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Abstract
Background Activation of the NLRP3 inflammasome is critical in the inflammatory response to gout. Potassium ion 
(K+) efflux mediated by the TWIK2 channel is an important upstream mechanism for NLRP3 inflammasome activation. 
Therefore, the TWIK2 channel may be a promising therapeutic target for MSU crystal-induced inflammation. In 
the present study, we investigated the effect of ML335, a known K2P channel modulator, on MSU crystal-induced 
inflammatory responses and its underlying molecular mechanisms.

Methods By molecular docking, we calculated the binding energies and inhibition constants of five K2P channel 
modulators (Hydroxychloroquine, Fluoxetine, DCPIB, ML365 and ML335) with TWIK2. Intracellular potassium ion 
concentration and mitochondrial function were assessed by flow cytometry. The interaction between MARCH5 and 
SIRT3 was demonstrated by immunoprecipitation and Western blotting assay. MSU suspensions were injected into 
mouse paw and peritoneal cavity to induce acute gout model.

Results ML335 has the highest binding energy and the lowest inhibition constant with TWIK2 in the five calculated 
K2P channel modulators. In comparison, among these five compounds, ML335 efficiently inhibited the release 
of IL-1β from MSU crystal-treated BMDMs. ML335 decreased MSU crystal-induced K+ efflux mainly dependent on 
TWIK2 channel. More importantly, ML335 can effectively inhibit the expression of the mitochondrial E3 ubiquitin 
ligase MARCH5 induced by MSU crystals, and MARCH5 can interact with the SIRT3 protein. ML335 blocked MSU 
crystal-induced ubiquitination of SIRT3 protein by MARCH5. In addition, ML335 improved mitochondrial dynamics 
homeostasis and mitochondrial function by inhibiting MARCH5 protein expression. ML335 attenuated the 
inflammatory response induced by MSU crystals in vivo and in vitro.
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Introduction
Gout is a highly prevalent disease [1, 2] and is induced by 
the crystalline deposition of monosodium urate (MSU) in 
the joints and/or surrounding tissues [3]. There is a lack 
of specialized curative treatment for gouty arthritis (GA), 
and current treatment options focus on the treatment of 
acute exacerbations and the provision of effective long-
term maintenance treatment [4]. Urate-lowering drugs 
and anti-inflammatory drugs are commonly used in GA 
clinical treatment [5]. These existing therapeutic drugs 
only alleviate symptoms or delay the occurrence of GA 
and even have a large number of adverse effects, which 
may be the cause of GA recurrence [6]. The lack of reli-
able therapeutic targets has challenged and delayed the 
development of targeted drugs for the treatment of GA 
[7].

NLRP3 inflammasome assembly facilitates IL-1β/IL-18 
secretion and triggers pyroptosis; consequently, activa-
tion of the NLRP3 inflammasome has been related to a 
variety of human diseases, including gout, Alzheimer’s 
disease and diabetes [8]. Dysregulated expression of 
NLRP3 inflammasome members and aberrant activa-
tion of the NLRP3 inflammasome are frequently found in 
gouty animal models and GA patients [9, 10]. Activation 
of the NLRP3 inflammasome requires two signals: prim-
ing signal and activation signal. Saturated long-chain 
fatty acids (LCFAs), for instance, stearic acid (C18:0) and 
palmitic acid (C16:0), deliver priming signals and syner-
gize with MSU crystals to facilitate the activation of the 
NLRP3 inflammasome [11]. It is essential to block the 
sustained activation of the NLRP3 inflammasome with 
multiple therapeutic agents, which could be developed as 
an effective way to treat or prevent GA [12].

Potassium (K+) efflux is a significant upstream mecha-
nism for the stimulation of the NLRP3 inflammasome by 
most NLRP3 agonists [13–15]. A variety of NLRP3 ago-
nists trigger potassium efflux mechanistically via distinct 
pathways [15]. A massive increase in extracellular ATP to 
tens or hundreds of micromoles/liter in dying or stressed 
cells activates the NLRP3 inflammasome through linkage 
to purinergic P2 × 7 receptors [16, 17]. TWIK2 (KCNK6) 
channels are in the TWIK subfamily of two-pore struc-
tural domain potassium channels that mediate potas-
sium efflux in cooperation with P2 × 7 receptors and 
underlie the NLRP3 inflammasome induced by ATP. 
Lack of TWIK2 prevented lung inflammation induced 
by sepsis in vivo and NLRP3 activation induced by ATP 
in vitro [18, 19]. Endosomal trafficking of TWIK2 to the 
plasma induces NLRP3 inflammasome activation and 

inflammatory injury [20]. Suppression of S1PR3 inhibits 
ATP-induced NLRP3 inflammasome activation in mac-
rophages via potassium efflux mediated by TWIK2 [21]. 
ML365 inhibition of TWIK2 channels blocks the ATP-
induced NLRP3 inflammasome [22]. However, either the 
effects of K2P channel modulators or TWIK2 on MSU 
crystal-induced inflammation are poorly studied. In the 
present study, we focused on the effects of K2P channel 
modulators (ML335) on MSU crystal-induced NLRP3 
inflammasome activation and the underlying molecular 
mechanisms.

Materials and methods
Molecular modeling study of TWIK2 with the K2P regulator
We used the open-source molecular docking software 
Autodock4.2 to perform molecular docking studies on 
the five K2P regulators. First, homology modeling was 
conducted with the Swiss-model (https://swissmodel.
expasy.org/interactive) to obtain the protein structure 
of the macromolecular receptor, and then polar hydro-
gen was added to the crystals of the receptor protein by 
Autodock4.2. After obtaining the macromolecular recep-
tor, the chemical structure formula of the small molecule 
ligand needs to be drawn in Chemdraw, and later, the 
minimum energy conformation of small molecules must 
be calculated in Chem3D for molecular docking. After 
the small molecule ligand and macromolecular receptor 
files are prepared, the rotatable atoms need to be defined 
in Autodock 4.2 software, and later, the small molecule 
ligand is embedded in the macromolecular receptor 
with the Autogrid, where the coordinates of the embed-
ding site are typically those of the original similar small 
molecule ligand. After embedding, the small molecule 
ligand is docked to the large molecule receptor using 
the Autodock program, which is typically run 100 times. 
When the results are analyzed, the conformation with 
the lowest energy and the largest number of clusters is 
generally chosen as the dominant conformation for the 
discussion of the results.

Reagents
Hydroxychloroquine(HCQ), Fluoxetine, DCPIB, ML365, 
ML335 and MG132 were purchased from MedChemEx-
press (China).

Conclusion Inhibition of TWIK2-mediated K+ efflux by ML335 alleviated mitochondrial injury via suppressing March5 
expression, suggesting that ML335 may be an effective candidate for the future treatment of gout.
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Preparation of fatty acids (FAs, palmitic acid and stearic 
acid)
Palmitic and stearic acids were prepared as described 
previously [11]. The detailed procedure was supplied in 
the supplementary information.

Cell culture, MSU crystals preparation and cell treatment
Primary mouse BMDMs were taken from the bone mar-
row of C57BL/6 mice at 6–8 weeks of age, differentiated 
in DMEM (PM150210, Procell Life Science & Technol-
ogy Co.,Ltd, China) with 10% FBS (164210-50, Procell 
Life Science & Technology Co., Ltd, China) and 20 ng/mL 
M-CSF(315-02, PeproTech Technology Co., Ltd, China), 
and treated 7–10 days after separation. The preparation 
of MSU crystal (MSUc) was performed as described 
previously [23]. The detailed procedure for the prepara-
tion of MSU crystals were supplied in the supplementary 
information. To explore the appropriate concentration of 
five K2P channel modulators to inhibit IL-1β secretion, 
BMDMs were pretreated with different concentration 
(1, 5, 10µM) of DCPIB, Fluoxetine, ML335, ML365 and 
HCQ for 1  h, then stimulated with FAs (5 µM) + MSUc 
(50 µg/ml) for 12 h. In subsequent experiments, BMDMs 
were pretreated with 5 µM ML335 for 1 h, and then stim-
ulated with FAs (5 µM) + MSUc (50 µg/ml) for 12 h.

