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only by the NLRP3 inflammasome but also by other inflam-
masomes or in an inflammasome-independent way (Davis et 
al., 2011; Netea et al., 2015), so inhibition of IL-1� function 
might have more immunosuppressive effects than inhibition 
of NLRP3 itself. Thus, the inhibitors for NLRP3 inflam-
masome might be a better choice than the agents that target 
IL-1� for the treatment of NLRP3-driven diseases.

Although both the components of NLRP3 inflam-
masome, including NLRP3, NEK7, ASC, and caspase-1, 
and the related signaling events, including priming, mito-
chondrial damage, potassium efflux, and chloride efflux, 
can be targeted to inhibit NLRP3 inflammasome activa-
tion, only directly targeting NLRP3 itself can specifically 
inhibit the NLRP3 inflammasome. A few NLRP3 inflam-
masome inhibitors, including sulforaphane, isoliquiritigenin, 
�-hydroxybutyrate (BHB), flufenamic acid, mefenamic acid, 
3,4-methylenedioxy-�-nitrostyrene (MNS), parthenolide, 
BAY 11-7082, INF39, and MCC950 (Juliana et al., 2010; He 
et al., 2014; Honda et al., 2014; Youm et al., 2015; Daniels et 
al., 2016; Greaney et al., 2016; Cocco et al., 2017), have been 
developed, but there is no evidence showing that these com-
pounds can specifically and directly inhibit NLRP3 itself. Sul-
foraphane is not specific to NLRP3 inflammasome and also 
has shown inhibitory activity for AIM2 or NLRC4 inflam-
masome and NF-�B activation (Heiss et al., 2001; Greaney et 
al., 2016). Isoliquiritigenin is also a potential inhibitor for the 
NF-�B signaling pathway (Honda et al., 2012). BHB inhibits 
NLRP3 inflammasome activation by preventing potassium 
efflux (Youm et al., 2015). Flufenamic acid and mefenamic 
acid inhibit NLRP3 inflammasome activation through the 
suppression of chloride efflux (Daniels et al., 2016). Parthen
olide, BAY 11-7082, INF39, and MNS have been reported 
to directly inhibit NLRP3 ATPase activity, but these inhibi-
tors have unspecific roles (Juliana et al., 2010; He et al., 2014; 
Cocco et al., 2017). MNS has been known to inhibit the 
activity of tyrosine kinases, such as Src and Syk (Wang et al., 
2006). Parthenolide, BAY 11-7082, and INF39 have broad 
anti-inflammatory activities and can suppress NF-�B activa-
tion (Yip et al., 2004; Strickson et al., 2013; Cocco et al., 
2017). MCC950 has shown strong NLRP3 inflammasome 
inhibitory activity and beneficial effects in several mice mod-
els of NLRP3-related diseases, but it does not directly inhibit 
NLRP3–NLRP3, NLRP3–ASC, or NEK7–NLRP3 interac-
tion (Coll et al., 2015; Dempsey et al., 2017), suggesting that 
it might target an unknown upstream signaling event of the 
NLRP3 inflammasome. Thus, compounds directly and spe-
cifically targeting NLRP3 itself are still not available.

Here, we identified an NLRP3 inflammasome inhibitor, 
CY-09, that directly bound to the ATP-binding site of the 
NLRP3 NAC​HT domain and inhibited its ATPase, oligomer-
ization, and NLRP3 inflammasome activation. More important, 
we provide evidence showing that directly targeting NLRP3 
itself by CY-09 could inhibit NLRP3 inflammasome activation 
in vivo and had remarkable therapeutic effects on the mouse 
models of NLRP3-driven diseases, such as T2D and CAPS.

Results
CY-09 specifically blocks NLRP3 activation in macrophages
To provide a potential approach for the treatment of  
NLRP3-driven diseases, we screened NLRP3 inhibitors  
in an in-house bioactive compound library and found  
CFTR(inh)-172 (C172), which is an inhibitor for the cystic 
fibrosis transmembrane conductance regulator (CFTR) chan-
nel (Ma et al., 2002), could inhibit NLRP3 inflammasome 
activation. C172 treatment blocked nigericin-induced 
caspase-1 activation and IL-1� secretion in LPS-primed bone 
marrow–derived macrophages (BMDMs; Fig.  1, A–C). In 
addition, cytosolic LPS–induced noncanonical NLRP3 acti-
vation was also suppressed by C172 (Fig. 1 D). We also exam-
ined whether C172 had an impact on LPS-induced priming 
for inflammasome activation. When BMDMs were stimu-
lated with C172 before or after LPS treatment, C172 had 
no effect on LPS-induced NLRP3 and pro–IL-1� expression 
(Fig. 1 E), suggesting that C172 did not affect LPS-induced 
priming. These results indicate that C172 is a specific inhibi-
tor for NLRP3 activation.

