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Introduction
Acute lung injury (ALI) and the acute respiratory distress syndrome (ARDS) are characterized by activa-
tion of  neutrophils, macrophages, alveolar capillary membrane barrier dysfunction/disruption, and edema 
that frequently lead to respiratory failure (1). Sepsis remains the primary risk factor for the development 
of  ALI/ARDS. In addition to microbial infections, sterile inflammatory conditions, including shock and 
trauma may also lead to ARDS (1, 2). In this setting, the cytokine storm and host tissue–derived dam-
age-associated molecular pattern proteins (DAMPs) including high-mobility group box-1 (HMGB1) play 
an important role in organ injury (3). Despite significant progress in clinical care, ARDS continues to carry 
a high mortality rate (2, 4). Previous therapeutic strategies that have targeted specific cytokines have not 
been effective in reducing the ARDS risk or mortality from sepsis (5, 6).

Innate immune responses are assigned to eradicate microbial infections (7, 8); however, exaggerated or 
dysregulated inflammatory responses may contribute to organ injury and high mortality among critically 
ill subjects (6, 9, 10). Importantly, the biomarkers of  mitochondrial dysfunction correlate with the severity 
of  lung injury and mortality in sepsis-related ARDS (11, 12). Recent studies indicate that mitochondrial 
dysfunction also occurs in circulating monocytes and this is indicative of  poor prognosis in critically ill 
subjects (13, 14). A few preclinical studies have shown that preservation of  mitochondrial function reduces 
the severity of  sepsis in endotoxin-induced ALI (15, 16). These studies suggest that modulation of  mito-
chondrial function may be beneficial in ARDS.

Sirtuins are histone deacetylases involved in regulating metabolic homeostasis in many cell populations 
including immune cells (17–19). In mammals, seven known sirtuins (SIRT1–7) are characterized by distinct 
subcellular localization and substrate specificity (20). Recent studies have suggested that mitochondrial SIRT3 

Acute lung injury (ALI) is characterized by exuberant proinflammatory responses and mitochondrial 
dysfunction. However, the link between mitochondrial dysfunction and inflammation in ALI is 
not well understood. In this report, we demonstrate a critical role for the mitochondrial NAD+-
dependent deacetylase, sirtuin-3 (SIRT3), in regulating macrophage mitochondrial bioenergetics, 
ROS formation, and proinflammatory responses. We found that SIRT3 expression was significantly 
diminished in lungs of mice subjected to LPS-induced ALI. SIRT3-deficient mice (SIRT3–/–) 
develop more severe ALI compared with wild-type controls (SIRT3+/+). Macrophages obtained from 
SIRT3–/– mice show significant alterations in mitochondrial bioenergetic and redox homeostasis, 
in association with a proinflammatory phenotype characterized by NLRP3 inflammasome 
activation. The SIRT3 activator viniferin restored macrophage bioenergetic function in LPS-treated 
macrophages. Viniferin also reduced NLRP3 activation and the production of proinflammatory 
cytokines, effects that were absent in SIRT3–/– macrophages. In-vivo administration of viniferin 
reduced production of inflammatory mediators TNF-α, MIP-2, IL-6, IL-1β, and HMGB1, and 
diminished neutrophil influx and severity of endotoxin-mediated ALI; this protective effect of 
vinferin was abolished in SIRT3–/– mice. Taken together, our results show that the induction/
activation of SIRT3 may serve as a new therapeutic strategy in ALI by modulating cellular 
bioenergetics, controlling inflammatory responses, and reducing the severity of lung injury.
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is involved in regulating immune cell function and the development of  inflammatory organ injury (21–23); 
however, whether SIRT3 induction/activation may provide protection from ALI/ARDS is unknown. Given 
the importance of  SIRT3 in regulating mitochondrial function (19, 24), we hypothesized that SIRT3 induc-
tion/activation will prevent macrophage metabolic reprogramming and restrain its proinflammatory pheno-
type, thus diminishing endotoxin-induced ALI.

