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Twenty-four hours of fasting is known to blunt 
activation of the human  NLRP3 inflammasome. 
This effect might be mediated by SIRT3 
activation, controlling mitochondrial reactive 
oxygen species (ROS). To characterize the 
molecular underpinnings of this fasting effect, 
we comparatively analyzed the NLRP3 
inflammasome response to nutrient deprivation 
in wildtype and SIRT3-knockout mice. 
Consistent with previous findings for human 
NLRP3, prolonged fasting blunted the 
inflammasome in wildtype mice but not in 
SIRT3-knockout mice. In SIRT3-knockout bone 
marrow-derived macrophages, NLRP3 
activation promoted excess cytosolic extrusion of 
mitochondrial DNA, along with increased ROS 
and reduced superoxide dismutase 2 (SOD2) 
activity. Interestingly, the negative regulatory 
effect of SIRT3 on the NLRP3 was not due to 
transcriptional control or priming of canonical 
inflammasome components, but rather occurred 
via SIRT3-mediated deacetylation  of 
mitochondrial SOD2, leading to SOD2 
activation. We also found that siRNA 
knockdown of SIRT3 or SOD2 increased NLRP3 
supercomplex formation and activation. 
Moreover, overexpression of wildtype and 
constitutively active SOD2 similarly blunted 
inflammasome assembly and activation, effects 
that were abrogated by acetylation mimic-
modified SOD2. Finally, in-vivo administration 
of lipopolysaccharide increased liver injury and 
levels of peritoneal macrophage cytokines 

including IL-1b in SIRT3 KO mice. These 
results support the emerging concept that 
enhancing mitochondrial resilience against 
damage associated molecular patterns may play 
a pivotal role in preventing inflammation and 
that the anti-inflammatory effect of fasting-
mimetic diets may be mediated, in part, through 
SIRT3-directed blunting of NLRP3 
inflammasome assembly and activation.   
 

 

Sterile inflammation linked to obesity is mediated 
in part by activation of the Nod-like receptor pyrin 
domain-containing 3 (NLRP3) inflammasome (1). 
The activation of the NLRP3 inflammasome, as a 
component of the innate immune system, similarly 
exacerbates obesity-linked diseases including 
insulin-resistance, diabetes and asthma (2,3). 
Obesity triggers the engagement of toll-like 
receptors to initiate transcriptional priming of the 
NLRP3 inflammasome via: adipose tissue 
hypertrophy with macrophage infiltration and 
cytokine secretion; elevated circulating saturated 
fatty acids; and/or obesity-linked endotoxemia (4-
7). These, in turn activate NFkB-dependent 
transcription to upregulate genes encoding NLRP3 
and its canonical cytokines pro-IL-1b and pro-IL-
18. This transcriptional induction of NLRP3 
inflammasome components is termed priming. 
Interestingly, mitochondrial reactive oxygen 
species (ROS) have been found to play a role in 
inflammasome priming (8,9). 

Subsequent inflammasome activation, as the 
cornerstone of intracellular surveillance, is initiated 
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in response to either additional pathogen-associated 
molecular patterns (PAMPs) or host-cell derived 
damage associated molecular patterns (DAMPs) 
that promote the assembly and self-oligomerization 
of canonical inflammasome constituents. Emerging 
evidence supports that the disruption of 
mitochondrial integrity with extrusion of 
mitochondrial content can function as a DAMP to 
activate the NLRP3 inflammasome. The 
mechanisms whereby mitochondrial content 
extrusion into the cytoplasm function as a DAMP 
include: a role of the mitochondrial membrane 
cardiolipin via direct interaction with NLRP3 (10); 
via the release of mitochondrial reactive oxygen 
species (11) and/or due to the intrinsic composition 
of hypomethylated CpG motifs of mitochondrial 
DNA that resemble the immunogenic properties of 
bacterial CpG DNA motifs (12). In addition, 
mitochondria are emerging as a structural 
foundation whereon the multiple proteins that 
constitute the NLRP3 inflammasome can nucleate 
and assemble (13-16). The NLRP3 complex then 
promotes caspase-1 activation and cleavage of pro-
IL-1b and pro-IL-18 into bioactive cytokines that 
amplify inflammation (17,18). 

Chronic and intermittent caloric restriction 
associate with reduced circulating inflammatory 
signatures (19,20), and more specifically, caloric 
restriction in obese type 2 diabetes blunts the 
NLRP3 inflammasome (1). At the same time, 
caloric restriction has been shown to enhance 
mitochondrial integrity via the augmentation of 
mitochondrial quality control programs and the 
control of mitochondrial ROS levels (21-24). This 
is mediated in part by activation of sirtuin enzymes 
that function to enhance mitochondrial function and 
integrity (25-27). Furthermore, fasting has been 
employed as a caloric restriction mimetic, and this 
temporary nutrient-deprivation intervention has 
been found to activate sirtuin-dependent 
augmentation of mitochondrial functioning (28,29).  

