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Abstract

Aims: The NLRP3 inflammasome is a multiprotein complex that protects hosts against a variety of pathogens.
However, the molecular mechanisms of modulating NLRP3 inflammasome activation, especially at the priming
step, are still poorly understood. This study was designed to elucidate the negative regulation of nuclear factor
E2-related factor-2 (Nrf2) on the activation of NLRP3 inflammasome.

Results: We reported that Nrf2 activation inhibited NLRP3 expression, caspase-1 cleavage, and subsequent IL-1/
generation. Compared with normal cells, Nrf2-deficient cells showed upregulated cleaved caspase-1, which were
attributed to the increased transcription of NLRP3 caused by excess reactive oxygen species (ROS). Furthermore,
priming of the NLRP3 inflammasome was sensitive to the exogenous ROS levels induced by H,O, or rotenone.
Combined with adenosine triphosphate, rotenone triggered higher activity of the NLRP3 inflammasome compared
with lipopolysaccharide, suggesting that ROS promoted the priming step. In addition, Nrf2-induced NQO1 was
involved in the inhibition of the NLRP3 inflammasome. In an in vivo alum-induced Peritonitis mouse model, Nrf2
activation suppressed typical IL-1 signaling-dependent inflammation, whereas Nrf2™~ mice exhibited a significant
increase in the recruitment of immune cell and the generation of IL-1f compared with wild-type mice.
Innovation: We elucidated the effects and possible mechanisms of Nrf2 activation-induced NQO1 expression
on NLRP3 inflammasome inactivation and established a novel regulatory role of the Nrf2 pathway in ROS-
induced NLRP3 priming.

Conclusions: We demonstrated Nrf2 negatively regulating NLRP3 inflammasome activity by inhibiting the
priming step and suggested that Nrf2 could be a potential target for some uncontrolled inflammasome
activation-associated diseases. Antioxid. Redox Signal. 26, 28—43.
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Introduction milial cold autoinflammatory syndrome (FCAS), cancer, type

II diabetes (14), gout, atherosclerosis (22), and Alzheimer’s
THE NLRP3 INFLAMMASOME is a multiprotein complex disease (5). Thus, activation of the NLRP3 inflammasome

composed of the NLRP3 scaffold, ASC adaptor, and should be effectively controlled (13).

procaspase-1 (38). Recent studies indicate that the NLRP3 Many studies have shown that activation of the NLRP3
inflammasome can be activated when stimulated by both en- inflammasome requires two steps. At first, pattern recog-
dogenous ‘‘danger signals” and compounds associated with nition or cytokine receptor-induced priming signal leads
pathogens (39). The assembly of the inflammasome leads tothe  to the synthesis of NLRP3 and pro-IL-1§ proteins. Then, a
maturation and secretion of some proinflammatory cytokines, second signal promotes the NLRP3 inflammasome assembly-
such as IL-1f and IL-18 (24, 25). Moreover, the NLRP3 in- mediated cleaved caspase-1 and IL-1f secretion (3). The
flammasome has been regarded as a key component of innate  protein level of NLRP3 is critical for inflammasome as-
immunity. However, excessive and chronic activation of the sembly and regarded as a rate-limiting element for the in-
inflammasome results in many human diseases, such as fa- flammasome activation (6, 46). In resting macrophages,
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Innovation

Nuclear factor erythroid 2-related factor 2 (Nrf2)
activation-induced NQO1 expression contributed to the
inhibition of NLR family, pyrin domain containing 3
(NLRP3) inflammasome activation in macrophages. In
addition, tert-butylhydroquinone negatively regulated
NLRP3 transcription by enhancing the antioxidant ca-
pacity in an Nrf2-antioxidant response element (ARE)-
dependent manner. As a reactive oxygen species scaven-
ger, Nrf2-mediated NQOI1 expression blocked NLRP3
priming, followed by attenuated activation of NLRP3.
These results established a link between the Nrf2-ARE
pathway and the NLRP3 inflammasome. These results
also suggested that pharmacological activation of Nrf2
could be a potential therapeutic strategy for NLRP3-
associated diseases.

NLRP3 expression is relatively low and the assembly of the
inflammasome complex is poorly induced. Many exogenous
and endogenous factors can promote NLRP3 expression,
including TLR agonists, proinflammatory cytokines, and
reactive oxygen species (ROS) (37). It is interesting to note
that almost all NLRP3 agonists can trigger ROS generation
and that oxidative stress plays a vital role in NLRP3 in-
flammasome activation.

Redox signaling is a critical mechanism that mediates
NLRP3 inflammasome activation. Changes in the redox mi-
croenvironment regulate the NLRP3 inflammasome activa-
tion resulting in cleaved caspase-1 and mature IL-1f secretion
(35). In addition, in vitro suppressing of ROS production by
some scavengers or knockdown of NADPH oxidase subunits
revealed that when ROS production was absent, NLRP3-
induced IL-1f generation was impaired, which indicated that
ROS played crucial roles in inflammasome activation (10).

Notably, as a redox-sensitive transcription factor, Nrf2
regulates cellular antioxidant responses through modulating
many phase II antioxidants, detoxifying enzymes, and some
stress-responsive proteins (12, 20, 42). Under basal condi-
tions, Kelch ECH associating protein 1 (Keapl), a repressor
protein, tethers Nrf2 to the actin cytoskeleton within the cy-
tosol. The interaction between Nrf2 and Keap1 leads to con-
tinual ubiquitination and degradation of Nrf2. Under cellular
stress conditions, Nrf2 is accumulated and translocated to the
nucleus, binding to the antioxidant response element (ARE)
to initiate the antioxidant response, which protects against
a variety of reactive toxicants, including mitochondrial and
NADPH oxidase-induced ROS (28, 23, 45). The protective
roles of Nrf2 have been reported in asthma (34), sepsis (44),
and cigarette smoke-induced emphysema (43). Furthermore,
sulforaphane has been demonstrated to ameliorate DSS-
induced colitis (48), to which Nrf2™~ mice are more suscep-
tible (19). Although the effects of Nrf2 on the regulation of
many inflammatory diseases are emerging, the mechanisms of
which remain largely unknown.

