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RESEARCH ARTICLE
www.small-journal.com

Monosodium Urate Crystal-Induced Pyroptotic Cell Death in
Neutrophil and Macrophage Facilitates the Pathological
Progress of Gout

Chen Chen, Jingyun Wang, Yiyang Guo, Min Li, Kaijun Yang, Yang Liu, Dan Ge, Yong Liu,
Changying Xue, Tian Xia,* and Bingbing Sun*

Monosodium urate (MSU) crystal deposition in joints can lead to the
infiltration of neutrophils and macrophages, and their activation plays a
critical role in the pathological progress of gout. However, the role of MSU
crystal physicochemical properties in inducing cell death in neutrophil and
macrophage is still unclear. In this study, MSU crystals of different sizes are
synthesized to explore the role of pyroptosis in gout. It is demonstrated that
MSU crystals induce size-dependent pyroptotic cell death in bone
marrow-derived neutrophils (BMNs) and bone marrow-derived macrophages
(BMDMs) by triggering NLRP3 inflammasome-dependent caspase-1
activation and subsequent formation of N-GSDMD. Furthermore, it is
demonstrated that the size of MSU crystal also determines the formation of
neutrophil extracellular traps (NETs) and aggregated neutrophil extracellular
traps (aggNETs), which are promoted by the addition of interleukin-1𝜷 (IL-1𝜷).
Based on these mechanistic understandings, it is shown that N-GSDMD
oligomerization inhibitor, dimethyl fumarate (DMF), inhibits MSU
crystal-induced pyroptosis in BMNs and J774A.1 cells, and it further alleviates
the acute inflammatory response in MSU crystals-induced gout mice model.
This study elucidates that MSU crystal-induced pyroptosis in neutrophil and
macrophage is critical for the pathological progress of gout, and provides a
new therapeutic approach for the treatment of gout.
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1. Introduction

Gout is an inflammatory disease induced
by the precipitation and accumulation of
monosodium urate (MSU) crystals, which
exhibits an acute and self-limiting inflam-
matory response.[1–2] The supersaturation
level of serum urate during compromised
metabolic activity enables the crystalliza-
tion of uric acid to form MSU crystals in
the joint and surrounding tissues, which
could promote the infiltration and activa-
tion of immune cells, e.g., neutrophils,
macrophages, etc., and further determine
the pathological progress of gout.[3–6]

Pyroptosis is an inflammatory and lytic
form of programmed cell death that is
triggered by the inflammasomes activa-
tion and executed by pore-forming effector
proteins.[7] It has been shown that pyrop-
tosis plays a critical role in host immune
defense against various invading pathogen
infection.[8] However, excessive pyroptosis
could induce continuous inflammatory re-
sponses, which are closely associated with
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the occurrence of acute and chronic inflammatory diseases, e.g.,
Alzheimer’s disease, type 2 diabetes, gout, etc.[9–11] During a gout
attack, the neutrophil and macrophage in the joints are activated
by the deposition of MSU crystals to trigger an acute inflamma-
tory response, which is crucial for the occurrence and resolution
of gout.[6,12,13] It was demonstrated that the interaction between
MSU crystals and neutrophils could induce the production of IL-
1𝛽 by triggering the NLRP3 inflammasome activation, suggest-
ing that the pathological progress of gout may be influenced by
neutrophil-derived IL-1𝛽.[14–16] Goldberg et al. demonstrated that
the NLRP3 inflammasome activation in neutrophils has been in-
dicated as a major source of IL-1𝛽, which promoted the acute in-
flammatory response in a gout model in rats.[17] However, the
important role of pyroptotic cell death of neutrophils induced
by MSU crystals in gout has not been elucidated. Additionally, it
has been demonstrated that MSU crystals could lead to the pro-
duction of IL-1𝛽 by triggering the NLRP3 inflammasome acti-
vation in macrophage.[13,18] Hao et al. showed that MSU crystal-
induced pyroptosis by activating bromodomain-containing pro-
tein 4 (BRD4)-related signaling pathway in macrophage, and
BRD4-specific inhibitor could inhibit MSU crystals-induced py-
roptosis in vitro and attenuate the acute inflammatory response
in rats model of acute gout.[19] In our previous study, it was
shown that the characteristics of MSU crystals mediated IL-1𝛽
production in a NLRP3 inflammasome-dependent manner in
macrophages.[20] However, there is insufficient understanding of
whether the characteristics of MSU crystals determine pyroptosis
in macrophages during the occurrence of gout. Therefore, eluci-
dating the role of physical properties of MSU crystals in pyrop-
totic cell death in neutrophil and macrophage would facilitate the
understanding of the pathological progress of gout.

