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ABSTRACT OF THE DISSERTATION 

 

 

The role of hepatic mitochondrial biliverdin exporter ABCB10 in hepatic non-alcoholic 

fatty liver disease (NAFLD) and alcoholic liver disease (ALD) 

 

by 

Vincent Manuel Gutierrez 

 

Doctor of Philosophy in Molecular, Cellular, and Integrative Physiology 

University of California, Los Angeles, 2023 

Professor Orian Shirihai, Chair 

 

Non-alcoholic fatty liver disease (NAFLD) and alcoholic liver disease (ALD) are both 

characterized by altered mitochondrial respiratory capacity, steatosis, increased 

oxidative stress, and inflammation. ATP-binding cassette B10 (ABCB10) is an inner 

mitochondrial membrane protein that has been shown to participate in redox protection 

in hematopoietic cells and cardiomyocytes. While it is highly expressed in the liver, it is 

unknown if ABCB10 has a role in pathogenesis of NAFLD or ALD. Here I address these 

gaps in knowledge by first describing ABCB10 transport cargo. We find that ABCB10 

exports the heme by-product biliverdin (BV) for subsequent reduction to lipophilic 

antioxidant bilirubin (BR), confirming the mechanism by which ABCB10 exerts 

antioxidant activity. Moreover, we find that ABCB10 content is differentially altered in 
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NAFLD versus ALD. Here, I describe how increased hepatic ABCB10 promotes NAFLD 

by decreasing mitochondrial respiration and promoting redox-mediated insulin 

resistance, both of which lead to hepatosteatosis. Conversely, severe alcoholic hepatitis 

in mice and patients results in decreased hepatic ABCB10 content. However, hepatic 

ABCB10 in both mild alcoholic steatohepatitis (ASH) and severe AH does not exert 

similar effects on mitochondrial respiration and steatosis as in NAFLD. Here I 

demonstrate that hepatic ABCB10 is not the pivot point which determines progression of 

ALD nor is it determinative of hepatic mitochondrial respiratory function in ASH or AH 

but rather mitigates the formation of hepatotoxic neutrophil extracellular traps (NETs) in 

severe ALD. Future research understanding the role of ABCB10-mediated BR 

generation and its role redox signaling/homeostasis can provide novel therapeutic 

approaches to treating liver disease. 

 

ABCB10 exports mitochondrial biliverdin, driving metabolic maladaptation in obesity 

While the impact of hydrophilic antioxidants on hepatic insulin resistance and non-

alcoholic fatty liver disease (NAFLD) is well understood, the function of lipophilic 

antioxidants in these conditions is not as clear. Bilirubin, a lipophilic antioxidant known 

for scavenging hydrogen peroxide (H2O2), undergoes oxidation to biliverdin within 

mitochondria. This biliverdin is then exported to the cytosol and reduced back to 

bilirubin by cytosolic biliverdin reductase (BLVRA). The process of biliverdin export from 

mitochondria is crucial for the regeneration of bilirubin and its role in intracellular H2O2 

scavenging. Our research identified ABCB10 as the transporter responsible for 

exporting biliverdin from mitochondria. We observed that ABCB10 assists in 
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transporting biliverdin and that its deletion leads to biliverdin build-up inside 

mitochondria. In mice, obesity and insulin resistance were found to increase ABCB10 

expression in the liver, boosting both cytosolic and mitochondrial bilirubin levels in an 

ABCB10-dependent way. Surprisingly, deleting ABCB10 in the livers of obese mice led 

to protection against steatosis and high blood sugar. This was accompanied by 

improved insulin regulation of glucose production and reduced expression of the 

lipogenic enzyme SREBP-1c. This protective effect correlated with better mitochondrial 

performance and increased deactivation of PTP1B, an enzyme that interferes with 

insulin signaling and boosts SREBP-1c expression. Reintroducing bilirubin in ABCB10 

knockout hepatocytes negated these beneficial effects, highlighting bilirubin's 

detrimental role associated with ABCB10 activity. Therefore, we've uncovered a vital 

transport mechanism that magnifies the effects of intracellular bilirubin in insulin 

resistance and steatosis during obesity. 

 

The mitochondrial biliverdin exporter ABCB10 mitigates the formation of neutrophil 

extracellular traps in alcoholic hepatitis 

Effective treatment for acute liver failure due to alcoholic hepatitis (AH) is currently limited 

to liver transplantation. AH-affected livers exhibit a distinct molecular pattern, marked by 

impaired redox metabolism in hepatocytes and the presence of neutrophils that produce 

myeloperoxidase (MPO) and create neutrophil extracellular traps (NETs). Enhanced NET 

formation and MPO activity are known to aggravate liver damage in AH, both in mice and 

as a predictor of poor outcomes in human patients. Understanding the mechanisms that 

inappropriately trigger NET formation in the liver could lead to new treatments for AH. It 
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remains uncertain if the redox imbalances in AH hepatocytes directly promote NET 

formation. Our research indicates that in AH, both human and mouse livers show reduced 

levels of the mitochondrial biliverdin exporter ABCB10, which is essential for producing 

the ROS-neutralizing agent bilirubin within hepatocytes. We found that increasing 

ABCB10 expression in the hepatocytes of mice with AH effectively reduced MPO gene 

expression and histone H3 citrullination, an indicator of NET formation. This anti-

inflammatory action appears to be due to ABCB10’s role in lessening ROS-induced 

effects in the liver. Specifically, increasing ABCB10 activity led to a decrease in hepatic 

4-HNE protein adducts without notably impacting mitochondrial fat metabolism or 

reducing steatosis and hepatocyte death. Therefore, our findings suggest that ABCB10's 

role in managing ROS within hepatocytes can alleviate the harmful activation of 

neutrophils to form NETs in AH. Enhancing ABCB10 function in hepatocytes might thus 

reduce acute liver failure in humans by curbing the inflammatory response triggered by 

excessive NET formation.  
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INTRODUCTION 

 

Heme function and metabolism 

Heme is an essential and complex molecule with a critical role in oxygen 

transport, cellular respiration, and enzymatic reactions. It is a vital component of 

hemoglobin, myoglobin, and many enzymes involved in redox reactions and cellular 

respiration. Heme is a cyclic, organic molecule consisting of a porphyrin ring at its core. 

This porphyrin ring contains four nitrogen atoms coordinated with a central iron (Fe) 

atom. The iron atom can exist in two oxidation states: ferrous (Fe²⁺) and ferric (Fe³⁺)1. 

Heme is a critical component of oxygen transport via hemoglobin, a protein found 

in red blood cells. Hemoglobin binds to oxygen in the lungs and carries oxygen 

throughout the body. The iron atom at the center of the heme molecule can reversibly 

bind to oxygen. When oxygen binds to heme, it forms oxyhemoglobin. This enables the 

efficient transport of oxygen from the respiratory system to cells, where it is needed for 

energy production through aerobic respiration. In addition to hemoglobin, heme is also 

found in myoglobin, a protein primarily found in muscle tissue. Myoglobin acts as an 

oxygen reservoir (oxymyoglobin) in muscles, storing oxygen and releasing it when 

needed during periods of increased oxygen demand, such as during physical activity1. 

Heme is also a cofactor for several inactive apo-heme proteins that are 

converted to active hemoproteins when heme is incorporated. The ability of the iron 

core at the center of heme to change oxidation states, allows these hemoproteins to 

participate in oxido-reducing reactions2. While hemoglobin and myoglobin are used to 

transport and store oxygen, hemoproteins are used for a wide array of biological 
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functions. Cytochrome P450 enzymes play a crucial role in detoxification of drugs, 

xenobiotics, and endogenous compounds in the liver. In addition, heme is used in both 

catalases and peroxidases, which are responsible for breaking down hydrogen peroxide 

(H2O2) into water and oxygen, protecting cells from oxidative damage caused by excess 

hydrogen peroxide3. Nitric oxide synthase (NOS) enzymes also use heme to produce 

nitric oxide (NO), a signaling molecule involved in regulating blood vessel dilation and 

neurotransmission4. Finally, heme-containing proteins are integral components of the 

electron transport chain (ETC) in mitochondria, where they participate in the transfer of 

electrons during cellular respiration to produce adenosine triphosphate (ATP), the cell's 

primary source of energy5.  

In addition to being a site of high concentration of hemoproteins, the 

mitochondria also serve as the site of heme biosynthesis5. Heme biosynthesis occurs 

primarily in the liver and bone marrow in humans and involves multiple enzymatic 

reactions. Biosynthesis begins with the condensation of succinyl-CoA and glycine, a 

reaction catalyzed by the enzyme δ-aminolevulinate synthase (ALAS), the rate-limiting 

enzyme in heme production. This reaction results in the formation of δ-aminolevulinic 

acid (ALA). Intermediary steps involve the assembly of the porphyrin ring and the 

incorporation of iron into the ring. Once heme is synthesized, it can be incorporated into 

hemoglobin, myoglobin, and other hemoproteins. It is important to note that the 

regulation of heme biosynthesis is tightly controlled to ensure that de novo heme 

production is proportional to the demand of de novo hemoproteins. This is achieved 

through transcriptional regulation of heme biosynthetic and degradative enzymes via 

heme response elements (HREs)6. These motifs are located in enhancer regions and 
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have been shown to bind heme. HREs have also been shown to contain an antioxidant 

response element (ARE) binding motif, allowing for co-regulation by NF-E2 transcription 

factors (NF-E2, Nrf2, Nrf2)7. NF-E2 transcription factors have been shown to coordinate 

the expression of cytoprotective genes involved in antioxidant defense, phase II 

detoxification, and xenobiotic stress during oxidative insult.  