Results
SIRT3 expression is diminished in LPS-induced ALI. SIRT3 is an NAD+-dependent deacetylase that is pri-
marily localized to the mitochondria (25, 26), and its deficiency has been linked to modulation of  mito-
chondrial function and redox homeostasis (27, 28). The role of  SIRT3 in ALI is unclear. In the first set 
of  experiments, we determined whether SIRT3 expression levels were altered in the lungs of  LPS-treated 
mice. Endotoxin-induced ALI is a well-characterized model of  nonlethal ALI mediated by proinflam-
matory activation of  immune cells and increased vascular permeability, leading to pulmonary edema 
(29). Neutrophil influx and accumulation of  cellular debris within alveolar spaces, in association with 
a thickened septum, were observed in mice subjected to LPS-induced ALI (Figure 1A). These charac-
teristic features of  ALI were associated with reduced levels of  the SIRT3 in the lung, as evidenced by 
immunofluorescent staining of  lung sections 24 hours after LPS exposure (Figure 1B). We also observed 
lower levels of  the mitochondrial marker, COX IV, and enhanced mitochondrial fragmentation (Figure 
1, B and C). Western blot analyses confirmed that SIRT3 was significantly reduced in both whole-lung 
homogenates and in the mitochondrial fractions of  LPS-treated mice (Figure 1D). This decreased level 
of  SIRT3 in LPS-treated mice was also evident at the mRNA level in lung homogenates (Figure 1D). 
SIRT3 expression was also reduced in flow-sorted alveolar macrophages from bronchoalveolar lavage 
(BAL) fluids, i.e., 24 hours following LPS exposure in vivo (Figure 1E), as well as in isolated alveolar 
macrophages stimulated with LPS for 24 hours ex vivo (Figure 1F). Together, these findings indicate 
that the mitochondrial SIRT3 is downregulated in alveolar macrophages and lungs of  mice subjected 
to LPS-induced ALI. To confirm our findings in LPS-induced ALI, we induced pneumonia in mice 
by administering live bacteria (Pseudomonas aeruginosa) by intratracheal (i.t.) administration. We found 
that SIRT3 was markedly downregulated within 4 hours after bacterial challenge; this resulted in lower 
levels of  superoxide dismutase-2 (SOD2) acetylation, which is largely accounted for by a decrease in 
total SOD2 levels (Supplemental Figure 1, A–C; supplemental material available online with this article; 
https://doi.org/10.1172/jci.insight.120722DS1). In addition, we found that SIRT3 deficiency did not 
adversely affect bacterial clearance (Supplemental Figure 1D).

SIRT3 deficiency exacerbates injury in an experimental model of  endotoxin-induced ALI. To test the importance 
of  reduced expression of  SIRT3 in experimental ALI, the severity of  injury was measured in LPS-treated 
SIRT3+/+ and SIRT3–/– mice. Severity of  ALI was determined using several indices of  ALI including alveo-
lar protein accumulation and levels of  cytokines in BAL fluids. H&E-stained lung sections were prepared 
to assess lung alveolar architecture and neutrophil recruitment. Compared with wild-type mice, SIRT3 defi-
ciency resulted in more extensive accumulation of  neutrophils and cellular debris, along with an increase 
in the levels of  BAL protein, measured 24 hours after LPS exposure (Figure 2, A–D). We also observed a 
significant increase in proinflammatory cytokines, in particular TNF-α, MIP-2, and IL-18, in LPS-treated 
SIRT3–/– compared with wild-type mice (Figure 2, E–H). These results indicate that SIRT3 deficiency exac-
erbates LPS-mediated inflammation and increases severity of  ALI.

SIRT3 deficiency augments mitochondrial ROS formation and macrophage proinflammatory responses. Next, we 
tested whether SIRT3 deficiency in macrophages modulates its bioenergetic function and proinflammatory 
responses. Mitochondrial ROS production was determined using MitoSOX, a probe capable of  measuring 
mitochondrial superoxide. Flow cytometry results indicated an increase in the MitoSOX fluorescence in 
SIRT3–/– macrophages with LPS stimulation, as compared with wild-type counterparts (Figure 3, A and 
B). Additionally, the cellular bioenergetic profile of  SIRT3+/+ and SIRT3–/– macrophages was analyzed. In 
SIRT3–/– macrophages, maximal oxygen capacity (oxygen consumption rate [OCR]) and reserve capacity 
were decreased, while proton leak was increased (Figure 3C). These data support a role for SIRT3 in main-
taining mitochondrial bioenergetic efficiency in macrophages.

