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ABSTRACT 

HEREWARD JOHN CLIFFORD WIMBORNE. Enhancing Aldehyde 

Detoxification as a Novel Therapy for Liver Fibrosis and Acetaminophen-Induced Liver 

Injury (under the direction of Zhi Zhong and John J. Lemasters). 

Oxidative stress is a common component and important mediator in the 

pathogenesis of many liver injuries and of liver fibrosis. Although reactive oxygen species 

(ROS) are known to have effects on many important biological macromolecules and cell 

organelles, such as mitochondria, how oxidative stress causes liver injury/fibrosis has not 

been fully elucidated. ROS oxidize membrane lipids to form lipid radicals which undergo 

ß-scission to form aldehydes, such as malondialdehyde (MDA) and 4-hydroxynonenal (4-

HNE). These aldehydes are highly reactive and readily form adducts with proteins and 

nucleic acids. Relatively little is known about the role of aldehydes in the pathogenesis of 

liver injury. 

 

A key observation in the field is that aldehyde adducts appear to form on certain 

critical mitochondrial proteins. Since mitochondria are a major source of ROS in cells, I 

tested the hypothesis that activation of mitochondrial aldehyde dehydrogenase-2 (ALDH2) 

would accelerate aldehyde detoxification and thus attenuate liver injury and fibrosis. I 

examined the effects of Alda-1, a chemical chaperone and activator of ALDH2, in two 

animal models: acetaminophen (APAP) overdose, which causes acute liver failure, and 

bile duct ligation (BDL), which causes cholestatic liver injury and fibrosis leading to chronic 

liver failure. Previous studies have shown that oxidative stress plays an important role in 

the liver injury and fibrosis in these models.   
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In an APAP hepatotoxicity model, mice received Alda-1 (20 mg/kg, i.p.) or vehicle 

30 minutes before administration of APAP (300 mg/kg, i.p.). 4-HNE protein adducts 

markedly increased after APAP treatment, demonstrating increased production of 

aldehydes, which Alda-1 decreased by 86%. Serum alanine aminotransferase (ALT) 

increased to 7594 U/L, and centrilobular necrosis occurred in 47% of liver tissue after 

APAP, indicating severe liver injury. Alda-1 decreased ALT and necrosis by 72% and 56% 

respectively. Previous studies have demonstrated that formation of N-acetyl-p-

benzoquinone imine (NAPQI) protein adducts, activation of c-Jun-N-terminal kinase (JNK) 

and the mitochondrial permeability transition (MPT) are linked to APAP hepatotoxicity. 

After APAP treatment, NAPQI protein adducts and JNK phosphorylation increased six-

fold, which Alda-1 did not alter. Without APAP, intravital microscopy revealed that no 

mitochondrial depolarization could be detected. At 6 h after APAP, 62% of tissue areas 

showed depolarization, which was decreased by nearly half with Alda-1 treatment. 

Therefore, Alda-1 decreased APAP hepatotoxicity not by alteration of APAP metabolism 

or blockade of JNK activation but by protecting against mitochondrial dysfunction.  

Cholestasis in mice was induced by BDL. After BDL, 4-HNE adduct formation 

increased almost six-fold, which Alda-1 decreased to baseline levels. ALT increased to 

537 U/L, and biliary infarcts occurred after BDL, consistent with the expected mechanism 

of liver injury. Alda-1 blunted ALT by half and decreased the area of biliary infarcts from 

7.8% to 1.9%. Fibrosis occurred after BDL, as detected in liver sections by increased 

picrosirius red staining and second harmonic generation microscopy. Collagen-I mRNA 

also increased 12-fold after BDL. Alda-1 decreased each of these measures of fibrosis by 

approximately 50%. Expression of smooth muscle α-actin (α-SMA), a marker of activated 
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myofibroblasts, the cell type that produces collagen, increased ~19-fold after BDL, which 

Alda-1 limited to a 5-fold increase. Alda-1 also decreased macrophage infiltration by 

approximately 50% and expression of the proinflammatory and profibrotic protein 

osteopontin (OPN), by 64%. 

Taken together, these data demonstrate that aldehydes are important mediators 

of liver injury caused by APAP intoxication and of both liver injury and fibrosis caused by 

cholestasis.  Therefore, acceleration of aldehyde degradation by ALDH2 with Alda-1 is a 

potential new effective therapy to decrease liver injury/fibrosis related to high oxidative 

stress. 
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Chapter 1: Introduction and Background 
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OXIDATIVE STRESS, LIPID PEROXIDATION, AND ALDEHYDES 

Introduction 

Reactive oxygen species (ROS) play an important role in immune responses [1-

4], maintenance of redox homeostasis [1-5], stem cell development [5], autophagy, 

apoptosis [1-5], and other processes under normal conditions. ROS are critical signaling 

molecules involved in multiple pathways, including nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB), mitogen-activated protein kinase (MAPK), Kelch-

like ECH-associated protein 1-nuclear factor erythroid 2-related factor-antioxidant 

response element (Keap1-Nrf2-ARE), phosphoinositide 3-kinase-protein kinase B  (PI3K-

Akt), and protein kinases of ubiquitination/proteasome systems, as well as in regulation of 

calcium ion channels and the mitochondrial permeability transition pore (MPTP) [4]. 

Production of ROS can be increased by xenobiotics and various stress/disease situations 

[6]. Excessive ROS, such as superoxide anion (O2
•-), hydroxyl radical (•OH) and hydrogen 

peroxide (H2O2), can cause tissue damaging effects, such as lipid peroxidation and 

damage to DNA and protein [1-3, 5]. Oxidative stress associated with increased 

production of ROS is involved not only in the toxicity of xenobiotics and radiation damage 

but also in the pathophysiology of aging and in many diseases and injuries, including 

cancer, diabetes, atherosclerosis, Alzheimer's disease, various inflammatory diseases 

and ischemia/reperfusion injury in different organs [7-17].  

Oxidative stress also plays an important role in the pathogenesis of numerous 

acute and chronic liver diseases/injuries, including alcoholic and non-alcoholic fatty liver 

diseases, cholestatic liver diseases, hepatotoxicity of drugs and chemicals (e.g., 

acetaminophen, paraquat, etc), inflammatory liver diseases, liver fibrosis, liver cancer, 
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liver injury due to hereditary diseases (e.g., hereditary hemochromatosis and Wilson’s 

disease), and hepatic ischemia/reperfusion injury (e.g., trauma, hemorrhagic shock, and 

primary liver graft non-function after liver transplantation) [18-28]. Massively increased 

ROS may cause cell destruction by lipid peroxidation. However, in many cases, ROS work 

by alteration of signal transduction pathways, thus affecting redox‐sensitive enzymes, 

organelles (e.g., mitochondria) and transcription factors. Examples of redox sensitive 

signaling includes hypoxia-inducible factor-1 alpha (HIF1-), which increases transcription 

of proteins adapted to low-oxygen conditions,  mammalian target of rapamycin (mTOR) 

activation, which regulates cellular growth, and NF-B, which is a key regulator of cell 

survival and inflammation [2, 5]. Despite extensive research, how oxidative stress causes 

liver injury is not fully understood. In this project, I focused on the role of aldehydes 

generated by lipid peroxidation in mitochondria in the pathogenesis of liver injury and 

fibrosis [3, 29].  

The chemistry of reactive oxygen species 

ROS are generated by many cellular/enzymatic sources. Resident macrophages 

(e.g., Kupffer cells in the liver), infiltrating monocytes and polymorphonuclear leukocytes 

(neutrophils, PMN) produce O2
•- via the action of NADPH oxidase (NOX) [13]. ROS can 

also be produced intracellularly in almost every liver cell type via various enzymes and 

organelles, including P450 enzymes, xanthine oxidase, NOX, endoplasmic reticulum, 

peroxisomes, and mitochondria [2, 4, 30]. 

The primary free radical generated by single-electron reduction of oxygen is O2
•- 

[1, 3, 4]. This occurs in Complex I and III of the mitochondrial electron transport chain and 

by enzymatic reactions catalyzed by NOX, cytochrome P450, xanthine oxidase and others  
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[3, 4]. O2
•- is moderately reactive under physiological conditions, but its diffusion-limited 

reaction with nitric oxide (described below) yields highly reactive peroxynitrite [3]. O2
•- is 

converted to H2O2 and water by superoxide dismutase (SOD)  [1-3, 5]. H2O2 is a longer-

lived species than H2O2 and can diffuse across membranes [1-3, 5]. In the presence of 

transition metals such as iron and copper, the Haber-Weiss/Fenton reaction occurs, in 

which ferrous iron (Fe2+) or cuprous copper (Cu+) reacts with H2O2 to produce ferric iron 

(Fe3+) or cupric copper (Cu2+), respectively, and •OH and hydroxide ion (OH-) [1-3, 31]. 

O2
•- then reacts with Fe3+ (or Cu2+) to regenerate Fe2+ (or Cu2+). The iron-catalyzed Haber-

Weiss reaction is also called the Fenton reaction. •OH is much more reactive than O2
•- and 

consequently is extremely short-lived (10-9 s). •OH reacts with virtually the first thing it 

collides with other than water and thus is damaging to cellular components, including 

proteins, lipids, and nucleic acids.  

H2O2 can also react with chloride ion (Cl-) to produce hypochlorous acid [1-3]. This 

reaction commonly occurs in neutrophils and is catalyzed by myeloperoxidase [2, 3]. The 

reactions yielding ROS as mentioned above are summarized in Figure 1-1. 

Interaction of Reactive Oxygen Species with Reactive Nitrogen Species 

Investigations into redox homeostasis and oxidative stress have also uncovered 

the importance of reactive nitrogen species (RNS), which originate with the production of 

nitric oxide (NO•) [2, 3]. Nitric oxide is produced by nitric oxide synthases (NOS), including 

endothelial (eNOS), inducible (iNOS), and neuronal (nNOS) [3]. eNOS and nNOS are 

“constitutively” active and localized largely to endothelial and neuronal cells, respectively.  

In contrast, iNOS expression is widespread and is stimulated is by inflammatory cytokines 

and lipopolysaccharide [2, 3]. NO• reacts with O2
•- to form peroxynitrite (ONOO-). 



5 

 

Peroxynitrite is a strong oxidant that reacts with thiol groups and iron centers in proteins; 

thus, it reacts readily with antioxidant defenses [3]. Peroxynitrite is a dangerous species 

in excess because it damages proteins through tyrosine nitration, undergoes lipid 

peroxidation with membranes forming aldehydes, damages nucleic acids, and causes 

cellular damage and mitochondrial dysfunction through all of these means [3]. Further, 

peroxynitrite can decompose into highly reactive radicals [3]. The reactions of NO in RNS 

formation are summarized in Figure 1-1.  

Non-enzymatic and enzymatic defenses against oxidative stress 

The presence of so much ROS means cells have extensive antioxidant defenses. 

Non-enzymatic antioxidant defenses include all-trans retinol 2 (vitamin A), ascorbic acid 

(vitamin C), α-tocopherol (vitamin E), ß-carotene, and glutathione (GSH), which act as 

free radical scavengers [1]. Enzymatic defenses include superoxide dismutase (SOD) 

which catalyzes the conversion of O2
•- to H2O2 and O2, two less damaging species. In 

mammals and most chordates, there are three isoforms of SOD: SOD1, a copper-zinc 

(Cu-Zn) SOD in the cytosol. SOD2, a manganese (Mn) SOD in the mitochondrial matrix, 

and SOD3, a Cu-Zn SOD in the extracellular space [1, 3, 4].  H2O2 must also be detoxified, 

not only because it can cause cellular damage when converted to •OH by transition 

metals, but also because, unlike O2
•-, it can cross membranes [3, 4]. H2O2 is detoxified by 

catalase or glutathione peroxidase [1, 3, 4]. Thioredoxin, peroxiredoxin and the glutathione 

system among others all support antioxidant defense [1, 3, 4]. 

GSH and its maintenance system are key antioxidant defenses in cells, but GSH 

also participates in iron-sulfur cluster biogenesis, protein disulfide bond reduction, and 

toxic electrophile detoxification [32]. GSH contains a thiol group that can donate a reducing 
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equivalent and reacts with other GSH molecules to form glutathione disulfide (GSSH), the 

oxidized form of GSH [32]. GSH is used as a substrate for the glutaredoxin (Grx), 

glutathione-S-transferases (Gst) and glutathione peroxidases (Gpx).  GSSH is restored to 

GSH by the glutathione reductase (Glr) using NAD(P)H as an electron donor [32].  

Mitochondria as sources of oxidative stress 

Mitochondria are a major source of ROS in the cell [33, 34]. Mitochondria contain 

or generate electrons, free radicals, O2 and iron, which is a dangerous combination of 

materials in a high redox environment. During mitochondrial respiration, some electrons 

escape the electron transport chain prematurely to form O2
•- [33, 34]. Complex I and 

Complex III can produce O2
•-, and this electron leak is increased if electron flow is 

interrupted or if respiration is activated [35, 36]. Mitochondrial SOD2 (MnSOD) scavenges 

O2
•- to produce O2 and H2O2. Increased ROS production promotes pathological processes 

in many diseases and in aging [33]. The dangers of ROS are compounded by RNS. 

Increased RNS production in mitochondria also occurs in cancer, inflammatory diseases, 

aging, and many liver disease [37-43]. 

Lipid peroxidation and aldehyde formation 

Since mitochondria are a major source of ROS, the two phospholipid membranes 

of mitochondria are primary targets of lipid peroxidation, especially the mitochondrial inner 

membrane with its high content of unsaturated phospholipids [29]. Lipid peroxidation 

occurs when free radicals react with polyunsaturated lipids to form unstable lipid radicals, 

which then react with O2 to form lipid-peroxyl radicals that propagate via free radical chain 

reactions forming lipid peroxides (Figure 1-1) [3]. While some lipid peroxides continue to 
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propagate the free radical chain reactions, others undergo ß-scission to form aldehydes, 

which form adducts with biomolecules including proteins and DNA.  

Many different aldehydes are formed from lipid peroxidation, including 

malondialdehyde (MDA) (3 carbons, 2 carbonyl groups), acrolein (3-carbons, 1 carbonyl 

group, and 4-hydroxy-2-nonenal (4-HNE, 9 carbons, one carbonyl group), among others 

[3, 44]. As chain length increases, the aldehydes become more lipophilic, and aliphatic 

aldehydes with 8 carbons (octanals) or more are considered fatty aldehydes. Cyclization 

of aldehydes can also occur. Aldehydes are generated under oxidative stress and so are 

suspected to play a role in multiple ROS-associated pathologies, including in heart and 

liver diseases [29, 45-53]. Acrolein, 4-HNE, and MDA, for example, can form 1,4-Michael 

adducts with nucleophiles, including proteins and DNA, to inhibit enzyme function and 

cause genotoxicity [44]. Lipid peroxidation is summarized in Figure 1-1.  

Common aldehydes of biological/pathological importance 

Acrolein is a three-carbon aldehyde with one carbonyl group [44] (Figure 1-2). 

Acrolein reacts much more readily with the thiol groups of cysteine residues in protein and 

depletes GSH during its detoxification. Acrolein is detected in plasma of patients with 

neurodegenerative disorders, atherosclerosis and chronic obstructive lung disease [54-

57] . 

Malondialdehyde (MDA) is a three-carbon aldehyde with two carbonyls [44] 

(Figure 1-2). A product of lipid-peroxidation, MDA forms adducts with nucleic acids and 

lysine residues of proteins. Acetaldehyde, a product of ethanol metabolism, and MDA 

react together to form hybrid proteins adducts called MAA adducts. MAA adducts exist in 



8 

 

low levels in normal situations but increase markedly after alcohol consumption [44]. MAA 

adducts are shown to cause inflammatory, fibrogenic, and immune responses [44]. 