While heme has many beneficial functions, heme excess can induce cellular 

damage via the formation of ROS. Heme is normally sequestered within hemoglobin in 

red blood cells, myoglobin in muscle cells, and within various hemoproteins as 

previously described1,2. Sources of unbound, labile heme include: excess de novo 

synthesis or oxidative-stress induced liberation from hemoproteins3. Free heme 

provides an abundance of redox-active iron. This free iron is highly reactive and can 

participate in Fenton and Haber-Weiss reactions, interacting with hydrogen peroxide 

(H2O2), leading to the production of free radicals like superoxide anion (O2•−) and 

hydroxyl radicals (•OH). Excessive ROS production overwhelms antioxidant defense 

systems, which include enzymes like catalase, superoxide dismutase, glutathione 

peroxidase, and thioredoxin8. These enzymes act as secondary antioxidants by 

converting hydroperoxides into stable, non-radical by-products. Primary antioxidants are 

molecules that act to scavenge ROS, which includes Vitamins C and E in addition to 

minerals like Selenium and Zinc8. Lipid-soluble Vitamins C and E are components of the 

plasma membrane redox system responsible for extracellular electron transfer9. Zinc is 

required for antioxidant enzyme superoxide dismutase to detoxify singlet oxygen radials 

and can inhibit ROS-generating NADPH oxidases10,11.  Selenium is a necessary 

component of antioxidant selenoproteins glutathione peroxidase and thioredoxin12. 
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When these defense mechanisms are unable to neutralize the excess ROS, oxidative 

stress can lead to a range of deleterious cellular consequences.  Lipophilic heme can 

intercalate into the phospholipid bilayer, where redox-active iron can catalyze the 

formation of lipid peroxides leading to increased membrane permeability and 

subsequent lytic cell death13,14. Heme-induced oxidative stress can also alter proteins 

via oxidative post-translational modifications (OPTMs)15. While some OPTMs are 

reversible (like sulfenation, nitrosylation, and gluathionylation), abundant oxidative 

stress can induce irreversible modifications (like carbonylation). While reversible 

OPTMs are not uniformly deleterious as these modifications can participate in crucial 

redox signaling cascades (i.e. insulin signaling), excess heme can induced irreversible 

modifications, leading to proteolysis or intracellular protein aggregation16–18. 

Additionally, free heme can damage DNA leading to base modifications, strands breaks, 

and cross-links3. Heme-induced oxidative stress is associated with various pathologies, 

such as hemolytic disorders, ischemia-reperfusion injury, inflammatory diseases, and 

neurodegenerative diseases19,20.   

 In addition to primary and secondary antioxidants, there are heme-specific 

extracellular and intracellular mechanisms to protect from heme-induced oxidiatve 

stress. Molecules such as haptoglobin and hemopexin act as extracellular heme 

chelators.  Haptoglobin will bind free heme for transportation to and degradation by 

macrophages in the reticuloendothelial system21. However, hemoglobin in circulation 

can be easily oxidized to methemoglobin when plasma haptoglobin buffering capacity is 

exceeded, thus releasing free heme. Hemopexin is a high-affinity heme scavenger able 
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to reduce heme toxicity by maintaining heme lipophilicity, decreasing heme’s ability to 

catalyze radical formation as well as sequestering iron essential to microorganisms22. 

 Though there are cellular antioxidant defense mechanisms and hemoglobin/heme 

chelators, the final protection mechanism from heme-induced oxidative stress is 

intracellular enzymatic degradation. Though the heme-hemopexin complex is 

recognized by the ubiquitous LDL receptor-related protein 1 (LRP1)23, suggesting that 

extracellular heme can be recycled, hepatic delivery is essential for complete heme 

detoxification.  The enzyme responsible for heme degradation is heme oxygenase, 

which is located in the endoplasmic reticulum and consists of three isoforms (HO-1, HO-

2, HO-3)19,24. HO converts heme to hydrophilic biliverdin (BV), vasodilatory carbon 

monoxide (CO), and ferrous iron (Fe2+). In hepatocytes, BV can be further reduced to 

lipophilic antioxidant bilirubin (BR) by the cytosolic enzyme biliverdin reductase 

(BLVR)25. BR can then undergo conjugation to glucuronic acids via UGT1A1 in the 

endoplasmic reticulum and subsequent excretion into bile acid, urine, or feces24,  

Thus, HO confers protection from heme-induced oxidative stress via two 

mechanisms: decreased pro-oxidant heme content as well as increasing production of 

the antioxidant metabolite unconjugated BR.  While HO-2 is ubiquitously expressed, 

HO-1 is highly inducible. Stimuli such as heme (the most potent inducer), hypoxia, 

ischemia-reperfusion, inflammation, and heat shock have been shown to increase HO-1 

expression in a variety of tissues but specifically in the liver19,24,26. BR has been shown 

to not only scavenge H2O2 and peroxyl radicals, preventing lipid peroxidation, but also 

to increase nuclear Nrf2 transcription factor aggregation, upregulating HO-1 expression 

in hepatocytes25,27,28. Reduction of BV to BR and interconversion of BR back to BV via 
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ROS-induced oxidation produces a powerful physiologic antioxidant cycle. Lipophilic BR 

has been shown to diffuse across cell membranes including mitochondria, where high 

concentrations decrease ATP production. Conversely, intramitochondrial BR can be 

beneficial in reducing ROS at a site of high oxidative potential. This poses a potential 

problem as scavenging intramitochondrial ROS can lead to trapping if hydrophilic BV in 

the mitochondrial matrix. Studies have evinced that a plasma membrane BV exporter is 

necessary for BV export to the bile as patients with BLVR mutations present with 

hyperbiliverdinemia, producing a green jaundice29. Identifying a mitochondrial BV 

exporter is key to understanding this redox cycle as BLVR is only expressed 

cytosolically. Control of cellular BR is key to balancing beneficial antioxidant effects with 

the detrimental decrease in mitochondrial ATP production.  

Heme plays a crucial role in oxygen transport, cellular respiration, drug 

detoxification, and various redox reactions. Heme biosynthesis involves multiple steps 

and is tightly regulated to match the body's needs. However, excess heme can lead to 

cellular damage by forming ROS. These ROS can overwhelm the body's antioxidant 

defenses, leading to oxidative stress and cellular damage. Fortunately, the body has 

mechanisms to mitigate heme-induced oxidative stress, including antioxidant defenses 

and heme-specific chelators like haptoglobin and hemopexin. Additionally, heme is 

degraded by heme oxygenase enzymes, which convert it into less harmful by-products, 

playing a critical role in protecting against heme-induced oxidative stress. 

Understanding the balance between heme's beneficial and harmful effects, particularly 

in relation to cellular energy production and antioxidant capabilities, is crucial for 

comprehending its role in various oxidative and inflammatory pathologies.  
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ATP-Binding Cassette (ABC) proteins and their role in disease. 

ATP-binding cassette (ABC) proteins constitute a large and diverse family of 

membrane transport proteins that are found in all forms of life, from bacteria to humans. 

In the 1970s, researchers discovered proteins in bacteria that were involved in the 

active transport of a wide range of substrates, including ions, sugars, amino acids, and 

peptides. The name "ATP-binding cassette" was coined in the 1980s to describe these 

proteins due to their shared feature of binding and hydrolyzing ATP to transport 

substrates across cellular membranes30,31. The first characterized ABC transporter in 

bacteria was the histidine permease, discovered in the bacterium Salmonella 

typhimurium32. Subsequent research led to the identification of numerous ABC 

transporters in bacteria, including those involved in the import and export of essential 

nutrients and toxins. It became evident that ABC transporters were not limited to 

bacteria but were also present in eukaryotic organisms, including humans. The first 

eukaryotic ABC transporter, P-glycoprotein (P-gp/MDR1), was discovered in the early 

1980s30,31. As more ABC transporters were identified in various organisms, they were 

classified into different subfamilies based on sequence homology and function. The 

classification included ABCA to ABCG subfamilies33. These transporters were found to 

play crucial roles in diverse processes such as lipid transport, drug resistance, antigen 

presentation, and many other cellular functions30,31. 

 

Over time, researchers began to elucidate the structure and mechanism of ABC 

transporters. They found that these proteins typically consist of two transmembrane 

domains (TMDs) and two nucleotide-binding domains (NBDs). The TMDs are 
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responsible for substrate binding and transport across the membrane, while the NBDs 

bind and hydrolyze ATP, providing the energy necessary for substrate translocation. 

Understanding ABC transporters became particularly important in medicine due to their 

role in drug resistance and various genetic diseases. ABC transporters, particularly 

MDR1, are involved in multidrug resistance. In cancer cells, these export anticancer 

drugs, reducing their effectiveness and contributing to cell invasion, metastasis, and 

eventually treatment failure30,31. Mutations in ABC transporters also lead to disease, 

such as cystic fibrosis. The mutated CFTR (Cystic Fibrosis Transmembrane 

Conductance Regulator) gene encodes an ABC transporter. CFTR is responsible for 

transporting chloride ions across cell membranes, and defective CFTR channels result 

in thick, sticky mucus in the airways, leading to respiratory problems.  

Several ABC transporters have been linked to metabolic diseases due to their 

involvement in the transport of lipids, cholesterol, and other metabolites. ABC proteins 

involved in cholesterol transport have been linked with atherosclerosis and 

cardiovascular disease. ABCA1 is crucial for the efflux of cholesterol and phospholipids 

from cells to form high-density lipoprotein (HDL) particles, increasing the risk for 

cardiovascular disease. Mutations in the ABCA1 gene are associated with Tangier 

disease and familial hypoalphalipoproteinemia, which are characterized by low levels of 

HDL cholesterol34. Mutations in ABCG5 and ABCG8 (Sterolin-1 and Sterolin-2) can lead 

to sitosterolemia, a rare autosomal recessive disorder characterized by the 

accumulation of plant sterols in the body and increased risk of atherosclerosis35. 

Additionally, many ABC transporters in the liver assist in the formation of bile. ABCB4 is 

responsible for the translocation of phospholipids into the bile, a crucial step in the 
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formation of bile micelles. Mutations in the ABCB4 gene can result in progressive 

familial intrahepatic cholestasis (PFIC) or low-phospholipid-associated cholelithiasis 

(LPAC), both of which are associated with liver and gallbladder dysfunction36.  ABCB11 

is primarily expressed in the liver and is essential for the secretion of bile salts into the 

bile. Mutations in ABCB11 (Bile Salt Export Pump, BSEP) can lead to progressive 

familial intrahepatic cholestasis type 2 (PFIC2) and benign recurrent intrahepatic 

cholestasis (BRIC), both of which affect bile flow and can result in hepatic metabolic 

disturbances37–39.  

Though ABC transporters are prevalent in the liver and involved in lipid 

metabolism, ABC proteins have yet to be linked with major liver diseases, such as non-

alcoholic fatty liver disease (NAFLD) or alcoholic liver disease (ALD). Four 

mitochondrial ABC proteins have been discovered: ABCB6, ABCB7, ABCB8, and 

ABCB1040. ABCB10 forms homodimers inner mitochondrial membrane and is highly 

expressed in hematopoietic and cardiac tissues. The processes of erythropoiesis as 

well as cardiac ischemia-reperfusion injury both challenge the mitochondria with 

increased oxidative stress. Treatment of homozygous ABCB10 knockout (ABCB10 -/-) 

erythroid progenitors with a mitochondrial specific super oxide dismutase (SOD) 

mimetic prevented heme-induced oxidative stress and restored hemoglobin synthesis. 