ELISA
IL-1β, TNFα, IL-6 and CCL2 were measured in culture 
supernatants or peritoneal lavage fluid using ELISA kits 
(IL-1β, EMC001b), (TNFα, EMC102a), (IL-6, EMC004), 
(CCL2, EMC113), (NeoBioscience Technology Co., Ltd, 
China).

Isolation of mitochondrial proteins and determination of 
mitochondrial SOD activity
Mitochondria were isolated from BMDMs using the Cell 
Mitochondria Isolation Kit (C3601, Beyotime Biotech-
nology, China) and then RIPA was added to obtain mito-
chondrial proteins. The Cu/ZnSOD and Mn-SOD Assay 
Kit of WST-8 (S0103, Beyotime Biotechnology, China) 
was employed for the determination of mitochondrial 
SOD activity in mitochondrial proteins. The mitochon-
drial proteins concentration was assayed utilizing the 
BCA Protein Assay Kit (P0009, Beyotime Biotechnology, 
China). The SOD activity of the sample was expressed 
as the ratio of the detected SOD activity to the protein 
concentration.

Transfection experiments
The plasmids of pcDNA3.1(+)-mSirt3-Myc, 
pcDNA3.1(+)-mMarch5-HA, pcDNA3.1(+)-mKcnk6, 
pcDNA3.1(+)-Ub-HA, CRISPR v2-mMarch5, CRISPR 
v2-mLKB1 were obtained from the Public Protein/
Plasmid Library (China). Plasmid transfection was 
implemented with Lipo8000 kits (C0533, Beyotime Bio-
technology, China), respectively, following the manufac-
turer’s instructions. The expression levels of related gene 
were verified by RT-qPCR after plasmid transfection of 
BMDMs for 36  h. The detailed procedure of RT-qPCR 
assay is supplied in the supplementary information. The 
primer sequences for the corresponding genes are shown 
in the Table  1. BMDMs were transfected with the cor-
responding plasmids for 36 h, followed by pretreatment 
with ML335 for 1 h and then stimulation with MSU for 
12 h before performing the relevant experiments.

Western blot analysis
Pro-IL-1β and pro-caspase-1 processing was detected 
by Western blotting. Cell culture supernatants were col-
lected and precipitated in deoxycholate containing 20% 
trichloroacetic acid (TCA) and washed three times with 
100% acetone, before concentration in 1× Laemmli buf-
fer. Mice paw tissues and BMDMs were lysed with RIPA 
buffer. Later, the concentration of protein was measured 
via the BCA Protein Assay Kit (P0009, Beyotime Bio-
technology, China). The Western blot assay procedure 
is described in the supplementary information and the 
information of antibodies is described in the Table 2. The 
Western blotting assay was repeated three times to ana-
lyze with densitometry using Image J software and show 
representative bands.

Ultrastructural observation
After various interventions, BMDMs were rinsed three 
times using 1×PBS and fixed in 2.5% glutaraldehyde over-
night. Mitochondrial morphology was analyzed using 
TEM, and mitochondrial crista density was calculated 

Table 1 The sequences of primer for PCR amplification
Gene Forward primer (5’-3’) Reverse primer (5’-3’)
Mice D-loop  A A T C T A C C A T C C T C C G T G A A 

A C C
 T C A G T T T A G C T A C C C C 
C A A G T T T A A

Mice 18 S  T A G A G G G A C A A G T G G C G T T C  C G C T G A G C C A G T C A 
G T G T

Mice Tert  C T A G C T C A T G T G T C A A G A C C 
C T C T T

 G C C A G C A C G T T T C T C 
T C G T T

Mice Cox  G C C C C A G A T A T A G C A T T C C C  G T T C A T C C T G T T C C T 
G C T C C

Mice 
Non-Numt

 C T A G A A A C C C C G A A A C C A A A  C C A G C T A T C A C C A A G 
C T C G T

Mice B2m  A T G G G A A G C C G A A C A T A C T G  C A G T C T C A G T G G G G G 
T G A A T

Mice March5  G A C T G A T C T C A A A A G C T T G C C  C T C C A T A A C A T C C A G C 
C C T T C

Mice KCNK6  T T C A T C T C T C A G T C C A C C A T T G  C G G A A A G T C T G C A A C 
A C G A G

Mice LKB1  C G A G G G A T G T T G G A G T A T G A G  C T T A G T G T C T G G G C T 
T G G T G

Mice GAPDH  C T T T G T C A A G C T C A T T T C C T G G  T C T T G C T C A G T G T C C 
T T G C
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using the following formula: the sum of the total crista 
volume divided by the sum of the mitochondrial areas as 
described previously [24].

Immunoprecipitation
The detailed experimental procedure of immunoprecipi-
tation is described in the supplementary information.

Analyses of mitochondrial morphology
The Mito-Tracker Green probe (C1048, Beyotime Bio-
technology, China) staining was used to observe the 
mitochondrial morphology of BMDMs. After various 
interventions, BMDMs were rinsed twice using 1×PBS 
and subsequently incubated utilizing Mito-Tracker 
Green for 30 min in 37℃. After rinsing twice with 1×PBS, 
the cells were stained with Hoechst33342 (40731ES, 
YEASEN, China) for 10 min, and then the mitochondrial 
morphology was observed by applying a laser confocal 
microscope (Olympus, FV3000, Japan). The aspect ratio 
(AR) is the ratio between the minor and major axes cor-
responding to the elliptical shape of the mitochondria.

Measurements of intracellular total reactive oxygen 
species (ROS) and mitochondrial ROS
The intracellular total ROS and mitochondrial ROS were 
respectively performed following the manufacturer’s 
instructions. The detailed procedure was described in the 
supplementary information.

Detection of mitochondrial membrane potential (ΔΨm)
ΔΨm was examined by a JC-1 fluorescent probe (C2003S, 
Beyotime, China). BMDMs were washed twice in 1×PBS 
and stained with 1:200 JC-1 working buffer for 30 min at 
37 °C. Then, the cells were washed with 1×PBS again, and 
analyzed by flow cytometry (SA3800, Sony, Japan). As for 
laser confocal microscopy analysis, nuclei were stained 
with Hoechst33342.

Detection of intracellular potassium ion concentration
Intracellular potassium ion concentrations were exam-
ined by Enhanced Potassium Green-2 AM (EPG-2 AM, 
MX4513, Maokang Biotechnology, Shanghai, China), a 
fluorescence probe for intracellular potassium ions. The 
optimal excitation wavelength for EPG-2 AM is 517 nm. 
BMDMs were washed twice with 1×PBS and loaded 
with 5 µM EPG-2 AM for 30  min, after which the cells 
were washed twice with 1×PBS and analyzed with flow 
cytometry.