In this study, we show that Nrf2 activation induced NQO1
expression to scavenge ROS, which then inhibited NLRP3
expression and subsequent caspase-1 cleavage. We identified
Nrf2 as an endogenous regulator of the NLRP3 inflamma-
some and illustrated the fine regulation of inflammasome
activation under physiological conditions.
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Results
Nrf2 inhibited NLRP3 inflammasome activation

To investigate the possible roles of Nrf2 in NLRP3 in-
flammasome activation, lipopolysaccharide (LPS)-stimulated
THP-Ms were pretreated with tert-butylhydroquinone (tBHQ)
before challenging them with adenosine triphosphate (ATP).
As shown in Figure 1A and Supplementary Figure S1A and B
(Supplementary Data are available online at www.liebertpub.
com/ars), tBHQ dose dependently increased the protein level
and nuclear translocation of Nrf2. NLRP3-mediated caspase-1
activation (Fig. 1B and Supplementary Fig. S1C) and IL-18
maturation (Fig. 1C) were inhibited by tBHQ in a dose-
dependent manner. Consistent with this, tBHQ treatment sig-
nificantly attenuated NLRP3 expressions at both the mRNA
and protein levels (Fig. 1B-E).

To test whether the inhibitory effect of tBHQ on the activation
of NLRP3 inflammasome was mediated by Nrf2, siRNA tar-
geting Nrf2 was used to suppress endogenous Nrf2 expression
(Fig. 1F). Knockdown of Nrf2 in THP-Ms significantly increased
LPS+ATP-induced NLRP3 inflammasome activation (Fig. 1H,
J, and Supplementary Fig. SIE). On the contrary, the NLRP3
inflammasome was poorly activated when Nrf2 was over-
expressed (Fig. 11 and Supplementary Fig. S1F). Combined with
tBHQ stimulation, transfection in THP-Ms with an Nrf2 over-
expression plasmid resulted in a sharp decrease of IL-1f secre-
tion (Fig. 11, K and Supplementary Fig. S1F), while transfection
with siRNA or plasmid alone had no effect on inflammasome
activation (Fig. 1G and Supplementary Fig. S1F). Together, these
observations suggested that tBHQ-induced Nrf2 activation neg-
atively regulated the NLRP3 inflammasome activation.

Nrf2 inhibited the priming step of NLRP3
inflammasome activation

A sufficient level of NLRP3 protein is necessary to form and
activate the NLRP3 inflammasome. Given that Nrf2 inhibited
NLRP3 activation, we tested whether Nrf2 suppressed NLRP3
expression. THP-Ms were pretreated with tBHQ, which was
then followed by LPS stimulation. tBHQ treatment remarkably
attenuated LPS-induced NLRP3 expression at both the protein
(Fig. 2A and Supplementary Fig. S2A) and mRNA levels
(Fig. 2B, C). In addition, stimulation of THP-Ms with tBHQ
alone decreased NLRP3 expression (Fig. 2A). As shown in
Figure 2D and G, Nrf2 knockdown greatly enhanced NLRP3
expression at both the mRNA and protein levels, while trans-
fection with the Nrf2 plasmid had the opposite effect (Fig. 2E,
H). Taken together, these results indicated that Nrf2 activation
inhibited LPS-induced NLRP3 production. It was previously
reported that NF-xB was inhibited by Nrf2 activation in certain
inflammatory diseases (47). However, we were unable to ob-
serve any suppressive effects of tBHQ on NF-«B nuclear
translocation (Fig. 2F and Supplementary Fig. S2C). Tradi-
tional inflammasome studies adopt sequential stimulation
methods, such as stimulating TLR ligands followed by a second
stimulus several hours later to trigger NLRP3 inflammasome
assembly. However, recent studies have indicated that co-
treatment of LPS and ATP can induce the rapid activation
of the NLRP3 inflammasome independent of the NLRP3 pro-
tein level (29). In this case, NLRP3 synthesis is not necessary
for rapid caspase-1 activation. As shown in Figure 2I and
Supplementary Figure S2D, the stimulation of THP-Ms with
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FIG. 1. tBHQ inhibits NLRP3 inflammasome activation. THP-Ms were treated with tBHQ for 12h, and the protein
level of Nrf2 and its nuclear translocation were determined by Western blot (A). tBHQ-pretreated THP-Ms were stimulated
with LPS for 4h and ATP for 1h. The panel shows a Western blot of NLRP3, cleaved caspase-1 (p10), and cleaved IL-1/
(p17) in the supernatants or cell lysates (B). IL-1f was measured by ELISA (C). The mRNA levels of NLRP3 and pro-IL-1/
were detected by real-time RT-PCR (D, E). Western blot analysis of Nrf2 expression in THP-Ms transfected with different
concentrations of Nrf2 siRNA or Nrf2 plasmid for 12 h (F). NLRP3, cleaved caspase-1, and IL-1f were detected by Western
blot (G). Nrf2 siRNA-transfected THP-Ms were stimulated with LPS and ATP for the indicated periods. NLRP3, cleaved
caspase-1, and IL-1f were detected by Western blot (H). IL-1 was measured by ELISA (J). Nrf2 plasmid-transfected
THP-Ms were stimulated with LPS and ATP for the indicated periods. NLRP3, cleaved caspase-1, and IL-1f were detected
by Western blot (I). IL-1f was detected by ELISA (K). The results are representatlve of three 1ndependent experiments and
are expressed as the mean + SD. *p <0.05, **p <0.01 compared with the control, *p <0.05, ##p <0.01 compared with LPS +
ATP. ATP, adenosine triphosphate; LPS, lipopolysaccharide; NLRP3, NLR family, pyrin domain containing 3; Nrf2,
nuclear factor erythroid 2-related factor 2; tBHQ, tert-butylhydroquinone; THP-Ms, THP-1 cell-derived macrophages.
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FIG. 2. Nrf2 inhibited the priming step of NLRP3 inflammasome activation. THP-Ms were pretreated with tBHQ for
12h and then stimulated with or without LPS for the indicated periods. NLRP3 was detected by Western blot (A). The
mRNA levels of NLRP3 and pro-IL-1f were measured by real-time RT-PCR (B, C). THP-Ms were transfected with Nrf2
siRNA or Nrf2 plasmid and then stimulated with LPS or ATP. The protein levels of NLRP3 were detected by Western blot
(D, E). The mRNA levels of NLRP3 and pro-IL-1f were measured by real-time RT-PCR (G, H). tBHQ-pretreated THP-Ms
were stimulated with LPS for 4 h, and the protein level of NF-xB and its nuclear translocation were determined by Western
blot (F). tBHQ-pretreated THP-Ms were stimulated with LPS together with ATP for 1 h. Cleaved caspase-1 (p10), IL-1f,
and NLRP3 were detected by Western blot (I). tBHQ-stimulated THP-Ms were pretreated with actidione for 1 h and then
stimulated with LPS and ATP. Cleaved caspase-1 (p10), IL-1f, and NLRP3 were detected by Western blot (J). The results
are representative of three independent experiments and are expressed as the mean+SD. *p <0.05, compared with the