Herein, the effect of MSU crystal size on pyroptosis in neu-
trophil and macrophage was determined. MSU crystals were
shown to induce size-dependent pyroptosis in neutrophil and
macrophage by activating NLRP3 inflammasome and subse-
quent GSDMD cleavage. Furthermore, the formation of neu-
trophil extracellular traps (NETs) and aggregated neutrophil ex-
tracellular traps (aggNETs) were also dependent on the MSU crys-
tal size in neutrophils, and the addition of IL-1𝛽 significantly
promoted their formation. Based on these mechanistic under-
standings, dimethyl fumarate (DMF) was demonstrated to in-
hibit MSU crystals-induced pyroptosis in vitro and alleviate the
inflammatory response on the joint site by targeting GSDMD in
MSU crystals-induced gout. This study reveals the role of pyrop-
tosis induced by MSU crystal in acute gout, and further provides
a new therapy to alleviate the inflammatory response of gout.

2. Results

2.1. Preparation and Characterization of MSU Crystals

Monosodium urate (MSU) crystal was prepared according to
our established method.[20] In a supersaturated uric acid so-
lution, the nucleation process of MSU crystals could be con-
trolled by sodium ion concentration. By tuning the nucleation
and growth, MSU crystals with different sizes were synthesized.
Scanning electron microscopy (SEM) and bright-field optical mi-
croscope analysis demonstrated that MSU crystals with uniform
sizes were obtained (Figure 1A; Figure S1, Supporting Informa-

Figure 1. The characterization of MSU crystals. A) Representative SEM
images and B) the length distribution analysis of MSU-L and MSU-S. SEM
images of MSU crystals were used to measure the length by Image J soft-
ware. At least 100 crystals were counted for the distribution analysis. Scale
bar, 5 μm. C) XRD patterns of MSU-L and MSU-S.

tion). With the increase in sodium ion concentration, the length
of MSU crystals became shorter.[20] Size distribution analysis
showed that the primary lengths of MSU crystals were 23 ± 5 μm
and 7 ± 2 μm for MSU-L and MSU-S, respectively (Figure 1B). X-
ray diffraction (XRD) analysis showed that the crystal structures
of synthesized MSU crystals were in agreement with the previ-
ously reported study (Figure 1C).[21]

2.2. MSU Crystals Induce Size-Dependent Pyroptosis in
Neutrophil and Macrophage

During inflammation, neutrophils are among the first infiltrated
cells in the inflamed region, which is critical for the progress
of inflammatory diseases.[22–23] MSU crystal, a potent damage-
associated molecular pattern (DAMP), has been demonstrated to
be able to induce abundant neutrophil infiltration in acute peri-
tonitis and gout in the previous study.[13,20] Thus, bone marrow-
derived neutrophils (BMNs) were isolated to determine the MSU
crystal-induced inflammatory response of gout. The flow cy-
tometry analysis showed that the purity of primary neutrophils
(CD11b+Ly6G+) was 94.9%. and the chromogenic Limulus ame-
bocyte lysate assay demonstrated that there was no bacterial
contamination in MSU crystals (Figures S2 and S3, Supporting
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Figure 2. MSU crystals induced pyroptosis in primary mouse neutrophils. A) Representative images of morphological changes in neutrophils after
exposure to MSU crystals (250 μg mL−1, 12 h) or nigericin (10 μM, 12 h). Scale bar, 10 μm. B) The lactate dehydrogenase (LDH) release analysis.
Lipopolysaccharide (LPS)-primed neutrophils (200 ng mL−1, 4 h) were stimulated with MSU crystals (250 μg mL−1) or Nigericin (10 μM) for 12 h. LDH
release was determined by LDH cytotoxicity assay. Nigericin was a positive control. C) The IL-1𝛽 release analysis. LPS-primed neutrophils (200 ng mL−1,
4 h) were exposed to MSU crystals (250 μg mL−1) for 24 h. IL-1𝛽 release was determined by ELISA. D) LPS-primed neutrophils were treated with MSU
crystals (250 μg mL−1, 12 h), and the expressions of proteins in supernatants (Sup.) and cell extracts (Lys.) were analyzed by immunoblotting. E) The
normalization form of N-GSDMD, IL-1𝛽, and caspase-1 expression to 𝛽-actin. Data are presented as the means ± S.D. (n = 3). Statistical significance
was determined by a two-tailed Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001.

