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Serum/glucocorticoid-inducible kinase 1
deficiency induces NLRP3 inflammasome
activation and autoinflammation of macro-
phages in a murine endolymphatic
hydrops model

Dao-Gong Zhang 1,2,3,4, Wen-Qian Yu1,3,4, Jia-Hui Liu 1,3,4, Li-Gang Kong 1,2,3,
Na Zhang 1,3, Yong-Dong Song 1,2,3, Xiao-Fei Li 1,2,3, Zhao-Min Fan1,2,3,
Ya-Feng Lyu 1,2,3, Na Li 1,3 & Hai-Bo Wang 1,2,3

Ménière’s disease, amultifactorial disorder of the inner ear, is characterized by
severe vertigo episodes and hearing loss. Although the role of immune
responses in Ménière’s disease has been proposed, the precise mechanisms
remain undefined. Here, we show that downregulation of serum/glucocorti-
coid-inducible kinase 1 is associatedwith activation ofNLRP3 inflammasome in
vestibular-resident macrophage-like cells from Ménière’s disease patients.
Serum/glucocorticoid-inducible kinase 1 depletion markedly enhances IL-1β
production which leads to the damage of inner ear hair cells and vestibular
nerve. Mechanistically, serum/glucocorticoid-inducible kinase 1 binds to the
PYD domain of NLRP3 and phosphorylates it at Serine 5, thereby interfering
inflammasome assembly. Sgk−/− mice show aggravated audiovestibular symp-
toms and enhanced inflammasome activation in lipopolysaccharide-induced
endolymphatic hydrops model, which is ameliorated by blocking NLRP3.
Pharmacological inhibition of serum/glucocorticoid-inducible kinase 1
increases the disease severity in vivo. Our studies demonstrate that serum/
glucocorticoid-inducible kinase 1 functions as a physiologic inhibitor of NLRP3
inflammasome activation and maintains inner ear immune homeostasis, reci-
procally participating in models of Ménière’s disease pathogenesis.

Ménière’s disease (MD), described in 1861, is a complex heterogeneous
syndrome characterized by episodic vertigo, along with fluctuating
low-to-medium frequencies of sensorineural hearing loss (SNHL), tin-
nitus, or aural fullness, andmay affect one or both ears (bilateral MD)1.

The pathophysiology ofMD is associatedwith endolymphatic hydrops
(EH) in the cochlear duct and vestibular end organs (VEO)2,3, although
EH is believed to be an epiphenomenon or byproduct of the under-
lying disease rather than a causal factor4. Numerous underlying factors
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interact in MD, including anatomical variations in the temporal bone,
genetics, autoimmunity, migraine, altered intralabyrinthine fluid
dynamics, and cellular and molecular mechanisms5. It is estimated
that a third of patients with MD have immune dysfunction, however,
the immunological mechanisms underlying MD remain poorly
understood6.

Previously, the inner ear was believed to be devoid of immune
responses as it is separated by a blood/labyrinth barrier. However,
recently, the cochlea and VEO were shown to contain a large popula-
tion of macrophages, the functions of which in inner ear disease
remain undefined7–10. Tissue-resident macrophages play critical roles
in organ-specific immune regulation. Accumulating evidence suggests
that proinflammatory cytokines secreted by macrophages may pre-
dispose the inner earmicroenvironment to immunemaladaptation10,11.
Inner earmacrophages can be recruited from blood-bornemonocytes
to hair cells following damage induced by noise, ototoxic drugs, aging,
and diphtheria toxin-induced selective hair cell degeneration8. These
macrophages may release interferons, inflammatory cytokines, and
chemokines via the complement cascade. However, whether
vestibular-resident macrophage-like (VRML) cells mediate local innate
immune responses in hearing loss disorders, such as sudden SNHL and
MD, remains to be elucidated.

A case-control study reported that the levels of proinflammatory
cytokines such as interleukin (IL)−1β, IL-1RA, tumor necrosis factor
alpha (TNF-α), and IL-6 were elevated in the supernatant of peripheral
blood mononuclear cells obtained from 21% of MD patients12. Addi-
tionally, polymorphisms in IL1A and IL-1R1 are associated with MD13,14.
IL-1β mediates autoinflammation, which may involve the NLR family
pyrin domain containing 3 (NLRP3) inflammasome. NLRP3 complexes
with apoptosis-associated speck-like protein containing a CARD (ASC)
to form a caspase-1-activating complex that cleaves and activates IL-
1β15. Dysregulation of the NLRP3 inflammasome has been linked with
several chronic inflammatory, infectious, and autoimmune diseases16,
including Alzheimer’s disease17, human immunodeficiency virus (HIV)
infection18, and atherosclerosis19. In fact, the NLRP3 inflammasome can
be activated in macrophage or monocyte-like cells residing in the
mouse cochlea, resulting in IL-1β secretion9.

Intratympanic steroid injections are a non-ablative, safe, and
effective treatment for patients with refractory MD20. Steroids affect
ion homeostasis and induce immune modulation via glucocorticoid
andmineralocorticoid receptors21. Both types of receptors are present
in the vestibular and cochlear systems. Glucocorticoids exert their
effects partly via serum/glucocorticoid-inducible kinase 1 (SGK1),
whose expressionwas shown tobeupregulated in ratmammary tumor
cells following serum and glucocorticoid treatment22. SGK1 belongs to
the serine/threonine kinase family and is ubiquitously expressed in
various tissues, including the inner ear23,24. Importantly, SGK1 expres-
sion can be regulated at different levels by growth factors, gluco-
corticoids, and inflammatory factors, and it can regulate multiple ion
channels, membrane transporters, cellular enzymes, and transcription
factors involved in various physiological processes25. Although the
SGK1 level is regulated in the cochlea in response to glucocorticoids26,
its role in MD is not entirely understood.

Animal models of EH have provided a basic understanding of MD
pathogenesis. Models of chronic EH have been developed using sur-
gical ablation of the endolymphatic sac or systemicmedication suchas
aldosterone, vasopressin, or lipopolysaccharide (LPS) for conducting
vestibular research27. For example, LPS induces moderate to severe
hearing loss and EH in the cochlear duct, with severe cellular
infiltration28. However, mouse models have not provided sufficient
insights to completely understand immune pathogenesis of MD
phenotypes.

In this study, we show that SGK1, which is reduced in VRML cells
from MD patients, is a negative regulator of NLRP3 inflammasome
activation. SGK1 depletion markedly enhances IL-1β production which

leads to the damage of inner ear hair cells and vestibular nerve. Further
studies demonstrate that SGK1 protectsmacrophages frompyroptosis
by interacting with NLRP3 and phosphorylating its Serine 5 (S5) to
inhibit inflammasome assembly. In addition, we show that SGK1 defi-
ciency causes an exacerbation of EH and audiovestibular symptoms,
with exaggerated NLRP3 activation and proinflammatory cytokine
production in LPS-induced EH model, which is ameliorated by
MCC950, an inhibitor of NLRP3. Together, our findings uncover a
mechanism by which SGK1 controls NLRP3 inflammasome activation
link to macrophage autoinflammation in a murine EH model and
suggest a potential therapeutic for Ménière’s disease.