Because C172 is an inhibitor for CFTR (Ma et al., 
2002), we then examined whether C172 inhibited NLRP3 
activation via blocking CFTR activity. Cftr�/� BMDMs pro-
duced comparable IL-1� with WT BMDMs when stimu-
lated with nigericin (Fig.  1  F). Moreover, C172 still could 
block nigericin-induced IL-1� production (Fig. 1 F). These 
results indicate that C172 blocks NLRP3 activation in a 
CFTR-independent manner.

Because the inhibitory effects of C172 on NLRP3 ac-
tivation do not depend on its CFTR-inhibitory activity, we 
then evaluated the effects of several C172 analogues without 
CFTR-inhibitory activity, which were described previously 
(Sonawane and Verkman, 2008), on NLRP3 activation. We 
found that an analogue, CY-09 (Fig. 2 A), showed comparable 
activity for NLRP3 inhibition with C172. CY-09 exhibited 
a dose-dependent inhibitory effect on monosodium urate 
(MSU), nigericin, and ATP-induced caspase-1 activation 
and IL-1� secretion at the doses of 1–10 µM in LPS-primed 
BMDMs (Fig. 2, B–D). Cytosolic LPS–induced noncanoni-
cal NLRP3 activation in BMDMs could also be blocked by 
CY-09 treatment (Fig. 2 E). We also examined the specificity 
of the effect of CY-09 on NLRP3 activation and found that 
CY-09 had no effect on cytosolic double-stranded DNA–
induced AIM2 inflammasome and Salmonella infection– 
induced NLRC4 inflammasome activation (Fig. 2, F and G). 
In addition, CY-09 treatment had no effect on LPS-induced 
TNF-� production, pro–IL-1�, and NLRP3 expression (Fig. 
S1, A and B). LPS-induced priming could affect the ubiq-
uitination status of NLRP3 and then regulated NLRP3 ac-
tivation (Juliana et al., 2012), and we found that CY-09 had 
no effects on NLRP3 ubiquitination during LPS-induced 
priming (Fig. S1 C). Indeed, CY-09 could inhibit caspase-1 
activation when treated just before nigericin stimulation in 
BMDMs (Fig. S1 D). These results suggest that CY-09 has 
no effect on LPS-induced priming in BMDMs. Consistent 
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with the inflammasome inhibition. CY-09 also blocked ni-
gericin-induced BMDM death (Fig. S1 E).

A few compounds, including sulforaphane, isoliquir-
itigenin, BHB, flufenamic acid, mefenamic acid, parthe-

nolide, BAY 11-7082, and MCC950, have been reported 
to inhibit NLRP3 inflammasome activation (Juliana et al., 
2010; Honda et al., 2014; Youm et al., 2015; Daniels et al., 
2016; Greaney et al., 2016); we thus compared the activity 

Figure 1. C 172 inhibits NLRP3 activation via CFTR-independent manner. (A) C172 structure. (B) Immunoblot analysis of IL-1� and cleaved caspase-1 
in culture supernatants (SN) of LPS-primed BMDMs treated with various doses (above lanes) of C172 and then stimulated with nigericin. (C and D) ELI​SA 
of IL-1� (C) and IL-18 (D) in supernatants from LPS-primed BMDMs treated with various doses (above lanes) of C172 and then stimulated with nigericin. 
(E) Immunoblot analysis of the indicated proteins in lysates from BMDMs treated with LPS for 3�h and stimulated with different doses of C172 for 30 min 
(C172 after LPS) or BMDMs treated with different doses of C172 for 30 min and then stimulated with LPS for 3�h (C172 before LPS). (F) ELI​SA of IL-1� in 
supernatants from LPS-primed WT or Cftr�/� BMDMs that were treated with nigericin with or without the presence of C172 (20�µM). Data are from three 
independent experiments with biological duplicates in each (C, D, and F; mean and SEM of n = 6) or are representative of three independent experiments (B 
and E). Statistics were analyzed using an unpaired Student�s t test: *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Schmid-Burgk et al., 2016; Shi et al., 2016), was also not pulled 
down (Fig. S3 C). Moreover, the pull-down of NLRP3 by bi-
otin–CY-09 could be competed off by free CY-09 (Fig. 5 B). 
To determine whether CY-09 interacts with NLRP3 di-
rectly, purified human NLRP3 protein was incubated with 
biotin–CY-09, and NLRP3 could be pulled down with bi-
otin–CY-09 and competed off by free CY-09 (Fig. 5, C and 
D; and Fig. S3 D), confirming that CY-09 directly interacts 
with NLRP3. To more precisely validate CY-09 as a potential 
NLRP3 inhibitor, we used microscale thermophoresis (MST) 
assay to measure the direct interaction between CY-09 and 
GFP-NLRP3. The equilibrium dissociation constant (KD) 
between CY-09 and purified GFP-NLRP3 was about 500 
nM (Fig. 5 E and Fig. S3 E).

