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Mitochondrial DNA-enriched
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alcoholic neutrophilia and hepatotoxicity
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Over the last several years, one of the major advances in the field of alcoholic liver disease research
was the discovery that binge alcohol consumption induced neutrophilia and hepatic neutrophil
infiltration in chronically ethanol-fed mice and human subjects with excessive alcohol use (EAU);
however, the underlying mechanisms remain obscure. Here, we demonstrated that chronic

EAU patients with a history of recent excessive drinking (EAU + RD) had higher serum levels of
mitochondrial DNA (mtDNA)-enriched microparticles (MPs) than EAU without recent drinking (EAU
- RD) and healthy controls, which correlated positively with circulating neutrophils. Similarly, mice
with chronic-plus-binge (E10d + 1B) ethanol feeding also had markedly elevated serum levels of
mtDNA-enriched MPs, with activation of hepatic ER stress and inflammatory responses. Inhibition
of ER stress by gene KO or inhibitors attenuated ethanol-induced elevation of mtDNA-enriched
MPs, neutrophilia, and liver injury. The data from the study of hepatocyte-specific deletion of the
protein kinase RNA-like ER kinase (Perk) gene in mice and of cultured hepatocytes demonstrated
that hepatocytes were the main source of mtDNA-enriched MPs after ethanol feeding. Finally,
administration of mtDNA-enriched MPs isolated from E10d+1B-fed mice caused neutrophilia in
mice. In conclusion, E10d + 1B ethanol consumption activates hepatic ER stress-dependent mtDNA-
enriched MP release, leading to neutrophilia and liver injury.

Introduction

Excessive alcohol consumption is a leading cause of chronic liver disease and contributes to approxi-
mately half of liver cirrhosis in Western countries (1, 2). Despite the massive economic and health bur-
den of alcoholic cirrhosis, little development in therapeutic strategy has been made for patients with
this severe malady due to incomplete understanding in the mechanism and pathogenesis of alcoholic
liver disease (ALD) (1, 3). ALD represents a broad spectrum of hepatic pathology ranging from sim-
ple steatosis (fatty liver) to severe forms of liver injury, such as steatohepatitis, fibrosis/cirrhosis, and
hepatocellular carcinoma (HCC) (1). The earliest response of the liver to excessive alcohol drinking
is the accumulation of fat in the hepatocytes, which occurs in almost all heavy drinkers. Interestingly,
only 20%-40% of heavy drinkers develop steatohepatitis, which is characterized by infiltration of
neutrophils and hepatic inflammation in the presence of steatosis. Once developed, it can progress to
cirrhosis and HCC (4). However, the mechanisms underlying hepatic neutrophil infiltration in alcohol-
ics are not fully understood. Recently, we reported that chronic excessive alcohol use (EAU) patients
with recent excessive drinking (RD) (EAU + RD) had much higher levels of circulating neutrophils,
which positively correlated with elevated serum levels of alanine transaminase (ALT) and aspartate
transaminases (AST) when compared with those without RD (EAU — RD) and healthy controls (5).
These clinical data suggest that RD (or binge drinking) in patients with chronic EAU elevates periph-
eral blood neutrophils and likely leads to hepatic neutrophil infiltration and liver injury. Binge drink-
ing—mediated elevation of circulating neutrophils was also demonstrated in several mouse models. For
example, acute ethanol gavage markedly elevated circulating and hepatic neutrophils in chronically
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ethanol-fed mice or in high-fat diet-fed mice (6, 7). In addition, weekly ethanol binge also caused
significant hepatic neutrophil infiltration in chronically intragastric ethanol-fed mice (8). However, the
mechanisms by which binge drinking causes neutrophilia are not fully understood.

Chemotaxis driven by a variety of chemokines is the first step in recruiting neutrophils. Among these
chemokines, IL-8 is one of the most important chemokines for neutrophil recruitment in humans (9). It has
been reported that serum IL-8 levels are highly elevated and positively correlate with increased circulating and
hepatic neutrophil numbers, along with disease severity in patients with alcoholic hepatitis (10-12). CXCL1,
a functional homologue of human IL-8, plays a key role in promoting neutrophil recruitment in mice. Several
studies have demonstrated that hepatic and serum CXCL1 levels are elevated and contribute to the liver injury
in several mouse models of ALD (7, 13). Blockage of the CXCL1 receptor CXCR1/2 ameliorated alcoholic
steatohepatitis in mice (14). In addition to chemokines, extracellular vesicles (EVs) are new players in cell-
to-cell communication and play an important role in promoting inflammation and neutrophil infiltration in
a variety of diseases (15, 16), including liver diseases (17-25). EVs are nanometer-sized, membrane-bound
extracellular milieu vesicles derived from cells (17). Based on their cellular biogenesis, EVs can be divided into
3 groups based on their sizes; exosomes (40—150 nm diameter in size), microvesicles/microparticles (MPs,
50-1,000 nm diameter), and apoptotic bodies (>500 nm in diameter) (17). The functions of EVs are mediated
by delivering their contents from one cell to another. For example, stressed hepatocytes can activate macro-
phages via the release of EVs that contain lipids, proteins, chemokines, and nucleic acids (e.g., mitochondrial
DNA [mtDNA]) (17-25). However, whether EVs also contribute to the elevation of circulating and hepatic
neutrophils induced by acute-on-chronic alcoholic liver injury in human and mice remains unknown.

