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BACKGROUND. Activation of the NLRP3 inflammasome is associated with metabolic dysfunction, and intermittent fasting
has been shown to improve clinical presentation of NLRP3 inflammasome–linked diseases. As mitochondrial
perturbations, which function as a damage-associated molecular pattern, exacerbate NLRP3 inflammasome activation,
we investigated whether fasting blunts inflammasome activation via sirtuin-mediated augmentation of mitochondrial
integrity.

METHODS. We performed a clinical study of 19 healthy volunteers. Each subject underwent a 24-hour fast and then was
fed a fixed-calorie meal. Blood was drawn during the fasted and fed states and analyzed for NRLP3 inflammasome
activation. We enrolled an additional group of 8 healthy volunteers to assess the effects of the sirtuin activator,
nicotinamide riboside, on NLRP3 inflammasome activation.

RESULTS. In the fasting/refeeding study, individuals showed less NLRP3 inflammasome activation in the fasted state
compared with that in refed conditions. In a human macrophage line, depletion of the mitochondrial-enriched sirtuin
deacetylase SIRT3 increased NLRP3 inflammasome activation in association with excessive mitochondrial ROS
production. Furthermore, genetic and pharmacologic SIRT3 activation blunted NLRP3 activity in parallel with enhanced
mitochondrial function in cultured cells and in leukocytes extracted from healthy volunteers and from refed individuals but
not in those […]
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Introduction
Sterile inflammation linked to obesity is mediated in part by the 
NLRP3 (Nod-like receptor family protein 3) inflammasome (1). The 
activation of this program, as a component of the innate immune 
system, similarly exacerbates obesity-linked diseases, including 
insulin resistance, diabetes, and asthma (2, 3). The biological path-
ways driving this innate immune program are well defined (4). In 
the context of obesity, triggers that engage Toll-like receptors to ini-
tiate transcriptional priming of the NLRP3 inflammasome include 
adipose tissue hypertrophy with macrophage infiltration and cytok-
ine secretion, elevated circulating saturated fatty acids, and/or 
obesity-linked endotoxemia (5–8). These, in turn activate NF-κB–
dependent transcription to upregulate genes encoding NLRP3 and 
pro–IL-1β. Subsequent inflammasome activation/execution, as the 

cornerstone of intracellular surveillance, is initiated in response to 
additional pathogen-associated molecular patterns or host cell–
derived damage-associated molecular patterns (DAMPs), which 
promote assembly and self-oligomerization of inflammasome com-
ponents. The NLRP3 complex then promotes caspase-1 activation 
and cleavage of pro–IL-1β and pro–IL-18 into bioactive cytokines 
that amplify inflammation (9, 10).

Obesity and diabetes are associated with mitochondrial per-
turbations, and in these diseases, mitochondrial dysfunction itself 
may function as an inflammasome-activating DAMP (11, 12). The 
mitochondrial role as a DAMP linked to NLRP3 activation includes, 
but is not limited to, the leak of mitochondrial content into the 
cytoplasm (13, 14), into the circulation (15), and/or via disruption 
of mitochondrial quality control programs (16). The mechanisms 
whereby mitochondrial content extrusion into the cytoplasm func-
tions as a DAMP include a role of the mitochondrial membrane car-
diolipin via its direct interaction with NLRP3 (17), via the release of 
mitochondrial ROS (16), and/or due to the intrinsic composition of 
hypomethylated CpG motifs of mitochondrial DNA that resembles 
the immunogenic properties of bacterial CpG DNA motifs (18).
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of ROS production, underpinning its role in this nutrient-sensing 
inflammatory program. In parallel, a SIRT3 pharmacologic agonist, 
nicotinamide riboside (NR), enhanced mitochondrial function and 
blunted the NLRP3 inflammasome in leukocytes extracted from 
a group of healthy control subjects and from cells extracted in the 
refed state but not the fasted state from subjects enrolled in the 
index fasting inflammasome study.

Results
Clinical study. The participants in the pilot study to examine the 
fasting inflammasome tolerated the 24-hour fast without adverse 
effects. A schematic illustrating the temporal organization of the 
study is shown in Figure 1A. In brief, research blood draws were 
completed 24 hours after a fast and then at 1 and 3 hours follow-
ing refeeding. One subject withdrew from the study at the time of 
the screening visit, but all subjects that initiated the 24-hour fast  
(n = 20) completed the study. One subject who completed all the 
blood draws was excluded from analysis due to a protocol violation. 
Laboratory studies consistent with fasting compliance included 
findings of low glucose and insulin levels at the time of fasting and 
induction of glucose and insulin and suppression of growth hor-

Interestingly, intermittent fasting and caloric restriction, which 
can counter the effects of obesity, also confer beneficial effects 
against canonical NLRP3 inflammation-linked pathologies, such 
as insulin resistance and asthma (19–21). As the nutrient-sensing 
NAD-dependent lysine deacetylase sirtuin proteins are activated by 
fasting/caloric restriction (22, 23), ameliorate nutrient excess–linked 
pathology (24, 25), and can enhance mitochondrial integrity (26, 27), 
we reasoned that intermittent fasting amelioration of inflammation 
may be mediated, in part, via sirtuin-regulated mitochondrial qual-
ity control, with subsequent blunting of the NLRP3 inflammasome.