Results
Decrease in SGK1 expression is associated with inflammasome
activation in VRML cells
To investigate the relationship between inflammation and MD
pathology, we evaluated the number of VRML cells in clinical tissue
samples of VEO from patients with MD and acoustic neuroma (AN). As
shown in Fig. 1a, the number of IBA1-positivemacrophages in different
regions (ampulla andmacula) of the VEOwas significantly higher in the
MDgroup than in theANgroup. Next, we analyzed the local expression
of the downstreamNLRP3 inflammasome activationmarkers including
IL-1β, IL-18 and caspase-1 in clinical tissue samples. Immunohis-
tochemistry of vestibular tissue sections confirmed that IL-1β, IL-18,
and caspase-1 expression increased in the ampulla and macula
from patients with MD (Fig. 1b, Supplementary Fig. 1a). Analysis of
mRNA levels revealed a significantly increased transcription of
inflammasome-associated markers in the VEO in the MD group com-
pared to that in the AN group (Fig. 1c). IL-1β, IL-18, and caspase-1 levels
were elevated systemically in the plasma of MD patients during the
active phase compared with those in the plasma of age matched
controls (Fig. 1d). Furthermore, we recruited 20 patients during the
quiescent phase and found that IL-1β levels were elevated in 25% of
them (Supplementary Fig. 1b).

To determine whether SGK1 was involved in MD, we evaluated
SGK1 expression in the VEOof patients withMD andAN. Primary VRML
cells were isolated from patients with MD and AN (Supplementary
Fig. 1c). Analysis ofmRNA levels revealed significant downregulation of
SGK1 expression in the VEO or primary VRML cells from patients with
MD compared to that in the AN group (Fig. 1e, f). These findings were
further confirmed using confocal microscopy (Supplementary Fig. 1d).
Western blot analysis confirmed that the protein levels of SGK1 in
primary VRML cells from the MD group were lower than those in the
AN group, while the expression of NLRP3 was higher than that in the
AN group (Fig. 1g). Staining VEO samples of patients for IL-1β, SGK1,
and the macrophage marker IBA-1 revealed a high expression of IL-1β
with a decreased expression of SGK1 in VRML cells of the MD group as
compared to that in theANgroup (Fig. 1h). These analyses indicate that
SGK1 downregulation is associated with NLRP3 inflammasome activa-
tion in the VEO and that it may participate in the immune pathophy-
siology of MD. Activation of the NF-κB pathway has been shown to
downregulate SGK1 expression29; herein, the expression of NF-κB p65
was significantly upregulated in the VEO or primary VRML cells from
patients with MD compared that in patients with AN (Supplementary
Fig. 1e, f). These results suggest that downregulation of SGK1 in MD
may be attributed to NF-κB pathway activation.

Hearing loss is frequently caused by defects in hair cells in the
basilar membrane30, and the maintenance of balance depends on the
normal structure and function of the vestibular system31. The level of
IL-1β, the major effector molecule of the NLRP3 inflammasome, was
significantly elevated in the VEO of patients with MD. Moreover, we
have confirmed that CD68-positive macrophages were widely dis-
tributed in all turns of the cochlea, primarily in the cochlearmodiolus,
stria vascularis, spiral ligament, spiral ganglion, and basilar membrane
(Supplementary Fig. 1g). We next investigated whether IL-1β produced
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by macrophages affected the inner ear hair cells and vestibular neu-
rons. We exposed the basilar membrane of all turns from the mouse
cochlea to IL-1β in vitro. Compared to the control group, cochlear hair
cells (Myosin VIIa positive) exposed to IL-1β showed disordered

arrangement, cell loss, and increased apoptosis in the apical turn
(Fig. 1i, j), while those in themiddle and basal turns showed no obvious
changes (Supplementary Fig. 1h). No significant changes in the
cochlear supporting cells (Sox2 positive) were detected between the
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Fig. 1 | Decrease in SGK1 expression is associated with inflammasome activa-
tion in VRML cells from MD patients. a Representative confocal microscopy
images showing IBA1 (red) andDAPI (blue) staining in the ampulla andmaculaof AN
(n = 5) andMDpatients (n = 5). Analysis of images is shownon the right, quantifying
the number of IBA1-positive cells per area. The right panels represent 2-fold
enlargements of the white-boxed areas in the left panels. Scale bar = 25 μm.
b Representative images of immunohistochemical staining and densitometric
quantification of IL-1β, IL-18, andCasp-1 in the ampulla andmacula of AN (n = 4) and
MD patients (n = 4), scale bar = 100 μm. c Quantitative real-time PCR analysis of
IL1B, IL18, and CASP1mRNA in VEO of AN (n = 9) andMD patients (n = 9). d ELISA of
plasma IL-1β, IL-18, and Casp-1 levels in controls (n = 20) and MD patients (n = 20).
e Quantitative real-time PCR analysis of SGK1 mRNA in VEO of AN (n = 9) and MD
patients (n = 9). fQuantitative real-timePCRanalysis of SGK1mRNA inVRMLcells of
AN andMD patients (n = 3). g Representative images of western blotting detecting

NLRP3 and SGK1 in VRML cells of AN and MD patients (n= 3). h Representative
confocalmicroscopy images showing IL-1β (green), SGK1 (red), IBA1 (gray), andDAPI
(blue) staining in the ampulla andmacula of AN andMD patients, scale bar = 10 μm.
i Immunofluorescence staining for Sox2 (green) and Myosin VIIa (red) in basilar
membrane of neonatal mice in vitro, after treatment with IL-1β (10 ng/mL, 24 h).
White asterisks indicate inner hair cell loss. Scale bar = 50μm. j Immunofluorescence
staining for TUNEL (green) and Myosin VIIa (red) in the basilar membrane at P3,
after treatment with IL-1β (10 ng/mL, 24 h), scale bar = 50 μm. In each box plot, the
central mark indicates the median, the bottom and top edge of the box indicate the
interquartile range, and the whiskers represent the max and minimum data point.
Results are presented as mean± SD. Statistical analyses were carried out via two-
sided t-test for a–f. VEO vestibular end organs, hVRMLs human vestibular-resident
macrophage-like cells, Casp-1 caspase-1. Source data are provided as a Source
Data file.
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control and IL-1β groups (Fig. 1i and Supplementary Fig. 1h). The
expression of cleaved caspase-3 dramatically increased in IL-1β-treated
ampulla and macula, similar to that in the vestibular ganglion (Sup-
plementary Fig. 1i). Together, IL-1β can damage cochlear and vestibu-
lar hair cells, as well as the vestibular nerves, leading to auditory and
vestibular dysfunction.

SGK1 limits NLRP3 inflammasome activation and protects from
pyroptosis in macrophages
Resident macrophage/monocyte-like cells in the mouse cochlea
express NLRP3, can secrete IL-1β, and may thus mediate local autoin-
flammation by activating the NLRP3 inflammasome9. To investigate the
potential role of SGK1 in regulating NLRP3 inflammasome signaling, we
isolated mouse VRML (mVRML) cells from sgk1 knocked out (sgk1−/−)
mice and littermate sgk1+/+ mice (Supplementary Fig. 2a). We observed
that the upregulation of endogenous NLRP3 expression inmVRML cells
was concentration-dependent and time-dependent, and the effect was
optimal at 200ng/ml and 3 h (Supplementary Fig. 2b). Quantitative PCR
(qPCR) revealed that sgk1−/− mVRML cells stimulated with LPS minus or
plus ATP showed significant elevation of Nlrp3, Casp1, and Il1b mRNA
expression compared to those in the controls (Fig. 2a). Augmented
protein levels of NLRP3, pro caspase-1, caspase-1 (p20), pro IL-1β, and
cleaved IL-1β in sgk1−/− mVRML cells were also confirmed using western
blotting (Fig. 2b). ELISA demonstrated a significant increase in secreted
caspase-1 and IL-1β production in sgk1−/− mVRML cells as comparedwith
that in sgk1+/+ controls under inflammasome-activating conditions
(Fig. 2c), indicating that SGK1 suppresses caspase-1 (p20) and IL-1β
cleavage secretion. Immunofluorescence imaging showed the increase
in NLRP3 expression in mVRML cells of sgk1−/− mice than sgk1+/+ mice
(Fig. 2d).Of note,NLRP3was localizednotonly in thenucleus but also in
the cytoplasm (Fig. 2d and Supplementary Fig. 2c).

