Toxins 2010, 2, 1500-1514; doi:10.3390/toxins2061500
OPEN ACCESS

toxins
ISSN 2072-6651
www.mdpi.com/journal/toxins
Article

Ricin Toxin Activates the NALP3 Inflammasome
Meghan Lindauer †, John Wong † and Bruce Magun *
Department of Cell and Developmental Biology, Oregon Health and Science University, 3181 S.W.
Sam Jackson Park Rd., Portland, OR 97239, USA; E-Mails: lindauem@ohsu.edu (M.L.);
wongjo@ohsu.edu (J.W.)
†

These authors contributed equally to this work.

* Author to whom correspondence should be addressed; E-Mail: magunb@ohsu.edu;
Tel.: +00-1-503-494-5824; Fax: +00-1-503-494-4253.
Received: 20 April 2010; in revised form: 30 April 2010 / Accepted: 4 May 2010 /
Published: 17 June 2010

Abstract: Ricin exhibits well characterized ribotoxic actions that lead to the inhibition of
protein synthesis and the phosphorylation of stress activated protein kinases (SAPKs).
Proinflammatory effects of ricin are thought to be caused by upregulation of genes
encoding proinflammatory transcripts as a result of the activation of c-Jun N-terminal
kinase (JNK) and p38 MAPK. We reported previously that macrophages and interleukin-1
(IL-1 signaling are required for murine host immune responses to ricin delivered to the
lungs. Here we report that ricin-mediated IL-1release from bone-marrow derived
macrophages is dependent on the NALP3 inflammasome, a scaffolding complex that
mediates pro-IL-1 cleavage to active IL-1 by caspase-1. Release of IL-1 from
macrophages was suppressed by the reactive oxygen species (ROS) scavenger N-acetyl
cysteine (NAC) and high extracellular K+, which are two agents known to inhibit
NALP3/cryopyrin/CIAS1 inflammasome formation. By employing inhibitors of p38
MAPK and JNK, we demonstrated that ricin-mediated release of IL-1 was enhanced,
rather than suppressed, by inhibition of SAPK phosphorylation. In contrast, proteasomal
inhibitors bortezomib and MG-132 completely suppressed ricin-induced IL-1 release
from macrophages. These data suggest that ricin-mediated translational inhibition itself, by
fostering the disappearance of labile protein(s) that normally suppress inflammasome
formation, may constitute the mechanism underlying IL-1-dependent inflammatory
signaling by ricin.
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1. Introduction
Ricin is a potent inhibitor of protein synthesis that triggers a robust proinflammatory response when
administered to mice and non-human primates [1]. Mounting evidence points to the macrophage as the
specific cell type responsible for ricin’s lethal effects in vivo [2–4]. In primary bone-marrow
derived- (BMDM) and alveolar macrophages, exposure to ricin causes the phosphorylation of stress
activated protein kinases (SAPKs) p38 MAPK and JNK, and triggers the transcriptional upregulation
of genes encoding proinflammatory cytokines and chemokines [3,5]. In vivo, depletion of macrophages
prior to delivery of ricin to the pulmonary system of mice results in diminished inflammatory signs,
including reduced neutrophilia and pulmonary edema [6].
IL-1β signaling is an essential component of ricin-mediated inflammation. Mice deficient in
IL-1α/β or IL-1R display enhanced survival as well as decreased neutrophilia and pulmonary edema
compared to wild-type mice after exposure to ricin [6]. Ricin’s ability to induce neutrophilia can be
restored in IL-1α/β-deficient animals by the co-administration of exogenous IL-1β with ricin.
Furthermore, the IL-1 receptor antagonist anakinra (Kineret®) provides protection against ricinmediated inflammatory effects in wild-type mice, confirming a central role of IL-1 in ricin toxicity.
IL-1β secretion by macrophages is a tightly regulated process involving at least two distinct signals
[7,8]. Macrophages first require priming by Toll-like receptor (TLR) ligands (such as LPS) or by
cytokines (such as TNFα or IL-1β itself) in order to induce the expression of pro-IL-1β. The
pro-form of IL-1β is inactive and requires cleavage by the cysteine protease caspase-1 for maturation
and secretion [9]. Molecular platforms called inflammasomes stimulate caspase-1 activity and are
necessary for IL-1β processing [10,11]. One of the best-characterized inflammasome complexes is the
NALP3 (or NLRP3/cyropyrin) inflammasome. This multiprotein complex includes the NOD-like
receptor (NLR) family member NALP3, the cysteine protease caspase-1, and the adaptor protein
apoptosis-associated specklike protein (ASC), which facilitates interaction of caspase-1 with
NALP3 [12,13].
NLRs such as NALP3 are intracellular sensors of pathogen-associated molecular patterns (PAMPs)
and danger-associated molecular patterns (DAMPs) [14]. Unlike AIM2, an NLR family member that
senses dsRNA through direct ligand binding, NALP3 is thought to be a more general sensor of cellular
stress through a mechanism that is not fully understood [15]. NALP3 inflammasomes are activated by
a diverse array of agents including exogenous danger signals such as bacterial RNA, Candida
albicans, and influenza [16–18], environmental stressors such as silica and asbestos [19–21], and
endogenous danger signals such as ATP, uric acid and amyloid β [22–24].
While a singular mechanism cannot yet explain the activation of the NALP3 inflammasome by its
wide array of activators, two events that may be common to all known activators are the generation of
reactive oxygen species (ROS) and the efflux of potassium [20,21,25,26]. ROS generation by NALP3
agonists is believed to indirectly cause activation of the inflammasome via the ROS-sensitive TXNIP