control, #p<0.05, ##p<0.01 compared with LPS + ATP.

LPS and ATP for 1h led to rapid NLRP3 inflammasome ac-
tivation, while tBHQ treatment had no significant effect on
NLRP3 inflammasome activation. Furthermore, when acti-
dione was given before LPS stimulation to inhibit NLRP3
protein synthesis, the inhibitory effect of tBHQ on inflamma-
some activation was abolished (Fig. 2J and Supplementary
Fig. S2E), indicating that Nrf2 inhibited NLRP3 inflammasome
activation by suppressing NLRP3 transcription.

tBHQ decreased the production of ROS induced
by LPS and ATP

Nrf2 plays a vital role in protection against oxidative stress.
Previous reports identified that ROS were critically involved in
NLRP3 inflammasome activation (35). Therefore, we mea-

sured the production of ROS in THP-Ms under different
stimulation conditions. tBHQ decreased total ROS in a time-
and dose-dependent manner (Fig. 3A, B). ROS generation
induced by LPS and ATP was also inhibited by tBHQ stimu-
lation (Fig. 3C, D). Furthermore, Nrf2 siRNA caused higher
ROS release (Fig. 3E), while a lower ROS level was observed
in the context of Nrf2 overexpression (Fig. 3F). Similar results
were also found in bone marrow-derived macrophages
(BMDMs), where Nrf2”~ BMDMs exhibited higher levels of
ROS that could not be downregulated by tBHQ (Fig. 3G-I).
Superoxide is a component of mitochondrial ROS. Using
flow cytometry, we examined the effect of tBHQ on the in-
tracellular superoxide level. It was found that most of the
intracellular superoxide elevation caused by LPS and ATP
was decreased when Nrf2 was activated in advance (Fig. 4A).
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different doses for the indicated time, and the intracellular level of total ROS was measured by flow cytometry (A, B). Cells
pretreated with different concentrations of tBHQ were stimulated by LPS and ATP; then, ROS were measured (C, D). Nrf2 siRNA
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Moreover, superoxide was markedly enhanced in Nrf2-
deficient cells and inhibited by Nrf2 overexpression (Fig. 4B).
The activity of superoxide dismutase (SOD) was also mea-
sured after different stimulation, which was found to be closely
related to Nrf2 activation (Fig. 4C, D). Similar phenomena
were observed in the levels of peroxide (Fig. 4E, F) and cat-
alase (Fig. 4G, H). Taken together, these results strongly
suggested that Nrf2 activation enhanced the activities of SOD
and catalase to scavenge different sources of ROS.

ROS promoted NLRP3 activation by affecting
the priming step

The above results suggested that tBHQ suppressed ROS
production and NLRP3 inflammasome activation. To investi-
gate the role of ROS in the activation of the NLRP3 in-
flammasome, H,O, and rotenone were used to upregulate total
intracellular ROS (Fig. 5A). H,O, represented an exogenous
way to promote ROS production, while rotenone, a respiratory
chain inhibitor, increased mitochondrial ROS and enhanced
total ROS. We found that ROS can both induce NLRP3 tran-
scription and promote LPS-induced NLRP3 expression at the
mRNA and protein levels (Fig. 5B, C). When NAC or rotenone

was given to LPS-treated THP-Ms for 3h followed by ATP
stimulation, the production of both IL-1/ (Fig. 5F) and cleaved
caspase-1 (Fig. 5D) was decreased by NAC, whereas the acti-
vation of the NLRP3 inflammasome was increased by rotenone.

