
Neutrophil Extracellular Traps activate hepatic stellate cells and 
monocytes via NLRP3 sensing in alcohol-induced acceleration 
of MASH fibrosis

Mrigya Babuta1, Caroline Morel1, Marcelle de Carvalho Ribeiro1, Charles Calenda1, Martí 
Ortega-Ribera1, Prashanth Thevkar Nagesh1, Christopher Copeland1, Yuan Zhuang1, 
Yanbo Wang1, Yeonhee Cho1, Radhika Joshi1, Viliam Brezani1, Danielle Hawryluk1, Aditi 
Ashish Datta1, Jeeval Mehta1, Imad Nasser2, Gyongyi Szabo1,*

1Department of Medicine, Division of Gastroenterology, Beth Israel Deaconess Medical Center 
and Harvard Medical School, Boston, MA 02215, USA

2Department of Pathology, Beth Israel Deaconess Medical Center and Harvard Medical School, 
Boston, MA 02215, USA

Abstract

Objective: Alcohol use in Metabolic dysfunction-associated steatohepatitis (MASH) is 

associated with increased risk of fibrosis and liver-related death. Here, we aimed to identify 

mechanism through which repeated alcohol binges exacerbate liver injury in a high fat-cholesterol-

sugar diet (MASH diet) induced model of MASH.

Design: C57BL/6 mice received either chow or MASH diet for 3 months with or without weekly 

alcohol binges. Neutrophil infiltration, neutrophil extracellular traps (NETs), and fibrosis were 

evaluated.

Results: We found that alcohol binges in MASH increase liver injury and fibrosis. Liver 

transcriptomic profiling revealed differential expression of genes involved in extracellular matrix 

reorganization, neutrophil activation, and inflammation compared to alcohol or MASH diet 

alone. Alcohol binges specifically increased NETs formation in MASH livers in mice and 

NETs were also increased in human livers with MASH plus alcohol use. We discovered that 

cell-free NETs are sensed via NLRP3. Furthermore, we show that cell-free NETs in vitro induce 

a pro-fibrotic phenotype in hepatic stellate cells (HSCs) and pro-inflammatory monocytes. In 
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vivo, neutrophil depletion using anti-Ly6G antibody or NETs disruption with DNase treatment 

abrogated monocyte and HSCs activation and ameliorated liver damage and fibrosis. In vivo, 

inhibition of NLRP3 using MCC950 or NLRP3 deficiency attenuated NETs formation, liver injury 

and fibrosis in MASH plus alcohol diet-fed mice (graphical abstract).

Conclusion: Alcohol binges promote liver fibrosis via NET-induced activation of hepatic stellate 

cells and monocytes in MASH. Our study highlights the potential of inhibition of NETs and/or 

NLRP3, as novel therapeutic strategies to combat the pro-fibrotic effects of alcohol in MASH.
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INTRODUCTION

Alcohol-associated liver disease (ALD) and Metabolic dysfunction-associated Steatotic 

liver disease (MASLD) account for the majority of chronic liver diseases worldwide 

and represent therapeutic challenges.(1) Obesity and associated metabolic syndrome often 

coexist with alcohol consumption and is now recognized as a new disease phenotype, named 

as MetALD.(2–4) MetALD represents a separate group of patients with MASLD who 

consume alcohol in the amount of 140–350 g/week for females and 210–420 g/week for 

males and recognizes that MetALD can be either MASLD or ALD predominant.(4) Recent 

epidemiology studies found that excessive alcohol use in MASLD exacerbates the risk of 

liver fibrosis and hepatocellular carcinoma (HCC) (5) and can serve as prognostic cofactors 

for long-term morbidity and mortality.(5–7)

ALD and MASH share common pathological and histological stages that range from 

steatosis, hepatitis, to fibrosis/cirrhosis, and increased risk of HCC.(8, 9) The distinguishing 

histological features of alcoholic hepatitis (AH) include the abundance of infiltrating 

neutrophils surrounding ballooned hepatocytes and Mallory-Denk bodies.(8, 10) Despite 

sufficient information about the respective pathogenesis of MASH and ALD, the 

mechanisms governing the combined insult of MASH and ALD remain unclear.

Increased neutrophil infiltration in the liver is one of the hallmarks of ALD, which 

contributes to liver damage.(10, 11) Damaged hepatocytes and activated Kupffer cells 

secrete chemokines such as CXC motif ligand (CXCL)1, which recruit neutrophils at the 

site of injury.(11) Neutrophils also release neutrophil extracellular traps (NETs) that are 

composed of condensed chromatin and granular proteins such as citrullinated histone (cit-

H3) and neutrophil elastase (NE), respectively.(11) Previously, we have shown that binge 

alcohol consumption leads to the spontaneous formation of NETs in the liver and promotes 

liver damage and inflammation.(12, 13)

Nod-like receptor protein 3 (NLRP3) inflammasome complex, including caspase 1 and 

IL-1β, was shown to be involved in both ALD and MASH.(14) NLRP3 is expressed 

in various cell types in the liver, including hepatocytes, hepatic stellate cells (HSCs), 

macrophages, and neutrophils.(14, 15) NLRP3 overexpression in HSCs, the major cell type 

Babuta et al. Page 2

Gut. Author manuscript; available in PMC 2024 October 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



contributing to liver fibrosis, leads to activation and differentiation of quiescent HSCs into 

myofibroblasts,(16, 17) extracellular matrix deposition and fibrosis.(17)

Here, we report that repeated alcohol binges in a mouse model of MASH accelerate 

liver damage, inflammation, and fibrosis. Alcohol binges in MASH diet-fed mice result in 

transcriptomic signatures of extracellular matrix reorganization and inflammation. Notably, 

alcohol binges increase neutrophil infiltration in MASH liver. We discovered that cell-free 

NETs, sensed by NLRP3, lead to the activation of HSCs and promote pro-inflammatory 

monocyte phenotypes. Our study demonstrates that in vivo disruption of NETs by DNase, or 

depletion of neutrophils using anti-Ly6G antibody ameliorates alcohol-induced liver fibrosis 

in MASH.

RESULTS

1. Alcohol binges augment liver injury in MASLD/MASH mice

To study the pathomechanism of the combined insult of MASH plus alcohol on the liver, we 

administered weekly alcohol binges in mice fed a MASH diet for 3 months (Fig1A, S1A). 

The MASH diet resulted in a significant weight gain compared to chow- or alcohol groups; 

mice on MASH diet plus alcohol binges had lower body weight compared to MASH diet 

alone (Fig1B-C). Blood alcohol levels were comparable between mice that received alcohol 

binges with or without the MASH diet (Fig S1B).

Liver injury in MASH diet-fed mice was indicated by increased ALT and AST as compared 

to chow controls (Fig1D-E). Alcohol binges further increased transaminase levels in MASH 

mice compared to those with either the MASH diet or alcohol binges alone (Fig1D-E).