To avoid cellular heterogeneity of mVRML cells, we knocked
down SGK1 in THP-1 macrophages. Consistent with the results
obtained using sgk1−/− mVRML cells, the mRNA expression levels of
NLRP3, CASP1 and IL1B increased in SGK1 small interfering RNA (siRNA)
knockdownTHP-1 (Fig. 2e). As shown in Fig. 2f, THP-1 cells treatedwith
LPS minus or plus ATP showed higher NLRP3 expression and higher
levels of cleavage caspase-1 and IL-1β in SGK1-depleted cells than
control cells. Furthermore, the caspase-1 and IL-1β secretion was sig-
nificantly higher in SGK1-depleted THP-1 cells than in control cells
when exposed to inflammatory threats (Fig. 2g, Supplementary
Fig. 2d). Immunofluorescence imaging revealed increase in ASC
(Fig. 2h) and NLRP3 (Supplementary Fig. 2e) expression and its
assembly into specks in SGK1 depleted THP-1 cells stimulated with LPS
andATP. To further confirm thisfinding, we also expressedGFP-NLRP3
and FLAG-SGK1 in HEK-293T cells and found that overexpressed SGK1
perturbed the assembly of NLRP3 into specks after stimulation with
LPS and ATP (Supplementary Fig. 2f). Taken together, the data suggest
that SGK1 suppresses the cleavage of caspase-1 and IL-1β presumably
by suppressing the NLRP3 inflammasome.

Pyroptosis involves caspase-1-mediated monocyte death (via
pyroptosomes)32. Propidium iodide (PI), a nuclear and chromosome
counterstain, is not permeant to live cells; hence, it is commonly used
to detect pyroptotic cells33. Annexin V and PI double staining was
performed to assess the role of SGK1 in pyroptosis. The results showed
increased apoptotic andpyroptotic populations in SGK1-depleted cells
compared to those in the control when exposed to inflammatory
threats; 10.30% of cells exhibited pyroptotic signatures, showing
Annexin V(+)/PI(+) status, while 9.78% of cells underwent apoptosis,
showing Annexin V(+)/PI(−) status (Fig. 2i, Supplementary Fig. 2g).
These results suggest that SGK1 protects cells from inflammation-
induced cell death. Next, we blocked caspase activity using the pan-
caspase inhibitor, z-VAD-FMK, or the selective caspase-1 inhibitor, Ac-
YVAD-cmk, to determine whether the inflammatory cell death
observed in SGK1-depleted cells was caspase-dependent. Results

showed that z-VAD-FMK and Ac-YVAD-cmk blocked pyroptosis (7.7
and 9.19%, respectively) and reduced apoptosis (5.76 and 6.91%,
respectively) induced by SGK1 depletion (Fig. 2i), suggesting that
SGK1 suppressed caspase-1dependent inflammatorycell death. Recent
studies have shown that gasdermin D (GSDMD), the substrate for
caspase-1 and caspases 4, 5, and 11, is the effector protein of pyrolysis34.
In agreement with the caspase-1 cleavage data presented in Fig. 2b, f,
GSDMD cleavage was higher in SGK1-depleted cells than in control
cells, while GSDMD cleavage decreased when z-VAD-FMK or Ac-YVAD-
cmk was used (Fig. 2j). The DNA repair enzyme, poly ADP-ribose
polymerase 1 (PARP1), is a substrate for caspases. PARP1 cleavage
increased in SGK1-depleted cells andwas inhibitedwhen z-VAD-FMKor
Ac-YVAD-cmk was used (Fig. 2j). These results suggest that SGK1 pro-
tects cells from inflammation-induced cell death.

SGK1 co-localizes and interacts with NLRP3
To investigate the mechanism via which SGK1 inhibits NLRP3 inflam-
masome activation, we examined the subcellular co-localization of
SGK1 with NLRP3. In immunofluorescence assays, endogenously and
exogenously expressed SGK1 co-localized with NLRP3 in LPS-primed
THP-1 (Fig. 3a) and HEK-293T cells (Fig. 3b). Similarly, in LPS-primed
mVRML cells (Fig. 3c) and vestibular tissues fromMDpatients (Fig. 3d),
SGK1 co-localized with NLRP3. To confirm the physical association
between SGK1 and NLRP3, we incubated total cell lysates of LPS-
stimulated THP-1 cells with a specific anti-SGK1 antibody. The co-
immunoprecipitated complex could be immunoblotted with anti-
bodies against NLRP3, which showed that SGK1 interacted with NLRP3
(Fig. 3e). Immunoprecipitation with antibodies against NLRP3, fol-
lowed by immunoblotting with antibodies against SGK1, confirmed
these interactions (Fig. 3e). Similarly, exogenous experiments revealed
that SGK1 interacted with NLRP3 (Fig. 3f). The GST pull-down assays
showed that the purified SGK1 directly interacted with NLRP3, con-
firming the results of the co-immunoprecipitation (Co-IP) assays
(Fig. 3g). To analyze whether the interaction between SGK1 and NLRP3
depended on LPS priming, we assessed interactions between SGK1 and
NLRP3 in resting, LPS-primed, and ATP-stimulated THP-1 cells. Endo-
genous SGK1 and NLRP3 co-immunoprecipitated under all conditions;
however, the binding of SGK1 to NLRP3 considerably reduced in the
presence of LPS (Fig. 3h). These results indicate that SGK1 acts as a
physiological “gatekeeper” of NLRP3 inflammasome activation under
normal conditions. Taken together, these data suggeste that SGK1 co-
localizes and interacts with NLRP3 directly.

To further understand the details of the NLRP3-SGK1 interaction,
we performed a domain-mapping experiment. NLRP3 is composed of
PYRIN (PYD), NACHT (nucleotide binding domain or NBD), and LRR
domains (Fig. 3i). We transfected HEK-293T cells with plasmids
expressing a full-length SGK1 and one of various NLRP3 domains. After
48 h, the cells were used for immunoblotting analysis. SGK1 interacted
predominantly with PYD, but negligibly with the LRR or NACHT
domains (Fig. 3i). Collectively, these data indicate that SGK1 interacts
with NLRP3 by binding to the PYD domain.

SGK1 phosphorylates NLRP3 at serine 5 and inhibits inflamma-
some assembly
SGK1 belongs to the AGC serine/threonine kinase family, highly
homologous to AKT that mediates phosphorylation of several
proteins35. Earlier reports have demonstrated that AKT is able to
directly phosphorylate NLRP3 at residues S5, limiting NLRP3
oligomerization36. Our Co-IP results showed that SGK1 interacted with
NLRP3 by binding to the PYDdomain. Therefore, wehypothesized that
SGK1 plays a critical role in regulating NLRP3 inflammasome activation
by directly phosphorylating NLRP3 at S5. To test this hypothesis, we
isolated VRMLcells from sgk1+/+ and sgk1−/−mice. After LPS priming and
ATP stimulation, we prepared cell lysates for immunoprecipitating
endogenous NLRP3; immunoblot analysis of p-Ser showed diminished
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phosphorylation of NLRP3 in sgk1−/− VRML cells compared with that in
sgk1+/+ VRML cells (Fig. 4a). Similarly, this reduction in NLRP3 serine
phosphorylation was observed in SGK1-knockdown THP-1 cells
(Fig. 4b). We then established an in vitro kinase assay using recombi-
nant inactive SGK1 (S422A) and active SGK1 (S422D) and recombinant
GST-NLRP3 as a substrate. Immunoblot analysis demonstrated that
serine phosphorylation of NLRP3 was induced by the active SGK1

protein but not by inactive SGK1 (Fig. 4c). These data show that SGK1
indeed phosphorylates NLRP3 in an exogenous system and in endo-
genous ATP-induced conditions.