We next studied whether CY-09 bound to other in-
nate immune sensors. Flag-tagged NLRP3, NOD1, NOD2, 
AIM2, and NLRC4 were overexpressed in HEK-293T cells, 
and the cell lysates were then incubated with biotin–CY-09. 

The results showed that only NLRP3 could be pulled down 
(Fig.  5  F), suggesting that CY-09 specifically binds with 
NLRP3. NLRP3 contains three functional domains, LRR, 
NAC​HT, and PYD. We then studied which domain was re-
sponsible for the binding between NLRP3 and CY-09, and 
the results showed that only NAC​HT domain of NLRP3 
bound CY-09 (Fig. 5 G). These results indicate that CY-09 
directly binds to the NAC​HT domain of NLRP3.

Previous results have shown that the ATPase activity of 
NLRP3 NAC​HT domain is essential for the oligomeriza-
tion of NLRP3 (Duncan et al., 2007); we thus tested whether 
CY-09 could affect the ATPase activity of NLRP3. The results 
showed that CY-09 inhibited the ATPase activity of purified 
NLRP3 at doses of 0.1–1 µM, as measured by the release of 
free phosphate (Fig. 6 A). The inhibitory effect of CY-09 on 
NLRP3 ATPase activity was specific because it had no effect 
on the ATPase activity of purified NLRC4, NLRP1, NOD2, 
or RIG-I (Fig. 6 B and Fig. S3 D).

Figure 5. C Y-09 binds to the ATP-binding site of NLRP3 NAC​HT domain. (A) Cell lysates of LPS-primed BMDMs were incubated with different con-
centrations of biotin�CY-09, which were then pulled down with streptavidin beads. (B) Cell lysates of LPS-primed BMDMs or PMA-differentiated THP-1 cells 
were incubated with biotin�CY-09 and different concentrations of free CY-09, which were then pulled down with streptavidin beads. (C) Puri�ed human 
NLRP3 protein was incubated with different concentrations of biotin�CY-09 and then pulled down with streptavidin beads. (D) Puri�ed human NLRP3 pro-
tein was incubated with biotin�CY-09 and different concentrations of free CY-09, which were then pulled down with streptavidin beads. (E) MST assay for 
the af�nity between CY-09 and puri�ed GFP-NLRP3 protein. (F and G) Cell lysates from HEK-293T cells transfected with Flag-tagged NLRP3, NOD1, NOD2, 
AIM2, NLRC4, NLRP3�LRR, NLPR3�NAC​HT, or NLRP3�PYD constructs were incubated with indicated concentration of biotin�CY-09, which were then pulled 
down with streptavidin beads. Data are representative of three independent experiments.
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tissue, is critical for the development of T2D (Stienstra et 
al., 2010; Yan et al., 2013). To further confirm that CY-09 
reverses metabolic disorders through inhibition of NLRP3 
activation, we examined whether CY-09 treatment inhibited 
NLRP3 inflammasome activation and metainflammation in 
diabetic mice. As expected, NLRP3-dependent IL-1� pro-
duction in serum, liver, or adipose tissues of HFD-treated 
mice was impaired by CY-09 treatment (Fig. 9, A–C). The 
caspase-1 cleavage observed in adipose tissue of HFD-treated 
mice was also suppressed by CY-09 (Fig. 9 D), indicating that 
CY-09 treatment can inhibit metabolic stress-induced in-
flammasome activation in vivo. In addition, the production of 
TNF-� and MCP-1, which are inflammasome-independent 
cytokines, were also decreased in HFD-treated mice 
(Fig. 9, E–H), which was consistent with the observation in 
Nlrp3�/� mice. These results suggest that CY-09 treatment 
not only blocks metabolic stress-induced NLRP3 inflam-
masome activation but also suppresses NLRP3-dependent 
metainflammation. Thus, these results indicate that CY-09 

can treat metabolic disorders by inhibition of NLRP3 in-
flammasome in diabetic mice.