Hepatic steatosis was evident by increased triglyceride levels (Fig1F), free fatty acid (Fig 

1G), total cholesterol (Fig1H), histologic section on H&E (Fig1I) and Oil-Red-O staining 

(Fig1J) in MASH and MASH plus alcohol groups (Fig1F-K and Fig S1C). There was 

elevation in fasting glucose levels in mice with MASH diet with or without alcohol 

binges compared to their respective controls (FigS1D), while only MASH mice developed 

significant insulin resistance when compared to the chow diet-fed mice (FigS1E).

2. Alcohol binges exacerbate fibrosis in MASH diet fed mice

Because both ALD and MASH progress to liver fibrosis,(17) we hypothesized that 

combined liver injury by alcohol and MASH diet accelerates fibrosis and promotes disease 

progression. In support of this hypothesis, Sirius red staining demonstrated increased 

fibrosis in MASH plus alcohol-administered mice compared to the MASH-diet or alcohol 

alone groups (Fig2A-B).

Matrix metalloproteinases (MMPs) and metallopeptidase inhibitors (TIMP1) are involved 

in matrix remodeling and contribute to liver fibrosis.(17) The mRNA levels of Mmp9, 

Mmp12, Timp1, and Vimentin were significantly upregulated in mice with MASH plus 

alcohol compared to their respective controls (Fig2C-F). Profibrotic markers such as α-SMA 

and vimentin, as assessed by Western blots (Fig2G and FigS2A-B) and immunofluorescence 

(Fig2H), were significantly upregulated in the MASH plus alcohol group compared to 
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all other groups. These results suggest that alcohol binges exacerbate liver fibrosis in diet-

induced MASH.

3. Transcriptomic analysis shows differential expression of signaling pathways in 
combined liver injury.

Next, we evaluated liver mRNA on the nCounter fibrosis panel. Heatmap showed clear 

segregation of the differentially expressed genes (DEGs) in MASH plus alcohol compared 

to their respective controls (Fig3A). Indeed, we found 280 genes, with p≤0.05, that 

were differentially expressed in the MASH plus alcohol group as compared to chow 

(Supplementary File 2). In the alcohol- and MASH-only groups, 260 and 215 genes were 

differentially expressed, respectively (Supplementary File 2). Furthermore, approximately 

11% of DEGs in the MASH plus alcohol group were unique to this group, as shown in the 

Venn diagram (Fig3B). There was a substantial number of upregulated genes in the MASH 

plus alcohol as compared to MASH alone or alcohol alone, as evident from the volcano 

plot (Fig3C, S3A-3B, Supplementary File 2). GO term analysis, as depicted by the bubble 

plot, highlighted the different biological processes that are upregulated in the MASH plus 

alcohol group and in respective controls (Fig3D, S3C-S3D). Functional analysis of DEGs 

revealed upregulation of pathways associated with extracellular matrix reorganization and 

inflammation in the MASH plus alcohol compared to alcohol or MASH alone (Fig3E-F). 

Interestingly, genes associated with neutrophils and their activation, such as neutrophil Fcγ 
receptor genes (Fcer), Cxcl1, Bst2 were upregulated in MASH plus alcohol as compared 

to chow (Fig3G). In alcohol alone group, neutrophil-associated genes, Cxcl1, Arg1, and 
Cd14 were the only upregulated genes (FigS3D). These data indicated that alcohol promotes 

disease pathogenesis in MASH by modulating signaling pathways related to neutrophil 

infiltration and extracellular-matrix remodeling.

4. Alcohol binges in MASH specifically promote neutrophil infiltration and Neutrophil 
Extracellular Traps (NETs) formation in the liver

Prominent neutrophil infiltration in the liver is a hallmark of ALD.(11) In our MASH model 

alcohol binges resulted in a significant increase in genes involved in neutrophil infiltration 

(Fig3D). Consistent with this, we found a significant increase in Ly6G+ cells in the livers of 

mice that received both alcohol and MASH diet, compared to alcohol or MASH diet alone 

(Fig4A-B).

Neutrophil recruitment can be triggered by chemokines released from damaged cells in 

the liver; therefore, we hypothesized that increased neutrophil infiltration was due to the 

increased expression of chemokines in liver. Consistent with this hypothesis, we observed a 

significant increase in CXCL1 and lipocalin2 (LCN2) levels in the liver lysates of mice fed 

on MASH diet plus alcohol compared to the MASH diet alone (Fig4C-E). Alcohol alone 

increased LCN2 expression in the serum and liver lysate which was further exacerbated 

in liver lysates and serum of MASH plus alcohol mice (Fig4D-E). These results suggest 

that alcohol binges in MASH increase chemokine production that correlate with neutrophil 

infiltration.

Babuta et al. Page 4

Gut. Author manuscript; available in PMC 2024 October 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To explore the mechanism by which alcohol-induced neutrophil infiltration contributes to 

liver injury, we evaluated neutrophil extracellular trap (NETs) formation. Neutrophil elastase 

(NE) and citrullinated-histone 3 (cit-H3) are used as markers of NETs formation (also 

known as NETosis).(13, 18, 19) We found a significant increase in the levels of NE in serum 

and liver in the MASH plus alcohol group (Fig4F-G). Furthermore, cit-H3 levels were also 

increased in the liver, suggesting enhanced NETs formation in MASH diet plus alcohol 

mice compared to MASH diet or alcohol alone (Fig4H). Notably, we detected increased NE 

and LCN2 immunofluorescence in the liver sections of the MASH diet plus alcohol mice 

confirming NETs (Fig4I-J).

To delineate mechanisms by which alcohol induces NETs, we inhibited aldehyde 

dehydrogenase using disulfiram or treated neutrophils with antioxidant N-acetylcysteine 

(NAC) that both prevented alcohol-induced NETs formation (FigS4A). Furthermore, 

acetaldehyde, a metabolite of alcohol, directly induced NETs formation (FigS4A), 

suggesting NETs formation is induced by reactive oxygen species, alcohol and its 

metabolites.

To validate findings in mice, we next assessed livers from patients with ALD. Notably, in 

ALD patients with BMI ≥ 25, CXCL1, LCN2 expression and NE were significantly higher 

compared to patients with BMI≤25 or NASH with no history of alcohol use (Fig4K-M) 

indicating greater neutrophil activation in ALD the presence of increased BMI.

Altogether, these results suggest that alcohol binges induce increased neutrophil infiltration 

and NETs release in MASH, in the liver of mice and in AH patients with BMI≥25.