protein [27]. Studies show that inhibitors of ROS can reduce the amount of mature IL-1β released by
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cells after stimulation with ATP, asbestos, and silica [21,28]. However, work on human monocytes
lacking functional NADPH oxidase did not show a connection between ROS and NALP3
inflammasome activation [29], suggesting that ROS generation may not always be required. In regards
to the role of potassium, it is thought that the intracellular assembly of NALP3 inflammasomes
requires a low potassium environment [30]. Activation of caspase-1 is suppressed by normal levels of
intracellular potassium [31], and two laboratories have shown that the efflux of K+ can directly
promote the oligomerization of ASC and its association with caspase-1 [26,32].
Here we report that ricin toxin is an activator of the NALP3 inflammasome. We found that
ricin-mediated IL-1β release from primary bone marrow-derived macrophages not only required the
expression of NALP3, ASC and caspase-1, but also was inhibited by co-treatment of cells with the
ROS scavenger N-acetyl-cysteine (NAC) or high extracellular potassium. In addition, we found that
the activation of JNK and p38 MAPK by ricin was not inhibited by either NAC or elevated
extracellular potassium, suggesting that ricin mediates IL-1 release from cells in a manner that is
independent of its ability to activate kinases.
Proinflammatory consequences of ricin are thought to be initiated by phosphorylation of ZAK, a
MAP3K that transduces the signal through downstream kinases p38 MAPK and JNK and leads to
proinflammatory gene expression [33]. We found that treatment of cells with inhibitors reported to
bind to ZAK [34,35] (Nilotinib and Sorafenib) led to inhibition of p38 and JNK activity but failed to
block ricin-mediated release of IL-1β from macrophages. We hypothesized that inhibition of protein
synthesis might be the event that triggers activation of the NALP3 inflammasome by contributing to
the disappearance of important repressor proteins from the cell. By employing proteasome inhibitors to
suppress proteasomal degradation of cellular proteins, we found that ricin-induced IL-1 release from
macrophages required active proteasomes. Together these data describe a novel mechanism governing
ricin-mediated inflammatory signaling.
2. Materials and Methods
2.1. Reagents and Antibodies
Ricin was purchased from Vector Laboratories (Burlingame, CA). LPS (L-2630), N-acetyl cysteine
(NAC), and bovine-pancreas insulin (I6634) were purchased from Sigma-Aldrich (St. Louis, MO).
Trichloroacetic acid (TCA) was purchased from Fisher Scientific (Pittsburgh, PA). Nilotinib,
Sorafenib and Bortezomib were obtained from LC Laboratories (Woburn, MA). MG-132, the
p38-specific inhibitor SB203580, and the JNK inhibitor SP600125 were purchased from EMD
Biosciences (Gibbstown, NJ). The mouse IL-1 enzyme-linked immunosorbent assay (ELISA)
Ready-Set-Go was purchased from eBioscience (San Diego, CA). Anti-IL-1 was purchased from
Abcam (Cambridge, MA), anti-ASC was purchased from Enzo Life Sciences (Lausen, Switzerland),
and anti-p38, anti-cryopyrin (H-66)/NALP3, and anti-caspase-1 (M-20) were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Anti-phospho-SAPK/JNK (9251S), anti-phospho-p38 MAPK
(9211S), anti-phospho-MAPKAP-2 (3041S) were purchased from Cell Signaling Technologies
(Danvers, MA).
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2.2. Animals and Animal Procedures
All animal procedures were performed according to protocols approved by the Institutional Animal
Care and Use Committee at Oregon Health and Science University, Portland, Oregon. C57BL/6J and
Caspase-1 deficient mice were purchased from The Jackson Laboratory (Bar Harbor, ME).
ASC-deficient and NALP3-deficient mice were kindly provided by V. Dixit (Genentech, San
Francisco, CA). Male mice, 8–10 weeks of age, were used throughout the experiments. Before
experimental procedures, mice were anesthetized intraperitoneally with 80 mg/kg of ketamine and
10 mg/kg of xylazine.
2.3. Isolation and Treatment of Bone Marrow-Derived Macrophages
Bone marrow-derived macrophages were prepared from C57BL/6J, ASC−/−, Caspase-1−/−, and
NALP3−/− mice. Marrow was flushed from femurs and tibias with PBS and cultured in -Minimum
Essential Medium (α-MEM, Cellgro, Herndon, VA), supplied with 10% Fetal Bovine Serum (FBS,
Cellgro, Herndon, VA), 50 μg/mL gentamicin, and 100 ng/mL recombinant mouse Colony Stimulating
Factor 1 (CSF-1, R&D Systems, Minneapolis, MN) for 72 h on non-tissue culture treated 10-cm petri
dishes. Cells were passaged and cultured for an additional 72h. Cells from one confluent 10-cm dish
were plated into one 6-well tissue culture plate (Sarstedt, Newton, NC) for an additional 24 h before
experiments. Cells were serum-deprived in -MEM for 30 min followed by treatment with 50 ng/mL
LPS for 4 h. Cells were rinsed with fresh media and exposed to 0.01 µg/mL ricin in serum-free media
for an additional 4 h prior to harvesting. In experiments involving co-treatments with ricin plus
N-acetyl-cysteine (30 mM), high potassium (130 mM), Nilotinib (1 µM), Sorafenib (1 µM), SB203580
(10 µM), SP600125 (20 µM), bortezomib (0.5 M) or MG-132 (10 M), cells were exposed to
indicated concentrations of inhibitors. In experiments involving high potassium, potassium was
substituted for sodium in the medium in order to maintain equivalent ion concentrations.
2.4. Immunoblotting and IL-1 ELISA