Given this understanding we initially proposed 
that fasting may blunt the NLRP3 inflammasome 
relative to the fed state and that this may be 
mediated in part via the activation of sirtuin 
deacetylase enzymes. We initially tested this in a 
group of human volunteers and evaluated 
inflammasome activation in peripheral blood 
mononuclear cells and monocytes following a 
twenty-four hour fast and then again three hours 
after a fixed caloric meal.  In that study we found 

that the NLRP3 inflammasome was blunted in the 
fasted compared to refed state. Additionally, 
indirect data supported the activation of the 
mitochondrial enriched sirtuin deacetylase (SIRT3) 
by fasting. Furthermore, this activation was linked 
to the deacetylation and activation of the canonical 
SIRT3 substrate superoxide dismutase 2 (SOD2) 
with a modest reduction in mitochondrial ROS 
levels. Additionally, probable non-SIRT3 
dependent priming effects were mediated by 
refeeding, although whether this nutrient 
intervention modulated mitochondrial integrity was 
not explored (30). To more clearly delineate the 
fasting effect on the NLRP3 inflammasome and the 
role of SIRT3 in this biology we have now 
undertaken a study comparing this innate immune 
inflammatory program comparing wildtype to 
SIRT3 knockout mice. 

In this study we found that prolonged fasting 
blunted the NLRP3 inflammasome in a SIRT3 
dependent manner. The SIRT3 effects modulated 
the execution of the NLRP3 inflammasome by 
enhancing mitochondrial resilience to DAMPs and 
by attenuating mitochondrial ROS levels. SOD2 
was identified as an integral component of this anti-
inflammatory effect and acetylation of SOD2 
abrogated the anti-inflammatory effects of SIRT3.   
 
 
Results 
 

Fasting mediated blunting of the NLRP3 
inflammasome is dependent on SIRT3 – To begin to 
explore whether fasting blunted the NLRP3 
inflammasome, wildtype (WT) and SIRT3 KO 
mice were fed an ad-libitum diet or fasted for 
twenty-four or forty-eight hours prior to the 
extraction of primary peritoneal macrophages. The 
NLRP3 inflammasome was assayed by measuring 
IL-1b release following priming with LPS and 
activation by ATP. No significant difference was 
found in IL-1b release in the fed versus 24-hour 
fasting comparing WT and SIRT3 KO peritoneal 
macrophages (Supplemental Fig. 1A). In contrast, 
WT macrophages showed a robust fasting mediated 
suppression of IL-1b secretion (Fig. 1A) following 
48 hours of food deprivation. This blunting effect 
of fasting was, however, not evident in SIRT3 KO 
mice (Fig 1A). The reduction of IL-1b protein 
levels in the supernatant was further confirmed by 
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immunoblotting (Inset - Fig. 1A). To explore a 
broader array of cytokines released at 48 hours 
comparing the fed versus fasted state, we measured 
the release of IL-6 and TNF. Although these 
downstream cytokines showed higher levels in the 
fasted SIRT3 KO derived peritoneal macrophages, 
the induction was less pronounced than the primary 
NLRP3 inflammasome substrate IL-1b (Fig. 1B). In 
primary bone marrow derived macrophages 
(BMDMs), the relative induction of IL-1b was 
modestly but still significantly higher in KO cells, 
whereas the induction of IL-6 and TNF were not 
different between WT and KO derived BMDMs 
(Fig. 1C). Exposure of these cells to LPS and 
nigericin as a second NLRP3 inflammasome trigger 
similarly augmented the release of cleaved caspase-
1 and IL-1b in the KO cells (Fig. 1D). In parallel, 
stable knockdown (KD) of SIRT3 in murine 
J774A.1 macrophages also showed increased 
caspase-1 cleavage in response to LPS and ATP or 
nigericin (Supplemental Fig. 1B).   
 
Inflammasome activation disrupted mitochondrial 
fidelity in the absence of SIRT3 – Given the quality 
control functions of SIRT3 (25), we then explored 
aspects of known mitochondrial orchestrated 
events in the execution of the NLRP3 
inflammasome (31). In response to NLRP3 
priming, the SIRT3 KO BMDMs showed evidence 
of increased ROS levels as measured by DCFDA 
and Mitosox fluorescence (Fig. 1E and 
Supplemental Fig. 1C) and a reduction in SOD2 
activity (Fig. 1F). This excessive ROS response to  
NLRP3 priming was reproduced in SIRT3 KD 
J774A.1 cells (Supplemental Fig. 1D). 
Interestingly, and as observed previously in THP-1 
cells (30), the mitochondria-targeted superoxide 
dismutase mimetic mitoTEMPO blunted 
differences in IL-1b release comparing wildtype 
and KO BMDMs (Supplemental Fig. 1E), 
supporting that increased ROS levels were 
involved in the exaggerated activation of this 
program in SIRT3 deficient cells.  

To further explore this SIRT3-ROS link, we 
employed different doses of ATP and studied the 
capacity of mitoTEMPO to block the NLRP3 
inflammasome. Interestingly, while IL-1b release 
driven by 1 mM ATP was fully blocked by the 
ROS scavenger, this scavenging effect was 
completely abrogated using 5 mM of ATP 

(Supplemental Fig. 1F). This showed that different 
NLRP3 activation conditions differentially relied 
on mitochondrial ROS as an activator, as shown 
previously (32). In parallel, the differential 
activation of the inflammasome in SIRT3 KO 
versus WT BMDMs followed the same ATP-dose 
dependency (Supplemental Fig. 1G), with no 
difference at all between the genotypes at 5 mM 
ATP (where mitoTEMPO does not have an 
inhibitory effect and thus ROS are not involved in 
NLRP3 activation), and maximal difference at 
ATP 1 mM (where the ROS scavenger fully 
blocks the inflammasome and thus ROS are 
critical for NLRP3 activation). Together these data 
further support that increased ROS levels 
orchestrate the exaggerated NLRP3 inflammasome 
activation in the SIRT3 KO BMDMs. 

