limulus
amebocyte lysate (LAL) assay were employed. Notably, the plasma
membrane, early and late endosomes, and lysosomes (Na+/K+ ATPase,
EEA1, Rab7, and LAMP1) were absent from the cytosol extracted with
digitonin (Fig. S1B). However, Auranofin significantly reduced LPS
levels in the cytoplasm (Fig. 2F). In contrast, no significant changes were
observed in bacteria within residual fractions (Fig. 2G). This indicates
that Auranofin did not affect the adherence of E. coli. Collectively, these
results suggest that Auranofin inhibits E. coli infection-induced
pyroptosis.

2.3. TrxR1, but not TrxR2, regulates E. coli infection-induced pyroptosis

While Auranofin is commonly regarded as a TrxR inhibitor, its
selectivity is limited. We established J774A.1 cell lines with either
Txnrd1 or Txnrd2 knockdown to investigate their specific roles. Our
findings indicated that Txnrd1 knockdown effectively mitigated the
reduction in cell viability induced by E. coli (Figs. S2A and S2B). Addi-
tionally, the reduction in LDH release was concomitant with the
knockdown of Txnrd1 (Fig. S2C). Furthermore, we observed a signifi-
cant reduction in PI uptake following Txnrd1 knockdown (Fig. S2D).
Moreover, the knockdown of Txnrd1 resulted in the inhibition of IL-1β
secretion, Caspase-11 (p26) activation and GSDMD-N formation
(Figs. S2E and S2F). Intriguingly, the knockdown of Txnrd1 reduced LPS
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levels in the cytoplasm (Fig. S2G). In contrast, Txnrd2 knockdown had
no discernible impact on cell viability or LDH release (Figs. S3A–S3C).
These comprehensive findings collectively suggest that TrxR1, in
contrast to TrxR2, plays a pivotal role in regulating pyroptosis in
response to E. coli infection.

2.4. The regulation of pyroptosis by TrxR1 depends on Trx-1

To elucidate the precise mechanism governing the regulation of
pyroptosis by TrxR1, we constructed a mutant variant of Txnrd1 (C59S),
which carries a mutation at its active enzymatic site (Fig. S4A). Our
findings revealed that rescue of wild-type Txnrd1 significantly reduced
cell viability in J774A.1 cells with Txnrd1 knockdown. Conversely, the
rescue of the active site mutation in Txnrd1 exhibited no discernible
impact on cell viability (Fig. 3A). Consistently, the restoration of wild-
type Txnrd1 resulted in a marked increase in LDH release and IL-1β
secretion, whereas the restoration of mutant Txnrd1 had no effect on
LDH release and IL-1β secretion (Fig. 3B and S4B). Notably, we observed
no significant alterations in the amount of bacteria were detected in the
residual component between experimental groups (Fig. S4C). However,
the restoration of wild-type Txnrd1 was associated with elevated cyto-
plasmic LPS levels, whereas the restoration of mutant Txnrd1 had no
impact on cytoplasmic LPS levels (Fig. 3C). Western blot analyses
further corroborated our findings, demonstrating that depletion of
Txnrd1 led to a significant decrease in Caspase-11 (p26) activation, and
GSDMD-N formation. Conversely, the rescue of wild-type Txnrd1
induced a substantial increase in the levels of these proteins. Intrigu-
ingly, Txnrd1 with the active site mutation failed to exert any influence
on the expression of these proteins (Fig. 3D). Collectively, these results
provide evidence supporting that the regulatory role of TrxR1 in
pyroptosis is contingent upon its enzymatic activity.

It is well-established that TrxR1 functions as a reductase, regulating
the redox state of Trx-1. Therefore, in order to gain further insights, we
knocked down both Txnrd1 and Txn (Fig. S4D). Our results reveal that
the recovery of cell viability induced by Txnrd1 knockdown was abol-
ished after Txnrd1 and Txn concurrent knockdown (Fig. 3E). The LDH
release and IL-1β secretion also underwent similar changes in Txnrd1
and Txn knockdown J774A.1 cells (Fig. 3F and S4E). Remarkably, no
significant alterations in the amount of bacteria were detected in the
residual components (Fig. S4F). However, cytoplasmic LPS levels
exhibited a significant increase in response to knockdown of Txnrd1 and
Txn (Fig. 3G). These results further suggest that the regulation of
pyroptosis by TrxR1 depends on Trx-1.

2.5. TrxR1 governs pyroptosis by maintaining the reductive activity of
Trx-1

To validate the involvement of Trx-1 reductive activity in the regu-
latory of TrxR1 on pyroptosis, we constructed the active site mutant Txn
(C32/35S). Our findings underscore that the restorative impact on
pyroptosis inhibition conferred by Txnrd1 knockdown was only upon
wild-type Trx-1, not upon mutant Trx-1 (Fig. 4A-C). Correspondingly,
the inhibition of Caspase-11 (p26) activation and GSDMD-N formation
induced by Txnrd1 knockdown could be restored by expressing wild-
type Trx-1. However, expressing the active site mutation of Trx-1 did
not have these effects (Fig. 4D). In addition, similar changes were pro-
duceds in cytoplasmic LPS levels (Fig. 4E). Furthermore, this relation-
ship between TrxR1 and pyroptosis regulation, specifically through

maintaining Trx-1 reductive activity, was substantiated using additional
TrxR1 inhibitors (gamboic acid and DNCB) and hydrogen peroxide.
Results demonstrated that both gamboic acid (GA) and DNCB, but not
H2O2, inhibited LDH release induced by E. coli infection (Fig. 4F).
Strikingly, the inhibitory effects of GA and DNCB on LDH release were
nullified upon Txn knockdown (Fig. 4G). These data highlight the
pivotal role of TRX1 reductive activity regulation in impeding E. coli-
induced pyroptosis, without perturbing cellular redox balance.

