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A B S T R A C T

Alcohol use disorders are common both in the United States and globally, and are associated with a variety of co-
morbid, inflammation-linked diseases. The pathogenesis of many of these ailments are driven by the activation
of the NLRP3 inflammasome, a multi-protein intracellular pattern recognition receptor complex that facilitates
the cleavage and secretion of the pro-inflammatory cytokines IL-1β and IL-18. We hypothesized that protracted
exposure of leukocytes to ethanol would amplify inflammasome activation, which would help to implicate
mechanisms involved in diseases associated with both alcoholism and aberrant NLRP3 inflammasome activation.
Here we show that long-term ethanol exposure of human peripheral blood mononuclear cells and a mouse
macrophage cell line (J774) amplifies IL-1β secretion following stimulation with NLRP3 agonists, but not with
AIM2 or NLRP1b agonists. The augmented NRLP3 activation was mediated by increases in iNOS expression and
NO production, in conjunction with increases in mitochondrial membrane depolarization, oxygen consumption
rate, and ROS generation in J774 cells chronically exposed to ethanol (CE cells), effects that could be inhibited
by the iNOS inhibitor SEITU, the NO scavenger carboxy-PTIO, and the mitochondrial ROS scavenger MitoQ.
Chronic ethanol exposure did not alter K+ efflux or Zn2+ homeostasis in CE cells, although it did result in a
lower intracellular concentration of NAD+. Prolonged administration of acetaldehyde, the product of alcohol
dehydrogenase (ADH) mediated metabolism of ethanol, mimicked chronic ethanol exposure, whereas ADH
inhibition prevented ethanol-induced IL-1β hypersecretion. Together, these results indicate that increases in
iNOS and mitochondrial ROS production are critical for chronic ethanol-induced IL-1β hypersecretion, and that
protracted exposure to the products of ethanol metabolism are probable mediators of NLRP3 inflammasome
hyperactivation.
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1. Introduction

Alcoholism is a common but problematic syndrome affecting nearly
every organ system [1]. In the year 2014, approximately 6.8%, or 16.4
million adults and 855,000 adolescents in the U. S., were diagnosed
with an alcohol use disorder (AUD) [2]. AUDs were estimated to be the
third most common non-genetic cause of mortality in the U.S. in the
year 2000, with opportunistic infections and organ damage (such as
brain and liver) being the two most prominent co-morbidities [3]. The
pattern of drinking has divergent effects on the complications of alcohol
abuse. Binge, or acute, alcohol consumption leads to transient immu-
nosuppression, while prolonged alcohol consumption promotes the
development of chronic inflammation and is associated with increases
in the production of pro-inflammatory cytokines such as TNF and IL-1β
[1,4–7]. This chronic inflammatory state has been implicated to play a
causal role in the initiation or pathogenesis of many diseases associated
with AUDs, such as gout, acute respiratory distress syndrome (ARDS),
cirrhosis, diabetes, central nervous system (CNS) atrophy, chronic
pancreatitis, and several forms of cancer [8–17].

Chronic ethanol exposure has direct and indirect effects on cells that
can initiate an inflammatory state within a host. It promotes the
generation of reactive oxygen species (ROS) in the cytosol and
mitochondria via the impairment of antioxidant systems, metabolism
by cytochrome P450 2E1 (CYP2E1), and enhanced electron transport
chain activity accompanied by electron leakage from complexes I and
III [18–20]. Ethanol metabolism by CYP2E1 and alcohol dehydrogenase
(ADH) results in the generation of acetaldehyde, which induces
oxidative stress and the formation of DNA and protein adducts
[21–23]. Ethanol exposure has also been shown to promote inducible
nitric oxide synthase (iNOS) expression and the subsequent production
of NO [24,25]. Together, the ROS, reactive nitrogen species (RNS), and
acetaldehyde produced during chronic ethanol exposure can induce
nuclear and mitochondrial DNA damage and initiate ER stress via the
accumulation of misfolded proteins [25–27]. Specifically, oxidized
mitochondrial DNA and ER stress stimulate signaling pathways such
as NF-κB and the NRLP3 inflammasome, but it is not known whether
these factors contribute to inflammasome activation during chronic
ethanol consumption [28,29].

Inflammasomes are a family of large multi-protein intracellular
pattern recognition receptors (PRRs) that respond to a wide variety of
exogenous pathogen associated molecular patterns (PAMPs) and en-
dogenous danger associated molecular patterns (DAMPs), leading to the
release of the pro-inflammatory cytokines, IL-1β and IL-18, and
culminating in a form of pro-inflammatory death known as pyroptosis
[30]. Unlike many innate immune pathways, stimulation of a functional
inflammasome requires two events, priming and activation. During
priming (step 1), activation of the transcription factor NF-κB down-
stream of the stimulation of many PRRs, facilitates the transcription and
translation of many inflammasome components (as well as the secretion
of pro-inflammatory cytokines such as TNF and IL-6) [31]. Activation of
the inflammasome complex (step 2) requires the exposure of cells to a
separate set of PAMPs and DAMPs, which work through unique
signaling pathways to induce the oligomerization of one of several
different Nucleotide Oligomerization Domain (NOD)-Like Receptor
(NLR) proteins, the adaptor protein Apoptosis-associated Speck-like
protein containing a CARD (ASC), and pro-caspase-1, into an organized
inflammasome complex [32]. This oligomerization causes the rapid and
irreversible formation of inflammasome complexes, mediated by ASC
speck oligomerization, which allows for the conversion of pro-caspase-1
into an active caspase-1 enzyme that cleaves pro-IL-1β and pro-IL-18
into their mature, secreted forms and initiates pyroptosis. These
cytokines then function to promote vasodilation, attract and stimulate
neutrophils, induce fever, and activate the acute phase response, while
pyroptosis amplifies inflammation by releasing DAMPs and fully
formed ASC specks [33,34].

The NLRP3 inflammasome is assembled in response to a particularly

diverse set of PAMPs and DAMPs, including ATP, nigericin, alum,
asbestos, silica, and cholesterol crystals [35–37]. Although these
agonists activate the inflammasome through disparate upstream path-
ways, such as membrane pore formation and lysosomal rupture, they
eventually converge on K+ efflux, ROS production, mitochondrial
dysfunction and ASC phosphorylation and multimerization
[29,38–43]. NLRP3 activation plays a vital role in immune homeostasis
and while it is expressed predominantly by macrophages, it can also
function within many other leukocyte and non-leukocyte cell types
[44]. While necessary for generating an effective immune response to
numerous pathogens, over-activation of the NLRP3 inflammasome has
been implicated in the pathogenesis of numerous inflammation-related
diseases, many of which are also common among patients with alcohol
use disorders, such as gout, diabetes, and chronic pancreatitis [45–47].

The objective of our studies was to investigate whether chronic
ethanol exposure modulates activation of the NLRP3 inflammasome
and thus secretion of the highly pro-inflammatory cytokine, IL-1β, and
through which mechanisms it may occur. In doing so, we sought to
better understand the mechanisms behind alcohol-associated inflam-
mation that can promote the development of alcoholism-associated
diseases, and help to identify therapeutic targets for the treatment of
diseases caused by AUDs.