Interestingly, the release of mitochondrial DNA 
into the cytosol following the genetic disruption of 
mitochondrial integrity (heterozygous knockdown 
of transcription factor A of mitochondria (TFAM)) 
had previously been found to engage the cytosolic 
DNA sensing cyclic GAMP synthetase (cGAS) to 
promulgate inflammation through interferon 
signaling (33). We explored whether this pathway 
was induced following the genetic depletion of  
SIRT3. However, cyclic GAMP levels were below 
HPLC and MS detection levels in WT and SIRT3 
KO BMDMs in the basal state or in response to 
LPS or LPS and ATP, and the phosphorylation of 
downstream interferon regulatory factor 3 (IRF3) 
was similarly not induced (data not shown). 
Despite this, and in parallel with the TFAM 
knockdown study, we found that the increased 
mitochondrial DNA extrusion in SIRT3 KD 
J774A.1 cells probably primed the antiviral innate 
response, these cells showed higher induction of 
interferon-b transcript levels and increased 
phosphorylation of IRF3 after transfection with 
polycytidylic acid (poly (I:C)) (Supplemental Fig. 
2A). 

 
SIRT3 deficient BMDMs showed no evidence of 

exaggerated priming of the NLRP3 inflammasome 
program – Previous data showed that 
mitochondrial ROS initiated NLRP3 
inflammasome priming (9). We therefore assessed 
whether the absence of SIRT3 with concurrent 
reduced dismutase and increased ROS levels were 
sufficient to selectively evoke NLRP3 
inflammasome priming. Interestingly, in response 
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to LPS administration priming was evident to a 
similar extent in WT and SIRT3 KO BMDMs, as 
measured by the induction of transcripts encoding 
for IL-1b, IL-6, TNF and for NLRP3 itself (Fig. 2 
A-D). In parallel, the steady-state protein levels of 
pro IL-1b and NLRP3 were also not differentially 
induced by LPS and/or by the administration of 
ATP (Fig. 2E). This observation was recapitulated 
in control and SIRT3 KD J774A.1 cells 
(Supplemental Fig. 2B). Interestingly, SOD2 
acetylation was significantly more prominent in 
SIRT3 KD J774A.1 cells following LPS and ATP 
compared to control cells (Supplemental Fig. 2B). 

 
SOD2 mutagenesis studies – In our human study, 

fasting reduced monocyte SOD2 acetylation in 
parallel with blunting of the inflammasome (30). To 
assess whether this regulation was operational 
during murine fasting we assessed levels of SOD2 
acetylation in primary peritoneal macrophages. The 
relative levels of SOD2 acetylation after 48 hours of 
fasting were higher in the SIRT3 KO compared to 
WT peritoneal macrophages (Fig. 3A), and this 
SOD2 acetylation difference was also evident in 
SIRT3 KO BMDMs (Fig 3B). To directly 
investigate the effects of SIRT3 and the activation 
of SOD2 on inflammasome function, we genetically 
modulated SOD2 levels in THP-1 macrophages. 
siRNA targeted KD of SOD2 resulted in a » 50% 
reduction in SOD2 levels at baseline and in response 
to LPS priming (Fig. 3C). In response to NLRP3 
inflammasome priming and activation by LPS and 
nigericin, both SIRT3 and SOD2 KD THP-1 
macrophages exhibited significantly greater release 
of cleaved caspase-1 and IL-1b in parallel with 
evidence of increased dimerization and 
oligomerization of ASC (Fig. 3D). IL-1b but not 
TNF levels were similarly induced in response to 
LPS and ATP in response to SOD2 KD (Fig. 3E and 
F).  

Given that the modulation of canonical lysine 
residues on SOD2 had previously been found to 
alter its enzyme activity, we employed this genetic 
approach to validate the role of SOD2 activity in 
mediating the SIRT3 effect on the NLRP3 
inflammasome. We explored the effect of the 
overexpression of WT, lysine deacetylation 
mimetic (K68/122R) and lysine acetylation mimetic 
(K68/122Q) SOD2 constructs on the NLRP3 
inflammasome. Consistent with our prior data the 

WT and K68/122R constructs blunted IL-1b levels 
but not TNF levels in response to LPS and ATP 
(Fig. 4A and B). In contrast, the lysine acetylation 
mimetic SOD2 showed higher cytokine release to 
an extent similar to overexpression of an empty 
vector (Fig. 4A and B). In parallel, the exposure of 
these stable overexpressing THP-1 cells to LPS and 
nigericin showed that the WT and lysine 
deacetylation mimetic SOD2 similarly reduced 
caspase-1 cleavage, IL-1b release and ASC 
multimerization (Fig. 4C). Furthermore, the 
overexpression of WT and the deacetylation 
mimetic SOD2, but not the acetylation mimetic 
blunted LPS and nigericin linked mitochondrial 
DNA extrusion into the cytosol in THP-1 cells (Fig. 
4D), and as with the primary BMDMs cGAMP 
levels were not detectable and IRF3 was not 
phosphorylated in the basal state or in response to 
NLRP3 inflammasome priming or activation (data 
not shown). 

In keeping with the data from the primary cells, 
modest SOD2 induction blunted inflammasome 
activation, whereas high levels of SOD2 activity 
had a broader effect by blunting both priming (pro 
IL-1b levels) and NLRP3 activation (Supplemental 
Fig. 3A).  
 