Next, we determined whether SIRT3 deficiency alters the proinflammatory responses of  macrophages 
to LPS. SIRT3–/– macrophages responded more robustly to LPS challenge, with a greater increase in TNF-α 
production when compared with wild-type cells (Figure 4A). Viniferin is a naturally occurring resveratrol 
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dimer that has been shown to activate SIRT3 in diverse cell populations (30, 31). We found that viniferin 
increases expression of  SIRT3 in peritoneal macrophages (Figure 4B). Pretreatment with viniferin signifi-
cantly reduces LPS-induced TNF-α production in wild-type, but not SIRT3–/– cells (Figure 4C). In addition 
to TNF-α production, exposure to LPS is known to activate the NLRP3 inflammasome (32). We found that 
NLRP3 activation occurs to a greater extent in SIRT3–/– macrophages (Figure 4D). Importantly, vinifer-
in diminishes LPS-induced NLRP3 expression in wild-type, but not SIRT3–/– macrophages (Figure 4E).  

Figure 1. SIRT3 expression is diminished in lungs and alveolar macrophages from mice subjected to endotoxin-induced ALI. (A) Representative images 
show H&E staining of lung sections from control and mice treated with LPS (3 mg/kg, i.t.) for 24 hours. Scale bars: 10 μm. (B) Representative images indicate 
SIRT3 (green) and COX IV (red) fluorescent staining in lung sections of indicated groups of mice. Right panels depict regions marked by dashed boxes. Scale 
bars: 10 μm. (C) Representative scattergrams showing fluorescence intensity from images displayed in B. (D and E) Representative Western blots of SIRT3 in 
lung homogenates, lung mitochondrial fractions (D), and alveolar macrophages (E) from control or LPS-treated mice. SIRT3 mRNA levels were also determined 
in lung tissues (D), or (F) alveolar macrophages treated with or without LPS for 24 hours. Data presented as mean ± SD (n = 3–5). *P < 0.05 (Student’s t test).
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Further evidence of  NLRP3 activation is provided by the finding that levels of  IL-1β were elevated and 
caspase 1 was activated by LPS stimulation, and both of  these responses were exacerbated by SIRT3 deficien-
cy (Supplemental Figure 2). Moreover, the mitochondria-targeted antioxidant, MitoTEMPO, significantly 
reduced LPS-stimulated NLRP3 induction in SIRT3–/– macrophages (Figure 4F). These findings indicate 
that deficiency of  SIRT3 leads to enhanced macrophage proinflammatory activation, in part by activating 
the NLRP3 inflammasome. Our results also indicate that the viniferin, via a SIRT3-dependent mechanism, 
effectively reduces LPS-induced proinflammatory responses and inflammasome activation in macrophages.

SIRT3 activation modulates LPS-induced alterations in mitochondrial bioenergetics. Next, cellular bioener-
getics were assessed in macrophages treated with LPS with/without viniferin. The effects of  LPS on basal 
OCR were not significantly altered by viniferin (Figure 5, A and B); however, the decline in ATP-linked, 
maximal, and reserve capacity induced by LPS was significantly prevented by viniferin treatment (Figure 
5, A and C–E). Importantly, the increased proton leak induced by LPS was also decreased by viniferin 
(Figure 5F), suggesting improved coupling of  electron transport to ATP synthesis. No significant changes 

Figure 2. SIRT3 deficiency exacerbates inflammation in lungs of LPS-treated mice. (A and B) Representative images 
show H&E staining of lung sections from SIRT3+/+ and SIRT3–/– mice. Mice were subjected to saline (control, i.t.) or LPS 
(3 mg/kg, i.t.) for 24 hours. Scale bars: 100 μm. Lower panel showing regions of images indicated by dashed boxes. 
Red arrows indicate areas of injury, including alveolar spaces filled with a mononuclear/neutrophilic infiltrates, cellular 
debris, and proteinaceous material. (C–H) The total number of neutrophils (C), protein content (D), and proinflammatory 
cytokines (E–H) in BAL fluids of indicated groups of mice. Data presented as mean ± SD (n = 3–5). *P < 0.05 (ANOVA).
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with viniferin or LPS treatment were noted for non-mitochondrial respiration (Figure 5G). These results 
indicate that viniferin improves mitochondrial bioenergetics and prevents LPS-induced mitochondrial 
reprogramming. Based on the observed increase in basal, ATP-linked, and maximal OCR by viniferin in 
unstimulated (non-LPS) cells, we examined the potential for induction of  mitochondrial biogenesis by this 
SIRT3 inducer; we found that viniferin upregulated the expression of  mitochondrial transcription factor A 
(TFAM), a critical regulator of  mitochondrial biogenesis (Supplemental Figure 4).