2.6. TrxR1 regulates cytosolic LPS levels by participating in the uptake of
OMVs

Endocytosis of OMVs carrying E. coli-released LPS occurs, leading to
their cytoplasmic release via early endosomes. Consequently, an inves-
tigation into LPS colocalization with the early endosome marker Rab5
indicated that Txnrd1 knockdown resulted in reduced LPS colocalization
with Rab5 (Fig. 5A). Fusion sorting of early endosomes yields late
endosomes, subsequently merging with lysosomes for degradation.
Notably, the knockdown of Txnrd1 also reduces the colocalization of
LPS with the late endosome marker Rab7 (Fig. 5B). This prompts spec-
ulation that TrxR1 inhibition might enhance lysosomal degradation of
LPS. To validate this hypothesis, we treated with the lysosomal inhibitor
CQ. However, CQ failed to reverse the diminished LPS and Rab5
colocalization induced by Txnrd1 knockdown, nor did it reverse the
decrease of LPS in the cytoplasm (Fig. 5C and D). These results suggest
that TrxR1 does not regulate intracellular LPS via endosome-lysosomal
degradation. Subsequently, the OMV endocytosis was significant
reduced upon Txnrd1 knockdown (Fig. 5E). Utilizing the cholera toxin
subunit B (CTxB) uptake assay, we observed impaired transport of CTxB
to the perinuclear region following Txnrd1 knockdown. Interestingly,
concurrent knockdown of both Txnrd1 and Txn restored CTxB endocy-
tosis. Expression of wild-type Trx-1 reversed the inhibition of CTxB
endocytosis by Txnrd1 knockdown, whereas expressing active site
mutant Trx-1 did not (Fig. 5F). As CTxB is a confirmed marker of
caveolae-mediated endocytosis, these findings suggest that TrxR1 may
regulates caveolae-mediated endocytosis processes. Contrary to previ-
ous studies indicating OMV uptake via clathrin-mediated endocytosis,
treatment with caveolin-endocytosis inhibitors, Filipin and Latrunculin
A (LATA), blocked IL-1β secretion, Caspase-11 (p26) activation, and
GSDMD-N formation (Figs. S5A and S5B). This implies that TrxR1 may
modulate caveolae-mediated endocytosis to regulate OMV uptake.

2.7. Oxidized Trx-1 exhibits an affinity for caveolin-1

In the context of caveolae-mediated endocytic pathways, caveolin-1
(CAV1) plays a pivotal role in vesicle formation and subsequent cargo
internalization. Considering the potential regulatory role of TrxR1 in
caveolae-mediated endocytosis and OMV uptake, we investigated the
colocalization of Trx-1 with CAV1. Immunofluorescence results revealed
that Txnrd1 knockdown enhances the colocalization of Trx-1 with
CAV1, with only the wild-type Trx-1 showing colocalization with CAV1,
while the catalytically inactive site-mutated Trx-1 does not exhibit this
colocalization (Fig. 6A). Subsequently, the interaction between Trx-1
and CAV1 was identified (Fig. 6B). As a key protein in maintaining
redox balance, the reductive capacity of Trx-1 depends on the interac-
tion between Cys32 and disulfide bonds in oxidized proteins. Subse-
quently, Cys35 mediates the dissolution of disulfide bonds between the
target protein and Trx-1. To determine whether Cys32 and Cys35 are

Fig. 1. Auranofin alleviates CLP-induced sepsis in mice. (A) Analysis of animal survival in mice with or without intraperitoneal administration of Auranofin (5
mg/kg) after CLP-induced sepsis (Kaplan-Meier survival analysis). n = 10 per group. (B) Representative images of H&E stains of liver and lung in mice from indicated
group. Scale bars: 50 μm. (C) The ratio of spleen weight to percentage of body weight in mice from indicated group. n = 5 per group. (D) The LDH, BUN and ALT
levels in the serum of the indicated group mice. n = 5 per group. (E) Bacteria burden in the blood of the indicated group mice. n = 5 per group. (F) Analysis of serum
levels of TNF-α, IL-1β and IL-18 in the indicated group mice. n = 5 per group. (G and H) Western blot analysis of Caspase-11 (Casp11) and GSDMD expression in the
liver tissues(G) or lung tissues(H) of the indicated group mice. β-actin served as the loading control. n = 3 per group. The values are expressed as the mean ± SD, *p
< 0.05, **p < 0.01.

D. Bai et al.



Redox Biology 75 (2024) 103277

5

critical for CAV1 binding, we expressed WT, C32S, C35S, or C32S/C35S
Trx-1. Notably, both Cys32 and Cys35 were found to be imperative for
the binding (Fig. 6C). Additionally, the promotion of Trx-1 binding to
CAV1 was observed upon the use of alternative TrxR1 inhibitors
(Fig. 6D). These findings suggest the possibility that CAV1 selectively
interacts with the oxidized form of Trx-1. Subsequently, anti-Flag

magnetic beads will be treated with the oxidizing agent hydrogen
peroxide (H2O2) or the reducing agent dithiotriol (DTT), immobilized by
Flag-tagged CAV1 protein in future experiments. Interestingly, H2O2
was observed to enhance the Trx-1 interaction, whereas DTT abolished
the interaction, affirming that only oxidized Trx-1 binds to CAV1
(Fig. 6E). Furthermore, auranofin facilitated the CAV1 binding of wild-