4-HNE (Figure 1-2) displays high biological activity and its adducts are 

measurable in blood or tissues in a wide variety of ROS-related diseases, including 

metabolic diseases, I/R injury in many different organs, alcoholic liver disease, 

cardiovascular diseases, various chronic inflammatory diseases, and Alzheimer’s disease 

[25, 44-48, 50, 52, 58-61]. In addition, 4-HNE promotes onset of the MPT, mitophagy, and 

other mitochondrial stress responses [53, 58, 59].  

Aldehyde dehydrogenases and aldehyde dehydrogenase-2 

Aldehyde dehydrogenases (ALDH) are NAD(P+)-dependent enzymes that 

catalyze the oxidation of aldehydes to carboxylic acids. They also serve multiple biological 

functions beyond aldehyde detoxification, including roles in embryogenesis and 

maintaining the cornea of the eye [62, 63]. Humans express nineteen different ALDH 

genes (Table 1-1), but many are cell-type and tissue specific [62, 63]. Two isoforms are 

expressed in high levels in the liver: ALDH1 localized to cytosol and ALDH2 localized to 

the mitochondrial matrix [64].   

ALDH2 was originally studied in terms of alcohol metabolism, but as aldehydes 

and their biological effects in many diseases have come to light, ALDH2 has become 

increasingly important as a key enzyme in detoxifying aldehydes in environments with high 

oxidative stress, including I/R in different organs (e.g., heart, liver, brain, lung), chronic 

ethanol consumption, and radiation-induced dermatitis [61, 63, 65-68]. Mitochondria are 

a major source of ROS generation and have phospholipid membranes vulnerable to lipid 

peroxidation. As a result, aldehyde production is likely high in mitochondria. Therefore, 
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mitochondrial ALDH2 plays a crucial role for detoxification of oxidative stress-produced 

aldehydes. Previous studies show that the decreases and increases of ALDH2 activity 

increase and decreases, respectively, protein adducts of acrolein, MDA, or 4-HNE, 

demonstrating that all these three aldehydes are substrates for ALDH2, although with 

increasing Km as chain-length increases [69].  

There are two common ALDH2 polymorphisms, ALDH2*1 and ALDH2*2 (also 

known as the rs671 polymorphism) [61, 70-72]. The active form (wild-type) of ALDH2 is a 

homotetramer of ALDH2*1 gene products with NAD+ as its cofactor [73]. The gene 

product of ALDH2*2 has low affinity for binding of the NAD+ cofactor [73]. Any copy of the 

ALDH2*2 gene product in a ALDH tetramer decreases the activity of the enzyme by 60% 

vs. wild-type, whereas homotetramers of all ALDH2*2 gene products only have 10% 

activity compared to wild-type [61]. The decreased activity due to the ALDH2*2 

polymorphism is responsible for development of Asian flushing syndrome due to impaired 

clearance of acetaldehyde [61]. The east Asian population with a high incidence of 

ALDH2*2 polymorphism show increased incidence of cancer, susceptibility to alcohol 

related liver injury, and a higher risk of epilepsy after stroke [74-77].  Moreover, ALDH2 

insufficiency is also associated with higher risk of cancer in the digestive system, 

environment-induced and smoking-induced lung cancers, osteoporosis and impaired 

recovery from heart attack and stroke [70-72, 78-80]. ALDH2 knockout mice are more 

susceptible to ethanol-induced liver injury, inflammation and fibrosis [81-83].   

Aldehyde dehydrogenase-2 activation by Alda-1 

A collaboration between Dr. Daria Mochley-Rosen’s group at Stanford University 

and Dr. Thomas Hurley’s group at Indiana University, utilizing a high throughput screen,  
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discovered a small molecule activator of ALDH2, Alda-1, which increases activity of both 

wild-type ALDH2*1 and ALDH2*2 in vitro and in an ex vivo heart I/R model [61].  

ALDH2 is a flavin-dependent homotetramer that has a substrate binding site and 

nicotinamide binding cleft forming a tunnel through the enzyme. The ALDH2 activator 

Alda-1 binds near this substrate binding tunnel with its hydrophobic bezodioxol attracted 

by a group of hydrophobic aromatic amino acids [73]. Alda-1 binding causes a 

conformational change that restores cofactor binding by correcting the conformational 

defect in the ALDH2*2 enzyme. In wild type ALDH2, Alda-1 binding increases the rate of 

the oxidation of the acyl-enzyme intermediate by improving the orientation of the catalytic 

centers [73]. Alda-1 increases homotetrameric ALDH2*2 activity from less than 10% 

activity to roughly 30%, restores the activity of heterotetramers of ALDH2*2 and ALDH2*1 

to almost 100% of the wild-type, and doubles wild-type (homoteramers of ALDH2*1) 

ALDH2 activity [61].  

Alda-1 shows beneficial effects in a number of models of injury related to ROS and 

lipid peroxidation, including I/R injury in several organs (heart, lung, brain, intestinal, liver), 

radiation-induced dermatitis, and alcohol-induced liver steatosis  [65-67, 84-88]. However, 

the role of aldehydes in many other liver diseases remains unclear. In this study, I used 

Alda-1 as a tool to examine the role of aldehydes in drug hepatotoxicity and liver fibrosis 

and to evaluate the possibility of enhancing aldehyde detoxification by ALDH2 activation 

as a treatment modality for liver injury.  
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MITOCHONDRIAL BIOLOGY 

Introduction 

Mitochondria are best known for their metabolic functions, such as ATP synthesis 

by oxidative phosphorylation, but mitochondria also play important roles in signaling that 

regulates cell death, cell cycle, cell growth and differentiation, inflammation and fibrosis. 

[89]. Understanding how mitochondria work is critical to understanding their role in 

oxidative stress and liver injury. 

Structure of Mitochondria  

The mitochondrion is a dual-bilayer system, as detailed in Figure 1-3. The outer 

mitochondrial membrane (OMM) is a composed of phospholipid bilayer with embedded 

proteins. The types and proportions of specific proteins present in the two mitochondrial 

membranes vary with the species of animals and differentiation of cells. OMM can 

interface with the endoplasmic reticulum (ER) at mitochondria-associated ER membranes 

(MAM) [90]. These MAM play a role in regulation of calcium homeostasis, lipid synthesis 

and transport, autophagy and mitophagy, and apoptosis [90].  

OMM also has proteins responsible for transport of molecules in and out of 

mitochondria. The translocase of the outer membrane (TOM) complex, together with 

translocase of the inner membrane complex (TIM), is responsible for import of nuclear-

encoded mitochondrial proteins and signaling molecules (e.g. transcription factors) into 

mitochondria [91]. There are also other proteins that serve as channels or specific 

translocation receptors for metabolites, ions, and precursor proteins. The most abundant 

of these are the voltage-dependent anion channel (VDAC) [92]. VDAC forms a barrel 
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enclosing a ~2.5 nm aqueous channel. Except for a relatively few small membrane-

permeant lipophilic compounds, most substrates and metabolites of mitochondrial 

metabolism (e.g., NADH, ATP, ADP, Pi, long-chain acyl CoA, cholesterol, ureagenesis 

substrates, some ions, etc.) that enter and leave mitochondria must cross the OMM 

through VDAC [93-95]. VDAC is generally assumed to be open during mitochondrial 

metabolism. However, under certain circumstances VDAC can close, thus inhibiting 

metabolite exchange [96-99]. Therefore, VDAC is considered as a ‘governator’ of global 

mitochondrial function [92, 98, 100]. In addition, VDAC closure can lead to steatosis by 

suppression of entry of long-chain fatty acids into mitochondria for β-oxidation and can 

also increase mitochondrial oxidative stress by decreasing entry of GSH into mitochondria.  

There are three VDAC isoforms in humans [101]. Functionally, all three VDAC isoforms 

transfer metabolites. VDAC2 possibly also plays a role in the import of apoptotic BCL-2 

family proteins [102]. Cysteine residues of VDAC3 are often modified by ROS and may 

serve a signaling role in oxidative stress and mitophagy [92, 101, 103].  

Invaginations in the inner mitochondrial membrane (IMM) give rise to the cristae 

[104]. The complexes of the electron transport chain (ETC) are embedded in the cristae 

membrane, and proteins necessary for the maintenance of ETC proteins and electron 

carriers for the ETC are resident in the cristae. IMM also contains a numbers of 

transporters, such as the TIM complexes, the mitochondrial calcium uniporter (MCU) 

complex, the adenine nucleotide translocator (ANT) and the mitochondrial citrate 

transporter (CIC)  [104].  

Inside of the IMM is the mitochondrial matrix which contains enzymes and 

substrates feeding into the ETC and responsible for a wide variety of other metabolism 
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(e.g., citric acid cycle, urea cycle, and beta-oxidation reactions). Moreover, mitochondrial 

DNA (mtDNA) in the matrix space codes for 37 genes, including 13 protein subunits of 

various enzymes required for oxidative phosphorylation [105]. Due to the lack of histones, 

mtDNA is more vulnerable to ROS attack [106]. Mitochondrial ribosomes translate mRNA 

to protein that can be integrated directly into the IMM [107]. The matrix also contains 

enzymes necessary for DNA replication, transcription, and translation, but these proteins 

are encoded by nuclear DNA and are imported from the cytosol by TIM and TOM 

complexes. Between the OMM and IMM is the intermembrane space (IMS) [104]. Pro-

apoptotic proteins such as apoptosis inducing factor (AIF), Smac/Diablo, and cytochrome 

c exist in IMS, and can stimulate cell death upon release [104, 108-112]. IMM and OMM 

are attached physically to one another at contact sites [113].  

Mitochondrial Metabolism and the Electron Transport Chain 

Catabolism of carbohydrates, fatty acids, and proteins converge on acetyl-

coenzyme A (acetyl-CoA) [114]. Pyruvate formed by glycolysis is imported into the matrix 

where it is oxidized by pyruvate dehydrogenase to form acetyl-CoA [115, 116]. Fatty acids 

are bound to coenzyme A (CoA) by CoA ligase enzymes. Short chain fatty acids diffuse 

freely across the mitochondrial membranes, but long chain fatty acids enter mitochondria 

through VDAC and the carnitine shuttle for transport into mitochondrial matrix. Inside 

mitochondria, ß-oxidation of acyl-CoAs cleaves 2 carbons at time to form acetyl-CoA [117-

119]. Finally, amino acid catabolism can produce pyruvate, acetyl-CoA, or other metabolic 

substrates which enter mitochondrial metabolism as either pyruvate or as a substrate for 

enzymes in the citric acid cycle. Acetyl-CoA is the “fuel” for the citric acid cycle and begins 
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the cycle through the reaction with oxaloacetate. Of importance, succinate and NADH 

generated from the citric acid cycle then drive the ETC. 

 

Five integral inner membrane protein complexes comprise the enzymes of 

oxidative phosphorylation. Complex I (NADH dehydrogenase) and Complex II (succinate 

dehydrogenase) oxidize NADH and succinate, respectively, and deliver reducing 

equivalents (electrons) to ubiquinone, which further passes electrons to Complex III 

(cytochrome bc1 complex) and then to cytochrome c (cyt c). Cyt c transfers electrons to 

Complex IV (cytochrome c oxidase), which then reduces O2 to water  [120, 121]. Energy 

gained from the transfer of electrons down the ETC is used to pump protons from the 

mitochondrial matrix into the IMS at Complex I, III, and IV, thus creating an electrochemical 

proton gradient across the IMM [120]. This proton electrochemical gradient or 

protonmotive force (Δp) is comprised of an alkaline inside pH gradient (ΔpH) and negative 

inside mitochondrial membrane potential (ΔΨM). Δp in turn drives ATP synthase coupled 

to the movement of protons through Complex V (F1FO-ATP synthase) back into the matrix. 

Suppression of the activity of Complexes I-IV decreases ATP production. However, 

uncoupling molecules also decrease ATP production by allowing futile entry of protons 

into the matrix and using the energy of Δp to produce only heat [122, 123]. The dynamic 

regulation of ATP generation is of particular importance to oxidative stress. Uncoupling, 

inhibition and activation of different enzymes of the ETC or feeding into the ETC can all 

result in electron leakage leading to ROS formation. In all, 11 distinct mitochondrial sites 

can leak electrons to oxygen to produce O2
•- and/or H2O2 [124]. The 11 sites of 

mitochondrial electron leakage are summarized in Figure 1-4. 
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Mitochondria and Pathogenesis of Liver Injury 

In liver tissue, energy supply is crucial for maintaining cell survival and function. 

Therefore, liver is very vulnerable to insults that causes mitochondrial dysfunction. Lack 

of energy production suppresses many liver functions, inhibits liver regeneration, and 

causes cell death. Unfortunately, mitochondria are particularly susceptible to oxidative 

injury due to their role as sites of ROS formation [29]. Abundant membranes containing 

polyunsaturated phospholipids provide ample substrates for propagation of lipid 

peroxidation reactions [29]. Moreover, mtDNA is easily attacked by ROS, since mtDNA 

lacks the protection of histones [125]. As a result, mitochondrial alterations frequently 

occur in many diseases where oxidative stress is high [126]. For example, 

megamitochondria, deletions of mtDNA, mitochondrial depolarization, and a mitochondrial 

respiratory burst with decreased ATP production all occur in the liver in vivo after oral 

intake of ethanol [127-132]. In rodent models and humans with non-alcoholic fatty liver 

disease (NAFLD) or non-alcoholic steatohepatitis (NASH), maladaptation of mitochondrial 

oxidative flux is a central event of the transition from simple steatosis to NASH [133]. 

Mitochondrial dysfunction also occurs in cholestatic liver injury and I/R injury [134-137]. In 

addition, mitochondria actively participate in many signaling pathways, thus regulating 

various physiological or pathological processes, such as immune responses, cell 

proliferation, cell death, stress responses, calcium homeostasis, and nuclear epigenetics 

[138]. Mitochondrial stress/dysfunction can cause alterations of signaling pathways, thus 

leading to liver injury. Below the relation of mitochondria with cell death and inflammation 

is discussed. 

Mitochondria and Cell Death  
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 Mitochondria play a key role in cell death [109, 139]. Apoptosis is caspase-

mediated programmed cell death that is a part of normal tissue development and cell 

turnover [112]. However, markedly increased apoptosis can occur from exposure to 

insults, leading to injury. There are two primary pathways of apoptosis, the extrinsic and 

intrinsic pathways, which converge on the release of cytochrome c from mitochondria and 

the formation of the apoptosome, a heptameric complex, through interaction with apoptotic 

protease activating factor-1 (Apaf-1). The apoptosome activates caspase-9, which leads 

to a full caspase cascade [140]. The signaling of both apoptotic pathways is summarized 

in (Figure 1-5). 

The intrinsic pathway is initiated by the mitochondria in response to intracellular 

stimuli and is regulated by the BCL-2 family of proteins [112, 141]. The interactions of the 

BCL-2 protein family exert pro- and anti-apoptotic control of mitochondria [141]. BAX and 

BAK translocation to mitochondria increases the permeability of the OMM and causes 

formation of a large pore, allowing the release of cytochrome c and other proapoptotic 

factors which triggers apoptosis [112, 141]. BCL-2, BCL-XL, and MCL-1 are anti-apoptotic 

factors that prevent membrane permeabilization by sequestering the proapoptotic factors 

[112, 141]. Some BH3 molecules, such as tBID, promote apoptosis by activating BAX and 

BAK, while others, such as BAD, inactivate the anti-apoptotic BCL-2 proteins [112, 141].  