We explored this hypothesis by comparing NLRP3 inflam-
masome activation in 19 healthy volunteers in the refed state and 
the fasted state. Activation of the NLRP3 inflammasome was 
assessed using peripheral blood mononuclear cell (PBMC) and 
monocyte extraction from fasted and postprandial samples. We 
demonstrated multiple levels of regulation of the NLRP3 inflam-
masome program, including diminished SIRT3-dependent NLRP3 
inflammasome activity in the fasted state and an NF-κB–mediated 
priming effect of refeeding. To gain mechanistic insight into the 
role of SIRT3, genetic manipulation studies showed an essential 
role of SIRT3 maintenance of mitochondrial respiration and control 

Figure 1. Clinical protocol and 
intervention characteristics. 
(A) Schematic of the protocol, 
showing the intervals between the 
fixed caloric meals and temporal 
drawing of research blood. (B–D) 
Data points and means (hori-
zontal bars) of subjects’ sera (B) 
insulin, (C) glucose, and (D) growth 
hormone levels at the end of the 
24-hour fast and 1 and 3 hours 
following the fixed caloric meal  
(n = 19). The fasting insulin level 
was found to be less than 50% 
of the insulin level 3 hours after 
the 500 caloric meal in this young 
healthy cohort, supporting the 
integrity of the fast. (E and F) Per-
centage of subjects that displayed 
ketones in (E) sera (n = 13) or (F) 
urine (n = 18). Statistical testing 
for changes in metabolite and hor-
mone levels were performed using 
randomized block design ANOVA.
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tocol, this later time point was evaluated in all subsequent 
studies. The IL-1β response of monocytes from individual 
subjects, comparing fasting to 3 hours following refeeding in 
response to ATP stimulation without prior priming, is shown 
in Figure 3A. In parallel with the IL-1β effect and indepen-
dent of exogenous priming, IL-18 secretion was similarly 
induced 3 hours after refeeding (Figure 3B). In addition, the 
broader inflammatory milieu in the refed state was evident 
with induction of TNF-α release (Figure 3C). These findings 
of increased secretion of IL-1β and TNF-α were replicated 
in the PBMCs from subjects (Supplemental Figure 1, A and 
B). The priming effect of refeeding was supported by only a 
modest further induction of cytokine release when mono-
cytes and PBMCs were preincubated with LPS (Supplemen-
tal Figure 1, C and D). In contrast, in response to nigericin, 
a less robust NLRP3 activator, LPS priming was necessary, 
and here again IL-1β and IL-18 secretion from monocytes 
was significantly elevated following refeeding (Figure 3, D 
and E). To confirm the activation of the NLRP3 program by 
nutrient status, we assayed the cleavage products of cas-
pase-1 and IL-1β in the supernatant of monocytes exposed 
to LPS and nigericin. Here too, we found that, at the 3-hour 
postprandial time point, the steady-state levels of cleaved 
caspase-1 and IL-1β were markedly induced (Figure 3F).

Refeeding initiates NLRP3 inflammasome priming. The increase 
in cytokine release in response to ATP in PBMCs and monocytes 
independent of priming suggested that a component of the dif-
ferential effects of nutrient status on inflammasome activation 
might include refeeding-evoked transcriptional activation of 
this program. To explore this, we measured the transcript lev-
els of IL1B, TNFA, NLRP3, and IL18 in unstimulated monocytes 
extracted from PBMCs drawn following the 24-hour fast com-
pared with the draw 3 hours postprandial. All of the canonical 
transcript targets of NLRP3 priming and the transcript encoding 
TNF were substantially increased following refeeding (Figure 
4A). As inflammasome priming is activated by NF-κB signaling, 
we then explored the activation of this pathway by measuring 
phosphorylation levels of NF-κB and of IκBα and by quantifying 
the steady-state protein levels of the downstream inflammasome 
targets NLRP3 and pro–IL-1β. The intrinsic induction of postpran-
dial phosphorylation and inflammasome protein levels similarly 
supports that refeeding primes this pathway in monocytes (Figure 
4, B and C, and Supplemental Figure 2, A–F). Although we did not 
directly measure serum LPS levels, we found a modest but signifi-
cant induction of levels of soluble CD14, a marker of monocytic 
activation in response to LPS (29), in subject sera at the 3-hour 
postprandial time point compared with fasting levels (Figure 4D). 
In light of a potential serologic role in refeeding-induced prim-