Fig. 2. Auranofin inhibits pyroptosis and Caspase-11 inflammasome activation in macrophages. (A) Analysis of cell viability in E. coli-infected J774A.1 or
BMDMs treated with different concentrations Auranofin. n = 3 per group. (B) Analysis of LDH release in E. coli-infected J774A.1 or BMDMs treated with different
concentrations Auranofin. n = 3 per group. (C) Analysis of PI uptakes in E. coli-infected J774A.1 or BMDMs treated with different concentrations Auranofin. n = 5 per
group. (D) Western blot analysis of Caspase-11 and GSDMD expression in supernatants (Sup) and lysate in E. coli-infected J774A.1 or BMDMs, which treated with
different concentrations Auranofin. n = 3 per group. (E) Analysis of TrxR1 activity in J774A.1 cells treated with different concentrations Auranofin. n = 5 per group.
(F) Agar plating for bacterial counts in the cytosolic and residual fractions of E. coli-infected J774A.1 cells treated with different Auranofin. n = 3 per group. (G) LAL
assay for LPS (EU, endotoxin units) in the cytosolic fractions of E. coli-infected J774A.1 cells treated with Auranofin. n = 3 per group. The values are expressed as the
mean ± SD, *p < 0.05, **p < 0.01.
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Fig. 3. Trx-1 involves in the regulation of TrxR1 on pyroptosis and Caspase-11 inflammasome activation in macrophages. (A) Analysis of cell viability in
E. coli-infected J774A.1 cells expressing Txnrd1 shRNA and Txnrd1 WT or C59S variant cDNA. n = 3 per group. (B) Analysis of LDH release in E. coli-infected
J774A.1 cells expressing Txnrd1 shRNA and Txnrd1 WT or C59S variant cDNA. n = 3 per group. (C) LAL assay for LPS (EU, endotoxin units) in the cytosolic fractions
of E. coli-infected J774A.1 cells expressing Txnrd1 shRNA and Txnrd1 WT or C59S variant cDNA. n = 3 per group. (D) Western blot analysis of Caspase-11 and
GSDMD expression in supernatants (Sup) and lysate in E. coli-infected J774A.1 cells expressing Txnrd1 shRNA and Txnrd1 WT or C59S variant cDNA. n = 3 per
group. (E) Analysis of cell viability in E. coli-infected J774A.1 cells expressing Txnrd1 and Txn shRNA. n = 3 per group. (F) Analysis of LDH release in E. coli-infected
J774A.1 cells expressing Txnrd1 and Txn shRNA. n = 3 per group. (G) LAL assay for LPS (EU, endotoxin units) in the cytosolic fractions of E. coli-infected J774A.1
cells expressing Txnrd1 and Txn shRNA. n = 3 per group. The values are expressed as the mean ± SD, **p < 0.01.
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type Trx-1, while the C32S/C35S mutant Trx-1 failed to bind to CAV1
(Fig. 6F). To identify the specific domain of CAV1 involved in the
interaction with Trx-1, we generated various truncated mutants of
CAV1. Co-immunoprecipitation experiments revealed that the N-ter-
minal domain of CAV1 interacts with Trx-1 (Fig. 6G).

2.8. TrxR1 sustains cellular membrane localization and protein levels of
CAV1

Given the critical role of CAV1 in endocytic processes, we investi-
gated the impact of Txnrd1 knockdown on cellular membrane locali-
zation of CAV1. Immunofluorescence experiments revealed

Fig. 4. TrxR1 controls pyroptosis and Caspase-11 inflammasome activation by maintaining the Trx-1 reductive activity. (A) Analysis of cell viability in
E. coli-infected J774A.1 cells expressing Txnrd1 and Txn shRNA and Txn WT or C32/35S variant cDNA. n = 3 per group. (B) Analysis of LDH release in E. coli-infected
J774A.1 cells expressing Txnrd1 and Txn shRNA and Txn WT or C32/35S variant cDNA. n = 3 per group. (C) Analysis of IL-1β in supernatants of E. coli-infected
J774A.1 cells expressing Txnrd1 and Txn shRNA and Txn WT or C32/35S variant cDNA. n = 3 per group. (D) Western blot analysis of Caspase-11 and GSDMD
expression in supernatants (Sup) and lysate in E. coli-infected J774A.1 cells expressing Txnrd1 and Txn shRNA and Txn WT or C32/35S variant cDNA. n = 3 per
group. (E) LAL assay for LPS (EU, endotoxin units) in the cytosolic fractions of E. coli-infected J774A.1 cells expressing Txnrd1 and Txn shRNA and Txn WT or C32/
35S variant cDNA. n = 3 per group. (F) Analysis of LDH release in E. coli-infected J774A.1 cells treated with GA, DNCB and H2O2. n = 3 per group. (G) Analysis of
LDH release in E. coli-infected J774A.1 cells upon Txn knockdown treated with GA and DNCB. n = 3 per group. The values are expressed as the mean ± SD, *p < 0.05,
**p < 0.01.
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colocalization of CAV1 with the cell membrane localization probe PM-
mAG1. Upon Txnrd1 knockdown, a significant reduction in the cell
membrane localization of CAV1 was observed. Simultaneous knock-
down of Txnrd1 and Txn resulted in a notable restoration of CAV1 cell
membrane localization. Subsequent reintroduction of Trx-1 showed that

wild-type Trx-1 nearly abolished the cell membrane localization of
CAV1, while reintroduction of mutated Trx-1 had no effect on CAV1 cell
membrane localization (Fig. 7A). These results collectively indicate that
TrxR1 maintains the cell membrane localization of CAV1. It has been
reported that CAV1 unable to localize to the cell membrane undergoes