In the current study, we found that the levels of circulating EVs and MPs were much higher in EAU +
RD compared with those in EAU — RD patients and healthy controls and correlated positively with serum
levels of aminotransferases, circulating neutrophils, and serum MP mtDNA contents. To understand the
mechanisms by which EVs are released after acute-on-chronic liver injury, we performed chronic-plus-
binge (E10d + 1B) ethanol feeding in mice, in which we found that the levels of circulating MPs were also
markedly elevated after E10d + 1B ethanol feeding and that hepatic ER stress contributed to such elevation.
Additionally, mtDNA-enriched MPs from ethanol-fed mice promoted neutrophilia and liver injury via the
activation of TLRY, thereby inducing liver injury.

Results

Serum MP mtDNA contents are elevated and positively correlate with the levels of blood neutrophils in EAU + RD patients.
Our recent human data showed that EAU + RD patients had much higher levels of circulating neutrophils,
which positively correlated with elevated serum levels of ALT and AST (5). To further explore the underlying
mechanism of neutrophilia, particularly in those with recent excessive alcohol drinking, we analyzed serum
EVs, MPs, and mtDNA content in 171 EAU patients in whom serum samples were available. In agreement with
our previous data (5), the levels of circulating neutrophils were higher among 171 EAU subjects when compared
with healthy controls, which positively correlated with serum ALT levels (Supplemental Figure 1, A and B; sup-
plemental material available online with this article; https://doi.org/10.1172/jci.insight.92634DS1).

Next, we quantified the levels of circulating particles and mtDNA contents. As illustrated in Figure
1, A and B, the serum levels of particles were higher in EAU + RD patients compared with those in con-
trols and EAU — RD. A previous study reported the presence of plasma mtDNA within MPs in mice and
patients with nonalcoholic steatohepatitis (18). We therefore purified exosomes and MPs from human
sera and examined whether mtDNA is located either in the MPs or exosomes in these subjects. Here, we
found that both genomic DNA (Supplemental Figure 1C) and cytochrome ¢ oxidase subunit IIT (CYTO
C 0X) mtDNA (Figure 1C) were mainly detected in MPs, whereas exosomes only contained very low
levels of genomic DNA and Cyfo c ox mtDNA. Based on these results, the levels of mtDNA were only
measured in MPs in all subsequent experiments. As illustrated in Figure 1D, MPs from EAU + RD had
much higher levels of mtDNA than those from healthy controls and EAU — RD patients, while total
DNA content was comparable among the 3 groups (Supplemental Figure 1D).

Because mtDNA is known to promote neutrophil recruitment (26), we analyzed the correlation of
mtDNA with circulating neutrophils. As illustrated in Figure 1, E and F, the percentage of PMN and the
levels of circulating neutrophils positively correlated with the content of CY7TO C OX mtDNA in MPs in all
subjects in our study cohort. To further analyze the correlations among groups, we found that the positive
correlation was observed in EAU + RD subjects but not in EAU — RD and controls (Figure 1G).
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Figure 1. Serum MP mtDNA levels correlate with the levels of circulating neutrophils in patients with excessive alcohol use (EAU). (A) Representative
image of the number and diameter (nm) of the serum particles identified by using an NTA system. n = 4. (B) The total numbers of particles in the sera of
healthy control human (control, n = 30), EAU - RD (n = 71), and EAU + RD (n = 100) patients were counted using an NTA system. (C) MPs and exosomes
were isolated from human sera, E + M-free sera were also collected. Then, total DNA was extracted. The content of mtDNA was assessed by the mea-
surement of CYTO C OX gene copies. (D) The levels of CYTO C OX DNA in MPs from different groups are shown. (E and F) Correlation analyses between
CYTO C OX DNA in MPs and the percentage and total number of circulating neutrophils in all subjects. (G) Correlation analyses between CYTO C OX DNA
in MPs and the percentage and total number of circulating neutrophils in different groups. Ordinary 1-way ANOVA with Tukey’s test was performed in B
and D. *P < 0.05. Linear regression analyses were performed in E-G, and P values are shown in the figures.

insight.jci.org

E10d + 1B ethanol feeding induces neutrophilia and increases serum mtDNA and MPs. The above human
data suggest that recent excessive alcohol (binge) drinking leads to the elevation in the levels of serum
mtDNA and circulating neutrophils. To explore the underlying mechanisms, we used a E10d + 1B etha-
nol feeding mouse model, which mimics the EAU + RD pattern in humans (5). As illustrated in Figure
2A, the number and percentage of circulating neutrophils were also elevated in the E10d + 1B group
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Figure 2. Chronic-plus-binge ethanol feeding (E10d + 1B) induces neutrophilia and increases serum mtDNA in MPs. (A) Mice were subjected to pair-fed
(n=4),E10d (n = 4), and E10d + 1B (n = 6). The number and percentage of peripheral neutrophils were measured. (B) The number and diameter (nm) of the
serum particles were identified by using an NTA system. (C) The number of serum particles was calculated (n = 4). (D) The contents of Cyto c ox DNA in
serum exosomes and MPs, and E + M-free serum from E10+1B mice, were analyzed (n = 3). (E) Mice were subjected to pair-fed (n = 4), E10d (n = 4), E10d +
1B (n = 6), or acute ethanol gavage (n = 4) alone (1B). The content of Cyto c ox DNA in the serum E + M and E + M-free sera were measured. Ordinary 1-way
or 2-way (E) ANOVA with Tukey's test was performed. *P < 0.05, **P < 0.01.
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compared with pair-fed controls and chronic alcohol feeding alone (E10d). By using the nanoparticle
tracking analysis (NTA), we found that the number of serum particles was higher in E10d + 1B group
compared with pair-fed, E10d and 1B mice (Figure 2, B and C).