Based on the finding that ROS promoted the transcription
of NLRP3 (Fig. 5B, C), we explored whether ROS primarily
regulated the priming step. Rotenone was used as a substitute
for either LPS or ATP to stimulate THP-Ms. As expected, both
LPS and rotenone were able to prime the NLRP3 inflamma-
some, and when combined with ATP, they all induced cleaved
caspase-1 activation. Hence, we speculated that ROS may play
the same role as LPS in the activation of the NLRP3 in-
flammasome (Fig. 4E, G). Indeed, IL-1f secretion was not
increased in response to LPS plus rotenone. That is, rotenone
had little effect on the assembly of the NLRP3 inflammasome.
Taken together, these results demonstrated that ROS promoted
the priming step of NLRP3 inflammasome activation.

The negative regulation of Nrf2 on the NLRP3
inflammasome was dependent on ROS

Next, we study the underlying mechanism of the inhibitory
effects of Nrf2 on NLRP3 inflammasome activation. Nrf2
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signaling suppressed ROS generation and caspase-1 activa-
tion. Hence, we tested the role of ROS in Nrf2-induced
NLRP3 inflammasome inhibition, and it was found that the
inhibitory effect of tBHQ on NLRP3 inflammasome activa-
tion was rescued by rotenone (Fig. 6A—C). Combined with
ATP, H,0, or rotenone (instead of LPS) could trigger
NLRP3 inflammasome activation, which was inhibited by
tBHQ pretreatment (Fig. 6D-I).

Moreover, transfection with Nrf2 siRNA increased intra-
cellular ROS levels and promoted the transcription of NLRP3,
cleaved casepase-1 production and IL-1f secretion. This en-
hancement was significantly suppressed by NAC (Fig. 6J-L),
suggesting that Nrf2-induced NLRP3 inflammasome inhibi-
tion was dependent on ROS. When transfected with the Nrf2

plasmid, neither rotenone nor NAC had any significant effect
on NLRP3 inflammasome activation (Fig. 6M-0). We spec-
ulated that when Nrf2 was overexpressed, exogenous ROS
were scavenged before activating the NLRP3 inflammasome.
These data suggested that Nrf2 inhibited the activation of
NLRP3 inflammasome by scavenging ROS.

The negative regulation of Nrf2 on NLRP3
inflammasome activation involved NQO1

As shown in Figure 1H, Nrf2 knockdown significantly
increased LPS- and ATP-induced NLRP3 inflammasome
activation. To further confirm this, the effect of tBHQ
was tested in Nrf2”~ BMDMs. The results showed that
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FIG. 5. ROS promoted NLRP3 activation by affecting the priming step. LPS-stimulated THP-Ms were exposed to
NAC, H,0,, and rotenone and then treated with ATP. The intracellular level of ROS was measured by flow cytometry (A).
The mRNA levels of NLRP3 and pro-IL-1f were measured by real-time RT-PCR (B, C). NLRP3, cleaved caspase-1, and
IL-1p were detected by Western blot (D). IL-1 was detected by ELISA (F). Rotenone was substituted with LPS or ATP,
and then, cleaved caspase-1, IL-1f, and NLRP3 were detected by Western blot (E). IL-1/ was detected by ELISA (G). The
results are representative of three independent experiments and are expressed as the mean£SD. *p<0.05, **p<0.01
compared with the control, #p <0.05, compared with LPS + ATP. To see this illustration in color, the reader is referred to the
web version of this article at www .liebertpub.com/ars
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FIG. 6. The negative regulation of Nrf2 on the NLRP3 inflammasome was dependent on ROS. THP-Ms were
pretreated with tBHQ for 12h and then stimulated with LPS for 4h and ATP for 1 h. NAC or rotenone was added for the
indicated time before ATP treatment. NLRP3, cleaved caspase-1, and IL-1 were detected by Western blot (A). IL-1f was
detected by ELISA (B). The mRNA level of NLRP3 was detected by real-time RT-PCR (C). Western blot analysis of
NLRP3, cleaved caspase-1, and IL-1p in tBHQ-pretreated cells stimulated with rotenone (D) or H,O» (G) plus ATP. IL-1p
was detected by ELISA (E, H). The mRNA level of NLRP3 was measured by real-time RT-PCR (F, I). Nrf2 siRNA-
transfected THP-Ms were treated with the same stimulation. NLRP3, cleaved caspase-1, and IL-1ff were detected by
Western blot (J) IL-1f was detected by ELISA (K). The mRNA level of NLRP3 was measured by real-time RT-PCR (L).
Nrf2 plasmid-transfected cells were shown (M-0). The results are representative of three independent experiments and are

expressed as the mean £ SD. *p <0.05, **p <0.01.

the negative regulation of tBHQ on LPS+ATP-induced
caspase-1 activation in BMDMs was abolished almost
completely when Nrf2 was absent (Fig. 7A, B and Sup-
plementary Fig. S3F, G). On the contrary, the Nrf2 over-
expression plasmid significantly rescued the inhibitory
function of tBHQ in Nrf2”~ BMDMs (Fig. 7C, D, and
Supplementary Fig. S3H). We found that treating BMDMs
with different doses of tBHQ for 12 h increased the tran-
scription of ARE genes, including GCLC, GCLM, GST,
HO-1, and NQO1 (Fig. 7E). Notably, the transcription of
NQOI1 induced by tBHQ was significantly increased by
20-fold. By contrast, in Nrf2”~ BMDMs, the NQOI
mRNA level was not affected by tBHQ, while the mRNA
levels of other ARE genes were increased by approxima-
tely fourfold when exposed to 50 uM tBHQ (Fig. 7F). In
addition, in THP-Ms, the effect of tBHQ on the expression
of NQOI, but not other ARE genes, was more profound
than in Nrf2-silenced cells (Fig. 7G). A previous study
reported that glutathione (GSH) may be the dominant
factor in the cytoprotective actions of Nrf2 (11). However,
we did not detect any remarkable effects of tBHQ on GSH
in either THP-Ms or BMDMs (Supplementary Fig. S3I),
suggesting that GSH may not be involved in the regulation
of the NLRP3 inflammasome. Taken together, these data
indicated that NQO1 was involved in the inhibitory effects
of Nrf2 on NLRP3 inflammasome activation.