Information). After exposure to MSU crystals, morphological
changes in neutrophils were observed. It was demonstrated that
MSU crystals led to significant cell swelling and membrane bal-
looning in BMNs (Figure 2A). This phenomenon was in accor-
dance with the occurrence of pyroptosis.[24] It was shown that
the MSU crystals induced LDH release in a size-dependent man-
ner in BMNs, and MSU-L-induced LDH release was significantly
more than that of MSU-S (Figure 2B). Furthermore, the produc-
tion of interleukin-1𝛽 (IL-1𝛽) was used to determine the pyrop-
totic cell death in BMNs. The ELISA analysis showed that MSU-L
induced a higher level of IL-1𝛽 release in comparison to MSU-S
in BMNs, suggesting the occurrence of pyroptosis in neutrophils
(Figure 2C). A positive control, Nigericin, also induced pyroptosis
in BMNs.

It has been demonstrated that NLRP3 inflammasome plays
a crucial role in pyroptotic cell death in neutrophils.[25] Im-
munoblotting analysis showed a higher degree of NLRP3 and

pro-IL-1𝛽 expression in LPS-priming neutrophil in compari-
son to the untreated group (Figure 2D). After the challenge by
MSU crystals, it was shown that cleaved caspase-1 and IL-1𝛽 re-
lease were increased, which indicated that the activation of in-
flammatory caspase-1 was required for mature IL-1𝛽 produc-
tion in BMNs (Figure 2D,E). NLRP3 inflammasome activation
could drive cleavage of GSDMD into the activated N-GSDMD
fragment.[26] Immunoblotting results further showed that MSU
crystals led to the N-GSDMD formation in BMNs, and the MSU-
L-treated cells induced higher expression of N-GSDMD, suggest-
ing that MSU crystals could drive GSDMD-dependent neutrophil
pyroptosis in a size-dependent manner (Figure 2D,E). Taken to-
gether, these results indicated that caspase-1-dependent GSDMD
activation mediated the MSU crystal-induced pyroptosis in neu-
trophils.

Additionally, the role of MSU crystal size on pyropto-
sis in macrophages was determined in bone marrow-derived

Small 2023, 2308749 © 2023 Wiley-VCH GmbH2308749 (3 of 11)
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Figure 3. Induction of pyroptosis by MSU crystals in mouse macrophages. A) Representative morphologies of BMDMs and J774A.1 cells after exposure
to MSU crystals. The white arrow indicates cell swelling and membrane blebbing. Scale bar, 20 μm. B,C) The lactate dehydrogenase (LDH) release
analysis. D,E) The analysis of IL-1𝛽 production. Lipopolysaccharide (LPS)-primed (500 ng mL−1) BMDMs and J774A.1 cells were stimulated with MSU
crystals (200 μg mL−1), and the release of LDH and IL-1𝛽 was determined by LDH cytotoxicity reagent and ELISA. Nigericin was a positive control. F)
The expression of related proteins in supernatants (Sup.) and cell extracts (Lys.) after LPS-primed J774A.1 cells were exposed to MSU-L and MSU-S
(200 μg mL−1, 6 h) or Nigericin (10 μM, 2 h). G) The normalization form of N-GSDMD, IL-1𝛽, and caspase-1 expression to 𝛽-actin. Data are presented
as the means ± S.D. (n = 3). Statistical significance was determined by a two-tailed Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001.

macrophages (BMDMs) and J774A.1 cells. The cell swelling and
cell membrane blebbing were observed after stimulation with
MSU-L and MSU-S in macrophage, and the cell membrane per-
meability was increased in J774A.1 cells (Figure 3A; Figure S4,
Supporting Information). Furthermore, MSU crystals induced
significantly size-dependent LDH release and IL-1𝛽 production
in macrophage (Figure 3B–E). Western blotting showed that the
NLRP3 and pro-IL-1𝛽 expressions were increased after priming
with LPS, and MSU crystals induced size-dependent activation
of caspase-1 and N-GSDMD formation (Figure 3F,G). Moreover,
the LDH release and IL-1𝛽 production induced by MSU crys-

tals in NLRP3−/− BMDMs were inhibited (Figure S6, Support-
ing Information). Thus, these results demonstrated that the size
of MSU crystals determined GSDMD-dependent pyroptosis in
macrophages.