This rescue effect was not seen when treating with cytosolic antioxidant N-acetyl-

cysteine, suggesting ABCB10 functions to decrease mitochondrial oxidative stress 

during heme synthesis and erythrocyte differentiation41.  Additionally, heterozygous 

ABCB10 deletion (ABCB10 +/-) in cardiac tissue was shown to increase susceptibility to 

oxidative stress during ischemia-reperfusion injury, leading to reduced recovery of 
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hemodynamic function and oxidative damage of both the mitochondria and 

sarcoplasmic reticulum calcium ATPase (SERCA). These markers of cardiac damage 

and dysfunction post-reperfusion were restored to wild-type levels when treating with a 

superoxide dismutase/catalase mimetic (EUK-207)42. In addition to cardiac and 

hematopoietic tissues, ABCB10 is also highly expressed in hepatocytes, which have the 

2nd highest rate of heme production.  While it was thought that ABCB10 would play a 

role in export of ALA or heme from the mitochondria, two rate-limiting steps in heme 

synthesis, these studies suggest ABCB10 functions to protect against mitochondrial 

oxidative stress. NAFLD and ALD have both been shown to have abhorrent 

lipid/cholesterol metabolism and increased oxidative stress, processes that have been 

shown to involve ABC proteins43,44.   

ATP-binding cassette (ABC) proteins form a large family of membrane transport 

proteins found in all life forms. They are known for binding and hydrolyzing ATP to 

transport various substrates across cellular membranes. ABC transporters are divided 

into subfamilies (ABCA to ABCG) and play roles in lipid transport, drug resistance, 

antigen presentation, and other cellular functions. These transporters are significant in 

medicine, particularly in drug resistance in cancer (e.g., MDR1 transporter) and genetic 

diseases like cystic fibrosis, caused by mutations in the CFTR transporter. ABC 

transporters are also implicated in metabolic diseases through their role in lipid and 

cholesterol transport, with mutations in certain transporters leading to conditions like 

Tangier disease, sitosterolemia, and progressive familial intrahepatic cholestasis. 

Although prevalent in the liver, a link between hepatic ABC proteins and major liver 

diseases like NAFLD or ALD has not yet been established.  While ABCB10 has been 
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studied for their role in reducing oxidative stress during erythropoiesis and protecting 

cardiac tissue from ischemia-reperfusion injury, ABCB10 mutations in humans have not 

been identified or linked with any pathological states. Understanding the role of ABCB10 

in NAFLD and ALD may offer crucial insights into new therapeutic strategies for two 

prevalent liver pathologies characterized by increased mitochondrial oxidative stress.  
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Chapter 1: ABCB10 exports mitochondrial biliverdin, driving metabolic 

maladaptation in obesity.      
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Chapter 2: The mitochondria biliverdin exporter ABCB10 mitigates the formation 

of neutrophil extracellular traps in alcoholic hepatitis. 

INTRODUCTION 

The only effective treatment available for acute liver failure as a result of alcoholic 

hepatitis (AH) is liver transplantation, which shows the dire need for new therapies to treat 

AH1. Livers of AH patients show a unique molecular signature that separates them from 

livers of patients with non-alcoholic steatohepatitis (NASH) and even with alcoholic 

steatohepatitis (ASH)2. This AH-specific signature consists of a transcriptional 

reprogramming in hepatocytes that induces a defective metabolic and redox state, with a 

concurrent infiltration of neutrophils in the liver parenchyma2. Different studies support a 

“goldilocks” role of these infiltrated neutrophils in AH pathogenesis3. Some degree of 

neutrophil infiltration and activation allows the elimination of damaged hepatocytes and 

bacteria that entered through a leaky gut caused by alcohol consumption. Neutrophilic 

activity can thus fight infection and resolve inflammation as well, which is needed to 

replace dead hepatocytes and prevent fibrosis3.  

However, an overactivation of neutrophils can contribute to liver failure specific of 

AH4. Recent evidence demonstrates that an excessive formation of neutrophil 

extracellular traps (NETs) by hyperactive neutrophils is a key mechanism contributing to 

liver failure in AH5. Mitigating neutrophil activation and NET formation was sufficient to 

improve liver function in mice with AH, while increased NETs in humans with AH is 
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associated with poor prognosis. In this context, whether the selective defects in the 

metabolic and redox state of hepatocytes induced by AH contribute to the pathogenic 

hyperactivation of neutrophils to form NETs is unclear. 

Our laboratory recently identified a novel mitochondrial mechanism regulating 

metabolism and redox in hepatocytes in non-alcoholic fatty liver disease (NAFLD)6. In 

mice fed a high fat diet, we found a maladaptive upregulation of the mitochondrial 

transporter that exports the heme catabolism product biliverdin from the mitochondria to 

the cytosol: the ATP binding cassette B10 (ABCB10)6. This maladaptive increase in 

ABCB10 function elevated bilirubin synthesis in hepatocytes, as cytosolic biliverdin 

reductase A can transform exported biliverdin into bilirubin6. High intracellular 

concentrations of bilirubin have a combined effect decreasing both ROS and 

mitochondrial respiration6. Accordingly, hepatocyte-specific deletion of ABCB10 

protected from high-fat diet induced hepatic steatosis and insulin resistance, by 

increasing mitochondrial respiration and restoring ROS-dependent insulin signaling6. As 

a result, the excessive increase in bilirubin production mediated by ABCB10 in high-fat 

diet fed mice altered hepatocellular metabolism and redox to favor steatosis and insulin 

resistance6. However, the role of hepatic ABCB10 and its redox actions on alcoholic liver 

disease are completely unknown.  

Here, we determined the role of hepatic ABCB10 in ASH and AH. Our 

results show a selective decrease in hepatic ABCB10 protein content in AH, but 

not in ASH. Furthermore, we find an anti-inflammatory role of ABCB10 that it is not 

mediated by changes on mitochondrial respiratory capacity nor by eliminating 

intrahepatic lipids. Rather, we identify that ABCB10 actions regulating ROS-
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mediated actions determine the degree of activation of infiltrated neutrophils to 

form NETs. 

RESULTS 

ABCB10 is decreased in livers with alcoholic hepatitis (AH), but not in mice with 

alcoholic steatohepatitis (ASH). 

Hypometabolism with an altered redox state is a hallmark of hepatocytes from 

human livers with alcoholic hepatitis (AH), which is markedly different from less severe 

stages of alcoholic steatohepatitis (ASH)2. We previously showed that an upregulation of 

the mitochondrial biliverdin exporter ABCB10 exacerbated non-alcoholic liver disease 

(NAFLD), by decreasing mitochondrial function and suppressing beneficial ROS-derived 

signals in hepatocytes6. However, the role of ABCB10 redox actions on alcoholic liver 

disease is unknown.  

To determine the role of ABCB10 in alcoholic liver disease, we first measured the 

effects of ASH and AH on ABCB10 protein content in total liver lysates. We observed a 

78% decrease in ABCB10 protein content in human patients with AH, when compared to 

non-alcoholic donors (Control) (Fig. 2-1A). This is the exact opposite behavior previously 

published in livers from mice with NAFLD, where ABCB10 protein content was increased6. 

To model human ASH and AH in mice, ethanol binges are administered by oral gavage 

to effectively induce neutrophil infiltration in the liver parenchyma. The NIAAA model of 

10 days of ethanol diet plus a single binge induces steatosis and neutrophil infiltration, 

but without fibrosis (ASH)7. Females under the NIAAA model develop more inflammation 

and liver damage than males, therefore females recapitulate better some hallmarks of 

human ASH7. On the other hand, the hybrid-binge AH model consists of intragastric 
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feeding of a high-fat and alcohol diet, plus ad libitum consumption of  Western diet for 7 

weeks, plus a total of 6 ethanol binges delivered weekly8,9. Accordingly, this hybrid-binge 

AH model induces a higher degree of liver fibrosis, hepatocyte death, severe neutrophil 

infiltration, ductular reactions and even bilirubin-stasis, resulting in a more severe 

phenotype similar to moderate AH in humans 8,9. Only male mice are used in this hybrid-

binge AH model, as the higher susceptibility of females to alcohol toxicity causes an 

excessively high attrition rate8,9.  

As in humans, we observed a significant decrease in liver ABCB10 protein content 

in male mice with AH induced by the hybrid-binge model (Fig. 2-1B). In marked contrast, 

ABCB10 content was not decreased in female mice with ASH induced by the NIAAA 

model (Fig. 2-1C). These data indicate that a decrease in hepatic ABCB10 may contribute 

to liver damage observed in AH, but not in milder forms of alcoholic liver disease, such 

as ASH. Furthermore, these data show an opposite behavior of ABCB10 protein in AH 

versus NAFLD, which strongly supports a specific role of ABCB10 downregulation in AH. 

 

Increasing ABCB10 content in hepatocytes decreases neutrophilic biomarkers in 

livers from mice with AH.  

Close to 90% of ABCB10 mRNA and protein content in the liver is confined to 

hepatocytes6 (Fig. 2-2A,B). Therefore, the AH-induced decrease in ABCB10 protein in 

total liver lysates is mostly due to the loss of ABCB10 in hepatocytes. To determine the 

contribution of the decrease in ABCB10 protein content in livers with AH, we increased 

ABCB10 content selectively in hepatocytes of the hybrid-binge AH male mice. This 

increase was achieved by transducing male mice with adeno-associated virus encoding 
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for ABCB10, whose expression was controlled by a fragment of the albumin promoter 

(AAV-ABCB10). Mice transduced with the same AAV8 backbone, but encoding for GFP, 

were used as controls (AAV-GFP). Transduction was performed 1-2 weeks prior to the 

start of the hybrid AH diet, which enabled peak ABCB10 transgene expression by the 

start of the diet.  

AAV-ABCB10-transduction caused a 70% increase in ABCB10 protein content in 

the liver, measured at the final point of the diet (7-8 weeks after transduction) (Fig. 2-2C). 