mone levels in response to refeeding (Figure 1, B–D). Significantly 
lower insulin and glucose levels at baseline compared with levels 3 
hours following the fixed caloric meal would be consistent with pro-
tocol compliance. As recent data show that ketone production can 
suppress inflammasome activity (28), we measured fasting serum 
and urine ketone levels at screening and following the 24-hour fast. 
No subjects had measurable ketones at the screening visit. Thirteen 
of nineteen subjects had fasting serum ketone levels measured and 
eighteen of nineteen subjects had fasting urine ketone levels deter-
mined. Eleven of thirteen subjects had undetectable serum ketone 
levels in the fasted state (Figure 1E), and 53% of subjects had no 
detectable urine ketone levels in the fasted state (Figure 1F).

The nutrient status modulates the NLRP3 inflammasome. Due to 
the restricted volume of blood drawn at each time point, selected 
laboratory studies were performed in sequential subjects, as illus-
trated in the flow diagram (Figure 2A). As the measurement of the 
generation of IL-1β in response to NLRP3 triggers was the primary 
endpoint, PBMCs (initial 11 subjects) or monocytes (subsequent 
8 subjects) from all study subjects were exposed to ATP as an 
NLRP3 trigger with or without LPS inflammasome priming. IL-1β 
secretion was substantially induced at 1 and 3 hours after feed-
ing compared with fasting levels independent of inflammasome 
priming by LPS (Figure 2, B and C).

As we saw the greater effect 3 hours after feeding compared with 
that 1 hour after feeding and with fasting, as prespecified in the pro-

Figure 2. Nutrient status modulates the NLRP3 inflammasome. 
(A) Fasting/refeeding study flow diagram. (B) ELISA assay mea-
surement of IL-1β secretion from primary PBMCs exposed to 3 
mM ATP (n = 11). (C) ELISA assay measurement of IL-1β secretion 
from primary monocytes exposed to 3 mM ATP (n = 8). Statis-
tical testing for changes in IL-1β levels was performed using 
randomized block design ANOVA. As the refeeding response was 
more robust at 3 hours, the data at this time point were used as 
the index postprandial time for all subsequent analyses.
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macrophages. The knockdown of the sir-
tuin enzyme was confirmed by immu-
noblot analysis (Figure 5A). Subsequent 
priming and activation of the NLRP3 
inflammasome in the sirtuin-depleted 
cells by LPS and ATP showed that SIRT3 
knockdown significantly augmented IL-1β 
secretion (Figure 5B). In parallel, overex-
pression of wild-type SIRT3 but not the 
deacetylase mutant SIRT3 (22) suppressed 
IL-1β release (Figure 5C).

As SIRT3 is known to deacetylate and 
activate mitochondrial superoxide dismutase 2 (SOD2) (32), we 
explored the activity and acetylation of this protein in leukocytes 
from subjects in the fasting and refeeding study. We found that 
SOD2 activity was significantly lower in PBMCs extracted in the 
fed state (Figure 5D). Furthermore and consistent with the con-
cept that fasting increased SIRT3 and mitochondrial SOD activity, 
we found that SOD2 was deacetylated to a greater extent on the 
cognate SIRT3-regulated lysine residues (K68) in monocytes from 
subjects in the fasted state compared with those from subjects in 
the refed state (Figure 5, E and F, and Supplemental Figure 3C).

To directly interrogate the effect of the modulation of mito-
chondrial ROS by SIRT3 in inflammasome activation, we explored 
the effect of mitoTEMPO, the mitochondria-targeted superoxide 
dismutase mimetic with superoxide scavenging properties, and 
diphenylene iodonium (DPI), the flavin-containing enzyme inhibi-
tor, which blocks mitochondrial ROS production (33). MitoTEMPO 
and DPI reduced IL-1β release in control and SIRT3-expressing 
THP-1–derived macrophages, with a blunting of the difference in 
cytokine release between control and SIRT3-overexpressing cells 
(Figure 5G). In parallel, the administration of these mitochondrial 
ROS–reducing agents decreased IL-1β release to the same levels in 
scrambled control and SIRT3-depleted THP-1 cells (Figure 5H).