SOD2 effects on NLRP3 assembly and 
localization – Emerging data shows that the 
assembly of the NLRP3 multiprotein complex on 
mitochondria enable subsequent NLRP3 activation 
(13). We therefore explored the localization of 
NLRP3 and apoptosis-associated speck-like protein 
containing a CARD (ASC) adaptor protein in 
response to SOD2 overexpression. We found that 
the overexpression of SOD2 reduced the 
colocalization of NLRP3 and ASC with 
mitochondria (Fig. 4E). The relative purity of the 
mitochondrial fractions for these colocalization 
assays are shown in Supplemental Fig. 3B. We then 
explored the role of SOD2 in modulating 
inflammasome assembly by assessing the 
interactions between NLRP3 and ASC using ASC 
immunoprecipitation with analysis of NLRP3 
levels. In response to LPS and nigericin, the NLRP3 
more avidly bound to ASC in the control THP-1 
cells compared to cells overexpressing WT SOD2 
(Fig. 4F, with replicates shown in Supplemental 
Fig. 3C). In parallel, the K68/122Q (lysine 
acetylation mimetic) overexpressing cells showed 
modestly higher interaction between NLRP3 and 
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ASC compared to the overexpression of the 
K68/122R cells (lysine deacetylation mimetic) (Fig. 
4F and Supplemental Fig. 3C).  

 
The role of SIRT3 in-vivo – Finally, the effect of 

fasting on the NLRP3 inflammasome in-vivo was 
compared in SIRT3 wildtype and KO mice. 
Following a 48-hour fast, IP administration of LPS 
resulted in a significant elevation of the circulating 
liver enzyme alanine aminotransferase (ALT) (Fig. 
5A) in SIRT3 KO mice, suggesting inflammation-
induced liver injury,  with a similar increased 
induction of IL-1b and IL-6 transcript levels in the 
cells of the peritoneal cavity (Fig. 5B and C). In 
contrast, peritoneal TNF  transcript levels were not 
significantly different between the genotypes in 
response to LPS (Fig. 5D). In parallel, there was no 
significant difference in ALT levels and IL-1b or 
IL-6 transcript expression between the presence or 
absence of SIRT3 in the ad libitum fed state 
(Supplemental Fig. 4A-C).  

 
Discussion 
 
The beneficial immune modulatory effects of 
intermittent fasting are increasingly being 
recognized, although the mechanisms orchestrating 
these effects are less well understood. As a 
component of this, a role of SIRT3 in blunting of the 
NLRP3 inflammasome has recently been shown. 
This is consistent with: (i) the known activation of 
SIRT3 by fasting; (ii) the role of SIRT3 in 
augmenting mitochondrial function and (iii) the role 
of disrupted mitochondrial integrity in NLRP3 
inflammasome activation. In this study we have 
demonstrated that the canonical SIRT3 target 
SOD2, blunts inflammasome activation by reducing 
mitochondrial reactive oxygen species levels, by 
sustaining mitochondrial integrity and by 
preventing the assembly and activation of the 
NLRP3 inflammasome complex. Moreover, we 
show that this SIRT3-SOD2 mediated effect is 
independent of NLRP3 inflammasome priming and 
is due, in part, to the fasting-mediated post-
translational control of SOD2 acetylation and 
activity. 

Intermittent fasting and caloric restriction have 
been found to elicit numerous beneficial effects, 
including weight loss, improved insulin sensitivity 
and a reduction in inflammation as assessed by the 
measurement of C-reactive protein (19,20,34) and a 

reduction of exacerbations in inflammation-linked 
diseases such as asthma (35). Although, to date, the 
mechanisms whereby caloric-deprivation modifies 
immune function have not been well established, 
SIRT3 has recently been implicated in suppressing 
the NLRP3 inflammasome (30). SIRT3 is activated 
by fasting and caloric restriction (28,29,36) and a 
common consequence of its activation in 
ameliorating pathological effects are by reducing 
ROS levels (37).   

The contributions of ROS signaling in priming 
and activation of the NLRP3 inflammasome have 
been actively explored (31). Conflicting findings 
have been reported with studies showing that ROS 
signaling was only necessary for NLRP3 
inflammasome priming (8,9), whereas others 
showed that oxidized mitochondrial DNA, as a 
consequence of excess ROS can function as a 
DAMP and directly bind to, and activate the 
NLRP3 inflammasome (16). This latter finding 
suggests that a consequence of excess ROS can 
distinctly activate the second signal in cells where 
priming is already evident. Here we show that the 
absence of SIRT3 did not affect LPS-induced 
transactivation (priming) of canonical NLRP3 
regulatory transcript and/or protein levels. 
Conversely, the lack of SIRT3 resulted in the 
amplification of NLRP3 inflammasome activation, 
in part, via mitochondrial ROS signaling. At the 
same time, whether additional targets of SIRT3 
activity, e.g. by maintaining mitochondrial 
integrity, contribute to the excessive execution of 
the inflammasome in the absence of SIRT3 have 
not been excluded. 