Quantitative analysis of mitochondrial respiration
A Seahorse XF24 extracellular flux analyzer (Agilent Sea-
horse Biosciences) was applied to detect cellular respi-
ration. Each well was inoculated with 20,000 cells. Cells 
were incubated in DMEM for an hour and then replaced 

Table 2 The antibodies were used in Western blotting or 
immunofluorescence assays
Antibodies Source Identifier
Recombinant Rabbit Anti-beta 
TUBULIN

HUABIO Cat#ET1602-4

Rabbit monoclonal CMPK2 ImmunoWay Cat#YT6811
Recombinant Rabbit 
Anti-VINCULIN

HUABIO Cat#ET1705-94

Rabbit monoclonal AMPKα HUABIO Cat#ET1608-40
Rabbit monoclonal P-DRP1 CST Cat#S616
Rabbit monoclonal Anti-DRP1 HUABIO Cat#HA500487
Rabbit monoclonal COX2 HUABIO Cat#ET1610-23
Recombinant Rabbit 
Anti-GAPDH

HUABIO Cat#ET1601-4

Rabbit monoclonal Anti-MFF HUABIO Cat#ER1902-93
Rabbit monoclonal P-LKB1 CST Cat#S428
Rabbit Polyclonal LKB1 HUABIO Cat#HA500143
Rabbit monoclonal KCNK6 HUABIO Cat#HA500213
Rabbit monoclonal Ubiquitin 
Rabbit

PTMab Cat#ptm-1106RM

Rabbit monoclonal Acetylly-
sine Rabbit

PTMab Cat#PTM-105RM

Rabbit monoclonal ARG1 HUABIO Cat#ET1605-8
Rabbit monoclonal INOS Abcam Cat#ab178945
Rabbit monoclonal ARG2 HUABIO Cat#ET7110-91
Rabbit monoclonal FIS1 proteintech Cat#10956-1-AP
Rabbit monoclonal MFN1 HUABIO Cat#ET1702-01
Rabbit monoclonal MFN2 HUABIO Cat#ER1802-23
Rabbit monoclonal OPA1 HUABIO Cat#ET1705-9
Rabbit monoclonal March5 ImmunoWay Cat#YT2646
Rabbit monoclonal SOD2/
MnSOD

Abcam Cat#AB137037

Rabbit monoclonal HADH HUABIO Cat#R1411-4
Rabbit monoclonal ACADL proteintech Cat#17526-1-AP
Rabbit monoclonal HA AlpaVHHs Cat#003-201-001
Rabbit monoclonal MYC AlpaVHHs Cat#002-203-001
Rabbit monoclonal CD36 HUABIO Cat#ET1701-24
Rabbit monoclonal FAS HUABIO Cat#ET1701-91
Rabbit monoclonal P-ACC1 CST Cat#SER79
Rabbit monoclonal ACC1 HUABIO Cat#ET1609-77
Rabbit monoclonal SIRT3 Bioworld Cat#BS7772
Rabbit monoclonal CPT2 HUABIO Cat#ET1611-64
Rabbit monoclonal MPO Abcam Cat#ab208670
Rabbit monoclonal P-AMPK CST Cat#T172(40H9)
Rabbit polyclonal NLRP3 HUABIO Cat#ER1706-72
Rabbit monoclonal CPTIA Abcam Cat#ab234123
Mouse monoclonal IL-Iβ CST Cat#3A6
Mouse monoclonal Caspase-1 AdipoGen Cat#AG-20B-0042
Rabbit monoclonal CD11b BOSTER Cat#BEM3925
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with prewarmed XF assay medium, and the oxygen con-
sumption rate (OCR) was assayed with a Seahorse XF kit 
(103015-100, Agilent Seahorse, China). The first block 
tested was the basal respiration rate. The analysis of res-
piration rate was performed by stepwise injections of 
mitochondrial complex inhibitors such as 0.5 µM rote-
none-antimycin A, 2 µM FCCP, and 1.5 µM oligomycin A 
as per the manufacturer’s protocol.

Measurement of mitochondrial DNA (mtDNA) content and 
oxidized mtDNA
The TIANamp Genomic DNA kit (DP304-02, TIAN-
GEN, China) was used for the isolation of total DNA 
according to the manufacturer’s instructions. Quanti-
fication of mtDNA via qPCR with primers specific to 
the mitochondrial D-loop region, cytochrome c oxidase 
(Cox1), or specific mtDNA regions not inserted into the 
nuclear DNA (non-NUMT). B2m, 18  S ribosomal RNA 
and nuclear DNA encoding Tert were employed for nor-
malization. The sequences of all primers are shown in the 
Table 1.

For the measurement of oxidized mitochondrial DNA 
(Ox-mtDNA), purified mtDNA was extracted from mito-
chondrial fractions as indicated. The 8-OHdG content 
was then quantified using 8-hydroxydeoxyguanosine 
ELISA Kit (Elabscience Biotechnology Co., Ltd, China) 
according to manufacturer’s instructions.

Flow cytometry for macrophage subset analysis
To explore the effects of ML335 treatment on macro-
phage M1 and M2 polarization, CD86 was chosen to 
mark the M1 phenotype and CD206 for the M2 pheno-
type. Alexa APC-conjugated anti-CD86 (E-AB-F0994E, 
Elabscience, China) and FITC conjugated anti-206 
(E-AB-F1135C, Elabscience, China) were used to evalu-
ate macrophage subsets. BMDMs were stimulated with 
lipopolysaccharide (20 ng/mL) plus IFN-g (50 ng/mL) for 
6 h for M1 polarization, or with IL-4 (20 ng/mL; Pepro-
Tech) for 12  h for M2 polarization. BMDMs were pre-
treated with ML335 for 1  h, and then stimulated with 
FAs + MSUc for 12 h for M1 polarization.

Metabolite profiling analysis
BMDMs were intervened, and then, metabolomic assay 
and analyses were performed at Wuhan MetWareBiotech 
Co. Ltd. (China), and the detailed procedure of metabo-
lomic assay is supplied in the supplementary information.

Mice model
C57BL/6J mice (8–10 weeks, 20–25  g) were purchased 
from GemPharmatech (Chengdu, China). Sterile PBS 
(40 µL) was injected into the right paw as a control, and 
MSU suspension (40 µL, 1 mg of MSU crystals in 40 µL 
of physiological saline) were injected into the left paw 

as the experimental group. A Vernier caliper was uti-
lized to examine the degree of swelling of the paw. The 
index of paw swelling was expressed as the ratio of the 
thickness of the paw injected with MSU suspension to 
that injected with PBS. To establish a mouse model of 
peritonitis induced by MSU crystals, mice were injected 
intraperitoneally with MSU suspension (3  mg of MSU 
crystals in 0.5  ml of PBS), and six hours later, the mice 
were executed under carbon dioxide anesthesia, and the 
peritoneal lavage fluid was extracted. After the peritoneal 
lavage fluid was centrifuged, the supernatants were uti-
lized for ELISA, and the precipitates were stained with 
proper antibodies (CD45, BD Bioscience, 553,080; F4/80, 
BD Bioscience, 565,410; CD11b, Biolegend, 101,263; 
Ly6G, Biolegend, 127,613) for flow cytometry detection.

Histological studies and immunofluorescence
Mouse paw tissues were paraffin-embedded and sliced 
into 5-µm-thick sections for immunofluorescence and 
hematoxylin-eosin (HE) staining. The detailed proce-
dures for paraffin tissue sections and cell immunofluores-
cence were supplied in the supplementary information. 
The information about the antibodies used in the immu-
nofluorescence assay was supplied in the Table 2.

Statistical analysis
Values are presented as the mean ± standard deviation 
(SD). One-way ANOVA was applied for statistical analy-
sis. All of the statistical analyses were calculated by uti-
lizing GraphPad Prism software (Version 6.0). Analyses 
between two groups were performed using the Student’s 
t-test. For comparisons among more than two groups, 
one-way ANOVA followed by Tukey’s post hoc test was 
used. The symbols in the graphs denote significantly dif-
ferent groups as follows: *P < 0.05; **P < 0.01.