A SIRT3 agonist blunts inflammasome activation and improves 
mitochondrial function. We then assessed whether NR, as an NAD+ 
precursor that functions as a SIRT3 agonist (34), could replicate 
the fasting phenotype. We first confirmed NR SIRT3 specificity, 
showing that this compound blunted the inflammasome in control 
siRNA THP-1–derived macrophages but not in the SIRT3 siRNA 
THP-1–derived macrophages (Figure 6A).

ing, we evaluated whether sera from the fasted and 3-hour–refed 
time points could recapitulate inflammasome effects in human 
THP-1–derived macrophages. To test this, THP-1–derived mac-
rophages were incubated in either the fasted or refed sera for 24 
hours prior to priming and inflammasome activation. Following 
inflammasome priming and activation, the refed sera–supple-
mented THP-1 cells significantly increased IL-1β secretion by 
approximately 25% more than fasted sera–supplemented cells 
(Figure 4E). The establishment of this ex vivo system using fasted 
and refed serum supplementation of THP-1 cells then enabled us 
to examine the effects of NF-κB signaling inhibition. The admin-
istration of PS-1145 (30) either for the 24-hour period of serum 
supplementation prior to inflammasome priming and activation 
or for the duration of the experiments resulted in blunting and 
equalization of IL-1β secretion in cells supplemented with fasted 
or refed sera (Figure 4E).

SIRT3 levels modify NLRP3 activation and mitochondrial func-
tion. To investigate a potential role of mitochondrial functioning in 
the regulatory control of the NLRP3 inflammasome, we then mea-
sured mitochondrial respiration and ROS levels during the fasted 
and fed states. Interestingly, basal and maximal oxygen consump-
tion was significantly higher in parallel with lower mitochondrial 
ROS levels in PBMCs isolated in the fasted state compared with 
that in the refed state (Supplemental Figure 3, A and B).

As sirtuins are activated by fasting and can modulate mito-
chondrial function and ROS production (31), we then evaluated 
whether select sirtuins may be operational in the modulation of 
this program. We used siRNAs targeted to individually deplete 
SIRT1, SIRT2, SIRT3, and SIRT5 levels in human THP-1–derived 

Figure 3. Nutrient status modulates the NLRP3 
inflammasome. (A) ELISA assay measurement 
of IL-1β secretion from primary monocytes 
exposed to 3 mM ATP (n = 8). (B) IL-18 release in 
the same monocyte studies, showing that both 
NLRP3 cytokine levels are more robustly secreted 
in the refed state versus fasted state. (C) TNF-α 
release in the same monocytes. (D) IL-1β and (E) 
IL-18 secretion from monocytes primed with 1 
ng/ml LPS followed by 5 μM nigericin adminis-
tration as a second inflammasome trigger (n = 
8). The fasting to 3-hour–refed cytokine levels 
were analyzed using paired 2-tailed t tests. (F) 
Representative immunoblot analysis showing 
secretion of mature caspase-1 and mature IL-1β in 
the supernatants of monocytes treated with LPS 
and with and without nigericin.
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extracted from refed subjects (Figure 6, I and J), whereas there was 
no additive effect on respiration in PBMCs extracted in the fasted 
state (Supplemental Figure 4D). Together, these data support that 
SIRT3 is constitutively activated in the fasted state and show that 
NR can activate SIRT3 to recapitulate the blunted inflammasome 
effects in leukocytes extracted in the refed state.

Discussion
Obesity is linked to NLRP3-linked sterile inflammation, and 
intermittent nutrient and/or chronic caloric restriction sup-
press inflammation (20, 21). Whether caloric restriction sig-
naling directly modulates the inflammasome or whether the 
nutrient depletion effect on inflammation is due to concomitant 
weight reduction from these dietary interventions has not been 
assessed. To begin to explore this, we assessed the control of the 
NLRP3 inflammasome at the level of priming and execution in 
response to a 24-hour fast and refeeding protocol. We showed that 
fasting blunted the NLRP3 inflammasome by sirtuin-dependent 
enhancement of mitochondrial quality control and that refeeding 
activated NLRP3 priming. Together, these data show that “nutri-
ent sensing” orchestrates control of the NLRP3 inflammasome at 
multiple regulatory levels.

The metabolic, neuroendocrine, and molecular control mech-
anisms governing the biological effects of fasting, refeeding, and 
caloric restriction are extensive (19, 35) and will ultimately require 
the integration of reductionist studies and broad systems biologi-
cal modeling to advance our understanding of all the changes and 
their consequences. One component of these nutrient-deprivation 
interventions includes the modulation of the immune system (21, 
36). In this context, the objective of this study was to interrogate a 
component of innate immunity by exploring the role of nutrient-
sensing sirtuin-dependent control of mitochondrial integrity in the 
modulation of the NLRP3 inflammasome. In addition to this, we 
found that refeeding following the 24-hour fast had a significant 
effect on NLRP3 inflammasome priming. This regulation appears 
to be operational by the modulation of transcript levels and at the 
level of protein expression and posttranslational control of pro-