Furthermore, we measured Cyro c ox DNA in the exosomes, MPs, and exosomes + MP—free (E + M—
free) serum, and found that mtDNA was mainly detected in MPs, similar to the results in human subjects
(Figure 2D). Finally, Figure 2E shows that mtDNA levels in E + M particle mixtures were higher in E10d
+ 1B mice compared with pair-fed, E10d, and 1B mice.

E10d + IB ethanol feeding synergistically induces hepatic ER stress. Because it has been reported that
chronic ethanol feeding induces hepatic ER stress (27-29), and ER stress promotes hepatocytes to release
EVs (30), we asked whether elevation of serum MPs after E10d + 1B ethanol feeding was also due to the
induction of hepatic ER stress.

Electron microscopy analyses revealed obvious ER dilation in the livers from E10d + 1B etha-
nol-treated mice but not in pair-fed, E10d-, or 1B-treated mice (Figure 3A). To determine the presence of
ER stress, we examined hepatic expression of ER stress—related genes and proteins. As illustrated in Fig-
ure 3B, hepatic expression of several ER stress—related genes, including Chop, Erola, Gadd34, Bip, Bim,
Bak, and Dr5, were significantly upregulated in E10d + 1B—teated mice compared with pair-fed controls.
In contrast, no changes in hepatic expression of these genes were observed in E10d- and 1B-fed mice,
except hepatic Bip mRNA was elevated in 1B-treated mice (Figure 3C). Moreover, Western blot analyses
revealed that hepatic expression of several ER stress—associated proteins was markedly upregulated after
E10d + 1B treatment (Figure 3D). These proteins include phosphorylation of the eukaryotic initiation
factor 2 o subunit (P-eIF20), transcription factor C/EBP homologous protein (CHOP), and phosphor-
ylation of Jun-amino-terminal kinase (P-JNK). Expression of these proteins was elevated as early as 3
hours after gavage and reached the peak levels 9 hours after gavage (Figure 3D).

Increased hepatic CHOP protein expression in E10d + 1B-treated mice was further determined by
immunostaining. As illustrated in supplemental Figure 2, no CHOP* hepatocytes were detected in pair-
fed or 1B-fed mice. A few weakly CHOP" staining hepatocytes were also observed around the central
vein in the livers from E10d-fed mice. Interestingly, strong CHOP* stained hepatocytes around the cen-
tral vein were frequently observed in mice receiving E10d + 1B treatment.
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Figure 3. Chronic-plus-binge ethanol feeding synergistically induces hepatic ER stress. (A) Electron microscopy images of the liver from pair-fed,
1B, E10d, and E10d + 1B-treated mice. Arrows indicate the endoplasmic reticulum (ER). Note: substantial ER dilation is observed in E10d + 1B group.
Scale bar: 50 nm. (B and C) Real-time PCR analyses of mitochondrial apoptosis and ER stress-related genes in the liver (n = 4-6 per group). (D)

ER stress signaling-related proteins were detected by Western blot (left panel) and quantified (right panel) (n = 4). Ordinary 1-way ANOVA with
Tukey's test was performed within each gene. *P < 0.05, **P < 0.01, ***P < 0.001.
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E10d + 1B ethanol feeding induces ER stress and liver injury dependent on JNK2 activation. The above data show
that hepatic ER stress and JNK are activated after E10d + 1B ethanol feeding. To further confirm the role of
ER stress and JNK signaling in E10d + 1B—induced liver injury, E10d + 1B—fed C57BL/6J mice were treated
with ER stress inhibitors (4-phenylbutyric acid [PBA] and tauroursodeoxycholic acid [TUDCAY]) or total
JNK inhibitor (JNK inhibitor II). As shown in Figure 4A, hepatic mRNA expression levels of mitochondrial
apoptosis pathway (Bak, Bim) and ER stress—related genes (Chop, Erola, Gadd34) were lower in mice treated
with PBA, TUDCA, or JNK inhibitor IT compared with those treated with vehicle. Moreover, treatment with
PBA, TUDCA, and JNK inhibitor II ameliorated hepatic injury as demonstrated by a significant reduction
of serum levels of ALT (Figure 4B) and a significant reduction of hepatic neutrophil infiltration (Figure 4C).

JNK includes two major isoforms JNK1 and JNK2, and these two isoforms play many important
roles in the pathogenesis of liver diseases (31). To further dissect the role of JNK1 and JNK2 in E10d
+ 1B-induced ER stress and injury, E10d + 1B ethanol feeding experiments were performed in Jukl/~
and Jnk2”/~ mice, as well in Chop~’~ mice. As illustrated in Figure 4D, serum levels of ALT and AST
were significantly lower in Jnk2”/~ and Chop~~ mice than in WT mice. Serum levels of ALT and AST
were also lower in Jnkl~~ mice compared with WT mice, but this difference did not reach statistical
significance. Jnkl/~~ and Jnk2~- mice had comparable levels of liver steatosis while Chop~'~ mice exhib-
ited increased liver steatosis compared with WT mice (Figure 4, E and F). In agreement with these
findings, hepatic expression of CHOP protein was also markedly decreased in Jnk2”~ mice but not
in Jukl”~ mice (Figure 4G), suggesting that CHOP is a major downstream target of JNK signaling.
Moreover, hepatic expressions of Bim, Dr5, Chop, Erola, and Gadd34 mRNAs were lower in E10d +
1B-treated Jnk2’~ mice compared with WT mice (Figure 4H).