NLRP3 contains multiple serine residues, including S5, S161, S163,
S198, S295, S334, S387, S436, and S72837. Previous domain segmenta-
tion experiments have shown that SGK1 can bind to the PYD region of
NLRP3, which contains the S5 residues. To test whether SGK1 directly
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phosphorylates NLRP3 at S5, immunoprecipitated active SGK1 was
mixed with recombinant NLRP3 or its non-phosphorylated mutant
NLRP3 S5A. Serine phosphorylation of the NLRP3 S5 mutant showed a
significant reduction compared with wild-type NLRP3 (Fig. 4d), sug-
gesting that SGK1 directly phosphorylates NLRP3 on S5.

Latz et al. found that PYD phosphorylation regulates charge-
charge interactions between twoPYDs essential forNLRP3 activation38.
Therefore, we investigated whether SGK1 affected NLRP3 oligomer-
ization. As shown in Fig. 4e, NLRP3 oligomerization increased sig-
nificantly after stimulation with LPS and ATP; SGK1 knockdown further
increased NLRP3 oligomerization after treatment with LPS minus or
plus ATP. Thus, NLRP3 activation possibly forms amolecular seed that
nucleates the formation of helical fibrils of ASC via interacting with
PYD. Previous studies have shown that introduction of negative char-
ges via S5 phosphorylation disturbs the interaction between NLRP3
and ASC38,39. To further understand the effect of SGK1 on NLRP3-ASC
interactions,we performedCo-IP assays and found that the interaction
between NLRP3 and ASC reduced when SGK1 was overexpressed in
HEK-293T cells (Fig. 4f). These interactions were significantly
enhanced when SGK1 was knocked down (Fig. 4g). Taken together,
these data show that SGK1 restricts NLRP3 oligomerization and redu-
ces the interaction between NLRP3 and ASC.

SGK1 deficiency exacerbates LPS-induced EH and audio-
vestibular symptoms in vivo
The LPS-induced EH model28 presents an opportunity to determine
how the effects of SGK1 on the NLRP3 inflammasome affect a clinically
relevant MD process. We established a LPS-induced EH mouse model
fromwhich the cochleaewere collected. Immunofluorescence staining
showed NLRP3-positive cells scattered in all turns, and more NLRP3-
positive staining was detected in the apex than in the base (Supple-
mentary Fig. 3a). Furthermore, we postauricularly (p.a.) injected LPS to
age- and sex-matched sgk1−/− and littermate sgk1+/+ mice for 3 con-
secutive days, and then assessed the features of EH and audio-
vestibular symptoms induced (Supplementary Fig. 3b, c). After
administration of LPS, sgk1−/− mice showedmore severe EH in cochlear
half-turns II–IV than did sgk1+/+ mice, but not in cochlear half-turns I
(Fig. 5a, b, Supplementary Fig. 3d). In addition, click-evoked (Fig. 5c)
and tone burst-evoked (8 to 32 kHz) (Fig. 5d) auditory brainstem
response (ABR) thresholds were considerably elevated in LPS-
challenged sgk1−/− mice than sgk1+/+ mice. To evaluate the vestibular
function of the experimental model, the positive peak (P1) and nega-
tive peak (N1) latency in vestibular-evoked myogenic potentials
(VEMPs) in response to clicks presented at 100dB nHL were assessed.
After administration of LPS, both sgk1−/− and sgk1+/+ mice showed
prolonged P1 and N1 latency (Fig. 5e). In addition, LPS-challenged
sgk1−/− mice showed more prolonged P1 latency compared to sgk1+/+

mice, but no differences in the N1 latency or amplitudes (Fig. 5e). We
further subjected animals to rotarod tests and quantified their per-
formance based on the time the animal remained on the rotating rod
with increasing acceleration. After training, LPS-challenged sgk1−/−

mice showed a shorter latency time to fall from the accelerating
rotarod than the sgk1+/+ mice (Fig. 5f and Supplementary Movie 1).
Thus, SGK1 deficiency increases the severity of hydrops and

exacerbates damage to auditory and vestibular function in the LPS-
induced EH mouse model.

Next, we examined the expression of inflammasome components
in sgk1−/− mice. The plasma concentrations of caspase-1 and IL-1β were
significantly increased in sgk1−/− mice after LPS challenge (Fig. 5g).
Accompanying studies of inner ear tissue extracts subjected to wes-
tern blotting revealed increased NLRP3 expression and cleavage of
caspase-1 and IL-1β in extracts from sgk1−/− mice than in those from
sgk1+/+ mice (Fig. 5h). This suggests that SGK1 inhibits NLRP3 activity
and suppresses activation of caspase-1 and IL-1β in vivo. TUNEL stain-
ing of the basilar membrane of sgk1−/− mice suggested that SGK1 defi-
ciency leads to increased apoptosis of inner ear hair cells (Fig. 5i).
Taken together, these data support the idea that sgk1−/− mice aremore
susceptible to LPS-induced audiovestibular dysfunction and inner ear
inflammatory than are sgk1+/+ mice.

Pharmacological inhibition of SGK1 increases the severity of
LPS-induced EH and audiovestibular symptoms in vivo
The results of the above studies prompted us to explore whether a
similar situation would occur in the case of SGK1 inhibition. We
therefore p.a. injected a small-molecule compoundGSK650394,which
acts as a SGK1 inhibitor40, to C57BL/6 mice administered with LPS.
GSK650394-treatedmice showed aggravated EH in cochlear half-turns
I-IV (Fig. 6a, b), increasedhearingdamage (Fig. 6c, d), and exacerbation
of vestibular dysfunction (Fig. 6e, f). Under inflammasome-inducing
conditions, the expression of NLRP3, cleaved caspase-1 and IL-1β, and
the plasma levels of caspase-1 and IL-1β were significantly higher in
GSK650394-treated mice than in control groups (Fig. 6g, h). Further-
more, TUNEL staining of the basilar membrane showed inner ear hair
cell damage in GSK650394-treated mice challenged with LPS (Fig. 6i).
These data indicate that inhibition of SGK1 in mice deteriorates the
disease severity in LPS-induced EH model, consistent with our obser-
vations in sgk1−/− mice.