To explore the potential role of NR in primary cells, an addi-
tional group of healthy control subjects donated blood through the 
NHLBI Healthy Volunteer Blood Collection Protocol. Blood from 
these volunteers was used to extract PBMCs and monocytes and 
for the culturing of primary macrophages to assess the effect of 
the SIRT3 agonist NR on the NLRP3 inflammasome. No dietary 
restrictions were placed on these subjects to enroll in the study, 
and no adverse effects were reported during these blood draws. 
The flow diagram illustrating the investigation of these blood sam-
ples is shown in Figure 6B. The 24-hour administration of NR to 
PBMCs from healthy volunteers mimicked the fasting effect with 
blunting of inflammasome activation (Figure 6C). Consistent with 
NR’s known role in SIRT3 activation, we found that NR reduced 
SOD2 and isocitrate dehydrogenase 2 (IDH2) acetylation (Fig-
ure 6, D and E), augmented mitochondrial superoxide dismutase 
activity (Figure 6F), and diminished mitochondrial ROS levels 
(Figure 6, G and H). NR similarly decreased cytokine release in 
PBMCs and monocytes and in primary human macrophages from 
the healthy control population (Supplemental Figure 4, A–C). The 
maintenance of fed and fasted monocytes in culture for 24 hours 
annulled the dietary inflammasome effect, which precluded our 
assessment of the efficacy of NR in reversing the feeding effect 
in this context. Nevertheless, we found that 4 hours of adminis-
tration of NR enhanced maximal oxygen consumption in PBMCs 

Figure 4. Refeeding initiates NLRP3 inflammasome priming via NF-κB 
signaling. (A) Transcript levels encoding TNFA and inflammasome 
components IL1B, IL18, and NLRP3. Refeeding increases the expression 
of all the mRNAs (n = 8). (B) Representative protein levels of signaling 
molecules activating the NLRP3 inflammasome. Increased phospho-
rylation of NF-κB and IκBα shows their activation in the fed state. The 
NLRP3 complex component — NLRP3 and IL-1β — levels are also increased 
in the fed state. The relative quantitative changes (n = 5–7) are shown 
in C. Note, the refeeding effects on gene transcript, phosphoprotein, 
and protein levels are evident at baseline and do not require exogenous 
inflammasome priming. The fasting to 3-hour–refed transcript and 
steady-state protein levels were analyzed using paired 2-tailed t tests. 
(D) Serum levels of soluble CD14, as a marker of endotoxin activity (n = 11). 
(E) Histogram showing changes in IL-1β release from THP-1–derived mac-
rophages supplemented with fasted and refed sera in the presence and 
absence of the NF-κB pathway inhibitor PS-1145 (n = 11). The inhibition of 
NF-κB signaling abolished the excess IL-1β secretion using the refed sera, 
whether it was administered during the serum incubation alone and/
or when maintained through the priming and activation of the inflam-
masome. Statistical testing for changes in IL-1β levels was performed 
using 2-way ANOVA.
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tein function in the canonical NLRP3 inflammasome pathway. 
Although the mechanisms orchestrating the refeeding priming 
effect have not been extensively characterized, we found that an 
inflammatory signature was linked to LPS signaling (29), as shown 
by soluble CD14 levels, which were significantly, albeit modestly, 
elevated in the refed sera. Additionally, we show that the refed sera 
increases inflammasome-induced IL-1β secretion from THP-1 cells 
compared with fasted sera and that inhibition of NF-κΒ signaling 
uniformly blunts IL-1β secretion levels and abrogates excessive 
IL-1β secretion in cells supplemented with the sera from refed sub-
jects. Together, these data suggest that refeeding, which is known to 
evoke postprandial endotoxemia (37), may, at least in part, induce 
inflammasome priming via the activation of NF-κB signaling.  

Further studies would be required to evaluate 
whether the content of the diet and what addi-
tional factors modulate this refeeding effect.

The functioning of mitochondria as a DAMP 
in the activation of the NLRP3 inflammasome has 
been well established and appears to be orches-
trated via the extrusion of numerous components 
of the mitochondria, including cardiolipin and 
mitochondrial genomic DNA. An emerging con-
cept concomitantly suggests that the enhancement 
of mitochondrial integrity and/or quality control 
should ameliorate this innate immune response. 
This has been shown in cases in which the aug-
mentation of mitochondrial integrity via enhanced 
autophagy has an ameliorative effect (16) and in 
cases in which impaired autophagy, which causes 
the accumulation of damaged mitochondrial con-
tent in the cytosol, exacerbates NLRP3 inflam-
masome activation (38). The questions we posed 
here were whether this biological program was 
operational in humans and whether the sirtuin-
mediated mitochondrial housekeeping program 
plays a role in the modulation of this activation. 
The finding in this study shows that, via a SIRT3- 
dependent mechanism, the maintenance of mito-
chondrial function and the attenuation in ROS 
levels decrease NLRP3 inflammasome activation. 
Additionally and in keeping with the nutrient level–
dependent activation of SIRT3 (23), 24 hours of 
fasting in human subjects similarly blunts inflam-
masome activation. Interestingly, the disruption of 
mitochondrial homeostasis via alternate regulatory 
perturbations has also been found to evoke innate 
immunological reactions (39, 40), which, together 
with our data, support the emerging understand-
ing of the intimate interaction between mitochon-
drial integrity and the innate immune system (41). 
Strategies to enhance mitochondrial integrity to 
ameliorate diseases have been long sought after, 
and the findings in this study, showing that NR can 
recapitulate inflammasome modulatory effects of 
fasting on the NLRP3 inflammasome, highlight 
the potential to target SIRT3 activation in NLRP3 
inflammasome–linked diseases.