ER stress mediates E10d + 1B ethanol feeding—increased serum particles, mtDNA in particles, and neutrophil infil-
tration. Next, we examined whether ER stress contributes to the elevation of serum particles and mtDNA
after E10d + 1B feeding. As illustrated in Figure 5A, serum levels of particles in Juk2/~ and Chop’~ mice
were significantly lower than those in WT mice after E10d + 1B feeding, while comparable levels of serum
particles were found in Jukl/”~ mice and WT mice. Because Jnk2”/~ mice but not Jukl~~ mice had signifi-
cantly lower levels of liver injury (Figure 4D) and serum particles (Figure 5A) than WT mice, we only
examined Jnk2”~ mice but not Juk/~~ mice in the rest of studies.

Figure 5B shows that mtDNA contents in serum particles including exosomes and MPs from Jnk2~”~ and
Chop™~ mice were significantly lower than those in WT mice after E10d + 1B feeding. The number of MPO*
neutrophils in the liver was significantly elevated in WT mice after E10d + 1B challenge, and this elevation
was blunted in Jnk2”~ and Chop™~ mice (Figure 5C). In addition, circulating neutrophil numbers and percent-
age were markedly reduced in E10d + 1B—treated Chop~~ mice compared with WT mice (Figure 5D).

ER stress promotes particle release after E10d + 1B feeding dependent on hepatic inflammasome component
caspase-1 activation. Activation of the inflammasome has been shown to contribute to alcoholic steatohepa-
titis in mice after chronic alcohol feeding (32) or E10d + 1B ethanol feeding (33), and activation of inflam-
masome component caspase-1 promotes particle release (34). We hypothesized that ER stress promotes
particle release via the activation of the inflammasome in mice fed with E10d + 1B. As illustrated in Fig-
ure 6A, E10d + 1B feeding markedly upregulated hepatic expression of inflammasome-associated genes
(Caspl, Nirp3, and 111b). Expression of pro-CASP1 protein was downregulated, while cleaved caspase-1
protein (p20) was upregulated after E10d + 1B (Figure 6B), suggesting caspase 1 is activated. Hepatic
expression of Caspl, Nirp3, and Il1b mRNAs was lower in Jrk2”~ and Chop~~ mice compared with WT mice
after E10d + 1B (Figure 6C). In addition, expression of pro-CASP1 and cleaved CASP1 p20 was lower in
ethanol-fed Jnk2”~ and Chop™~ mice than in ethanol-fed WT mice (Figure 6D). Furthermore, treatment
with the ER stress inhibitors (PBA or TUDCA) or JNK inhibitor II prevented the elevation of hepatic
Nirp3, Caspl, and ILIb mRNA expression in ethanol-treated mice (Figure 6E). More importantly, serum
levels of mature IL-1p protein were significantly elevated after E10d + 1B challenge, and such elevation was
prevented with PBA or JNK inhibitor II treatment (Figure 6F).

To test whether caspase-1 contributes to ER stress—mediated induction of particle release,
the caspase-1 inhibitor Ac-YVAD-amk was used. As illustrated in Figure 6, G-K, treatment with
Ac-YVAD-amk markedly reduced serum particle number, mtDNA contents, serum ALT, and circu-
lating neutrophils after E10d + 1B feeding compared with those with vehicle treatment. Treatment
with Ac-YVAD-amk also slightly reduced the expression of Chop and Gadd34, but not Erola, Erolb,
Pdi, and Grp78 (Supplemental Figure 3).
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Figure 4. E10d + 1B-activated JNK2 and ER stress contribute to liver injury. (A-C) C57BL/6) mice were subjected to E10d + 1B feeding and received
i.p. injection of ER stress inhibitors (PBA at 1 mg/kg and TUDCA at 500 mg/kg) or JNK inhibitor Il (JNKin, 20 mg/kg) 15 min before gavage. Mice were
euthanized at 9 hours after gavage (n = 4-7 per group). (A) Hepatic mRNA levels of ER stress-related genes were analyzed by real-time PCR; (B)
serum ALT levels were measured; and (C) representative MPO staining images (x200) and quantification of MPO* cells per field (x100) in the liver are
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shown. Scale bar: 100 pm. Arrows indicate MPO+ cells (B-H) WT, Jnk17/-, Jnk2”/-, and Chop~~- mice were subjected to pair feeding or E10d + 1B feeding
and were euthanized at 9 hours after gavage. (D) Serum ALT and AST levels were measured (n = 5-10); (E) liver triglyceride content was measured (n =
5-9); (F) representative H&E staining images (x200) are shown; (G) Western blot analyses of CHOP and fB-actin in the liver (upper panel) and the cor-
responding quantification data (lower panel) are shown (n = 4-6 per group); and (H) ER stress-related genes in the liver were analyzed by real-time
PCR (n = 5-6 per group). Ordinary 1-way ANOVA with Tukey's test was performed. *P < 0.05, **P < 0.01, ***P < 0.001, P < 0.05.
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Hepatocytes are a source of elevated mtDNA in MPs after E10d + 1B ethanol challenge. Next, we tested
whether the increased mtDNA-contained MPs derived from hepatocytes after ethanol treatment by
performing 3 experiments. First, serum microparticles were isolated and subjected to Western blot for
analyses of CYP2E1 and B-actin. The results in Figure 7A show that CYP2E1 protein was detected in
the MPs from E10d + 1B mice but not in those from pair-fed mice. Second, primary hepatocytes were
treated with ethanol or ER stress inducer thapsigargin, followed by measurement of Cyfo ¢ ox DNA
levels in the supernatant MPs. As illustrated in Figure 7B, Cyto ¢ ox DNA levels in the supernatant
MPs were significantly higher in ethanol- or thapsigargin-treated groups than in control groups. Lastly,
hepatocyte-specific Perk-KO mice had significantly lower serum levels of MP mtDNA contents, ALT,
and circulating neutrophils after E10d + 1B feeding compared with the WT mice (Figure 7, C-F). Tak-
en together, our data confirmed that hepatocytes are the source of increased mtDNA in MPs.