SIRT3 activation reduces the severity of  endotoxin-induced ALI. Based on the observed beneficial effects of  
viniferin on macrophage mitochondrial bioenergetics and inflammatory responses, we next tested if  vinifer-
in confers protective effects in a mouse model of  endotoxin-induced ALI. Mice were pretreated with vinifer-
in (120 mg/kg, i.p.) once a day for 3 consecutive days followed by i.t. instillation of  LPS (3 mg/kg, i.t.).  
The control group received vehicle (DMSO and saline, 1:10, i.p.; or saline, i.t.). We found that viniferin 
diminished the severity of  LPS-induced ALI, as evidenced by a lower neutrophil flux and reduced accu-
mulation of  debris in alveolar spaces, and overall preserved lung architecture (Figure 6, A and B). Viniferin 
also diminished pulmonary edema formation, as indicated by decreased amounts of  protein in BAL fluids 
(Figure 6C). Western blot analysis of  whole-lung homogenates revealed that viniferin significantly pre-
vented the reduction in SIRT3 expression following LPS exposure (Figure 6, D and E). Consistent with 
experiments ex vivo (Figure 4C), viniferin significantly diminished production of  several proinflammatory 
cytokines, including TNF-α, MIP-2, and IL-6, in LPS-treated mice (Figure 7A). Furthermore, viniferin 
reduced accumulation of  harmful DAMPs, including HMGB1 in BAL fluids of  LPS-treated mice (Fig-
ure 7B). Similar to our findings obtained in ex vivo macrophages (Figure 4E), viniferin also diminished 
LPS-induced NLRP3 expression (whole-lung homogenates; Figure 7C). This was accompanied with lower 
production of  inflammasome-dependent IL-1β (Figure 7D). These antiinflammatory and lung-protective 
effects of  viniferin were abrogated in SIRT3–/– mice subjected to endotoxin-induced ALI (Supplemental 
Figure 3, A–E). Together, these findings indicate that viniferin mediates protective effects in a mouse model 
of  endotoxin-induced ALI through SIRT3, in association with macrophage deactivation.

Figure 3. The effects of SIRT3 on macrophage mitochondrial ROS formation and bioenergetics. (A and B) Repre-
sentative histograms (A) and quantitative analysis (B) of MitoSOX fluorescence in control or LPS-treated peritoneal 
macrophages obtained from SIRT3+/+ and SIRT3–/– mice. Data presented as mean ± SD (n = 3). *P < 0.05 (ANOVA). (C) 
The oxygen consumption rate (OCR) in SIRT3+/+ and SIRT3–/– macrophages. Indices of mitochondrial function include 
basal, ATP-linked, maximal, reserve capacity, proton leak, and non-mitochondrial oxygen consumption. Data presented 
as mean ± SD (n = 3–6). *P < 0.05 (Student’s t test).
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Discussion
Despite significant improvements in the delivery of  critical care, ALI/ARDS mortality remains high, 
with no approved pharmacologic therapies (10). While there are many reasons for lack of  efficacy 
of  experimental drugs, few approaches have targeted the metabolic reprogramming of  immune cells. 
This study investigated the functional role of  SIRT3, a mitochondrial NAD+-dependent deacetylase 
in a murine model of  endotoxin-induced ALI. Our results support a regulatory role for SIRT3 in con-
trolling the inflammatory response to LPS. This conclusion is based on the following observations: (a) 
decreased expression of  SIRT3 in lung tissues following endotoxin-induced ALI; (b) SIRT3–/– mice 