2.3. MSU Crystals Induce Size-Dependent NET and aggNET
Formation

It has been demonstrated that activated neutrophils not only
induce the production of cytokines but also lead to NETs

Small 2023, 2308749 © 2023 Wiley-VCH GmbH2308749 (4 of 11)
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formation, which further promote the progress of inflamma-
tory diseases including gout.[6,27,28] NETs are web-like struc-
tures, which are composed of a mixture of chromatin deco-
rated with histones and neutrophil granules, e.g., elastase and
myeloperoxidase.[29] To determine the effect of MSU crystal size
on the NET formation, neutrophils were exposed to MSU-L and
MSU-S, and PMA was a positive control. The immunofluores-
cence assay was used to determine NET

formation by staining neutrophil elastase (NE) and DNA. It
was demonstrated that MSU-L induced more significant NET for-
mation than MSU-S in BMNs (Figure 4A). Furthermore, the ex-
tracellular DNA content was quantitatively determined by fluo-
rometric measurement method to assess the formation of NET.
It was shown that MSU crystals led to the release of extracellu-
lar DNA in a size-dependent manner (Figure 4B). These results
indicated that the physical properties of MSU crystals play a crit-
ical role in NET formation. IL-1𝛽 has been identified as a key
cytokine in the progress of gout, thus its role in the formation
of NET was determined.[30] The immunofluorescence assay in-
dicated that the addition of recombinant IL-1𝛽 significantly pro-
moted NET formation triggered by MSU crystals (Figure 4C). To
further assess the role of IL-1𝛽 in NET formation, an anti-IL-1𝛽
neutralizing antibody was used to suppress IL-1𝛽 activity. It was
demonstrated that the formation of NET triggered by MSU crys-
tals was inhibited by neutralizing antibodies, and its inhibiting ef-
fect was in a concentration-dependent manner (Figure 4C). Anti-
IL-1𝛽 neutralizing antibody alone did not affect MSU crystal-
induced NET formation (Figure 4C). Furthermore, MSU crystals
could stimulate neutrophils to form aggregated NET (aggNETs),
which was the structural foundation of gout tophi.[6] Optical mi-
croscopy images showed that neutrophils exposed to MSU-L in-
duced more significant aggNET formation compared to MSU-S,
and the formation of aggNET was enhanced following the recom-
binant IL-1𝛽 treatment (Figure S5, Supporting Information). Al-
together, those results suggested that MSU crystals led to size-
dependent NET and aggNET formation, which were promoted
via the addition of IL-1𝛽.

2.4. DMF Treatment Alleviates the Acute Inflammatory Response
in Neutrophil and Macrophage

MSU crystal-induced GSDMD-dependent pyroptosis in neu-
trophil, and dimethyl fumarate (DMF) have been shown to
induce GSDMD succination by reacting with critical cysteine
residues to inhibit pyroptosis.[31] Thus, DMF was selected as a
therapeutic agent to alleviate the inflammatory response in acute
gout by suppressing MSU crystal-induced pyroptosis. DMF did
not exhibit cytotoxicity at concentrations of 25 and 50 μM in vitro
(Figure S7, Supporting Information). The ELISA and western
blotting analysis showed that DMF suppressed the production
of IL-1𝛽 in BMNs (Figure 5A,C). Meanwhile, the production of
TNF-𝛼 stimulated by MSU crystals in BMNs was inhibited after
DMF treatment (Figure 5B). Furthermore, western blotting indi-
cated that DMF did not suppress the expression of pro-caspase-1
and pro-IL-1𝛽, however, it dramatically inhibited the formation
of N-GSDMD and caspase-1 activation,

confirming the effect of DMF in inhibiting pyroptosis
(Figure 5C, D). Therefore, these results demonstrated that DMF

treatment could alleviate MSU crystals-induced acute inflamma-
tory response by inhibiting pyroptosis in BMNs. Additionally, it
was shown that DMF treatment could inhibit the formation of
N-GSDMD, and increase plasma membrane permeability and IL-
1𝛽 production triggered by MSU crystals in macrophage (Figure
S8, Supporting Information).

2.5. DMF Treatment Mitigates the Acute Inflammatory Response
in MSU Crystals-induced Gout

Based on the above findings that MSU crystals promoted the
occurrence of pyroptosis and DMF could inhibit MSU crystal-
induced the release of cytokine in vitro, the anti-inflammatory
effects of DMF were further determined in vivo. To reduce side
effects and prolong the retention of DMF in vivo, poly (lactic-
co-glycolic acid) (PLGA) nanoparticles were used to encapsu-
late DMF, which were named PLGA-DMF.[32] Transmission elec-
tron microscope (TEM) analysis showed that PLGA nanoparticles
(PLGA) and PLGA-DMF with uniform sizes and morphologies
were prepared (Figure 6A). It was demonstrated that the hydro-
dynamic sizes of PLGA-NPs and PLGA-DMF in water were 235.1
± 4.9 and 239.8 ± 4.9 nm, respectively (Figure 6B). Zeta poten-
tial measurement demonstrated that PLGA-NPs and PLGA-DMF
carried negative charges, and they were −30 and −35 mV, re-
spectively (Figure 6C). DMF could be slowly released from DMF-
PLGA (Figure S9, Supporting Information). DMF and PLGA-
DMF were administered by intraperitoneal and in situ injec-
tion, respectively. The longer MSU crystals were injected into the
mouse knee