BMDM cells were lysed in 2X ESB lysis buffer in preparation for immunoblotting. Equal volumes
of the cell lysates were separated on a 10% denaturing polyacrylamide gel in the presence of sodium
dodecyl sulfate and were transferred onto polyvinylidene difluoride membranes according to standard
laboratory procedures. Proteins from BMDM media supernatants were precipitated using TCA and run
on 13% gels. Briefly, samples were incubated at 4 °C overnight with 200 µg insulin carrier and 400 µL
ice-cold 100% TCA prior to centrifugation at 12,000 rpm for 5 min. Pellets were air dried and
resuspended in 2X ESB lysis buffer followed by separation on a 13% denaturing polyacrylamide gel.
Membranes were incubated with the indicated antibodies and the corresponding horseradish
peroxidase-conjugated secondary antibodies; signals were detected using enhanced
chemiluminescence. Media supernatants were analyzed in triplicate using IL-1 ELISA (eBioscience)
according to the manufacturer’s protocol.
2.5. Statistical Analysis
Individual groups were compared using unpaired t test analysis and were interpreted in a
two-tailed manner.
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3. Results
3.1. Ricin Stimulates IL-1 Release from Wild-Type Bone Marrow Derived Macrophages
Studies in vivo and in vitro have demonstrated that macrophages constitute primary targets of ricin
[3,5,6]. Wild-type (WT) alveolar and bone-marrow derived macrophages respond similarly to ricin in
that they both display phosphorylation of p38 MAPK and JNK in dose-dependent manner inversely
proportional to the ricin-mediated decrease in levels of protein translation [3]. In order to determine if
macrophages release IL-1 in response to these same doses, wild-type BMDM were first primed for
4 h with LPS (50 ng/mL) to induce pro-IL-1 expression, after which cells were rinsed and exposed to
varying concentrations of ricin for 4 h (Figure 1). Whole cell lysates (WCL) and media supernatants
were subjected to immunoblotting and ELISA for detection of IL-1. Ricin alone did not induce
expression of pro-IL-1. Priming with LPS led to an increase in levels of 37 kDa pro-IL-1 in cell
lysates, and subsequent exposure to ricin led to the appearance of processed 17 kDa IL-1in the
media. Processed IL-1 was detected in media supernatants for all doses tested. We chose to use the
lowest dose, 0.01 µg/mL, for all subsequent experiments. The B subunit of ricin is responsible for
binding to cell surfaces, but lacks the N-glycosidase activity of the A subunit that is responsible for
depurination of 28S rRNA. Exposure of LPS-primed macrophages to purified ricin B subunit failed to
elicit appearance of p17 IL-1 in the culture medium (data not shown), suggesting that interactions
between ricin holotoxin and surface molecules do not elicit signals that elicit processing of pro-IL-1.
Figure 1. Ricin stimulates IL-1 release from WT BMDM. Secreted IL-1 was measured
by ELISA analysis of media supernatants collected from LPS-primed WT BMDM after 4 h
ricin exposure. Bars represent the mean ± s.d. of triplicate wells. Results are representative
of three individual experiments. Media supernatants were also precipitated and subjected to
immunoblot analysis for detection of IL-1 p17. WCLs were subjected to immunoblot
analysis for detection of pro-IL-1 and p38 MAPK as a loading control.
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3.2. Ricin-Mediated Release of IL-1 Requires NALP3, ASC and Caspase-1
Secretion of processed IL-1 from cells requires discrete events, including the accumulation of
pro-IL-1 through a priming step and the assembly of the inflammasome, a multiprotein scaffolding
complex that both activates caspase-1 and brings caspase-1 into close proximity with pro-IL-1
[7,10]). The best-studied inflammasome complex is the NALP3 inflammasome, in which NALP3
associates with caspase-1 through the adaptor protein ASC [12,13]. The NALP3 inflammasome has
been shown to mediate cellular responses to several danger-associated molecular patterns: exogenous
danger signals such as silica and asbestos [19,21], and endogenous danger signals such as ATP and
uric acid [22,23,36]. To determine if macrophages sense and respond to ricin through the NALP3
inflammasome, we compared the ricin-mediated responses of WT cells to responses of cells deficient
in NALP3, ASC, or caspase-1 (Figure 2). BMDM from each mouse strain were primed with LPS for
4 h prior to ricin treatment. After 4 h exposure to ricin, cells were harvested and processed for
immunoblotting (Figure 2A) to examine expression levels of inflammasome components and
pro-IL-1. Media supernatants were subjected to detection of IL-1 by immunoblotting and ELISA
(Figure 2B). Although pro-IL-1 was similarly induced in the LPS-primed cells of each strain, the
processing of pro-IL-1 to active IL-1 was significantly decreased in cells deficient in either NALP3,
ASC or caspase-1. These results suggest that the NALP3 inflammasome is required for ricin-mediated
IL-1 processing and release from BMDM.
Figure 2. Ricin-mediated release of IL-1 requires NALP3, ASC, and caspase-1. Primed
and unprimed WT, NALP3−/−, casp-1−/−, and ASC−/− BMDM were treated with
± 0.01 µg/mL ricin or vehicle alone (co) for 4 h. WCLs were subjected to immunoblotting
for NALP3 inflammasome components, pro-IL-1 and p38 MAPK. Media supernatants
were either precipitated for immunoblot analysis (A) or subjected to ELISA for
measurement of secreted IL-1 (B). Bars represent the mean ±s.d. of triplicate wells.