We also examined the effects of CY-09 on the meta-
bolic parameters of normal lean mice. C57BL/6J mice fed 
with a normal diet were treated with CY-09 once a day at 
a dose of 2.5 mg/kg for 9 wk, and the results revealed that 
CY-09 treatment had no effect on the metabolic parameters 
and serum chemistry (Fig. S4).

CY-09 is active ex vivo for cells from healthy 
human or gouty patients
We next examined whether CY-09 was effective for human 
cells. First, we found that CY-09 could efficiently inhibit 
nigericin-induced NLRP3 inflammasome activation in 
human THP-1 cells (Fig. 10 A). Moreover, nigericin-induced 
caspase-1 activation and IL-1� production in human periph-
eral blood mononuclear cells (PBMCs) could also be sup-
pressed by CY-09 in a dose-dependent manner (Fig. 10, B 
and C). In contrast, CY-09 had no effect on TNF-� produc-

Figure 9. C Y-09 suppresses NLRP3-dependent metainflammation in diabetic mice. (A�H) WT or Nlrp3�/� mice were �rst fed with an HFD for 14 wk 
and then treated with CY-09 for 6 wk. Plasma IL-1� (A) was assessed by ELI​SA. Liver (B, E, and G) and white adipose tissue (WAT; C, F, and H) were isolated 
and cultured for 24�h, and supernatants were analyzed by ELI​SA for IL-1� (B and C), TNF-� (E and F), or monocyte chemoattractant protein 1 (G and H). 
Caspase-1 activation in WAT was analyzed by immunoblot as indicated (D). n = 6�8 per group. Data are shown as mean and SEM and are representative of 
two independent experiments. Statistics were analyzed using an unpaired Student�s t test: *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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efflux, a proposed upstream signaling event of NLRP3 activa-
tion (Daniels et al., 2016), suggesting that it might target the 
volume-regulated anion channel or other chloride channels to 
inhibit NLRP3 inflammasome activation and might have un-
specific effects. Here we describe CY-09 as a specific NLRP3 
inflammasome inhibitor that directly targeted NLRP3 itself 
and found that CY-09 had remarkable preventive or therapeu-
tic effects on the mice models of CAPS, T2D, and gout. Thus, 
our study describes a direct and specific NLRP3 inhibitor 
with the potential to treat NLRP3-driven diseases.

Our results demonstrate that pharmacological inhibition 
of NLRP3 ATPase activity is efficient to treat NLRP3-driven 
diseases. Previous studies have reported that MNS, partheno-
lide, BAY 11-7082, and INF39 can inhibit the ATPase activity 
of NLRP3 and show inhibitory activity for NLRP3 inflam-
masome in vitro. However, these compounds are not specific 
NLRP3 inhibitors and have multiple biological activities, 
such as the inhibitory activity for tyrosine kinases or NF-�B 
signaling pathway (Yip et al., 2004; Wang et al., 2006; Strick-
son et al., 2013; Cocco et al., 2017). In addition, MNS, par-
thenolide, and BAY 11-7082 have not been tested in vivo in 
the animal models of NLRP3-driven diseases. CY-09 directly 
bound to the NAC​HT domain of NLRP3 and inhibited its 
ATPase activity, which is essential for NLRP3 oligomeriza-
tion and inflammasome assembly (Duncan et al., 2007). Fur-
thermore, the mutation of Walker A motif in the NAC​HT 
domain, which is required for ATP binding to NLRP3 (Mac-
Donald et al., 2013), impaired the ability of CY-09 binding 
to NLRP3. In addition, our results clearly demonstrate that 
CY-09 competes with ATP to bind to NLRP3 and inhibits its 
ATPase activity and the subsequent NLRP3 oligomerization 
and inflammasome assembly. Importantly, our results show 
that suppression of NLRP3 ATPase activity by CY-09 has re-
markable effects to reduce NLRP3 inflammasome activation 
and symptoms in mice models of T2D and CAPS. Thus, our 
results suggest the ATPase activity could be targeted to screen 
drug candidates for treatment of NLRP3-drive diseases.