joints to establish a mouse model of gout, which were in-
dicated by joint swelling and H&E staining (Figure 7A; Figure
S10, Supporting Information). It was shown that MSU crystal-
induced acute joint swelling was mitigated after DMF and PLGA-
DMF treatment (Figure S10, Supporting Information). H&E
staining showed that cell infiltration induced by MSU crystals
(black arrow pointed)

was alleviated by DMF and PLGA-DMF treatment, and the
degree of joint inflammation was significantly inhibited follow-
ing their treatment (Figure 7A,B). Furthermore, myeloperoxi-
dase (MPO), a representative marker of neutrophil infiltration,
was used to further determine the neutrophil infiltration. It was
demonstrated that both DMF and PLGA-DMF treatment sup-
pressed MPO activity in arthritis regions induced by MSU crys-
tals, further indicating that DMF and PLGA-DMF treatment
could reduce the neutrophil infiltration into the knee joints of
MSU crystal-treated mice (Figure 7C). Moreover, ELISA analysis
showed that the deposition of MSU crystals induced significant
secretion of IL-1𝛽, IL-6, and TNF-𝛼, while DMF and PLGA-DMF
treatment reduced their level in the knee region (Figure 7D–F).
To further determine the long-term inhibitory role of PLGA-DMF
in the inflammatory response of gout, the cytokine production
in the knee region after PLGA-DMF treatment for 72 h was de-
termined. It was demonstrated that IL-1𝛽, IL-6, and TNF-𝛼 pro-
duction was inhibited by PLGA-DMF treatment, however, free
DMF treatment did not reduce the release of these cytokines
(Figure 7G,H; Figure S11, Supporting Information). This result
indicated that PLGA-DMF treatment could prolong the therapy
effect on acute inflammation induced by MSU crystals in vivo.

Small 2023, 2308749 © 2023 Wiley-VCH GmbH2308749 (5 of 11)
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Figure 4. MSU crystals promoted NET formation in vitro. A) Representative images of NET formation. Neutrophils were exposed to MSU crystals
(250 μg mL−1) for 6 h, and neutrophil elastase (NE) and Hoechst 33342 were used to determine NET formation by immunofluorescence. The PMA was
used as a positive control (200 nM, 6 h). B) Quantification of NET formation. SYTOX Green was used to stain the extracellular DNA. The PMA was
used as a positive control (200 nM, 3 h). C) The effect of IL-1𝛽 on NET formation. Neutrophils were stimulated with MSU crystals (250 μg mL−1) by
the addition of IL-1𝛽 (50 ng mL−1) or neutralizing IL-1𝛽 antibody (10 or 20 μg mL−1). To visualize NET formation, neutrophil elastase (NE) and DNA in
neutrophils were stained with anti-NE antibody (red) and Hoechst 33342 (blue), respectively. The scale bar is 20 μm. Data are presented as the means
± S.D. (n = 3). Statistical significance was determined by a two-tailed Student’s t-test. *p < 0.05.

Small 2023, 2308749 © 2023 Wiley-VCH GmbH2308749 (6 of 11)
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Figure 5. Dimethyl fumarate inhibited MSU crystal-induced pyroptosis in BMNs. A,B) The IL-1𝛽 and TNF-𝛼 release triggered by MSU crystals in BMNs.
LPS-primed (200 ng mL−1, 4 h) neutrophils were pre-treated with dimethyl fumarate for 1 h by the indicated concentration, then the cells were exposed
to MSU crystals (200 μg mL−1, 24 h). C) The level of protein in supernatants (Sup.) and cell extracts (Lys.) were determined by immunoblotting. D)
The normalization form of N-GSDMD, IL-1𝛽, and caspase-1 protein expression to 𝛽-actin. Data are presented as the means ± S.D. (n = 3). Statistical
significance was determined by a two-tailed Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001.