Results
ML335 suppressed FAs + MSUc-induced NLRP3 
inflammasome activation
To identify the interacting mode of KCNK6 with five 
known K2P channel modulators (DCPIB, Fluoxetine, 
HCQ, ML335 and ML365), molecular docking study 
was performed. The data were shown in Fig. S1. We also 
calculated the binding energies and Ki values of the five 
compunds to KCNK6 by molecular docking. The data 
indicated that ML335 has the highest calculated bind-
ing energy to TWIK2 and the lowest Ki values among 
the five compounds (Table 3). Previous studies have sug-
gested that TWIK2 channels are promising drug targets 
for NLRP3-associated inflammation. This prompted us 
to explore the effects of five known K2P modulators on 
IL-1β secretion in BMDMs treated with FAs + MSU crys-
tal. The IL-1β level was measured in BMDMs exposed to 
different doses of five K2P modulators (1, 5 and 10 µM) 
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followed by treatment with FAs + MSUc crystals. As 
shown in Fig. S2A, among the five compounds tested, 
HCQ showed the best inhibition of IL-1β secretion at 
1 µM, and the remaining four compounds were 5µM. 

We further compared the effects of five compounds on 
IL-1β secretion. ML335 inhibited IL-1β secretion more 
effectively than Fluoxetine. Compared to the other three 
compounds, the mean value of IL-1β levels was the low-
est after ML335 treatment, but there was no statisti-
cal difference among them (Fig.  1A). Based on these 
data, we focused on the role of ML335 and its potential 
anti-inflammatory molecular mechanisms in this study. 
KCNK6 overexpression impeded the effect of ML335 
on FAs + MSUc-induced IL-1β secretion (Fig.  1B). Since 
IL-1β secretion is mainly influenced by post-translation, 
we further investigated the effects of ML335 on NLRP3 
protein levels and NLRP3 inflammasome activation. 
ML335 decreased NLRP3 protein levels induced by 

Table 3 The calculated binding energies and Ki values of 
compounds with KCNK6
Compound Calculated binding ener-

gies (kcal/mol)
Calculated 
Ki(µM)

hydroxychloroquine -9.15 0.197
DCPIB -9.52 0.105
fluoxetine -8.86 0.317
ML335 -10.72 0.013
ML365 -9.02 0.243

Fig. 1 ML335 inhibited NLRP3 inflammasome activation and increased intracellular potassium concentration in BMDMs treated with FAs + MSUc. (A) 
ELISA assay to detect the effect of Fluoxetine, DCPIB, HCQ, ML365 and ML335 treatments on IL-1β levels in culture supernatants. (B) The inhibitory effect 
of ML335 on IL-1β secretion was blocked by KCNK6 overexpression as detected by ELISA. (C) Western blotting was used to detect NLRP3, pro-IL-1β, pro-
Casp-1, protein levels in the lysates of BMDMs and IL-1β p17, Casp-1p20 protein levels in culture supernatants. The relative levels of NLRP3/GAPDH, pro-
IL-1β/Vinculin, pro-Casp-1/Vinculin, IL-1β p17/ Vinculin, Casp-1p20/ Vinculin were depicted on the right. (D) Immunofluorescence detection was used to 
examination ASC speck formation. Hoechst33342 stains nucleus. Scale bar: 40 μm. Null means no fluorescence signal. (E) Enhanced Potassium Green-2 
(EPG-2) staining and flow cytometry analysis of the effect of ML335 on intracellular potassium ion concentration. The relative fluorescence intensity of 
EPG-2 was displayed on the right. (F) EPG-2 staining and flow cytometry analysis of KCNK6 overexpression reversed ML335 inhibition of intracellular 
potassium efflux. The relative fluorescence intensity of EPG-2 was displayed on the right
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FAs + MSUc, but had no effect on pro-IL-1β and pro-
Casp-1 expression (Fig.  1C). Importantly, ML335 sup-
pressed the activation of the NLRP3 inflammasome 
induced by FAs + MSU crystals in BMDMs, as proven by 
decreased levels of active Caspase-1 (Casp-1 p20) and 
mature IL-1β (IL-1β p17) in cell supernatants (Fig.  1C). 
In the same supernatants, ML335 attenuated the TNF-α 
and IL-6 levels, which are closely associated with inflam-
mation induced by MSU crystals (Fig. S2B). Immunofluo-
rescence staining data showed that ML335 significantly 
decreased the number of FAs + MSUc-induced ASC 
specks, further reflecting that ML335 inhibited NLRP3 
inflammasome activation (Fig. 1D). We further examined 
the effect of ML335 on the intracellular K+ concentra-
tion. FAs + MSUc stimulation caused a decrease in K+ 
concentration, which was reversed by ML335 (Fig.  1E). 
KCNK6 overexpression blocked the effect of ML335 on 
intracellular K+ concentration (Fig. 1F). These data sug-
gest that ML335 may up-regulate intracellular K + con-
centration by inhibiting KCNK6 activity, which in turn 
inhibits NLRP3 inflammasome activation in FAs + MSUc 
induced inflammation.

ML335 mitigates oxidative stress and mitochondrial injury 
induced by FAs + MSUc
Mitochondrial dysfunction is central to the activation of 
the NLRP3 inflammasome. To examine whether the sup-
pression of NLRP3 inflammasome activation by ML335 
was attributable to rescue of mitochondrial damage 
induced by FAs + MSU crystal, we investigated the impact 
of ML335 on mitochondrial status. In contrast to the 
control group, FAs + MSUc boosted the production of 
intracellular total ROS (Fig. 2A) and mitochondrial ROS 
(Fig.  2B). ML335 pretreatment significantly reduced the 
FAs + MSUc-induced increase in intracellular total ROS 
(Fig. 2A) and mitochondrial ROS levels (Fig. 2B). It is well 
known that the loss of Δψm is related to mitochondrial 
ROS accumulation. Laser confocal microscope imag-
ing and flow cytometry analysis of Δψm data showed 
that ML335 pretreatment promoted the ratio of red/
green fluorescence, indicating an improved depolariza-
tion state of mitochondria (Fig. 2C and D). The exposure 
of newly synthesized mtDNA to ROS leads to oxidized 
mtDNA (ox-mtDNA) production, which is released 
into the cytoplasm, where it combines with NLRP3 
and triggers NLRP3 inflammasome assembly. CMPK2 
is a mitochondrial nucleotide kinase, the rate-limiting 
enzyme required to initiate mtDNA synthesis. We won-
der whether ML335 affects CMPK2 protein levels, total 
mtDNA and ox-mtDNA levels. ML335 treatment inhib-
ited CMPK2 protein expression (Fig.  2E), total mtDNA 
(Fig. S3A-S3B) and oxidized mtDNA levels (Fig.  2F) in 
response to FAs + MSUc, suggesting that ML335 treat-
ment interfered with not only the synthesis of mtDNA 

but also mtDNA oxidation. Subsequently, the mitochon-
drial respiratory activity was identified by assaying the 
OCR of the BMDMs with a Seahorse XF24 Extracellular 
Flux Analyzer. Respiratory parameter determinations 
indicated that basal respiration, ATP production rate, 
maximum respiration rate, spare capacity and proton 
leak were higher in the FAs + MSUc + ML335 group than 
in the FAs + MSUc group (Fig. 2G). ML335 had no signifi-
cant effect on non-mitochondrial respiration in BMDMs 
treated with FAs + MSUc. These data implied that ML335 
ameliorated mitochondrial dysfunction induced by 
FAs + MSUc.