Toxins 2010, 2

1506

3.3. Elevated Extracellular K+ and N-Acetyl-Cysteine Prevent Ricin-Mediated Secretion of IL-1
If NALP3 mediates the release of IL-1 from macrophages exposed to ricin, then agents shown to
inhibit the activity of the NALP3 inflammasome should block the appearance of IL-1 in the medium
after exposure to ricin. To address this question we employed two inhibitors of the NALP3
inflammasome: increased extracellular potassium (K+) and the ROS scavenger, N-acetyl-cysteine.
High extracellular K+ blocks IL-1 release caused by a variety of danger signals that activate NALP3
including asbestos, silica, and ATP [37]. In vitro studies of inflammasome activation suggest that
NALP3 inflammasome assembly requires a low K+ intracellular environment [26]. In addition,
activation of NALP3 is reportedly blocked by ROS inhibitors like NAC through a mechanism that is
not well understood [25]. Wild-type BMDM were primed with LPS for 4 h, after which cells were
co-treated with increased extracellular potassium or NAC and ricin. Four hours later, cells and media
supernatants were harvested and processed for immunoblot analysis and ELISA. Media collected from
cells co-treated with ricin and either NAC or elevated extracellular K+ contained 50% and 75% less
IL-1 respectively, than cells treated with ricin alone. Untreated cells and cell exposed to NAC or
elevated K+ expressed equivalent amounts of pro-IL-1β (Figure 3). Interestingly, exposure of cells to
NAC or elevated K+ did not diminish ricin-mediated phosphorylation of p38 MAPK or the p38 MAPK
target, MAPKAP2. Furthermore, NAC by itself led to phosphorylation of p38 MAPK and MAPKAP2
while diminishing the release of IL-1 from ricin-treated cells, suggesting that ricin-mediated
inflammasome activation and SAPK phosphorylation are not necessarily linked.
Figure 3. Elevated extracellular K+ and NAC prevent ricin-mediated secretion of IL-1
from WT BMDM. Primed WT cells were treated ± 0.01 µg/mL ricin in combination with
either NAC or K+ for 4 h. A) WCLs were subjected to immunoblotting for phospho-p38
MAPK, phospho-MAPKAP2, pro-IL-1 and p38 MAPK as a loading control. Media
supernatants were either precipitated for immunoblotting (A) or subjected to ELISA for
determination of secreted IL-1 (B). Bars represent the mean ± s.d. of triplicate wells
(**: p < 0.01).
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3.4. Ricin-Mediated Phosphorylation of p38 MAPK and JNK Is Not Required for Ricin-Mediated
IL-1 Secretion
If ricin-mediated phosphorylation of SAPKs is an upstream event leading to NALP3 activation,
then blocking the phosphorylation of these kinases should prevent the appearance of IL-1 in the
media of ricin-treated cells. To address this question we employed SB203580, an inhibitor of p38
MAPK, and SP600125, an inhibitor of JNK. We also employed two inhibitors (Nilotinib and
Sorafenib) that have been reported to have very high affinity for the ATP-binding site of ZAK [34,35],
the upstream MAP3K that is phosphorylated by ricin and other ribotoxic stressors [33]. LPS-primed
cells were treated with SB203580 (SB), SP600125 (SP), Sorafenib, Nilotinib or ricin, alone and in
combination for 4 h, at which time cell lysates and media supernatants were collected (Figure 4).
Phosphorylated SAPKs and pro-IL-1 levels were examined in cell lysates by immunoblotting.
Processed IL-1 from media supernatants was detected using both immunoblotting and ELISA.
Inhibitors exhibited varying degrees of effectiveness in suppressing SAPKs. JNK activation was
decreased marginally by SP and significantly by Sorafenib; p38 MAPK activation was diminished
significantly by Nilotinib and Sorafenib; and the activation of MAPKAP2, a target of p38 MAPK, was
significantly decreased by SB, Nilotinib, and Sorafenib. Surprisingly, SB stimulated IL-1 release
from macrophages on its own, and cells co-treated with kinase inhibitors and ricin secreted similar or
greater amounts of IL-1 as cells treated only with ricin, despite diminished levels of phosphorylated
p38 MAPK and JNK in these cells. These data suggest that SAPK activation by ricin is not a
requirement for the release of IL-1 from ricin-treated cells and that suppression of ricin-mediated
ZAK activation did not reduce ricin-induced activation of the NALP3 inflammasome.
3.5. Proteasome Inhibitors Block Ricin-Mediated Release of IL-1 from WT BMDM
Importantly, the dose of ricin used in this study (0.01 µg/mL) elicits a 50% inhibition of protein
synthesis by 3 h in addition to its effects on SAPKs and the release of IL-1 [3]. We hypothesized that
inhibition of protein synthesis per se could lead to activation of NALP3 by contributing to the
disappearance of labile proteins which may regulate the availability of NALP3 to participate in
formation of the inflammasome. In such case, proteasomal activity may be required for ricin-induced
activation of NALP3 and release of IL-1 from macrophages. To test this hypothesis, we employed the
specific and potent proteasome inhibitors bortezomib and MG-132. Although cells exposed to
bortezomib or MG-132 expressed similar levels of pro-IL-1 to cells exposed only to LPS or ricin,
cells exposed to bortezomib or MG-132 exhibited complete suppression of ricin-mediated secretion of
IL-1(Figure 5). These data are consistent with the notion that translational inhibition itself may be a
mechanism by which ricin triggers IL-1 dependent inflammatory signaling.
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Figure 4. Ricin-mediated phosphorylation of p38 MAPK and JNK is not required for
ricin-mediated IL-1 secretion. Primed WT cells were treated ± 0.01 µg/mL ricin in
combination with either SB203580, SP600125, SB + SP, Nilotinib or Sorafenib for 4 h.
(A) WCLs were subjected to immunoblotting for phospho-JNK, phospho-p38 MAPK,
phospho-MAPKAP2, pro-IL-1 and p38 MAPK as a loading control. Media supernatants
were either precipitated and subjected to immunoblotting (A) or analyzed for IL-1 by
ELISA; (B) Bars represent the mean ±s.d. of triplicate wells.
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Figure 5. Proteasome inhibitors block ricin-mediated release of IL-1 from WT BMDM.
Primed cells were treated ±0.01 µg/mL ricin and either bortezomib, MG-132, or vehicle
alone (co) for 4 h. Secreted IL-1 was measured by ELISA from media supernatants. Bars
represent the mean ± s.d. of triplicate wells (**: p < 0.01). WCLs were subjected to
immunoblotting for detection of pro-IL-1and p38 MAPK as a loading control.