Figure 4. SIRT3 deficiency promotes macrophage proinflammatory activation. (A) Panels show the TNF-α levels in 
culture media of macrophages (SIRT3+/+ and SIRT3–/–) treated with LPS (0 or 3 ng/ml) for 4 hours. (B) Representative 
Western blots of SIRT3 and β-actin from macrophages treated with the indicated doses of viniferin for 24 hours. (C) 
TNF-α was measured in culture media from control, LPS, or LPS- and viniferin-treated macrophages (SIRT3+/+ and 
SIRT3–/–). (D) Representative Western blots and optical band densitometry of NLRP3 in wild-type and SIRT3-deficient 
macrophages. Cells were treated with LPS (0 or 3 ng/ml) for 4 hours. (E) Representative NLRP3 immunoblot from mac-
rophages (SIRT3+/+ or SIRT3–/–) treated with LPS alone (3 ng/ml) or pretreated with viniferin (1 μM, 24 hours) and then 
LPS for 4 hours. (F) Western immunoblots and quantitative analysis of NLRP3 in peritoneal macrophages (SIRT3–/–) 
pretreated with MitoTEMPO (0 or 50 nM, 18 hours) and then LPS (0 or 3 ng/ml) for an additional 4 hours. Data in A and 
C–F presented as mean ± SD (n = 3). *P < 0.05 (ANOVA). NS, not significant.
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develop enhanced inflammatory responses and more severe ALI, compared with wild-type mice; (c) 
increased production of  proinflammatory cytokines including TNF-α, MIP2, and IL-6 in association 
with inflammasome activation in LPS-treated SIRT3–/– mice compared with wild-type mice; (d) SIRT3–/–  
deficiency in macrophages increases mitochondrial ROS, which activates the NLRP3 inflammasome in 
response to LPS; and (e) a pharmacological modulator that increases SIRT3 levels reduces the sever-
ity of  endotoxin-induced ALI, but this protective effect is lost in SIRT3-deficient mice. These find-
ings provide a critical link between SIRT3 deficiency, macrophage bioenergetic reprogramming, and 
an enhanced macrophage proinflammatory response that contributes to the severity of  ALI (Figure 8).

This is the first study, to our knowledge, that demonstrates a critical role for SIRT3 in regulating the 
inflammatory responses to LPS-induced ALI. Previous reports have implicated SIRT3 deficiency in cardiac 
hypertrophy, organ fibrosis, neurodegenerative diseases, cancer, and acute kidney injury (AKI) (27, 33–37). 
SIRT3-knockout mice develop tissue fibrosis of  multiple organs, including the lungs, with aging (38); in 
our studies, we did not detect lung phenotypic changes at baseline in mice at 2 months of  age. SIRT3 levels 
were significantly decreased in the cerebral cortex of  subjects with Alzheimer’s disease and associated with 
enhanced neuronal damage in vitro (25). Analogous to our findings of  decreased SIRT3 expression in ALI, 
diminished SIRT3 expression in kidney tissue was observed in a murine model of  cisplatin-induced AKI 

Figure 5. SIRT3 activation by viniferin modulates LPS-induced alterations in mitochondrial bioenergetics. (A) Rep-
resentative traces showing the oxygen consumption rates (OCRs) in control and LPS-treated (3 ng/ml) macrophages. 
Oligo, oligomycin; FCCP, carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone; ant. A, antimycin A; 2-DG, 2-deoxyglu-
cose. Cells were incubated with or without viniferin (1 μM) for 8 hours and then incubated with LPS for an additional 16 
hours. (B–G) Indices of mitochondrial function, including (B) basal, (C) ATP linked, (D) maximal, (E) reserve capacity, (F) 
proton leak, and (G) non-mitochondrial OCRs. Data presented as mean ± SEM (n = 4). *P < 0.05 (ANOVA).
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and in sepsis-induced AKI (35, 37). A previous study reported reduced SIRT3 in LPS-induced pericyte loss 
and enhanced vascular leak, while SIRT3 overexpression reversed these effects (39). Protective effects of  
SIRT3 on hyperoxia-induced ALI have been linked to enzymatic activation of  SOD2 (40). Our studies did 
demonstrate a significant reduction in total SOD2, without an apparent change in its relative acetylated 
(activated) state, in a bacterial pneumonia model. However, our studies do implicate macrophage repro-
gramming and mitochondrial superoxide formation by SIRT3 as a critical mediator of  the heightened 
inflammation and severity of  lung injury in an animal model of  endotoxin-induced lung injury.