ML335 improves mitochondrial dynamics homeostasis and 
mitochondrial ultrastructure
Sirt3 is engaged in the modulation of mitochondrial 
kinetic remodeling. The dynamic balance between 
mitochondrial fission and fusion dictates mitochon-
drial morphology. We surveyed the effect of ML335 on 
mitochondrial morphology by live-cell imaging with 
MitoTracker dye. In the untreated cells, a number of 
mitochondria were filamentous and developed a network 
of interconnected tubes (Fig. 3A). During the treatment 
of FAs + MSUc, mitochondria was fragmented into short 
rods or spheres, and the mitochondrial network was 
also ruptured (Fig.  3A). ML335 treatment improves the 
structural integrity of mitochondria (Fig. 3A). For quan-
tification, we established the aspect ratio (AR, the ratio 
of the major axis to the minor axis) of mitochondria in 
each group. We observed that FAs + MSUc stimulation 
induced a significant decrease in the mitochondrial AR 
value, which was significantly prevented by treatment 
with ML335, suggesting that mitochondrial fragmenta-
tion was decreased (Fig. 3A). Western blotting was per-
formed to confirm the improved mitochondrial fission/
fusion balance, which revealed that ML335 facilitated 
mitochondrial fusion (low levels of the fission proteins 
phosphorylated Drp1 (p-Drp1ser616), MFF, and Fis1 
but high levels of the fusion proteins MFN1/2) (Fig. 3B). 
However, ML335 did not significantly ameliorate the 
FAs + MSUc-induced reduction of the mitochondrial 
fusion protein OPA1 (Fig. 3B). Specifically, immunofluo-
rescence assay data indicated that FAs + MSUc exposure 
accelerated Drp1 translocation to mitochondria, and 
ML335 decreased the impact of FAs + MSUc on Drp1 
mitochondrial translocation (Fig.  3C). In addition, the 
impacts of ML335 on the mitochondrial morphology of 
BMDMs treated with FAs + ML335 were further investi-
gated by transmission electron microscopy (TEM). TEM 
images indicated that mitochondrial cristae were broken 
and mitochondrial cristae volume density was decreased 
in BMDMs stimulated by FAs + MSUc (Fig.  3D). Inter-
estingly, ML335 protected against mitochondrial crista 
integrity damage by FAs + MSUc (Fig.  3D), the folds in 



Page 8 of 20Song et al. Journal of Translational Medicine          (2024) 22:785 

Fig. 2 ML335 treatment improved mitochondrial function and reduced mitochondrial DNA levels. (A) DCFH-DA probe staining and flow cytometry were 
used to detect intracellular total ROS. (B) MitoSOX probe staining and flow cytometry were used to detect mitochondrial ROS. (C, D) Mitochondrial mem-
brane potential was respectively measured by flow cytometry and laser confocal microscope imaging after staining with the JC-1 probe. Hoechst33342 
stains nuclei. Scale bar, 40 μm. (E) Western blotting was used to detect CMPK protein level in the lysates of BMDMs. (F) ELISA was used to detect oxidized 
mitochondrial DNA levels in the lysates of BMDMs. (G) Mitochondria respiration (oxygen consumption rate, OCR) was measured using Seahorse XFe24 
Analyzer. Statistical analysis of basal respiration, ATP production, maximal respiration rate, spare capacity, proton leak, non mitochondrial respiration (n = 5 
biological replicates)
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Fig. 3 ML335 accelerates mitochondrial dynamics homeostasis and mitochondrial ultrastructure. (A) Representative LCM imaging of Mito-Tracker green 
probe staining in live BMDMs, Hoechst33342 stains nuclei. Scale bar, 40 μm. (B) Western blotting was used to detect mitochondrial fission/fusion-related 
protein expression. The relative levels of p-DRP1/DRP1 (Vinculin as loading control), FIS1/Tubulin, MFF/Tubulin, MFN2/Vinculin, MFN1/GAPDH, OPA1/
GAPDH were displayed on the right. (C) Representative LCM imaging of BMDMs co-stained with Mito-Tracker Red probe and p-DRP1 immunofluores-
cence, Hoechst33342 stains nuclei. Scale bar, 40 μm. (D) Representative TEM images of mitochondrial (white box) ultrastructure in BMDMs. Scale bar: 
1 μm. Image is representative of 10 images/sample; n = 3 samples/condition
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the mitochondrial inner membrane that provide the high 
surface area for oxidative phosphorylation (OXPHOS) to 
generate ATP. These data suggest that ML335 improves 
mitochondrial fission/fusion balance for optimal struc-
ture/shape and function.

ML335 upregulates Sirt3 expression by suppressing 
March5 expression
Protein acetylation in mitochondria usually disrupts 
mitochondrial integrity and function [25]. We wanted 

to determine the effect of ML335 on the mitochondrial 
protein acetylation in BMDMs treated with FAs + MSUc. 
ML335 decreased the acetylation of FAs + MSUc-induced 
mitochondrial proteins (Fig.  4A). Sirt3 is a protein 
deacetylase located predominantly in mitochondria [26]. 
We examined the impact of ML335 on the expression of 
Sirt3. ML335 had almost no effect on Sirt3 at the mRNA 
level (Fig. 4B) but accelerated Sirt3 expression at the pro-
tein level (Fig. 4C). SOD2 is a very important target pro-
tein for the deacetylation of Sirt3 [27]. The present study 

Fig. 4 ML335 promotes Sirt3 protein levels by inhibiting March5. (A) Western blotting was used to detect the effect of ML335 on acetylation levels of 
mitochondrial proteins with acetylated lysine antibodies. (B) RT-qPCR was used to detect the effect of ML335 on Sirt3 mRNA. (C) Western blotting was 
used to detect the effect of ML335 on Sirt3 protein level. (D) Western blotting was used to detect the effect of ML335 on acetylation of SOD2 protein in 
the lysates of BMDMs. (E) BMDMs were treated with FAs + MSUc for 8 h, then 10 µM MG132 was added for 4 h. Western blotting was used to detect Sirt3 
protein level. (F) Western blotting was used to detect the effect of ML335 on March5 protein expression. (G) The effect of March5 knockdown (KD) on Sirt3 
protein levels was detected by Western blotting
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indicated that FAs + MSUc promoted the acetylation of 
SOD2 protein but inhibited SOD enzymatic activity in 
mitochondria, which was reversed by ML335 (Fig.  4D 
and Fig. S4A), suggesting that ML335 may moder-
ate mitochondrial oxidative stress by promoting SOD 
activity.

The proteasomal inhibitor MG132 strongly blocked 
Sirt3 degradation induced by FAs + MSUc (Fig. 4E), sug-
gesting that ML335 might affect ubiquitination of Sirt3 
protein. MARCH5 (also known as MITOL) is an E3 
ubiquitin ligase that promotes protein degradation in the 
mitochondria [28]. Our data showed that FAs + MSUc 
significantly stimulated the March5 protein level, but 
ML335 attenuated the March5 protein expression 
induced by FAs + MSUc (Fig.  4G). March5 knockdown 
inhibited the effect of FAs + MSUc on Sirt3 protein lev-
els (Fig. 4H), while March5 overexpression reversed the 
upregulation of Sirt3 protein levels by ML335 (Fig. 5A). 
In accordance with this result, ML335 inhibited the 
ubiquitination of Sirt3 protein induced by FAs + MSUc 
(Fig. 5B and C). Overexpression of Sirt3 in BMDMs, IP 
data indicated that Sirt3 could interact with endogenous 
March5 protein (Fig.  5D). March5 overexpression in 
BMDMs, IP data showed that March5 could also inter-
act with endogenous Sirt3 (Fig. 5E). These data suggested 
that there might be an interaction between endog-
enous March5 and Sirt3. Simultaneous overexpression 
of March5 and Sirt3 in BMDMs further demonstrated 
the existence of interaction between them (Fig.  5F). 
FAs + MSUc stimulation in BMDMs increased the inter-
action of Sirt3 with March5, while ML335 treatment 
blocked the March5 interaction with Sirt3 induced by 
FAs + MSUc (Fig. 5G). We further validated that ML335 
suppressed FAs + MSUc-induced SIRT3 ubiquitination 
via inhibited March5 expression (Fig. S4B - S4D).