MPs isolated from sera of E10d + 1B—treated mice induce neutrophilia in chronically ethanol-fed mice via a
TLR9-dependent mechanism. Previous studies reported that mtDNA promotes neutrophil infiltration via the
activation of TLR9 (26) and that activation of TLR9 contributes to E10d + 1B ethanol-induced liver injury
and inflammation (13). We next asked whether mtDNA in particles from E10d + 1B-treated mice contrib-
utes to liver injury and elevation of circulating neutrophils. To test this hypothesis, we purified mtDNA-en-
riched MPs from the sera of pair-fed and E10d + 1B—-treated mice, and we injected these MPs into chron-
ically ethanol-fed mice (E10d). As illustrated in Figure 8A, injection of MPs from E10d + 1B—treated mice
induced higher levels of total number of circulating neutrophils, monocytes, and lymphocytes in E10d-fed
WT mice but not in E10d-fed T/9- mice (Figure 8B). Injection of MPs from E10d + 1B-treated mice did
not significantly elevate serum ALT in E10d-fed WT mice compared with injection of MPs from pair-fed
mice, although there was a trend increase (Figure 8C). Injection of MPs from E10d + 1B mice or from pair-
fed mice generated comparable levels of serum ALT in E10d-fed 7779~ mice (Figure 8C).

Discussion

Previous studies have demonstrated that acute alcohol consumption induces neutrophilia in human subjects
with EAU, as well as in chronically ethanol-fed mice (5), but the underlying mechanisms remain obscure. In
this current study, we found that RD markedly elevated serum MPs that are rich in mtDNA and that their levels
are positively correlated with the levels of circulating neutrophils in EAU + RD patients. As mtDNA is known
to promote neutrophil recruitment (26), elevated mtDNAs in MPs likely contribute to neutrophilia in the EAU
+ RD group, as well as in the mouse model of E10d + 1B ethanol feeding. Mechanistically, we found that the
release of mtDNA-enriched MPs is secondary to the activation of ER stress and its activation of the inflam-
masome. The schematic diagram illustrating the proposed mechanism is summarized in Figure 9.

The role of ER stress in the pathogenesis of alcohol-induced liver injury has been described, especially in
a mouse model of chronic ethanol feeding (27-29). In our present study, we found that the activation of ER
stress is much greater in the E10d + 1B ethanol model when compared with either chronic ethanol feeding
(E10d) or binge (1B) model alone in mice. From the morphological standpoint using electron microscopy, we
observed obvious ER dilation in the liver from E10d + 1B mice, suggesting that short-term chronic ethanol
feeding sensitizes mice to binge drinking—induced ER stress activation. It is well known that chronic ethanol
feeding upregulates hepatic CYP2E1 protein levels and that elevated CYP2E1 exacerbates hepatic ER stress
(35, 36). Thus, it is plausible to speculate that short-term ethanol feeding elevated hepatic CYP2E1 levels,
which make the liver become more susceptible to an additional ethanol binge—induced ER stress.

ER stress is known to induce liver injury via the induction of apoptosis (27-29). In the current study, we
provided several lines of evidence suggesting a novel mechanism by which ER stress promotes liver injury
via the induction of circulating neutrophils and hepatic neutrophil infiltration. First, genetic deletion of ER
stress—related genes (e.g., Chop, Jnk2, Perk) markedly prevented E10d + 1B—induced elevation of serum ALT
and AST, serum particles (MPs, exosomes), and activation of the caspase-1 inflammasome. Second, a critical
role of ER stress in E10d + 1B ethanol-induced neutrophilia and liver injury was also confirmed by the stud-
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cating that ER stress—dependent caspase-1 activation
contributes to MP release and subsequent neutro-
philia and liver injury. However, the mechanisms by
which activation of caspase-1 promotes MP releases
in hepatocytes remain unknown. A recent study suggests that activation of caspase-1 plays a critical role in
promoting macrophages to release highly pro-coagulant thromboinflammatory MPs by degrading filamin
and facilitating cell-surface actin exposure (2 important cascades required for MP generation and release)
(34). Whether this mechanism also contributes to caspase-1-induced MP release in our E10d + 1B model
required further studies. In addition, activation of the caspase apoptotic pathway (caspase-3 and caspase-8)
promotes MP release in several types of cells, including neutrophils (37), adipocytes (38), and hepatocytes
(21). It will be interesting to investigate whether caspase-1 activation of pyroptosis, a type of programed cell
death that is different from apoptosis (39), also contributes to MP formation and release.