2. Materials and methods

2.1. Reagents

LPS, sodium orthovanadate, SEITU and monoclonal anti-mouse β-
actin antibodies were from Sigma-Aldrich (St. Louis, MO). Anti-mouse
ASC and caspase-1 antibodies were from Santa Cruz Biotechnology Inc.
(Dallas, TX), and anti-mouse and human IL-1β antibodies were from
R&D Systems (Minneapolis, MN). Biotin conjugated anti- mouse and
rabbit secondary antibodies were from GE Healthcare UK Limited
(Little Chalfont, Buckinghamshire, UK) and anti-goat IgG was from
Jackson ImmunoResearch (West Grove, PA). For inflammasome stimu-
lation, nigericin and poly (dA: dT) were from Invivogen (San Diego,
CA), ATP and anthrax lethal factor and protective antigen were from
Amersham Biosciences (Piscatawy, NJ) and BEI Resources (Manassas,
VA), respectively. Ethanol and carboxy-PTIO were from Pharmco
AAPER (Brookfield, CT) and Life Technologies Corporation (Carlsbad,
CA). NAD+ was from Cayman Chamical (Ann Arbor, Michigan), and
acetaldehyde and 4-methylpyrazole (4-MP) were from Acros Organics
(Geel, Belgium). Dr. Michael P. Murphy (Medical Research Council
Mitochondrial Biology Unit, University of Cambridge, Cambridge, UK)
kindly provided MitoQ.

2.2. Cell culture

J774 cells from American Type Culture Collection (ATCC, Manassas,
VA) were maintained in DMEM (Gibco, Grand Island, NY) supplemen-
ted with 10% FBS (Gibco), 1% L-Glutamine (Gibco), and 1× Primocin
(Invivogen). Cells were not used beyond passage 20 to reduce varia-
bility between the experiments and although cells at a lower passage
demonstrated more robust cytokine secretion, the pattern of respon-
siveness remained the same.

For experiments in which cell supernatants were examined by
ELISA, cells were plated at 2.5x105 cells/well in 250 µl of media in a
48-well plate and allowed to grow overnight. The following day, the
media was removed, fresh media was added and cells were treated as
indicated within the figure legends for each experiment. Cell super-
natants were harvested at the end of each experiment, spun down at
3,300xg for 10 min to pellet cellular debris, transferred to new tubes,
and frozen at −20 °C until analysis. For the measurement of intracel-
lular IL-1β, the adherent cells were washed twice in PBS and lysed in
250 µl of NP-40 lysis buffer (50 mM Tris pH 8, 150 mM NaCl, 1% NP-
40) for 10 min on ice with scraping. The cell lysates were spun down at
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3,300xg for 10 min to pellet cellular debris, transferred to new tubes,
and frozen at −20 °C until analysis.

For experiments analyzed through western blotting, J774 cells were
plated at 3x106 cells/well in 2 ml of media in 6-well plates and allowed
to grow overnight. The next day, the media was removed, cells were
washed twice in warm PBS and placed in 1 ml of serum free media. The
cells were treated as indicated within the figure legend for each
experiment. Supernatants were spun down at 3300×g, transferred to
new tubes, and frozen at −20 °C. The cells were then washed twice
with PBS and lysed in RIPA buffer (50 mM Tris pH 8, 150 mM NaCl, 1%
NP-40, 0.5% deoxycholate, 0.1% SDS) containing 1 mM sodium
orthovanadate (Sigma-Aldrich), 1x protease cocktail inhibitor (Sigma-
Aldrich), and 1x PMSF (Sigma-Aldrich) on ice for 10 min with scraping.
Cellular debris was removed through centrifugation at 3300×g for
10 min, the lysates were transferred to new tubes, and frozen at
−20 °C. Before running on a gel, protein concentrations in the lysates
were quantified by a detergent compatible protein assay. In all
experiments using J774 cells, the previously determined dose of LPS
for half-maximal IL-1β secretion, upon stimulation, was used (37 ng/
ml) [5].

2.3. Generation of J774 cells exposed to prolonged ethanol or acetaldehyde
treatment

J774 cells were cultured in T-25 flasks at a density of 2x105 cells/ml
in 5 ml of media with no additional treatments or with ethanol,
acetaldehyde, or ethanol and 4-MP as indicated for 24 h. The media
was then removed and fresh media was added to each flask with the
adherent cells. Treatments were re-added to the fresh media for 24 h
and the media and treatment change was repeated once more for a total
of 72 h of exposure. The adherent cells were then scraped and spun
down at 200xg for 10 min. The cells were then resuspended in media,
counted and plated at 2.5x105 cells/well in 250 µl of media in a 48-well
plate and then treated with LPS and ATP as indicated in the figure
legends.

2.4. Generation of chronic ethanol (CE) J774 cells

CE J774 cells were grown, starting at passage 7, in the presence of
1.2% (947 mg/dL) ethanol/media, with media/ethanol changes every
48 h. CE cells were grown for a minimum of 2 weeks in the presence of
ethanol before being used for experiments and were compared to cells
unexposed to ethanol grown from the same lot, which were referred to
as untreated (UT) cells.

2.5. Isolation and treatment of human PBMCs (hPBMCs)

Heparinized blood was diluted 1:1 in PBS, and 4 ml of diluted blood
was layered over 3 ml of lymphocyte separation medium (LSM) (MP
Biomedicals) and centrifuged at 400×g for 15 min at room tempera-
ture. The top layer of plasma was aspirated and discarded, leaving
2–3 mm above the buffy coat, and the buffy coat and half of the lower
LSM layer was aspirated, mixed with PBS, and centrifuged at 200×g for
10 min at room temperature. The cells were washed once in PBS,
resuspended in DMEM, and plated at 1.25x106 cells/ml in 6-well plates
in triplicate in 2.5 ml of media with 0 mg/dL, 387 mg/dL, 947 mg/dL,
and 1418 mg/dL ethanol for 24 h. The media and non-adherent cells
were then removed and 1 ml of fresh media was added to each well
with the adherent cells. Non-adherent cells were spun down at 200×g
for 10 min, resuspended in fresh media, and added back to their
original wells at a total volume of 2.5 ml. Ethanol was re-added to
the fresh media at 0 mg/dL, 387 mg/dL, 947 mg/dL, and 1418 mg/dL
for 24 h and the media and ethanol change was repeated for a total of
72 h of exposure to ethanol. The adherent cells were then scraped,
triplicate wells were pooled, and adherent and non-adherent cells were
spun down at 200×g for 10 min. The hPBMCs were then resuspended

in media, counted, plated at 2.5x105 cells/well in 250 µl of media in a
48-well plate, and treated as indicated with LPS and ATP in the figure
legends.

2.6. Measurement of total protein, IL-1β, TNF and IL-6

Total protein levels from cell lysates were measured using the Lowry
assay according to manufacturer's protocols (Bio-Rad). Mouse IL-1β and
TNF (BD Biosciences, San Jose, CA) and mouse IL-6 and human IL-1β,
TNF and IL-6 (R & D Systems) ELISAs were conducted according to
manufacturer's protocols.

2.7. Measurement of extracellular nitrite

Extracellular nitrite concentration was determined by mixing nitrite
standard or cell supernatants with Griess reagent (0.2% naphthylethy-
lenediamine dihydrochloride, 2% sulphanilamide, 5% phosphoric acid
in water) (Sigma-Aldrich) in a 1:1 ratio and measuring the absorbance
at 572 nm on a Synergy HTX Multi-Mode plate reader (BioTek,
Winooski, VT) using the program Gen5 1.1.

2.8. Measurement of secreted lactate

Extracellular lactate was measured from the supernatants of UT and
CE cells treated as indicated in the figure legends using an L-Lactate
Assay Kit according to the manufacturer's protocols (Cayman
Chemical).