5. NETs directly activate hepatic stellate cells via NLRP3 sensing

The fibrillar structure of NETs is composed of DNA and proteins such as High mobility 

group box 1 (HMGB1), and histones which can be recognized as Damage-associated 

molecular patterns (DAMPs); however, the exact mechanism for NETs recognition is not 

fully explored.(20) As we found a significant increase in NETs formation in the MASH plus 

alcohol group, we hypothesized that NETs could act as DAMPs to activate stellate cells and 

thereby promote fibrosis.

To test this hypothesis, human blood neutrophils were isolated and NETs were induced in 
vitro using alcohol or palmitic acid (PA) (Fig5A). NETosis was quantified by measuring 

NET-associated neutrophil elastase and by western blot of cit-H3. Both alcohol and PA 

stimulation resulted in increased NETs formation (FigS4B and S4C).

To evaluate the functional role of NETs, neutrophils in the supernatant were removed, and 

cell-free NETs were cocultured with LX2 cells for 24h (Fig5A). We found that both PA- 

and ethanol-induced cell-free NETs increased expression of α-SMA and COL1A1 (Fig5B) 

as well as IL-1β release from LX2 cells (Fig5D). To assess the specificity of cell-free 

NETs-induced HSCs activation, we treated NETs with Deoxyribonuclease I (DNase) before 

co-culturing with LX2 cells. We found that disruption of the DNA structure with DNase 

partially abrogated the NET-induced increase in α-SMA levels and IL-1β release in LX2 

cells (Fig5C and 5D).
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The NLRP3 inflammasome can be activated by intermediate filaments such as vimentin and 

by the fibrillar structure of β-amyloid.(21, 22) Therefore, we hypothesized that activation of 

HSCs by cell-free NETs, that have a fibrillar structure, might be mediated by the NLRP3 

inflammasome. To test this hypothesis, we first evaluated NLRP3 expression in LX2 cells 

after treating them with PA, ethanol or TGF-β as a positive control.(23) We observed a 

significant increase in the NLRP3 protein expression as shown FigS5A. Thereafter, we 

cocultured NETs with LX2 cells in the presence or absence of MCC950, an NLRP3 

inflammasome inhibitor. Upon NETs exposure, LX2 cells treated with MCC950 showed 

a significant decrease in α-SMA production and IL-1β release as compared to untreated 

cells (Fig5E and 5F). To further assess the direct role of NLRP3 in HSCs activation, we 

isolated HSCs from WT mice and cocultured them with alcohol or PA induced NETs, 

which showed an increase in the expression of α-SMA and IL-1β release. In contrast, 

HSCs isolated from NLRP3-KO mice showed no increase in α-SMA levels or IL-1β release 

after stimulation with NETs, suggesting that NLRP3 plays an indispensable role in HSCs 

activation in response to NETs (Fig 5G and 5H).

Because we observed an increase in IL-1β release after coculturing with NETs, we next 

evaluated whether activation of LX2 cells was dependent on IL-1β. We treated the LX2 

cells with an IL-1 receptor antagonist (Anakinra) and cocultured them with PA- or alcohol-

induced NETs. In the presence of IL-1 receptor antagonist we found decreased levels of 

α-SMA, suggesting an IL-1β dependent mechanism of NET-induced activation in LX2 cells 

(Fig5I).

Next, to understand how NLRP3 interacts with NETs, we performed Glutathione S-

transferase (GST)-pull down assay using GST-tagged NLRP3 and CitH3 (FigS5B). With 

the increasing concentration of Cit-H3 we found an increase in the binding of NLRP3-GST 

with Cit-H3, indicating a direct binding of NLRP3 with CitH3 (FigS5B).

To further assess mechanisms of NET-induced HSCs activation, we reconstituted NETs 

in vitro using recombinant cit-H3 and NET-DNA. Alcohol-induced NET-DNA was 

isolated as described previously,(20) and described in the Materials/Methods. LX2 cells 

stimulation with the combination of cit-H3 plus NET-DNA induced significant induction 

of Acta2 mRNA levels as compared to NET-DNA or cit-H3 alone (Fig5J-left panel). 

Immunofluorescence revealed increased induction of α-SMA in LX2 cells treated with cit-

H3 plus NET-DNA, as compared to untreated cells, indicating that the combination of DNA 

and protein components of NETs can effectively induce HSCs activation (Fig5J-right panel). 

Furthermore, IL-1β production in HSC was also significantly increased by the combined 

stimulation of cit-H3 plus NET-DNA but not - by cit-H3 or NET-DNA alone (Fig5K). These 

results demonstrate that cell-free NETs activate HSCs and are sensed by NLRP3.

6. Cell-free NETs induce proinflammatory cytokine production in monocytes via NLRP3 
sensing

Recruitment of monocyte-derived macrophages and Kupffer cell activation are major 

contributors to MASH and ALD pathogenesis.(24) When NETs generated as described 

in Fig 6A were cocultured with human monocyte cells (THP1), we found significant 

increases in IL-1β, Tumor necrosis factor-α (TNFα), and Monocyte chemoattractant 
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protein-1 (MCP1) production (Fig6B-D). Furthermore, dual stimulation of monocytes with 

NETs plus LPS resulted in significantly higher induction of IL-1β, TNFα, and MCP1 than 

just NETs or Lipopolysaccharide (LPS) alone (Fig6B-D). Based on this robust monocyte 

activation by the dual signals of LPS and fibrillar NETs, we speculated that NLRP3 can 

be the mechanism by which monocyte sense cell-free NETs. In support of this hypothesis, 

we found a significant attenuation in IL-1β production, in presence of NLRP3 inhibition 

with MCC950, indicating a role of NLRP3 inflammasome in NETs-plus LPS-induced 

activation of monocytes (Fig6B). However, none of these cytokines were inhibited by 

NLRP3 inhibition in LPS alone stimulated cells suggesting that MCC950 inhibited the 

NET-induced monocyte activation. Furthermore, DNase treatment, significantly reduced 

NET-induced IL-1β production in monocytes (Fig6E).

7. Neutrophil depletion or DNase treatment in vivo ameliorate liver damage and fibrosis 
in combined liver injury by alcohol binges and MASH

Given our observation that NETs activate stellate cells and induce pro-inflammatory 

phenotype in monocytes, we next evaluated the therapeutic role of neutrophil depletion and 

disruption of NETs in vivo. First, we used anti-Ly6G antibody or DNase, twice a week, for 

the last six weeks of alcohol and MASH diet (Fig7A). We evaluated circulating neutrophils 

(CD45+CD11b+Ly6G+) by flow cytometry and observed a 2-fold increase in MASH plus 

alcohol binge mice, which was significantly attenuated in anti-Ly6G antibody treated MASH 

plus alcohol mice (Fig7B). There was no significant change in CD45+CD11b+Ly6G+ 

neutrophils in MASH plus alcohol mice treated with DNase (Fig7B). The significant 

increase in transaminase levels (ALT and AST) after alcohol binges in MASH diet was 

strikingly attenuated in the presence of anti-Ly6G antibody or DNase treatment, respectively, 

indicating a decrease in liver damage (Fig7C-D). The histologic H&E liver sections (Fig7E) 

in MASH plus alcohol group in the presence of either anti-Ly6G antibody or DNase 

treatment showed reduction in micro- and macrovesicular steatosis (Fig7E).