tBHQ attenuated alum-induced peritonitis in vivo

To further test whether the in vitro biological effects of
Nrf2 activation on NLRP3 inflammasome were also ob-
servable in vivo, an IL-1-dependent mouse peritonitis model
was adopted. Mice received a gavage of tBHQ (300 mg/kg
and 600 mg/kg) for 1 week followed by an intraperitoneal
(i.p.) injection of alum. After that, we collected peritoneal
exudate cells (PECs), and inflammatory cells recruited by
alum were analyzed by flow cytometry. As shown in
Figure 8A-D, alum-induced recruitment of Ly6G" neutro-
phils and Ly6C" monocytes was significantly blocked by
different doses of tBHQ. In addition, less caspase-1 cleavage
and mature IL-1§ secretion were observed in the lavage fluid
from mice that received a gavage of tBHQ (Fig. 8E, F).
Notably, we observed that alum-recruited PECs had a fusi-
form shape, rather than a circular shape, as observed in
normal and tBHQ pretreatment groups (Fig. 8G).

However, Nrf2”~ mice showed a remarkable increased
recruitment of inflammatory cells, including Ly-6G* neu-
trophils and Ly-6C* inflammatory monocytes, after intra-
peritoneal (i.p.) injection of alum compared with wild-type
mice (Fig. 9A-D), supporting a critical anti-inflammatory
role of Nrf2 in alum-induced peritonitis. In addition, higher
NLRP3 and cleaved caspase-1 expression, as well as IL-1
secretion, were also observed in the lavage fluid from Nrf2™~
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FIG. 7. The negatlve regulation of Nrf2 on NLRP3 1nﬂammasome activation involved NQO1. tBHQ-pretreated WT
BMDMs, Nif2”~ BMDMs, and Nrf2 plasmid-transfected Nrf2”~ BMDM:s were stimulated with LPS for 4h and ATP for 1h,
and then, NLRP3, cleaved caspase-1, and IL-1f were detected by Western blot (A—C). IL-1f was detected by ELISA (D). WT
BMDMs and Nrf2”~ BMDMs were treated with tBHQ for 12h, and the mRNA levels of GCLM, GCLC, GST, HO-1, and
NQO1 were measured by real-time RT-PCR (E, F). The expressions of the above mRNA were detected in THP-Ms treated
with different stimulations (G). The results are representative of three independent experiments and are expressed as the
mean+SD. *p<0.05, *p<0.01, *p<0.05, ¥p<0.01 compared with LPS + ATP, N.S means no significant difference.

mice (Fig. 9E, F). Nrf2 deficiency may abolish its protective
effect against alum-induced peritonitis, as immune cells had a
more mature phenotype and a fusiform shape (Fig. 9G).
Overall, these findings further confirmed that Nrf2 activation
inhibited NLRP3 inflammasome activity in vivo.

Discussion

Recently, Nrf2 and the NLRP3 inflammasome have been
identified as regulators of many inflammatory diseases. They
have also become useful targets of anti-inflammatory inter-
ventions for the treatment of liver injury (32), lupus nephritis
(18), and colitis (49). More recently, Pei-Yi Tsai demon-

strated that epigallocatechin-3-gallate had prophylactic ef-
fects on lupus nephritis by increasing the Nrf2 antioxidant
signaling pathway and inhibiting renal NLRP3 inflamma-
some activation (11), which could also be applied to the
treatment of glomerulonephritis (50). In addition, schisandrin
B was reported to induce Nrf2 expression and attenuate ROS-
dependent peritonitis (26). Although studies have revealed
that enhancing Nrf2 and suppressing NLRP3 can be used to
treat inflammation, it is still unknown whether there is a
crosslink between the Nrf2-ARE pathway and NLRP3 in-
flammasome and whether Nrf2 inducers could be adopted to
protect against NLRP3-associated diseases. Further in-depth
biochemical analysis about the interaction between Nrf2 and
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FIG. 8. tBHQ attenuated alum-induced peritonitis in vivo. Different groups of mice (n=8) were intraperitoneally

injected with alum (700 pg/per mouse) diluted in sterile PBS. Peritoneal lava%e was performed for 12 h after injection. The
ratio of CD11b*Ly-6C" inflammatory monocytes (A, C) and CD11b*Ly-6G™ neutrophils (B, D) was evaluated by FACS
analysis. PECs were seeded in 12-well plates and HE stained (G). The protein levels of NLRP3 and cleaved caspase-1 were
detected by Western blot (E). IL-1f was detected by ELISA (F). The results are representative of at least three independent
experiments and are expressed as the mean = SD. *¥p <0.01, ***p <0.001 compared with the control, *p <0.05, *p <0.001
compared with alum. PEC, peritoneal exudate cell. To see this illustration in color, the reader is referred to the web version

of this article at www.liebertpub.com/ars

the NLRP3 inflammasome should provide mechanistic in-
sights. In this study, we found that Nrf2 activation inhibited
NLRP3 inflammasome activation by decreasing ROS-
induced NLRP3 transcription.