2.9. Measurement of extracellular ethanol

To measure the average concentration of ethanol that CE cells were
exposed to over a 48-h period, cells were placed in 947 mg/dL ethanol
in 15 ml of media and 100 µl of cell culture supernatant was removed
from the tissue culture flask every 4 h. The concentration of ethanol in
these samples was measured by an ethanol assay kit according to the
manufacturer's protocols (Megazyme, Bray, Ireland) and the average
concentration of ethanol in the media over 48-h was calculated.

2.10. Chloroform-methanol protein precipitation from cell supernatants and
western blots

Chloroform and methanol protein precipitation from cell super-
natants and western blots were performed as described previously [5].

2.11. Inductively coupled plasma optical emission spectroscopy (ICP-OES)
measurements for intracellular potassium, sodium, and zinc

ICP-OES protocols were adapted from those previously described
[5]. Briefly, J774 cells were plated at 3x106 cells/well in 2 ml of media
in 6-well plates, were allowed to grow overnight and were then treated
as indicated. Following stimulation, the supernatants were removed
and cells were washed twice with sterile saline (0.9% NaCl), and lysed
in 30% HNO3 overnight. The samples were then diluted in Milli-Q
water to a final concentration of 3% HNO3 for potassium (K) and zinc
(Zn) measurement, and were diluted tenfold further in 3% HNO3 for
sodium (Na) measurement. Analyses were performed on a PerkinElmer
Optima 7000DV ICP optical emission spectrometer (OES) with a
cyclonic spray chamber, concentric nebulizer, CCD array detector, a
PerkinElmer S10 autosampler, and WinLab32 software (PerkinElmer,
Shelton, CT). The axial detection mode was utilized for measurement of
K, Zn, and Na in all standards and samples. Concentrated K, Zn, and Na
standard solutions for ICP (1000 mg/L, TraceCERT®) were both ob-
tained from Fluka Analytical (Buchs, Switzerland). The concentrated
yttrium (Y) standard solution for atomic spectroscopy (1000 mg/L) was
obtained from PerkinElmer. Triplicate external calibration was per-
formed using combined K, Zn, and Na standards in the range of 0 –
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20 ppm (mg/L) for K and Zn, and 0 – 10 ppm for Na. Yttrium (0.1 ppm)
was used as an internal standard in all calibration standards and
samples. The standards were prepared in 3% HNO3 in Milli-Q water
to matrix match with the samples. Concentrations were quantified
based on the emission wavelengths at 766.478 nm, 206.200 nm,
589.600 nm, and 371.029 nm for K, Zn, Na, and Y, respectively. All
samples were measured in triplicate and averaged.

2.12. Measurement of extracellular flux

Real-time changes in extracellular acidification rates (ECARs, as a
measure of lactate production) and oxygen consumption rates (OCRs, as
a measure of oxidative phosphorylation) were analyzed using extra-
cellular flux analysis (Seahorse Bioscience, North Billerica, MA) as
described previously [48]. Briefly, UT and CE J774 cells were plated at
1.5x105 cells per well in 50 µl of media (unbuffered RPMI 1640, 10 mM
glucose, 10% FCS) (Sigma-Aldrich) and allowed to adhere at 37 °C.
Once adhered, 200 µl of additional media was added to each well, and
the J774 cells were analyzed per the manufacturer's instructions to
obtain real-time measurements of baseline OCRs and ECARs. Where
indicated, ECARs and/or OCRs were analyzed in response to 1 μM
oligomycin, 1.5 μM fluoro-carbonyl cyanide phenylhydrazone, and
100 nM rotenone plus 1 μM antimycin A (Sigma-Aldrich).

2.13. Measurement of intracellular NAD+

Intracellular NAD+ was measured from J774 UT and CE cells
treated as indicated in the figure legends with an NAD/NADH Cell
Based Assay Kit (Cayman Chemical) according to the manufacturer's
protocol.

2.14. Measurement of mitochondrial ROS

J774.1 UT and CE macrophages were plated overnight in 12-well
plates at a density of 106 cells/ml and 500 µl/well. The next day, cells
remained unchallenged or were challenged with 1 μg/ml LPS for 5 h at
37 °C. Fifty-five µl/well of a 50 μM solution of MitoSOX Red in DMSO
(Invitrogen) was added to the cells to give a final concentration of 5 μM
and the cells were incubated for 30 min at 37 °C. Some samples were
treated with DMSO instead of MitoSOX Red loading (negative control)
or were loaded with MitoSOX Red and simultaneously treated with
2 μM of the mitochondrial superoxide generator Antimycin A (Sigma-
Aldrich; positive control). Experimental samples were incubated with
1 mM ATP (to activate the NLRP3 inflammasome) during the MitoSOX
Red loading. Media was then aspirated and the cells were gently
washed with 500 µl/well PBS. The PBS was aspirated and 200 µl/well
of PBS+0.1% FBS was added to the cells. The cells were scraped and
collected into flow tubes to which 800 µl of PBS+0.1% FBS was added,
and the cells were centrifuged at 200×g for 5 min. The cells were
resuspended and washed once in 1 ml of PBS+0.1% FBS. Following
centrifugation, cells were stained with 1 µg/ml DAPI (Thermo
Scientific) in 200 µl PBS+0.1% FBS for 10 min at 4 °C. Following the
addition of 800 µl of PBS+0.1% FBS, cells were centrifuged at 200×g
for 5 min, resuspended in 200 µl of 2% PFA for 10 min, washed in an
additional 800 µl of PBS+0.1% FBS, resuspended in 180 µl of PBS
+0.1% FBS, transferred into wells of a 96-well round-bottom plate, and
analyzed using a MACSQuant VYB flow cytometer (Miltenyi Biotec)
with DAPI analyzed at 360/460 nm and MitoSOX Red analyzed at 488/
575 nm (excitation/emission, respectively). FCS files were analyzed
using FlowJo software (Tree Star, Ashland, OR) from which the
MitoSOX Red fluorescence intensity of the live (DAPI-negative),
single-cell population was determined. Experiments were performed
in triplicate and the study was repeated.

2.15. Measurement of intracellular ROS

Intracellular ROS concentrations were measured by 2’,7’-dichloro-
fluorescindiacetate (DCF-DA) assay as previously described [5]. Briefly,
J774 cells were plated at 1.5x105 cells/well in a clear bottom and black-
walled 96-well tissue culture plate overnight. The next day, the cells
were washed and treated as indicated with LPS (1 μg/ml) in serum and
phenol red free media for 3 h and with MitoQ (0.3–1.2 μM) for 2
additional hours. The media was then removed and replaced with fresh
serum and phenol red free media containing 2.5 mM probenecid (Tocris
Bioscience, Bristol, UK) with and without 10 μM DCF-DA (Molecular
Probes, Eugene, OR) for 40 min at room temperature. The cells were
subsequently washed in HBSS containing 2.5 mM probenecid for 5 min
at 37 °C. The cells were then placed in serum-free and phenol red-free
media with and without MitoQ (0.3–1.2 μM), read on a Synergy HTX
Multi-Mode plate reader (BioTek) at 485Ex/520Em for 2 min, treated as
indicated with ATP (1 mM) and read on the plate reader for an
additional 30 min with one read per minute. The baseline read for
each well and the average fluorescence of the group that was not
treated with DCF-DA were subtracted from each subsequent reading
and the areas under the curves were calculated using GraphPad Prism 7
for Windows (La Jolla, CA).