Both control and ABCB10 transduced mice showed similar concentrations of alcohol in 

plasma, supporting the absence of large changes in ethanol detoxification induced by 

ABCB10 gain-of-function in hepatocytes (Fig. 2-2D). No differences in liver weight-to-

body weight ratio (Fig. 2-2E) or in serum AST and ALT (Fig. 2-2D) were observed in AAV-

ABCB10-transduced male mice with AH. In marked contrast, we observed a remarkable 

80% decrease in total liver myeloperoxidase (MPO) mRNA content in AAV-ABCB10 

transduced male mice (Fig. 2-2G). The mRNA content of another neutrophil marker, 

Neutrophil Elastase (ELANE), showed a 42% decrease as well (Fig. 2-2G). Thus, 

ABCB10 gain-of-function induced a decrease in MPO and ELANE mRNA content that 

was not associated with a reduction in hepatocyte detoxification or damage. MPO and 

ELANE are abundant and essential proteins for neutrophil function that are used as 

neutrophil markers. To evaluate whether the decrease in MPO and ELANE mRNA 

content in total liver lysates was explained by a decrease in neutrophil infiltration in the 

liver, we measured MPO positive foci of cells in liver sections from AAV-ABCB10-

transduced mice. We observed a milder decrease in MPO foci (35%) induced by AAV-

ABCB10 transduction when compared to the decrease in MPO mRNA, but that did not 
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reach statistical significance (Fig. 2-2H). These data suggest that hepatic ABCB10 

actions may mitigate the exacerbated activity of neutrophils in AH by decreasing MPO 

and ELANE expression, while potentially showing some mild or no effects decreasing 

infiltration. 

 

ABCB10 hepatocyte-specific deletion is not sufficient to drive progression from 

ASH to AH. 

The “multiple hit theory” of alcoholic liver disease suggests that progression from 

simple steatosis to steatohepatitis and ultimately cirrhosis occurs due to complex gene-

environment interactions, resulting in a heterogenous pathogenic response to alcohol 

intake between individuals.  The difference in liver ABCB10 content between mouse 

models of ASH and AH suggest that ABCB10 loss may serve as a critical “hit” in the 

progression to AH. To determine whether loss of ABCB10 in hepatocytes is sufficient to 

drive progression from ASH to AH, we induced ASH in hepatocyte-specific ABCB10 KO 

(L-KO) female mice, by feeding these L-KO females  with the NIAAA model (10 days 

Lieber de Carli + 1 binge). The choice of females was explained by the fact that the NIAAA 

model induces a higher degree of ASH in females when compared to males, 

recapitulating human ASH better7. Loss of ABCB10 in females did not aggravate 

hepatomegaly (Fig. 2-3A), triglyceride or NEFA accumulation (Fig. 2-3B,C) or increased 

serum AST and ALT activity after NIAAA model feeding (Fig. 2-3D). Consistent with the 

absence of changes in hepatic steatosis induced by ABCB10 loss (Fig. 2-3B,C), ABCB10 

L-KO female mice did not show changes in mitochondrial fat expenditure capacity: similar 

respiration rates were observed in isolated ABCB10 KO mitochondria fueled by palmitoyl-
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carnitine (Fig. 2-3E). In addition, no significant changes in complex I- or II-driven 

respiration were observed, further confirming no impact of ABCB10 loss on mitochondrial 

oxidative capacity in ASH (Fig. 2-3F,G). 

With our previous data showing an anti-inflammatory effect of ABCB10 gain-of-

function in mouse livers with AH, we next aimed to determine whether ABCB10 deletion 

could selectively exacerbate neutrophilic inflammation induced by the NIAAA model. 

ABCB10 L-KO females  fed the Lieber-de Carli diet for 10 days plus one binge (NIAAA 

model) did not show an increase in total myeloperoxidase (MPO) protein when compared 

to WT mice (Fig. 2-4A,B). Additionally, we did not observe an increase in oxidative stress 

in ABCB10 L-KO livers, as no differences in the total content of oxidized lipid adducts with 

proteins (4-HNE adducts) were observed (Fig. 2-4C). These data indicate that hepatic 

ABCB10 loss-of-function in females with ASH is not sufficient to drive progression to AH. 

Consequently, ABCB10 protection from oxidative damage and inflammation might only 

be required under stresses that induce more liver inflammation and damage than the 

NIAAA model. 

 

The decrease in neutrophilic inflammatory capacity induced by ABCB10 gain-of-

function in mice with AH is not explained by an upregulation in mitochondrial fat 

expenditure.   

We previously published that loss of hepatic ABCB10 in male mice with NAFLD 

increased mitochondrial respiration and protected from hepatic steatosis6. However, 

ABCB10 deletion had no effects on mitochondrial function in lean mice fed a chow diet6 

or, as shown here, in female mice  fed the Lieber-de Carli diet with one binge (NIAAA 
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model). Thus, the effects of ABCB10 on mitochondrial oxidative capacity appear to be 

strictly dependent on the metabolic context of the hepatocyte. As a result, it was a 

possibility that ABCB10 gain-of-function improved mitochondrial function to eliminate pro-

inflammatory non-esterified fatty acids (NEFA) in male mice with AH.  

To test this possibility, we measured mitochondrial oxidative capacity in male mice fed 

the hybrid-binge AH diet and transduced with AAV-ABCB10. ABCB10 gain-of-function 

did not upregulate fatty acid oxidation capacity of liver mitochondria isolated from livers 

with AH, as shown by similar respiratory rates under palmitoyl-carnitine (Fig. 2-5A). 

Confirming that overall mitochondrial oxidative capacity was not augmented by ABCB10 

gain-of-function, complex I and complex II-driven respiration were not increased (Fig. 2-

5B,C). As expected from the lack of changes in mitochondrial fat oxidation capacity, we 

did not see a decrease in intrahepatic triglycerides (Fig. 2-5D) nor in NEFA content 

induced by ABCB10 gain-of-function (Fig. 2-5E). These results suggest that improved 

mitochondrial fat oxidation and decreased lipid accumulation are not the mechanism by 

which ABCB10 gain-of-function mitigates neutrophilic inflammation in AH. 

 

Hepatic ABCB10 gain-of-function in AH does not alter the expression of cytokines 

and chemokines that recruit immune cells, nor the content of AH-related PAMPs 

and DAMPs. 

 

Livers with AH show an increase in the expression of pro- inflammatory cytokines and 

chemokines, which promote neutrophil recruitment and activation8,9. To determine 

whether ABCB10 gain-of-function mitigated the actions of pro-inflammatory cytokines 
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produced by hepatocytes in livers with AH, we measured the effects of AAV-ABCB10 

transduction on gene expression of these cytokines in livers from male mice fed the hybrid 

diet AH model. ABCB10 gain-of-function did not downregulate the mRNA content of pro-

inflammatory molecules such as TNFalpha, IL-1beta, IL-6 (Fig. 2-6A). Moreover, the 

expression of anti-inflammatory IL-10 was not increased by hepatic ABCB10 gain-of-

function (Fig. 2-6A).  

The inflammatory response of liver to AH can involve the recruitment and activation of 

different immune cells beyond neutrophils, including monocytes and resident 

macrophages. We found that ABCB10 gain-of-function did not decrease the mRNA 

content of monocyte chemo-attractants, such as CCL2, CCL3 and CCL4, nor of the 

macrophage cell surface marker CD68 (Fig. 2-6B). These data indicate that ABCB10 

activity in hepatocytes does change the generation of signals attracting monocytes, nor 

the presence of macrophages in livers from male mice with AH.    

Similar to monocytes, neutrophils are recruited to sites of inflammation and damage via 

cytokine gradients. Alcohol intake in mice induces the expression of neutrophil recruiting 

chemokines CXCL1, CXCL2, CXCL5 and their receptor CXCR2 in liver.  Specifically, 

hepatic-derived CXCL1 is a neutrophil chemoattractant with a key role in AH12. However, 

hepatic ABCB10 gain-of-function did not decrease the mRNA content of neutrophil-

specific cytokines in mice with AH, including CXCL1 (Fig. 2-6C). The lack of decreased 

CXCL1 expression was also confirmed at the protein level (Fig. 2-7).  In addition to 

cytokine and chemokine gradients attracting inflammatory cells to the liver, neutrophils 

must transmigrate from liver sinusoids into the parenchyma. Livers with AH were 

previously demonstrated to have an upregulation in the expression of integrins and 
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selectins involved in neutrophil transmigration, namely ICAM, VCAM, SELE, SELP, ESL-

1 and PSGL-113,14. We did not observe a decrease in the expression of these neutrophil 

transmigration proteins induced by ABCB10 gain-of-function (Fig. 2-6D). These results 

further support that decreased neutrophil infiltration is not the mechanism by which 

ABCB10 mitigates neutrophilic inflammation in AH. 

In addition to hepatocyte damage, AH promotes neutrophil activation by damaging the 

intestinal barrier to enable the infiltration of bacterial PAMPs (pathogen associated 

molecular pattern) into the portal vein, as well as by hepatocytes rising the production of 

DAMPs (damage associated molecular patterns), such as HMGB1. Boosted HMGB1 

protein production in hepatocytes was demonstrated to exacerbate alcoholic liver 

disease15. Accordingly, HMGB1 deletion in hepatocytes protected from ALD by increasing 

mitochondrial fat oxidation15. To determine whether ABCB10 gain-of-function in 

hepatocytes could mitigate neutrophil inflammation by decreasing bacterial PAMP 

content and/or HMGB1, we quantified the content of liposaccharide (LPS, bacterial 

PAMP) in serum and of HMGB1 protein in liver from mice under the hybrid-AH model and 

overexpressing ABCB10. No differences were observed in LPS and HMGB1 content (Fig. 

2-8A,B), supporting that ABCB10 gain-of-function was not mitigating neutrophilic 

inflammation by decreasing the content of AH-related PAMPs (LPS) and DAMPs 

(HMGB1). 

 

Hepatic ABCB10 gain-of-function decreases NET formation and ROS-mediated 

actions in livers from mice with AH. 
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Neutrophils form extracellular traps (NETs) as part of their antimicrobial function. These 

NETs are formed by decondensed chromatin released to the extracellular space, together 

with MPO and ROS, to trap and kill bacteria16. Recent studies showed that a maladaptive 

and excessive formation of NETs can contribute to liver damage and thus acute liver 

failure observed in human AH5. To determine if hepatic ABCB10 mitigated neutrophilic 

inflammatory capacity in mice with AH by decreasing NET formation, we quantified the 

amount of NETs formed in livers of mice with AH and ABCB10 gain-of-function. Histone 

H3 citrullination in Arg17 (CitrH3) is the key neutrophil-specific process that enables the 

decondensation of chromatin needed to form NETs16. Therefore, by measuring CitrH3 

content in liver lysates by Western blot, as well as by visualizing NETs via 

immunodetection of CitrH3 in liver sections, NET formation can be quantified in the liver. 