Therefore, these results suggested that DMF and PLGA-DMF
could mitigate the symptoms of MSU crystal-induced gout by
suppressing pyroptosis to reduce cytokine production and im-
mune cell infiltration, suggesting that DMF could be a potential
candidate for gout treatment.

In order to further determine the effect of macrophage in acute
gout, clodronate liposomes were used for macrophage depletion.
MSU crystals were injected into the joint cavity to establish a
mouse model of acute gout. The ELISA and H&E staining results
showed that IL-1𝛽 production and leukocyte infiltration were sig-
nificantly inhibited after macrophage depletion (Figure 7I,J). Fur-
thermore, western blot analysis further showed that GSDMD
cleavage and N-GSDMD formation induced by MSU crystals
were suppressed in the clodronate liposome-treated group, sug-
gesting the important role of pyroptosis in macrophage in the
occurrence of acute gout (Figure 7K). However, MSU crystals
could still induce IL-1𝛽 production, leukocyte infiltration, and
GSDMD cleavage despite macrophage clearance, indicating the

effect of pyroptotic cell death of neutrophils on the acute gout
(Figure 7I,K).

3. Discussion

In this study, MSU crystals with different sizes were prepared to
study the role of pyroptosis in neutrophils and macrophages for
the pathogenesis of gout. It was shown that MSU crystals trig-
gered GSDMD-dependent pyroptotic cell death in neutrophils
and macrophages in a size-dependent manner. Furthermore,
MSU crystals induced size-dependent NET and aggNET forma-
tion in neutrophils, and their formation was promoted in the
presence of IL-1𝛽. Additionally, DMF ameliorated MSU crystal-
induced acute inflammatory response by suppressing GSDMD-
dependent pyroptosis in vitro and in the MSU crystal-induced
gout model.

MSU crystal-triggered inflammatory response in the acute
gout phase is caused by activating innate immune response.[30]

Small 2023, 2308749 © 2023 Wiley-VCH GmbH2308749 (7 of 11)
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Figure 6. The synthesis and characterization of PLGA and PLGA-DMF
nanoparticles. A) SEM images, B) size, and C) zeta potential. The scale
bar is 200 nm.

Admittedly, the aspect ratio of MSU crystals in vivo is neither ho-
mogeneous nor static. It was influenced by several factors, e.g.,
temperature, pH, protein, and local ionic strength, etc. In our
previous study, it was shown that the shape and aspect ratio of
MSU crystals could determine the pathogenesis of gout in a gouty
model in mice.[20] In the pathological process of gout, neutrophils
and macrophages could infiltrate the inflammatory sites and be
activated to promote the development of the disease.[33,34] NLRP3
inflammasome-mediated programmed cell death was demon-
strated to be critical for the occurrence and development of in-
flammatory diseases.[10] It was shown that MSU crystals could in-
duce pyroptosis in macrophages, which was determined by LDH
release, GSDMD cleavage, and IL-1𝛽 production.[18,35] However,
the role of pyroptosis in neutrophil have not been fully elucidated
in gout.[15,17] In this study, it was indicated that MSU crystals in-
duced the morphological changes and IL-1𝛽 and LDH release in
a size-dependent manner in neutrophil, suggesting the occur-
rence of neutrophil pyroptosis (Figure 2A–C). Further mecha-
nistic studies demonstrated that MSU crystal-triggered pyropto-
sis in neutrophils was driven by caspase-1 and subsequent GS-
DMD activation (Figure 2D). After macrophage depletion by in-
jecting clodronate liposomes in a mouse gout arthritic model,
IL-1𝛽 production and GSDMD cleavage in the joint were inhib-
ited, however, they still occurred, partially suggesting the role
of pyroptosis in neutrophil for pathological progress in MSU
crystals-induced gout (Figure 7G–I). The pyroptotic cell death
of neutrophils may explain the phenomenon of continuous oc-
currence in the inflammatory response during the acute phase
of gout.[27] Moreover, it was shown that longer MSU crystals
were more toxic than shorter ones in inducing the pyroptotic
cell death of neutrophils and macrophages. The crucial role
of the size of nanomaterials in pro-inflammatory response in

macrophage have also been demonstrated in previously reported
studies. Poland et al. showed that multiwalled nanotubeslong1-2
could induce a more significant inflammatory response than the
nanotubestang1-2 in mouse model, and they were more like to trig-
ger the frustrated phagocytosis and the generation of cytokines in
macrophages.[36] Ma et al. demonstrated that larger graphene ox-
ides exhibit stronger potential in promoting pro-inflammatory re-
sponse than the smaller ones, which was dependent on their ad-
sorption onto the cell membrane but not phagocytosis.[37] There-
fore, these studies demonstrated that different types of macro-
or nano-material could have significant differences in interaction
mechanisms with macrophages, which determined their pro-
inflammatory potencials.