2.16. Quantitative RT-PCR

UT and CE J774 cells were plated at 1.5x106 cells per well in 1 ml of
media in a 12-well plate overnight. The following day, the media was
removed and replaced with fresh media with and without LPS (37 ng/
ml) for 4 h. After this, the supernatants were removed and the cells
were washed twice in cold PBS before total RNA was extracted using
the PrepEase RNA Isolation Kit (USB Corp., Cleveland, OH). Primers
were designed for mouse Arg1 (5’-CCACAGTCTGGCAGTTGGAAG-3’ and
5’-GGTTGTCAGGGGAGTGTTGAT-3’), Asc (5’-ACAGAAGTGG
ACGGAGTGCT-3’ and 5’-CTCCAGGTCCATCACCAAGT-3’), Casp1 (5’-
CACAGCTCTGGAGATGGTGA-3’ and 5’-TCTTTCAAGCTTGGGCACTT-
3’), Il6 (5’-CCGGAGAGGAGACTTCACAG-3’ and 5’-GAGCAT
TGGAAATTGGGGTA-3’), Il18 (5’-CTGCCTGCTGGCTGGAGCTG-3’ and
5’-TGGTCTGGGGTTCACTGGCACT-3’), Il1a (5’-CCTAAAGAA
CTGTTACAGTGAAAACG-3’ and 5’-TGGTCAATGGCAGAACTGTAGTCT-
3’), Il1b (5’-GCCCATCCTCTGTGACTCAT-3’ and 5’-AGGCCAC
AGGTATTTTGTCG-3’), Nlrp3 (5’-ATGCTGCTTCGACATCTCCT-3’ and
5’-AACCAATGCGAGATCCTGAC-3’), Nos2 (5’-AGTTCGTCCCC
TTCTCCTGT-3’ and 5’-CCTTGTTCAGCTACGCCTTC-3’), Sod1 (5’-
CCAGTGCAGGACCTCATTTT-3’ and 5’-AATCCCAATCACTCCACAGG-
3’), and Tnf (5’-TCCCAGGTTCTCTTCAAGGGA-3’ and 5’-
GGTGAGGAGCACGTAGTCGG-3’) using NCBI Primer BLAST and
synthesized by Integrated DNA Technologies (Coralville, IA).
Quantitative RT-PCR was performed using SYBR Green Supermix
(Bio-Rad, Hercules, CA) and normalized to Gapdh (5’-
ACGACCCCTTCATTGACCTC-3’ and 5’-TTCACACCCATCACAAACAT-
3’) using the ΔΔCT method as previously described [49].

2.17. Statistical calculations

All experiments were performed in triplicate and representative
results are presented. Results were analyzed by unpaired t-test or one-
way ANOVA and Tukey's post hoc test using GraphPad Prism 7 for
Windows. A p value<0.05 was considered statistically significant.

3. Results

3.1. Prolonged and chronic ethanol exposure leads to IL-1β hypersecretion,
which is inhibitable by acute ethanol administration

To test the effects of protracted ethanol exposure on NLRP3
inflammasome activation, human PBMCs were treated once per day
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with ethanol (387–1418 mg/dL) for 72 h and subsequently primed with
LPS for 8 h and stimulated with ATP for 1 h in ethanol free media.
PBMCs exposed to ethanol secreted higher levels of IL-1β, TNF, and IL-6
in a dose dependent manner relative to controls (Fig. 1A-C). Similarly,
J774 cells, a mouse macrophage cell line, demonstrated increased IL-1β
and IL-6, but not TNF secretion in response to prolonged ethanol
exposure (Fig. 1D-F). Since LPS and ATP mediated IL-1β and TNF and
IL-6 release were increased by long-term exposure to ethanol, this

indicates that NF-κB and NLRP3 inflammasome activation are amplified
during chronic ethanol exposure.

Chronic alcoholism is characterized by months to years of heavy
drinking. Therefore, to create a model of chronic alcohol exposure in
cell culture, J774 cells were grown continuously in 947 mg/dL ethanol
(205.5 mM) for at least 14 days, with replenishment of media and
ethanol every 48 h (these chronic ethanol treated cells are designated as
CE cells) simultaneously with untreated cells (designated as UT cells).

Fig. 1. Protracted and chronic ethanol exposure augment NLRP3 inflammasome dependent IL-1β secretion from macrophages. IL-1β (A), TNF (B), and IL-6 (C) ELISAs from
hPBMCs treated with ethanol (0.49, 1.2, or 1.8%=387, 947, or 1418 mg/dL, respectively) for 72 h at the indicated concentrations with media/ethanol changes every 24 h, removed from
ethanol and treated for 4 h with LPS (10 ng/ml) and for 1 h with ATP (5 mM). IL-1β (D), TNF (E), and IL-6 (F) ELISAs from J774 cells treated with ethanol (0.49, 1.2, or 1.8%=387, 947,
or 1418 mg/dL, respectively) for 72 h at the indicated concentrations with media/ethanol changes every 24 h, removed from ethanol and treated for 8 h with LPS (37 ng/ml) and for 1 h
with ATP (5 mM). IL-1β (G), TNF (H), and IL-6 (I) ELISAs from UT and CE J774 cells removed from ethanol and treated for 8 h with LPS (37 ng/ml) and for 1 h with ATP (5 mM). IL-1β
(J), TNF (K), and IL-6 (L) ELISAs from UT and CE J774 cells removed from ethanol and treated for 8 h with LPS (37 ng/ml) and for 1 h with ethanol (0.4–3% vol/vol =315–2360 mg/dL)
and ATP (5 mM). *< 0.0001 by a Tukey's post hoc test following a one-way ANOVA relative to the untreated LPS+ATP (A and D), untreated LPS (B, C, E, F), UT LPS+ATP (G), UT LPS
(H and I) group. *< 0.0001 by a Tukey's post hoc test following a one-way ANOVA comparing CE LPS+ATP+EtOH (0.4–3%) groups relative to the CE LPS+ATP group (J-L).
#<0.0001 by a Tukey's post hoc test following a one-way ANOVA comparing UT LPS+ATP+EtOH (0.4–3%) groups relative to the UT LPS+ATP group (J-L). All experiments were
performed in triplicate. EtOH = ethanol, UT = untreated, CE = chronic ethanol.
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Over the course of the 48 h the average level of ethanol was measured
to be 460 mg/dL (100 mM) in the culture supernatants with a nadir at
48 h of 354 mg/dL ethanol (77 mM) (data not shown). As the level of
ethanol in the blood can reach 100 mM during periods of heavy
drinking, this concentration was considered to be relevant for modeling
the effects of severe human alcoholism [50–52]. However, it should be
noted that as the legal blood alcohol concentration limit for driving in
the United States is 80 mg/dL, the doses of ethanol used in these
experiments are higher than casual drinkers, or many alcoholics will
likely experience.

LPS and ATP treatment generated markedly increased IL-1β secre-
tion from CE cells as compared to UT cells (Fig. 1G). However, in
contrast to cells exposed to ethanol for only 72 h, CE cells did not
secrete increased amounts of TNF or IL-6 (Fig. 1H and I). These results
suggest that, in contrast to prolonged ethanol treatment, chronic
ethanol exposure augments NLRP3 inflammasome activation indepen-
dent of enhancing priming.

We have previously shown that acute exposure to ethanol inhibits
NLRP3 activation through a reduction in ROS production and the direct
stimulation of protein tyrosine phosphatases [5]. To determine whether
chronic exposure to ethanol can confer resistance to NLRP3 inflamma-
some inhibition by acute ethanol, UT and CE cells were primed with
LPS for 8 h and treated with ethanol (315–2360 mg/dL) and ATP
simultaneously for an additional hour. Acute ethanol administration
substantially inhibited IL-1β secretion from both UT and CE cells,
demonstrating that CE cells maintain sensitivity to the effects of acute
ethanol (Fig. 1J). Acute ethanol did not have a significant effect on TNF
or IL-6 secretion (Fig. 1K and L), as has been previously reported [5].