Furthermore, the increase in infiltrating monocyte-derived macrophages, 

CD45+CD11bhiF4/80lowMHCII+CD11c+, CD45+CD11bhiF4/80lowCD86+, and 

CD45+CD11bhiF4/80lowCD68+ in MASH plus alcohol mice was significantly reduced or 

showed a decreasing trend after DNase t and anti-Ly6G treatment, respectively (Fig 7F-H). 

These results suggest that inhibition of NETs formation or neutrophil depletion attenuate 

monocyte-derived macrophages infiltration in the liver after alcohol binge and MASH 

insults.

Next, we evaluated markers of NETs in the serum and liver. MASH plus alcohol-related 

increases in serum and liver NE (Fig7I & 7K), and Cit-H3 (Fig7M) were prevented by 

either anti-Ly6G antibody or DNase treatment (Fig7I, 7K, 7M). The significant increase 

in LCN2 in MASH plus alcohol mice in serum and liver lysates was also attenuated by 

anti-Ly6G antibody or DNase treatment (Fig7J and 7L). Immunofluorescence staining of 

NE and LCN2 revealed decreased NETs in the liver sections of the mice treated with either 

anti-Ly6G antibody or DNase compared to untreated MASH plus alcohol mice (Fig7N-O).

In addition to inhibition of NETs, anti-Ly6G antibody or DNase treatment significantly 

attenuated liver fibrosis in MASH plus alcohol fed mice as indicated by reduction in the 

Babuta et al. Page 7

Gut. Author manuscript; available in PMC 2024 October 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



profibrotic markers, collagen and α-SMA on Sirius Red staining (Fig2B & 7P) and Western 

blots (Fig2G & 7Q), respectively. These results indicated a therapeutic benefit of NETs 

disruption or neutrophil depletion to ameliorate liver damage and fibrosis in a combined 

liver injury from MASH diet and alcohol binges.

8. Alcohol binges significantly upregulate NLRP3 inflammasome activation in MASH and 
NLRP3 inhibition attenuates NETs and fibrosis in a combined liver injury model

Since previous studies have shown that MASH diet and alcohol administration, individually, 

can lead to inflammasome activation in both macrophages and hepatocytes and that the 

NLRP3 inflammasome is involved in fibrosis,(14, 25, 26) we next evaluated whether the 

NLRP3 inflammasome was activated by alcohol binge in MASH.

The initial signal in NLRP3 activation priming from Nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB) mediated increase in transcript levels of 

inflammasome components.(14) We found a significant increase in the mRNA levels of 

Nlrp3 (Fig8A), Pro-caspase-1 (Casp1) (Fig8B) and Il1b (Fig8C) in MASH plus alcohol 

compared to either alcohol or MASH alone. We also found that other inflammasomes such 

as Nlrc4 inflammasome, but not Aim2, was significantly increased in MASH plus alcohol 

compared to controls (FigS6A-B). Functional activation of the NLRP3 inflammasome was 

indicated by a significant increase in cleaved caspase-1 and cleaved IL-Iβ in MASH plus 

alcohol group compared to MASH alone (Fig8E-H).

Next, we validated the involvement of NLRP3 inflammasome in the MASH plus alcohol 

binge model by either inhibiting NLRP3 inflammasome with MCC950, for the last six 

weeks of alcohol and MASH diet in WT mice or feeding whole body NLRP3-KO mice 

MASH diet plus weekly alcohol binges for three months (Fig8I). Liver damage (as assessed 

by ALT and AST levels) was significantly attenuated in NLRP3-KO mice, whereas only 

AST was significantly decreased in mice that received MCC950 (Fig8J-K). The histologic 

H&E liver sections in NLRP3-KO mice or MCC950 administered mice showed reduction in 

steatosis (Fig8L). MASH plus alcohol-induced increase in serum IL-1β levels (Fig8M) was 

significantly attenuated by MCC950 administration and in NLRP3-KO mice, suggesting that 

NLRP3 inhibition can prevent the liver damage and inflammation caused by the combined 

liver injury.

Our results suggested the involvement of NLRP3 in sensing cell-free NETs in HSCs and 

monocytes. Therefore, we next questioned if NLRP3 was involved in promoting neutrophil 

infiltration, and NETs formation in liver by MASH plus alcohol. Using NLRP3-KO mice 

or MCC950 administration in MASH plus alcohol model for three months, we found a 

significant reduction in infiltrating neutrophils (CD45+CD11b+Ly6G+) in the liver of MASH 

plus alcohol-treated mice, as compared to WT mice (Fig8N). This reduction in neutrophils 

correlated with significant attenuation of CXCL1 (Fig8O & 8R), and NE (Fig8P & 8S), 

both in serum and liver, in MCC950 administered and NLRP3-KO mice as compared to 

MASH plus alcohol WT mice. LCN2 was also significantly decreased in serum and liver 

after MCC950 administration and in the serum of NLRP3-KO mice (Fig8Q & 8T). In 

liver lysates, Cit-H3 was reduced in NLRP3-KO and MCC950 administrated mice (Fig8U) 
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further strengthening our observation that NLRP3 plays an indispensable role in NETs 

formation

Importantly, Sirius Red staining (Fig8V) and α-SMA western blots (Fig8W and 8X) showed 

a significant decrease in fibrosis in the MASH plus alcohol mice treated with MCC950 as 

well as in NLRP3-KO mice as compared to WT mice on MASH diet plus alcohol alone, 

suggesting NLRP3 inhibition attenuates liver fibrosis.

In summary, our results indicate that NLRP3 is involved alcohol-induced recruitment of 

neutrophils and plays a regulatory role in NETs formation. Therefore, alcohol-induced NETs 

formation and NET-induced inflammasome activation point to a dual role of NLRP3 in 

orchestrating liver injury and fibrosis in the context of alcohol binges in MASH.