Fig. 5. TrxR1 controls the uptake of OMVs. (A) Intracellular distribution of Rab5 and LPS in E. coli-infected J774A.1 cells expressing Txnrd1 shRNA. Scale bars: 10
μm. Pearson’s correlation coefficients for the co-localization of Rab5 with LPS from multiple confocal images. n = 10 per group. (B) Intracellular distribution of Rab7
and LPS in E. coli-infected J774A.1 cells expressing Txnrd1 shRNA. Scale bars: 10 μm. Pearson’s correlation coefficients for the co-localization of Rab5 with LPS from
multiple confocal images. n = 10 per group. (C) Intracellular distribution of Rab5 and LPS in E. coli-infected J774A.1 cells treated with Auranofin or CQ. Scale bars:
10 μm. Pearson’s correlation coefficients for the co-localization of Rab5 with LPS from multiple confocal images. n = 10 per group. (D) LAL assay for LPS (EU,
endotoxin units) in the cytosolic fractions of E. coli-infected J774A.1 cells treated with Auranofin or CQ. n = 3 per group. (E) The endocytosis of DiO-labeled OMVs in
J774A.1 cells upon Txnrd1 knockdown. Scale bars: 10 μm. The average signal density of internalized green fluorescent OMVs. n = 10 per group. (F) The fluorescent
of Alexa555-conjugated Cholera Toxin Subunit B (CTxB) in J774A.1 cells expressing Txnrd1 and Txn shRNA and Txn WT or C32/35S variant cDNA. Scale bars: 10
μm. The values are expressed as the mean ± SD, **p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 6. Oxidized Trx-1 binds to CAV1. (A) Intracellular distribution of Trx-1 and CAV1 in E. coli-infected J774A.1 cells expressing Txnrd1 and Txn shRNA and Txn
WT or C59S variant cDNA. Scale bars: 10 μm. Pearson’s correlation coefficients for the co-localization of Trx-1 with CAV1 from multiple confocal images. n = 10 per
group. (B) The interaction between Trx-1 and CAV1 in HEK-293T cells. (C) The binding of WT, C32S, C35S or C32/35S Trx-1 to CAV1 in HEK-293T cells. (D) The
binding of Trx-1 to CAV1 in J774A.1 cells treated with Auranofin, GA or DNCB. (E) The interaction between Trx-1 and anti-Myc beads treated with the indicated
concentrations of oxidants and antioxidants. The flow-through is the unbound fraction after oxidant or antioxidant treatment. (F) The binding of WT or C32/35S Trx-
1 to CAV1 in HEK-293T cells treated with Auranofin. (G) Schematic representation of the CAV1 domain (top). The binding of full length or various mutants of CAV1
to Trx-1 in HEK-293T cells (bottom). The values are expressed as the mean ± SD, **p < 0.01.
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degradation. Correspondingly, our findings revealed a significant
decrease in CAV1 protein expression levels upon Txnrd1 knockdown
(Fig. 7B). Notably, CAV1 mRNA levels remained unchanged, suggesting
that TrxR1 may play a role in promoting the degradation of CAV1
(Fig. S6A). CAV1, a membrane-anchored protein, is known to undergo
lysosomal degradation (Hayeret al,2010). In line with these observa-
tions, our investigations demonstrate that inhibiting proteasomes has no
discernible impact on the downregulation of CAV1 induced by Txnrd1
knockdown (Fig. S6B). However, lysosomal inhibition effectively

rescues the diminished CAV1 levels resulting from Txnrd1 knockdown
(Fig. 7C). Furthermore, simultaneous knockdown of Txnrd1 and Txn
resulted in an increase in CAV1 expression. Upon the reintroduction of
wild-type Trx-1, the downregulation of CAV1 induced by Txnrd1
knockdown was restored, while the reintroduction of the mutated Trx-1
failed to exhibit this restorative effect (Fig. 7D). Notably, direct treat-
ment with oxidants or reductants had no impact on CAV1 expression
(Fig. S6C); only the inhibition of TrxR1 significantly reduced CAV1
levels (Fig. 7E). Txnrd1 knockdown markedly facilitated the entry of

Fig. 7. TrxR1 maintains CAV1 cellular membrane localization and protein levels. (A) Intracellular distribution of CAV1 and PM-mAG1 in J774A.1 cells
expressing Txnrd1 and Txn shRNA and Txn WT or C32/35S variant cDNA. Scale bars: 10 μm. Pearson’s correlation coefficients for the co-localization of CAV1 with
PM-mAG1 from multiple confocal images. n = 10 per group. (B) Western blot analysis of CAV1 expression in E. coli-infected J774A.1 cells upon Txnrd1 knockdown.
n = 3 per group. (C) Western blot analysis of CAV1 expression in J774A.1 cells upon Txnrd1 knockdown treated with CQ. n = 3 per group. (D) Western blot analysis
of CAV1 expression in J774A.1 cells expressing Txnrd1 and Txn shRNA and Txn WT or C32/35S variant cDNA. n = 3 per group. (E) Western blot analysis of CAV1
expression in J774A.1 cells treated with Auranofin, GA or DNCB. n = 3 per group. (F) Intracellular distribution of LAMP and CAV1 in J774A.1 cells upon Txnrd1
knockdown treated with CQ. Scale bars: 10 μm. Pearson’s correlation coefficients for the co-localization of LAMP with CAV1 from multiple confocal images. n = 10
per group. (G) Analysis of ubiquitination of CAV1 in J774A.1 cells expressing Txnrd1 and Txn shRNA and Txn WT or C59S variant cDNA. The values are expressed as
the mean ± SD, **p < 0.01.