3.2. IL-1β secretion from CE cells is not the result of enhanced priming

Having observed increased IL-1β secretion from CE cells, it was next
determined whether this was a result of increased priming and
production of inflammasome components, or more effective secretion
of IL-1β subsequent to inflammasome activation. Therefore, to examine
whether chronic ethanol exposure augments macrophage priming, UT
and CE cells were treated with the TLR4 agonist LPS for 3 h to induce
NF-κB activation, and mRNA was extracted for the analysis of NF-κB
responsive genes. It was determined that CE cells produced significantly
less Casp1, Nlrp3, Il1b, Il18, Il1a, Il6, and Tnf mRNA than UT cells in
response to LPS stimulation (Table 1). To further rule out increased pro-
IL-1β protein production as a cause for the exaggerated mature IL-1β
secretion from CE cells, UT and CE cells were treated with LPS for 8 h,
lysed, and the concentration of intracellular IL-1β protein was mea-
sured by ELISA. In keeping with there being blunted Il1b gene
expression, there was also less intracellular IL-1β present after LPS
priming in CE cells than in UT cells (Fig. 2A). In addition, when
normalized to the levels of intracellular IL-1β within LPS primed cells,
CE cells secreted significantly more of their intracellular pool of IL-1β
than UT cells after LPS and ATP (UT: 20.6±1.8%, CE: 51.9±2.0%

p<0.01), or LPS and nigericin stimulation (UT: 27.4± 6.6%, CE:
53.0±1.0% p<0.05) (Fig. 2A). These results indicate that cells
exposed to chronic ethanol have enhanced NLRP3 activation and IL-
1β secretion, independent of priming.

3.3. NLRP3, but not AIM2 or NLRP1b inflammasome activation is
amplified by chronic ethanol exposure

There are several different types of inflammasome complexes that
can facilitate IL-1β secretion, each with differing agonists and mechan-
isms of activation [53,54]. To determine whether increased secretion of
IL-1β due to chronic ethanol exposure was specific to the NLRP3
inflammasome, UT and CE cells were treated with ATP, nigericin, poly
(dA: dT), or anthrax lethal toxin (LT), agonists of the NLRP3 inflamm-
some, AIM2, or NLRP1b inflammasome respectively. While both ATP
and nigericin treated CE cells secreted significantly more IL-1β than UT
cells, CE cells stimulated with poly (dA: dT) or LT secreted significantly
less of the cytokine than their UT counterparts (Fig. 2A and B). This
indicates that chronic ethanol exposure specifically sensitizes the
NLRP3 inflammasome to hyper-activation, and is therefore acting on
a pathway specific the stimulation of this inflammasome complex.

3.4. IL-1β hypersecretion is independent from alterations in ion homeostasis

Since activation of the NLRP3 inflammasome has been shown to be
dependent on K+ efflux [55], intracellular K+ was measured by ICP-
OES from UT and CE cells at baseline, after LPS priming, and
subsequent to inflammasome activation with LPS and ATP. In contrast
to expectations, there was no greater efflux of potassium from CE cells
subsequent to NLRP3 inflammasome activation than from UT cells
(Fig. 2C). Sodium efflux does not occur during NLRP3 inflammasome
activation, and its intracellular levels did not change subsequent to
inflammasome activation (Fig. 2D). It is therefore likely that chronic
ethanol exposure acts on a part of the pathway downstream or
independent of this necessary point of the NLRP3 inflammasome
activation cascade.

Additionally, prolonged exposure to ethanol can deplete intracel-
lular Zn2+, and treatment of macrophages with Zn2+ can inhibit
inflammasome activation [56,57]. To examine whether a reduction of
Zn2+ within CE cells might be sensitizing them to inflammasome
activation, intracellular levels of this ion were also measured by ICP-
OES. However, there was no change or difference in the levels Zn2+ due
to LPS and ATP treatment or between CE and UT cells (Fig. 2E).

3.5. Chronic ethanol exposure leads to the hypersecretion of NLRP3
inflammasome components

Complete inflammasome activation results in the secretion of not
only IL-1β and IL-18, but also inflammasome components including
caspase-1, ASC, and NLRP3 [34,58]. To determine whether these

Table 1
Chronic ethanol exposure does not induce greater priming in J774 cells. RT Q-PCR from UT and CE J774 cells removed from ethanol and treated with and without LPS (37 ng/ml)
for 4 h. ****< 0.0001, ***< 0.001, **< 0.01, *< 0.05 by a Tukey's post hoc test following a one-way ANOVA relative to the UT group. ####<0.0001, ###<0.001, ##<0.01,
#<0.05 by a Tukey's post hoc test following a one-way ANOVA relative to the UT+LPS group. All experiments were performed in triplicate. UT = untreated, CE = chronic ethanol.

Gene Relative Gene Expression

UT CE UT+LPS CE+LPS

Asc 1.00±0.19 0.95±0.54 0.43±0.03 0.39±0.09
Casp1 1.07±0.22 0.74±0.49 3.21±0.21 *** 1.09±0.21 ###
Il6 0.93±0.21 13.38±10.29 30288.36±1131.05 **** 8242.33±1190.51 **** ####
Il18 1.08±0.14 0.51±0.23 3.63±0.14 **** 0.72±0.15 ####
Il1a 1.04±0.12 1.32±0.90 31315.28±4342.58 **** 12070.08±1760.61 ** ####
Il1b 1.08±0.32 0.70±0.29 9203.57±974.49 **** 2691.73±375.94 ** ####
Nlrp3 1.13±0.24 0.96±0.18 13.46±1.08 **** 6.92±1.37 *** ####
Tnf 1.05±0.18 1.08±0.25 96.00±7.70 **** 29.99±2.95 *** ####
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proteins are also released at a greater magnitude from CE cells, Western
blots were performed from cell lysates and supernatants of UT and CE
cells at baseline, and after treatment with LPS or LPS and ATP (Fig. 3A-
D). Consistent with more effective NLRP3 inflammasome activation, CE
cells secreted more IL-1β, caspase-1, and ASC, although not NLRP3,
than UT cells after stimulation with LPS and ATP. In addition to
secreting more classically cleaved 17 kDa mature IL-1β, CE cells
secreted more of the alternatively cleaved 20 kDa form of IL-1β
(Fig. 3A).

3.6. Prolonged treatment with acetaldehyde mimics ethanol-promoted IL-1β
hypersecretion

Acetaldehyde is a toxic metabolite of ethanol that can damage
mitochondria and promote mitochondrial ROS production [59–61]. To
determine whether prolonged exposure to this metabolite could, like
ethanol, promote the release of IL-1β upon NLRP3 inflammasome
activation, J774 cells were treated for 72 h with media alone, 0.1 or
1 mM acetaldehyde, or 947 mg/dL ethanol, followed by stimulation
with LPS or LPS and ATP in treatment free media. Similar to ethanol,
prolonged acetaldehyde treatment leads to higher levels of IL-1β
secretion after inflammasome activation (Fig. 4A). However, while
ethanol prompted an increase in IL-6 production after LPS priming,
acetaldehyde promoted TNF release (Fig. 4B and C).