ML335 relieves mitochondrial dysfunction and inhibits 
mitochondrial fission by suppressing the expression of 
March5
Because ML335 affects Sirt3 protein levels via March5, 
we wanted to explore whether ML335 affects the acety-
lation of SOD2 protein through March5. March5 over-
expression prevented the inhibition of SOD2 acetylation 
(Fig. 6A) and the promotion of mitochondrial SOD activ-
ity by ML335 (Fig. S4E). The next question we would 
like to resolve was whether ML335 was engaged in the 
regulation of mitochondrial dysfunction via March5. The 
study revealed that March5 overexpression prevented the 
protective effect of ML335 on mitochondrial dysfunc-
tion induced by MSU crystals, including mitochondrial 
ROS (Fig.  6B) and mitochondrial membrane potential 
(Fig. 6C).

Sirt3 is essential for maintaining LKB1 activity [29]. We 
examined the phosphorylation of LKB1 (p-LKB1, Ser428) 

in BMDMs treated with or without ML335 and found 
that ML335 promoted the phosphorylation of LKB1 
(Fig.  6D). March5 overexpression decreased ML335-
induced phosphorylation of LKB1 (Fig.  6E). LKB1 was 
identified as the key upstream kinase required for AMPK 
activation and mediates AMPK phosphorylation [30]. 
The data showed that ML335 dramatically increased 
the phosphorylation of AMPK (p-AMPK, Thr172) in 
BMDMs treated with FAs + MSUc (Fig. 6F). In addition, 
LKB1 knockdown hampered ML335-induced phosphor-
ylation of AMPK (p-AMPK) in response to FAs + MSUc 
(Fig.  6G). It has been reported that AMPK affects the 
translocation of Drp1 by influencing the activity of 
downstream mitochondrial fission factor (MFF) [31]. 
This study showed that ML335 inhibited MFF expression 
(Fig.  6H) and Drp1 phosphorylation (Fig.  6I) and that 
inhibition of AMPK activity by compound C reversed the 
impact of ML335 on MFF protein expression (Fig.  6H) 
and p-Drp1 level (Fig. 6I). In addition, we also detected 
the effect of March5 knockdown on mitochondrial fusion 
proteins. Our study indicated that March5 knockdown 
promoted the expression of MFN1 and MFN2 but had 
little effect on the protein level of OPA1 (Fig. S5). These 
data imply that March5 has an essential function in regu-
lating mitochondrial function and mitochondrial dynam-
ics by ML335.

ML335 inhibits the proinflammatory phenotype shift of 
macrophages
To further assess how ML335 modulates the pheno-
typic switch of macrophages, we set up an IFN-γ + LPS/
IL4-dependent BMDM activation model treated with 
or without ML335. The presence of ML335 was found 
to reduce the M1 population (CD86+) induced by 
IFN-γ + LPS (Fig.  7A). We also observed an augmented 
IL-4-induced M2 population (CD206+) in the presence of 
ML335 (Fig.  7B). Macrophages in acute gout are polar-
ized toward the M1 phenotype at an early stage [32]. In 
BMDMs treated with FAs + MSUc, ML335 treatment 
attenuated the M1 population (Fig.  7C). In the pres-
ent study, Western blotting data showed increased pro-
tein levels of M1 macrophage biomarkers such as CD86 
and iNOS in response to FAs + MSUc (Fig.  7D). Protein 
expression of CD206, Arg1 and Arg2, biomarkers of the 
associated M2 phenotype, was greatly reduced because 
of FAs + MSUc stimulation (Fig.  7D). ML335 treatment 
downregulated M1 macrophage biomarker levels, but 
increased M2 macrophage biomarker levels (Fig.  7D). 
These data indicate that ML335 promotes the conversion 
of macrophages from an M1 pro-inflammatory pheno-
type to an M2 anti-inflammatory phenotype.
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ML335 ameliorates FAs + MSU crystal-induced macrophage 
metabolic defects
There is an intrinsic link between macrophage polariza-
tion and metabolic reprogramming. MSUc has been 
shown to affect lipid, carbohydrate, and amino acid 
metabolic pathways [33]. The protein levels of lipid 

metabolism-related genes, including fatty acid uptake 
(CD36) (Fig.  8A), fatty acid synthesis (FASN, p-ACC1) 
(Fig.  8B) and fatty acid oxidation (CPT1A, CPT-2, 
ACADL, HADH) (Fig.  8C), were significantly higher in 
BMDMs treated with FAs + MSUc than in the Ctrl group, 

Fig. 5 ML335 inhibits Sirt3 ubiquitination and affects March5 interaction with Sirt3 protein. (A) Western blotting was used to detect the reverse effect of 
March5 overexpression on Sirt3 protein expression promoted by ML335. (B, C) BMDMs were transiently co-transfected with Sirt3-MYC and Ub-HA, and 
then treated with or without ML335 and FAs + MSUc. (B) IP was performed with anti-MYC antibody and the ubiquitination of Sirt3 was examined using 
the anti-ubiquitin anti-Ub after Western blotting. The relative level of ubiquitination of Sirt3 (Ub) /Sirt3 (MYC) was displayed on the right. (C) Ubiquitina-
tion of intracellular total protein was detected through Western blotting using anti-Ub. The relative level of ubiquitination of intracellular total proteins 
(Ub) /Sirt3 (MYC) was displayed on the right. (D) BMDMs were transiently transfected with Sirt3-MYC, IP was performed with MYC antibody, and the Sirt3 
interaction with endogenous March5 detected through Western blotting using anti-March5. (E) BMDMs were transiently transfected with March5-HA, IP 
was performed with HA antibody, and the March5 interaction with endogenous Sirt3 was detected through Western blotting using anti-Sirt3. (F) BMDMs 
were transiently co-transfected with Sirt3-MYC and March5-HA, IP was performed with MYC or HA antibody, and the interaction between March5 and 
Sirt3 was detected through Western blotting using anti-MYC or anti-HA. (G) BMDMs were transiently co-transfected with Sirt3-MYC and March5-HA, 
treated with or without ML335 and FAs + MSUc, IP was performed with HA antibody, and the effect of ML335 on the interaction of March5 and Sirt3 
induced by FAs + MSUc was detected through Western blotting using anti-MYC. The relative level of Sirt3 (MYC)/March5 (HA) was displayed on the right
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suggesting that the fatty acid oxidation (FAO) meta-
bolic pathway was enhanced in FAs + MSUc-induced 
inflammation. ML335 markedly reduced the expression 
of these lipid metabolism-associated proteins induced 
by FAs + MSUc (Fig.  8A and C). We further investi-
gated the impact of ML335 on metabolites in BMDMs 
treated with FAs + MSUc. In total, 245 metabolites were 
detected with the T500 untargeted metabolomics assay. 