In the extrinsic pathway, extracellular signals activate one or more types of 

transmembrane receptors in the cell membrane, leading to an apoptotic response [141, 

142]. Macrophages release TNF-α, which activates tumor necrotic factor receptor 1 

(TNFR1), which is a trimeric protein. Similarly, cytotoxic T cells release Fas ligand (FasL), 

which activates the Fas receptor, which trimerizes [143]. Non-immune cells release TNF-
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related apoptosis-inducing ligand (TRAIL) [143]. On their intracellular domains, these 

three death receptors act as scaffolds for the formation of signaling complexes that 

eventually cleave caspases and effect apoptosis. FasL and TRAIL form complexes 

including the Fas-associated protein with death domain (FADD) protein, which cleave 

procaspase 8 [143]. Caspase 8 directly cleaves proapoptotic caspase 3, leading to 

apoptosis. Moreover, caspase 8 also cleaves the Bcl-2 protein BH3 interacting-domain 

death agonist (BID) to its truncated form (tBID), a BH3 molecule that activates BAX and 

BAK leading to cytochrome c release from mitochondria [141, 142]. Therefore, there is a 

crosstalk between the extrinsic and intrinsic pathways. 

In contrast to apoptosis, necrosis is caspase-independent [109, 139]. Necrosis is 

often related to mitochondrial dysfunction caused by suppression/damage of the ETC or 

onset of the MPT. Many factors, such as ROS, RNS, Ca++, Pi, JNK activation, p53 

activation, etc, cause onset of the MPT [23, 144-150]. As mentioned above, mitochondrial 

oxidative phosphorylation depends on Δp across IMM, Impermeability of IMM to protons 

is crucial for maintaining Δp. When IMM permeability increases, mitochondrial membranes 

depolarize, which compromises ATP production, leading to oncotic cell death. The MPT 

can also causes apoptosis since the MPT leads to mitochondrial swelling, rupture of the 

OMM, and subsequent release of proapoptotic factors such as cytochrome c [151]. The 

MPT onset is caused by opening of MPT pores (mPTP), a "megachannel" in the IMM that 

nonspecifically transport aqueous solutes up to a molecular weight of about 1500 Da [12–

16]. Despite extensive work, the exact molecular composition of mPTP remains unclear 

[152, 153]. In one theory, mPTP are composed of the voltage dependent anion channel 

(VDAC) in OMM, the adenine nucleotide translocator (ANT) in IMM, cyclophilin D (CypD) 
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from the matrix which inhibits the opening of mPTP, and other ancillary proteins such as 

hexokinase II and glycogen synthase kinase-3β [17]. Cyclosporin A (CsA) and its non-

immunosuppressive analog NIM811 are potent blockers of the MPT by binding to CypD 

[154]. In an alternative theory, mPTP are formed by aggregation of misfolded and 

damaged membrane proteins caused by various stressors (e.g. ROS). CypD and other 

molecular chaperones close nascent pores whereas Ca2+ opens these pores  [23]. CsA 

inhibits the MPT when the number of chaperones exceeds misfolded aggregates 

(regulated MPT) [153]. When the number of misfolded protein aggregates exceeds the 

number of available chaperones, the MPT occurs which is independent of Ca2+ and 

cannot be inhibited by CsA (unregulated MPT) [153]. The MPT plays important roles in 

cell death in many liver injury including I/R injury, drug toxicity (e.g., APAP), cholestatic 

liver injury, etc. [31, 151, 155-160].  

In recent years, a new form of cell death has been identified, namely necroptosis 

[161]. Necroptosis exhibits the pathological phenotype of necrosis but is initiated with 

TNFα binding to death receptors, recruitment of TRADD and subsequent recruitment of 

receptor-interacting serine/threonine-protein kinase (RIPK1 and RIPK3). Under conditions 

in which caspase-8 activation is inhibited, phosphorylation of RIPK1 and RIPK3 leads to 

the formation of necrosomes, which then activates the pro-necroptotic protein mixed 

lineage kinase domain-like protein (MLKL). MLKL executes necrosis by inserting into the 

membranes of organelles and plasma membrane [162]. Necrosome formation has been 

shown to cause mitochondrial damage (e.g., adenine nucleotide translocase (ANT) 

inhibition, onset of the MTP, and decreased cellular ATP levels), leakage of lysosomal 
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digestive enzymes into the cytoplasm, and plasma membrane rupture [162]. In conclusion, 

mitochondrial dysfunction is a key player in cell death.  

Mitochondria and Inflammation  

In recent years, mitochondria have emerged as an important regulator for 

inflammatory processes. According to the endosymbiotic theory, mitochondria originated 

as prokaryotic bacteria and have evolved in symbiosis with eukaryotic cells [104, 107, 111, 

163]. This theory is widely accepted due to structural similarities of circular mtDNA to 

bacteria [107]. When mtDNA, mitochondrial formyl peptides encoded by mtDNA, and other 

mitochondrial components are released by injured cells, they become mitochondrial 

damage-associated molecular patterns (mtDAMPs), causing an immune response similar 

to pathogen associated molecular patterns (PAMPS) which are recognized by the immune 

system after bacterial infiltration [164, 165]. This response includes activation of toll-like 

receptors (TLRs) and p38 MAPK pathways as well as formyl peptide receptor 1 (FPR1) 

which activate neutrophils and participate in neutrophil chemotaxis [165]. Circulating 

mtDNA increases in patients and laboratory animals with a variety of liver diseases, 

including NASH, sepsis, acute liver failure, hepatic I/R, and alcoholic liver injury [132, 164, 

166-169]. 

Mitochondria are also involved in inflammasome activation. Inflammasomes are 

large protein complexes composed of NOD-like receptor proteins (NLRP), an apoptosis-

associated speck-like CARD-domain-containing (ASC) protein and the caspase-1 (Casp-

1) protein [170]. In response to danger signals detected by the pattern-recognition 

domains of the NOD-like receptors, NLRP is activated and interacts with pro–caspase-1, 

leading to the activation of caspase-1, which subsequently promotes the formation of 
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mature proinflammatory cytokines IL-1β and IL-18 [171, 172]. NLRP3 is colocalized with 

ER and mitochondria, and the danger signals from mitochondria due to stress, damage, 

and infection promote the formation of inflammasomes [171, 173]. Danger signals 

released from hepatocytes can trigger inflammasome activation in immune cells, but 

inflammasome activation can also occur in hepatocytes [174, 175]. Inflammasome 

activation plays a role in development of alcoholic steatohepatitis, NASH, chronic HCV 

infection, I/R and APAP-induced liver injury [176]. Moreover, mitochondrial stress/damage 

are also involved in development of liver fibrosis, which will be discussed below.  

ACETAMINOPHEN INDUCED LIVER INJURY 

Epidemiology and Clinical Treatment of Acetaminophen Hepatotoxicity 

Acetaminophen (N-acetyl-p-aminophenol, paracetamol, Tylenol®, APAP) is widely 

used throughout the United States and worldwide as an effective over-the-counter 

analgesic and antipyretic in adults and children. It is estimated that about 60 million 

Americans consume APAP on a weekly basis [177]. APAP is available as a standalone 

product, in many remedies for cough, cold, and flu, and combined with opioids by 

prescription. APAP intoxication can be caused by accidental overdose, abuse, and 

suicidal attempts. Reports estimate that between 50% and 60% of ingestions are attempts 

at self-harm. [177-180]. About 6% of Americans are prescribed more than the 

recommended 4 g APAP per day [180, 181]. While APAP causes toxic effects in many 

organs/tissues, such as the liver, kidney, gastrointestinal tracts, etc., its hepatotoxicity is 

the most common and serious side effect. APAP overdose is a leading cause of drug-

induced liver injury (DILI) in Europe and the United States [181]. APAP hepatotoxicity 
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accounts for 40-50% of overdose-related acute liver failure (ALF) cases in the US and 40-

70% in the UK [179]. In the US, APAP is responsible for more than 100,000 calls to poison 

control centers, 56,000 emergency room visits, 2600 hospitalization, and roughly 450 

deaths due to ALF [179]. Hepatotoxicity after accidental overdose is associated with worse 

outcomes when treatment is delayed. APAP combination drugs have been implicated as 

a key factor in the prevalence of accidental overdose, since the presence of APAP is not 

easily recognized. In one study, opioid-acetaminophen combinations accounted for 55% 

of accidental overdose cases [178, 181].  

In severe cases, APAP hepatotoxicity results in fulminant liver failure (also known 

as acute liver failure or ALF). Although just a small fraction of APAP hepatotoxicity patients 

develop outright liver failure, APAP hepatotoxicity is the most frequent cause of ALF in the 

US and other Western countries [182]. More than 40% of cases of ALF are associated 

with APAP overdose. Overdose of APAP alone and APAP in combination products 

represent the fourth and sixth highest causes of fatalities from substance poisoning [180, 

182].  

APAP hepatotoxicity has four clinical stages. Stage I occurs within 24 hours and 

is characterized by nonspecific symptoms such as nausea, vomiting, and lethargy [179, 

183]. Stage II follows with improvement of stage I symptoms, but elevations of the liver 

enzymes alanine aminotransferase (ALT) and aspartate aminotransferase (AST) are 

evident [179, 183]. Stage III is marked by the return of stage I symptoms plus lactic 

acidosis and encephalopathy [179, 183]. Liver function tests continue to rise. Stage IV is 

recovery, although histological recovery can be longer than clinical recovery, especially if 

biopsies are performed during acute toxicity [179, 183]. In full blown ALF, patients will 
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develop encephalopathy with changes of mental status [182]. The underlying 

pathophysiology is linked to cerebral edema, which may progress to brain ischemia, 

herniation, and even death [182]. ALF patients may also present with jaundice, impaired 

gluconeogenesis/glycogenolysis, increased intracellular lactate, diminished lactate 

uptake, and impaired renal function [182]. ALF patients may require liver transplantation, 

which has a 70% 1-year survival rate, but many patients with APAP mediated ALF do not 

receive donor organs and are not transplanted [182]. In the US, 450 annual deaths are 

attributed to ALF after APAP overdose [179]. 

Mechanisms of Acetaminophen Hepatotoxicity 

APAP causes liver injury in a dose-dependent, threshold manner characterized by 

fulminant centrilobular necrosis that is associated with the generation of N-acetyl-p-

benzoquinone imine (NAPQI) [159, 179, 180, 183-185]. At therapeutic doses (up to 4 

g/day in adults), the primary pathways of metabolism are glucuronidation and sulfation, 

which account for about 90% of metabolites [159, 179, 183]. The remainder of metabolites 

are the result of oxidation by cytochrome P450 enzymes to form NAPQI [159, 179, 183]. 

NAPQI is detoxified by GSH conjugation and further metabolism [159, 179, 183]. Liver 

toxicity occurs at high doses of APAP as glucuronidation and sulfation pathways become 

saturated with a higher proportion of metabolism occurring via CYP450 to form NAPQI 

[159, 179, 183]. Excess NAPQI depletes available GSH, allowing NAPQI to form adducts 

with proteins and nucleic acids [159, 179, 183]. Many events beyond the point of GSH 

depletion then occur, and the relative contribution of each of these events to liver injury is 

less clear. However, oxidative stress, activation of c-jun N-terminal kinase (JNK), and 
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mitochondrial dysfunction all appear to contribute importantly to cell death caused by 

APAP [159, 179, 183-185].  

Oxidative stress and lipid peroxidation have been reported in experimental APAP 

hepatoxicity models since the 1970s and were at the center of one of the two major 

mechanistic hypotheses of the time, the other being the protein binding theory [156]. 

Essentially, one theory placed ROS generated from CYP450 activity as primary event that 

leads to cell death, while the other placed the formation of protein adducts of NAPQI, the 

metabolic product of CYP450 and APAP, as the primary event leading to cell death 

through protein and mitochondrial dysfunction and the resulting oxidative stress [156]. The 

focus of APAP hepatotoxicity mechanisms is the mitochondria [186-188]. Comparison of 

nontoxic (in mice) AMAP to APAP metabolism demonstrated that the primary difference 

between the two was protein binding, i.e. mitochondrial protein-NAPQI adducts formed in 

APAP metabolism, but mitochondrial proteins were unmodified in AMAP administration 

[156, 186, 188, 189]. Further, toxicity correlated with the amount of protein-NAPQI adducts 

formed [156, 190]. NAPQI forms adducts with mitochondrial proteins including ATP 

synthase α subunit, glutathione peroxidase, ALDH (due to its localization we can assume 

this is ALDH2), and glutathione-S transferase [156, 191]. Finally, nitrotyrosine adducts to 

proteins were observed in in vitro APAP hepatotoxicity models [156, 189, 192]. 

Nitrotyrosine adducts are a product of peroxynitrite oxidation of proteins and signify 

formation of RNS [156, 189, 192]. As previously described, nitric oxide radicals are formed 

by the three NOS isoforms, including iNOS, which is induced by cellular stress [2, 3]. Nitric 

oxide radicals then react with O2
•- to form peroxynitrite. Nitrotyrosine adducts form with 

additional proteins, including MnSOD (SOD2), and directly damage DNA [2, 3, 193]. 
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Peroxynitrite scavenging with delayed GSH treatment improved recovery during APAP 

toxicity [156, 194, 195]. 

ROS increase phosphorylation and activation of JNK through the ROS-sensitive 

apoptosis signal-regulating kinase 1 (ASK1) and mixed-lineage kinase 3 (MLK3) 

pathways. JNK is a well-established regulator of apoptosis and necrosis [155, 159, 185]. 

JNK activation after APAP has been confirmed in vitro and in vivo in both animal models 

and humans [196-199]. Mitochondrial dysfunction is also considered as a critical 

contributor for cell death after APAP overdose [31, 199-201]. Further, NAPQI adduct 

formation is associated with loss of ΔΨM and onset of the MPT, leading to cell death [155].  

Risk Factors for Acetaminophen Toxicity 

The maximum daily recommended dose of APAP is 4 g/day in adults for the 

general population, but conditions that increase patient susceptibility to APAP 

hepatotoxicity may make this recommended dose unsafe for certain populations. Factors 

that favor CYP2E1 metabolism of APAP, such as CYP2E1 induction by chronic alcohol 

consumption, drugs and environmental factors, or mutations of enzymes in 

glucuronidation and sulfation pathways may increase NAPQI generation and the resultant 

hepatotoxicity [179, 180, 183]. Further, any situations that lead to depletion of GSH, 

including fasting, malnutrition, obesity, chronic liver disease, or steatosis, decrease the 

ability of the liver to clear NAPQI and increase the risk of hepatotoxicity [179, 180, 183]. 

Use of APAP in patients with chronic alcohol consumption is associated with high risk of 

APAP hepatotoxicity due to both CYP2E1 induction and decreased GSH stores by alcohol 

[179, 180, 183]. Herbal and pharmaceutical medications (e.g., isoniazid, rifampicin, 

phenobarbital, St. John’s wort) can induce expression of CYP2E1, while others (e.g. 
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zidovudine, trimethoprim-sulfamethoxazole) can interfere with glucuronidation, leading to 

increased NAPQI production [179, 180, 183, 202]. Likewise, patient age and nutritional 

status as well as chronic liver disease all increase susceptibility to APAP hepatotoxicity 

through a combination of impaired detoxification through glucuronidation and sulfation and 

decreased availability of GSH [179, 180, 183]. 

Current Treatment of Acetaminophen Hepatotoxicity 

Currently the primary treatment for APAP hepatotoxicity is N-acetyl cysteine 

(NAC). NAC is a cell-membrane permeable precursor of GSH which decreases APAP 

hepatotoxicity by increasing GSH thus enhancing NAPQI detoxification [179, 180, 183]. 

NAC to boost GSH detoxification of APAP is most effective when administered within 8 h 

of the overdose in humans [202]. Therefore, identification of APAP overdose early is 

critical for successful treatment with NAC.  

Other serum biomarkers for APAP hepatotoxicity include APAP-protein adducts, 

glutamate dehydrogenase (GDH), nuclear DNA (nDNA), mtDNA, and high mobility group 

B1 (HMGB1) [183]. GSH analogs, polyphenol free radical scavengers, CsA, its analog 

NIM811, and other MPT inhibitors have all been successful in animal models of APAP 

hepatotoxicity, but these have not yet been clinically proven [31, 155, 203-205]. If APAP 

hepatotoxicity develops to ALF, patients may require liver transplantation [179, 182]. 