The integrity of mitochondrial membranes is a 
component of healthy mitochondria. Disruption in 
this integrity enables mitochondrial genomic 
content and cardiolipin to leak into the cytoplasm. 
As discussed, both the extrusion of mitochondrial 
DNA and cardiolipin have been shown to function 
as DAMPs to drive inflammation (10,38). The 
concept that disrupted mitochondrial integrity 
regulates the inflammasome is also evident in 
studies where disrupted mitophagy with diminished 
mitochondrial clearance played a role in activating 
the NLRP3 inflammasome (39).  The role of SIRT3 
in the maintenance of these additional aspects of 
mitochondrial integrity have not been well studied, 
although it is indirectly indicated in the modulation 
of mitochondrial autophagy (40-42). Although we 
did not explore mitophagy in this study, we did 
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show that inflammasome activation mediated 
extrusion of mitochondrial DNA into the cytoplasm 
and that this was exaggerated and resulted in excess 
mitochondrial ROS in the absence of SIRT3.  

Interestingly, the extrusion of mtDNA has 
previously been found to engage the cGAS to 
promote STING-IRF3-dependent signaling to 
activate INF-b following the heterozygous 
depletion of TFAM (33). Under those conditions, 
the innate disruption of mitochondrial integrity by 
the disruption of TFAM results in a basal leak of 
mtDNA. Whether this persistent mtDNA leak 
preferentially activates cGAS versus the more acute 
mitochondrial injury in response to the activation of 
the NLRP3 inflammasome warrants further study. 
In addition, recent evidence supports that the 
activation of caspases during apoptosis or with 
inflammasome activation had an inhibitory effect on 
INF-b via direct cleavage of cGAS (43,44). These 
counter-regulatory controls may support the lack of 
cGAS activation in response to inflammasome 
activation. On the other hand, the fact that poly (I:C) 
exacerbates IRF3 signaling following SIRT3 KD 
suggests that SIRT3 may play a broader role in the 
control of innate immune pathway activation. These 
potential pathways will be explored in future 
studies.  

At the same time, although we have not 
extensively explored the function of mitochondria 
as a platform for NLRP3 assembly, we found that 
the activation of SOD2 blunted oligomerization of 
the ASC adaptor protein as a component of the 
pyroptosome and that SOD2 activation reduced the 
co-localization of NLRP3 and ASC with 
mitochondria following inflammasome activation. 

The composite of work to date clearly define 
SIRT3 as a mitochondrial fidelity protein, with a 
component of this effect, due to the deacetylation of 
SOD2, resulted in the activation of SOD2 to 
dismutate superoxide within the mitochondrial 
matrix (25,45). One proposed mechanism of action 
is that that the direct deacetylation of canonical 
lysine residues within the catalytic domain (K-68 
and K-122) of SOD2 resulted in enhanced avidity 
between the negatively charged superoxide anion 
and the positively charged deacetylated lysine 
residue (46). A second proposed mechanism was 
that deacetylation of K-68 played an important role 
in maintaining SOD2 tetramer stability to optimize 
SOD2 scavenging activity (47). In this study we 
showed that constitutively active SOD2 via the 

substitution of arginine residues at K-68 and K-122 
to mimic deacetylation, blunted inflammasome 
assembly and activation and that the substitution of 
glutamine, to mimic acetylation at the same 
residues had the opposite effect. This data strongly 
supports that SOD2 is an important SIRT3 substrate 
in mediating the inflammasome moderating effect 
from mitochondrial-generated superoxide. 

Another consequence of prolonged fasting is the 
generation of ketone bodies. The relevance of this 
metabolic response to fasting is that the ketone 
body b-hydroxybutyrate (BHB), but not 
acetoacetate, has previously been shown to inhibit 
the NLRP3 inflammasome (48). Interestingly, in 
our study, we confirmed the findings of others (49), 
that the levels of BHB were elevated to a similar 
level at 24 and 48 hours of fasting (data not shown). 
Despite this, the effect of fasting in blunting the 
inflammasome was much more pronounced 
following a 48 hour fast. This distinction between 
our data and the effects of BHB is also compatible 
with the finding that BHB conferred inflammasome 
inhibition did not appear to be dependent on the 
inhibition of ROS (48). Taken together, these data 
suggest that the inflammasome inhibitory effects of 
SIRT3, are at least, in part, independent of BHB 
levels. This ketone-independent fasting-induced 
inflammasome blunting was also shown in our 
clinical study, where only 15% of subjects had 
fasting induction of serum ketone levels, despite an 
almost uniform blunting of the inflammasome 
following a 24-hour fast in human volunteers (30).  

A limitation in this study is that the genetic 
manipulation of SOD2 may overwhelm or 
ameliorate additional effects of SIRT3 in the 
regulation of the inflammasome. Multiple 
additional SIRT3 substrates modulate 
mitochondrial quality control and homeostasis (25) 
and it is possible that effects may be masked by the 
genetic induction or depletion of SOD2. Thus 
further characterization of the SIRT3 effects on 
mitochondrial biology and their modulation of 
NLRP3 inflammasome susceptibility are required.  

In conclusion, emerging evidence strongly 
supports that SIRT3 has a ameliorating effect on the 
activation of the NLRP3 inflammasome in both 
humans (30) and mice (50) and that this effect 
appears to function in part, through the role of 
SIRT3 in controlling reactive oxygen species 
levels. In this study we showed that the effect of 
SIRT3 regulates the execution rather than priming 
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of the NLRP3 inflammasome, and demonstrated 
that SIRT3 mediated activation of SOD2 was 
necessary for the control of this inflammasome. As 
the inflammasome is an early event in innate-
immune activation, it would be intriguing to explore 
whether this SIRT3-mediated control of the 
inflammasome plays a broader role in caloric 
restriction and or fasting mimetic diet mediated 
blunting of inflammation (19,20).  