Blockade of NLRP3 signaling ameliorates the severity of EH and
audiovestibular symptoms in sgk1−/− mice
Since SGK1 inhibition or deficiency is associated with increased NLRP3
production,wenext investigatedwhether blockadeofNLRP3 signaling
could inhibit EH and audiovestibular symptoms induced in sgk1−/−mice
as demonstrated above. MCC950 is an effective inhibitor of NLRP3,
which could interfere with NLRP3 oligomerization and potently
impedeNLRP3 activation41. Hence,we constructed anEHmousemodel
in sgk1−/− mice treated with or without MCC950. As mentioned pre-
viously, sgk1−/− mice had more severe EH and audiovestibular symp-
toms than sgk1+/+ mice, as evidenced by various parameters of
vestibular and auditory function (Fig. 7a–f, Supplementary Movie 2)
and by increased caspase-1 and IL-1β production in plasma or NLRP3,
caspase-1 and IL-1β content of inner tissues (Fig. 7g, h) and number of
apoptotic hair cells (Fig. 7i). In contrast, sgk1−/− mice treated with
MCC950 resulted in alleviation of EH (Fig. 7a, b), reversed the
threshold increases in click-evoked ABR and tone burst-evoked ABR in
the frequency range from 8 kHz to 32 kHz caused by SGK1 deficiency
(Fig. 7c, d), attenuated the increase in VEMP P1 latency, and increased
the residence time on the rotarod (Fig. 7f). Plasma concentrations of

Fig. 2 | SGK1 limits NLRP3 inflammasome activation and protects from pyr-
optosis. a–d Primary mVRML cells from sgk1+/+ or sgk1−/− mice upon stimulation
with LPS (200ng/mL, 3 h) alone or with ATP (5mM, 30min). a Quantitative real-
time PCR of indicated genes (n = 3 biologically independent experiments). b Cell
lysates were subjected to western blotting. c ELISA showing Casp-1 and IL-1β
secretion (n = 3 biologically independent experiments). d Confocal microscopy of
NLRP3 (green) and DAPI (blue) staining, scale bar = 50 μm. e–h Control and SGK1
siRNA-transfected THP-1 cells were stimulated with LPS (200ng/mL, 3 h) alone or
with ATP (5mM, 30min). e Quantitative real-time PCR of indicated genes (n = 3
biologically independent experiments). f Cell lysates were subjected to western

blotting.g ELISA showingCasp-1 and IL-1β secretion (n = 3 biologically independent
experiments).hConfocalmicroscopyof ASC (green) andDAPI (blue) staining, scale
bar = 50μm. iDot plot showing flow cytometry analysis of control and SGK1 siRNA-
transfected THP-1 cells with or without LPS and ATP in the presence or absence of
z-VAD-FMK (20 μM, 3.5 h) or Ac-YVAD-cmk (40μM, 3.5 h). j Western blotting with
control and SGK1 siRNA-transfected THP-1 cells with or without LPS and ATP in the
presence or absence of z-VAD-FMK (20μM, 3.5 h) or Ac-YVAD-cmk (40μM, 3.5 h).
Results are presented as mean ± SD. Statistical analyses were carried out via two-
sided t-test for a, c, e,g. mVRMLs,mouse vestibular-residentmacrophage-like cells;
Casp-1 caspase-1. Source data are provided as a Source Data file.
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data are provided as a Source Data file.

Article https://doi.org/10.1038/s41467-023-36949-4

Nature Communications |         (2023) 14:1249 7



caspase-1 and IL-1β and the expression of NLRP3 and cleavage of
caspase-1 and IL-1β in the inner ears of sgk1−/− mice were significantly
reduced in the MCC950-treated group (Fig. 7g, h). MCC950 treatment
decreased positive TUNEL staining in sgk1−/− mice (Fig. 7i). Together,
these data suggest that inhibiting NLRP3 inflammasome activity might
have therapeutic potential for inner ear damage induced by SGK1
deficiency-associated inflammatory disorders.

Discussion
Studies on autoinflammatory disorders have expanded from rare
monogenic diseases to complex polygenic autoinflammatory diseases
such as adult-onset Still’s disease, Crohn’s disease, ulcerative colitis, or
sarcoidosis42,43. Many of these autoinflammatory diseases are

characterized by high levels of the proinflammatory cytokine IL-1β and
associated with NLRP3 inflammasome activation44,45. Emerging evi-
dence suggests that NLRP3 may cause hearing loss by inducing local
autoinflammationwithin the inner ear9. In somepatientswithMD, high
levels of IL-1β and TNF-αmight be suggestive of chronic inflammatory
disorder46. However, previous studies have revealed neither the role of
inflammatory activation in MD development nor its regulatory
mechanisms. In summary, our results suggest a critical role of SGK1-
NLRP3 interactions in VRML cells in autoinflammatory responses
during MD pathogenesis. Under normal conditions, SGK1 binds to the
PYD domain of NLRP3 and phosphorylates NLRP3 at S5, thereby pre-
venting the assembly of the mature inflammasome. SGK1 deficiency
augments NLRP3 inflammasome activation, which recruits ASC and
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pro caspase-1 to assemble the mature inflammasome. These results in
the maturation and secretion of IL-1β and induction of pyroptosis,
thereby facilitating the severity of LPS-induced EH and audiovestibular
dysfunction (Fig. 8).

SGK1, belonging to a subfamily of serine/threonine kinases called
AGC protein kinases47, is involved in multiple cell signaling pathways
and phosphorylation cascades and plays an important role in ion
channel function, inflammation, and cell survival. SGK1 is expressed in
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the stria vascularis, spiral ganglion neurons, spiral limbus, organ of
Corti, and the spiral ligament of rat and guinea pig cochlea24,48. We
showed that SGK1 levels in the VEO of MD patients were lower than
those in AN patients. Reduction in SGK1 expression was also observed
in LPS-treated macrophages and mice with EH. Consistent with our
findings, previous studies have reported that SGK1 expression
decreased after treatment with LPS and other activators of the nuclear
factor (NF)-κB pathway, such as IL-1β and TNF-α, in renal collecting
duct principal cells29. SGK1 activity and expression are downregulated
in the mid-secretory endometrial stromal cells of women suffering
from recurrent pregnancy loss49,50, lung tissues of cecal ligation and
puncture (CLP)-induced acute lung injury51, and colonic tracts of
patients with ulcerative colitis52, which sensitizes these patients to
inflammation. Moreover, SGK1 is a primary regulator of ion channels
and the gene encoding this protein is an important anti-apoptotic
gene53,54. Reduction in SGK1 expression in the VEO of patients withMD
may explain some of the features associated with MD, such as the
dysregulation of sodium absorption, resulting EH, and increased hair
cell loss. However, reasons behind the levels of SGK1 being reduced in

the VEO of patients with MD compared to those in patients with AN
remain to be determined. A previous study revealed that the activation
of NF-κB pathway downregulates SGK1 expression by inhibiting SGK1
gene transcription via the binding of the NF-κB p65 subunit to specific
sites of the SGK1 promoter29. Furthermore, the variant rs4947296
regulates gene expression in the TWEAK/Fn14 pathway, which induces
NF-κB translation, which is in turn associated with abnormal inflam-
matory response in MD55. We also observed increased mRNA expres-
sion of NF-κB in VRML cells from patients with MD. Therefore, SGK1
downregulation inMDmay be attributed to the activation of NF-κB via
the TWEAK/Fn14 pathway associated with the allelic variant
rs4947296. Further investigation will provide greater insight into the
physiological cues of SGK1 downregulation and role of SGK1 in MD.

Proinflammatory cytokines, such as interleukin-1β (IL-1β), have
been implicated in a wide variety of middle and inner ear conditions,
including MD12,56,57. Consistently, we found that an increasement of IL-
1β both in plasma and VEO ofMDpatients. Of note, our finding that IL-
1β levels are elevated in 75% patients with MD of active phase, but 25%
patients with MD of quiescent phase, which suggests that vertigo
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secretion of IL-1β and IL-18 and induction of pyroptosis, thereby facilitating the
severity of LPS-induced EH.
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episodes may lead to increased IL-1β levels. Earlier studies have pro-
posed that IL-1β activates NF-κB resulting in the transcriptional acti-
vation of several genes, including inflammatory mediators58,59. Thus,
NF-κB may negatively regulates SGK1, leading to MD pathogenesis
through positive regulatory loops with NLRP3 and IL-1β. In addition to
immune factors, viral infections and autoimmune or structural dys-
function of the inner ear have been reported as causes of MD60. IL-1β
expression levels are elevated during bacterial or fungal infections61–63,
or inflammation in patients with active autoimmune diseases64,65. This
indicates that, in addition to this SGK1-dependent mechanism, there
may be other initial triggers of IL-1β elevation and lead to the
progression of MD.