The limitations of this study include the lack of the contri-
bution of myeloid cell autonomous and serum-derived factors in 
contributing to increased susceptibility to NLRP3 inflammasome 
activation in the refed state and the more comprehensive analysis 
of the numerous potential SIRT3 effects that could account for the 
inflammasome-blunting effects seen in prolonged fasting human 
subjects. At the same time, we cannot exclude effects of the sirtu-
ins that we did not study or the effects of other nutrient-sensing 
programs, such as the AMP kinase pathway (42), in response to the 
fasting intervention. Finally, there was a lack of samples for com-
parison at a time point prior to the 24-hour fast, and the assess-
ment of the minimum fasting time sufficient to blunt inflam-
masome activation was not performed.

Figure 5. SIRT3 levels modify NLRP3 activation and acetylation of SOD2. (A) Representative 
immunoblot of steady-state levels of SIRT1, SIRT2, SIRT3, and SIRT5 following the siRNA 
knockdown of each isoform in THP-1 cells. The relative changes represent the values from 3 
separate experiments. (B) IL-1β release in response to inflammasome activation in the sirtuin 
knockdown THP-1 cells (n = 11). (C) Inflammasome activation with wild-type and deacetylase 
mutant SIRT3 overexpression in THP-1 cells (n = 4). *P < 0.05. (D) Mitochondrial superoxide 
dismutase activity in PBMC mitochondria isolated in the fasted and fed states (n = 4). (E) 
Representative immunoblot analysis of relative SOD2 protein acetylation on K68 in the fed and 
fasted states. The relative quantitative change in SOD2 acetylation is shown in F (n = 4). (G) 
Histogram showing relative release of IL-1β in control and SIRT3-overexpressing cells in response 
to inflammasome activation in the absence of or presence of ROS inhibition with mitoTEMPO 
and DPI (n = 5). (H) Histogram showing the same studies as performed in F, with the exception 
of testing the effect of SIRT3 knockdown rather than overexpression (n = 5). Statistical analysis 
of changes in IL-1β secretion levels was performed using 2-way ANOVA and analysis of changes 
in SOD2 activity and acetylation was performed using a paired 2-tailed t test.
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In conclusion, this study shows that refeeding after a 
24-hour fast increases susceptibility to inflammasome activa-
tion, in part, via refeeding-mediated activation of NF-κB sig-
naling. Moreover, a 24-hour fast in human subjects activates 
SIRT3 biology, and this, in turn, appears to confer resistance to 
NLRP3 inflammasome activation via blunting of mitochondrial 
ROS levels. This inflammasome-provoking effect of refeeding 
after a 24-hour fast can be inhibited by SIRT3 activation using 
NR. These data have identified a potentially drug-modifiable 
SIRT3-dependent program to attenuate the NLRP3 inflam-
masome and suggest that this pathway may be modulated as a 
strategy to alleviate/attenuate NLRP3-linked inflammation.

Methods
Study participants and protocol. 
Twenty consenting healthy vol-
unteers were studied in the index 
fasting inflammasome study. This 
study was composed of 8 female 
and 12 male subjects, with ages 
ranging from 21 to 36 years. Sub-
jects initiated the study with an 
early morning fixed caloric meal fol-
lowed by fasting, with the exception 
of unrestricted water intake for 24 
hours prior to undergoing the fasting 
blood draw. This was followed by a 
fixed calorie meal and postprandial 
blood draws 1 and 3 hours later. One 
subject was excluded for a protocol 
violation, and all other subjects’ 
samples were assayed for cytok-
ine release, using either PBMCs or 
monocytes. Due to limitations in 
sample acquisition per study sub-
ject, leukocytes from sequential 
subjects were used for the addi-
tional experiments in this study. An 
additional group of 8 healthy volun-
teers enrolled in a blood collection 
protocol to enable the collection of 
blood cells to test the effects of NR. 
This group consisted of 6 women 
and 2 men, with an age range of 23 
to 48 years. These subjects had no 
history of acute or chronic disease.