 
Experimental Procedures 
 

Animal studies - Wild type or SIRT3 knockout 
(KO) mice in the C57BL/6 background were used 
in this study. Mice were fasted for up to 48 hours as 
previously described (29). Animal experiments 
were approved by the NHLBI Animal Care and Use 
Committee. 

Cells Culture and Transfection - THP-1 human 
monocyte cells obtained from ATCC were cultured 
in RPMI 1640 plus 25 mM Hepes and 10% heat-
inactivated FBS. They were differentiated into 
macrophages by incubation with 5 ng/ml PMA for 
48 hours (51). THP-1 cells were transiently 
transfected with siRNA 18 hours before 
differentiation as described (30). Lentiviral SOD2 
vectors were generated in HEK293T cells using 
lentiviral Packaging Mix (Sigma). Viral particle 
infection to generate stable SOD2-overexpressing 
THP-1 cells occurred under puromycin (2 µg/ml) 
selection. J774A.1 mouse macrophages obtained 
from ATCC were cultured in DMEM plus 10% 
heat-inactivated FBS. Stable control and SIRT3 KO 
J774A.1 cells were generated using puromycin-
selective lentiviral shRNA constructs from Sigma 
as described (29). Transfection of poly(I:C) (Sigma) 
into the cytosol of J774A.1 cells was performed 
using Lipofectamine 3000 (Invitrogen).  

Mouse peritoneal macrophages were collected by 
established methods from non-manipulated mice 
(52), allowed to adhere for 30 minutes in serum-free 
RPMI medium, washed and incubated in RPMI 
1640 plus 25 mM Hepes and 10% heat-inactivated 
FBS. Primary bone marrow derived macrophages 
(BMDMs) were prepared using established 
methods. Briefly, bone marrow collected from 
mouse femurs and tibias was plated on sterile dishes 
and incubated for 7 days in DMEM plus 25 mM 
Hepes, 10% heat-inactivated FBS and 20 ng/mL M-
CSF.  

Cell stimulation and cytokine assays - THP-1 
macrophages were incubated at 1.5 x 106 cells/ml 
in 96-well plates in RPMI medium plus 25 mM 
Hepes and 10% heat-inactivated FBS, with or 
without 10 ng/mL lipopolysaccharide (LPS - 
Ultrapure Salmonella minnesota R595; Enzo Life 
Sciences) for 4 hours. J774A.1 cells were incubated 
at 1.5 x 106 cells/ml in 96-well plates in DMEM 
plus 10% heat-inactivated FBS, with or without 100 
ng/mL LPS for 4 h. Peritoneal macrophages were 
incubated at 106 cells/ml in 96-well plates in RPMI 
medium plus 25 mM Hepes and 10% heat-
inactivated FBS, with or without 10 ng/mL LPS for 
6 h. BMDM were incubated at 1.5 x 106 cells/ml in 
96-well plates in DMEM medium plus 25 mM 
Hepes and 10% heat-inactivated FBS, with or 
without 100 ng/mL LPS for 6 h. To stimulate the 
release of IL-1b, 3-5 mM ATP (Sigma-Aldrich) or 
10 µM nigericin were added for the last 30 min of 
incubation. Supernatants were collected, 
centrifuged to remove cells and debris, and stored 
at −80°C for later analysis. IL-1b, IL-6 and TNFa 
cytokine analysis was performed by ELISA (R&D 
Systems). Results were normalized to cell number, 
as determined by the CyQuant cell proliferation 
assay (Invitrogen).  

Immunoblot Analysis - For Western blots, cell 
lysates were prepared using RIPA buffer, separated 
by SDS-PAGE, and transferred to nitrocellulose 
membranes. Images were captured using the 
Odyssey system (Li-Cor). The following antibodies 
were used: Caspase-1 (2225, Cell Signaling; sc-
514, Santa Cruz; AG-20B-0042-C100, Adipogen), 
IL-1b (ab9722, Abcam), NLRP3 (AG-20B-0014-
C100, Adipogen), ASC (sc-22514, Santa Cruz), 
SOD2 (sc-18504, Santa Cruz), SIRT3 (5490S, Cell 
Signaling), b-Actin (A1978, Sigma-Aldrich), b-
Tubulin (2146S, Cell Signaling), Tom20 (sc-
11415; Santa Cruz).  

To measure caspase-1 and IL-1b release into the 
supernatant, THP-1 macrophages or peritoneal 
cells were seeded in 24-well plates and BMDM or 
J774A.1 cells were seeded in 6-well plates to a cell 
density of 1×106 cells per well. Cells were primed 
with LPS for 4-6 h at 37°C, followed by washing 
once with PBS and transfer to serum-free medium 
with or without nigericin or ATP for 30 minutes 
(Qu et al., JI, 2007). Supernatants were collected 
and centrifuged at 10,000×g for 10 s to remove any 
detached cells, followed by transfer to a fresh tube. 
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The supernatant was concentrated by TCA 
precipitation. Then the precipitated pellets were 
washed with acetone, dissolved in 10 µl of 0.2 M 
NaOH, diluted with 40 µl of H2O, supplemented 
with 10 µl of 6×SDS-PAGE sample buffer, boiled 
for 5 min and analyzed by western blotting. 