3.7. Inhibition of alcohol dehydrogenase enzymatic activity prevents
prolonged ethanol-induced IL-1β hypersecretion

Since acetaldehyde was shown to mimic the effects of ethanol on
inflammasome activation, macrophages were treated with 947 mg/dL
ethanol for 72 h in the presence and absence of the alcohol dehydro-
genase inhibitor, 4-MP. While 33% of the original 947 mg/dL ethanol
dose was metabolized by J774 cells after 24 h, the highest dose of 4-MP
used (100 µM) reduced this to 12%, demonstrating that this drug
effectively inhibited the metabolism of ethanol to acetaldehyde (data
not shown). After stimulation with LPS or LPS and ATP in treatment
free media, J774 cells grown in the presence of ethanol and 4-MP
(1–100 µM) displayed a dose dependent decrease in IL-1β, TNF and IL-6
secretion to levels comparable to control cells (Fig. 4D-F). These results
indicate that either the process of ethanol metabolism to acetaldehyde,
direct actions of acetaldehyde within the cell, or both, are necessary for
chronic ethanol treatment to promote NLRP3 inflammasome hyper-
activation.

3.8. Chronic ethanol-induced IL-1β hypersecretion is mediated by increased
iNOS activity and nitric oxide production

Long-term treatment with ethanol in vivo and in vitro promotes
iNOS activation and aberrant NO production [24,62]. To examine
whether CE cells display a similar phenotype, Nos2 and Arg1 expression
were measured by RT-qPCR using cDNA generated from mRNA

Fig. 2. Chronic ethanol treatment results in more effective IL-1β secretion in response to NLRP3 inflammasome agonists, independent of alterations in ion flux. IL-1β ELISAs
from the lysates (A) and supernatants (B) of UT and CE J774 cells treated with LPS (37 ng/ml) for 8 h and ATP (5 mM) or nigericin (5 μM) for 1 h and poly (dA: dT) (1 µg/ml) and LT
(1 µg/ml PA+1 µg/ml LF) for 18 and 3 h respectively. ICP-OES measurement of intracellular K (C), Na (D), and Zn (E) from cells treated with LPS (37 ng/ml) for 8 h and ATP (5 mM) for
1 h. ****<0.0001, ***< 0.001, **< 0.01, *< 0.05 by a Tukey's post hoc test following a one-way ANOVA relative to the UT groups. All experiments were performed in triplicate. UT
= untreated, CE = chronic ethanol.
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extracted from the lysates of UT and CE cells with or without 4 h of LPS
stimulation. While there was no difference in the expression of Nos2 or
Arg1 from unstimulated macrophages, following LPS treatment the CE
cells demonstrated significantly higher Nos2 and lower Arg1 expression
than their counterparts (Fig. 5A and B). Furthermore, the concentration
of NO was significantly higher in the supernatants of CE cells that were
primed with LPS or treated with LPS and ATP (Fig. 5C).

To determine the importance of amplified NO production on IL-1β
hypersecretion, CE cells were treated with an iNOS inhibitor (SEITU) or
a NO scavenger (carboxy-PTIO) during LPS priming. Both SEITU and
carboxy-PTIO treatment dose-dependently decreased the concentra-
tions of NO in cell culture media, but also IL-1β secretion from CE
cells (Fig. 5D and E). Collectively, these results demonstrate that iNOS-
induced NO production contributes to the augmented IL-1β secretion by
cells chronically exposed to ethanol.

3.9. Chronic ethanol exposure increases lactate secretion and depletes
intracellular NAD+ stores

Alcoholism is associated with increases in circulating lactate levels,
which is caused by a decrease in NAD+ during the metabolism of
ethanol to acetaldehyde and acetate, and therefore an inability to
convert lactate to pyruvate [63]. Moreover, lactate has also been shown
to induce IL-1β secretion from the NLRP3 inflammasome [64]. Conse-
quently, CE cells were found to have higher levels of lactate in their
supernatants after 8 h of incubation, which was most pronounced in
unstimulated cells (Fig. 6A).

Since a reduction in intracellular NAD+ is thought to play an
important role in the final stages of NLRP3 inflammasome activation
[65], the levels of this co-factor were measured in UT and CE
macrophages at baseline, during LPS priming and after NLRP3 inflam-
masome activation with LPS and ATP. A decrease in intracellular NAD+

was observed during priming as well as following inflammasome
activation in both UT and CE cells. Moreover, there was a substantial
decrease in intracellular NAD+ within macrophages chronically treated
with ethanol at baseline compared to UT cells (Fig. 6B). Exogenous
administration of NAD+ to CE cells restored their intracellular levels of
the co-factor to those of UT cells, but only minimally reduced IL-1β
secretion when CE cells were subsequently stimulated to activate the

NLRP3 inflammasome (Fig. 6B and C).

3.10. Chronic ethanol treatment leads to mitochondrial dysfunction

Having observed CE mediated alterations in lactate production and
NAD+ levels, to further examine the consequences of ethanol exposure
on the mitochondria and the role that these organelles might play in
inflammasome activation, extracellular acidification rates (ECAR) and
oxygen consumption rates (OCR) were measured on unstimulated CE
and UT cells using an XF extracellular flux analyzer assay. CE cells did
not display a significant difference in their response to a mitostress test
compared to UT cells (Fig. 6D and E), but were shown to have a slightly
lower ECAR and a significantly higher OCR compared to UT cells
(Fig. 6F and G).

Mitochondrial membrane depolarization occurs during NLRP3 in-
flammasome activation as a consequence of K+ efflux and results in
mitochondrial ROS production [29]. The degree of mitochondrial
membrane polarization in both cell types was measured by staining
with JC-1 in live cells at baseline, during priming, or after NLRP3
inflammasome activation. As has been previously shown, both LPS
priming and particularly inflammasome activation increased mitochon-
drial membrane depolarization [29]. Importantly, the mitochondrial
membranes of CE cells displayed a substantially lower mitochondrial
membrane potential than UT cells, which further decreased following
activation of the inflammasome (Fig. 6H). These results suggest that
chronic ethanol exposure damages the mitochondria of CE cells and
leads to alterations in mitochondrial functioning.

3.11. IL-1β hypersecretion promoted by chronic ethanol treatment is
dependent upon mitochondrial ROS production

The production of mitochondrial ROS is thought to be one of the
final steps in NLRP3 inflammasome activation due to its ability to
generate oxidized mitochondrial DNA [29,66,67]. Since CE cells show
signs of mitochondrial damage, mitochondrial ROS production was
quantified in UT and CE cells at baseline by MitoSox fluorescence. From
these results, CE cells were confirmed to produce more mitochondrial
ROS than UT cells (Fig. 7A and B). To determine whether this increase
in mitochondrial ROS production in CE cells was important for their

Fig. 3. Chronic ethanol treatment causes hyper-secretion of proteins associated with NLRP3 inflammasome activation upon stimulation. IL-1β (A), caspase-1 (B), NLRP3 (C),
and ASC (D) western blots from the lysates and supernatants of UT and CE J774 cells treated with LPS (37 ng/ml) for 8 h and ATP (5 mM) for 1 h. All experiments were performed in
triplicate. UT = untreated, CE = chronic ethanol, sup = supernatant, lys = lysate, casp-1 = caspase-1.
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amplified release of IL-1β, CE cells were pretreated with the mitochon-
drial ROS scavenger MitoQ after LPS priming and before ATP stimula-
tion. A DCF-DA assay was then used to record the amount of ROS
production in live cells during the course of ATP treatment and
inflammasome activation. MitoQ was found to dose-dependently inhibit
both ROS production and IL-1β secretion from CE cells. Furthermore,
doses of MitoQ that reduced ROS production from CE cells to those of
UT cells also restored IL-1β release to levels secreted by UT cells
following stimulation with LPS and ATP (Fig. 7C and D).