DISCUSSION

Alcohol consumption in individuals with MASLD is often ignored. However, recent studies 

suggest that even moderate alcohol consumption (2–4 drinks/day) accelerates hepatic 

steatosis, facilitates its progression of fibrosis, and increases the risk of liver-related death 

and HCC.(2, 5) Therefore, a separate group of patients with MASLD that consume 140–350 

g/week for females and 210–420 g/week for males of alcohol is named as MetALD.(4)

In this study, we report that alcohol binges in combination with MASH synergistically 

promote liver fibrosis. We found that alcohol binges in MASH diet-fed mice resulted in 

a dramatic increase in neutrophil infiltration and NETs formation, which was regulated 

by the NLRP3 inflammasome (Fig 9A and graphical abstract). We discovered that 

alcohol-induced cell-free NETs trigger a pro-fibrotic HSCs phenotype and promote pro-

inflammatory cytokine production from monocytes. We identified a unique role of the 

NLRP3 inflammasome in sensing cell-free NETs by directly interacting with cit-H3, both in 

HSCs and monocytes. We also demonstrate the therapeutic benefits of neutrophil depletion 

by anti-Ly6G antibody, NETs disruption by DNase treatment or NLRP3 inhibition using 

MCC950 administration in a preclinical model of alcohol binges in MASH (Fig 9A).

Both binge drinking and obesity show an increasing trend globally.(2, 3) Our experimental 

murine model mimics human alcohol binge drinking and a diet rich in high fat-cholesterol-

sucrose which displays accelerated fibrosis in 12 weeks as compared to MASH diet alone. 

We previously showed that the MASH diet alone (high fat-cholesterol-sucrose diet) results 

in progression from MASLD to MASH (but no fibrosis at 12 weeks) and early HCC 

(48 weeks) similar to the natural history of MASH in human disease.(27) Murine models 

of MASH, based on defined diets such as Gubra Amylin NASH (GAN) diet or non-trans-

fat Western diets (WD-NTF) develop fibrosis after 24–30 weeks.(28, 29) Our results are 

consistent with previous studies where in our MASH alone mice showed mild fibrosis 

(pathology score 0–1) and no significant increase in the molecular markers of fibrosis 

such as α-SMA and vimentin while MASH plus alcohol significantly increased fibrosis. 

Previous studies with high-fat diet (HFD) and alcohol, where alcohol was either provided as 

single binge or multiple binges for one month after establishing MASH induced oxidative, 

Endoplasmic Reticulum (ER), and mitochondrial stresses along with steatohepatitis.(30, 31) 
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Our model recapitulates not only the binge drinking pattern commonly seen in obesity 

but importantly highlights novel neutrophil-related mechanisms involved in liver disease 

progression and exacerbated fibrosis in response to simultaneous injury by alcohol and 

MASH diet. Therefore, this paradigm of alcohol and MASH diet with extended feeding 

time and/or chronic alcohol consumption will provide a preclinical model to recapitulate the 

entire spectrum of MetALD pathologies.

We discovered that in setting of MASH, alcohol binge induces significant neutrophil 

infiltration and activation in the liver. While alcohol binge alone increased 

neutrophil numbers in chow-fed mice, intriguingly, both transcriptomic profiling and 

immunohistochemistry revealed significantly higher Ly6G+ neutrophil infiltration in the 

liver of mice fed on MASH diet plus alcohol. These neutrophils resulted in a dramatic 

increase in NETosis, as observed by high LCN2, NE, and cit-H3, in an alcohol plus 

MASH diet. A recent study showed that alcohol and ROS can directly induce NETs.(13, 

32) Interestingly, a study on animal model of SARS-CoV-2 animal model showed that FDA-

approved drug for alcohol use disorder, disulfiram (an inhibitor of aldehyde dehydrogenase) 

inhibits NETs formation.(33) Our in vitro results also showed the induction of NETs by 

alcohol in human neutrophil was reduced by anti-oxidant N-Acetyl Cysteine and disulfiram. 

Further, NETs formation is increased in acetaldehyde treated neutrophils suggesting that 

alcohol and its metabolites can regulate NETs formation.

Our transcriptomic data showed that mice with alcohol plus MASH diet exhibited the most 

robust transcriptomic profile of fibrosis and tissue remodeling, which directly correlated 

with histological findings of accelerated fibrosis compared to alcohol or MASH diet alone. 

Previous reports have shown a close relationship between neutrophils and fibrosis.(31) NETs 

comprise of DAMP molecules such as histone, DNA and HMGB1, and inhibition of NETs 

formation by PAD4 inhibitors or DNase1, was previously shown to attenuate HMGB1 and 

histone-mediated ischemic reperfusion liver injury.(13, 34) Here we demonstrate for the first 

time that alcohol- or PA-induced cell-free NETs directly activate stellate cells and induce 

IL-1β as well as α-SMA and collagen production (Fig9B). This is mediated by NETs that 

are found in the liver tissue. The potential of cell-free NETs in modulating cell functions 

in tissues has been shown in other sterile inflammatory conditions.(35) Interestingly, no 

secondary stimulus was required for robust activation of HSCs. We speculate, however, that 

the NET-induced HSCs activation is accelerated by repeated alcohol binges in MASH. Here, 

we demonstrate that in vivo disruption of NETs by DNase or depleting neutrophils by anti-

Ly6G antibody ameliorated liver fibrosis caused by MASH and alcohol binges. Interestingly, 

few previous studies described the presence of NETs in MASH alone, and in a recent 

study, we reported a significantly increased presence of NETs in the liver and circulation of 

patients with alcohol-associated hepatitis.(13, 36) In this study we found significantly higher 

neutrophil elastase and lipocalin expression in livers of AH patients with BMI >25 compared 

to AH patients with normal BMI or with MASH only patients, indicating NETs activation. It 

has been suggested that activated neutrophils stay in the liver for a prolonged time.(13) This 

is also possible because activated HSCs secrete granulocyte-macrophage colony-stimulating 

factor and interleukin-15 to prolong the survival of neutrophils, and this interaction likely 

promotes fibrosis.(31)
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We previously reported that NET-producing neutrophils (or NETosis neutrophils) induce 

monocyte differentiation to CD14+CD16+ monocytes.(13) Here, we deciphered that alcohol-

induced NETs directly activate monocytes and induce a significantly greater increase 

in IL-1β, TNF-α and MCP-1 production combined with LPS as a second stimulus. 

Furthermore, we found that disruption of the fibrillar structure of NETs by DNase partially 

attenuated IL-1β release from monocytes. These results were in accordance with a recent 

study that highlighted the combination of histone and DNA, and not individual components, 

promoted cytokine production in macrophages in atherosclerosis.(20) We show that in 
vivo disruption of NETs by DNase or depletion of neutrophils by anti-Ly6G antibody, 

reduced CD45+CD11b+Ly6Chi pro-inflammatory monocytes and decreased the number of 

liver infiltrating monocyte-derived macrophages. Consistent with our observation, a recent 

study showed that DNase treatment in diabetic mice led to atherosclerosis resolution by 

reducing CD68+ macrophages.(37) Our results strongly highlight a novel role of NETs in 

sustaining inflammation through monocyte activation.