Determination of ASC oligomerization - THP-1 
macrophages were seeded in 24-well plates to a cell 
density of 1×106 cells per well. Cells were primed 
with LPS and then incubated with or without 
nigericin for 30 minutes. Then rinsed in PBS and 
treated with 50 mM ice-cold Tris-HCl containing 
0.5% Triton X-100, followed by passage through a 
21-gauge needle 10 times. Lysates were centrifuged 
at 330 × g for 10 minutes at 4 °C. The pellets were 
washed twice in 1 ml of ice-cold PBS, resuspended 
in 500 µl of PBS with 2 mM disuccinimydyl 
suberate (DSS) and incubated at room temperature 
for 30 minutes. Samples were then centrifuged at 
330 × g for 10 minutes at 4 °C and the cross-linked 
pellets were resuspended in 1X SDS-PAGE sample 
buffer, boiled and analyzed by western blotting. 

Coimmunoprecipitation - THP-1 macrophages 
were seeded in 15 cm dishes-well plates. Cells were 
primed with LPS and then incubated with or without 
ATP or nigericin for 30 minutes. Then, they were 
washed with PBS and lysed with lysis buffer 
(20 mM Tris-HCl, pH 7.5, 137 mM NaCl, 5 mM 
EDTA, and 0.5% NP-40, and protease inhibitor 
cocktail) for 30 minutes at 4 °C. The homogenates 
were centrifuged for 15 minutes at 14,000 × g. at 
4 °C, and equal amounts of  cell  supernatants  were  
then incubated  overnight at 4 °C with no antibody 
or with anti-ASC or irrelevant rabbit IgG. Samples 
were then incubated for 4 h at 4 °C with Protein A/G 
plus agarose beads (Santa Cruz), washed three times 
and finally boiled in 1X SDS-PAGE sample buffer 
for immunoblot. 

Quantitative PCR analysis - mRNA was isolated 
using Tripure (Roche) and cDNA produced using a 
first-strand synthesis kit (Invitrogen). Transcript 
levels were measured using validated gene-specific 
primers (Qiagen).  

To measure mitochondrial DNA (mtDNA) in 
the cytosol, 8×106 cells were homogenized with a 
Dounce homogenizer in 10 mM Tris solution (pH 
7.4), containing 0.25 M sucrose, 25 mM KCl, 5 mM 

MgCl2 and protease inhibitor, and then centrifuged 
at 700 × g for 10 minutes at 4°C. Cytosolic fractions 
were prepared by centrifugation at 10,000 × g for 
30 minutes at 4°C and DNA was isolated from them 
using the DNeasy Blood & Tissue kit (Qiagen). The 
copy number of the DNA encoding cytochrome c 
oxidase I (in human cells) or cytochrome b (in 
mouse cells) was measured by quantitative real-
time PCR using specific primers (Qiagen). 

ROS detection - BMDM or J774A.1 LPS-primed 
cells were incubated with 5 µM MitoSOX Red (to 
measure the mitochondrial ROS production) or 2.5 
µM CM-H2DCFDA (to measure total cellular ROS 
production) (Life Technologies) for 30 min in 
Hank's Balanced Salt Solution (HBSS, Life 
Technologies), washed and analyzed by flow 
cytometry on a BD FACSCanto (BD Biosciences).  

Superoxide dismutase (SOD) activity - 
Mitochondrial fractions were obtained from 8x106 
LPS-treated BMDMs using the Q-proteome 
Mitochondria Isolation Kit (Qiagen). SOD activity 
was tested in 0.5 µg of BMDM mitochondria using 
the SOD Assay Kit (Cayman Chemical) and to 
ensure the detection of only Mn-SOD (SOD2) 
activity, 5 mM potassium cyanide was added to the 
assay to inhibit cytosolic Cu/Zn-SOD (SOD1) and 
extracellular Cu/Zn-SOD (SOD3) activities.  

In vivo experiments - Fed or 48-hour fasted mice 
were challenged with a sublethal intraperitoneal 
injection of 1 mg/kg LPS (Escherichia coli 055:B5, 
Sigma-Aldrich) or PBS. After 2 hours mice were 
euthanized, serum was collected for ALT/AST 
enzymatic activity determination and the cells of 
the peritoneal cavity were collected for quantitative 
PCR analysis of cytokines. 

Statistical Analysis - Data are expressed as the 
mean ± s.e.m. Two-tailed Student t-tests were 
performed between groups and multiple 
comparison analysis was performed by ANOVA. 
P<0.05 was considered statistically significant. 
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Figures and Figure Legends 
 

 
 