Animal Models of Acetaminophen Induced Liver Injury 

APAP administration to fasted mice (12-16 h) in the range of 200-600 mg/kg by 

i.p. injection is the most common model of APAP induced liver injury [206]. Injury begins 

at doses of 150 mg/kg. In this model, typical centrilobular necrosis is observed when 200-
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300 mg/kg is given, and decreased survival is observed when the dose is increased to 

~600 mg/kg [206-208].  

Key advantages of using mice are the ease of the model and the applicability of 

the model to clinical and mechanistic human studies [206, 209]. APAP administration in 

mice causes hepatotoxicity in a similar range to human doses and replicates most of the 

pathogenesis processes and pathology in human APAP hepatotoxicity, including 

formation of NAPQI and NAPQI-protein adducts, ROS generation, JNK activation, 

mitochondrial damage, and necrosis [206]. Genetic knockout mice make it easier to 

examine the role of various proteins in APAP hepatotoxicity. Conversely, experiments in 

rats do not show the same level of NAPQI-protein adduct formation or oxidative stress, 

even at much higher doses, and mitochondrial dysfunction does not occur, making it a 

poor model for human hepatotoxicity [206, 208]. 

Although mice are a good model for human APAP hepatotoxicity, limitations must 

be considered when using this model. First, hepatotoxicity peaks at 12-24 hours in mice 

vs. 24-72 hours in humans [206]. Second, modification of P450 expression or activity must 

be avoided to preserve the bioactivation of APAP into NAPQI. Many therapeutics and 

even common drug vehicles such as dimethyl sulfoxide (DMSO) are CYP450 inhibitors or 

inducers [142, 206, 210, 211]. Likewise, mouse strain and source must be considered. 

For example, the nicotinamide nucleotide transhydrogenase gene (Nnt) transfers protons 

between NAD+ and NADP+ and can run in both directions [206, 212]. When the ETC is 

under stress more NADH is produced, which feeds the ETC producing more ROS 

increasing APAP hepatotoxicity [206, 212]. C57Bl/6J have a mutation that only allows the 

enzyme to transfer hydrogens from NADH to NADP+. This offers partial protection from 
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hepatotoxicity in C57Bl/6J mice [206, 212]. Similar variations between strains may falsely 

implicate signaling processes and molecules, such as toll like receptor 4 (TLR4) [206, 

213]. A mutation in the Tlr4 gene makes C3H/HeJ mice, which are resistant to APAP 

toxicity, less responsive to endotoxin, though whether Tlr4 is relevant as a mediator of 

APAP hepatotoxicity is debated [206, 213].  

LIVER FIBROSIS/CIRRHOSIS 

Clinical Definitions and Treatment of Liver Fibrosis 

Liver fibrosis is a dysregulated scarring process where excess extracellular matrix 

(ECM) is formed in the liver [214-216]. Fibrosis is a response to injury, such as viral 

infection, toxic chemical exposure, cholestasis, and others [214-216]. As fibrosis 

progresses, parenchymal cells are replaced with collagen fibers. As the structure of the 

liver is distorted, blood and bile flow are reduced, exacerbating liver injury and leading to 

loss of liver function [214-217]. Patients with cirrhosis are at higher risk for hepatocellular 

carcinoma, and this risk is amplified if the initial insult is due to viral hepatitis infection 

[218]. The only effective treatment for advanced liver fibrosis (cirrhosis) is transplantation 

[214, 215]. 

The onset of liver fibrosis is not noticed by many patients until it reaches an 

advanced state [214]. Structural remodeling of parenchyma and changes to endothelial 

cells during cirrhosis lead to chronic liver failure, disruption of hepatic blood flow, portal 

hypertension, and many severe or even fatal complications, such as ascites, varices and 

gastrointestinal bleeding, hepatorenal syndrome, hepatic hydrothorax, hepatopulmonary 

syndrome, spontaneous bacterial peritonitis, and hepatic encephalopathy [215]. 
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While non-invasive methods of detecting and grading liver fibrosis and cirrhosis 

are being investigated, the gold-standard for evaluating fibrosis remains histological 

examination of liver biopsy tissue [217]. In 1977, the histopathology of cirrhosis was 

defined by Anthony et al. with features of “parenchymal necrosis, regeneration, and diffuse 

fibrosis resulting in disorganization of the lobular architecture throughout the whole liver.” 

[217]. Nodular appearance, whether micro- or macronodular, is characteristic, and areas 

of liver adjacent to fibrotic areas grow at different rates and show nodular remodeling [217]. 

Epidemiology, Morbidity and Mortality of Liver Fibrosis 

Using data from The National Health and Nutrition Examination Survey (NHANES) 

from 1999-2010, Scaglione et al. estimated the prevalence of advanced liver fibrosis 

(cirrhosis) to be approximately 633,323 adults in US [219]. Globally, cirrhosis accounts for 

approximately 1.2 million deaths yearly [220]. Many of the patients (69%) reported that 

they were unaware of having liver disease, which delays treatment [219]. In the National 

Vital Statistics Reports article, “Deaths: Final Data for 2015”, chronic liver disease and 

cirrhosis ranked as the 12th leading cause of death in the United States above 

hypertension (13th) [221]. The crude death rate for chronic liver disease and cirrhosis in 

the US including both males and females is 12.5 per 100,000 [219]. Gender disparities of 

mortality due to chronic liver disease and cirrhosis exists with males exceeding females 

(1.9 male deaths per female) [219].  

Pathophysiology of Fibrosis 

Aspects of fibrosis are similar in many different organs [215]. Rockey et al. suggest 

that injury to epithelial cells (hepatocytes in the liver) leads to inflammation [215]. Both the 
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injury to the epithelium and the resulting recruitment of inflammatory cells causes 

activation of effector cells, which share a number of similarities in various tissues. Gene 

expression is modified in these effector cells, and they begin to proliferate and produce 

ECM [215, 222].  

In the liver, many injuries, typically leading to inflammation, give rise to fibrosis, 

including alcoholic steatohepatitis (ASH) and nonalcoholic steatohepatitis NASH, drug 

toxicity, viral infection, cholestasis, and metabolic diseases [214, 222]. Fibrosis is primarily 

a wound-healing response that becomes dysregulated and eventually alters the structure 

and function of the liver [214, 215, 223]. Many molecules and signaling pathways are 

associated with fibrosis progression. These are summarized in Table 1-2. Key factors 

include TGF-ß, TNF-α, IL-10, and IL-1ß that are shared among multiple types of liver 

disease [214, 222].  The primary effector cell of fibrosis in the liver is the hepatic stellate 

cell (HSC), which is sensitive to cytokines and chemokines that come from hepatocytes, 

Kupffer cells, cholangiocytes, and infiltrating leukocytes, and even HSCs themselves [214, 

222]. Although portal myofibroblasts and bone marrow cells also have fibrogenic potential, 

their lineage and contribution to fibrosis is debated and may vary between liver diseases 

[214, 224, 225]. Whatever their lineage, hepatic collagen-producing cells undergo a 

change in gene expression and take on a distinctly myofibroblast phenotype, including the 

characteristic expression of smooth muscle α-actin (α-SMA), which can be used to identify 

myofibroblasts in the liver [224].  

Activated HSCs (i.e., myofibroblasts) deposit ECM, including fibrillar collagens I, 

III, and IV [224]. Tissue inhibitors of metalloproteinase (TIMPs) are also expressed in liver 

injury; these in turn inhibit matrix metalloproteinase enzymes (MMPs), thus stabilizing 
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excreted ECM [224]. A critical point is that activated HSCs, activated Kupffer cells, and 

infiltrating inflammatory cells, all contribute to the pro-inflammatory/pro-fibrogenic 

signaling cascades found in liver injury, with TGF-ß and TNF-α, chemokine (C-C motif) 

ligand 5 (CCL5), IL-8 and IL-10 being prominent for as long as the injury remains 

unresolved [224]. Eventually, fibrosis replaces large areas of the parenchymal tissue, and 

gross remodeling takes place, which causes an impairment in liver function [224]. Patients 

with advanced disease present with portal hypertension and impaired liver function, 

progressing to ascites, bleeding varices, and finally end-stage liver disease and 

encephalopathy that currently can be treated only with liver transplantation [215]. 

A substantial body of evidence demonstrates that ROS and mitochondrial 

stress/dysfunction also play important role in pathogenesis of fibrosis. ROS are activators 

of HSC [25, 26]. In experimental cholestasis, impaired bile flow, ROS have been shown 

to be generated in hepatocytes due to bile acid exposure, but of more importance is the 

ROS generated by neutrophils recruited in the inflammatory component of the injury [226]. 

Mitochondrial oxidative stress promotes formation/activation of potent profibrogenic 

cytokine TGF-β and expression of proinflammatory and profibrotic protein osteopontin 

(OPN) [227, 228]. IL-1β, which is produced during inflammasome activation, not only 

mediates inflammation, but also promotes fibrosis [229]. Succinate released from 

mitochondria can stimulate HSC activation through binding to the GPR91 succinate 

receptor in HSC [230]. Free radical scavengers, mitochondrial targeted antioxidants and 

overexpression of mitochondrial SOD inhibit HSC activation in vitro and/or decrease 

fibrosis in vivo [27, 28, 231]. 

Treatment of Liver Fibrosis 
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For many years, cirrhosis has been thought to reflect irreversible pathological 

change in the liver. However, in recent years, cirrhosis regression has been observed in 

patients with many different forms of liver disease, including chronic viral hepatitis, 

hemochromatosis, and secondary biliary cirrhosis [222, 232]. For example, due to the 

development of novel direct-acting antiviral therapies, cirrhosis reversion occurs in some 

hepatitis C patients, which leads to improvement of clinical outcomes, decreases of portal 

pressure and reduced mortality [233, 234]. However, for liver diseases in which there is 

not effective primary therapy, anti-fibrotic therapies would be highly desirable.  

Significant progress in uncovering the cellular and molecular basis of hepatic 

fibrosis has stimulated the efforts to develop antifibrotic strategies. Many mechanism-

based pharmaceutical antifibrotic treatment modalities have been attempted for liver 

fibrosis. Among these are angiotensin-converting enzyme (ACE) inhibitors and 

angiotensin-receptor blockers (ARB), colchicine, interferon, pioglitazone, and farglitazar 

[215]. Unfortunately these and other anti-fibrotic treatments have been shown to be 

ineffective in clinical trials [215]. Clinical trials of antioxidant therapies have also been 

disappointing. Vitamin E, which was proven to be effective in animal studies, did not 

decrease fibrosis in patients with non-alcoholic hepatitis [215, 235, 236]. However, one 

trial demonstrated that treatment with a silybin-vitamin E-phospholipid complex reduced 

liver fibrosis in patients with chronic hepatitis C treated with pegylated interferon α and 

ribavirin [237].  

Animal Models of Liver Fibrosis 

Research into the cellular processes of fibrosis has been conducted in cell lines 

and using isolated primary cells [238, 239]. Primary cells that may be isolated from the 
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liver include hepatocytes [240], HSC [239], endothelial cells [241], and Kupffer cells [241], 

and co-culture may reproduce some aspects of in vivo biology. Primary cultures of HSC 

or human HSC cell lines (e.g. LX-2 cells) have been widely used to examine the effects of 

pro-fibrotic and antifibrotic reagents [242-245]. While the contributions of the various cell 

types to fibrotic processes may be replicated in culture using cell lines or primary cells, the 

gold-standard for fibrotic research, especially translational research, is the use of animal 

models [238].  

Animal models are more effective than in vitro models in replicating the 

complexities of fibrotic pathogenesis in the liver, especially in pathologically complex  

fibrogenesis involving multiple cell types [238]. Infectious models include parasitic 

infection and hepatitis viral infection in immune-compromised mice [238]. Chemical 

models include carbon tetrachloride (CCl4), thioacetamide, and dimethylnitrosoamine. 

These chemical models result in reproducible fibrosis [83, 231, 246-250]. Intraperitoneal 

(IP) administration of CCl4 has also been used but may lead to peritonitis.  

Dietary models have also be used to induce fibrosis, most with the goal of 

replicating non-alcoholic fatty liver disease (NAFLD) or non-alcoholic steatohepatitis 

(NASH). The major limitations of these models include that it takes months to generate 

fibrosis, and fibrosis is typically very mild [238].   

Genetic models can also produce fibrosis. For example, multi-drug resistance-

associated protein 2-deficient mice have been reported to develop biliary fibrosis at 8 

weeks and HCC at 4-6 months. Alms1 Fat ausi mutant mice fed a high fat diet begin to 

show injury after 24 weeks with fibrosis proceeding thereafter [239]. However, the 

pathogenetic process of fibrosis caused by genetic manipulation may not be reversible, 
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relevant to human disease, or suitable for evaluation of the effects of potential therapeutic 

agents [239]. 

Bile duct ligation (BDL) is a widely used and well-established surgical cholestatic 

model of fibrosis [239]. Liver fibrosis occurs in many cholestatic liver diseases in humans 

[239]. Therefore, this model is also of clinical relevance. Ligating the common bile duct 

leads to cholestasis, cytokine secretion by biliary epithelial cells, ductular reactions (e.g. 

proliferation of biliary epithelial cells), hepatocellular necrosis (biliary infarcts), and 

inflammation [251]. Portal fibroblasts become activated, and HSC lose their retinoid-

containing fat droplets, begin expressing α-SMA, and transform to a myofibroblast 

phenotype [251]. Fibrotic markers including TIMP-1 and TGF-ß are also expressed [239]. 

Activated myofibroblasts express collagens, and fibrosis may be observed at 10 days and 

is pronounced by 14 days after surgery [251]. However, surgical complications (e.g., due 

to bile leakage), which occur occasionally, may lead to variation in fibrotic responses or 

death [239]. 

Rationale and Project Goals 

Previous studies have shown that oxidative stress, in particular mitochondrial 

oxidative stress, occurs in many liver diseases and plays an important role in liver disease 

pathogenesis. However, though many effects of ROS are known, how ROS leads to liver 

injury is not fully elucidated (Figure 1-6). Since lipid peroxidation produces reactive 

aldehydes, in this study I tested the central hypotheses that aldehydes are important 

mediators of liver injury and fibrosis and that acceleration of aldehyde degradation by 

activation of mitochondrial ALDH2 would decrease liver injury and fibrosis. I examined the 

role of aldehydes in liver injury in APAP-induced liver injury, which causes ALF, and 



34 

 

cholestatic liver fibrosis which causes chronic liver failure. I expected that success of this 

study will elucidate the role of aldehydes in oxidative stress-related liver injury and fibrosis, 

thus identifying a new therapeutic target. I further expected that this study will determine 

whether ALDH2 activation is an effective treatment modality for liver diseases that cause 

both acute and chronic liver failure. 
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FIGURES 

 

 

Figure 1-1. Common reactive oxygen species and their sources 

ROS are produced from the respiratory chain and NADPH Oxidase, which deplete 

glutathione (GSH) stores and NADPH. Superoxide (O2
•-) can interact with nitric oxide 

(•NO) to produce peroxynitrite (ONOO-), which can be protonated, leading to 

decomposition to nitrogen dioxide (•NO2) and hydroxyl radical (•OH). Superoxide can also 

be reduced to hydrogen peroxide (H2O2) by superoxide dismutase enzyme. H2O2) can be 

detoxified to water (H2O) by catalase and peroxidase enzyme or serve as a substrate for 

myeloperoxidase enzyme to form hypochlorous acid. Fenton chemistry forms •OH and 
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(Fe3+) from ferrous iron (Fe2+) and (H2O2). Free radicals form peroxyl radical (LOO•) and 

lipid peroxides (LOOH), which also undergo a number of lipid chain reactions. Lipid alkoxyl 

radicals undergo ß-scission to form aldehydes such as malondialdehyde (MDA) and 4-

hydroxynonenal (4-HNE).  

Source: Image kindly provided by Lemasters, JJ 
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Figure 1-2. Structures of three aldehydes of biological significance 

See text. 