NLRP3 serves as a sensor of various sterile danger signals, including various crystals, 

intermediate filaments, and fibrillar DAMPs such as cholesterol, uric acid, vimentin and 

β-amyloid.(21, 22, 38, 39) Previous studies have implicated the activation of NLRP3 

inflammasome in liver injury and fibrosis.(14, 25, 26) We speculated that the fibrillar 

structure of cell-free NETs might activate NLRP3 in HSCs and monocytes. In support 

of this hypothesis, we discovered that inhibiting NLRP3 in LX2 cells or HSCs from 

NLRP3-KO mice dampened NET-induced α-SMA and IL-β production (Fig9B). We 

show that disruption of the fibrillar structure of NETs with DNase in vitro partially 

attenuated the NET-induced HSCs activation (Fig9B). In vitro reconstitution of NETs with 

cit-H3 and NET-DNA further suggested that only fully assembled NETs (both histone 

and DNA) activate HSC. We further demonstrated that NLRP3 senses NETs by directly 

interacting with cit-H3. Previous studies showed direct interaction of NLRP3 with oxidized 

mitochondrial DNA(40, 41) and given that alcohol-induced NETs DNA comprise of both 

nuclear and mitochondrial DNA,13 we cannot rule out whether NLRP3 can directly interact 

with NETs DNA, or the role of other patten recognition receptors such as TLR9, TLR4 in 

sensing the nucleic acid components of NETs.

NLRP3 inflammasome activation leads to cleavage of IL-1β and release.(14) We found 

that inhibiting the NLRP3 with MCC950 attenuated the NET-induced release of IL-1β 
and production of α-SMA from HSCs (Fig9B). Therefore, we speculated that a NLRP3-

IL-1β dependent pathway might be required for NET-mediated HSCs activation. In support 

with this hypothesis, we found a decrease in α-SMA in LX2 cells in the presence of 

IL-1 receptor antagonist. The effect of IL-1β on promoting HSCs activation was shown 

before; therefore, we speculate that NET-induced IL-1β is a secondary mechanism in HSCs 

activation by NETs (Fig9B). Importantly, inhibiting NLRP3 with MCC950 or whole body 

NLRP3-KO mice displayed reduced liver injury and inflammation. These results suggest a 

NLRP3-dependent propagation of inflammation and fibrosis after alcohol binges in MASH.

A potential relationship between NLRP3 and neutrophil infiltration was reported earlier 

in the murine model of gout and hepatic ischemia liver injury.(35, 42) Our findings also 

indicate that NLRP3 is involved in neutrophil infiltration in the liver. We discovered that 
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alcohol-induced NETs in MASH plus alcohol was dependent on NLRP3, as NLRP3-KO 

mice or NLRP3 inhibition by MCC950 administration attenuated neutrophil infiltration and 

NETs formation.

A previous study has shown that chronic alcohol feeding in ob/ob mice induced both micro- 

and macrovesicular steatosis.(43) Similarly, cross-sectional studies with NASH patients’ 

liver biopsies showed positive correlation of microvesicular steatosis with hepatocyte 

ballooning and Mallory-Denk bodies.(44) Interestingly, in our MASH plus alcohol mice, 

we observed a similar pattern of both macro- and micro-vesicular steatosis and increase 

in free fatty acids and total cholesterol. Furthermore, depletion of neutrophils or NLRP3 

inhibition, improved steatosis in alcohol plus MASH diet-fed mice. We speculate that this 

could be related to improved insulin sensitivity, reduced lipid accumulation and reduced 

infiltration of inflammatory immune cells, as reported by previous studies.(45–47)

In conclusion, our results highlight the crucial role of binge alcohol-induced neutrophil 

liver infiltration and NETs production in accelerating liver injury, inflammation, and fibrosis 

in MASH. We show for the first time that alcohol-induced cell-free NETs activate HSCs 

and monocytes (Fig 9), thereby contributing to the acceleration of inflammation and 

fibrosis in MASH (Fig 9). We conclude that neutrophil depletion and NETs disruption can 

prevent liver damage and fibrosis. Our data suggest that NLRP3 inflammasome inhibition 

prevents alcohol-induced neutrophil liver infiltration, NETs-mediated liver damage, and 

HSCs activation in the alcohol binges plus MASH mouse model. Our study highlights the 

previously unrecognized effect of alcohol binges in MASLD/MASH by accelerating the 

progression of liver disease.

MATERIALS/METHODS

Feeding regimen and MASH diet plus alcohol binge model used in this study

Mice were fed on a high fat-cholesterol-sucrose diet (MASH diet) (from Research Diets, 

Inc. New Jersey, USA-D09061704) or standard laboratory chow diet ad libitum for 3 

months. We have previously reported that administration of a MASH diet results in 

features of the metabolic syndrome, that progresses from MASH to fibrosis mimicking 

the progression of human MASH(27). MASH diet and chow-fed mice were randomly 

divided into two groups and either received 5g/kg alcohol gavage or water gavage once 

every week for 3 months. Survival was > 75% in mice that received alcohol binges plus 

MASH diet and 90% in alcohol binges alone (FigS1A). All the mice were euthanized 

9h after the last alcohol gavage. After experimental treatments, blood and liver samples 

were collected, processed immediately, and stored at −80 °C for further analysis. Insulin 

tolerance test was performed as described previously and described in supplementary 

Material and Methods.(48) Administration of anti-Ly6G, DNase and MCC950 is included in 

supplementary Material and Methods. All animal procedures were approved by the BIDMC 

institutional animal care and use committee (IACUC, protocol #019–2019, #30–2022). 

Animal experiments were reported using ARRIVE reporting guidelines.(49)
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Statistical analysis

Statistical significance was determined using one-way ANOVA, or unpaired t-test. Each 

experiment was repeated at least three times to determine the biological significance. 

Data are shown as mean ± SEM and were considered statistically significant at P ≤ 0.05. 

GraphPad Prism software (version 9; GraphPad Software Inc.) was used for analysis.

Additional Methods

Please see the supplementary material and method section for additional materials and 

methodology used in this study.

Data availability statement

All the data relevant to the study are included in the article or uploaded as supplementary 

information

Study Approval

All animal procedures were approved by the UMASS and BIDMC institutional animal care 

and use committee (IACUC, protocol #019–2019, #30–2022).