4. Discussion

Chronic consumption of ethanol has long been associated with an
increased severity and prevalence of inflammation associated ailments
[1]. The NLRP3 inflammasome, through IL-1β and IL-18 production, is
implicated in the pathogenesis of many of these diseases, including
chronic pancreatitis, gout, and diabetes [45–47]. The results of this
study show that prolonged and chronic exposure of hPBMCs and J774
cells to ethanol amplifies the activation of the NRLP3 inflammasome,
which may be associated with AUD related diseases (Figs. 1–3). Long-
term ethanol treatment does not promote IL-1β release from unstimu-
lated monocytes and macrophages, implying that the alcohol does not

act as a direct inflammasome agonist in these cell types. Additionally, in
chronic ethanol (CE) exposed J774 cells, IL-1β hypersecretion occurs
despite no increase in TNF or IL-6 secretion, and regardless of decreased
production of inflammasome components following LPS priming
(Figs. 1 and 2, and Table 1). Instead, CE cells appear to more effectively
cleave and secrete the pro-IL-1β that they contain. Furthermore, we
show here that CE cells only hypersecrete IL-1β when stimulated with
NLRP3, and not AIM2 or NLRP1b agonists, implying that ethanol likely
acts on pathways specific to NLRP3 inflammasome activation.

Alcoholics frequently have an increased level of circulating lactate,
which occurs because the metabolism of ethanol is accompanied by the
conversion of NAD+ to NADH by ADH and ALDH respectively,
depleting intracellular NAD+ stores and preventing the conversion of
lactate to pyruvate [63]. In agreement, we observed that CE cells
produce more lactate than UT cells at baseline as well as after LPS and
ATP stimulation (Fig. 6A). This increase in lactate accumulation might
be responsible for the enhanced secretion of alternatively cleaved
20 kDa IL-1β from CE cells (Fig. 3A), since lactate has been shown to
promote the cleavage of this 20 kDa isoform through the activation of
the protease cathepsin D [64].

All known mechanisms that lead to activation of the NLRP3
inflammasome converge and are dependent upon K+ efflux, which

Fig. 4. Acetaldehyde supplementation mimics and inhibition of alcohol dehydrogenase prevents protracted ethanol exposure-induced IL-1β hypersecretion. IL-1β (A), TNF
(B), and IL-6 (C) ELISAs from J774 cells treated with nothing, ethanol (1.2% =947 mg/dL), or acetaldehyde (0.1 or 1 mM) for 72 h with media/treatment changes every 24 h, removed
from treatments and primed for 8 h with LPS (37 ng/ml) and stimulated for 1 h with ATP (5 mM). IL-1β (D), TNF (E), and IL-6 (F) ELISAs from J774 cells treated with nothing, 4-MP
(1–100 µM), ethanol (1.2%), or ethanol (1.2%) +4-MP (1–100 µM) for 72 h with media/treatment changes every 24 h, removed from treatments and primed for 8 h with LPS (37 ng/ml)
and stimulated for 1 h with ATP (5 mM). ****<0.0001, ***< 0.001, **< 0.01, *< 0.05 by a Tukey's post hoc test following a one-way ANOVA relative to the control LPS+ATP group
(A-F). ####<0.0001, ###<0.001, ##<0.01, #<0.05 by a Tukey's post hoc test following a one-way ANOVA relative to the 947 mg/dL ethanol LPS+ATP group (A-F). All
experiments were performed in triplicate. EtOH = ethanol, AA = acetaldehyde, 4-MP =4-methylpyrazole.
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leads to mitochondrial membrane depolarization and ROS production
[29,55]. It is therefore conceivable that ethanol amplifies inflamma-
some activation by promoting the release of this ion. However, UT and
CE cells release equivalent amounts of their intracellular K+ stores
during inflammasome activation, making it unlikely that ethanol acts in
this manner (Fig. 2C). Zn2+ depletion activates, and its supplementa-
tion inhibits, NLRP3 inflammasome activation [56]. Moreover, ethanol
can diminish intracellular Zn2+ stores by altering the production of
Zn2+ transporting channels [57]. However, since UT and CE cells
display equivalent concentrations of intracellular Zn2+, we conclude
that Zn2+ is not responsible for the hypersecretion of IL-1β during
chronic ethanol exposure (Fig. 2E).

Protracted treatment with ethanol increases the expression of iNOS
and promotes NO production in vitro and in vivo [24,25]. Similarly, CE
cells stimulated with LPS display higher Nos2 and lower Arg1 expres-
sion, and produce significantly more NO than UT cells (Fig. 5A-C).

Treatment with an iNOS inhibitor (SEITU) or an NO scavenger
(carboxy-PTIO) both dose dependently inhibit IL-1β release from CE
cells to the levels of control cells, underlining the importance of
amplified NO production on their ability to promote IL-1β secretion
(Fig. 5E). Yet, NO has been previously shown to inhibit NLRP3
inflammasome activation through the S-nitrosylation of NLRP3 and
caspase-1 [68,69]. It is possible that the effects of NO on inflammasome
activation could display an inverse U-shaped curve, since the concen-
trations of NO found to be inhibitory were induced by high concentra-
tions of the NO donor (SNAP), which likely resulted in NO levels far
higher than those produced by our CE cells. NO produced during
ethanol exposure can combine with ROS to form peroxynitrite, which
can directly damage mitochondria [70]. Mitochondrial damage and the
resultant production of mitochondrial ROS are critical for NLRP3
inflammasome activation via the generation of oxidized mitochondrial
DNA, which is thought to bind and activate NLRP3 [29]. It is thus

Fig. 5. Chronic ethanol-induced increases in NO production promote IL-1β hypersecretion. RT Q-PCR for Nos2 (A) and Arg1 (B) from UT and CE J774 cells removed from ethanol
and treated with and without LPS (37 ng/ml) for 4 h. Griess assay (C) of supernatants from UT and CE J774 cells treated with LPS (37 ng/ml) for 8 h and ATP (5 mM) for 1 h. Griess assay
(D) and IL-1β ELISA (E) of supernatants from UT and CE J774 cells treated with LPS (37 ng/ml), SEITU (250–1000 µM), and carboxy-PTIO (50–200 µM) for 8 h and ATP (5 mM) for 1 h.
****<0.0001, ***<0.001, **< 0.01, *< 0.05 by a Tukey's post hoc test following a one-way ANOVA relative to the UT groups (A and B), or the UT LPS+ATP group (C-D).
####<0.0001, ###<0.001, ##<0.01, #<0.05 by a Tukey's post hoc test following a one-way ANOVA relative to the CE LPS+ATP group (D and E). All experiments were
performed in triplicate. UT = untreated, CE = chronic ethanol, SEITU = S-ethyl-isothiourea.
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possible that chronic ethanol treatment promotes the activation of this
PRR by causing NO and peroxynitrite-induced damage to mitochondria.

Ethanol consumption perturbs mitochondrial functioning by driving
electron transport chain activity through the over-production of NADH
[19]. In agreement with this, our CE cells display a much higher OCR
than UT cells (Fig. 6G). A byproduct of electron transport chain activity
is the generation of ROS [19]. Therefore, the ethanol-induced increase
in oxygen consumption could help drive mitochondrial ROS production
and NLRP3 inflammasome activation (Fig. 7A and B). The loss of
mitochondrial membrane potential is another critical step in NLRP3
inflammasome activation, which occurs in response to K+ efflux and
leads to mitochondrial ROS production [29]. Importantly, we show

here that CE cells at baseline have a lower mitochondrial membrane
potential than UT cells (Fig. 6H). This is likely a consequence of chronic
ethanol-induced damage to the mitochondria, and could allow the cells
to be more readily activated when exposed to NLRP3 inflammasome
agonists.