Generally, activation of macrophage NLRP3 pyrosomes occurs in
the cytoplasm. In current study, we found that NLRP3 expressed in
both nucleus and cytoplasm in mVRML cells. This unusual nuclear
localization of NLRP3 has also been observed in some other cells66–68.
We speculate a difference in NLRP3 localization across cell lines
according to the tissue heterogeneity, which may indicate that in
mVRML cells, the cytoplasmic localization of NLRP3 may promote the
assembly of inflammatory bodies, whereas its nuclear localizationmay
be beneficial to the transcription function of inflammatory bodies.

Accumulating evidence suggests that proinflammatory cytokines
secreted by macrophages may predispose the inner ear micro-
environment to immune maladaptation10,11. NLRP3 phosphorylation is
linked to the induction or inhibition of inflammasome activity69 and
several kinases modify NLRP3. JNK1 positively regulates NLRP3
assembly by phosphorylating it at S19470, whereas Akt negatively
regulates NLRP3 assembly by phosphorylating it at S536. SGK1 is a
multifunctional PI3-kinase-dependent serine-threonine kinase struc-
turally homologous to Akt that mediates phosphorylation of several
proteins71–75. Mechanistically, we showed that SGK1 directly phos-
phorylates NLRP3 at S5. In an unstimulated state, SGK1 phosphorylates
the PYD domain of NLRP3, which hinders the interaction of NLRP3
PYDs with ASC PYDs via electrostatic repulsion, thereby preventing
accidental NLRP3 assembly38. The interaction between SGK1 and
NLRP3 is weakened in the presence of inflammatory signals, leading to
disappearance of the physiological gatekeeper, followed by NLRP3
oligomerization and promotion of the interaction between NLRP3
and ASC.

While this study was in progress, a potential regulatory role of
SGK1 in the NLRP3 inflammasome was proposed by Kwon et al.76,
Clauzure et al.77 and Gan et al.78, who showed that silencing or phar-
macological inhibition of SGK1 using EMD638683 or GSK650394 may
abrogate IL-1β secretion in response to stimulation by LPS + ATP, Cl–,
or angiotensin II via suppressing NLRP3 inflammasome activity. How-
ever, our findings regarding the effects of SGK1 inhibitors on NLRP3
activation differ from those of previous studies. Some studies have
reported that SGK1 stimulates inflammatory activation79,80, while oth-
ers found an inhibitory role for SGK149,81. Previous reports have shown
that SGK1 deficiency enhances the production of interferon-gamma
and Th1 cell-mediated immunity upon viral infection82. Here, we pro-
pose a direct role of SGK1 in suppressing inner ear inflammation by
blocking the inflammasome components.

SGK1 negatively regulates IL-1β expression by suppressing NLRP3
inflammasome activation. This is supported by the fact that knock-
down or pharmacological inhibition of SGK1 expression in the whole
animal renders them susceptible to increased LPS-induced EH and
vestibular dysfunction, which is accompanied by NLRP3 inflamma-
some activity and IL-1β production. In addition, all symptoms of LPS-
induced EH and audiovestibular dysfunction in sgk1-knockout mice
were reversed in the presence of MCC950, which is the most potent
and specific small-molecule inhibitor of NLRP3 activation known.

Previous studies have proposed that repeated exposure of hair
cells to toxic levels of K+-enriched perilymph, overpressure, and sud-
den rupture of distendedmembranes explain the long-term vestibular

and auditorydamage inMD83.We showed thatSGK1-deficientmicehad
significantly more severe vestibular hair cell impairments than WT
mice. In addition, IL-1β directly damaged cochlear and vestibular hair
cells and vestibular nerves. These results demonstrated that NLRP3
inflammasome activation, accompanied by elevated IL-1β production,
was responsible for the auditory and vestibular dysfunction.

Collectively, our study suggests that SGK1 as a negative regulator
of the NLRP3 inflammasome and link to macrophage autoinflamma-
tion in a murine EH model. These findings further expand our under-
standingof the innate immunepathways of the inner ear. Furthermore,
our findings provide convincing evidence that targeting the SGK1-
NLRP3-IL-1β axis may be useful for treating MD.

Methods
All experiments performed in this study were compiled with ethical
regulations and approved by the Animal Care Committee of Shandong
University (Jinan, China) and the Ethics Committee of Shandong Pro-
vincial ENT Hospital affiliated to Shandong University. The details are
described in the respective sections below.

Animal studies
Wild-type (WT) C57BL/6 (2-month-old male) mice were purchased
from the Animal Center of Shandong University, China. Sgk1 knocked
out (sgk1−/−, male, 2 months) mice were purchased from Cyagen Bios-
ciences. Mice were housed in a temperature-controlled (20–22 °C)
room with 40–70% humidity, subjected to a 12/12 h light/dark cycle,
and had free access to food and drinking water. Experiments were
performed on age- and sex-matched 8- to 10-week-old mice weighing
17-25 g. All study protocols were approved by the Animal Care Com-
mittee of Shandong University, China (No. ECAESDUSM 20,123,011)
and conformed with the Guideline for the Care and Use of Laboratory
Animal of the National institutes of Health.

LPS-induced EH
Mice were challenged with LPS (2mg/kg, Sigma, Supplementary
Table 1) dissolved in saline throughpostauricular (p.a.) injection84 once
a day for 3 days to establish the EH mouse model. The control groups
were injected p.a. with an equivalent of 0.9% physiological saline.

To evaluate the effect of SGK1 inhibition, we treated the EH mice
model with SGK1 inhibitor GSK650394 (10mM, 40μL/d/mouse, p.a.,
MCE)85. According to the instructions, GSK650394 was dissolved in
dimethyl sulfoxide (DMSO, Sigma) and the corresponding control
group mice were treated with an equal amount of DMSO.

To evaluate the roles of NLRP3 in LPS-induced EH, sgk1−/− mice
were intraperitoneally (i.p.) injected with NLRP3 inhibitor MCC950
(10mg/kg, AdipoGen) or saline. MCC950 or saline was injected for 3
consecutive days before LPS challenge86.

In all cases, hearing and vestibular function were tested on day 5.
Thereafter, themicewere euthanized, blood sampleswere collected in
a tube containing ethylenediaminetetraacetic acid, plasma was sepa-
rated immediately, and inner ears were subjected to protein or mRNA
expression and EH analysis.

Human studies
Forty patients aged 34–87 years (average age 59.9 years) at Shandong
Provincial ENTHospital affiliated to ShandongUniversity from January
2019 to December 2021 were enrolled in this study (clinical informa-
tion of patients with MD is listed in Supplementary Table 2). These
patients had been diagnosed with MD according to the 2015 Diag-
nostic criteria for Menière’s disease1. Of these patients, 20 were all
hospitalized, and their vertigo was not effectively controlled; hence,
they experienced frequent episodes. Their peripheral blood was col-
lected during the active phase of MD. Another 20 of these patients
were free fromvertigo attack for at least 3months, and their peripheral
blood samples were collected during the quiescent phase87. Patients
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with a history of thermal burns, Alzheimer’s disease, cancer, or recent
influenza, fever, were excluded. The control group consisted of 20
healthy volunteers and 9 patients with AN aged 47–68 years (average
age 55.7 years) with no history of sudden vertigo from the same age
group, living in the same region, and possessing socioeconomic indi-
cators similar to those of the patient group. The subjects did not suffer
from any systemic disease. The gender distribution and mean age of
the patients and controls were not significantly different (P >0.05 for
the chi-square test and t-test).