Peripheral blood was collected from healthy subjects, which was approved by the BIDMC 

IRB (Protocol# 2019P000521) full committee review. All participants were informed about 

blood sampling for clinical research and signed at the consent form.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviation

AH Alcoholic Hepatitis/Alcohol-associated Hepatitis

AIM2 Absent in Melanoma 2
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ALD Alcoholic Liver Disease/Alcohol-associated Liver Disease

ALT Alanine aminotransferase

ARG1 Arginase 1

AST Aspartate aminotransferase

BST2 Bone Marrow Stromal Cell Antigen 2

Cit-H3 Citrullinated Histone 3

CXCL1 Chemokine (C-X-C motif) ligand 1

DNase Deoxyribonuclease I

DAMPs Damage-associated molecular patterns

DEG Differentially expressed gene

Fcer Fcγ receptor genes

HCC Hepatocellular carcinoma

HSCs Hepatic stellate cells

IL-1β Interleukin 1 beta

IL-18 Interleukin 18

LCN2 Lipocalin 2

LMNCs Liver mononuclear cells

LPS Lipopolysaccharides

MFI Mean fluorescent intensity

MMP Matrix metalloproteinases

MASLD Metabolic Dysfunction Associated Steatotic Liver Disease

MASH Metabolic Dysfunction Associated Steatohepatitis

NE Neutrophil Elastase

NET(s) Neutrophil extracellular trap(s)

NLRP3 Nod-like receptor protein 3

NLRC4 NLR Family CARD Domain Containing 4

PECAM Platelet endothelial cell adhesion molecule

RBCs Red blood cells

SSC Side scatter
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TIMP Tissue Inhibitor of Metalloproteinase

TNF-α Tumor necrosis factor alpha

TLR4 Toll-like receptor 4
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What is already known on this topic

Clinical studies, suggest that heavy alcohol use accelerates progression of Metabolic 

dysfunction-associated steatohepatitis (MASH) to fibrosis and cirrhosis.

What this study adds

Using transcriptomic profiling and mechanistic approaches, our study shows alcohol 

binges accelerates fibrosis in MASH by neutrophil recruitment to the liver and NETs 

release, which directly activate hepatic stellate cells and promote pro-inflammatory 

cytokine production in monocytes via NLRP3, in vitro and in vivo.

How this study might affect research, practice or policy

This study identifies a unique role for NLRP3 in sensing alcohol-induced NETs, leading 

to HSCs and monocyte activation and shows that inhibiting NETs and/or NLRP3 

attenuate the pro-fibrotic effects of alcohol in MASH.
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Fig. 1: Alcohol binges accelerate liver injury in MASH diet fed mice.
(A) Feeding schematics for combined liver injury. C57BL/6 wild type (WT) mice (n=10) 

were fed on MASH diet plus alcohol binges with a single diet as a control for 12 weeks. 

(B-C) Representative images of mice and the body weight of mice are shown as a bar graph. 

(D-E) ALT & AST levels were measured from serum. (F) Triglyceride levels were measured 

from the liver. (G-H) Free fatty acid and total cholesterol was measured from the serum. 

Formalin-fixed liver sections were stained with (I) Hematoxylin and eosin, scale bar=200 

μm (Insets scale bar=50 μm) (J) Oil-red-O stain, scale bar=50 μm, and representative slides 

are shown. (K) Steatosis score is shown as graph * p≤0.05, **p<0.005, ***p<0.0005, 

****p<0.00005. n=4–8 mice/group.
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Fig 2. Alcohol binges exacerbate fibrosis in MASH mice
(A) Histological scoring of fibrosis. (B) Formalin-fixed liver sections were stained with 

Sirius red stain and representative slides are shown. (n=6–7 mice/group and average of 3–5 

images per mice). Scale bar=200 μm. The percentage area of Sirius red staining is quantified 

using Image J. Liver RNA was used to determine Mmp9 (C), Mmp12 (D), Timp1 (E), 

and Vim (F) mRNA levels by qPCR (n=6–7 mice/group). 18s was used to normalize Cq 

values. (G) Liver lysates were analyzed by western blotting for α-SMA and vimentin, using 

GAPDH as a loading control. The densitometric analysis of α-SMA and vimentin. (n=5–8 

mice/group). (H) Co-immunofluorescence staining with vimentin and α-SMA in mouse 

liver. Scale bar=50 μm. * p≤0.05, **p<0.005, ***p<0.0005, ****p<0.00005
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Fig 3. Differential expression of signaling pathways in MASH plus alcohol binges.
(A) Heatmap of differentially expressed genes (DEGs) in alcohol only, MASH only, and 

MASH plus alcohol with p≤0.05, and normalized to chow. (n=6mice/group). (B) Venn 

diagram showing the unique DEGs in each group as compared to chow. (C) Volcano 

plot depicting DEGs in MASH plus alcohol. (D) Bubble plot depicting GO term analysis 

of the biological process. Volcano plot depicting DEGs involved in extracellular matrix 

reorganization (E), inflammation (F), and neutrophil degranulation (G) in MASH plus 

alcohol as compared to chow.
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Fig 4. Alcohol binges promote neutrophil infiltration and neutrophil extracellular trap formation 
in MASH mice.
(A) Representative Ly6G immunohistochemistry images from liver sections. Scale bar=50 

μm (n=8 mice/group and average of 3–5 images per mice). (B) Quantification of percentage 

area of Ly6G+ positive cells using Image J. Whole-cell liver lysates were used to detect 

CXCL1(C), LCN2 (D), NE (G) and Cit-H3 (H) by ELISA. (n=3–8 mice/group). (E-F) 

Levels of LCN2 and NE in serum as measured by ELISA (n=3–5mice/group). (I-J) Co-

immunofluorescence staining with NE and Histone H3 (I) and with LCN2 and Histone H3 

(J) to visualize NETs production in mouse liver. scale bar=50 μm. Whole-cell human liver 

lysates were used to detect CXCL1(K), LCN2 (L), and NE (M) by ELISA. (n=6 patients/

MASH, n=5 patients/AH (BMI≤25) and n=7 patients/AH (BMI≥25)). * p<0.05, **p<0.005, 

***p<0.0005, ****p<0.0000
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Fig 5. In vitro neutrophil extracellular traps activate stellate cells activation via NLRP3.
(A) Human neutrophils were treated with PA or EtOH for NETs formation, followed 

by coculturing NETs with LX2 cells. (B) LX2-lysates were used to detect α-SMA and 

COL1A1 by Western blot. The densitometry analysis is shown as bar graph (n=8). (C) 

LX2 lysates after coculturing with DNase treated NETs were used to detect α-SMA by 

Western blot. The densitometry analysis is shown as bar graph (n=6). (D) LX2 supernatant 

after coculturing with DNase treated NETs were used to detect IL-1β by ELISA (n=6). 

(E) EtOH/PA-induced NETs were cocultured with MCC950-treated LX2 cells. LX2 cell 

lysates were used to detect α-SMA by western blot. The densitometry analysis is shown 

as bar graph (n=6). (F) MCC950/DMSO-treated LX2 supernatant after coculturing with 

EtOH/PA NETs were used to detect IL-1β by ELISA (n=6). (G) EtOH/PA-induced NETs 

from WT neutrophils were cocultured with WT mouse HSCs or NLRP3-KO HSCs. The 

densitometry analysis is shown as bar graph (n=3). (H) WT mouse HSCs or NLRP3-KO 
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HSCs supernatants after coculturing with EtOH/PA NETs were used to detect IL-1β by 

ELISA. The densitometry analysis is shown as bar graph (n=3). (I) EtOH/PA-induced NETs 

were cocultured with IL-1 receptor antagonist-treated LX2 cells. LX2 cell lysates were used 

to detect α-SMA by western blot. The densitometry analysis is shown as bar graph (n=4). 