NAD+ depletion occurs in the final stages of NLRP3 inflammasome
activation subsequent to depolarization of the mitochondrial membrane
[65]. While CE cells display marked reductions in intracellular NAD+,
supplementation with exogenous NAD+ fails to return IL-1β secretion
to control levels despite effectively restoring intracellular NAD+ stores.
Because of this, we speculate that the depletion of this co-factor plays
only a minimal role in ethanol induced IL-1β hypersecretion (Fig. 6B

Fig. 6. Chronic ethanol treatment of macrophages induces mitochondrial dysfunction. Lactate assay of supernatants from UT and CE J774 cells treated with LPS (37 ng/ml) for 8 h
and ATP (5 mM) for 1 h (A). NAD/NADH assay of intracellular NAD+ from J774 UT and CE cells primed with LPS (37 ng/ml) for 6 h, treated with NAD+(1–100 µM) and ATP (5 mM) for
1 h (B). IL-1β ELISA from the supernatants of J774 UT and CE cells primed with LPS (37 ng/ml) for 6 h, treated with NAD+(1–100 µM) and ATP (5 mM) for 1 h (C). Mitochondrial
function of UT and CE cells was assessed by an extracellular flux analyzer assay (D and E). Average basal ECAR (F) and OCR (G) were measured from extracellular flux assays of UT and
CE J774 cells relative to UT J774 cells. Ratio of J-aggregates to J-monomers from a JC-1 assay on UT and CE J774 cells treated with LPS (1 μg/ml) for 5 h and ATP (1 mM) for 30 min (H).
****<0.0001, ***<0.001, **< 0.01, *< 0.05 by a Tukey's post hoc test following a one-way ANOVA relative to the UT groups (A and H) and relative to the UT LPS+ATP group (B
and C). ####<0.0001, ###<0.001, ##<0.01, #<0.05 by a Tukey's post hoc test following a one-way ANOVA relative to the CE LPS+ATP group (B and C). ****< 0.0001,
***< 0.001, **< 0.01, *< 0.05 by an unpaired t-test test relative to the UT group (F and G). All experiments were performed in triplicate. UT = untreated, CE = chronic ethanol.
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and C). During classical NLRP3 inflammasome stimulation, the de-
crease in NAD+ results from a decline in mitochondrial activity
following mitochondrial membrane depolarization [65]. This inacti-
vates the protein deacetylase sirtuin 2 (SIRT2) by depleting its co-
factor, and enables NLRP3 and ASC to be transported via microtubules
to the perinuclear region, where they can then form a complete
inflammasome complex [65]. Since the intracellular NAD+ reduction
seen in CE cells occurs chronically rather than acutely, it is possible that
CE cells are able to adapt over time to the lack of this co-factor.

Aberrant mitochondrial ROS production is critical to NLRP3 in-
flammasome activation via the oxidation of mitochondrial DNA [29].
Treatment with the mitochondrial ROS scavenger, MitoQ, has been
shown to inhibit ethanol-induced hepatosteatosis through its ability to
scavenge mitochondrial ROS and RNS, and has been proposed as a
potential treatment for non-alcoholic and alcoholic fatty liver disease
[71]. In agreement, MitoQ dose dependently inhibits both the elevated
ROS and IL-1β release by CE cells during inflammasome activation
(Fig. 7C and D). Based on this result, we speculate that mitochondrial
damage and ROS production is a major mechanism through which
chronic ethanol treatment is able to promote NLRP3 stimulation.

Long-term exposure to ethanol also results in increased ethanol

catabolism and the accumulation of direct metabolites within cells.
Many of the effects that we have observed in our CE cells could also be
attributed to ethanol's primary metabolite, acetaldehyde [59–61]. Here
we show that prolonged treatment with acetaldehyde recapitulates the
IL-1β hypersecretion induced by prolonged ethanol exposure (Fig. 4A).
Moreover, co-treatment of cells with ethanol and the ADH inhibitor, 4-
MP, over 72 h dose dependently inhibits the amplified IL-1β secretion
caused by prolonged ethanol exposure (Fig. 4D). This indicates that the
metabolite of ethanol, acetaldehyde, rather than ethanol itself leads to
hyper-activation of the NLRP3 inflammasome.

There is a dichotomy between the effects of acute and chronic
ethanol exposure on the immune system. Acute, or binge, ethanol
consumption leads to transient immunosuppression, whereas long-term
ethanol exposure promotes the development of inflammation [1,4,6].
We have shown previously that acute exposure of leukocytes to ethanol
inhibits inflammasome activation through the direct activation of
protein tyrosine phosphatases [5]. In contrast, we show here that
chronic ethanol exposure up-regulates the secretion of IL-1β from
activated monocytes and macrophages. Since the inhibition of ADH
prevented chronic ethanol exposure from inducing IL-1β hypersecre-
tion, despite there being increased amounts of ethanol present in the

Fig. 7. MitoQ ameliorates chronic ethanol-induced ROS production and IL-1β hyper-secretion. MitoSox staining of J774 UT and CE cells measured by flow cytometry (A and B).
DCF-DA assay AUC (C) from UT and CE J774 cells treated with LPS (1 μg/ml) for 3 h, MitoQ (0.3–1.2 μM) for 2 h, and ATP (1 mM) for 30 min. IL-1β ELISA from UT and CE J774 cells
treated with LPS (1 μM) for 3 h, MitoQ (0.3–1.2 μM) for 2 h, and ATP (1 mM) for 30 min (D). ****< 0.0001, ***< 0.001, **< 0.01, *< 0.05 by an unpaired t-test test relative to the UT
group (B). ****< 0.0001, ***< 0.001, **< 0.01, *< 0.05 by a Tukey's post hoc test following a one-way ANOVA relative to the UT LPS+ATP group (C and D). ####<0.0001,
###<0.001, ##<0.01, #<0.05 by a Tukey's post hoc test following a one-way ANOVA relative to the CE LPS+ATP group (C and D). All experiments were performed in triplicate.
UT = untreated, CE = chronic ethanol, AUC = area under the curve.
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cell culture, we conclude that ethanol itself does not promote inflam-
mation, but rather its metabolite, acetaldehyde, is responsible for
augmented NLRP3 inflammasome activatability and subsequent IL-1β
secretion. It is possible that acute ethanol exposure does not allow
enough time for significant amounts of acetaldehyde to accumulate,
allowing the immunosuppressive properties of ethanol to dominate.
However, during chronic ethanol exposure, a substantial quantity of
ethanol is converted into acetaldehyde, shifting the equilibrium away
from immunosuppression and towards inflammation. We report here
that acute ethanol administration can override the effects of chronic
ethanol and inhibit NLRP3 inflammasome activation (Fig. 1), helping to
explain why alcoholics who have a background of chronic inflamma-
tory symptoms still experience transient immunosuppression after
binge drinking.

In conclusion, long-term exposure to ethanol amplifies the release of
IL-1β upon NLRP3, but not AIM2 or NLRP1b, inflammasome activation.
The effects of ethanol on this inflammasome are mediated by increased
iNOS expression and NO production in conjunction with mitochondrial
dysfunction and elevated ROS generation. Prolonged acetaldehyde
administration mimics, while treatment with an ADH inhibitor prevents
ethanol-induced IL-1β hypersecretion, indicating that the metabolites
of ethanol are the probable mediators of over-activation of this
inflammasome. By identifying iNOS activity, NO and mitochondrial
ROS production, and ADH activity as being critical for chronic ethanol-
induced NLRP3 inflammasome hyperactivation, we provide new me-
chanistic insights into the development of alcoholism-associated in-
flammation and identify potential treatment targets for its associated
diseases.
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