4. Discussion
Previously we demonstrated that, in addition to inhibiting protein synthesis, ricin triggers the
phosphorylation of JNK and p38 MAPK. Activation of these kinases is required for ricin-mediated
expression of mRNAs encoding inflammatory cytokines and chemokines [38,39]. Furthermore, we
showed that ricin administration to the lungs results in a neutrophilic inflammation in vivo that is
dependent on IL-1 and on the presence of macrophages [6]. Experiments in BMDM and alveolar
macrophages demonstrated that macrophages constitute primary targets for ricin, and are a likely
source of ricin-induced production of IL-1 [3,5,6]. However, the mechanism of ricin-mediated
processing and release of IL-1 was unclear.
Here we report that ricin triggers IL-1 release from macrophages in a NALP3-, ASC- and
caspase-1-dependent manner, and that ricin-mediated IL-1 release, but not ricin-mediated SAPK
phosphorylation, may be blocked by treatment of cells with high extracellular potassium or the ROS
scavenger, NAC. In addition, we found that IL-1 release is not dependent upon p38 or JNK
activation, since inhibitors that target the p38 MAPK and JNK pathways failed to block IL-1 release
and indeed, even enhanced IL-1 secretion from primed cells. Furthermore, treatment of macrophages
with proteasome inhibitors in combination with ricin demonstrated that ricin-mediated IL-1 release
was dependent upon the proteasomal degradation of cellular proteins. Taken together, these data
suggest a novel mechanism for ricin-mediated inflammatory signaling, and helps to explain why
inhibitors of IL-1 signaling are capable of diminishing ricin’s inflammatory effects.
The major finding of this study is that macrophages require components of the NALP3
inflammasome (NALP3, ASC, and caspase-1) in order to process and release active IL-1 after ricin
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exposure (Figure 2). NALP3 is a Nod-like receptor protein containing a pyrin-domain (PYD) through
which it interacts with the PYD-containing adaptor protein, ASC, upon oligomerization [40]. ASC
binds caspase-1 through its caspase-1 recruitment domain (CARD) and stimulates its activity, so that
the IL-1 precursor may be cleaved into its active form, p17 IL-1, and secreted by the cell in
response to danger signals. Although primed WT BMDM expressed similar levels of pro-IL-1 as the
NALP3-, ASC-, and caspase-1-deficient BMDM (Figure 2a), the mutant BMDM all failed to release
IL-1 into the medium after ricin treatment. These results suggest that the NALP3 inflammasome is
required for ricin-mediated processing of IL-1.
As a sensor of a myriad of microbial and non-microbial danger signals and the culprit of
pyrin-associated autoinflammatory diseases caused by mutations in the nlrp3 gene [41,42], the NALP3
inflammasome is well-studied but still poorly understood. Unlike TLRs, which bind directly to their
ligands [43], studies suggest that NALP3 may instead sense an intermediate molecule produced by its
activators. While the list of activators grows longer each year, the mechanism through which dissimilar
signals trigger NALP3 activity remains unclear.
Although insufficient to activate the NALP3 inflammasome on their own, potassium efflux and
ROS production are common events that occur during NALP3 activation by all known activators [25].
Evidence suggests that ASC oligomerization and caspase-1 activation require a low potassium
environment [26,32]. Indeed, high extracellular potassium applied to macrophages to prevent
ricin-mediated potassium efflux resulted in significantly diminished IL-1 secretion in ricin-treated
cells (Figure 3), despite expressing normal levels of pro-IL-1 after priming. Furthermore, the
ROS-scavenger NAC was able to reduce IL-1 release by 50% in ricin-treated BMDM (Figure 3),
consistent with the notion that intracellular ROS may be permissive for activation of the
NALP3 inflammasome.
In order to determine whether SAPK phosphorylation was required for ricin-mediated
inflammasome activation, we employed inhibitors known to have high affinity for ZAK (Nilotinib and
Sorafenib) as well as inhibitors specific to the p38 MAPK (SB203580) and JNK (SP600125).
Surprisingly, we found that inhibiting ricin-mediated SAPK activation enhanced, rather than
suppressed, IL-1 release from primed macrophages (Figure 4). These data suggest that SAPK
phosphorylation by ricin may suppress the NALP3 inflammasome rather than contribute to its
activation. The partial suppression of ZAK by kinase inhibitors failed to diminish NALP3 activation,
suggesting that NALP3 activation by ricin occurs by a mechanism that does not involve ZAK.
However, the possibility that ZAK contributes to ricin-mediated activation of the NALP3
inflammasome cannot be excluded at this time.
Another possibility is that ricin induces activity of the NALP3 inflammasome through the inhibition
of cellular protein translation per se by depleting cells of proteins that suppress formation of
inflammasome complexes under normal conditions. The existence of a family of small proteins that
have emerged as important inflammasome regulators lends merit to this idea. These proteins contain
either pyrin-only domains (POPs) or CARD-only domains (COPs) and act as endogenous
dominant-negative modulators of inflammasome activity [44]. One might imagine a scenario in which
their disappearance from the cell could trigger activation of the inflammasome as a result of
ricin-induced inhibition of protein synthesis combined with normal protein turnover.
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To explore this possibility, we treated WT BMDM with two different proteasome inhibitors,
bortezomib and MG-132, and examined ricin-mediated IL-1 release under conditions in which
proteasomal degradation of cellular proteins was blocked. Our experiments demonstrated that both
bortezomib and MG-132 signficantly reduced IL-1 secretion from WT cells exposed to ricin,
supporting the hypothesis that ricin-mediated translational inhibition itself may lead to activation of
the NALP3 inflammasome by fostering the disappearance of labile protein(s). It would be interesting
to examine whether other inhibitors of protein translation similarly activate inflammatory signaling
through NALP3.
Since host immune responses triggered by toxins are nonproductive and often deleterious,
investigation into mechanisms underlying inflammatory signaling by toxins is warranted so that we
might better understand and manage toxin-induced pathologies.
5. Conclusions
When added to LPS-primed murine bone marrow-derived macrophages, ricin induces the
processing of pro-IL-1 to IL-1, which is secreted into the culture medium. The conversion of
pro-IL-1 to IL-1 is prevented in macrophages deficient in NALP3, ASC, or caspase-1, suggesting
that ricin induces the formation of the NALP3 inflammasome. The mechanism by which ricin mediates
the secretion of IL-1 through formation of the NALP3 inflammasome does not involve the
stimulation of JNK and p38 MAPK or activation of ZAK. Proteasome inhibitors suppress
ricin-mediated inflammasome activation, suggesting that the turnover of labile suppressor protein(s)
may be responsible for restraining the formation of the NALP3 inflammasome.
Acknowledgements
This work was supported by National Institutes of Health grants GM071338 (ML) and
AI059355 (BM).
References
1.