Our in vivo study showed that Nrf2”~ mice are more
susceptible to peritonitis than wild-type mice, which does not
agree with a recent study by Zhao er al. indicating that
Nrf2™~ mice have significantly less recruitment of immune
cells and are less susceptible to peritonitis (51). Alum-
induced peritonitis is regarded as a typical NLRP3-IL-1p
axis-dependent inflammation animal model, and notably, the
dose of alum and its stimulation time influence immune cell
recruitment in the peritoneal cavity. The omentum is a major
site of entry for leukocytes during peritoneal inflammation
(8), and a sufficient dose of alum is required to instigate
leukocyte recruitment. Generally, a dose of 700 ug per mouse

has been adopted in most experiments (9, 16). In addition,
monocyte-derived macrophages are known to migrate from
the peritoneum in the resolution phase of acute inflammation
(4), and the longer time course would increase the migration
of immune cells. In our study, we used an alum dose of
700 pg per mouse for 12 h to induce acute peritonitis, which is
different from Zhao’s methodology (400 ug of alum per
mouse for 16 h). We speculate that the dose of alum used and
the duration of the exposure may explain the contradiction
between our study and Zhao’s.

We hypothesized that Nrf2 preactivation leads to the
inhibition of NLRP3 inflammasome activation via a ROS-
dependent mechanism. Indeed, tBHQ decreased the pro-
duction of superoxide and peroxide, while the activities of
SOD and catalase were significantly enhanced. Larry et al.
demonstrated that Nrf2 played a critical role in controlling
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basal GSH levels by modulating the rate of GSH synthesis in
mouse embryonic fibroblasts. Moreover, GSH was entirely
responsible for the protection against a soft and hard elec-
trophile, an organic hydroperoxide, and a redox-cycling
agent, indicating that increasing the abundance of GSH is
more important than the induction of enzymes, such as heme
oxygenase-1 and NAD(P)H:quinone oxidoreductase-1, in
scavenging ROS (11). In the present study, we measured the
mRNA levels of Nrf2-targeted ARE genes, including GCLC,
GCLM, GST, HO-1, and NQO1, and found that the effect of

tBHQ on the mRNA level of NQOI, but not other ARE
genes, was more profound than that in Nrf2-deficient cells.
Notably, the expression of NQO1 was closely related to Nrf2-
mediated inhibition of the NLRP3 inflammasome, which
indicated that Nrf2-induced NQOI1 expression played a
critical role in scavenging ROS. In addition, NQO1 was
identified as a highly inducible cytoprotective gene that
regulated ROS generation (21). tBHQ could ameliorate
arsenic-induced cytotoxicity and apoptosis by inducing Nrf2-
dependent antioxidant responses in which NQO1 was



Nrr2 INHIBITS NLRP3 PRIMING

FIG. 10. Proposed model
illustrating how Nrf2 nega-
tively regulated NLRP3 in-
flammasome activation. ROS
induced by LPS promoted
NLRP3 transcription. Then,
ATP stimulation activated the
NLRP3 inflammasome, which
led to mature IL-1p secretion.
tBHQ induced the nuclear
translocation of Nrf2, NQO1
expression, and scavenged in-
tracellular ROS, which resulted
in the decrease of NLRP3
transcription and subsequent
inflammasome activation. To
see this illustration in color, the
reader is referred to the web
version of this article at
www.liebertpub.com/ars

involved (7). In addition, the NQOI1 inhibitor diminutol
(Dim) abolished the suppressive function of Nrf2 on hepa-
totoxicity (33). Therefore, NQO1 may account for the in-
hibitory effects of Nrf2 on the regulation of NLRP3
inflammasome activation.

Oxidative stress is considered as a common feature of in-
flammatory responses, and ROS act as an upstream signal
mediating the NLRP3 inflammasome activation (36, 54). In
this study, our results showed that ROS exerted their effects
by promoting the transcription of NLRP3. NF-xB was re-
ported to be an ROS-sensitive transcription factor that me-
diated NLRP3 inflammasome activation (27), but we did not
find any change in the NF-xB protein level or its nuclear
translocation after exposure to tBHQ. Bauernfeind ez al. (2)
demonstrated that the priming step of NLRP3 inflammasome
strictly requires ROS production, which is not necessary for
inflammasome activation (1). Recently, a novel mechanism
for ROS regulation of the post-translational activation of
NLRP3 by deubiquitination has been put forward (17). In ad-
dition, ROS induced oxidized mitochondrial DNA release into
the cytosol (40), where it binds to and activates the NLRP3
inflammasome (41). It was also reported that ROS-mediated
TXNIP detachment from thioredoxin triggered IL-1 expres-
sion (53). However, Masters et al. (30) identified no difference
in NLRP3 inflammasome activation in response to inflamma-
some activators between WT and TXNIP™~ macrophages,
thereby excluding a role of TXNIP in modulating the NLRP3
inflammasome. Further studies need to be carried out to clarify
the precise mechanism of ROS-mediated NLRP3 transcription.

However, there are studies indicating a negative regulatory
role of ROS on NLRP3 inflammasome activation. It was
found that excessive ROS could inhibit NLRP3-mediated
caspase-1 activation and that NLRP3 inflammasome activa-
tion and IL-1p secretion were suppressed by HO-1 inhibitor
zinc (II) protoporphyrin IX (ZnPP) and the knockdown of
Nrf2 and with the consumption of GSH-induced superoxide
anion production (15). Studies also showed that in SOD1-
deficient mice, persistent high ROS levels in macrophages
were able to inhibit the activity of caspase-1 and the matu-
ration of IL-1f (31). ROS overproduction specifically in-
hibited caspase-1 by reversible oxidation and glutathionylation
of the redox-sensitive cysteine residues Cys397 and Cys362. A
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similar phenomenon may occur in Nrf2”~ macrophages un-
der chronic oxidative stress conditions, as Zhao suggested a
positive role for Nrf2 in NLRP3 inflammasome activation
(52). Further experiments are worth to dissect the precise
mechanisms.