Cell culture and transfection. 
PBMCs were isolated from human 
blood by density centrifugation 
using LSM Lymphocyte Separation 
Medium (MP Biomedicals), with 
PBMCs collected at the interface. 
Monocytes were obtained from 
PBMCs using the Monocyte Isola-
tion Kit II (Miltenyi Biotec). PBMCs 
were preferentially used for exper-
iments that required a large num-
ber of cells, such as flow cytometry 

and measurement of oxygen consumption and superoxide dismutase 
activity. To generate human macrophages, human monocytes were 
incubated with 15% human serum and 20 ng/ml M-CSF for 7 days.

THP-1 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 (43). THP-1 cells were transiently transfected 18 hours before 
differentiation with the Cell Line Nucleofector Kit V (Lonza), program 
V-001 (THP-1 high efficiency), and 0.5 μg DNA or 400 pmol siRNA 
(SMARTpool siRNA, Dharmacon). The number of cells was adjusted 
to 2.5 × 106 cells per transfection cuvette to increase cell viability after 
transfection (44). To evaluate the effect of the sera from subjects on the 

Figure 6. A SIRT3 agonist blunts inflammasome activation and improves mitochondrial function. (A) 
Evaluation of IL-1β release in response to inflammasome activation in control and SIRT3 siRNA–treated THP-
1–derived macrophages to assess the effect of NR on IL-1β secretion in the presence of SIRT3 or its depletion 
(n = 4). (B) Flow diagram of studies performed on blood draw from the normal volunteer blood draw protocol. 
(C–H) NR administration to PBMCs from healthy volunteers to evaluate the effect on (C) inflammasome 
induction–mediated IL-1β secretion (n = 8), (D and E) SIRT3 substrate acetylation levels (n = 6), (F) mitochon-
drial superoxide dismutase activity (n = 6), and (G and H) ATP-induced mitochondrial ROS levels (n = 3). (I 
and J) NR effect on PBMCs extracted in the refed state, showing an augmentation of maximal respiratory 
capacity. A representative oxygen consumption rate (OCR) tracing and a histogram are shown, including the 
data from all the subject cells studied (n = 5). Maximal respiration was assessed in response to dinitrophenol 
(DNP) and proton leak as the difference in oxygen consumption between inhibition of ATP synthase with 
oligomycin and the inhibition of mitochondrial respiration with antimycin A (Ant) and rotenone (Rot). Statis-
tical analyses of experiments in this figure were performed using paired 2-tailed t tests.
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glucose, 1 mM sodium pyruvate, 31 mM NaCl, 2 mM GlutaMax, pH 7.4) 
and plated on CellTak-coated (BD Biosciences) XF24-well plates, as pre-
viously described (46). Cells were maintained at 37°C in a non-CO2 incu-
bator for at least 1 hour before the assay. The measurement of basal and 
maximal respiration was performed and the proton leak was calculated 
as previously described (47). For normalization, protein concentration in 
each well was determined using a BCA assay (Thermo Fisher Scientific).

Mitochondrial ROS detection. For detection of mitochondrial ROS 
production, human PBMCs were incubated with 5 μM MitoSOX Red 
(Life Technologies) for 30 minutes in Hank’s Balanced Salt Solution 
(Life Technologies), washed, and incubated with 3 mM ATP for 15 
minutes before cells were analyzed by flow cytometry on a BD FACS-
Canto (BD Biosciences). The monocyte subset was identified on the 
basis of size and complexity.

Superoxide dismutase activity. Mitochondrial fractions were 
obtained from 1.5 × 107 LPS-treated PBMCs using the Q-proteome 
Mitochondria Isolation Kit (Qiagen). SOD activity was tested in 0.1 μg 
PBMC mitochondria using the SOD Assay Kit (Cayman Chemical), and 
to ensure the detection of only Mn-SOD (SOD2) activity, 5 mM potas-
sium cyanide was added to the assay to inhibit cytosolic Cu/Zn-SOD 
(SOD1) and extracellular Cu/Zn-SOD (SOD3) activities.

Statistics. The primary outcome was defined as the change in 
IL-1β secretion in response to inflammasome stimulation in PBMCs, 
comparing the fasted response to the refed response. As there were 
two postprandial blood draws, it was predetermined that higher 
mean IL-1β levels between the two fed states would be defined as 
the index fed response for comparison to fasting levels. Statistical 
tests for the primary outcome analysis were performed using ran-
domized block design ANOVA. After a global difference was found 
(P < 0.005 for PBMCs) in the first 11 subjects, we then evaluated 
whether this was also evident in monocytes. The same comparison 
was performed in monocytes in the subsequent 8 subjects in the 
index study. Here, too the ANOVA test showed a global difference 
of P < 0.05. For all other studies, as predetermined, we compared 
the fasted state to the 3-hour–refed state by paired 2-tailed t tests at 
α = 0.05. Error bars in all figures represent SEM.