D. Bai et al.



Redox Biology 75 (2024) 103277

11

CAV1 into LAMP-positive lysosomes, with the lysosomal inhibitor CQ
further exacerbating the intracellular accumulation of CAV1 (Fig. 7F).
Additionally, the lysosomal degradation of CAV1 is dependent on
ubiquitination modification. We assessed the polyubiquitination levels
of CAV1 and found that Txnrd1 knockdown promotes the ubiquitination
of CAV1. Simultaneous knockdown of Txnrd1 and Txn significantly
inhibited the ubiquitination of CAV1. Upon the reintroduction of wild-
type Trx-1, the promotion of CAV1 ubiquitination induced by Txnrd1
knockdown was restored, whereas the reintroduction of the mutated
Trx-1 did not exhibit this restorative effect (Fig. 7G). These data indicate
that TrxR1 plays a role in maintaining the cellular membrane localiza-
tion and protein levels of CAV1.

2.9. TrxR1 modulates pyroptosis by downregulating of CAV1

To elucidate the role of CAV1 in TrxR1-mediated regulation of
pyroptosis, we expressed CAV1 upon Txnrd1 knockdown (Fig. S7A). It is
demonstrated that the expression of CAV1 upon Txnrd1 knockdown
significantly reduces cell viability (Fig. 8A). Additionally, Txnrd1
knockdown markedly decreases LDH release, while the expression of
CAV1 significantly increases LDH release (Fig. 8B). Similar changes are
observed in the secretion of IL-1β (Fig. 8C). Importantly, the significant
decrease in Caspase-11 (p26) activation, and GSDMD-N formation
observed in Txnrd1-knockdown macrophages is reversed by the
expression of CAV1 (Fig. 8D). Furthermore, the inhibitory effect of
Txnrd1 knockdown on cytoplasmic LPS levels is also reversed by the
expression of CAV1 (Fig. 8E). Observation of OMV internalization re-
veals that Txnrd1 knockdown significantly reduces cellular uptake of
OMVs, while the expression of CAV1 significantly increases OMV
internalization (Fig. 8F). Moreover, the inhibitory effect of Txnrd1
knockdown on CTxB internalization is reversed by the expression of
CAV1 (Fig. S8B). These results collectively suggest that TrxR1-mediated
pyroptosis is dependent on the downregulating of CAV1 (see Fig. 9).

3. Discussion

In this study, we found that Auranofin alleviates CLP-induced sepsis
in vivo and inhibits the activation of Caspase-11 in vitro. As an inhibitor
of TrxR, Auranofin exerts anti-inflammatory effects by promoting the
formation of oxidized Trx-1 [26,27]. Although numerous studies have
confirmed that Trx-1 interacts with other proteins during disulfide bond
reduction, oxidized Trx-1 has been found to interact with NLRP1,
mediating innate immune responses [25]. Our study confirms that
oxidized Trx-1, through interaction with CAV1, leads to the lysosomal
degradation of CAV1. During the infection process with Gram-negative
bacteria, OMVs containing LPS are internalized into macrophages,
mediating the activation of Caspase-11 [28,29]. Inhibiting
TrxR1-induced formation of oxidized Trx-1 suppresses Caspase-11
activation and pyroptosis by blocking OMV internalization during
Gram-negative bacterial infection. This sheds light on the
anti-inflammatory potential of Auranofin through the modulation of the
TrxR1-Trx-1 axis in the context of oxidative stress and innate immune
responses.

Auranofin, an oral anti-rheumatic drug, exhibits potent anti-
inflammatory activity, yet the mechanisms remain unclear [30,31].
Our results demonstrate that Auranofin alleviates E. coli
infection-induced activation of Caspase-11 and pyroptosis. Auranofin
has been identified as an inhibitor of TrxR, but TrxR exists in multiple
subtypes, making it challenging to determine its molecular mechanism
[32,33]. We individually constructed macrophages with knockdown
Txnrd1 and Txnrd2, revealing that only Txnrd1 knockdown inhibits
pyroptosis induced by E. coli infection, while Txnrd2 does not exert such
an effect. TrxR1, as a widely distributed reductase, plays a crucial role in
maintaining cellular redox balance [34–36]. Through the construction
of a TrxR1 enzymatic site mutant, we confirmed that the regulatory role
of TrxR1 in pyroptosis induced by E. coli infection depends on the

enzymatic activity of TrxR1. Oxidized Trx-1 acts as a substrate for TrxR1
to regain reducing activity [37]. Consequently, by simultaneously
knocking down Txnrd1 and Txn in macrophages, we found that the
regulatory effect of TrxR1 on Caspase-11 activation and pyroptosis de-
pends on the expression of Trx-1. TrxR1, as a reductase, contributes to
maintaining the reducing activity of Trx-1 [38]. Therefore, by con-
structing a C32/35S mutant of Trx-1, we confirmed that the regulatory
role of TrxR1 in pyroptosis is associated with the reducing activity site of
Trx-1. Similar effects were observed with other TrxR1 inhibitors. These
results substantiate the notion that the regulation of Trx-1 reducing
activity by TrxR1 may be involved in Caspase-11 activation and
pyroptosis.

The process of Gram-negative bacterial infection activating Caspase-
11 involves intricate steps, including internalization of OMVs carrying
LPS, early endosomal trafficking of LPS, and cytoplasmic release [16,17,
29]. Initially, we observed that inhibiting TrxR1 reduced the aggrega-
tion of LPS in early endosomes. Early endosomes undergo sorting to
mature and subsequently fuse with lysosomes for degradation [39].
Therefore, the inhibition of LPS aggregation in early endosomes might
be related to endosomal maturation or lysosomal degradation. However,
inhibiting TrxR1 also reduced the co-localization of LPS with late
endosomes. Interestingly, inhibiting lysosomal degradation did not
reverse the decrease in cytoplasmic LPS. These results suggest that
TrxR1 does not affect the trafficking and maturation of LPS in endo-
somes, indicating a potential impact on OMV internalization. By fluo-
rescently labeling OMVs, we confirmed that Txnrd1 knockdown inhibits
OMV internalization. OMV internalization involves clathrin-mediated
endocytosis and caveolin-mediated endocytosis. CTxB uptake experi-
ments confirmed that Txnrd1 knockdown might impede
caveolin-mediated endocytosis. By adding two caveolin-mediated
endocytosis inhibitors, we confirmed that inhibiting
caveolin-mediated endocytosis disrupts Caspase-11 activation. These
results indicate that TrxR1, through regulating the internalization of
OMVs, influences the cytoplasmic levels of LPS.