Remarkably, we found that hepatic ABCB10 gain-of-function decreased histone H3 

citrullination (CitrH3) in mice with AH, as shown by a 50% decrease in CitrH3/histone H3 

ratio (Fig. 2-9A-D) and a decrease in the visualization of CitrH3 positive NETs in liver 

sections (Fig. 2-9G). These data indicate that hepatic ABCB10 activity modulates the 

ability of neutrophils to form extracellular traps in AH. The lack of a decrease in total MPO 

and neutrophil elastase (ELANE) protein in liver induced by ABCB10 gain-of-function (Fig. 

2-9E,F), further support a more important role of hepatic ABCB10 in decreasing the 

function of infiltrated liver neutrophils, when compared to neutrophil infiltration per se. 

 

Oxidative stress is a major activator of NET formation in neutrophils17–19. ABCB10 was 

previously shown to decrease oxidative damage in differentiating erythrocytes and 

stressed cardiomyocytes20. Furthermore, we previously showed that ABCB10 increased 
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the production of bilirubin within hepatocytes6, with bilirubin being a lipophilic molecule 

that decreases H2O2 and lipid peroxide content. However, whether hepatocyte-derived 

pro-oxidants regulated by ABCB10 actions promote NET formation in AH is unknown. To 

determine whether ABCB10 gain-of-function decreased pro-oxidant actions in AH, we 

measured the actions of lipid peroxides in livers of mice with AH transduced with AAV-

ABCB10. These actions of lipid peroxides, one of them being 4-HNE, can be quantified 

by measuring the formation of 4-HNE-protein adducts by Western blot. We found that 

ABCB10 gain-of-function significantly decreased 4-HNE-protein adduct content in mice 

with AH (Fig. 2-9H). These results suggest that a decrease in pro-oxidant content induced 

by ABCB10 gain-of-function in hepatocytes can be responsible for the decrease in NET 

formation in livers of mice with AH.  

 

DISCUSSION 

Our study identified that ABCB10 downregulation in liver is a novel metabolic and 

redox defect of human and mouse livers with AH, with decreased ABCB10 content having 

an important contribution to the degree of NET formation in livers from mice with AH. To 

our knowledge, ABCB10 is one of the first redox regulators identified that communicates 

the hepatocellular redox state to infiltrated neutrophils, to determine the extent of NET 

formation in AH. Therefore, our findings inform that upregulating hepatocyte-ABCB10 

expression could be a novel approach to treat 40% of the patients with AH that do not 

responding to current treatments (prednisolone)1, by mitigating the maladaptive formation 

of pro-inflammatory NETs. In agreement with this expectation, ABCB10 gain-of-function 

did not completely suppress NET formation: ABCB10 only mitigated NET formation in the 
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context of excessive neutrophil activation induced by AH. Restoring the endogenous 

ABCB10 protein lost in a pathogenic state (AH) would be expected to prevent only the 

excessive formation of NETs. Thus, we believe that restoring ABCB10 expression could 

not have a strong inhibitory effect blocking NET formation when the neutrophils are 

directly sensing PAMPs and DAMPs. ABCB10 restoration in hepatocytes would only 

block excessive formation of NETs occurring on top of and probably independently of 

direct PAMP and DAMP sensing in neutrophils. 

 

To investigate the exact role of hepatic ABCB10 downregulation in AH, we used a 

mouse model of AH that recapitulated the downregulation of ABCB10 protein observed 

in human livers. The widely used NIAAA model of ASH in mice, a 10-day Lieber de Carli 

diet plus one ethanol binge 7, can induce neutrophil infiltration to the liver parenchyma, 

recapitulating one hallmark of AH. On the other hand, the hybrid-binge AH model8,9 of 7-

week intragastric ethanol feeding, with ad libitum consumption of the Western diet 

combined with weekly ethanol binges, mimics AH patient drinking and dietary behavior, 

as well as reproducing key histologic features of clinical AH. When studying the effects of 

these models, we found that ABCB10 content was only decreased in the hybrid-binge AH 

model and not in the NIAAA model. Just as Argemi et al.2 identified unique phenotypic 

differences between human livers with early ASH and decompensated with AH, we 

believe that the hybrid-binge AH model recapitulates AH, while the NIAAA model mimics 

ASH in humans. Altogether, these data indicate that ABCB10 downregulation can be 

playing a specific role in the development of AH, but not in earlier and milder stages of 

alcoholic liver disease.  
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To determine the exact role of ABCB10 downregulation in AH pathogenesis, we 

studied the effects of hepatocyte ABCB10 gain-of-function on liver inflammation in mice 

with AH.  We discovered that ABCB10 gain-of-function mitigated neutrophilic 

inflammation in liver, as evidenced by a significant decrease in MPO and neutrophil 

elastase (ELANE) gene expression with a trend to decreased neutrophil infiltration. Even 

though MPO is widely used a specific marker of neutrophils and AH is characterized by 

a marked increase in neutrophil infiltration, MPO can also be expressed in macrophages. 

However, we did not observe difference in the content of CD68, a specific marker of 

macrophages, while we also observe a decrease in ELANE expression. These data 

confirmed that differences in MPO expression and staining induced by ABCB10 gain-of-

function stem from infiltrated neutrophils, as expected in livers with AH. In this regard, we 

provide additional evidence supporting that hepatocyte-ABCB10 is mostly regulating the 

activity of infiltrated neutrophils, rather than neutrophil infiltration per se: 

 

The first evidence is the absence of significant decreases in liver MPO and ELANE 

protein content induced by ABCB10 gain-of-function, despite the decrease in MPO and 

ELANE gene expression. MPO and ELANE are highly abundant in neutrophils and are 

essential for their antibacterial and pro-inflammatory activity, with MPO and ELANE being 

secreted from activated neutrophils17,18. The discrepancy between MPO and ELANE 

transcript and protein suggests a decrease in MPO and ELANE turnover (i.e. increased 

storage, decreased release), characteristic of decreased neutrophil secretory activity. 

The second line of evidence is the absence of differences in the expression of cytokines 
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and chemokines involved in neutrophil activation and recruitment to the liver. The third 

line is the lack of changes in the expression of selectins, integrins and other components 

facilitating transmigration of immune cells to AH livers. The fourth and last line is that 

ABCB10 gain-of-function was not decreasing HMGB1 protein content in liver, which is a 

hepatocyte-generated DAMP that promotes ALD by suppressing mitochondrial fat 

oxidation15, nor decreasing LPS, a bacterial PAMP whose presence is caused by alcohol-

induced damage of the gut. These later set of data is consistent with the absence of 

changes in mitochondrial fat oxidation and hepatocyte damage when ABCB10 activity 

was changed in mice with ALD. Thus, the molecular signature of livers with ABCB10-

gain-of-function does not support a decrease in the capacity to recruit immune cells or in 

the presence of DAMPs and PAMPs in livers with AH, but rather a specific change in 

neutrophil pro-inflammatory activity.  

 

These results indicating that ABCB10 regulated neutrophilic activity, led us to 

evaluate whether loss of ABCB10 was sufficient to drive the progression from ASH to AH. 

To this end, we determined the effects of the NIAAA model of ASH on hepatic 

inflammation and hepatocellular metabolism of liver-specific ABCB10 KO (L-KO) mice. 

We did not observe that ABCB10 loss worsened liver neutrophil inflammation or 

metabolism in ASH, as no upregulation in liver MPO content, no decreases in 

mitochondrial fat oxidation capacity and no exacerbation of hepatic steatosis were 

observed in ABCB10 L-KO mice under the NIAAA model. These data further support that 

hepatocellular redox and metabolic function in ASH is not as defective as in AH, such that 

loss of ABCB10 function in ASH is effectively compensated. As a result, our data indicate 
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that ABCB10 downregulation has a greater relevance in AH, when hepatocytes are 

hypometabolic with diminished antioxidant capacity. Indeed, our findings support that the 

alteration of the expression of multiple genes controlled by the transcriptional factor 

HNF4 2, and not just one single gene, is needed to transition from ASH to AH. 

 

NET formation was recently identified as a key process contributing to liver 

damage in AH5. Here, we demonstrate that ABCB10 gain-of-function drastically 

decreased key processes required for NET formation, such as histone 3 citrullination 

(CitrH3). This decrease in NET formation induced by ABCB10 gain-of-function coincided 

with a significant decrease in oxidative damage to proteins mediated by lipid peroxides 

(4-HNE protein adducts). This effect is consistent with the known role of ABCB10 function 

producing a lipophilic ROS scavenger in hepatocytes, bilirubin6. Given that ABCB10 gain-

of-function was selectively induced in hepatocytes, the increased neutrophil-hepatocyte 

contacts observed in AH may allow neutrophils to uptake bilirubin generated by 

hepatocytes. When this hepatocyte-generated bilirubin is inside neutrophils, it could 

scavenge the ROS that were activating NET formation in neutrophils17–19. Indeed, 

previous studies showed that bilirubin can decrease ROS production in neutrophils21, as 

well as inactivating ROS-derived from MPO activity22. 

 

However, patients with AH have a decreased ability to conjugate bilirubin 

generated in the spleen from red blood cell turnover, causing hyperbilirubinemia1. 

Therefore, it can be challenging to propose that bilirubin availability to neutrophils can be 

sufficiently limited by a decrease in ABCB10-driven bilirubin synthesis to promote 
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inflammation in AH. Another possibility is that hepatic ABCB10 may affect the production 

of pro-inflammatory oxidants in specific subdomains within hepatocytes. Non-enzymatic 

oxidation of polyunsaturated fatty acids (PUFAs) by H2O2 and superoxide generate the 

stable aldehyde 4-HNE, which can form 4-HNE protein adducts and bioactive 

oxylipins23,24. Once oxylipins and 4-HNE protein adducts are formed, they cannot be 

reversed or inactivated by bilirubin’s ROS scavenging actions (mostly scavenging H2O2 

and lipid peroxides). Therefore, it is feasible that decreased ABCB10 function resulted in 

the release of a higher quantity of irreversibly oxidized lipids and protein-adducts that 

activate NET formation in neutrophils. Consistent with this interpretation, high oxylipins 

content in liver correlates with the severity of AH25–27 and are potent inducers of NET 

formation as well28–30. We are currently setting up an in vitro system to determine which 

of these two possibilities can explain how increased ABCB10 function in hepatocytes 

mitigates NET formation in neutrophils in livers with AH.  