Our data indicate that the levels of SIRT3 expression/activation in macrophages can function as a rheostat 
to control proinflammatory NLRP3 inflammasome activation. NLRP3 inflammasome activation has been 
reported in kidney tissues of SIRT3-deficient mice following AKI (37). Prolonged fasting, which is known to 
induce SIRT3 activity in different cell types (41–43), was found to suppress NLRP3 inflammasome activation 
via the activation of SOD2 (44). Our results indicate that mitochondrial SIRT3 expression/activation is linked 
to mitochondrial bioenergetics and the control of macrophage inflammatory responses. Further studies are 

Figure 6. Viniferin diminishes the severity of endotoxin-induced ALI. (A) Representative images show H&E staining 
of lung sections from control (saline) and mice subjected to LPS (3 mg/kg, i.t.) for 24 hours. Mice received viniferin (0 
or 120 mg/kg, i.p.) once a day for 3 consecutive days prior to LPS exposure. Scale bars: 100 μm (upper panel) and 10 μm 
(lower panel). (B and C) The number of neutrophils (B) and the amount of protein (C) in BAL fluids of control, LPS alone, 
or viniferin- and LPS-treated mice. (D and E) Representative Western blots and quantitative analysis of SIRT3 in lung 
homogenates of indicated groups of mice. Data presented as mean ± SD (n = 3–7). *P < 0.05 (ANOVA).
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warranted to determine the precise mechanisms by which SIRT3 modulates the function of immune cells. Pre-
vious studies suggest that SIRT3 modulates mitochondrial function and integrity by reducing dynamin-related 
protein-dependent fission, mitochondrial membrane depolarization, and mitophagy (35).

We further investigated whether pharmacological activation of  SIRT3 can mitigate the severity of  
endotoxin-induced ALI. We utilized viniferin, a specific inducer/activator of  SIRT3 (30), to provide 
proof-of-concept that SIRT3 upregulation by a pharmacologic approach can mediate protective effects. 
Our data indicate that in vivo SIRT3 induction with viniferin treatment reduces the severity of  LPS-in-
duced ALI, as evidenced by diminished neutrophilic influx, lung permeability, HMGB1 release, and 
NLRP3 activation; importantly, viniferin failed to mediate these lung protective effects in SIRT3-deficient 
mice. Although our studies implicate deficient SIRT3 in regulating macrophage proinflammatory respons-
es, which are modulated by viniferin, it is possible that some of  the beneficial effects of  viniferin may be 
related to its effects on non-macrophage cell populations. Previous studies have shown that attenuation 
of  proinflammatory responses by similar approaches is not associated with impairment in macrophage 
antimicrobial functions (16, 45). On the contrary, it has been suggested that mitochondrial biogenesis and 
normalization of  redox homeostasis may improve immune responses (46–48). Mitochondrial dysfunction 

Figure 7. Viniferin reduces lung inflammation in mice subjected to LPS-induced ALI. (A) Panels show TNF-α, 
MIP-2, and IL-6 levels in BAL fluids of control, LPS-treated, or mice treated with a combination of viniferin and 
LPS (depicted in Figure 6). (B and C) Representative Western blots and optical band densitometry of (B) HMGB1 in 
BAL fluids or (C) NLRP3 and SIRT3 in whole-lung homogenates from indicated groups of mice. (D) IL-1β and IL-18 
cytokine levels in BAL fluids from mice treated as indicated in Figure 6. Data presented as mean ± SD (n = 3–5). 
*P < 0.05; ns, not significant (ANOVA).
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has been linked to sepsis-induced organ failure associated with high morbidity and mortality rates (11, 
13); thus, strategies that preserve mitochondrial function and control inflammation without diminishing 
host defense functions could be an effective therapeutic approach in sepsis and multiorgan failure.

Methods
Animal studies. SIRT3 wild-type (129S1/SvImJ; The Jackson Laboratory, 002448) and SIRT3-knockout 
(129-Sirt3tm1.1Fwa/J; The Jackson Laboratory, 012755) mice were used for the study. The mice were kept on 
a 12-hour light/dark cycle with free access to food and water. Endotoxin-induced ALI was initiated by i.t. 
instillation of LPS, which is a clinically relevant model for moderate lung injury. ALI was induced in 2-month-
old SIRT3+/+ and SIRT3–/– mice by i.t. administration of 3 mg/kg E. coli 0111:B4 LPS in 50 μl of  saline as 
previously described (49). Briefly, mice were anesthetized with a mixture of isoflurane (2%, v/v) and oxygen 
vapor. The tongue was gently pulled out from mouth and LPS in saline (50 μl) was instilled into the distal part 
of the oropharynx. Mice were euthanized 24 hours after LPS administration. To investigate effects of viniferin 
in endotoxin-induced ALI, SIRT3+/+ and SIRT3–/– mice were pretreated with viniferin (120 mg/kg, i.p.) once 
a day for 2 days and then 2 hours prior to i.t. instillation of LPS. Mice were euthanized 24 hours after LPS 
administration. Lungs were harvested for downstream analysis. BAL was obtained by cannulating the trachea 
with a blunt 20-gauge needle and then lavaging the lungs 3 times with 1 ml of PBS.