Source: Image kindly provided by Woster, PM 
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Figure 1-3. The overall structure of mitochondria. 

Shown are the outer mitochondrial membrane (OMM), inner mitochondrial 

membrane (IMM), and the invaginations forming the cristae and christae membrane (CM). 

Also seen are the sorting and assembly machinery (SAM) of OMM at a contact site (CS) 

with the mitochondrial contact site and cristae organizing system (MICOS), and cristae 

junctions (CJ). 
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Source: [104] M. Habich, S.L. Salscheider, J. Riemer, Cysteine residues in mitochondrial 

intermembrane space proteins: more than just import, Br J Pharmacol 176(4) (2019) 514-

531. 

Used with permission. 
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Figure 1-4. The electron transport chain, showing 11 sites of electron leak. 

Source: [124] This research was originally published in the Journal of Biological 

Chemistry. H.S. Wong, P.A. Dighe, V. Mezera, P.A. Monternier, M.D. Brand, Production 

of superoxide and hydrogen peroxide from specific mitochondrial sites under different 

bioenergetic conditions, J Biol Chem 292(41) (2017) 16804-16809.  

© the American Society for Biochemistry and Molecular Biology or © the Author(s). 

Used with permission. 
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Figure 1-5. Extrinsic and intrinsic apoptosis signaling. 

The left side shows extrinsic (receptor mediated) apoptotic signaling pathway, in which 

signals from cell membrane receptors lead to cleavage of cleaved caspase 8 and initiation 

of the caspase cascade. The right side shows intrinsic apoptotic signaling. See text. 

Source: [252] G. Xu, Y. Shi, Apoptosis signaling pathways and lymphocyte homeostasis, 

Cell Res 17(9) (2007) 759-71. 

Used with permission. 
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Figure 1-6. Role of reactive oxygen species and aldehydes in liver injury, 

inflammation and fibrosis. 

Reactive oxygen species cause lipid peroxidation, mitochondrial stress, and stress 

signaling, many of which converge on cell death, inflammation, and fibrosis as final 

outcomes. We hypothesize that aldehyes generated from lipid peroxidation mediate many 

detrimental effects caused by ROS. 

Source: Original work. 
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Table 1-1. The nineteen ALDH enzymes expressed in humans. 

See Text 

Source: [64] C.H. Chen, J.C. Ferreira, E.R. Gross, D. Mochly-Rosen, Targeting aldehyde 

dehydrogenase 2: new therapeutic opportunities, Physiol Rev 94(1) (2014) 1-34. 

Used with permission. 
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Table 1-2. Factors Associated with Progression of Fibrosis 

See Text 

Source: [214] R. Bataller, D.A. Brenner, Liver fibrosis, Journal of Clinical Investigation 

115(2) (2005) 209-218. 

Used with permission. 
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CHAPTER 2: Aldehyde Dehydrogenase-2 

Activation Decreases Acetaminophen 

Hepatotoxicity by Prevention of Mitochondrial 

Depolarization  
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ABSTRACT 

Background and Aim: Acetaminophen (APAP) hepatotoxicity is a leading cause of 

acute liver failure worldwide. Previous studies show that oxidative stress contributes to 

APAP hepatotoxicity. Since lipid peroxidation produces reactive aldehydes, we 

investigated whether accelerating aldehyde detoxification by activation of mitochondrial 

aldehyde dehydrogenase (ALDH2) with Alda-1 decreases liver injury after APAP. 

Methods: Male C57Bl/6J mice fasted overnight received Alda-1 (20 mg/kg, i.p.) or 

vehicle 30 minutes before administration of APAP (300 mg/kg, i.p.). Food was returned to 

the animals 30 minutes after APAP administration. Blood and livers were collected 2 or 24 

h after APAP. Intravital multiphoton microscopy of rhodamine 123 (Rh123) and propidium 

iodide (PI) fluorescence was conducted 6 h after APAP administration to detect 

mitochondrial polarization status and cell death. 

Results: 4-HNE protein adducts were present in 0.1% of tissue area without APAP 

treatment but increased to 7% and 19% after 2 and 24 h treatment with APAP, 

respectively. Alda-1 blunted 4-HNE adduct formation to 1% and 2.4% at 2 and 24 h. Serum 

alanine aminotransferase (ALT) increased to 7594 U/L at 24 h after APAP, and this 

increase was blunted 72% by Alda-1. Alda-1 also decreased centrilobular necrosis at 24 

h after APAP from 47% of lobular areas to 21%. N-acetyl-p-benzoquinone imine (NAPQI) 

protein adducts formation increased significantly with APAP, which Alda-1 did not alter. 

JNK phosphorylation also increased after APAP as expected, but Alda-1 also did not alter. 

Without APAP, no mitochondrial depolarization was detected by intravital microscopy. At 

6 h after APAP, 62% of tissue area showed depolarization, which decreased by nearly 

half to 33.5% with Alda-1 treatment. Cell death as detected by PI labeling increased from 
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0 to 6.8 cells per 30x field 6 h after APAP, which decreased to 0.6 cells by Alda-1 

treatment. 

Conclusion: Aldehydes are important mediators of APAP hepatotoxicity. 

Accelerated aldehyde degradation by ALDH2 with Alda-1 decreases APAP hepatotoxicity 

by protection against mitochondrial dysfunction. 
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INTRODUCTION  

Acetaminophen (N-acetyl-p-aminophenol, paracetamol, Tylenol®, APAP) is a widely 

used effective over-the-counter analgesic and antipyretic. In cases of overdose, APAP 

metabolism produces a hepatic injury that can lead to acute liver failure requiring 

transplantation and is the primary cause of acute liver failure worldwide [159, 179, 180, 

183-185]. Sensitivity to APAP toxicity can be increased by various conditions, including 

chronic alcohol use, poor nutrition, use of herbal or other medications that affect APAP 

metabolism, chronic liver injury, and age [179, 180, 183]. While the glutathione (GSH) 

precursor, N-acetylcysteine (NAC), is currently used as an antidote to treat APAP-induced 

liver injury, NAC becomes ineffective at longer periods after APAP overdose, and 

additional approaches to improve therapy of APAP hepatotoxicity are needed. 

APAP is metabolized by glucuronidation and sulfation, producing roughly 90% of 

metabolites. Cytochrome P450s, primarily Cyp2E1, also metabolize APAP to form a N-

acetyl-p-benzoquinone imine (NAPQI) intermediate, which accounts for roughly 10% of 

metabolites [159, 179, 180, 184]. Conjugation with GSH is the principal route of NAPQI 

detoxification. At high APAP doses, glucuronidation and sulfation pathways become 

saturated, and a greater proportion of APAP is converted to NAPQI. Excessive NAPQI 

depletes GSH After GSH depletion, NAPQI forms adducts with proteins and nucleic acids, 

leading to cell damage [159, 180, 183, 184, 202]. Mitochondrial NAPQI-protein adduct 

formation increases superoxide formation from the respiratory chain, thus increasing 

mitochondrial oxidative stress [159, 185, 192]. Lipid peroxidation damages the 

mitochondrial membrane and forms aldehydes [29]. Previous studies also show that the 

mitochondrial permeability transition (MPT) occurs after APAP overdose and that the MPT 
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inhibitors cyclosporin A and NIM811 decrease APAP hepatotoxicity [155, 253]. Activation 

of c-Jun N-terminal kinase (JNK) pathway is also implicated in APAP hepatotoxicity [159, 

183, 185]. Activation of apoptosis signal-regulating kinase 1 (ASK1) and mixed-lineage 

protein kinase 3 (MLK3) by reactive oxygen species (ROS) is  possibly responsible for 

JNK activation [159, 185].  

Although it is well accepted that ROS play a role in APAP hepatotoxicity, whether 

aldehyde formation subsequent to lipid peroxidation contributes to APAP hepatotoxicity 

remains unclear. Alda-1 (N-(1,3-benzodioxol-5-ylmethyl)-2,6-dichlorobenzamide) is an 

activator of mitochondrial aldehyde dehydrogenase (ALDH2) responsible for aldehyde 

degradation. Previous studies show that Alda-1 decreases injury in high-ROS 

environments, such as experimental radiodermatitis and experimental ischemia-

reperfusion injury in multiple organs [61, 65-68, 73, 84-86, 88]. Therefore, Alda-1 provides 

a powerful tool to determine whether aldehydes play a role in the pathogenesis of 

hepatotoxicity. Here, we show that Alda-1 pretreatment markedly decreases mitochondrial 

dysfunction and liver injury in a mouse model APAP toxicity. 

EXPERIMENTAL PROCEDURES 

Synthesis of Alda-1. Alda-1 was synthesized as previously described [254]. The 

product was shown to be >99% pure by HPLC chromatography, and the structure was 

verified by NMR spectroscopy.  

Acetaminophen and Alda-1 Administration. Male C57BL/6 mice (20-22g) were 

purchased from the Jackson Laboratory (Bar Harbor, MA) and maintained on a 12-h 

light/dark cycle with ad libitum food and water. All animal procedures followed the NIH 

“Guide for the Care and Use of Laboratory Animals” and were preapproved by the 
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Institutional Animal Care and Use Committee at the Medical University of South Carolina. 

After fasting overnight (15-18 h), Alda-1 (20 mg/kg) or equal volume of vehicle (Neobee 

M-5, Stephan Lipid Nutrition, Maywood, NJ) was administered intraperitoneally. APAP 

(300 mg/kg i.p.) dissolved in saline (20 mg/ml) was injected 30 min later. Food was 

returned to the animals 30 min after APAP treatment. Vehicle control animals were fasted 

and received saline and Neobee M-5 injections.  

Tissue Harvest and Histology. At 2 h and 24 h after APAP administration, blood 

and liver were harvested under pentobarbital anesthesia (100 mg/kg, ip). Blood was 

collected from the inferior vena cava. Livers were perfused with 5 mL normal saline via 

the portal vein before removal of left lateral lobes. Half of each left lateral lobe was snap 

frozen in liquid nitrogen for storage at -80oC for biochemical analysis. The remainder was 

trimmed, washed in PBS and fixed in 10% formalin for 24 h. After processing and 

embedding in paraffin, 5-µm sections were cut on a rotary microtome. Xylene and alcohol 

were used to deparaffinize and rehydrate sections before H&E staining. Images were 

captured using a 10x objective. Necrotic areas were identified from ten random 10x fields, 

and necrotic areas were quantified using ImageJ (FIJI, Madison, WI) [255].  

Serum Alanine Aminotransferase Measurement. Serum alanine 

aminotransferase (ALT) was measured using an ALT kit (Pointe Scientific, Canton, MI) 

according to the manufacturer’s instructions [256]. 

NAPQI-Protein Adducts Assay. NAPQI-protein adducts in liver tissue were 

measured by HPLC as previously described [208]. 

Immunoblotting. JNK and phospho-JNK immunoblotting was performed as 

previously described [257, 258]. Primary antibodies were rabbit anti-JNK (cat. no. 9252, 
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Cell Signaling Technology, Danvers, MA), rabbit anti-phospho-JNK (cat. no. 4668) and 

rabbit anti ß-actin (cat. no 4967). Secondary antibody was an HRP-conjugated anti-rabbit 

IgG (1:5000, Santa Cruz Biotechnology, Dallas TX). Chemiluminescence was imaged 

using a LICOR Odyssey imaging system (LICOR Biosciences, Lincoln NE). 

Immunohistochemistry. Liver sections were deparaffinized and rehydrated, 

followed by blocking in 2.5% normal horse serum supplied in a Vector IMMPress HRP 

polymer Kit (MP-7401, Vector Laboratories, Burlingame CA). Primary antibody was Alpha 

Diagnostics rabbit anti-4-HNE (4-hydroxynonenal, HNE11-S Alpha Diagnostics, San 

Antonio, TX), applied at 1:600 in PBS at 4oC overnight. Vector IMMPress HRP polymer 

secondary antibody (Vector Laboratories, Burlingame, CA) was applied, and the sections 

were incubated for 30 minutes at room temperature. Cy3-conjugated anti-HRP antibody 

(1:500 in PBS, 123-165-021, Jackson Immunoresearch, West Grove, PA) was incubated 

with sections for 1 h before coverslipping with VectaShield Hard Set with DAPI mounting 

media (Vector Laboratories). Ten random images were collected using a 20x objective. 4-

HNE immunofluorescence images were converted to 8-bit grayscale in Adobe Photoshop 

CS4 (Adobe, San Jose CA), and non-tissue background areas were set to a pixel value 

of 5 to normalize black levels. All images were then rescaled to the same levels. The 

images were then analyzed in ImageJ using thresholding of pixel values 35-255. Pixels 

within the threshold range were counted. Non-tissue regions in the image were excluded 

from analysis. 

Intravital multiphoton microscopy. At 6 h after vehicle or APAP administration, 

mice were anesthetized with ketamine and xylazine (100 and 10 mg/kg, i.p., respectively), 

intubated a 20-gauge catheter inserted into the trachea and connected to a small animal 
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ventilator. Rhodamine 123 (Rh123, 2 µmol/mouse), a green-fluorescing mitochondrial 

polarization indicator, and propidium iodide (PI, 0.4 µmol/mouse), which labels the nuclei 

of non-viable cells, were infused via the femoral vein using polyethylene-10 tubing over 

10 min. 

After midline laparotomy, the liver was gently withdrawn from the abdominal cavity 

and placed over a no. 1.5 glass coverslip mounted on the stage of an Olympus Fluoview 

1200 MPE multiphoton microscope (Olympus, Center Valley, PA) equipped with a Spectra 

Physics Mai Tai Deep Sea tunable multiphoton laser (Newport, Irvine, CA). Rh123 and PI 

fluorescence was imaged simultaneously using 820-nm multiphoton excitation and a 30x 

1.05 N.A. silicon oil objective lens. The respirator was turned off for 5-10 sec to eliminate 

breathing artifacts during imaging. Ten or more random images were collected for each 

mouse. Bright punctate Rh123 fluorescence signified hepatocytes with polarized 

mitochondria, whereas dimmer diffuse cytosolic fluorescence signified cells with 

depolarized mitochondria. Percent area of mitochondrial depolarization was analyzed 

using ImageJ distributed by Fiji [255]. Nonviable, PI-positive cells were counted in 10 

random images per animal.  

Statistics. Differences between two groups were analyzed by the Student's t-test. 

One-way ANOVA followed by the Bonferroni post-hoc test was used for comparison of 

differences of 3 groups. p < 0.05 was considered statistically significant. Groups sizes 

were 3 or more. 
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RESULTS  

Alda-1 decreases serum alanine aminotransferase release after 

acetaminophen treatment. After 24 h, vehicle-treated control animals without APAP 

exposure had serum ALT levels of 26 ± 5 U/L (Figure 2-1). After APAP, ALT increased to 

7594 ± 1255 U/L (p<0.001 vs vehicle). Pretreatment with Alda-1 before APAP decreased 

serum ALT by more than two-thirds to 2132 ± 883 U/L compared to APAP alone (p<0.01 

vs APAP) (Figure 2-1). 

Alda-1 decreases centrilobular necrosis after acetaminophen treatment. 

Necrosis was assessed in H&E-stained liver sections 24 h after APAP treatment (Figure 

2). Vehicle-treated control mice without APAP treatment showed no necrosis (Figure 2-

2A). By contrast after 24 h, animals receiving APAP showed widespread centrilobular 

necrosis in 47.1 ± 2.8% of cross-sectional area (Figure 2-2B and D). Alda-1 treatment 

decreased necrosis to 20.7 ± 6.0% (p<0.01 vs APAP) (Figure 2-2C and D).  