Patients withMD underwent labyrinthectomy for their intractable
disease and the AN group underwent tumor removal via the transla-
byrinthine approach. The ampulla and macula were sampled during
surgery and the tissues were immediately frozen in liquid nitrogen.
Peripheral blood was sampled from all participants in each group and
were stored in a tube containing ethylenediaminetetraacetic acid.
Peripheral blood mononuclear cells (PBMCs) and plasma were imme-
diately separated and stored at −80 °C.

The study was carried out according to the principles of the
Declaration of Helsinki revised in 2013 for investigation with humans.
The Ethics Committee of Shandong Provincial ENT Hospital affiliated
to Shandong University approved this study (XYK20181211). Informed
consent was obtained from all participants.

Cell lines and culture
All the cell lineswereobtained fromProcell Life Science&Technology.
HEK-293T cells (Procell, CL-0005) were maintained in Dulbecco’s
Modified Eagle’sMedium (DMEM, Gibco) supplemented with 10% fetal
bovine serum (FBS, Gibco) and penicillin/streptomycin (Gibco, 10,000
units/ml). THP-1 cells (Procell, CL-0233) were grown in Roswell Park
Memorial Institute (RPMI)−1640 (Gibco) media supplemented with
10% FBS, β-mercaptoethanol (Procell, 0.05mM), and penicillin/strep-
tomycin. Cells weremaintained in a humidified incubator equilibrated
with 5% CO2 at 37 °C. Transfections were performed using Lipofecta-
mine® RNAiMAX reagent (Invitrogen) according to the manufacturer’s
instructions. HEK-293T cells for the overexpression experiment were
transfected using the calcium phosphate method as per the manu-
facturer’s instructions (Polyplus Transfection). In these experiments,
cells were stimulated with LPS (200 ng/ml) for 3 h and/or ATP (5mM)
for 30min, unless otherwise indicated. The treatment with z-VAD-FMK
(20μM) or Ac-YVAD-cmk (40μM) was performed 30min earlier than
stimulation with LPS.

Tissue and primary cell culture
Temporal bones and cochleaewerecollected fromPostnatalDay3 (P3)
C57BL/6 mice and placed in cold sterile Hank’s balanced salt solution.
The cochlear sensory epithelia, VEO, and vestibular ganglion were
isolated and cultured in DMEM/F12 containing 10% FBS and 100 µg/mL
ampicillin. Primary VRML cells from the VEO ofmice were collected as
described previously88. Briefly, freshly isolated VEO were rapidly cut
into small pieces, which were cultured in melanocyte medium (MelM)
with 1% melanocyte growth supplement (MelM) at 37 °C in the pre-
sence of 5% CO2 for 3 days. The VRML cells were expanded, further
selected, and validated based on CD68 expression. In these experi-
ments, cells were stimulated with LPS (200 ng/ml) for 3 h and/or ATP
(5mM) for 30min, unless otherwise indicated. Tissueswere stimulated
with IL-1β (10 ng/mL) for 24 h.

IF
The frozen sections were permeabilized in 0.5% Triton X-100 for 1 h
and immunoblocked with 5% bovine serum albumin (BSA) for an
additional 1 h. For cells, approximately 105 cells were plated on a cov-
erslip. Treated cells were fixed in 4% PFA for 10min, permeabilized
with0.1%TritonX-100 for 10min, followedby blockingwith 1%BSA for
30min at room temperature. The specimens were incubated with
different primary antibodies as listed in Supplementary Table 3 at 4 °C

overnight. The next day, cells were incubated with secondary anti-
bodies (Invitrogen, 1:1,000) at room temperature for 1 h. Coverslips
were then mounted with Prolong Gold with DAPI (Invitrogen) and the
samples were observed under a laser scanning confocal microscope
(Leica SP8; Leica, Germany).

IHC
A DAB Detection Kit (Streptavidin-Biotin) kit was applied to examine
the expression of the OCT-embedded vestibular apparatus tissue.
Briefly, the endogenous peroxidase activity was blocked by incubation
for 30min in 0.3% H2O2. Nonspecific binding was blocked by a 20min
incubation with 10% normal goat serum. The sections were stained
with different primary antibodies as listed in Supplementary Table 3
overnight at 4 °C. After rinsing with PBS and incubation with biotiny-
lated anti-rabbit or anti-mouse IgG for 30min at a dilution to 5μg/ml,
the sections were rinsed again with PBS and incubated with DAB
complex for 1min. The sections were counter-stained with hematox-
ylin, dehydrated, and omitted with Neutral balsam. Images were
obtained using a Leica microscope at 40 × 10 magnification.

To evaluate the intensity of immunohistochemical reaction
quantitatively, digital images were obtained and analyzed using a
public domain ImageJ software. Intensity measurements were repre-
sented as the number in a 256-gray scale. Optical density values were
corrected by subtracting the average values of background noise
(mean background intensity) obtained from five image inputs. The
optical density was then standardized by setting the threshold (mean
background intensity) levels. Manipulation of the images was restric-
ted to threshold and brightness adjustments to the whole image. At
least 3 separate measurements per group were subjected to image
analysis.

qPCR
The total RNA of the mice cochleae and cell lines was extracted using
Trizol reagent according to manufacturer’s protocols (Invitrogen);
1mg of RNA was used for reverse transcription using a high-capacity
DNA reverse transcription kit. The relative expression levels of target
gene mRNA were measured using qRT-PCR using an Eppendorf AG
22331 PCRmachine (Hamburg, Germany) and qRT-PCRwas performed
using TaqMan master mix or Power SYBR green PCR master mix
according to manufacturer’s protocols on Step One Real-Time PCR
system (Applied Biosystems). The sequences of primers used in this
experiment are listed in Supplementary Table 4. mRNA expression
profiles were normalized to levels of the housekeeping gene glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) or ACTB in each
sample.

ELISA
Paired antibodies and standard recombinant human IL-1β (RD), IL-18
(Abcam), caspase-1 (Abcam) and mouse IL-1β (Abcam) and caspase-1
(Novus) were used to determine cytokine concentrations according to
manufacturer’s instructions. Amicroplate reader (Bio-Rad)wasused to
detect the signals at 450 nm.

Western Blot
The total protein of cochleae and cell lines was extracted with cold
RIPA lysis buffer plus protease inhibitor cocktail for 30min at 4 °C and
then centrifuged at 12,000 × g for 20min at 4 °C. Protein concentra-
tions were detected by the BCA Protein Assay Kit. The same amount of
protein sample was denatured in 99 °C for 10min and separated using
10% SDS-PAGE. Then, the proteins were transferred to polyvinylidene
difluoridemembranes (Millipore). Themembranes were blocked in 5%
skim milk for 1 h at room temperature and then were incubated with
different primary antibodies as listed in Supplementary Table 5. The
next day, the membranes were incubated with HRP-conjugated sec-
ondary antibodies purchased from Jackson (1:10,000) at room
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temperature for 1 h. Finally, the protein signals were detected using an
ECL kit (Millipore) and analyzed using ImageJ software. All blocking,
incubation, and washing procedures were performed in TBST solution
(Tris-buffered saline and 0.05% Tween 20).