A mouse model of  bacterial pneumonia. P. aeruginosa strain K suspension in PBS (2.5 × 107/mouse, 40 μl) 
or PBS alone (control, 40 μl) was deposited into the pharynx followed by bacterial aspiration into the lungs, 
as previously described (50). Lung homogenates were prepared 4 hours after P. aeruginosa instillation and 
serial dilutions used to determine colony-forming units (CFUs) on agar plates.

Reagents and antibodies. LPS derived from E. coli 0111:B4 (catalog L2630) and β-actin antibody (cata-
log A1978) were purchased from Sigma-Aldrich. Viniferin was obtained from FUJIFILM Wako Chemi-
cals USA Corporation. MitoTEMPO was purchased from Cayman Chemical. Antibodies against SIRT3 
(catalog 5490), NLRP3 (catalog 15101), and cleaved caspase-1 (catalog67314) were obtained from Cell 
Signaling Technology. Anti-HMGB1 (catalog18256) and -MnSOD (acetyl K68) (catalog ab137037) were 
from Abcam. COX IV antibody (catalog MAB6980) and antibody against IL-1β (catalogAF-401-NA) were 

Figure 8. Proposed mechanism of SIRT3 deficiency in exacerbation of endotoxin-induced ALI. ALI induces SIRT3 
deficiency in lungs of LPS-treated mice in association with increased inflammation and worsened ALI. Viniferin 
modulates mitochondrial bioenergetics, production of proinflammatory cytokines and DAMPs, as well as inflammasome 
activation. Pretreatment of mice with viniferin reduces inflammation and severity of endotoxin-induced ALI. 
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purchased from R&D Systems. TFAM antibody was purchased from Gene Tex (catalog GTX103231). 
RPMI-1640 was purchased from Invitrogen.

Macrophage isolation and culture. Peritoneal macrophages were isolated as described previously (51). 
Macrophages were elicited in mice by using i.p. injection of  Brewer thioglycollate. Cells were collected 3 
days after i.p. injection of  thioglycollate. Macrophages were then cultured in 12-well plates (5 × 105 cells/
well) in RPMI-1640 media containing 5% fetal calf  serum (HyClone Laboratories), 100 units/ml penicil-
lin, 100 μg/ml streptomycin, 1.25 μg/ml amphotericin B, at 37°C, 5% CO2, 95% air.

Isolation of  mitochondria. Lung mitochondria were isolated according to standard procedures with 
minor modifications (52). Lung homogenates were incubated in STE buffer containing sucrose (250 mM), 
Tris pH 7.4 (10 mM), and ethyleneglycol-bis-(β-aminoethyl ether)-N,N′-tetraacetic acid (EGTA) (2 mM), 
followed by centrifugation (1,000 g) for 3 minutes at 4°C. Supernatants were then collected and centri-
fuged (10,000 g) for 10 minutes at 4°C. The resultant pellets were suspended in STE buffer and centrifuged 
(10,000 g) for 10 minutes at 4°C. The pink and light-brown pellets surrounding the dark-brown center were 
aspirated and the remaining pellet suspended in STE buffer (1 ml) and centrifuged (10,000 g) for 15 minutes 
at 4°C. Finally, the cell pellet was suspended in RIPA buffer and stored at −80°C.

Lung histology and immunofluorescence staining. Mouse lungs were inflated with 1 ml of  10% paraformal-
dehyde/PBS solution and embedded in paraffin. Immunofluorescence staining was performed as described 
previously (53). Images were acquired using a Nikon A1 Laser Confocal Microscope at the University of  
Alabama at Birmingham (UAB) High Resolution Imaging Facility. The levels of  fluorescence were quanti-
fied and displayed as 2-dimensional scattergrams using Hamamatsu software (Hamamatsu Corporation).