Despite confirming that TrxR1 regulates Caspase-11 activation and
pyroptosis depending on the reductive activity of Trx-1, inhibiting
TrxR1 results in the presence of oxidized Trx-1. We observed that the
interaction between Trx-1 and CAV1 relies on the active site cysteines of
Trx-1. Importantly, this interaction occurs exclusively with the oxidized
form of Trx-1. Furthermore, this interaction influences the cellular
membrane localization of CAV1. Additionally, we found that inhibiting
TrxR1 promotes lysosomal-dependent degradation of CAV1. The lyso-
somal degradation of CAV1 is solely associated with the oxidative-
reductive state of Trx-1, independent of cellular oxidative stress.
Moreover, by overexpressing CAV1 upon Txnrd1 knockdown, we
confirmed that the inhibitory effect of Txnrd1 knockdown on Caspase-
11 and pyroptosis is partially reversed. These results indicate that
TrxR1, by modulating the oxidative-reductive status of Trx-1, regulates
the endocytic activity mediated by CAV1.

In summary, our results suggest that Auranofin attenuates sepsis-
induced inflammation and tissue damage in mice. Mechanistic studies
confirm that the inhibitory effect of Auranofin on the Caspase-11
inflammasome depends on TrxR1’s regulation of the oxidative-
reductive status of Trx-1. Furthermore, our research reveals that inhib-
iting TrxR1 leads to the stabilization of oxidized Trx-1, thereby binding
to CAV1 and hindering its membrane localization, promoting lysosomal
degradation. Therefore, inhibiting TrxR1 holds promise as a viable
therapeutic strategy for the treatment of lethal infections. Nevertheless,
further exploration is needed to elucidate the precise mechanisms
involved.

4. Materials and methods

4.1. Reagents and antibodies

Auranofin (Aur, Cat No. HY-B1123), Gambogic Acid (GA, Cat No.
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Fig. 8. Overexpression of CAV1 rescued TrxR1-regulated pyroptosis and Caspase-11 inflammasome activation. (A) Analysis of cell viability in E. coli-infected
J774A.1 cells expressing Txnrd1 shRNA and CAV1 cDNA. n = 3 per group. (B) Analysis of LDH release in E. coli-infected J774A.1 cells expressing Txnrd1 shRNA and
CAV1 cDNA. n = 3 per group. (C) Analysis of IL-1β in supernatants of E. coli-infected J774A.1 cells expressing Txnrd1 shRNA and CAV1 cDNA. n = 3 per group. (D)
Western blot analysis of Caspase-11 and GSDMD expression in supernatants (Sup) and lysate in E. coli-infected J774A.1 cells expressing Txnrd1 shRNA and CAV1
cDNA. n = 3 per group. (E) LAL assay for LPS (EU, endotoxin units) in the cytosolic fractions of E. coli-infected J774A.1 cells expressing Txnrd1 shRNA and CAV1
cDNA. n = 3 per group. (F) The endocytosis of DiO-labeled OMVs in J774A.1 cells expressing Txnrd1 shRNA and CAV1 cDNA. Scale bars: 10 μm. The average signal
density of internalized green fluorescent OMVs. n = 10 per group.The values are expressed as the mean ± SD, **p < 0.01. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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HY-N0087) Chloroquine (CQ, Cat No. HY-17589A) were purchased from
MCE (Med Chem Express). DNCB (Cat No. 237329) and H2O2 (Cat
No.88597) were purchased from Sigma–Aldrich (St. Louis, USA). Aur,
GA and CQ were dissolved in dimethyl sulfoxide (DMSO), the storing
concentrations of the reagents used are 1 mM, 1 mM and 10 mM. For in
vivo experiments, Aur was dissolved at 10 % DMSO and 90 % Corn Oil
for intraperitoneal injection.

Triton X-100 was purchased from Shanghai Chao Rui Biotech. Co.
Ltd. (Shanghai, China). ELISA kits for mouse IL-1β (RK00006), TNF-α
(RK00027) and IL-18 (RK00104) were purchased from ABclonal
Biotechnology Co. Ltd. (Wuhan, China).

Primary antibodies against Caspase-11 (A0964), GSDMD (A24476),
IL-1β (A16288), EEA1 (A0592), Rab7 (A12308), LAMP (A1961), TrxR1
(A4725), TrxR2 (A8884), Trx-1 (A4024), CAV1 (A19006), Na+/K+-
ATPase (A12405), DDDDK-Tag (AE005), Myc-Tag (AE010), HA-Tag
(AE008) and β-actin (AC006) were from ABclonal Biotechnology Co.
Ltd. Antibodies against CAV1 (66067-1-Ig) was from Proteintech. HRP
goat anti-mouse IgG (H + L; AS003) and HRP goat anti-rabbit IgG (H +

L; AS014) were from ABclonal. High-sig ECL Western Blotting Substrate
was from Tanon (180–5001). Alexa Fluor 488 donkey anti-rabbit IgG
(A11008) and Alexa Fluor 594 donkey anti-mouse IgG (A31570) were
obtained from Invitrogen. Dye DAPI was purchased from Invitrogen
(Carlsbad, USA). Alexa555-conjugated Cholera Toxin Subunit B (CTxB,
C34776) was purchased from Thermo Fisher. Annexin V-FITC/PI
Apoptosis Detection Kit (Cat No.KGA1102) was purchased from Keygen
Biotechnology (Nanjing, China). LDH Release Assay Kit (Cat No.C0016)
was purchased from Beyotime Biotechnology (Shanghai, China). Cell
Counting Kit (CCK-8, Cat No.40203ES60) was purchased from Yeasen
Biotechnology (Shanghai, China). Chromogenic Endotoxin Quant Kit

(Cat No.A39552S) was purchased from Thermo Fisher.