Alda-1 does not alter formation of NAPQI-protein adducts after APAP. The 

NAPQI intermediate of APAP metabolism is detoxified by conjugation with glutathione, but 

after the glutathione pool becomes depleted, NAPQI forms adducts with proteins [156, 

159, 179, 180, 183-185]. Accordingly, we measured NAPQI adducts to cysteine residues 

of proteins after APAP. As expected, NAPQI-protein adducts were undetectable in animals 

not given APAP (Figure 2-3). After APAP, NAPQI-protein adducts increased to 0.34 ± .03 

ng/mg protein (p<0.01 vs no APAP, Figure 2-3). With Alda-1 pretreatment before APAP, 

NAPQI-protein adducts remained high at 0.38 ± .03 ng/mg protein, which was not 

significantly different from APAP alone.   
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Alda-1 does not decrease JNK activation after APAP. Previous studies show that 

JNK activation is involved in cell death after acetaminophen overdose [159, 183, 185]. 

Accordingly, we assessed JNK and phospho-JNK (p-JNK) by immunoblotting. With 

vehicle only treatment, p-JNK was almost undetectable, and the ratio of p-JNK to JNK was 

0.10 ± 0.03 (Figure 2-4). This ratio increased to 0.63 ± 0.06 after APAP treatment (p<0.01 

vs no APAP, Figure 2-4). Alda-1 treatment did not significantly change JNK activation 

after APAP, with p-JNK/JNK averaging 0.56 ± 0.06. 

Alda-1 decreases 4-hydroxynonenal-protein adduct formation after APAP. 

Lipid peroxidation produces aldehydes including 4-HNE. 4-HNE forms adducts with 

proteins that can be detected by immunohistochemistry. Without APAP, 4-HNE 

immunostaining was weak and corresponded to 0.13 ± 0.07% of the cross-sectional area 

(Figure 2-5A and D). 2 h after APAP, adducts increased to 7.3 ± 1.7% of area (p<0.01 vs 

vehicle) (Figure 2-5B and D). At this timepoint, Alda-1 treatment decreased 4-HNE 

adducts to 1.0 ± 0.3% of area (p<0.05 vs APAP) (Figure 2-5C and D).  

Alda-1 decreases mitochondrial depolarization and cell death after APAP. The 

mitochondrial permeability transition leads to mitochondrial depolarization and cell death 

after APAP overdose [31, 155, 156, 159]. Accordingly, we measured mitochondrial 

depolarization and cell death using intravital microscopy of Rh123 and PI fluorescence. In 

mice without APAP treatment, green Rh123 fluorescence was punctate in virtually every 

hepatocyte, indicating mitochondrial polarization, and red PI labeling of nuclei was absent 

(Figure 2-6A). After APAP treatment, depolarization increased 62.3 ± 2.0% of cross-

sectional area (p<.001 vs. vehicle only) (Figure 2-6B and D), and the number of PI-

labeled calls per 30x field increased to 6.8 ± 2.3 (p<0.01 vs. vehicle) Figure 2-6B and E). 
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With Alda-1 pretreatment, the area of mitochondrial depolarization after APAP decreased 

to 33.5 ± 3.4% (p<0.01 vs APAP alone) (Figure 2-6C and D), and the number of PI-

labeled cells per field decreased to 0.6 ± 0.1 (p<0.05 vs APAP) (Figure 2-6C and E). 
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DISCUSSION 

Aldehydes are important mediators of acetaminophen hepatotoxicity 

Despite the introduction of NAC treatment, APAP hepatotoxicity is still the most 

common cause of liver failure worldwide [159, 179, 183-185]. NAC, a glutathione 

precursor, is most effective in early stages of APAP hepatotoxicity. When administered at 

later stages, the therapeutic effect of NAC markedly decreases, although some protection 

can still be achieved, possibly through the antioxidant effect of NAC [179]. Additional 

studies are needed to further elucidate the mediators of APAP hepatotoxicity so that new 

therapeutic targets can be identified. While previous studies have demonstrated that ROS 

play a role in APAP hepatotoxicity, the specific contribution of aldehydes, products of lipid 

peroxidation, remains unclear. Free aldehydes readily form adducts with proteins and 

nucleic acids, disrupting their function [68]. The electron transport chain of mitochondria 

is a main source of ROS underlying oxidant stress. The mitochondrial isoform of aldehyde 

dehydrogenase, ALDH2, detoxifies aldehydes including acetaldehyde, malondialdehyde, 

and 4-hydroxynonenal (4-HNE) among others [61, 69, 73]. In this study, we investigated 

the role of aldehydes in APAP hepatotoxicity by using Alda-1, an ALDH2 activator, to 

enhance detoxification of aldehydes in mice that receive an overdose of APAP.  

Our results demonstrate that 4-HNE protein adducts increased as early as 2 h after 

APAP administration and continued to increase through 24 h (Figure 2-5). Notably, Alda-

1 markedly blunted this increase of 4-HNE protein adducts after APAP at both timepoints 

(Figure 2-5). These data are consistent with the hypothesis that oxidative stress after 

APAP increases generation of toxic aldehydes and that activation of ALDH2 accelerates 

degradation of these aldehydes. Serum ALT also increased markedly after APAP, an 
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increase strongly blunted by Alda-1 pretreatment (Figure 2-1). Moreover, centrilobular 

necrosis occurring after APAP overdose was decreased by more than half with Alda-1 

pretreatment (Figure 2-2). These data clearly demonstrate that APAP hepatotoxicity is 

associated with markedly increased reactive aldehyde production and that acceleration of 

aldehyde degradation effectively decreases APAP hepatotoxicity. Therefore, aldehydes 

are important mediators of APAP hepatotoxicity and a novel therapeutic target.   

 

Acceleration of aldehyde detoxification decreases acetaminophen 

hepatotoxicity by protecting against mitochondrial dysfunction but not by altering 

acetaminophen metabolism or JNK activation   

We explored how Alda-1 protects against APAP hepatotoxicity. Many events after 

APAP intoxication help mediate the pathogenesis of liver injury, such as NAPQI protein 

adduct formation, JNK activation, and onset of the MPT [156, 159, 179, 180, 183-185]. 

Previous studies show that APAP overdose increases the proportion of APAP metabolized 

to NAPQI by cytochrome P450 [159, 179]. Once GSH is depleted and can no longer 

detoxify NAPQI, NAPQI begins to form adducts with proteins and nuclear acids, altering 

their functions. This NAPQI adduct formation is a crucial step in APAP induced liver injury 

[159, 179, 183-185]. Therefore, we explored whether Alda-1 decreases APAP 

hepatotoxicity by alteration of APAP metabolism. We showed that NAPQI-protein adduct 

formation markedly increased after APAP treatment, but NAPQI-protein adduct formation 

was not decreased by Alda-1 (Figure 2-3). Therefore, Alda-1 protection is not due to 

alteration of APAP metabolism (Figure 2-7).  
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JNK activation is also linked to APAP hepatotoxicity [159, 185], and previous studies 

show that JNK inhibitors decrease APAP-induced liver injury [155]. NAPQI forms adducts 

with mitochondrial proteins of the electron transport chain, leading to increased ROS 

production. Apoptosis signal-regulating kinase 1 (ASK1, MAP3K5) and mitogen-activated 

protein kinase kinase kinase 11 (MLK3, MAP3K11) are the upstream kinases that activate 

JNK and are themselves activated by increased ROS  [159, 185]. JNK activation is 

associated with prevention of apoptosis but potentiation necrosis [259]. This may explain 

why the dominant form of cell death is necrosis rather than apoptosis in APAP 

hepatotoxicity. Furthermore, persistent JNK activation can also increase ROS production 

thus further exacerbating necrosis [259]. Since JNK activation is associated with ROS 

formation, we explored whether aldehydes mediate JNK activation, JNK activation 

increased as early as 2 h after APAP administration. However, Alda-1 did not alter JNK 

activation (Figure 2-4). These data showed that Alda-1 protection against APAP 

hepatotoxicity is not due to inhibition of JNK activation (Figure 2-7). A possible explanation 

for this phenomenon is that ASK1 and MLK3 are activated by ROS but not by aldehydes.  

Previous studies demonstrate that onset of the MPT plays a critical role in APAP 

hepatotoxicity [31, 155, 156, 158, 159]. The MPT is caused by opening of permeability 

transition (PT) pores in the mitochondrial inner membrane, leading to collapse of 

mitochondrial membrane potential, decreased ATP production and necrotic cell death 

[151, 155, 156, 158, 159]. The MPT can also trigger apoptosis by causing release of 

proapoptotic factors such as cytochrome c [151]. APAP causes onset of the MPT in both 

cultured hepatocytes and in vivo [155, 158]. The MPT inhibitors cyclosporin A and NIM811 

decrease APAP-induced necrotic cell death [155, 158]. ROS, JNK activation and 
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mitochondrial translocation, and iron translocation from lysosomes to mitochondria all help 

trigger the MPT [31, 155, 158]. The present study confirmed that mitochondrial 

depolarization occurs after APAP, indicating onset of the MPT (Figure 2-6). Importantly, 

Alda-1 decreased mitochondrial depolarization and subsequent cell death (Figure 2-6). 

These results show that aldehydes contribute to initiating the onset of the MPT, thus 

leading to liver injury after APAP overdose (Figure 2-7). Aldehydes including 4-HNE are 

previously reported to promote MPT in isolated liver mitochondria and to be involved in 

the pathogenesis of cardiovascular diseases [49, 50]. 

Taken together, this study demonstrates that aldehydes are important mediators of 

APAP hepatotoxicity, and that acceleration of aldehyde degradation is a promising 

approach to decrease APAP-induced liver injury. Moreover, this study demonstrates that 

Alda-1 protection is not due to decreased APAP metabolism or inhibition of JNK activation 

but is mediated by prevention of aldehyde-induced mitochondrial dysfunction after APAP 

overdose (Figure 2-7). Mitochondria are at particular risk of lipid peroxidation due to active 

production of ROS from the respiratory chain and the high content of unsaturated 

phospholipids in mitochondrial membranes. Therefore mitochondria are likely exposed to 

high levels of reactive aldehydes  [260]. Overall, activation ALDH2 to increase the rate of 

aldehyde detoxification is a promising therapeutic strategy to prevent mitochondrial 

dysfunction and protect cells in high ROS environments, such as occurs in APAP 

hepatotoxicity. 
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FIGURES 

 

 

Figure 2-1. Alda-1 decreases alanine aminotransferase release after acetaminophen 

overdose. 

Serum ALT was measured 24 h after treatment with vehicle only, APAP, and APAP 

plus Alda-1. Values are means ± SEM (n = 4 per group). *, p<0.01 vs. Vehicle; **, p<0.01 

vs. APAP. 
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Figure 2-2. Alda-1 decreases centrilobular necrosis after acetaminophen overdose. 

Livers were harvested for H&E histology 24 h after treatment with vehicle only (A), 

APAP (B) and APAP plus Alda-1 (C) (representative images are shown). Ten random 

images were collected per slide using a 10x objective, and necrotic areas were quantified 

(D). Values are means ± SEM (n = 4, 3 and 4, respectively, for Vehicle, APAP and APAP 

plus Alda-1. Bar is 200 µm. *, p<0.01 vs. Vehicle; **, p<0.01 vs. APAP.  
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Figure 2-3. Alda-1 does not alter formation of NAPQI-protein adducts after 

acetaminophen.  

Livers were harvested 2 h after vehicle only, APAP and APAP plus Alda-1 

treatments. NAPQI-protein adducts were measured by HPLC. Values are mean ± SEM (n 

= 5/group). *, p<0.01 vs. Vehicle. 
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Figure 2-4. Alda-1 does not alter JNK activation after acetaminophen.  

Livers were harvested 2 h after vehicle with vehicle only, APAP or APAP plus Alda-

1. JNK and p-JNK were detected by immunoblotting, quantified by densitometry and 

reported as p-JNK/JNK ratios. A shows representative images of p-JNK and JNK 
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immunoblots (n=3/group). B shows quantified values as means ± SEM (n = 5/group). *, 

p<0.05 vs. Vehicle. 
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Figure 2-5. Alda-1 decreases 4-HNE adducts after acetaminophen overdose. 

Livers were harvested 2 h after treatment with vehicle only (A), APAP (B), and APAP 

plus Alda-1 (C), and immunohistochemistry was performed to detect 4-HNE as in Methods 

(representative images are shown). The scale bar = 100 µm.  Ten random images were 

collected per slide using a 10x objective, and 4-HNE positive areas were quantified (D) 

using histomorphometry as in Methods. Values are means ± SEM (n = 5/group). *, p<0.05 

vs. vehicle alone; **, p<0.05 vs. APAP. 
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Figure 2-6. Alda-1 decreases mitochondrial depolarization and cell death after APAP 

overdose. 

Animals were infused with rhodamine 123 (green) and PI (red) 6 h after treatment 

with vehicle only (A), APAP (B), and APAP plus Alda-1 (C). Livers were imaged 10 min 
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later using two-photon intravital microscopy. Shown are representative images. Bar is 50 

µm. For each liver imaged, 10 random images were obtained using a 30x objective lens 

and quantified for depolarized area (D) and PI-positive nuclei per high power field (E). 

Values are means ± SEM (n = 3/group). *, p<0.05 vs. Vehicle; **, p<0.05 vs. APAP. 
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Figure 2-7. Aldehyde dehydrogenase-2 activation by Alda-1 decreases 

acetaminophen hepatotoxicity by detoxifying aldehydes and preventing the 

mitochondrial permeability transition.  

An overdose of APAP saturates the sulfation and glucuronidation pathways causing 

a greater proportion of APAP to be metabolized to NAPQI. Excess NAPQI causes 

depletion of GSH, leading to the formation of NAPQI protein adducts in mitochondria. The 

resulting increased ROS formation causes JNK activation via the ASK1 and MLK3 

pathways, as well as aldehyde formation by lipid peroxidation. These aldehydes promote 

onset of the MPT and cell death. Detoxification of aldehydes by ALDH2 activated by Alda-

1 decreases cell death by preventing the MPT. 
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CHAPTER 3: Aldehyde Dehydrogenase-2 

Activation by Alda-1 Decreases Necrosis and 

Fibrosis After Bile Duct Ligation in Mice 
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ABSTRACT 

Background and Aim: Liver fibrosis is a leading cause of morbidity and mortality 

worldwide. Oxidative stress is a key component in the pathogenesis of liver fibrosis. We 

investigated the role of aldehydes resulting from lipid peroxidation in cholestatic liver injury 

and fibrosis. 

Methods: C57Bl/6J mice underwent bile duct ligation (BDL) or sham operation. One 

hour after surgery and daily thereafter, mice were given Alda-1 (20 mg/kg s.c.), an 

aldehyde dehydrogenase-2 activator, or an equivalent volume of vehicle. Blood and livers 

were collected after 3 and 14 days.  

Results: Serum alanine aminotransferase (ALT) increased to 537 U/L 3 days after 

BDL, and Alda-1 reduced this increase by 48%. Biliary infarcts with a periportal distribution 

developed in an area of 7.8% 14 days after BDL versus 0% area after sham operation. 

Alda-1 treatment during BDL decreased the biliary infarct area to 1.9%. Fibrosis detected 

by picrosirius red morphometry increased from an area of 1.6% in sham to 7.3% after 

BDL, which decreased to 3.8% with Alda-1. Alda-1 mediated suppression of fibrosis was 

additionally confirmed by second harmonic generation microscopy. After BDL, collagen-I 

mRNA increased 12-fold compared to sham, which decreased to 6-fold after Alda-1 

exposure. Smooth muscle α-actin, a marker of activated myofibroblasts, increased from 

1% area in sham to 18.7% after BDL, which decreased to 5.3% after Alda-1. Macrophages 

increased from 33.4 cells/field in sham to 132 cells/field after BDL and were decreased to 

65 cells/field with Alda-1. Finally, 4-hydroxynonenal adduct (4-HNE) immunofluorescence 

was expressed in an area of 2.5% in sham, 14.1% after BDL, and 2.2% after Alda-1. 
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Conclusion: Accelerated aldehyde degradation by Alda-1 decreases BDL-induced 

liver necrosis, inflammation, and fibrosis, implying that aldehydes play an important role 

in the pathogenesis of cholestatic liver injury and fibrosis. 