There were 77 metabolites that were statistically different 
between FAs + MSUc vs. FAs + MSUc + ML335. Of these, 
12 metabolites were downregulated, and 65 metabolites 
were upregulated. The KEGG enrichment indicated that 
ML335 has a strong influence on metabolic pathways 
(Fig. S6). As shown by the heatmap of metabolomics, 
ML335 mainly had an effect on the following four classes 
of metabolites: carnitine (CAR), amino acids, nucleotides 

Fig. 6 ML335 attenuates mitochondrial dysfunction and suppresses mitochondrial fission via down-regulating March5. (A) Western blotting was used 
to detect the reverse effect of March5 overexpression on Ac-SOD2 protein expression inhibited by ML335. (B) MitoSOX probe staining and flow cytom-
etry assay were used to detect mitochondrial ROS. The relative level of MitoSOX was displayed on the right. (C) Mitochondrial membrane potential was 
measured by flow cytometry after staining with the JC-1 probe. Statistical analyses of the proportion of cells with low mitochondrial membrane potential 
are shown on the right. (D) Western blotting was used to detect the effect of ML335 on p-LKB1 and LKB1 protein levels. The relative level of p-LKB1/LKB1 
(Vinculin as loading control) was displayed on the right. (E) March5 overexpression prevented the up-regulation of p-LKB1 by ML335 as detected by West-
ern blotting. The relative level of p-LKB1/LKB1 (Vinculin as loading control) was displayed on the right. (F) The effect of ML335 on p-AMPK detected by 
Western blotting. The relative level of p-AMPK/AMPK (Vinculin as loading control) was displayed on the right. (G) LKB1 knockdown prevented the upregu-
lation of p-AMPK protein by ML336 as detected by Western blotting. The relative level of p-AMPK/AMPK (Vinculin as loading control) was displayed on 
the right. (H, I) Compound C reversed the down-regulation of MFF and p-DRP1 by ML335 as detected by Western blotting. The relative level of p-AMPK/
AMPK (Vinculin as loading control) was displayed on the right
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and their metabolomics, organic acids and their deriva-
tives (Fig. S7). Acylcarnitine levels are closely related to 
FAO. ML335 not only increased short-chain acylcarnitine 
levels (DL-carnitine, acetyl-carnitine, isovaleryl-carni-
tine and 2-methylbutyroylcarnitine) but also long-chain 
acylcarnitines (L-palmitoylcarnitine) in BMDMs treated 
with FAs + MSUc (Fig.  8D). However, ML335 decreased 
the ratio of L-palmitoylcarnitine to DL-carnitine induced 
by FAs + MSUc (Fig.  8E), suggesting that ML335 inhib-
ited the activity of FAO. Lysine and methionine are the 

precursors for carnitine biosynthesis, and our data indi-
cated that ML335 upregulated the levels of lysine and 
L-methionine (Fig.  8D). We further analyzed the effect 
of ML335 on urea cycle-related metabolites. ML335 
increased the levels of ornithine, L-aspartate, arginino-
succinic acid, fumaric acid and arginine but had little 
effect on the levels of L-citrulline and increased the ratio 
of ornithine to arginine (Fig.  8D and F). Based on the 
association of serine and glycine with macrophage polar-
ity, we analyzed the effect of ML335 on serine and glycine 

Fig. 7 ML335 inhibits the pro-inflammatory phenotype shift of macrophages (A) Flow cytometry analysis of the effect of ML335 on M1 populations 
(CD86+) in BMDMs treated with IFNγ + LPS. (B) Flow cytometry detection of the effect of ML335 on M2 population (CD206+) in BMDMs treated with IL-4. 
(C) Effect of ML335 on FAs + MSUc-induced M1 population was detected by flow cytometry (CD86+). (D) Western blotting was used to detect CD86, iNOS, 
Arg1, CD206 and Arg2 protein expression. Histograms represent statistical analyses of data from three independent experiments on the right
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Fig. 8 ML335 ameliorates macrophage metabolic defects induced by FAs + MSUc. (A) Representative images of Western blotting and quantitative analy-
sis of CD36. (B) Representative images of Western blotting for FASN, p-ACC1 and ACC1. The relative levels of FASN/ Tubulin, p-ACC1/ACC1 (Tubulin as 
loading control) were displayed on the right. (C) Representative images of Western blotting and quantitative analysis of HADH, CPT2, ACADL and CPT1A. 
(D) Statistical analysis of the metabolites DL-carnitine, Acetyl-carnitine, Isobutyryl-L-carnitine, 2-Methybytyroylcarnitine, L-palmitoylcarnitine, Lysine, L-
Methionine, Ornithine, L-citrulline, L-Aspartate, Argininosuccinic acid, Fumaric acid, Arginine, Serine and Glycine. (E) Statistical analysis of the ratio of 
L-palmitoylcarnitine to DL-carnitine. (F) Statistical analysis of the ratio of Ornithine to Arginine
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levels. ML335 promoted the levels of serine and glycine 
in BMDMs treated with FAs + MSUc (Fig. 8D). All these 
data suggest that ML335 restores the metabolic defects 
induced by FAs + MSUc.

ML335 alleviated MSU crystal-induced paw swelling and 
peritonitis model in mice
To investigate the anti-inflammatory function of ML335 
in vivo, the MSU crystal-induced mouse paw swelling 
and peritonitis model were treated with ML335. In MSU 
crystal-injected mice treated with ML335, a remarkable 
reduction in the swelling index of the paw was observed 
(Fig.  9A). In addition, inflammatory cells in paw sec-
tions were detected by HE staining, and the infiltration 
of inflammatory cells was significantly decreased in MSU 
crystal-injected mice after ML335 treatment (Fig.  9B). 
Immunofluorescence staining showed that ML335 treat-
ment inhibited the distribution of CD11b and MPO posi-
tive cells in tissue sections of paws injected with MSU 
crystals (Fig. S8A). Meanwhile, ML335 treatment inhib-
ited the protein levels of KCNK6, MPO and p-DRP1, 
while promoted the protein expression of p-AMPK in 
the tissues of MSU crystal-injected paws (Fig.  9C). We 
further assessed the effects of ML335 on the migration 
of inflammatory cells and cytokine secretion in a model 
of peritonitis induced by MSU crystals. ML335 blunted 
peritonitis induced by MSU crystals, as demonstrated by 
a reduction in leukocyte (CD45+), neutrophil (Ly6G+), 
and macrophage (F4/80) counts (Fig.  9D), as well as 
decreased secretion of cytokines IL-1β, CCL2 and IL-6 in 
the peritoneal lavage fluid (Fig. S8B).

Discussion
It is widely recognized that potassium efflux is sufficient 
and necessary for activation of the NLRP3 inflamma-
some in most cases [8, 13, 34, 35]. TWIK2 channels may 
be promising drug targets for the treatment of NLRP3 
inflammation-related diseases. We assayed the impact of 
five known K2P channel modulators on the secretion of 
IL-1β in MSU crystal-stimulated macrophages. All five 
compounds inhibited the secretion of IL-1β induced by 
FAs + MSUc, but the lowest level of IL-1β secretion was 
observed in macrophages after ML335 treatment. Dis-
ruption of ion homeostasis affects the level of mitochon-
drial ROS and is the upstream signal for activation of the 
NLRP3 inflammasome [36]. Increasing evidence sug-
gests that oxidative stress and mitochondrial dysfunction 
contribute to the MSU crystal-induced inflammatory 
response [37–40]. Mitochondria have essential functions 
in regulating a variety of metabolic processes, ATP pro-
duction, and maintenance of cellular redox homeostasis. 
In our study, we found that ML335 effectively increased 
intracellular K+ concentraion, improved mitochondrial 
function and inhibited NLRP3 inflammasome activation. 