2.
3.

4.
5.

Greenfield, R.A.; Brown, B.R.; Hutchins, J.B.; Iandolo, J.J.; Jackson, R.; Slater, L.N.;
Bronze, M.S. Microbiological, biological, and chemical weapons of warfare and terrorism. Am. J.
Med. Sci. 2002, 323, 326–340.
Brown, R.F.; White, D.E. Ultrastructure of rat lung following inhalation of ricin aerosol. Int. J.
Exp. Pathol. 1997, 78, 267–276.
Korcheva, V.; Wong, J.; Lindauer, M.; Jacoby, D.B.; Iordanov, M.S.; Magun, B. Role of
apoptotic signaling pathways in regulation of inflammatory responses to ricin in primary murine
macrophages. Mol. Immunol. 2007, 44, 2761–2771.
Zenilman, M.E.; Fiani, M.; Stahl, P.; Brunt, E.; Flye, M.W. Use of ricin A-chain to selectively
deplete Kupffer cells. J. Surg. Res. 1988, 45, 82–89.
Wong, J.; Korcheva, V.; Jacoby, D.B.; Magun, B. Intrapulmonary delivery of ricin at high dosage
triggers a systemic inflammatory response and glomerular damage. Am. J. Pathol. 2007, 170,
1497–1510.

Toxins 2010, 2
6.
7.

8.

9.

10.
11.
12.
13.

14.
15.
16.

17.

18.
19.