In all, we show that ABCB10 gain-of-function in liver is sufficient to mitigate NET formation 

in mice with alcoholic hepatitis (AH), with ABCB10 protein content being markedly 

decreased in humans with AH. Thus, our study informs that restoring ABCB10 function in 

human livers might be a novel strategy to mitigate NET formation and liver inflammation 

in AH, which are associated with poor prognosis of liver disease.  

MATERIALS AND METHODS 

Mice 
 

All experiments were approved by IACUC at the University of California, Los 

Angeles under protocols #2015-121, #2017-061 and at the University of Southern 

California under protocol 21051-CR004. Constitutive hepatocyte ABCB10 KO mice 
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(ABCB10 L-KO) were previously generated in C57BL/6J background, by breeding 

Abcb10flox/flox mice with Alb-Cre+/- mice procured from Jackson laboratories. 

Abcb10flox/flox; Alb-Cre-/- and  Abcb10flox/WT ;Alb-Cre-/- littermates were used as WT 

controls(Shum et al, 2021).  

 

Chronic-plus-binge model of ASH (NIAAA model) 

As described by Bertola et al(Bertola et al, 2013), twelve- to eighteen-week-old 

female C57BL/6J mice were fed with a liquid control diet (Bio-Serv F1258SP) for 5 days, 

followed by a Lieber de Carli diet (Bio-Serv F1258SP + 5% ethanol) administered ad 

libitum for 10 days, using Bio-Serv glass-bottles. Only female mice were used in this 

NIAAA model of ASH, because males are more resistant to liver damage and 

inflammation induced by this model(Bertola et al, 2013). In the early morning of day 16, 

mice were delivered 5g ethanol/kg body weight by oral gavage, followed by euthanasia 9 

h post-gavage. Control mice were pair-fed with the equivalent number of calories but 

replacing ethanol with maltodextrin. 

 

Hybrid feeding plus binge model of AH. 

As previously described(Ueno et al, 2012; Lazaro et al, 2015), eight week-old 

C57BL/6J males procured at Jackson laboratories were fed intra-gastrically an ethanol-

containing liquid diet as 60% of their total calorie intake, with the remaining 40% being 

solid Western diet with high-cholesterol and saturated fat provided ad libitum.  This hybrid 

diet was provided for 7 weeks together with weekly ethanol binges commencing in the 2nd 

week. Ethanol dose was increased gradually over the first three weeks of diet, reaching 
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peak ethanol intake of 33g/kg body weight by week 3 after diet initiation. Weekly 

intragastric ethanol binges were performed by withdrawing ethanol infusion for ~4 h, 

followed by a bolus of ethanol equivalent to the total amount withdrawn. An isocaloric diet 

replacing ethanol with dextrose was used as a control. Only males were used in this study, 

because the attrition rates in females fed with the hybrid model of AH  before the 

experimental end- point is excessively  high, as published(Ueno et al, 2012; Lazaro et al, 

2015) 

 

AAV generation and transduction of male mice with AH.  

AAV with transgene expression restricted to hepatocytes were produced by Vector 

Biolabs: GFP or mouse ABCB10 were cloned into AAV serotype 8, with their expression 

controlled by a fragment of the Albumin promoter (AAV8-Alb-ABCB10 and AAV8-Alb-

GFP). AAV were titrated by qPCR quantification of AAV genome copies (g.c.).  Between 

1-2 weeks prior the initiation of the diet and after the implantation of the catheter for 

intragastric feeding, mice were administered 1x1011 g.c/per mouse of AAV8-Alb-GFP or 

AAV8-Alb-ABCB10 via tail vein or retro-orbital injection, allowing for peak transgene 

expression of the construct by the time of maximal ethanol dose administration.  

 

Human Liver Samples. 

Total membrane fractions to analyze ABCB10 protein content were obtained, as 

previously published(Khanova et al, 2018), from human liver biopsies provided by the 

Clinical Resource for Alcoholic Hepatitis (AH) Investigations at Johns Hopkins University 

(IRB 00107893 directed by Dr. Zhaoli Sun). Briefly, biopsies were excised from the 
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explanted livers during liver transplantation in patients with AH, while control samples 

were wedge biopsies from the healthy livers donated. Five control samples from 2 

females and 3 males ranging 32-61 years old, and five AH samples, from 3 males and 2 

females, ranging 32-49 years old, all AH patients with liver decompensation and 

bilirubinemia ranging 14-48 mg/dl. 

 

Serum Liver Enzymes.  

Serum AST and ALT activities were measured using IDEXX in mice with AH and 

with kits from Sigma-Aldrich in mice with ASH.  

 

Seahorse XF96 Respirometry 

Mitochondria were isolated via differential centrifugation as published(Shum et al, 

2021). Mitochondria were diluted in Mitochondrial Assay Solution (MAS: 70 mM 

sucrose, 220 mM mannitol, 10 mM KH2PO4, 5 mM MgCl2, 2 mM HEPES, 1 mM EGTA 

and 0.2% fatty acid-free BSA, pH 7.2) on ice. Mitochondrial protein fractions were plated 

in a XF96-well plate in 20 µL of MAS, loading 4µg protein for pyruvate (5mM) + malate 

(5mM), 2µg for succinate (5mM) + rotenone (4µM) or with 6µg for palmitoyl-carnitine 

(40µM) +1mM malate-driven respiration. The XF96 plate was centrifuged at 2000xg for 

5 min at 4ºC to sediment mitochondria to the bottom of the well. An additional 130 µl 

MAS was added to each well. The XF96 plate was incubated for 8 min at 37ºC before 

loading it to the Seahorse XF96 Analyzer for measurement of respiration. ATP-

synthesizing respiration was induced after injection of ADP (2mM final), Leak was 

measured after injection of oligomycin (3 µM final), maximal respiration after injecting 
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FCCP (4µM final) and antimycin A (4µM final)/rotenone (4µM) was used to block 

respiration.  

 

Measurements of triglycerides and NEFA in liver 

These measurements were realized at the UCLA Lipidomics core. Briefly, a 

modification of the Bligh and Dyer protocol was used to extract lipids from frozen livers 

as previously published(Profiling of mouse macrophage lipidome using direct infusion 

shotgun mass spectrometry). Prior to extraction, an internal standard mixture was added 

to each sample (AB Sciex 5040156, Avanti 330827, Avanti 330830, Avanti 330828, Avanti 

791642).  These lipid extracts that included the standards were quantitatively analyzed 

by Shot Gun Lipidomics, using the Sciex Lipidyzer Platform. The Differential Mobility 

Device on Lipidyzer was tuned with EquiSPLASH LIPIDOMIX (Avanti 330731). An in-

house data analysis platform similar to the Lipidyzer Workflow Manager was used. The 

total non-esterified or free fatty acids and triglyceride quantitative values were normalized 

to mg of liver. 

 

Quantitative PCR assay 

RNeasy kit (QIAGEN) was used to extract total liver mRNA.  cDNA was reverse 

transcribed using SuperScript VILO cDNA synthesis kit (ThermoFisher) from 2 µg total 

RNA. qPCR reactions were performed using the TaqMan Fast Advanced Master Mix 

(ThermoFisher). See Supplementary Table 1 for list of Taqman primers. Results were 

normalized to hypoxanthine phosphoribosyl transferase (Hprt) within each sample to 

obtain sample-specific ΔCt values (Ct gene of interest - Ct Hprt). 2_ΔΔCt values were 
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calculated to obtain fold expression levels, where ΔΔCt = (ΔCt experimental - ΔCt 

control). 

 

Western Blot Analysis 

This protocol was modified from our previous publication(Shum et al, 2021). Mouse 

liver tissues were homogenized in lysis buffer (50 mM Tris pH 7.5, 150 mM NaCl, 2 mM 

EDTA, 5 mM EGTA, 1% Triton X-100, 1% SDS, 1% sodium deoxycholate, 2 mM sodium 

orthovanadate, 50 mM sodium fluoride, 5 mM sodium pyrophosphate, 1 mM PMSF, 80 

mM sodium β-glycerophosphate). Lysates were centrifuged for 10 min at 10,000xg at 4° 

C. BCA Protein Assay Kit (Pierce) was used to determine protein concentration. 20-30ug 

of protein were separated by SDS-PAGE using 4-12% Bis-Tris gels and transferred onto 

PVDF membrane. Membranes were blocked in 5% (wt/vol.) non-fat milk diluted in Tris pH 

7.4 + 0.1% (vol./vol.) Tween (TBS-T) for 1h. Membranes were then incubated with primary 

antibody overnight at 4°C diluted in 5% (wt/vol.) BSA in TBS-T. See Supplementary Table 

2 for list of antibodies. 

 

Immunohistochemistry  

Mouse livers were fixed in 10% neutral-buffered formalin for 24 hours then stored 

in 70% ethanol (HistoPrep).  Histology was performed by HistoWiz Inc., with fixed livers 

being processed, embedded in paraffin, and sectioned at 8μm. Immunohistochemistry 

was performed on a Bond Rx autostainer (Leica Biosystems) with enzyme treatment 

(1:1000) using standard protocols. Antibodies used were rabbit polyclonal MPO primary 

antibody (Abcam, ab9535, 1:50) and mouse anti-rabbit secondary (Vector, 1:100). Bond 
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Polymer Refine Detection (Leica Biosystems) was used according to the manufacturer's 

protocol. After staining, sections were dehydrated and film coverslipped using a 

TissueTek-Prisma and Coverslipper (Sakura). Whole slide scanning (40x) was performed 

on an Aperio AT2 (Leica Biosystems). Quantification was performed of 10 fields of view 

per mouse at 10x magnification. 

 

Statistics 

Data are shown as average values with standard error of the mean. GraphPad 

Prism 9 and Excel were used to perform unpaired Student’s t-tests and Mann-Whitney U 

tests. 
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FIGURES  

Figure 2-1: ABCB10 protein content is decreased in livers with alcoholic hepatitis 

(AH), but not in livers with ASH. 