It has been demonstrated that the morphology of MSU crystals
derived from synovial fluid were predominantly needle-shaped
particles in gouty patients.[21,38–40] Moreover, it was shown that
the length of MSU crystals in synovial fluid was in the range of 1–
20 μm.[1] A recent clinical study showed that the median length of
MSU crystals from 20 joints in 17 patients was 21.2 μm.[41] Thus,
the size range of our in-house synthesized MSU crystals shows
clinical relevance. The physicochemical property-dependent ox-
idative stresses induced by nano-materials and crystal-materials
have been demonstrated in reported studies. Li et al. reported
that graphene oxide of large lateral size exhibited a stronger
effect on pyroptosis than ones of large lateral size in Kupffer
cells by triggering NADPH oxidase activation, calcium flux, mi-
tochondrial ROS generation.[42] Du et al. showed that Stöber sil-
ica nanoparticles induced size-dependent pyroptosis in N9 cells,
which was mediated by mitochondrial ROS generation and GS-
DMD cleavage.[43] Li et al. demonstrated that nano-silica induced
more severe pyroptosis than micro-silica by elevating the ROS
production in macrophages, which was involved in the silica-
induced pulmonary inflammation.[44]

NET is an extracellular net-like structure, consisting of nuclear
DNA and proteins released by activated neutrophils, which is in-
volved in a variety of diseases, e.g., rheumatoid arthritis, systemic
lupus erythematosus, and gout, etc. In this study, it was demon-
strated that MSU crystals could induce pyroptosis by caspase-
1-dependent GSDMD activation in neutrophils (Figure 2). In
comparison, MSU crystal-induced NET formation may be me-
diated by NADPH oxidase-mediated ROS production, suggest-
ing that oxidative stress is involved in MSU crystal-induced neu-
trophil activation.[6,45] In addition, multiple signaling pathway in-
volved in MSU crystal-induced NET formation have been demon-
strated in reported studies. Desai et al. showed that MSU crystal-
induced NET formation was mediated by RIPK1-RIPK3-MLKL
signaling.[46] Mitroulis et al. showed that IL-1𝛽 and autophagy-
related signaling were in part involved in the MSU crystals-
induced NET formation.[47] In our study, MSU crystals also in-
duced the formation of NET and aggNET in neutrophils, and
their formation were promoted by recombinant IL-1𝛽 (Figure 4).
A potential mechanism of IL-1𝛽 to promote MSU crystals-
induced NET formation is the interaction between IL-1𝛽 and IL-
1𝛽 receptor. Mitroulis et al. demonstrated that synovial fluid from
patients with active arthritis induced the formation of NET in
healthy neutrophils, and its formation could be partially inhib-
ited by both anti-IL-1𝛽 antibody and anakinra treatment, sug-
gesting that the NET formation was related to IL-1 signaling.[47]

Meher et al. showed that IL-1𝛽 treatment could induce NETosis
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Figure 7. PLGA-DMF ameliorated the MSU crystals-induced acute gout and neutrophils mediated the occurrence of acute inflammatory response of
arthritis. For the DMF treatment, DMF (50 mg kg−1) was i.a. administered 2 h before MSU crystal injection (200 μg). For the PLGA-DMF treatment,
PLGA-DMF (10 mg kg−1) was injected into the joint cavity (n = 6). A) H&E staining images. Black arrow indicated infiltrated leucocytes. Scale bar,
100 μm. B,C) Joint score and MPO activity were analyzed after treatment for 24 h. D,F) IL-1𝛽, IL-6, and TNF-𝛼 productions were analyzed by ELISA. G,H)
IL-6 and TNF-𝛼 productions were determined after treatment for 72 h. For macrophage depletion, clodronate liposomes and control liposomes (200 μL)
were intravenously injected via the tail vein. After 24 h, MSU crystals (200 μg) were injected into the knee joint. I) H&E staining images were used to
determine the leucocyte infiltration (black arrow). Scale bar, 500 μm. J) The production of IL-1𝛽. K) The cleavage of GSDMD. Data are presented as the
means ± S.D. (n = 6). Statistical significance was determined by a two-tailed Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001, N.S.: no significance.