4.2. Mice

Six-to eight-week-old male C57BL/6J mice weighing 18–22 g were
procured from the Shanghai Laboratory Animal Center, China Academy
of Sciences. During the study, the animals were provided with ad libitum
access to food and water and were kept in a 12 h light/dark cycle at a
controlled temperature of 21 ± 2 ◦C with a relative humidity of 45 ± 10
%. Laboratory animals were randomly assigned to groups of equal size.
All animal samples were analyzed in a blinded manner. All animal care
and experimental procedures were conducted in accordance with the
guidelines approved by the University Committee on Use and Care of
Animals at the China Pharmaceutical University. The animal studies are
reported in accordance with the ARRIVE guidelines.

4.3. Animal model of sepsis

Sepsis was induced in C57BL/6J mice through cecal ligation and
puncture. The mice were divided into control, model and Aur treatment
groups. Prior to surgery, mice in the model and Aur treatment groups
fasted for 16 h with access to water. Anesthesia was administered, and a
careful abdominal incision exposed the cecum without damaging blood
vessels. The cecum was ligated and punctured before being returned to
the abdomen. The incision was sutured, and saline was given to
compensate for fluid loss. In the control group, the same anesthesia was
applied without cecum manipulation. Post-surgery, mice had unre-
stricted access to food and water. In the model group, mice received
intraperitoneal injections of 10 % DMSO and 90 % Corn Oil before and

Fig. 9. Role of TrxR1 inhibition by Auranofin in preventing Caspase-11 induced pyroptosis. TrxR1 plays a crucial role in controlling the redox state of Trx-1,
thereby affecting pyroptosis. By inhibiting TrxR1, Auranofin keeps Trx-1 in an oxidized state, which influences Caveolin-1 mediated OMV internalization and
prevents pyroptosis triggered by Caspase-11 activation.
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after cecal ligation. In the Aur treatment group, mice were injected with
Aur (5 mg/kg) at specified intervals before and after cecal ligation.

4.4. Detection of bacterial burden

On the fourth day following the establishment of the CLP model,
blood was collected from mice on a sterile bench. Mouse blood was
collected in a sterile anticoagulant tube, while 5 ml of sterilized LB
liquid medium was placed in a sterilized centrifuge tube. Subsequently,
10 μl of blood was added to the LBmedium and incubated overnight on a
shaker at 37 ◦C. The next day, the absorbance was measured at a
wavelength of 600 nm.

4.5. Detection of LDH, BUN and ALT

On the fourth day following the establishment of the CLP model,
blood was collected from mice on a sterile bench. After a 30 min static
incubation, the tube was centrifuged at 4 ◦C and 3000 rpm for 10 min.
The upper serum layer was then transferred into a new 1.5 ml EP tube.
Reagent parameters were set based on the instructions, and LDH, BUN,
and ALT levels were measured using a blood biochemistry analyzer.

4.6. Hematoxylin and Eosin staining

Paraffin-embedded colon sections were respectively deparaffinized
and stained with Hematoxylin and Eosin.

4.7. Cell culture

The murine macrophage J774A.1 cell line was purchased from the
American Type Culture Collection (ATCC). The cells were cultured with
DMEM medium (Gibco, Carlsbad, USA) supplemented with 10 % (v/v)
fetal bovine serum (Gibco, Carlsbad, USA), 100 U/ml benzylpenicillin
and 100 mg/m streptomycin. Bone marrow-derived macrophages
(BMDM) were isolated from C57BL/6 mice and cultured with DMEM
medium (Gibco, Carlsbad, USA) supplemented with 10 % (v/v) fetal
bovine serum (Gibco, Carlsbad, USA) and 20 ng/ml GM-CSF (Pepro-
Tech, NJ, USA). Cells were harvested and seeded on cell culture dishes
(60 mm × 15 mm). Exchanging culture medium every 3 d, adherent
macrophages were obtained within about one week. Cells were cultured
in a humidified environment with 5 % CO2 at 37 ◦C.

4.8. Cell viability assay

The CCK-8 reagent (Beyotime, Shanghai, China) was used for
detection according to the user’s manual. In brief, J774A.1 or BMDMs
cells in the logarithmic growth phase were cultured at a density of 2 ×

10⁴ cells/ml in a 96-well plate. Following specified treatments, cells
were washed with PBS, and 10 μl of a 10 % diluted CCK-8 solution was
added to each well. The plates were then incubated for approximately
90 min at 37 ◦C in a CO₂ incubator. Absorbance at 450 nmwas measured
using amicroplate reader (Molecular Devices, Sunnyvale, CA, USA). Cell
viability was calculated as a percentage using the mean optical density
(OD) values from three replicate wells per treatment group, according to
the formula: Cell viability (%)=(ODtreatment group/ODcontrol group) × 100
%.