KCNK6 overexpression dramatically impaired the inhibi-
tory effect of ML335 on intracellular potassium efflux 
and IL-1β secretion induced by FAs + MSUc, implying 
that ML335 might block FAs + MSUc-induced NLRP3 
inflammasome activation mainly by inhibiting KCNK6 
activity.

Dysregulation of mitochondrial dynamics can directly 
affect mitochondrial function and result in pathologi-
cal conditions [41]. The mitochondrial inner and outer 
membrane fusion family acts in mitochondrial fusion, 
with MFN1 and MFN2 localised in the mitochondrial 
outer membrane and mediating outer membrane fusion. 
OPA1 localised in the mitochondrial inner membrane, 
mediating inner membrane fusion [42]. Phosphorylation 
of Drp1(Drp1s616) drives mitochondrial fission [43], and 
Drp1 is recruited from the cytoplasm to the outer mito-
chondrial membrane by interacting with other mitochon-
drial fission proteins, including mitochondrial fission 
factor (MFF) and fission protein 1 (Fis1) [44, 45]. MFF 
recruits Drp1 to translocate to mitochondria and affects 
mitochondrial fission [46]. Phosphorylation of serine at 
site 616 of DRP1 promotes DRP1 activity, which stimu-
lates DRP1 translocation to mitochondria and accelerates 
fission [47]. Our current study found that ML335 treat-
ment upregulated the expression of mitochondrial fusion 
proteins MFN1 and MFN2, inhibited the level of phos-
phorylated Drp1 (s616) and, in particular, blocked the 
mitochondrial translocation of DRP1. These data suggest 
a protective effect of ML335 on mitochondrial dynamics.

The function of MITOL (March5) in shaping mito-
chondrial dynamics is still controversial. MITOL has 
been reported to interact with Drp1, resulting in its 
proteasome-dependent degradation and ubiquitina-
tion, thereby suppressing mitochondrial hyperfission 
[28, 48]. Nevertheless, it has been noted that MITOL 
has the opposite effect on mitochondrial fission [49]. 
Karbowski’s group reported that MITOL ubiquitinates 
the Drp1 receptor Mid49, degrading it and thereby con-
trolling mitochondrial fission [50]. These observations 
indicate that there may be some specificity in MITOL’s 
regulation of its substrates, particularly Drp1. MITOL 
can also ubiquitinate MFN1 or MFN2, resulting in pro-
tein degradation [51, 52]. SIRT3 is an important meta-
bolic sensor related to mitochondrial homeostasis and 
is also involved in regulating mitochondrial dynamics 
remodeling [53, 54]. Despite the localization of March5 
to the outer mitochondrial membrane and SIRT3 to the 
mitochondrial matrix, our study indicated that March5 
is able to interact with SIRT3 and can regulate the 
ubiquitination of SIRT3 protein. SIRT3 is encoded by a 
nuclear gene, and we hypothesized that SIRT3 might 
interact with MARCH5 during its translocation from 
the outer mitochondrial membrane to the mitochondrial 
matrix. This study revealed that ML335 can effectively 
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inhibit the ubiquitination of MSU crystal-induced SIRT3 
protien. ML335 inhibits the degradation of Sirt3 by 
suppressing the expression of March5 and further atten-
uates the phosphorylation level of Drp1 (s616) through 
SIRT3/LKB1/AMPK signaling. In addition, March5 

overexpression reversed the impact of ML335 on mito-
chondrial ROS and mitochondrial membrane potential. 
In the present study, we reveal a novel mechanism by 
which ML335 can ameliorate FA + MSU crystal-induced 

Fig. 9 ML335 inhibited the inflammatory response in MSU crystal-induced paw swelling and peritonitis of mouse models. (A) The paw thickness of mice 
and statistical analysis of paw swelling index. (B) Representative microscopic images of mouse paw sections stained with hematoxylin-eosin (HE) (magni-
fication 10 × 10 and 20 × 10). (C) Representative image of Western blotting and quantitative analyses of p-DRP1, KCNK6, MPO, p-AMPK. The relative levels 
of KCNK6/Vinculin, MPO/Vinculin, p-DRP1/DRP1 (Vinculin as loading control), p-AMPK/AMPK (Vinculin as loading control) were depicted on the right. (D) 
Representative plots of migrated leukocytes (CD45+), macrophages (CD11b+ F4/80+) and neutrophils (CD11b+ Ly6G+) in peritoneal fluid were detected 
by flow cytometry analysis. The number of migrated leukocytes, macrophages and neutrophils were quantified and compared among the groups on the 
right. n = 6 mice for each group
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mitochondrial fragmentation and functional damage by 
inhibiting March5 expression.

Alterations in macrophage polarization were observed 
in all phases of gout inflammation. The infiltration of M1 
macrophages was positively related to arthritis severity 
[32]. NLRP3 inflammasome activation plays an essen-
tial role in various inflammatory diseases by regulat-
ing macrophage M1 polarization [55]. Drp1-mediated 
mitochondrial fragmentation is associated with NLRP3 
inflammasome activation [55, 56]. Inhibition of DRP1-
dependent mitochondrial fission regulates M1 polariza-
tion [55]. This study confirmed that ML335 decreased 
both Drp1 activity and NLRP3 inflammasome activa-
tion. More importantly, ML335 suppressed M1-related 
biomarker expression and M1 population. These data 
strongly indicate that ML335 is involved in the modula-
tion of macrophage activation.

Metabolic reprogramming often occurs during mac-
rophage activation and affects macrophage polarization. 
Sirt3 regulates metabolic processes, including FAO, oxi-
dative phosphorylation, the urea cycle and the antioxi-
dant response in mitochondria [57]. It has been shown 

that fatty acid oxidation promotes macrophage activation 
in gout inflammation [11]. Recently, it has been reported 
that genes upregulated upon MSUc stimulation of mac-
rophages mainly include lipid and amino acid metabo-
lism, glycolysis, and SLC transporters [33]. In this study, 
ML335 treatment led to the upregulation of 15 amino 
acids. Of these 15 amino acids, our previous metabolo-
mics data revealed that FA + MSUc stimulation barely 
affected the levels of lysine, threonine, glycine, and gluta-
mate but decreased the levels of the remaining 11 amino 
acids. A recent study reported that alanine and aspartate 
showed significant differences between frequent versus 
infrequent gout flares [58]. Enhanced amino acid uptake 
occurs in macrophages with anti-inflammatory prop-
erties. In line with previous reports, ML335 inhibited 
macrophage activation and simultaneously promoted 
intracellular amino acid levels.

In conclusion, our study demonstrates that ML335 
relieves FA + MSUc-induced inflammation in vivo and 
in vitro. ML335 can accelerate the expression of SIRT3 
by inhibiting March5 expression, which is accompanied 
by maintaining mitochondrial dynamic homeostasis, 

Fig. 10 ML335 inhibits TWIK2 channel-mediated potassium efflux and attenuates mitochondrial damage in MSU crystal-induced inflammation. ML335 
upregulates intracellular potassium concentration by inhibiting the activity of the MSU crystal-triggered potassium efflux channel TWIK2. ML335 also 
blocks the interaction between March5 and Sirt3, thereby decreasing the ubiquitination of Sirt3 protein, while maintaining mitochondrial dynamic ho-
meostasis and alleviating mitochondrial dysfunction and metabolic defects
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reducing oxidative stress and increasing energy produc-
tion (Fig. 10). This study highlights the potential value of 
ML335 in the treatment of gout.
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