In conclusion, a model was proposed to illustrate how
Nrf2 negatively regulated NLRP3 expression and subsequent
caspase-1 activation (Fig. 10). NLRP3 is the rate-limiting
element for the activation of the inflammasome. It has been
demonstrated that the activation status of the NLRP3 in-
flammasome, which resulted from high level of NLRP3 ex-
pression, is closely related to many diseases, including
metabolic diseases, autoinflammatory syndromes, and can-
cers. Hence, it is critical to tightly control NLRP3 expression
to prevent and treat these diseases. Our work identified Nrf2
as an inhibitor of NLRP3 expression at the transcriptional
level and provided a molecular pathway through an endog-
enous regulator affecting the immune response and even
controlling the development of immune-mediated diseases.
Furthermore, our results provided a strategy to downregulate
the activity of inflammasome and suggested that Nrf2 could
be a potential target for the therapeutic modulation of
NLRP3-associated diseases, such as autoinflammatory dis-
eases, gout, and diabetes.

Materials and Methods
Reagents

tBHQ purchased from Sigma-Aldrich was dissolved in
DMSO at 20 mM. Primary antibodies for Nrf2, f-actin, lamin
A, IL-1f, horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies were purchased from Bioworld Tech-
nology, Inc. NLRP3, NQOI, and caspase-1 antibody were
purchased from CST Technology, Inc. Antibodies for flow
cytometry, including CDI11b, Ly-6C, and Ly-6G, were
purchased from eBioscience (eBioscience, Inc.). Nrf2 siR-
NA and control siRNA were purchased from Santa Cruz
Biotechnology, Inc. Phorbol myristate acetate (PMA), li-
popolysaccharide (LPS), adenosine triphosphate (ATP),
and rotenone were purchased from Sigma-Aldrich. N-
acetyl-cysteine (NAC) and ROS Assay kit were purchased
from Beyotime Institute of Biotechnology. ELISA kits for
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human and murine IL-18 were purchased from Boster
Biotech Co. Ltd.

Cell culture

Human THP-1 cells were obtained from the Cell Bank of
Shanghai, Institute of Biochemistry and Cell Biology, Chi-
nese Academy of Sciences and maintained in RPMI 1640
medium (Gibco) supplemented with 10% heat-inactivated
fetal bovine serum (Gibco) and 100 U/ml benzylpenicillin
and100 mg/ml streptomycin. THP-1 cells were stimulated by
PMA (100 ng/ml) for 12 h to differentiate into macrophages.
The peritoneal macrophages were isolated according to the
following procedures. They were isolated from C57/BL6
mice and cultured with RPMI 1640 medium supplemented
with 10% heat-inactivated fetal bovine serum. After 8h,
culture fluid was exchanged with a fresh culture medium.
The adherent macrophages were used for experiments. 1L.929
cells were also purchased from the Institute of Biochemistry
and Cell Biology and cultured with DMEM (Gibco) supple-
mented with 10% heat-inactivated fetal bovine serum.
BMDM cells were isolated according to the following pro-
cedures. Bone marrow cells were isolated from C57/BL6
mice and cultured with DMEM supplemented with 10%
heat-inactivated fetal bovine serum and 30% L1929 cell-
conditioned medium. Culture fluid was exchanged with a
fresh culture medium every 3 days. Under these conditions,
adherent macrophages were obtained within 7 days. Non-
adherent cells were removed by washing the plate twice with
PBS. The adherent macrophages were used for experiments.
All cell lines were cultured under a humidified 5% (v/v) CO,
atmosphere at 37°C.

Mice

Six- to eight-week-old female C57BL/6 mice were pur-
chased from Model Animal Genetics Research Center of
Nanjing University (Nanjing, China). Six- to eight-week-old
Nrf2™~ mice were on C57BL/6 background. Animal welfare
and experimental procedures were carried out strictly in ac-
cordance with the Guide for the Care and Use of Laboratory
Animals (National Institutes of Health, the United States) and
the related ethical regulations of our university. All efforts
were made to minimize animals’ suffering and to reduce the
number of animals used.

Western blot assay

Total proteins were extracted by adding RIPA lysis buffer
with 1 mM PMSF for 1h on the ice and centrifuging at
13,000 rpm for 30 min at 4°C. Protein concentration in the
supernatants was measured by BCA protein assay (Thermo).
Cell culture supernatants were concentrated with methanol/
chloroform and the pellets were lysed in the SDS sample
buffer. Then, equal amount of sample was run on 12% SDS-
PAGE. The proteins were transferred to polyvinylidene di-
fluoride (PVDF) membranes (Millipore) using a semidry
transfer system (Bio-rad). Proteins were detected using spe-
cific antibodies of Nrf2, NQO1, NLRP3, caspase-1, ff-actin,
and lamin A overnight at 4°C. The membranes were then
washed three times with PBST followed by HRP-conjugated
secondary antibodies for 1h at 37°C. All of the antibodies
were diluted in PBST containing 1% BSA. The signals were
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analyzed using the ECL chemiluminescence detection sys-
tem (Tanon).

Nuclear and cytoplasmic extraction

Following treatments, cells were harvested by centrifuga-
tion and washed twice with PBS. Nuclear and cytosol lysates
were isolated using a Nuclear/Cytosol Fractionation Kit
(BioVision) according to the manufacturer’s instruction. The
protein concentration of the nuclear and cytoplasmic extracts
was measured with the BCA protein assay reagent. Extracts
were stored at —20°C until further experimentation.