ER stress activated JNK, which plays an important role in the pathogenesis of liver diseases (31). JNK
has several isoforms, including JNK1 and JNK2, both of which are expressed in hepatocytes and may
exert different functions in the liver. For example, previous studies revealed that JNK1 prompted steatosis,
while JNK2 inhibited hepatocyte death in mouse models of steatohepatitis induced by feeding a high-fat
diet or methionine- and choline-deficient (MCD) diet (40, 41). In addition, it was reported that JNK1, but
not JNK2, promoted liver cancer progression in a mouse model of chemical-induced liver carcinogenesis
(42). In contrast, JNK2 plays a more critical role than JNK1 in inducing hepatocyte apoptosis in a model
of Con A/D-galactosamine—induced liver injury (43). In the present studies, our data also suggest that
JNK2, not JNK1, plays an important role in E10d + 1B ethanol-induced liver injury and inflammation.
These discrepant data on JNK1 and JNK2 may be because of the different animal models used that may
preferentially activate different isoforms of JNKs in the liver.

Circulating mtDNA levels were elevated and contributed to the pathogenesis of NASH by activating
macrophages (18). It is possible that the elevation of mtDNA-enriched MPs in our E10d + 1B model
also promotes macrophage activation and likely hepatic inflammation. In addition, we provided further
evidence suggesting that highly elevated mtDNA-enriched MPs are important in the pathogenesis of alco-
hol-induced liver injury via the activation of neutrophils. We found that injection of MPs, which were iso-
lated from the sera of mice with the E10d + 1B model, can cause neutrophilia in mice chronically fed with
ethanol, likely through its receptor, TLRY, as neutrophilia caused by injection of MPs was diminished in
TIr9”~ mice. In addition to mtDNA, many other components in MPs produced by stressed hepatocytes —
such as CD40 ligand (21), CXCL10 (24), ceramide (30), and miRNAs (25) — have also been implicated in
promoting hepatic inflammation. However, future studies are needed to determine whether these non-mtD-
NA components also play roles in the induction of neutrophils in our E10d + 1B model.

In conclusion, chronic alcohol consumption with binge drinking results in an increase in the levels of
circulating mtDNA—enriched MPs, as a consequent of ER stress activation. These mtDNA-enriched MPs
can cause neutrophilia and promote liver injury. Targeting mtDNA-enriched MPs may be a novel and
attractive strategy for the treatment of ALD through their regulation of neutrophil functions.

insight.jci.org  https://doi.org/10.1172/jci.insight.92634 9



RESEARCH ARTICLE

_ 4_- E10d+1B3h " E10d+1B9h col ah on oh
=y —
e | — ' * ProO-CASP 1| romss s s e s e st o o s o o e
= 3 ,
> : : CASP1 p20 el =l i — -
T2 1 {’ ) -I- ASC | o e e e - -
] o
2 .. 3. : - B-ACTIN | ™ S — -
R £ R S
L) . b
€ . . ‘
Casp1  Nirp3 b
c - WT D E10d+1B
T8 . —= * Jnk2* WT Jnk2 - Chop -
° * * . -l
36. — 1 — XYL | S —
<®]: N
¥ i CASP1 p20|== s s o we e e = —
x ,] .I. —
Ak i T . asC PR . —— —.
>
21 -, .. B-ACTIN [ s s e s v v ——
S | #F -ag 4%
0 T T = T
Casp1  Nirp3 I11b
E * Vehicle + TUDCA F * G *x
—_— ] —
257 "PBA "JINKin gy =3
3 .
-— * c E
€ 20{ = £ S
P . o 6 E 3 2-
= . - - = ]
151 . = - st
e T4 1 £y
[ - o 14
> 1.01 '{' R
z i 5 2 [ + ©%2
< 051 . ' ' K . - X
x * & ¥ - "0 i" 'i_ — _.% T N T
0.0 . = Pair- Vehicle PBA JNKin Vehicle Ac-YVAD-cmk
’ Casp1  Nirp3 fed E10d+1B
H kK l K
5107 — 400 ekl 80 =3 .
(=] . j (] ° * = ;
% 8 E) = oo e
Z 7| * Vehicle + =300 I » 60 $ =
S 61« Ac-YVAD-cmk  ° 3 ' s « g2
3 c-YVAD-cm <200 o40{ &
34 4 3 : § % £ I
* © 100 % Z 1 g . ]
o 2- ) 1 20
o " z =
9.. 0l —eees  sunme— 0 T T 0 . . 0 i I..
S E+M free serum E+M Vehicle Ac-YVAD Vehicle Ac-YVAD Vehicle Ac-YVAD
-cmk -cmk -cmk