The current available clinical treatment for NLRP3- 
related diseases is the use of agents that target IL-1�, but tar-
geting NLRP3 itself with small-molecule inhibitors with 
high specificity, such as CY-09, might have certain advantages. 
In the CAPS mouse model, CY-09 was effective to prevent 
lethality, but blocking IL-1� alone could not (Brydges et al., 
2009). The possible reason is that the IL-18 production or py-
roptosis caused by inflammasome activation might also con-
tribute to the pathology. In addition, IL-1� is also produced 
by other inflammasomes or in an inflammasome-independent 
way (Davis et al., 2011; Netea et al., 2015), so inhibition of 
NLRP3 itself might have less immunosuppressive side ef-
fects than blockade of IL-1�. Indeed, our results showed that 
CY-09 had no effect on AIM2 or NLRC4 inflammasomes, 
suggesting that CY-09 might not impair the role of these in-
flammasomes in host defense. Moreover, the small-molecule 
compounds are in general more cost effective than biological 
agents (Fautrel, 2012).

T2D is characterized by insulin resistance and hypergly-
cemia and can cause several complications, including nerve 
and kidney damage. However, the drugs available currently 
are not effective in correcting the underlying cause of in-
sulin resistance, and most patients need pharmacotherapy 
for the rest of their lives (Nathan et al., 2009; Qaseem et 
al., 2012). Our study demonstrates that inhibition of NL-
RP3-dependent metainflammation by CY-09 is efficient to 
reverse the metabolic disorders in diabetic mice. CY-09 treat-
ment had remarkable beneficial effects for metainflammation, 
hyperglycemia, and insulin resistance in diabetic mice. Thus, 
this study suggests that correcting NLRP3-dependent meta
inflammation might be an effective approach to treat T2D. 
Considering the role of NLRP3-dependent inflammation in 
the progression of gout, Alzheimer’s disease, and atheroscle-
rosis, CY-09 or its derivatives could be used for the develop-
ment of new NLRP3-targeted therapeutics for these diseases.

Materials and methods
Mice
C57BL/6J mice at the age of 6 wk were purchased from 
the Model Animal Research Center of Nanjing University. 
Nlrp3�/�, Cftr�/�, and Nlrp3A350VneoR mice were described 
previously (Snouwaert et al., 1992; Martinon et al., 2006;  
Brydges et al., 2009). LysM-cre mice (B6.129P2-Lyz2tm1(cre)Ifo/J) 
were from Jackson Laboratory. Mice were housed in a stan-
dard, pathogen-free animal facility under a 12-h light/dark 
cycle at 22–24°C with unrestricted access to food and water 
for the duration of the experiment except during fasting tests 
(no more than 16 h). All animal experimental protocols were 
reviewed and approved by the Animal Care Committee of the 
University of Science and Technology of China.

Chemical synthesis and formulation
Unless otherwise noted, reagents and solvents were obtained 
from a commercial supplier and were used without further 
purification. Reactions were monitored by thin-layer 
chromatography and were visualized with UV light. Removal 
of solvents was conducted by using a rotary evaporator, 
and residual solvent was removed from nonvolatile 
compounds using a vacuum manifold maintained at 1 torr. 
Chromatography was performed on ISCO CombiFlashRf 
200 with prepacked silica-gel cartridges (RediSepRf 
Gold High Performance). Preparative high-pressure liquid 
chromatography was performed on a Waters Symmetry C18 
column (19 × 50 mm, 5 µM) using a gradient of 5%–95% 
methanol in water containing 0.1% trifluoacetic acid over 
8 min (10-min run time) at a flow rate of 20 ml/min. 1H 
nuclear magnetic resonance (NMR) and 13C NMR spectra 
were obtained on a BrukerUltrashield Plus-600 (600-MHz) 
spectrometer. Chemical shifts are reported in parts per 
million (�) relative to residual undeuterated solvent as an 
internal reference. Coupling constants (J) are reported in 
hertz. Spin multiplicities are described as s (singlet), brs (broad 
singlet), t (triplet), q (quartet), and m (multiplet). Purities of 
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