1512

Lindauer, M.L.; Wong, J.; Iwakura, Y.; Magun, B.E. Pulmonary inflammation triggered by ricin
toxin requires macrophages and IL-1 signaling. J. Immunol. 2009, 183, 1419–1426.
Perregaux, D.; Gabel, C.A. Interleukin-1 beta maturation and release in response to ATP and
nigericin. Evidence that potassium depletion mediated by these agents is a necessary and common
feature of their activity. J. Biol. Chem. 1994, 269, 15195–15203.
Faustin, B.; Lartigue, L.; Bruey, J.M.; Luciano, F.; Sergienko, E.; Bailly-Maitre, B.; Volkmann,
N.; Hanein, D.; Rouiller, I.; Reed, J.C. Reconstituted NALP1 inflammasome reveals two-step
mechanism of caspase-1 activation. Mol. Cell 2007, 25, 713–724.
Thornberry, N.A.; Bull, H.G.; Calaycay, J.R.; Chapman, K.T.; Howard, A.D.; Kostura, M.J.;
Miller, D.K.; Molineaux, S.M.; Weidner, J.R.; Aunins, J.; Elliston, K.O.; Ayala, J.M.; Casano,
F.J.; Chin, J.; Ding, G.; Egger, L.A.; Gaffney, E.P.; Limjuco, G; Palyha, O.C.; Raju, S.M.;
Rolando, A.M; Salley, J.P.; Yamin, T.; Lee, T.D.; Shively, J.E.; MacCross, M.; Mumford, R.A.;
Schmidt, J.A.; Tocci, M.J. A novel heterodimeric cysteine protease is required for interleukin-1
beta processing in monocytes. Nature 1992, 356, 768–774.
Martinon, F.; Burns, K.; Tschopp, J. The inflammasome: A molecular platform triggering
activation of inflammatory caspases and processing of proIL-beta. Mol. Cell 2002, 10, 417–426.
Tschopp, J.; Martinon, F.; Burns, K. NALPs: A novel protein family involved in inflammation.
Nat. Rev. Mol. Cell Biol. 2003, 4, 95–104.
Srinivasula, S.M.; Poyet, J.L.; Razmara, M.; Datta, P.; Zhang, Z.; Alnemri, E.S. The PYRIN-CARD
protein ASC is an activating adaptor for caspase-1. J. Biol. Chem. 2002, 277, 21119–21122.
Sutterwala, F.S.; Ogura, Y.; Szczepanik, M.; Lara-Tejero, M.; Lichtenberger, G.S.; Grant, E.P.;
Bertin, J.; Coyle, A.J.; Galan, J.E.; Askenase, P.W.; Flavell, R.A. Critical role for
NALP3/CIAS1/Cryopyrin in innate and adaptive immunity through its regulation of caspase-1.
Immunity 2006, 24, 317–327.
Martinon, F.; Tschopp, J. NLRs join TLRs as innate sensors of pathogens. Trends Immunol. 2005,
26, 447–454.
Stutz, A.; Golenbock, D.T.; Latz, E. Inflammasomes: Too big to miss. J. Clin. Invest. 2009, 119,
3502–3511.
Kanneganti, T.D.; Ozoren, N.; Body-Malapel, M.; Amer, A.; Park, J.H.; Franchi, L.; Whitfield, J.;
Barchet, W.; Colonna, M.; Vandenabeele, P.; Bertin, J.; Coyle, A.; Grant, E.P.; Akira, S.; Nunez, G.
Bacterial RNA and small antiviral compounds activate caspase-1 through cryopyrin/Nalp3.
Nature 2006, 440, 233–236.
Hise, A.G.; Tomalka, J.; Ganesan, S.; Patel, K.; Hall, B.A.; Brown, G.D.; Fitzgerald, K.A.
An essential role for the NLRP3 inflammasome in host defense against the human fungal
pathogen Candida albicans. Cell Host. Microbe 2009, 5, 487–497.
Ichinohe, T.; Lee, H.K.; Ogura, Y.; Flavell, R.; Iwasaki, A. Inflammasome recognition of
influenza virus is essential for adaptive immune responses. J. Exp. Med. 2009, 206, 79–87.
Hornung, V.; Bauernfeind, F.; Halle, A.; Samstad, E.O.; Kono, H.; Rock, K.L.; Fitzgerald, K.A.;
Latz, E. Silica crystals and aluminum salts activate the NALP3 inflammasome through
phagosomal destabilization. Nat. Immunol. 2008, 9, 847–856.

Toxins 2010, 2

1513

20. Cassel, S.L.; Eisenbarth, S.C.; Iyer, S.S.; Sadler, J.J.; Colegio, O.R.; Tephly, L.A.; Carter, A.B.;
Rothman, P.B.; Flavell, R.A.; Sutterwala, F.S. The Nalp3 inflammasome is essential for the
development of silicosis. Proc. Natl. Acad. Sci. USA 2008, 105, 9035–9040.
21. Dostert, C.; Petrilli, V.; Van Bruggen, R.; Steele, C.; Mossman, B.T.; Tschopp, J. Innate immune
activation through Nalp3 inflammasome sensing of asbestos and silica. Science 2008, 320,
674–677.
22. Mariathasan, S.; Weiss, D.S.; Newton, K.; McBride, J.; O'Rourke, K.; Roose-Girma, M.; Lee,
W.P.; Weinrauch, Y.; Monack, D.M.; Dixit, V.M. Cryopyrin activates the inflammasome in
response to toxins and ATP. Nature 2006, 440, 228–232.
23. Martinon, F.; Petrilli, V.; Mayor, A.; Tardivel, A.; Tschopp, J. Gout-associated uric acid crystals
activate the NALP3 inflammasome. Nature 2006, 440, 237–241.
24. Halle, A.; Hornung, V.; Petzold, G.C.; Stewart, C.R.; Monks, B.G.; Reinheckel, T.; Fitzgerald,
K.A.; Latz, E.; Moore, K.J.; Golenbock, D.T. The NALP3 inflammasome is involved in the innate
immune response to amyloid-beta. Nat. Immunol. 2008, 9, 857–865.
25. Tschopp, J.; Schroder, K. NLRP3 inflammasome activation: The convergence of multiple
signalling pathways on ROS production? Nat. Rev. Immunol. 2010, 10, 210–215.
26. Petrilli, V.; Papin, S.; Dostert, C.; Mayor, A.; Martinon, F.; Tschopp, J. Activation of the NALP3
inflammasome is triggered by low intracellular potassium concentration. Cell Death Differ. 2007,
14, 1583–1589.
27. Zhou, R.; Tardivel, A.; Thorens, B.; Choi, I.; Tschopp, J. Thioredoxin-interacting protein links
oxidative stress to inflammasome activation. Nat. Immunol. 2010, 11, 136–140.
28. Cruz, C.M.; Rinna, A.; Forman, H.J.; Ventura, A.L.; Persechini, P.M.; Ojcius, D.M. ATP
activates a reactive oxygen species-dependent oxidative stress response and secretion of
proinflammatory cytokines in macrophages. J. Biol. Chem. 2007, 282, 2871–2879.
29. van de Veerdonk, F.L.; Smeekens, S.P.; Joosten, L.A.; Kullberg, B.J.; Dinarello, C.A.; van der
Meer, J.W.; Netea, M.G. Reactive oxygen species-independent activation of the IL-1beta
inflammasome in cells from patients with chronic granulomatous disease. Proc. Natl. Acad. Sci.
USA 2009, 107, 3030–3033.
30. Saleh, M.; Green, D.R. Caspase-1 inflammasomes: Choosing between death and taxis. Cell Death
Differ. 2007, 14, 1559–1560.
31. Walev, I.; Reske, K.; Palmer, M.; Valeva, A.; Bhakdi, S. Potassium-inhibited processing of IL-1
beta in human monocytes. EMBO J. 1995, 14, 1607–1614.
32. Fernandes-Alnemri, T.; Wu, J.; Yu, J.W.; Datta, P.; Miller, B.; Jankowski, W.; Rosenberg, S.;
Zhang, J.; Alnemri, E.S. The pyroptosome: a supramolecular assembly of ASC dimers mediating
inflammatory cell death via caspase-1 activation. Cell Death Differ. 2007, 14, 1590–1604.
33. Jandhyala, D.M.; Ahluwalia, A.; Obrig, T.; Thorpe, C.M. ZAK: A MAP3Kinase that transduces
Shiga toxin- and ricin-induced proinflammatory cytokine expression. Cell Microbiol. 2008, 10,
1468–1477.
34. Manley, P.W.; Drueckes, P.; Fendrich, G.; Furet, P.; Liebetanz, J.; Martiny-Baron, G.; Mestan, J.;
Trappe, J.; Wartmann, M.; Fabbro, D. Extended kinase profile and properties of the protein kinase
inhibitor nilotinib. Biochim. Biophys. Acta 2010, 1804, 445–453.