Measurement of cytokine production

Peritoneal macrophages and THP-1 cells were seeded in
12-well plates and cultured overnight. After different stim-
ulation, the supernatants were collected, and the concentra-
tions of IL-1p were measured using mouse IL-1f and human
IL-15 ELISA kits (Boster) according to the manufacturer’s
instruction.

RNA extraction and real-time RT-PCR

Total RNA was isolated using the TRIzol reagent (In-
vitrogen) according to the manufacturer’s protocol. The
concentration and purity of the extracted RNA were mea-
sured with the optical densities at 260 and 280 nm. RNA
samples were reverse transcribed to cDNA and subjected to
quantitative PCR, which was performed with the Light-
Cycler® 96 Real-Time PCR System (Roche) using AceQ
gPCR SYBR Green Master Mix (Vazyme). The primer se-
quences used in this study were as follows:

Nlrp3, 5-AACATTCGGAGATTGTGGTTGGG-3" (for-
ward)

5’-GTGCGTGAGATTCTGATTAGTGCTG-3’ (reverse)

IL-18, 5-AGGCTGCTCTGGGATTC-3’ (forward)

5’-GCCACAACAACTGACGC-3’ (reverse)

GAPDH, 5-AAGGTCGGAGTCAACGGATTT-3" (for-
ward)

5’-AGATGATGACCCTTTTGGCTC-3’ (reverse)

Nrf2, 5-CGAGATATACGCAGGAGAGGTAAGA-3’
(forward)

5’-GCTCGACAATGTTCTCCAGCTT-3’ (reverse)

GCLC, 5’- GCTGTCTTGCAGGGAATGTT-3’ (forward)

5’- ACACACCTTCCTTCCCATTG-3’ (reverse)

GCLM, 5’- TTGGAGTTGCACAGCTGGATT-3" (for-
ward)

5’- TGGTTTTACCTGTGCCCACTG-3’ (reverse)

GST- CCTGTACCAGTCCAATACCATCCT-3’ (forward)

5’- TCCTGCTGGTCCTTCCCATA-3’ (reverse)

Transfection of Nrf2 plasmid and Nrf2 siRNA

Nrf2 plasmid was donated by Professor Siwang Yu from
Peking University (Beijing, China) and Nrf2 siRNA was
purchased from Santa Cruz Biotechnology, Inc. and trans-
formed according to the manufacturer’s instruction of Ecfect
Transfection reagent (Vazyme).

Measurement of intracellular ROS level

ROS Assay kit purchased from Beyotime Institute of
Biotechnology was used according to the manufacturer’s
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instructions. Cells were cultured in a 12-well plate, treated
with various stimulations, and then, the cells were harvested
and incubated with 100 uM DCFH-DA attenuated with
serum-free medium for 20 min at 37°C in the dark, washed
twice with cold PBS. The fluorescence intensity was mea-
sured by the FACSCalibur flow cytometer (Becton Dick-
inson) at Ex./Em.=488/525 nm.

Measurement of production of cellular superoxide

THP-Ms superoxide levels were measured with dihy-
droethidium (DHE, Beyotime Institute of Biotechnology),
tBHQ-pretreated THP-Ms suffered different stimulations,
stained by DHE (10 uM, 30 min, 37°C) in the dark in a hu-
midified chamber, briefly washed by PBS, and detected by
FACS.

Hydrogen peroxide assay

The Hydrogen Peroxide Assay Kit was purchased from
Beyotime Institute of Biotechnology. First, the cells were
lysed by the schizolysis solution supplied by the kit. Then, the
supernatants were collected by centrifuging at 1100 g for
10 min at 4°C. Next, 50 ul of supernatants and 100 ul of test
solutions were mixed and placed at room temperature for
20 min and measured instantly with a microplate reader at a
wavelength of 570 nm. Finally, the concentration of H,O,
released was calculated according to a standard concentration
curve that originated from standard solutions on identical
experiments.

Measurement of SOD activity

The SOD activity kit purchased was used according to the
manufacturer’s instructions. Cells were cultured in a six-well
plate and treated with various stimulations. SOD activity was
tested by measuring its inhibition on the process of xanthine
oxidase catalyzing xanthine to generate superoxide anion
free radicals, and then, the superoxide radicals could oxidize
hydroxylamine to generate nitrite, which reacts with a de-
veloper to give a purple color. Based on this principle, we
determine the SODI activity. The detailed procedures were
performed as per the manufacturer’s instruction.

Measurement of catalase activity

The Catalase Activity Kit purchased from Beyotime In-
stitute of Biotechnology was used according to the manu-
facturer’s instructions.

Measurement of GSH

The GSH kit purchased from Beyotime Institute of Bio-
technology was used according to the manufacturer’s in-
structions.

Alum-induced peritonitis

Mice were injected intraperitoneally with 700 ug alum
diluted in sterile PBS. Twelve hours later, peritoneal lavage
was collected and PECs were stained with cell surface
markers CD11b, Ly6C, and Ly6G. Flow cytometry analysis
was performed by the FACSCalibur flow cytometer (Becton
Dickinson).

a1

HE staining

Peritoneal macrophages were seeded in six-well plates and
cultured for 8 h, and the standard HE staining was performed
according to the manufacturer’s instructions. Hematoxylin
was used to stain nucleic acids and eosin was used to stain the
cytoplasm and extracellular matrix.

Statistical analyses

Results are presented as the mean+ SD. Statistical analy-
ses were performed with the 7-test for two groups or one-way
ANOVA (GraphPad Software) for multiple groups. p Values
<0.05 were considered significant.
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BMDM = bone marrow-derived macrophage

GSH = glutathione

IL-18 =interleukin-18

IL-1f =interleukin-1p
LPS = lipopolysaccharide
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