(J) LX2 cells RNA after culturing with recombinant cit-H3, NETs DNA or combination 

of cit-H3 and NETs DNA (n=4). Acta2 mRNA levels was determined by qPCR. 18s was 

used to normalize Cq values. Immunofluorescence staining with α-SMA and DAPI after 

culturing LX2 cells with recombinant cit-H3, and NETs DNA, scale bar=50 μm. (K) LX2 

supernatant after treating LX2 cells with cit-H3, NETs DNA or combination of citH3 and 

NETs DNA were used to detect IL-1β by ELISA (n=4). * p<0.05, **p<0.005, ***p<0.0005, 

****p<0.00005
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Fig 6. Neutrophil extracellular traps activate monocytes via NLRP3 inflammasomes
(A) Human neutrophils were treated with PA or EtOH for NETs formation, followed 

by coculturing NETs with THP1 cells pretreated with MCC950 or DMSO. For dual 

stimulation, THP1 cells cocultured with PA or EtOH-induced NETs were treated with 

10ng/ml of LPS, in presence of MCC950 or DMSO. THP1 supernatants after culturing with 

NETs were used to detect the level of IL-Iβ (B), TNF-α (C) and MCP-1(D) by ELISA 

(n=6). (E) THP1 supernatant after coculturing with DNase treated NETs were used to detect 

IL-1β by ELISA (n=9). * p<0.05, **p<0.005, ***p<0.0005, ****p<0.00005
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Fig 7. Depletion of neutrophils and disruption of NETs by DNase ameliorate liver damage and 
fibrosis in combined liver injury by alcohol binges and MASH
(A) Feeding schematics for combined liver injury with a therapeutic intervention 

of anti-Ly6G antibody and DNase treatment as described in Methods section. 

(B) Flow cytometry analysis of neutrophils (CD45+CD11b+Ly6G+) in liver immune 

cells. (C-D). ALT & AST levels were measured from serum. (E) Formalin-fixed 

liver sections were stained with Hematoxylin and eosin representative slides are 

shown, scale bar =50 μm. (F-H) Flow cytometry analysis of monocyte-derived 

macrophages, (CD45+CD11bhiF4/80lowMHCII+CD11c+, CD45+CD11bhiF4/80lowCD86+, 

CD45+CD11bhiF4/80lowCD68+). Levels of NE (I), and LCN2 (J), in serum as measured by 

ELISA. Whole-cell liver lysates were used to detect NE (K), LCN2 (L), and Cit-H3 (M) by 

ELISA. Co-immunofluorescence staining with NE and Histone H3 (N) and with LCN2 and 

Histone H3 (O) to visualize NETs production in mouse liver. scale bar=50 μm. (P) Formalin-

fixed liver sections were stained with Sirius red stain, and representative slides are shown. 
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(n=6–10 mice/group and average of 3–5 images per mice). Scale bar=50 μm. The percentage 

area of Sirius red staining is quantified using Image J. (Q) Liver lysates were analyzed by 

western blotting for α-SMA, using GAPDH as a loading control. The densitometric analysis 

of α-SMA is shown as bar graph. * p<0.05, **p<0.005, ***p<0.0005, ****p<0.00005 

(n=6mice/chow group and n=10mice/all other group).

Babuta et al. Page 28

Gut. Author manuscript; available in PMC 2024 October 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig 8. Alcohol binges plus MASH diet activates NLRP3 inflammasome and inhibition of NLRP3 
attenuates neutrophil infiltration and NETs formation in mice.
Liver RNA was used to determine Nlrp3 (A), Casp1 (B) and Il1b (C) mRNA levels 

by qPCR. 18s was used to normalize Cq values (n=6–8/group). Liver lysates were used 

to detect IL-1β by ELISA (D) and by western blot (E-F). Liver lysates were used to 

detect Cleaved Caspase-1 by western blot (G-H) (n=6–8/group). (I) Feeding schematics 

for combined liver injury with a therapeutic intervention of MCC950 or NLRP3-KO mice 

fed on MASH diet plus alcohol as described in Methods. (J-K) ALT & AST levels were 

measured from serum. (L) Formalin-fixed liver sections were stained with Hematoxylin and 

eosin representative slides are shown, scale bar =50 μm. (M) IL-1β level in the mice serum 

was detected by ELISA. (N) Flow cytometry analysis of neutrophils (CD45+CD11b+Ly6G+) 

in liver immune cells. Levels of CXCL1 (O), NE (P), and LCN2 (Q), in serum as measured 

by ELISA. Whole-cell liver lysates were used to detect CXCL1 (R), NE (S), and LCN2 (T), 

and Cit-H3 (U) by ELISA. (V) Formalin-fixed liver sections were stained with Sirius red 
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stain, and representative slides are shown. (n=6–8 mice/group and average of 3–5 images per 

mice). Scale bar=50 μm. (W-X) Liver lysates were analyzed by western blotting for α-SMA, 

using GAPDH as a loading control. The densitometric analysis of α-SMA is shown as 

bar graph. * p<0.05, **p<0.005, ***p<0.0005, ****p<0.00005 (n=6mice/NLRP3-KO group 

and n=8 mice/all other group).
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Fig 9. Schematic diagram depicting the mechanistic details of exacerbated liver fibrosis by 
MASH diet plus alcohol binge.
(A) Briefly, alcohol binges in MASH diet fed mice lead to increased neutrophil infiltration 

and NETs formation in NLRP3-depedent manner. NETs are sensed by monocytes and 

hepatic stellate cells via NLRP3 which promotes IL-1β production from monocytes and 

increases α-SMA and Collagen1 production from hepatic stellate cells. Activation of hepatic 

stellate cells and pro-inflammatory cytokine production from monocytes promotes liver 

damage and fibrosis. Neutrophil depletion by anti-Ly6G antibody, NETs disruption by 

DNase, and NLRP3 inhibition by MCC950, ameliorates liver damage and fibrosis. (B) NETs 

are sensed by hepatic stellate cells by NLRP3, which promotes IL-1β production from 

stellate cells. NLRP3 and IL-1β increase α-SMA production from hepatic stellate cells. 

Activation of hepatic stellate cells promotes fibrosis. Disrupting NETs by DNase, inhibiting 
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NLRP3 by MCC950, or blocking IL-1β by IL-1 receptor antagonist attenuates α-SMA 

production from hepatic stellate cells and reduces fibrosis.
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