Toxins 2010, 2

1514

35. Karaman, M.W.; Herrgard, S.; Treiber, D.K.; Gallant, P.; Atteridge, C.E.; Campbell, B.T.; Chan,
K.W.; Ciceri, P.; Davis, M.I.; Edeen, P.T.; Faraoni, R.; Floyd, M.; Hunt, J.P.; Lockhart, D.J.;
Milanov, Z.V.; Morrison, M.J.; Pallares, G.; Patel, H.K.; Pritchard, S.; Wodicka, L.M.; Zarrinkar,
P.P. A quantitative analysis of kinase inhibitor selectivity. Nat. Biotechnol. 2008, 26, 127–132.
36. Gasse, P.; Riteau, N.; Charron, S.; Girre, S.; Fick, L.; Petrilli, V.; Tschopp, J.; Lagente, V.;
Quesniaux, V.F.; Ryffel, B.; Couillin, I. Uric acid is a danger signal activating NALP3
inflammasome in lung injury inflammation and fibrosis. Am. J. Respir. Crit. Care Med. 2009,
179, 903–913.
37. Martinon, F.; Mayor, A.; Tschopp, J. The inflammasomes: guardians of the body. Annu. Rev.
Immunol. 2009, 27, 229–265.
38. Iordanov, M.S.; Pribnow, D.; Magun, J.L.; Dinh, T.H.; Pearson, J.A.; Chen, S.L.; Magun, B.E.
Ribotoxic stress response: activation of the stress-activated protein kinase JNK1 by inhibitors of
the peptidyl transferase reaction and by sequence-specific RNA damage to the alpha-sarcin/ricin
loop in the 28S rRNA. Mol. Cell Biol. 1997, 17, 3373–3381.
39. Korcheva, V.; Wong, J.; Corless, C.; Iordanov, M.; Magun, B. Administration of ricin induces a
severe inflammatory response via nonredundant stimulation of ERK, JNK, and P38 MAPK and
provides a mouse model of hemolytic uremic syndrome. Am. J. Pathol. 2005, 166, 323–339.
40. Mariathasan, S. ASC, Ipaf and Cryopyrin/Nalp3: bona fide intracellular adapters of the caspase-1
inflammasome. Microbes Infect. 2007, 9, 664–671.
41. Hoffman, H.M.; Mueller, J.L.; Broide, D.H.; Wanderer, A.A.; Kolodner, R.D. Mutation of a new
gene encoding a putative pyrin-like protein causes familial cold autoinflammatory syndrome and
Muckle-Wells syndrome. Nat. Genet. 2001, 29, 301–305.
42. Agostini, L.; Martinon, F.; Burns, K.; McDermott, M.F.; Hawkins, P.N.; Tschopp, J. NALP3
forms an IL-1beta-processing inflammasome with increased activity in Muckle-Wells
autoinflammatory disorder. Immunity 2004, 20, 319–325.
43. Takeda, K.; Kaisho, T.; Akira, S. Toll-like receptors. Annu. Rev. Immunol. 2003, 21, 335–376.
44. Stehlik, C.; Dorfleutner, A. COPs and POPs: modulators of inflammasome activity. J. Immunol.
2007, 179, 7993–7998.
© 2010 by the authors; licensee MDPI, Basel, Switzerland. This article is an Open Access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