by the interaction between IL-1𝛽 and IL-1𝛽 receptor to trigger
ceramide synthesis in human neutrophils, which play a crucial
role in abdominal aortic aneurysm formation.[48] Another poten-
tial mechanism for the role of IL-1𝛽 in NET formation is effect
of IL-1𝛽 on NADPH oxidase activation.[49] It was demonstrated
that the NET formation induced by MSU crystals was depen-
dent on NADPH oxidase, and the phosphorylation of the oxidase
subunits could be enhanced by IL-1𝛽, suggesting the interaction
between IL-1𝛽 and NADPH oxidase plays a crucial role in NET
formation.[6,50,51] Moreover, the role of pyroptosis in macrophage
on NET formation has been demonstrated in many studies. Chen
et al. demonstrated that NETs-derived high-mobility group box

1 (HMGB1) could induce cathepsin B release and caspase-1
activation by the receptor for advanced glycation end products
(RAGE)-dynamin signaling pathway. It mediated the pyroptosis
in macrophage in a cecal ligation and puncture (CLP) sepsis
model in mice.[52] Cui et al. reported that LPS-induced NETs led
to pyroptosis in the alveolar macrophage by priming the gener-
ation of ROS and subsequent activation of NLRP3 deubiquitina-
tion in CLP model.[53] Li et al. showed that the NETs led to py-
roptosis in the alveolar macrophage in LPS-induced acute lung
injury mouse model, which was dependent on the activation of
the AIM2-ASC-caspase-1 signaling pathway.[54] Additionally, Liu
et al. demonstrated that the pretreatment of alpha-linolenic acid
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could mitigate the sepsis-driven acute lung injury (ALI)/acute
respiratory distress syndrome (ARDS) by suppressing the NET-
induced macrophage pyroptosis, which was dependent on the in-
hibition of pyrin inflammasome activation.[55] Therefore, inhibit-
ing NET-driven pyroptosis in macrophage could be a new thera-
peutic strategy for the inflammatory diseases.

The occurrence of gout arthritis is due to the acute inflam-
mation induced by MSU crystals in joints, subsequently driv-
ing a cascade response of other pro-inflammatory cytokines and
chemokines.[27] Thus, the aim of gout treatment is to inhibit the
acute inflammatory response. Currently, colchicine, nonsteroidal
antiinflammatory drugs (NSAIDs), or corticosteroids are con-
sidered first-line drugs for gout treatment, and IL-1 inhibitors
have also been used for the therapy of gout.[30] However, these
drugs could induce an increased frequency of side effects, and
novel anti-inflammatory therapies are also being studied. Pyrop-
tosis, as an inflammatory cell death manner, has a crucial role
in the pathogenesis of inflammatory diseases, and the inhibi-
tion of GSDMD cleavage has been proven to alleviate the symp-
toms of inflammatory diseases.[31,56] Ye et al. reported that GS-
DMD siRNA-Loaded PEI-Chol Lipopolymers could relieve MSU
crystal-induced acute inflammation by inhibiting pyroptosis in
acute gout.[57] Furthermore, it was shown that dimethyl fumarate
could induce GSDMD succination by reacting with its critical cys-
teine residues to suppress GSDMD cleavage.[31,58] In this study,
we showed that dimethyl fumarate (DMF) inhibited IL-1𝛽 pro-
duction and the cleavage of GSDMD in vitro, and it alleviated the
inflammatory cells infiltration and cytokines production in MSU
crystal-induced gout by inhibiting pyroptosis (Figures 5 and 7).
Consistent with these observations, recent studies demonstrated
that GSDMD-dependent pyroptosis is crucial for the pathogen-
esis of MS, and inhibition of GSDMD activation by DMF pro-
vided a new strategy for multiple sclerosis therapy.[31,59] Another
study by Kang et al. also showed that DMF dramatically ame-
liorate silicosis pathology by inhibiting pyroptosis, implicating a
new drug for silicosis treatment.[60] Therefore, our study suggests
that DMF could be used for gouty therapy by suppressing pyrop-
tosis.

4. Conclusion

In this paper, MSU crystals induced physicochemical properties-
dependent pyroptosis in neutrophils and macrophages by ac-
tivating the NLRP3 inflammasome to trigger the formation of
N-GSDMD. MSU crystals also led to NET and aggNET forma-
tion in a size-dependent manner. Moreover, DMF was demon-
strated to inhibit pyroptosis by suppressing the formation of N-
GSDMD in BMNs and J774A.1 cells, and it alleviated the MSU
crystals-induced inflammatory responses by inhibiting pyropto-
sis in gout. The results highlight the role of pyroptosis in neu-
trophil and macrophage during the pathological progress of gout
attack and provide a potential therapy for gout.
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