(A) Western blot measurements of ABCB10 protein content in total membrane fractions 

obtained from human livers of non-alcoholic patients (Control) and patients with 
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alcoholic hepatitis (AH), using the ER membrane protein calnexin as loading control. n= 

5 per group **p<0.01 Student’s t-test. (B) ABCB10 protein content in total liver lysates 

from male mice fed the hybrid diet plus ethanol binges to induce alcoholic hepatitis (AH) 

and fed with an isocaloric diet without ethanol as control (Control). Tubulin is used as 

loading control. n= 5-6 per group. *p<0.05 Student’s t-test. (C) ABCB10 protein content 

in total liver lysates from female mice with ASH induced by the NIAAA model (10 days 

Lieber-de Carli plus one ethanol binge) or an isocaloric diet without ethanol as control 

(Control). Actin is used as loading control. n= 3-6 per group (n.s. Student’s t-test). Data 

expressed as mean ± SEM. 
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Figure 2-2: Increasing ABCB10 content in hepatocytes decreases neutrophil 
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biomarkers without mitigating hepatocyte damage in livers from mice with AH. 

(A) qPCR measurements of total liver mRNA and (B) Western blot detecting ABCB10 in 

total liver lysates from WT and ABCB10 L-KO female mice. L-KO mice were generated 

by breeding Abcb10flox/flox mice with Alb-Cre+/- mice, to delete ABCB10 in hepatocytes. 

n=4-6 mice per group, error bars SEM. **p=0.0095 Mann-Whitney U. Male mice  with AH, 

induced by hybrid diet feeding plus ethanol binges, and transduced with AAV-ABCB10 

or- GFP as transduction control were analyzed for: (C) ABCB10 protein content in total 

liver lysates n=9-10 per group, (D) plasma thanol measured with a fluorometric assay 

(Sigma-Aldrich MAK076-1KT) in plasma diluted 1/100 n=6-7 per group ns represents 

p>0.05 unpaired Student’s t test., (E) liver-to-body weight ratio n=9-10 per group, (F) 

serum AST and ALT n=8-9 per group, (G) MPO and neutrophil elastase (ELANE) gene 

expression measured by qPCR in mRNA isolated from liver. n=9-10 per group *p<0.05, 

**p<0.01 Student’s t-test. (H) Immunohistochemistry detecting the neutrophil marker 

MPO in liver sections. Representative MPO staining shown at 40x digital slide 

magnification, with arrows indicating MPO+ and ELANE+ cell foci. Quantification of MPO+ 

cell foci per 10x field of liver sections. n= 3-4 per group (n.s. Student’s t-test). Data 

expressed as mean ± SEM. 
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Figure 2-3: ABCB10 hepatocyte-specific deletion is not sufficient to drive 

progression from ASH to AH. 

(A) Liver -to-body weight ratio of wild-type (WT) and ABCB10 L-KO female mice with ASH 

induced by the NIAAA model (10 days Lieber-de Carli diet + 1 ethanol binge). n=8-9 per 

group (n.s. Student’s t-test). (B-C) lipids were extracted from their livers of WT and 

ABCB10 L-KO female mice with ASH to perform Shot-gun lipidomics and quantify 

intrahepatic triglyceride and non-esterified fatty acids (NEFA) content. Each individual 

point represents one mouse, and error bars, SEM. (D) Serum AST and ALT activity from 

WT and ABCB10 L-KO female mice with ASH. n=5-7 per group (n.s. Student’s t-test) (E-

G) Respiration in isolated liver mitochondria from WT and ABCB10 L-KO female mice 

with ASH. Oxygen consumption rates were measured under (E) palmitoyl-carnitine, (F) 

pyruvate-malate or (G) succinate-rotenone. ATP-synthesizing, leak, and maximal 

respiration were calculated as fold change relative to WT respiration. n=7-8 per group 

(n.s. Student’s t-test)  
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Figure 2-4: ABCB10 hepatocyte-specific deletion does not induce neutrophil 

inflammation or increased oxidative stress in ASH  

(A) Representative immunoblot of MPO and 4-HNE-protein adducts content in total liver 

lysate of WT and ABCB10 L-KO female mice with ASH, with Vinculin used as loading 

control. (B-C) Immunoblot quantification of (B) MPO and (C) 4-HNE-protein adducts. n=7-

8 per group (n.s. Student’s t-test). Data expressed as mean ± SEM.  
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Figure 2-5: Increasing ABCB10 content in hepatocytes does not improve 

mitochondrial function and does not decrease steatosis in mice with AH 
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(A-C) Respiration in mitochondria isolated from livers of male mice with AH, induced by the 

hybrid diet plus ethanol binges, and transduced with AAV-ABCB10 or GFP (control). Oxygen 

consumption rates were measured under (A) palmitoyl-carnitine, (B) pyruvate-malate, or (C) 

succinate-rotenone. ATP-synthesizing, leak, and maximal respiration were calculated for each 

substrate. n=6-8 per group (n.s. Student’s t-test). (D-E) Shot-Gun lipidomics quantification of (D) 

triglycerides and (E) NEFA in total lipid extracts obtained from male mouse livers with AH and 

transduced with AAV-ABCB10 or -GFP. n=6 per group (n.s. Student’s t-test). Data expressed as 

ean ± SEM. 
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Figure 2-6: Hepatocyte ABCB10 gain-of-function in mice with AH does not decrease 

the expression of cytokines, chemokines and proteins involved in neutrophil 

activation, recruitment and transmigration.  

(A-D) Gene expression analyses of livers from male mice with AH transduced with AAV-

ABCB10 or -GFP (control), measuring mRNA content of (A) pro- and anti-inflammatory 

cytokines, (B) monocyte chemo-attractants & macrophage markers, (C) neutrophil 

chemokines and (D) proteins mediating neutrophil transmigration to the liver parenchyma. 

Hprt expression used as housekeeping control and data are expressed as fold change of 
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delta-delta-CT over AAV-GFP. N=9-10 per group (n.s. Student’s t-test). Data expressed 

as mean ± SEM. 
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Figure 2-7: CXCL1-protein content is not changed by ABCB10 gain-of-function in 

mice with alcoholic hepatitis (AH). 

Western blot quantifying CXCL1 protein content in total liver lysates from male mice under 

the hybrid diet AH model and overexpressing ABCB10 in hepatocytes via AAV 

transduction, using AAV-GFP-transduced mice as controls. Each individual lane and data 

points represents one mouse, error bars are SEM. 
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Figure 2-8: Bacterial lipopolysaccharide (LPS) in plasma and HMGB1-protein 

content in liver are not changed by ABCB10 gain-of-function in male mice with 

alcoholic hepatitis (AH). 

(A) Chromogenic LAL assay quantifying bacterial LPS in plasma from male mice under 

the hybrid diet AH model and overexpressing ABCB10 in hepatocytes via AAV 

transduction, using AAV-GFP transduced mice as controls. (B) Western blot quantifying 

HMGB1 protein content in total liver lysates from the same AH mice as in panel A. Each 
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individual data point and lane represents one mouse, error bars represent SEM, and ns 

p>0.05 in Student’s t test.   
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Figure 2-9: Hepatic ABCB10 gain-of-function decreases NET formation and ROS-

mediated actions in livers of mice with AH. 

(A) Immunoblot of neutrophil specific proteins and markers of NET formation in total liver 

lysates of male mice with AH transduced with AAV-ABCB10 or -GFP. (B-F) 

Quantifications the immunoblots measuring (B) citrullinated histone H3 in Arg 17 [CitrH3] 

to histone 3 [H3] content ratio, (C) total [CitrH3], (D) total [H3] content, (E) total MPO and 

(F) neutrophil elastase [ELANE]. Vinculin was used as a loading control. (G) Immunoblot 

and quantification of 4-HNE-protein adducts content in total liver lysates from male mice 

with AH transduced with AAV-ABCB10 or GFP as control mice, with Vinculin used as 

loading control. n=9-10 per group *p<0.05 ***p<0.001 Student’s t-test. Data expressed as 

mean ± SEM. 
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Taqman Gene Expression Assay Manufacturer Catalog # 

ABCB10 ThermoFisher Scientific  Mm00497926_m1 

CCL2 ThermoFisher Scientific  Mm00441242_m1 

CCL3 ThermoFisher Scientific  Mm00441259_g1 

CCL4 ThermoFisher Scientific  Mm00443111_m1 

CD68 ThermoFisher Scientific  Mm03047343_m1 

CXCL1 ThermoFisher Scientific  Mm04207460_m1 

CXCL2 ThermoFisher Scientific  Mm00436450_m1 

CXCL5 ThermoFisher Scientific  Mm00436451_g1 

CXCR2 ThermoFisher Scientific  Mm00438258_m1 

ELANE  ThermoFisher Scientific Mm00469310_m1 

Eukaryotic 18s rRNA ThermoFisher Scientific  4333760 

Glg1 (ESL-1) ThermoFisher Scientific  Mm00486029_m1 

Hprt ThermoFisher Scientific  Mm00446968_m1 

ICAM-1 ThermoFisher Scientific  Mm00516023_m1 

IL-1b ThermoFisher Scientific  Mm00434228_m1 

IL-6 ThermoFisher Scientific  Mm00446190_m1 

IL-10 ThermoFisher Scientific  Mm00439614_m1 

MPO ThermoFisher Scientific  Mm01298424_m1 

SELE ThermoFisher Scientific  Mm00441278_m1 

SELP ThermoFisher Scientific  Mm01295931_m1 

Sytl1 (PSGL-1) ThermoFisher Scientific  Mm00473300_m1 

TNFa ThermoFisher Scientific  Mm00443258_m1 

VCAM-1 ThermoFisher Scientific  Mm01320970_m1 

 

Table 1. List of Taqman primers used for qPCR  
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Manufacturer Primary Antibody Species 
Primary 
Dilution 