Study approval. Human subjects provided written informed con-
sent. The IRB of NHLBI approved the study protocols (Fasting Inflam-
masome Study — NCT02122575; Healthy Volunteer Blood Collection 
Protocol — NCT00442195).
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activation of the inflammasome, THP-1 cells were incubated with 5 ng/
ml PMA in RPMI 1640 with 25 mM HEPES and 10% heat-inactivated 
FBS for 24 hours, washed, and then incubated with PMA in RPMI and 
HEPES, with 10% of the fasted or refed sera of subjects for further 24 
hours to allow complete differentiation into macrophages.

Cell stimulation and cytokine assays. PBMCs were incubated at  
2 × 106 cells per ml in 96-well plates in RPMI medium plus 25 mM HEPES 
and 10% heat-inactivated FBS with or without 1 ng/ml LPS (Ultrapure 
Salmonella minnesota R595; Enzo Life Sciences) for 4 hours. Human 
monocytes were incubated at 1.5 × 106 cells per ml in a 96-well plate in 
RPMI medium plus 25 mM HEPES and 10% heat-inactivated FBS with 
or without 1 ng/ml LPS for 4 hours. THP-1–derived macrophages were 
incubated at 1.5 × 106 cells per ml in 96-well plates with or without 10 
ng/ml LPS for 4 hours. To stimulate the release of IL-1β, 3–5 mM ATP 
(Sigma-Aldrich) or 5 μM nigericin was added for the last 30 minutes of 
incubation. Supernatants were collected, centrifuged to remove cells 
and debris, and stored at –80°C for later analysis. IL-1β, IL-18, and TNF-α 
cytokine analysis was performed by ELISA (R&D Systems). Results were 
normalized to cell number, as determined by the CyQuant cell prolifera-
tion assay (Invitrogen). ROS inhibitors (5 μM DPI, 500 μM MitoTEMPO) 
were added to THP-1 cells in parallel with LPS. The NF-κB pathway 
reversible inhibitor PS-1145 (20 μM) or DSMO as vehicle was added to 
THP-1 cells during the 24-hour incubation with subject sera. The cells 
were then washed twice with RPMI and incubated with LPS in the 
presence or absence of both subject sera and PS-1145. Soluble CD14 in 
human sera was determined by ELISA (R&D Systems).

Immunoblot analysis. For Western blots, cell lysates were prepared 
using RIPA buffer, separated by SDS-PAGE, and transferred to nitro-
cellulose membranes. Images were captured using the Odyssey sys-
tem (Li-Cor). The following antibodies were used: caspase-1 (2225; 
Cell Signaling), IL-1β (ab9722; Abcam), NLRP3 (AG-20B-0014-C100; 
Adipogen), ASC (sc-22514; Santa Cruz), SIRT1 (sc-15404; Santa Cruz), 
SIRT2 (sc-20966; Santa Cruz), SIRT3 (5490S; Cell Signaling), SIRT5 
(HPA022002; Sigma-Aldrich), phospho-IκBα (2859S; Cell Signaling), 
IκBα (9242S; Cell Signaling), phospho–NF-κB P65 (3033; Cell Signal-
ing), NF-κB P65 (8242; Cell Signaling), and Tom20 (sc-11415; Santa 
Cruz). We also used acetyl-IDH2 and acetyl-SOD2 (Lys68) antibodies, 
which were provided by David Gius from Northwestern University, 
Chicago, Illinois, USA.

To measure caspase-1 and IL-1β release into the supernatant, cells 
were seeded in 24-well plates to a cell density of 1 × 106 cells per well. 
Cells were primed with LPS for 4 hours at 37°C, followed by wash-
ing once with PBS and transfer to serum-free media with or without 
nigericin for 1 hour (45). Supernatants were collected and centrifuged 
at 10,000 g for 10 seconds to remove any detached cells, followed by 
transfer to a fresh tube. The supernatant was concentrated by TCA pre-
cipitation. Then, the precipitated pellets were washed with acetone, 
dissolved in 10 μl 0.2 M NaOH, diluted with 40 μl H2O, supplemented 
with 10 μl 6× SDS-PAGE sample buffer, and boiled for 5 minutes.

Quantitative PCR analysis. mRNA was isolated using Tripure 
(Roche), and cDNA was produced using a First-Strand Synthesis 
Kit (Invitrogen). Transcript levels were measured using validated 
gene-specific primers (Qiagen).

Measurement of cellular oxygen consumption. The oxygen consump-
tion rate was measured using a Seahorse XF24 Extracellular Flux Ana-
lyzer (Seahorse Bioscience). Briefly, 1 × 106 PBMCs per well were resus-
pended in unbuffered DMEM (DMEM supplemented with 5.5 mM 
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