Figure 6. ER stress-dependent activation of caspase-1 contributes to E10d + 1B-induced elevation of particles and mtDNA contents in serum. (A)
C57BL6) mice were subjected to E10d + 1B feeding, and liver tissues were collected at 3 hours (h), 6 h, and 9 h after gavage and subjected to real-time
PCR analysis of inflammasome-related genes (n = 4-6 per group). (B) Western blot analyses of pro-CASP1, CASP1p20, ASC, and B-actin in the liver
are shown (n = 4-6 per group). (C) WT, Jnk2~-, and Chop™- mice were subjected to E10d + 1B feeding. Hepatic inflammasome-related genes were
analyzed by real-time PCR. The value in pair-fed WT mice was set as 1 (n = 6). (D) Western blot analyses of pro-CASP1, CASP1 p20, ASC, and B-actin in
the liver are shown (n = 4-6). (E and F) C57BL/6) mice were subjected to E10d + 1B feeding and received ER stress inhibitors (PBA and TUDCA) and JNK
inhibitor 1 15 min before gavage (n = 4-6). Inflammasome-related genes were analyzed by real-time PCR (E), and serum IL-1B was measured by ELISA
(F). (G-K) E10d + 1B-treated mice were i.p. pretreated with vehicle or Ac-YVAD-cmk (12.5 umol/kg) 15 min before gavage (n = 4-5). (G) serum particle
numbers, (H) Cyto c ox DNA contents in serum E + M and E + M-free sera, () serum ALT levels, and (J) the percentage and (K) number of peripheral
neutrophils were determined. Ordinary 1-way ANOVA with Tukey’s test was performed. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 7. Hepatocytes are a source of increased mtDNA in MPs and contribute to neutrophilia. (A) Serum microparticles were isolated and subjected to
Western blot; CYP2E1 and B-actin were detected. (B) Mouse hepatocytes were isolated and cultured, and they were treated with control, ethanol, and ER
stress inducer thapsigargin for 3 hours. Cyto c ox DNA levels in the supernatant MPs per 1 x 10° hepatocytes were measured (n = 3 per group). (C-F) WT and
hepatic Perk-KO (Perk"¢*-/) mice were subjected to E10d + 1B feeding (n = 5-7 per group). (C) Cyto c ox DNA contents in serum E + M, (D) serum ALT levels,
(E) peripheral neutrophils, and (F) the percentage of peripheral neutrophils were measured. Ordinary 1-way ANOVA with Tukey's test was performed in B;
unpaired Student t test was performed in other panels. *P < 0.05, **P < 0.01, ***P < 0.001.

Methods

Human subject cohort. The recruitment strategy of the human subject cohort was reported in our previous
study (5). In brief, healthy controls were recruited from the clinics at the Roudebush Veterans Administra-
tion Medical Center, and patients with chronic EAU were from Fairbanks Drug and Alcohol Treatment
Center (Indianapolis, Indiana, USA). Based on the information from the Time Line Follow-Back question-
naire (44), we dichotomized EAU subjects into those with and without RD (EAU + RD and EAU — RD,
respectively), based on the history of alcohol consumption within the 10 days before the enrollment. For
this study, a total of 201 subjects were included (30 healthy controls, 100 EAU + RD, and 71 EAU — RD).

Mice. Ten- to 12-week-old female C57BL/6J mice were used in this study. Mice were housed in a tem-
perature-controlled room with a 12-hour dark/12-hour light cycle. WT, Jukl”-, Juk2”-, and Chop~~ mice
on a C57BL/6J background were purchased from The Jackson Laboratory and bred at the NIAAA animal
facility. Perkte*’- mice were obtained by crossing Perk floxed mice (The Jackson Laboratory) with Albumin
Cre transgenic mice (The Jackson Laboratory) for several steps. T/79~~ mice on a C57BL/6 background
were provided by Giorgio Trinchieri (National Cancer Institute, Rockville, Maryland, USA). All animals
were cared for in accordance with the NIH guidelines.

E10d + 1B ethanol feeding protocols. The E10d + 1B feeding model was described previously (45). Briefly, 10- to
12-week-old female mice were initially fed a controlled Lieber-DeCarli liquid diet (catalog F1259SP, Bio-Serv)
ad libitum for 5 days during acclimatization. Subsequently, the ethanol-fed groups were allowed free access to
an ethanol diet (catalog F1258SP, Bio-Serv) containing 5% (v/v) ethanol for 10 days. On day 11, they received
a single dose of ethanol (5 g/kg body weight) via oral gavage in the early morning and were sacrificed 3, 6, or 9
hours later. In addition, mice were fed an ethanol Lieber-DeCarli diet for 10 days as described for chronic feed-
ing (designed as E10d) or received a single dose of ethanol (5 g/kg body weight) via gavage in the early morning
(designed as 1B) and were sacrificed 9 hours later. In some experiments, mice received ER stress inhibitors (PBA,
catalog 8209860025, 1 mg/kg; TUDCA, catalog 580221, 500 mg/kg) (EMD Millipore) by i.p. injection, JNK
inhibitor IT (catalog 420119, 20 mg/kg) (EMD Millipore) by i.m. injection, and caspase-1 inhibitor Ac-YVAD-
cmk (Cayman Chemical, catalog 10014) by i.p. injection approximately 15 minutes before oral gavage.
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Biochemical assays. Serum ALT and AST levels were determined by a Catalyst Dx chemistry analyzer
(IDEXX Laboratories Inc.).