Detection of  ROS formation. The levels of  superoxide generation were measured by MitoSOX probe 
(Thermo Fisher Scientific) in conjunction with flow cytometry, according to the manufacturer’s instruc-
tions. In brief, peritoneal macrophages were grown in monolayer, treated with 300 ng/ml LPS for 3 hours, 
and then with 5 mM ATP for 15 minutes and incubated with the fluorescent probe MitoSOX (5 μM) for 
15 minutes at 37°C. Cells were washed with PBS, detached from cultured plates with trypsin, and then flu-
orescence intensity measured using flow cytometry and FlowJo analytical software version 10 (Tree Star).

Measurement of  cytokines. ELISA was used to measure cytokine levels in culture media and BAL fluids, 
as previously described (50). Levels of  TNF-α, MIP-2, IL-6, IL1-β, and IL-18 were determined using com-
mercially available ELISA kits (R&D Systems) according to the manufacturer’s instructions.

Western blot analysis. Cell lysates were prepared in RIPA buffer supplemented with protease inhibitors 
and subjected to SDS-PAGE under reducing conditions, and Western immunoblotting was performed as 
previously described (53). BAL fluids (30 μl) were mixed with Laemmli sample buffer (Boston BioProducts) 
and boiled for 5 minutes followed by Western blot analysis with anti-HMGB1 antibody. Immunoblots were 
imaged using an Amersham Biosciences 600 Imager (GE Healthcare). Densitometric analyses were per-
formed using AlphaEaseFC software (Alpha Innotech) and ImageJ software (http://imagej.nih.gov/ij/).

Real-time PCR. Total RNA was isolated from lung tissues using the RNeasy Mini kit (Qiagen) and 
reverse transcribed using iScript Reverse Transcription SuperMix for RT-quantitative PCR (Bio-Rad). Real-
time PCRs were performed using SYBR Green PCR Master Mix (Life Technologies) and gene-specific 
primer pairs for SIRT3 and 18S rRNA. Primer sequences for SIRT3: forward 5′-CATATGGGCTGAT-
GTGATGG-3′ and reverse 5′-GCCATATGGAGTAGGAACCTTG-3′. For 18S: forward 5′-GTCTGC-
CCTATCAACTTTCG-3′, reverse 5′-ATGTGGTAGCCGTTTCTCAG-3′. Real-time PCR and analysis 
were performed as described previously (53).

Mitochondrial bioenergetics. Macrophages were cultured on XFe96 plates using RPMI-1640 media containing 
5% fetal calf serum for 24 hours prior to the assay. On the next day, cells were pretreated viniferin (1 μM for 
6-8 hours) and then incubated with or without LPS (3 ng/ml) overnight. Cells were washed in XF assay buffer 
(DMEM with 1 mM pyruvate, 5.5 mM D-glucose, 4 mM L-glutamine, pH 7.4) and incubated in XF assay buffer 
for 30 to 60 minutes before the assay. Bioenergetics of macrophages were determined using the XF24 analyzer 
from Seahorse Bioscience, which measures O2 consumption and proton production (pH) in cells, performed and 
interpreted as described previously (54, 55). ATP-linked OCR and proton leak were determined by injecting oli-
gomycin (0.5 μM), an inhibitor of ATP synthase. FCCP (1.5 μM), an uncoupler of the electron transport chain, 
was used to determine maximal respiration rate. The complete inhibition of mitochondrial electron transport 
was achieved using antimycin A (10 μM), an inhibitor of complex III. The OCR determined after antimycin A 
(10 μM) injection is attributable to non-mitochondrial oxygen consumption. Mitochondrial basal respiration, 
proton leak, and the maximal respiration were calculated after correcting for non-mitochondrial OCR.
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Statistical analysis. Data are expressed as mean ± SD or SEM. Statistical analysis was performed using 
Student’s t test (1 tailed) or 1-way ANOVA to evaluate differences between groups. A value of  P < 0.05 was 
considered significant. Analyses were performed using GraphPad Prism software (version 6.04).

Study approval. All experiments were conducted in accordance with approved protocols by the Universi-
ty of  Alabama at Birmingham, Institutional Animal Care and Use Committee (IACUC).
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