Figure 1. SIRT3 blunts the NLRP3 inflammasome. (A) IL-1b release into the supernatant of cultured 
peritoneal macrophages obtained from fed or 48-hour fasted SIRT3+/+ or SIRT3-/- mice left untreated or 
primed with LPS and stimulated with 5 mM ATP was assessed by ELISA and immunoblot analysis 
(inset). Bars represent mean ± SEM (n=9-17). *P < 0.05. (B-C) Ratio of release of  IL-1b, IL-6 and TNF 
comparing SIRT3-/- to SIRT3+/+ 48-hour fasted mice peritoneal macrophages primed with LPS and 
stimulated with 5 mM ATP (B) or SIRT3-/- to SIRT3+/+ BMDMs primed with LPS and stimulated with 3 
mM ATP (C). Cytokines were measured by ELISA. Bars represent mean ± SEM (n=9-21). *P < 0.05. (D) 
Immunoblot of release of active caspase-1 (p10 subunit) and mature IL-1b (p17 subunit) into the  
supernatants of cultured BMDMs left untreated or primed with LPS and stimulated with nigericin. (E) 
ROS levels in LPS-treated BMDMs. Bars represent mean ± SEM (n=3) (F) Mitochondrial superoxide 
dismutase (SOD2) activity in LPS-treated BMDM mitochondria. Bars represent mean ± SEM (n=3). (G) 
Measurement of mitochondrial genomic DNA extrusion in SIRT3+/+ and SIRT3-/- BMDMs left untreated 
or primed with LPS and stimulated with 3 mM ATP. Bars represent mean ± SEM (n=8). 
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Figure 2. SIRT3 deficient BMDMs show no evidence of increased priming by LPS. (A-D) qRT-PCR 
analysis of Il1b (A), Il6 (B), Tnf (C) and Nlrp3 (D) transcripts in SIRT3+/+ and SIRT3-/- BMDMs left 
untreated or primed with LPS. Bars represent mean ± SEM (n=5-9). (E) Immunoblot analysis of steady-
state protein levels of inflammasome components in SIRT3+/+ and SIRT3-/- BMDMs left untreated or 
primed with LPS and left unstimulated or stimulated with 3 mM ATP.  
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Figure 3. SOD2 blunts the NLRP3 inflammasome. (A) Immunoblot analysis of relative SOD2 protein 
acetylation in peritoneal macrophages obtained from fed or 48-hour fasted SIRT3+/+ or SIRT3-/- mice. (B) 
Immunoblot analysis of relative SOD2 protein acetylation in cultured BMDMs obtained from SIRT3+/+ or 
SIRT3-/- mice. Inset numbers show the average relative intensity in 2 independent experiments ± SD and 
the horizontal arrow shows the acetylated K-68 residue on SOD2.(C) Immunoblot analysis of cell lysates 
from untreated or LPS-treated human THP-1 macrophages transfected with control siRNA or siRNA 
targetting SOD2 or SIRT3. (D) Immunoblot analysis of release of active caspase-1 (p20 subunit) and 
mature IL-1b (p17) into supernatants (Sup) from human THP-1 macrophages transfected with control 
siRNA or siRNA targeting SOD2 or SIRT3, left untreated or primed with LPS and stimulated with 
nigericin, and lysates of the same cells solubilized with Triton X-100-containing buffer, followed by 
cross-linkage of insoluble pellets with DSS (I. Pellet + DSS) to capture ASC dimers and oligomers. (E-F) 
ELISA of IL-1b (E) and TNF (F) release into supernatants of human THP-1 macrophages transfected 
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with control siRNA or siRNA targeting SOD2, left untreated or primed with LPS and stimulated with 5 
mM ATP. Bars represent mean ± SEM (n=9).  
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Figure 4.SOD2 inhibition of the NLRP3 inflammasome is acetylation-level dependent, and 
modulates NLRP3 localization to mitochondria and its interaction with ASC. (A-B) ELISA of 
IL-1b (A) and TNF (B) release into supernatants of human THP-1 macrophages stably 
transduced with control empty vector, or with WT or mutant SOD2 vectors, left untreated or 
primed with LPS and stimulated with 5 mM ATP. Bars represent mean ± SEM (n=23). *P < 
0.05. (C) Immunoblot analysis of release of active caspase-1 (p20 subunit) and mature IL-1b 
(p17) to supernatants (Sup) from human THP-1 macrophages stably transduced with control 
empty vector, or with wildtype or mutant SOD2 vectors, primed with LPS and stimulated with 
nigericin, and lysates of the same cells solubilized with Triton X-100-containing buffer, followed 
by cross-linkage of insoluble pellets with DSS (I. Pellet + DSS) to capture ASC dimers and 
oligomers. (D) Measurement of mitochondrial genomic DNA extrusion in human THP-1 
macrophages stably transduced with control empty vector, or with wildtype or mutant SOD2 
vectors, left untreated or primed with LPS and stimulated with nigericin. Bars represent mean ± 
SEM (n=6). *P < 0.05. (E) Representative immunoblot analysis for NLRP3 and ASC on 
mitochondrial fractions from untreated or LPS-treated human THP-1 macrophages stably 
transduced with control empty vector or with SOD2. (F) Representiative immunoprecipitation 
(IP) and immunoblot (IB) analysis of the interaction between NLRP3 and ASC in human THP-1 
macrophages stably transduced with control empty vector, or with wildtype or mutant SOD2 
vectors, primed with LPS and left untreated or stimulated with nigericin. Inset numbers show the 
relative intensity of the bands compared to control treated with LPS and nigericin ± SEM (n=3). 
The asterisks showed significant (p<0.05) reduction  in WT and KR lanes compared to the 
control and KQ lanes. The (–) depicts immunoprecipiation of control sample primed with LPS 
and stimulated with nigericin but without an antibody, and IgG shows immunoprecipiation of the 
same sample with an unspecific antibody. Input shows immunoblot analysis of the same samples 
before immunoprecipitation.  C: control vector, WT: wildtype SOD2 vector, KQ:  mutant 
K68/122Q SOD2 vector, KR: mutant K68/122K SOD2 vector. 
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Figure 5. SIRT3 inhibited inflammation in an in vivo model. 48-hour fasted SIRT3+/+ or SIRT3-/- mice 
were injected intraperitoneally with PBS (-) or 1 mg/Kg LPS. Two hours later ALT (A) levels were 
measured in serum, and the transcript levels of genes encoding IL-1b (B), IL-6 (C) and TNF were 
quantified (D) from the cells mobilized to the peritoneal cavity. Bars represent mean ± SEM (A, n=7-9; B, 
C, D: n=5). 
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