Keywords: 4-hydroxynonenal, Alda-1, aldehyde dehydrogenase-2, aldehydes, 

fibrosis, hepatic stellate cells, inflammation, macrophages, osteopontin, oxidative stress. 
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INTRODUCTION 

Chronic liver disease and cirrhosis are leading causes of morbidity and mortality 

with 40,326 deaths (12.5 per 100,000 population) in the US in 2015 [217, 221, 223, 231, 

261]. Fibrotic transformation is the result of a wound healing process that fails to self-

regulate, which is stimulated by chronic injury to the liver, including viral infection, alcoholic 

and non-alcoholic liver disease, cholestasis, toxic chemical exposure, and others [262-

265]. As fibrosis progresses, structural changes and loss of liver function become 

irreversible and can only be remedied by liver transplantation. While an understanding of 

fibrotic processes has increased over the past twenty years, effective treatments for 

fibrosis have not yet become available [223, 266]. 

Previous studies in our and other laboratories have demonstrated that reactive 

oxygen species (ROS) play a role in the pathogenesis of liver injury and fibrosis [25-28, 

51, 226, 267]. ROS directly attack macromolecules and alter mitochondrial function, 

leading to liver injury. ROS also stimulate inflammation and fibrosis [226]. Antioxidant 

therapy, such as green tea polyphenols, decreases fibrosis after cholestasis [27]. 

Moreover, mitochondria are prone to damage by ROS. Overexpression of superoxide 

dismutase-2, the mitochondrial isoform, shows greater efficacy than overexpression of 

cytosolic superoxide dismutase-1 in decreasing liver injury, fibrotic signaling, and fibrosis 

after bile duct ligation (BDL), which indicates an important role of mitochondrial ROS in 

stimulation of injury and fibrosis [28]. MitoQ, a mitochondrially targeted antioxidant, also 

markedly decreases carbon tetrachloride induced liver injury and fibrosis [231]. 

ROS lead to lipid peroxidation, resulting in damage to lipid membranes [226]. 

Moreover, peroxidized lipids undergo ß-scission to form aldehydes like malondialdehyde 
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(MDA) and 4-hydroxynonenal (4-HNE). Free aldehydes are reactive and readily form 

adducts with proteins, nucleic acids and other lipids. Such adduct formation disrupts 

protein function and can lead to mitochondrial dysfunction, apoptotic signaling, and 

necrosis [68]. Aldehydes are detoxified by the aldehyde dehydrogenase family. The 

mitochondrial isoform, aldehyde dehydrogenase-2 (ALDH2), detoxifies a multitude of 

aldehydes at physiological concentrations, with increasing Km and decreasing Kcat as chain 

length increases [69]. Recently, an activator of ALDH2, Alda-1 (N-(1,3-benzodioxol-5-

ylmethyl)-2,6-dichlorobenzamide) was discovered and has proven to decrease 

experimental radiodermatitis and experimental ischemia-reperfusion injury in multiple 

organs [61, 65-68, 73, 84-86, 88].  

Although oxidative stress correlates with fibrosis [25, 51], the role of aldehydes in 

the pathogenesis of fibrotic liver injury is not well understood. Alda-1 provides a tool to 

examine whether accelerated aldehyde detoxification through activation of ALDH2 

ameliorates fibrosis in liver. Here, we investigated the role of aldehydes in the 

pathogenesis of fibrosis using an experimental cholestasis model in mice. We 

demonstrate that treatment with Alda-1 decreases biliary infarct, inflammation and fibrosis 

after BDL. 
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EXPERIMENTAL PROCEDURES 

Synthesis of Alda-1. Alda-1 was synthesized in one step by coupling 2.5 g 2,6 

dichlorobenzoic acid to 4g benzo[d][1,3]dioxol-5-ylmethanamine in N,N-

dimethylformamide under standard peptide coupling conditions with 5.5 g [(1-

[bis(dimethylamine)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid 

hexafluorophosphate (HATU), 5 g N-ethyl-N-isoproylpropan-2-amine (DIPEA), Upon 

completion, the reaction mixture was washed with five 25 mL portions dichloromethane. 

The dichloromethane solution was then washed with two 25 mL portions of saturated 

sodium chloride and dried over anhydrous magnesium sulfate. The solution was then 

filtered, the solvent was removed by rotary evaporation, and the residue was purified by 

silica gel chromatography using a Teledyne Combiflash (Teledyne Isco, Lincoln NE). 

Fractions containing the product were pooled, and the solvent removed to afford pure 

Alda-1 as an amorphous solid. The product was shown to be certified 99+% pure by HPLC 

chromatography, and the structure was verified by NMR spectroscopy using a Bruker 

Nanobay 400 (9.4T) operating at 400MHz.  

Bile Duct Ligation and Alda-1 Administration. Male C57BL/6 mice (23-27g) were 

purchased from the Jackson Laboratory (Bar Harbor, MA) and maintained on a 12-h 

light/dark cycle with ad libitum food and water. All animal procedures followed the NIH 

“Guide for the Care and Use of Laboratory Animals” and were approved by the Institutional 

Animal Care and Use Committee at the Medical University of South Carolina. Under 

isoflurane anesthesia, a midline abdominal incision was performed and the common bile 

duct isolated. The common bile duct was ligated three times with 6-0 silk suture and 

bisected between the middle and distal ligature. Sham animals had the bile duct isolated 
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without ligation, and the abdomen was then closed. One hour after surgery and daily 

thereafter, BDL animals received 20 mg/kg Alda-1 or an equivalent volume of DMSO 

vehicle subcutaneously. Sham-operated mice received vehicle only. 

Tissue Harvest and Processing. At 3 and 14 days after surgery, mice were 

anesthetized with pentobarbital (80 mg/kg, i.p.). A laparotomy was performed, and blood 

was collected from the inferior vena cava. The liver was perfused with 5 mL normal saline 

via the portal vein. The left lateral lobe was then removed. Half of the lobe was snap frozen 

in liquid nitrogen and stored at -80oC for biochemical analysis. The edges of the other half 

of the lobe were trimmed and the lobe bisected before fixation in 10% neutral buffered 

formalin for 24 h before washing in water and processing for paraffin embedding. Sections 

(5-µm) were cut on a rotary microtome. Slides were deparaffinized and rehydrated through 

an alcohol series before staining with hematoxylin and eosin (H&E) or picrosirius red. Area 

analysis of ten random 10X fields was performed using ImageJ (FIJI, Madison, WI) [255]. 

For analysis, biliary infarcts were identified from ten random 10x fields per animal, with 

areas recorded as the number of pixels in each region of interest. Picrosirius red stained 

images were converted to 8-bit RGB stacks, and the green channel was used for 

thresholding using pixel values 0-75, and the number of pixels in the range was recorded.  

Serum Alanine Aminotransferase Measurement. Serum alanine 

aminotransferase (ALT) was measured using an ALT kit (Pointe Scientific, Canton, MI) 

according to the manufacturer’s instructions [256]. 

Immunohistochemical staining. Osteopontin (OPN), alpha-smooth muscle actin 

(α-SMA), cluster of differentiation 68 (CD68) and 4-HNE adducts were detected by 

immunohistochemistry in rehydrated 5-µm deparaffinized sections, as described in Table 
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1. Ten random images were collected using 10X or 20X objective lenses, and The FIJI 

distribution of ImageJ was used for analysis [255]. For OPN and α-SMA, the color 

deconvolution tool was used to isolate stained regions. The number of pixels in these 

regions were counted by the software. CD68 positive cells were counted in 20x random 

fields. 4-HNE immunofluorescence images were processed in Adobe Photoshop CS4. 

Images were converted to 8-bit grayscale images. Non-tissue background areas were set 

to a pixel value of 5 to normalize black levels. All images were then rescaled to the same 

range of 0-100, improving brightness and contrast for analysis. The images were then 

analyzed in ImageJ using thresholding of pixel values 35-255 and the pixels within this 

range were counted. Non-tissue regions in the image were excluded from analysis. 

Detection of fibrosis by second harmonic generation microscopy. Second-

harmonic generation (SHG) microscopy was performed with an Olympus FluoView 

1200MPE laser scanning multiphoton microscope (Center Valley, PA) using a 30x 

UPLSAPO30XS silicone oil immersion objective and 900-nm excitation. SHG was 

detected through a 450-nm interference filter [268]. 

Real-time PCR. mRNA for collagen-I (COL-I) were assessed by two-step qPCR as 

previously described [269]. Briefly, total RNA was isolated using QIAzol lysis reagent 

(QIAGEN, Hilden, Germany) and quantified with a spectrophotometer. RNA (2µg) was 

reverse-transcribed into cDNA with a SuperScript III kit (Invitrogen, Carlsbad CA). qPCR 

was performed with a Bio-Rad MyiQ Single-Color Real-Time PCR Detection System using 

iQ SYBR Green Supermix (Bio-Rad, Hercules, CA). COL1 cDNA was normalized to cDNA 

for glyceraldehyde phosphate dehydrogenase (GAPDH) by the ΔΔCt method using Ct 

values obtained with MyiQ software. Col.1α1 primers were 
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TCAGCCACCTCAAGAGAAGTC (forward) and CTGCGGATGTTCTCAATCTGC 

(reverse). GAPDH primers were TGCACCACCAACTGCTAAGC (forward) and 

GGCATGGACTGTGGTCATGAG (reverse). 

Statistics. Differences between two groups were analyzed by the Student's t-test. 

One-way ANOVA followed by the Bonferroni post-hoc test was used for comparison of the 

difference of 3 groups. p < 0.05 was considered statistically significant. Groups sizes were 

4 or more. 
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RESULTS  

Alda-1 decreases serum alanine aminotransferase after bile duct ligation. 

Three days after sham surgery, serum ALT was 39.8 ± 10.5 U/L (Figure 1). After BDL with 

vehicle treatment, ALT increased 13.5-fold to 537 ± 78.9 (p<0.01). Treatment with Alda-1 

after BDL decreased serum ALT to 281.0 ± 37.2 (p<0.01 vs BDL plus vehicle), which was 

a 7.1-fold increase compared to sham (Figure 1). 

Alda-1 decreases biliary infarct area after bile duct ligation. Necrosis was 

assessed in H&E-stained liver sections after 14 days (Figure 2). In livers of sham animals, 

no necrosis was observed (Figure 2A). By contrast, at 14 days after BDL with vehicle 

treatment, areas of focal necrosis (biliary infarcts) developed in 7.8% ± 0.6% of cross-

sectional area (Figure 2B and D). Alda-1 treatment decreased biliary infarct area to 1.9% 

± 1.0% (p<0.01) (Figure 2C and D). The number of biliary infarcts per 10x field after BDL 

plus vehicle was 1.26 ± 0.16 and did not change after BDL plus Alda-1 (0.92 ± 0.53, p>0.10 

vs. BDL plus vehicle).  

Alda-1 decreases fibrosis after bile duct ligation. Picrosirius red staining was 

performed to visualize collagen deposition and morphometric analysis was used to 

quantitate fibrosis expression. In sham mice, picrosirius red staining occurred primarily in 

portal tracts and around large vessels – and was present in 1.6% ± 0.5% of cross-sectional 

area of the liver (Figure 3A and D). After BDL, picrosirius red staining increased in portal 

and periportal areas and was 7.3% ± 2.7% of the cross-sectional area of the liver (p<0.01) 

(Figure 3B and D). Treatment with Alda-1 decreased picrosirius red staining after BDL to 

3.8% ± 0.5% (p<0.05 vs. BDL plus vehicle) (Figure 3C and D). 
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Fibrosis was also visualized in paraffin sections by SHG microscopy, which directly 

visualizes elongated fibrous structures, such as collagen fibrils [231, 270]. In sham mice, 

SHG signals were confined to portal tracts and around large vessels (Figure 4A). After 

BDL, SHG signals became more intense and widely distributed (Figure 4B). Alda-1 

treatment after BDL attenuated the fibrotic changes (Figure 4C). These results confirmed 

the findings by picrosirius red staining. 

COL-I mRNA was measured to assess collagen expression. In BDL mice after 

vehicle treatment, COL-I mRNA increased 12 ± 1.4-fold compared to sham. By contrast, 

in Alda-1 treated BDL mice, COL-I mRNA increased only 6.1 ± 1.4-fold, (p<0.05 vs BDL 

plus vehicle) (Figure 5).  

Alda-1 leads to a reduction of stellate cell activation after bile duct ligation. In 

fibrosis, collagen-producing cells of various origins transdifferentiate into myofibroblast-

like cells expressing both α-SMA and collagen; in the liver these cells have been shown 

to be hepatic stellate cells [223, 266, 271]. Accordingly, we used α-SMA 

immunohistochemistry and morphometric analysis to identify and quantitate changes in α-

SMA expression, respectively. In sham animals, the α-SMA positive area was 1% ± 0.1%, 

primarily identified in the vasculature – as expected (Figure 6A and D). After BDL with 

vehicle treatment, α-SMA expression markedly increased to 18.7% ± 2.2% of area with 

intense staining in the portal, periportal and perisinusoidal regions (Figure 6B and D). With 

Alda-1 treatment after BDL, α-SMA staining decreased to 5.3% ± 1.7% (p<0.01 vs BDL 

plus vehicle) (Figure 6C and D).  

Alda-1 decreases inflammatory infiltrates after bile duct ligation. Previous 

studies show that BDL causes infiltration of inflammatory cells [251]. Accordingly, we 
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quantified macrophage infiltration by immunohistochemical staining for the macrophage 

marker CD68. In sham mice, the number of CD68-positive cells was 33.4 ± 4.8 per 20X 

field (Figure 7A and D). After BDL with vehicle treatment, CD68-positive cells increased 

to 134.5 ± 8.6 per field (Figure 7B and D). Alda-1 treatment after BDL decreased this 

infiltration to 64.9 ± 4.0 per field (p<0.01 vs BDL plus vehicle) (Figure 7C and D).  

Alda-1 decreases osteopontin expression after bile duct ligation. OPN is a 

mediator of inflammation and fibrosis after BDL [272]. In sham mice, OPN was present 

principally in cholangiocytes, and OPN immunoreactivity was 0.4% ± 0.1% of cross-

sectional area (Figure 8A and D). After BDL with vehicle treatment, OPN expression 

markedly increased primarily in cholangiocytes and to a lesser extent in periportal 

parenchymal cells to 2.5% ± 0.3% of area (Figure 8B and D). With Alda-1 treatment after 

BDL, OPN-positive area decreased to 0.9% ± 0.3% (p<.01 vs BDL plus vehicle), and OPN 

expression became nearly absent in the parenchyma (Figure 8C and D). 

Alda-1 decreases 4-hydroxynonenal adduct formation after bile duct ligation. 

4-HNE adducts were detected by immunohistochemistry. In the livers of sham mice, 4-

HNE adducts were present in 2.5% ± 1.1% of cross-sectional area, which increased to 

14.1% ± 3.5% after BDL (p<0.01 vs. sham) (Figure 9A, B and D). Alda-1 treatment after 

BDL decreased 4-HNE immunoreactivity to 2.2% ± 1.0% (p<0.01 vs. BDL plus vehicle) 

(Figure 9C and D). 
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DISCUSSION 

Liver fibrosis and cirrhosis are major causes of morbidity and mortality in the US and 

worldwide, but effective therapy is lacking. Identification of novel therapeutic targets is 

critical to the development of anti-fibrotic treatments beyond treating the underlying injury. 

Previous studies show that oxidative stress plays an important role in cholestatic liver 

injury and fibrosis [25-28, 51, 226, 267]. However, whether reactive aldehydes produced 

by oxidative stress mediate injury and fibrosis remains unclear. In this study, we 

investigated the role of aldehydes in the pathogenesis of liver fibrosis by using Alda-1, an 

ALDH2 activator, to decrease aldehyde load in mice that have undergone BDL surgery.  