Secondary 
Dilution 

Invitrogen MA5-
27570 4HNE Ms 1:1000 1:2000 

ProteinTech 14628-
1-AP ABCB10 Rb 1:1000 1:2000 

Abcam ab8227 Actin Rb 1:5000 1:10,000  

 Abcam ab22595 Calnexin  Rb  1:5000 1:10,000 

Cell Signaling 97272 Citrullinated Histone H3  Rb 1:1000 1:2000 

Thermofisher PA1-
29220 CXCL1 Rb 1:1000 1:2000 

Cell Signaling 4499 Histone H3 Rb 1:1000 1:2000 

Cell Signaling 6893 HMGB1 Rb 1:1000 1:2000 

Cell Signaling 14569 MPO Rb 1:1000 1:2000 

Cell Signaling 89241 Neutrophil Elastase Rb 1:1000 1:2000 

Abcam ab14734 VDAC/Porin Ms 1:1000 1:2000 

Sigma V9131 Vinculin Ms 1:5000 1:5000 

ThermoFisher A-
21121 Goatanti-Mouse AlexaFluor488 --- --- --- 

Cell Signaling 7076 Anti-mouse HRP-IgG --- --- --- 

Cell Signaling7074 Anti-rabbit HRP-IgG --- --- --- 

 

Table 2. List of antibodies used for Western blots.  
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CONCLUSIONS AND FUTURE DIRECTIONS 

Oxidative stress has been shown to play a role in pathogenesis of both NAFLD 

and ALD as both demonstrate altered electron transport function, decreased antioxidant 

defense mechanisms, and increased oxidative damage to macromolecules1,2 

It is equivocal whether NAFLD increases or decreases mitochondrial function, 

which. It has been shown that diet-induced obesity in mice lower respiration of isolated 

hepatocytes. It is thought that defects in mitochondria calcium homeostasis lead to 

increase mitochondrial ROS and disrupt respiration leading to increased steatosis. In this 

same manner, insulin resistance is promoted by ROS-mediated c-Jun-N-terminal kinase 

(JNK) activation leading to hyperglycemia3. However, isolated liver mitochondria from 

ob/ob mice with steatosis did not demonstrate defects in respiration but rather increased 

beta-oxidation capacity4. This increase in respiration can also contribute to increased 

ROS impairment of phosphatases like PTP1B. This increase in ROS in NAFLD can be 

seen in increases of lipid oxidation/peroxidation products such as malondialdehyde 

(MDA) and 4-hydroxy-nonenal (4-HNE) as well as well oxidation of mitochondrial DNA 

leading to decrease copy number and increase mutation rate5.This pro-oxidant milieu is 

further complicated by decreased antioxidant mechanisms. Patients with NAFLD have 

been shown to have decreased hepatic glutathione levels in addition to decreased hepatic 

antioxidants such as super oxide dismutase and catalase 5.  
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In chapter 1, we demonstrate that ABCB10 is maladaptively increased in NAFLD. 

While hepatic ABCB10 is dispensable for normal hepatocyte function, we found that 

hepatic ABCB10 deletion counteracts diet-induced obesity by increasing mitochondrial 

respiration and thus decreasing hepatic steatosis. Additionally, we found that increased 

hepatic ABCB10 expression in NAFLD increases intracellular antioxidant BR content, 

altering H2O2-redox signaling and leading to insulin resistance. These findings suggest 

that decreased mitochondrial respiration in NAFLD is deleterious, leading to increased 

steatosis, while increased respiration is protective in that lipotoxicity is prevented. 

Additionally, we show demonstrate that despite noted increases in ROS in patients and 

mouse models of NAFLD, not all antioxidants are equal. While antioxidant protection is 

necessary to prevent damage to macromolecules and further organellar dysfunction or 

cell death, there is an essential level of ROS needed maintain signaling cascades in 

NAFLD. While excess BR secondary to obesity-induced increases in hepatic ABC10 may 

seem beneficial, we demonstrate that disproportionate hepatic ABCB10-driven BR 

production leads to hyperactivation of PTP1B, dephosphorylation of insulin receptor, and 

subsequent insulin resistance and steatosis.  

Similarly to NAFLD, studies of isolated hepatic mitochondrial respiration in ALD 

have shown equivocal results. Rat models of ALD have shown decreases in oxidative 

phosphorylation6. Evaluation of hepatic mitochondrial subunits shows this impairment in 

respiration is linked with decreased damage to mitochondrial DNA as well as the 

machinery of protein synthesis7. Conversely, isolated liver mitochondria from mice fed 

oral and intragastric ethanol have demonstrated increases in complex I and complex II 

respiration as well as increased beta oxidation8. This increase in mitochondrial respiration 
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is most likely adaptive to enhance alcohol metabolism as increased PGC1alpha and ETC 

complexes have been demonstrated, suggesting increased mitochondrial biogenesis. 

However, stimulation of mitochondrial respiration, coupled with alcohol catabolism by 

alcohol dehydrogenase and induction of detoxification by cytochrome P450 2E1, 

contribute to the characteristic hypermetabolic state of hepatocytes as well as increased 

ROS production9. Though species-specific differences in respiratory response to alcohol  

metabolism have been noted, alterations in mitochondrial respiration occurs despite 

increased oxidative damage to protein and mitochondrial DNA in both rats and mice6,10.  

Hypermetabolism in ALD produces excess reducing equivalents, facilitating increased 

electron transfer and subsequent production of super oxide anion as well as reductive 

stress. Studies of mitochondrial super oxide dismutase have also been equivocal, though 

homozygous SOD mutations lead to increased risk for severe ALD11. Mitochondrial 

glutathione, critical to eliminating H2O2, is shown to be decreased in rodents fed alcohol, 

which is not restored by glutathione precursor n-acetylcsyteine12,13.  

In chapter 2 we demonstrate that hepatic ABCB10 content is maladaptively 

diminished in a mouse model of severe AH, similar to that seen in patients with AH and 

in contrast to the increase in hepatic ABCB10 seen in NAFLD. Hepatic ABCB10 content 

is unchanged in a less severe ALD model of ASH homozygous hepatic ABCB10 deletion 

did not induce disease progression in mice as mitochondrial respiration, steatosis, 

hepatocellular damage, and neutrophil inflammation were not significantly worsened. 

Unique phenotypic differences have been noted in liver biopsies of patients with early 

ASH vs fulminant liver failure secondary to AH. Patients with AH display a distinct 

hypometabolism, altered redox state, and massive neutrophil inflammation.   
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While hepatic ABCB10 may not play a significant role in the pathological 

mechanisms of a milder form of ALD in ASH, we did demonstrate a role for hepatic 

ABCB10 in the more severe model of AH. We expected that increasing hepatic ABCB10 

in mice with AH would improve mitochondrial respiration and steatosis but we did not 

observe differences in mitochondrial respiratory capacity or steatosis. However, we did 

discover that hepatic ABCB10 alters the inflammatory phenotype in ASH. Though we 

found that hepatic ABCB10 in NAFLD can regulate metabolism, we did not find that 

hepatic ABCB10 contributes to the hypometabolism previously noted. Interestingly 

hepatic ABCB10 in severe AH mitigates NET formation as seen by decreased citrullinated 

histone H3 (Arg17), a specific marker of NETs, without altering: 1) inflammatory cytokines 

and chemokines 2) integrins and selectin involved in immune cell diapedesis and 

transmigration or 3) decreasing hepatocyte DAMPs or bacterial PAMPs. 

Though our data suggest hepatic ABCB10 has disease-specific roles in NAFLD 

and ALD, we have shown hepatic ABCB10 consistently alters hepatic redox. Healthy 

mitochondria produce H2O2 and have sufficient levels of antioxidants, such as 

peroxiredoxins and glutathione peroxidases, to mitigate potential oxidative damage due 

to excess14. Mitochondrial tend to be preferentially oxidized at cysteine residues15, which 

contain reversibly oxidizable thiol groups allowing for rapid signal titration necessary for 

cellular and mitochondrial stress response. Nevertheless, H2O2 remains a toxic by-

product especially in the context of decreased antioxidant buffering capacity seen in both 

NAFLD and ALD. The ability of cells to tightly regulate redox under homeostatic 

conditions is aided by the compartmentalization of H2O2 synthetic and degradative 

enzymes. This is supported by data demonstrating that hepatocyte-specific deletion of 
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mitochondrially localized glutathione peroxidase 1 (Gpx1), leading to increased H2O2 

production and inactivation of PTP1B via cysteine residue oxidation decreasing 

phosphatase activity16. Deletion of HO1, upstream of ABCB10 in the heme degradation 

pathway, produces a similar phenotype to Gpx1 deletion17. Our data suggests that this 

may be achieved through reduction in BR production as evinced in our high-fat diet fed 

hepatocyte-specific ABCB10 knockout mice. Mitochondria from insulin resistant mice 

demonstrate tight interactions with the endoplasmic reticulum, which can also associate 

with cytosolic BLVR. Thus, ABCB10-mediated export of BV can allow for rapid conversion 

to BR at this contact sites, allowing for a microdomain of BV-BR trafficking into and out of 

the mitochondria. It is notable that studies of antioxidants in NAFLD have focused on 

hydrophilic species, further suggesting compartment specific roles of hydrophilic vs 

lipophilic antioxidants.  

We further demonstrate the importance of redox microdomains in our study of 

ALD. While livers of mice and patients with severe AH demonstrate an ~70% reduction 

in ABCB10, the hepatocytes are not at a loss for BR. As ALD progresses to AH, 

hepatocytes tend to de-differentiate decreasing normal hepatocyte function as well as 

increasing the risk of hepatocellular carcinoma (HCC). This loss of hepatocyte function 

includes, but is not limited to, decreased production of albumin, decreased production of 

clotting factors, and decreased ability to conjugate BR. However, patients with ALD have 

marked hyperbilirubinemia and still develop hepatitis, as do mouse models of AH18. This 

is likely why we do not see altered mitochondrial function in our AH ABCB10 gain-of-

function study; the high concentrations of BR have altered mitochondria respiratory 

function sufficiently that they are not affected by further ABCB10-mediated increases in 
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BR. What our data indicate is that hepatocyte-specific BR, and more likely further BR sub-

cellular localization, is necessary for the protective effect we see of ABCB10 to decrease 

lipid peroxidation and mitigate deleterious NET formation in AH.  

Understanding the disease-specific role of ABCB10 in hepatocytes offers insights 

not only into the differential pathogenesis of NAFLD and ALD but also highlights the role 

of ABCB10-mediated BR-sensitive redox microdomains Though ABCB10 is abundant in 

hematopoietic cells, cardiomyocytes, and hepatocytes, it is expressed in a multitude of 

tissues, such as pancreatic beta cells, macrophages, and skeletal muscle. Investigating 

the role of ABCB10 in these tissues, for which ABCB10 function has yet to be described, 

may reveal further insight into the role of BR antioxidant protection and signaling function 

in normal physiology and disease. 
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