Flow cytometry
Cell apoptosis was measured using an Annexin V-FITC Apoptosis
Detection Kit (Beyotime). Cells were harvested, washed with PBS
solution, and resuspended with 195μl binding buffer softly; 5μl
Annexin V-FITC and 10μl PI were added and incubated in a dark room
for 15min. 30,000 cells of each group were measured by a LSRll flow
cytometer and BD FACSDiva software version 9 (BD Bioscience) and
analyzedwith FlowJo software (FlowJo, LLC). Cellswere dicscriminated
from debris and clumps using the FSC-A/SCC-A gating strategy based
on experience. Only single cells were used by using an FSC-H/FSC-A
gating strategy and selecting cells along the diagonal. The gating
strategy is provided in Supplementary Fig. 2e.

Co-immunoprecipitation (Co-IP)
For immunoprecipitation assays, the cells werewashed twicewith cold
PBS and the extracts were prepared by incubating the cells in lysis
buffer (50mM Tris–HCl; pH 7.4, 150mM NaCl, 1mM EDTA, 0.5% NP-
40, 0.25% sodium deoxycholate, and protease-inhibitor cocktail) for
30min at 4 °C and then centrifuging at 12,000 × g for 15min. Next,
500μg protein samples were incubated with appropriate primary
antibodies or normal rabbit/mouse IgG at 4 °C for 14 h with constant
rotation, and thenmixedwith proteinGDynabeads (Invitrogen) for 2 h
at 4 °C. After washing the beads thrice with the cell lysis buffer, the
captured immune complexes were subjected to SDS-PAGE.

GST pull-down assay
GST fusion proteins were expressed in BL21 (Vazyme) Escherichia coli,
followed by ultrasonic disruption and purification using glutathione
Sepharose 4B beads (GE). In vitro transcription and translation
experiments were performed using rabbit reticulocyte lysate (TNT
systems, Promega) according to themanufacturer’s recommendation.
The beads were co-incubated with the in vitro translated proteins and
thenwashedwith binding buffer. The eluateswere then analyzed using
SDS-PAGE.

In vitro kinase assay
Recombinant GST-NLRP3 or GST-NLRP3-S3A was used as a substrate
and incubated with recombinant SGK1 (S422A) or SGK1 (S422D) in
kinase assay buffer containing 25mM MOPS pH 7.2, 12.5mM β-gly-
cerophosphate, 25mM MgCl2, 5mM EGTA, 2mM EDTA and 0.25mM
DTT at 30 °C for 30min. Reactions were stopped by adding SDS-PAGE
sample buffer. The phosphorylate status were analyzed using
SDS-PAGE.

Identification of NLRP3 oligomerization
The total protein of cell lines was extracted with cold SDD-AGE buffer
plus protease inhibitor cocktail for 30min at 4 °C and then centrifuged
at 12,000 × g for 20min at 4 °C. After protein concentration detection,
same amounts of protein were separated by gels with 1% (w/v) agarose
and 0.1% SDS without denaturation. Proteins were transferred to
polyvinylidene difluoridemembranes. Themembraneswere subjected
to blocking, incubation, and detection as mentioned before.

Auditory function evaluation
The auditory function in mice was evaluated using ABR. These
responses were measured with a click stimulus and tone burst stimuli
at 4, 8, 12, 16, 24, and 32 kHz using a TDT system 3 (Tucker-Davis
Technologies) with 1,024 stimulus repetitions per record in a sound
isolation booth. Mice were anesthetized with xylazine (10mg/kg) and
ketamine (100mg/kg) via i.p. injection. Needle electrodes were

inserted into the subcutaneous tissue at the vertex (recording elec-
trode), the infra-auricular mastoid region of ipsilateral ear (reference
electrode), and the back (ground electrode). The sound level started
from a90-dB sound pressure level (SPL) and sequentially decreased by
5-dB to the acoustic threshold. The ABR threshold was determined at
each frequency, which refers to the minimal SPL resulting in a reliable
ABR recording with one or more distinguishable waves clearly identi-
fied by visual inspection. The process was repeated for low SPLs
around the threshold to ensure the waveform consistency. Following
ABR hearing measurements, the cochleae were used for histological,
biochemical, and molecular analyses.

VEMPs
Click-evoked VEMP recordings from all animals were initiated with
simultaneous recording of electromyography (EMG) potentials after
the induction of anesthesia. A custom-made holder previously
reported89 was used for these recordings. In these experimental mice,
the neck was hyperextended and stabilized with suspension wire fixed
behind the front teeth. Mice, with elevated head and free legs, were
kept in prone position. During recording, a platinum needle electrode
was inserted into the neck extensors and the reference electrode was
planted on the cervico-occipital region at the midline. The ground
electrode was placed on the back. Each animal was subjected to VEMP
testing with stimulus intensity of 100dB nHL. The response threshold
was the lowest threshold for the appearance of a waveform, with
repeatability verified by consecutive runs (>3 times). Finally, the
latencies and amplitudes of the negative and positive peaks were
measured.

Rotarod test
Animals were placed on a motorized rotating rod (ZH-600 B, Huaibei
Zhenghua Biological Instruments Co., Ltd.) set at a maximum speed of
30 rpm. The rotation speed was gradually accelerated to 30 rpm for
2min. Each mouse was trained 2 times per day for three days and
tested twice. Thereafter, the average time to fall off the rotarod in 2
trials was measured for analysis.

Cell counting
For IBA1-positive cell quantification, we imaged the VEO using a 400×
objective and ImageJ software (National Institutes of Health). Briefly, a
grid was overlaid on the tissue area of interest, and the “point selec-
tion” tool in ImageJ was used to manually count (and classify) cells
according to their IBA1 expression. Only cells with a DAPI-stained
nucleus were counted. Data were expressed as the average number of
positive cells per millimeter squared of tissue section, and at least
three tissue sections per group were analyzed.

Quantitative assessment of changes in endolymphatic space in
cochlea
Frozen sections of mouse inner ear were stained using an HE differ-
entiation solution, gradient dehydrated with ethanol, and sealed with
neutral gum. For quantitative assessment of the changes in the endo-
lymphatic space, the length of the stretched Reissner’s membrane (L)
and the ideal length of the Reissner’smembrane (L*) weremeasured in
each cochlea as stated in the literature90. The increase ratios of the
length change of the Reissner’s membrane (IR-L = L/L* × 100%) were
calculated to evaluate the EH level for upper and lower turns. The
values were evaluated using ImageJ software.

Statistical and reproducibility
All statistical analysis was performed with SPSS 13.0 software (SPSS
Inc., USA). Data are shown as themean ± standarddeviation (SD). Two-
side unpaired Student’s t-tests, one-way analysis of variance (ANOVA)
followed by Fisher’s LSD post hoc test and two-way ANOVA followed
by Tukey’s test was performed. Differences with a P-value <0.05 were
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considered to be statistically. Statistical details of analyses can be
found in the figure legends. Mice were randomly divided to different
groups in animal studies. No samples or animals were excluded from
the analysis. No statistical method was used to predetermine the
sample size. All samples were processed in blind fashion. The number
of independent samples of each experiment can be found in the
relevant figure legend. For western blots, qPCR, flow cytometry and
other quantitative experimentwereperformed at least three times. For
IF/IHC/HE stains, the number of independent samples is consistent
with the relevant quantitative graph, the images are representative
images of at least three independent replicates of the experiments.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data generated or analyzed during this study are present in the
main text and supplementary data. Source data are provided with
this paper.
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