4.9. PI uptake assay

After the J774A.1 and BMDMs were seeded in 6-well plates, the
mediumwas replaced once the cell density reached approximately 60 %.
Following the infection with E. coli, macrophages underwent apoptosis,
and the culture medium was then discarded. The cells were washed
twice with PBS and treated with 200 μl of binding buffer, containing 2.5
μl of PI, followed by incubation at room temperature for 15–20 min. The
cells were washed 3 times with PBS and then observed for cell

morphology and image acquisition using bright-field and fluorescence
microscopy. Throughout the entire experimental procedure, precau-
tionary measures were implemented to prevent light exposure.

4.10. Cytokine quantification by enzyme-linked immunoassay

IL-1β, TNF-α and IL-18 production in the mice serum were measured
by ELISA kits according to the manufacturers’ recommendations.

4.11. Cellular TrxR activity

J774A.1 cells were plated in 6-well plates and treated with various
concentrations of Auranofin. After treatment, cells were collected and
washed twice with ice-cold PBS. Total cellular proteins were extracted
using RIPA buffer on ice for 30 min. TrxR activities in the cell lysates
were measured using the endpoint Trx-1-coupled insulin assay [40]. In
brief, an appropriate volume of cell lysate was added to a master mixture
containing 80 mM Hepes buffer (pH 7.5), 15 μM Trx-1, 300 μM insulin,
660 μM NADPH, and 3 mM EDTA. A reaction mixture without Trx-1
served as a background control. Samples were incubated at 37 ◦C for
30 min. Subsequently, 6.0 M guanidine hydrochloride (GuHCl) con-
taining 1 mM DTNB and 20 mM EDTA (pH 7.5) was added to each well,
and the entire microplate was shaken for 10 s. The endpoint absorbance
at 412 nm was then measured for each well, using wells without en-
zymes as blanks. The TrxR activities in the cell lysates were normalized
to protein concentration to ensure accurate comparisons.

4.12. Fluorescent labeling of OMVs

Outer membrane vesicles (2 mg/ml) were labeled with 1% (v/v) 3,3′-
dioctadecyloxacarbocyanine perchlorate (DiO; Molecular Probes, USA)
for 20 min at 37 ◦C [41]. Excess dye was removed by washing OMVs
three times with PBS using a 10 kDaMW CO filtration column (Amicon).

4.13. Immunofluorescence

Fixed cells were prepared for confocal imaging by fixing them with 4
% paraformaldehyde in PBS, permeabilizing them with 0.5 % Triton X-
100, and blocking them with 3 % BSA for 1 h. The samples were incu-
bated overnight at 4 ◦C with primary antibodies diluted 1:100. The
samples were incubated overnight at 4 ◦C with primary antibodies
diluted 1:100. Subsequently, the cells were washed three times with PBS
and stained with DAPI. Finally, the slides were imaged using a confocal
laser scanning microscopeta (FluoviewTM FV3000, Olympus, Japan).
Data analysis was conducted using ImageJ software, focusing on quan-
tifying fluorescence intensity and calculating the pearson correlation
coefficient for colocalization studies.

4.14. RNA isolation and qPCR

RNA was isolated from cells and reverse transcribed, and qPCR was
performed as previously described [42]. Primer sequences are as
follows:

Mouse Cav1-sense (5′- CCGTGCATCAAGAGCTTCCT-3′);
Mouse Cav1-antisense (5′- CTCTTTCTGCGTGCTGATGC-3′);
Mouse 18s-sense (5′-CGATCCCAGGGCCTCACTA -3′);
Mouse 18s -antisense (5′-AGTCCCTGCCCTTTGTACACA -3′).

4.15. Western blot analysis

Proteins were extracted by incubating the cell pellet or tissue in RIPA
buffer containing 1 % PMSF and 1 % phosphatase inhibitors. Protein
concentration was quantified using a BCA protein quantification kit. The
proteins were separated using sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and subsequently transferred to a
nitrocellulose membrane. Following a 1 h blocking step at room
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temperature with 5 % BSA, the membrane was then incubated with
primary antibodies overnight at 4 ◦C. The membrane was washed with
PBST, incubated with horseradish peroxidase (HRP)-labeled secondary
antibodies at room temperature for 1 h. Detection was performed using
an enhanced chemiluminescence (ECL) reagent and visualized on a
Tanon 5200 automatic luminescence imaging system. Protein levels
were normalized to β-actin and quantified using ImageJ software.

4.16. Co-immunoprecipitation (Co-IP) analysis

After processing as required, approximately 200 μl volum cells were
collected in 1.5 ml EP tube. Cells were lysed by adding 1 ml of Co-IP lysis
buffer (50 mM HEPES, 150 mM NaCl, 1 mM EDTA, 0.5 % NP-40, 1 mM
PMSF, and 1x protease inhibitor cocktail) and incubating on ice for 10
min. Subsequently, the lysate was centrifuged at 14000 g for 10 min at
4 ◦C. Concurrently, 50 μl of protein A/Gmagnetic beads (MCE, NJ, USA)
were incubated with the specified antibodies for each experiment at
room temperature for 30 min. Using a magnetic rack or centrifugation,
separate the magnetic beads and discard the supernatant. Wash the
beads with 400 μl of lysis buffer on ice, and agitate on a shaker for 5 min.
Repeat this washing process 4 times. After washed 4 times, the beads
were added in each sample and rotated over night at 4 ◦C. The next day,
the beads were washed 4 times and boiled with loading buffer. Then the
bounded protein was detected by SDS-PAGE.

4.17. Statistical analysis

The data shown in the study were obtained in at least three inde-
pendent experiments and all results represent the mean ± SD. Differ-
ences between the groups were assessed by one-way ANOVA test. Details
of each statistical analysis used are provided in the figure legends. Dif-
ferences with P values < 0.05 were considered statistically significant.
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