Liver histology and IHC. Liver specimens were fixed in 10% buffered formalin and embedded in paraffin.
Then, 4-um sections were used for IHC staining. IHC staining for myeloperoxidase (MPO) and CHOP were
performed using a prediluted rabbit anti-MPO polyclonal antibody (catalog PP 023 AA, Biocare Medical
LLC.) and anti-CHOP (catalog 5554, Cell Signaling Technology), respectively, followed by a rabbit ABC
staining kit (catalog PK-6101, Vector Laboratories Inc.), according to the manufacturer’s instructions. MPO*
cells were analyzed and quantified randomly from 10 microscopic fields at 100X magnification per sample.

Electron microscopy analyses of liver tissues. Liver tissues were fixed with 2% glutaraldehyde in 0.1 M phos-
phate buffer (pH 7.4) followed by 1% OsO,. After dehydration, tissue sections were stained with uranyl acetate
and lead citrate and were analyzed under a JEM 1016CX electron microscope (JEOL USA Inc.).

Quantitative PCR. Total cellular RNA was isolated from liver tissues using an RNeasy mini-kit (cata-
log 74104, Qiagen). RNA (1 pg of total) was reverse-transcribed by random primers and incubated with
200 U of Moloney murine leukemia virus transcriptase at 37°C for 1 hour. The resulting single-stranded
cDNA was then subjected to real-time PCR analyses with 18S rRNA as the internal control. Primer
sequences are shown in Supplemental Table 1.

Western blotting. Tissues were homogenized in RIPA lysis buffer at 4°C, vortexed, and centrifuged at
10,000 g at 4°C for 10 minutes. The supernatants were mixed in Laemmli loading buffer, boiled for 10
minutes, and then subjected to SDS-PAGE. After electrophoresis on 4%—12% Bis—Tris gel, proteins were
transferred onto nitrocellulose membranes and blotted against respective primary antibodies overnight.
Membranes were washed with 0.1% (v/v) Tween 20 in PBS (pH 7.4) and incubated with a 1:5,000 dilution
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Figure 9. A model depicting the mechanisms by which
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of horseradish peroxidase—conjugated secondary
antibody for 1 hour. Protein bands were visualized
by SuperSignal West Femto Maximum Sensitivity
Substrate (catalog 34095, Thermo Fisher Scientific).

Isolation and characterization of MPs, exosomes, and
E + M from human and mouse sera. Human sera were
centrifuged at 3,000 g for 30 minutes to remove cell
debris and then at 15,000 g for 30 minutes at 4°C
to pellet MPs as previously described (18). The
supernatant was added to the appropriate volume of
ExoQuick Exosome precipitation solution (catalog
EXOQ5A-1, System Biosciences). The exosomes
were then isolated according to the ExoQuick kit
protocol as described in the kit instruction.

Kupffer cell

In most mouse experiments, E + M mixtures were isolated. Briefly, mouse sera were centrifuged at
3,000 g for 30 minutes to remove cell debris and then were added to the appropriate volume of ExoQuick
Exosome precipitation solution. The E + M mixtures were then isolated according to the ExoQuick kit
protocol. The resulted supernatant was considered as E + M—free serum. In some mouse experiments,
exosomes and MPs from mouse sera were also separately isolated by using the methods described above for
isolation of these particles from human sera.

NTA. The concentration (particles/ml) and size distribution of EVs in mouse and human serum
samples were analyzed using a Nanosight LM10 instrument with a 405 nm laser, NTA version 3.1 soft-
ware (Malvern Instruments), and a constant flow rate syringe pump. A standard operating procedure
file was used for each measurement, consisting of five 60-second captures. Samples were diluted with
sterile 1x PBS to obtain a measurable particle concentration between 5 x 107 and 5 X 10° particles/ml.

Injection of serum MPs and injection of MPs. Briefly, 1 ml of serum mixture from E10d + 1B or pair-fed mice
were centrifuged at 3,000 g for 30 minutes to remove cell debris and then at 15,000 ¢ for 30 minutes at 4°C to
get MP pellets. The MP pellets (~4 X 10'? particles) were resuspended in 150 ul PBS and injected (i.v.) to the
to the E10d WT or T/#9/- mice.

DNA quantification. DNA was extracted from 200 pl of plasma with QIAmp DNA mini kit (catalog
51306, Qiagen) according to the manufacturer’s instructions, and gPCR was performed for the quan-
tification of mtDNA using commercial primer. mtDNA was quantified using mouse Cyfo ¢ ox primers
(5'-ACCAAGGCCACCACACTCCT-3", 5-ACGCTCAGAAGAATCCTGCAAAGAA-3") and human
Cyto ¢ ox primers (5-ATGACCCACCAATCACATGC-3', 5'-ATCACATGGCTAGGCCGGAG-3") as
described previously (26, 46).

Cytokine measurement. Serum IL-1p levels were measured by a mouse ELISA Kit (catalog MLBOOC,
R&D Systems).

Statistics. The results are expressed as the mean + SEM. All statistical analyses were performed using
Prism 7 (GraphPad). Group comparisons were performed using the 2-tailed unpaired ¢ test or 1- or 2-way
ANOVA, followed by Tukey’s post-test as appropriate. P < 0.05 was considered statistically significant.

Study approval. Animal care and experiments were conducted under the guidelines and protocols
approved by the NIAAA Animal Care and Use Committee. The human studies were approved by the
Indiana University Purdue University IRB, the Research and Development Committee of the Roudebush
Veterans Administration Medical Center, and Fairbanks Drug and Alcohol Treatment Center. All partici-
pants provided written informed consent.
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