Our results showed a strong anti-necrotic and anti-fibrotic effect by Alda-1. ALT 

increased after BDL but was decreased with Alda-1 treatment (Figure 1). Necrotic biliary 

infarcts increased after BDL but were decreased markedly in size but not number by Alda-

1 treatment (Figure 2). Picrosirius red staining and second-harmonic generation showed 

increased collagen deposition after BDL, which was blunted by Alda-1 treatment (Figure 

3 and 4). Furthermore, Alda-1 treatment decreased COL-I mRNA expression after BDL 

(Figure 5). After BDL, myofibroblast-like cells began to express α-SMA, and CD68-positive 

macrophages infiltrated, events that Alda-1 treatment decreased (Figure 6 and 8).  

A characteristic ductular reaction with proliferation of cholangiocytes occurred after 

BDL consistent with previous reports (Figure 2) [251, 272-274]. The expression of OPN in 

cholangiocytes also increased, and OPN expression was also observed in the 

parenchyma after BDL. While the ductular reaction was present after BDL with Alda-1, 

OPN expression decreased to a smaller area and became nearly absent in the 

parenchyma (Figure 8). In addition, 4-HNE adducts, formed by an aldehyde associated 
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with lipid peroxidation reacting with proteins, were increased by BDL and decreased by 

Alda-1 treatment after BDL (Figure 9), Taken together, these data are consistent with the 

conclusion that aldehydes formed after oxidative stress play an important role in the 

pathogenesis of necrotic liver injury and fibrosis in cholestatic liver disease. Previous 

studies by others demonstrated that Alda-1 is protective in other settings of high oxidative 

stress, such as ischemia-reperfusion injury to heart and other organs and radiation-

induced dermatitis, which also indicates that aldehydes are important mediators of 

oxidative stress-induced injury [51, 61, 65-69, 73, 84-86, 88]. Although 4-HNE is a product 

of oxidative stress, the formation of 4-HNE adducts interferes with the mitochondrial 

electron transport chain, leading to further increase of oxidative stress and lipid 

peroxidation. [50, 53]. 

In this study, we showed that activation of ALDH2 with Alda-1 to accelerate 

degradative metabolism of reactive aldehydes decreases cell death after BDL (Figure 2). 

How aldehydes cause cell death is incompletely understood. One possibility is that 

aldehydes promote mitochondrial dysfunction. Previous studies show that 4-HNE 

mediates cardiac ischemia/reperfusion injury by modifying mitochondrial proteins such as 

cytochrome c oxidase [46, 47]. HNE adducts also form on succinate dehydrogenase 

leading to inhibition [275]. 4-HNE was also reported to be a strong promotor of the 

mitochondrial permeability transition (MPT), which could lead to both necrosis and 

apoptosis after BDL [49, 50]. Therefore, acceleration of aldehyde degradation likely 

accounts for protection by Alda-1 against cell death after BDL. 

How Alda-1 inhibits fibrosis remains uncertain. Although fibrosis after BDL is usually 

believed to be stimulated by cell injury and death [26, 214, 215, 225, 231, 239], another 
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study showed that the cyclosporin A analog NIM811, an inhibitor of the MPT, markedly 

decreases cell death after BDL but does not block fibrosis [276]. Thus, it is possible that 

aldehydes may stimulate fibrosis by a mechanism other than cell death mediated 

inflammatory changes. Nonetheless, hepatic stellate cells (HSC) are resistant to direct 

activation by aldehydes [277]. The role of exogenous or endogenous aldehydes on 

cholangiocytes and Kupffer cells remains unclear. Aldehydes are linked to secretion of 

HSC activators like OPN from cholangiocytes and TNF-α from Kupffer cells, though 

whether the aldehydes are generated within the cholangiocytes and Kupffer cells after 

BDL, or released from hepatocytes that are under oxidative stress will require further study 

[277, 278]. 

In liver fibrosis, oxidative stress stimulates inflammatory processes [26, 214, 223, 

231, 266]. Here, Alda-1 decreased macrophage infiltration after BDL, indicating 

suppression of inflammation (Figure 7). This finding is consistent with the conclusion that 

aldehydes promote inflammation after BDL. Inflammation amplifies liver injury and 

stimulates fibrosis [214, 223, 226, 231, 251, 265-267, 279], and a recent study shows that 

intraperitoneal injection of 4-HNE exacerbates colonic inflammation in a mouse model of 

dextran sulfate sodium-induced inflammatory bowel disease, leading to enhanced 

activation of toll-like receptor 4 signaling [52]. Cell injury and death also lead to release 

damage-associated molecular pattern molecules that stimulate inflammation, whereas 

infiltrating leukocytes produce toxic cytokines and reactive oxygen and nitrogen species 

to damage cells and promote fibrosis [214, 223, 266, 279]. Together, the processes of 

inflammation and cell injury create a vicious cycle, which reactive aldehydes enhance. 

Moreover, infiltrating inflammatory cells, resident Kupffer cells and injured hepatocytes 
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activate HSCs by releasing cytokines and growth factors to promote fibrosis [278-281]. 

Thus, inhibition of inflammation can prevent the cell death and inflammatory cascades that 

promote fibrogenesis. Oxidative stress also stimulates inflammasome activation, leading 

to formation of proinflammatory IL-1 [282]. Aldehydes may also promote these reactions, 

since 4-HNE increases inflammasome activation and IL-1β production in cultured ARPE-

19 retinal pigment epithelial cells [283]. 

OPN is a multifunctional protein produced in many tissues and exists in all body 

fluids. OPN is involved in diverse biological and pathological processes, including 

inflammation and fibrosis [284]. OPN promotes recruitment and retention of leukocytes in 

inflamed sites and is implicated in autoimmune diseases [285, 286]. Relevant to hepatic 

fibrosis, OPN increases HSC activation, migration, and production of TGF-ß and collagen 

[272, 287, 288], although other studies show that OPN has anti-inflammatory effects 

through downregulation of Stat-1 phosphorylation resulting  in downregulation of iNOS 

expression [289-293]. Oxidative stress and mitochondrial dysfunction increase OPN 

expression [284, 294, 295]. Interestingly, we observed a marked increase of OPN 

expression after BDL, which Alda-1 decreased (Figure 7). These data suggest that 

aldehydes may also mediate increased expression of OPN as a pro-inflammatory and 

profibrotic mediator after BDL. 

Taken together, the present study shows that reactive aldehydes produced by 

oxidative stress are important mediators of cholestatic liver injury, inflammation, and 

fibrosis. Mitochondria are an important source of ROS and target for lipid peroxidation due 

to their high content of membranes [260]. Thus, increasing the clearance of aldehydes in 

mitochondria by activation of ALDH2 is a promising anti-fibrotic therapy. 
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FIGURES 

 

Figure 3-1. Alda-1 decreases alanine aminotransferase release after bile duct 

ligation.  

Serum ALT was measured 3 days after sham operation plus vehicle treatment, BDL plus 

vehicle treatment, and BDL plus Alda-1 treatment. Values are means ± SEM (n = 5, 4 and 

5, respectively, for sham, BDL and BDL plus Alda-1; *, p<0.01 vs. sham; **, p<0.01 vs. 

sham and BDL). 
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Figure 3-2. Alda-1 decreases biliary infarct size after bile duct ligation.  

Livers were harvested 14 days after sham operation plus vehicle treatment (A), 

BDL plus vehicle treatment (B) and BDL plus Alda-1 treatment (C), fixed, and subjected 

to H&E histology.  Representative images are shown. The scale bar = 200 microns.  Ten 

random images were collected per slide using a 10x objective, and necrotic areas (arrows) 

were quantified (D). Values are means ± SEM (n = 6, 5 and 6, respectively, for sham, BDL 

and BDL plus Alda-1; *, p<0.01 vs. sham; **, p<0.01 vs. sham and BDL).  
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Figure 3-3. Alda-1 decreases picrosirius red staining after bile duct ligation.  

Livers were harvested 14 days after sham operation plus vehicle treatment (A), 

BDL plus vehicle treatment (B) and BDL plus Alda-1 treatment (C), as described in Figure 

2, fixed and subjected to picrosirius red staining as in Methods. Representative images 

are shown. The scale bar = 200 µm. Ten random images were collected per slide using a 

10x objective, and picrosirius red-positive areas were quantified (D). Values are mean ± 

SEM (n = 6, 5 and 6, respectively, for sham, BDL and BDL plus Alda-1; *, p<0.01 vs. sham; 

**, p<0.05 vs. BDL; BDL plus Alda-1 is not statistically different compared to sham).  
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Figure 3-4. Alda-1 decreases second harmonic generation signals after bile duct 

ligation.  

Livers were harvested 14 days after sham operation plus vehicle treatment (A), 

BDL with vehicle treatment (B) and BDL with Alda-1 treatment (C), as described in Figure 

2. SHG images were collected from paraffin sections after H&E staining, as described in 

EXPERIMENTAL PROCEDURES. Representative images are shown. Bar is 100 µm. 
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Figure 3-5. Alda-1 decreases collagen-I mRNA expression after bile duct ligation.  

Livers were harvested 14 days after sham operation with vehicle treatment, BDL 

with vehicle treatment and BDL with Alda-1 treatment, as described in Figure 2. Col-I 

mRNA was assessed by qPCR as in Methods. Values are means ± SEM (n =4/group; *, 

p<0.01 vs. Sham, **p<0.05 vs. BDL). 
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Figure 3-6. Alda-1 decreases myofibroblast-like cells after bile duct ligation.  

Livers were harvested 14 days after sham operation plus vehicle treatment (A), 

BDL with vehicle treatment (B) and BDL with Alda-1 treatment (C), as described in Figure 

2, and subjected to immunohistochemical analysis to detect α-SMA. Representative 

images are shown. The scale bar = 200 µm. Ten random images were collected per slide 

using a 10x objective, and the area containing α-SMA labeling was quantified 

morphometrically (D). Values are means ± SEM (n = 5, 5 and 5, respectively, for sham, 

BDL and BDL plus Alda-1; *, p<0.01 vs. sham; **, p<0.01 vs. BDL).  
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Figure 3-7. Alda-1 decreases macrophage infiltration after bile duct ligation.  

Livers were harvested 14 days after sham operation with vehicle treatment (A), 

BDL with vehicle treatment (B) and BDL with Alda-1 treatment (C), as described in Figure 

2. The macrophage marker CD68 was detected immunohistologically. Representative 

images are shown. The scale bar = 200 µm. For quantification, 10 random images were 

collected per slide using a 20x objective, and CD68 positive cells were counted. Values 
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are means ± SEM (n = 6, 5 and 6, respectively, for sham, BDL and BDL plus Alda-1; *, 

p<0.01 vs. sham; **, p<0.01 vs. sham and BDL).  

  



93 

 

 

Figure 3-8. Alda-1 decreases osteopontin expression after bile duct ligation.  

Livers were harvested 14 days after sham operation with vehicle treatment (A), 

BDL with vehicle treatment (B) and BDL with Alda-1 treatment (C), as described in Figure 

2, and OPN was detected immunohistochemically. Representative images are shown. The 

scale bar = 200 µm. For quantification, 10 random images were collected per slide under 

a 20x objective (D). Values are means ± SEM (n = 6, 5 and 6, respectively, for sham, BDL 

and BDL plus Alda-1; *, p<0.01 vs. sham; **, p<0.01 vs. BDL).  
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Figure 3-9. Alda-1 decreases 4-HNE adducts after bile duct ligation. 

Livers were harvested 14 days after sham operation with vehicle treatment (A), 

BDL with vehicle treatment (B) and BDL with Alda-1 treatment (C), as described in Figure 

2, and 4-HNE adducts were revealed by immunofluorescence labeling. Representative 

images are shown. The scale bar = 100 µm. Ten random images were collected per slide 

using a 20x objective, and 4-HNE positive areas were quantified (D). Values are means ± 

SEM (n = 5, 5, and 6, respectively, for sham, BDL and BDL plus Alda-1; *, p<0.01 vs. 

sham; **, p<0.01 vs. BDL).  
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Figure 3-10. Aldehyde detoxification by aldehyde dehydrogenase-2 activation by 

Alda-1 decreases liver injury and fibrosis after bile duct ligation.  

After bile duct ligation, mitochondrial ROS generate aldehydes by lipid peroxidation 

that are detoxified by ALDH2 activated by Alda-1. The result is a blunting of ALT, cell 

death, inflammation, aldehyde adduct formation, and fibrosis. 
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Table 3-1. Antibodies and Immunohistochemical Protocols. 

 

Deparaffinized tissue sections were immunostained for OPN, α-SMA, CD68 and 

4-HNE using the listed protocols. HRP, horseradish peroxidase. 
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Chapter 4: Summary and Conclusions 
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Oxidative stress, in particular mitochondrial oxidative stress, plays an important 

role in the pathogenesis of liver disease and fibrosis, as reviewed in Chapter 1 [18-28]. 

Oxidative stress leads to lipid peroxidation, which produces reactive aldehydes, but the 

role of these aldehydes in liver diseases remain unclear. In this study, I tested the central 

hypotheses that aldehydes are important mediators of liver injury and fibrosis and that 

acceleration of aldehyde degradation decreases liver injury and fibrosis.  

The aldehyde dehydrogenase (ALDH) family of enzymes detoxifies aldehydes by 

oxidizing them to the corresponding organic acid. ALDH2 is of particular importance as a 

mitochondrial isoform abundant in the liver [64]. The small molecule Alda-1 activates 

ALDH2, thus increasing the clearance of MDA and 4-HNE, the substrates of ALDH2 [61, 

69, 73]. Alda-1 is protective in several in vitro and in vivo models of I/R injury and radiation 

dermatitis involving oxidative stress [65-67, 84-88]. In liver, Alda-1 is protective against I/R 

injury and alcoholic liver disease in animal models [86, 87]. Here, I show benefits of Alda-

1 administration against APAP hepatotoxicity, a model of acute liver injury, and cholestatic 

liver fibrosis, which causes chronic liver failure. 

ACETAMINOPHEN HEPATOTOXICITY 

Significance of my study 

APAP intoxication is a leading cause of DILI and ALF in US and worldwide [181, 

296]. The only clinically proven antidote for APAP intoxication is NAC, which is most 

effective if administered with 8 h of intoxication. Therefore, additional therapeutics are 

much needed. Previous studies show that APAP overdose increases the proportion of 

APAP metabolized by the P450 system, especially CYP2E1 [159, 179, 183]. NAPQI, the 
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metabolite of cytochrome P450, is detoxified by GSH conjugation. When the GSH pool is 

depleted, NAPQI forms adducts with mitochondrial proteins [156, 191]. These adducts 

cause increased production of ROS in the mitochondria. Oxidative stress, JNK activation, 

and mitochondrial dysfunction  all contribute to cell death caused by APAP [159, 179, 183-

185].  

While the pathogenesis of APAP hepatotoxicity has been described in detail, the 

role of aldehydes generated by lipid peroxidation has not been previously explored. My 

goal in this study was to determine the role of aldehydes in APAP hepatotoxicity to identify 

aldehydes as a possible new therapeutic target and to evaluate aldehyde detoxification 

as a new method to prevent/treat APAP hepatotoxicity. Alda-1 provides a useful tool as a 

pharmacological activator of ALDH2 that is less expensive and more easily to be used 

than ALDH2 genetic knock-in or viral upregulation in experiments. More importantly, my 

data demonstrate that Alda-1 is a promising drug candidate that has the potential to be 

translated to clinical use.  

My Findings and Contributions 

4-HNE is one of the major products of lipid peroxidation that readily forms adducts 

with proteins [44, 53, 58, 59]. Therefore, 4-HNE protein adducts are used widely as a 

surrogate for reactive aldehyde production. 4-HNE is degraded by ALDH2 [61]. In my 

experiments, 4-HNE protein adducts markedly increased after APAP treatment (Figure 2-

5), demonstrating reactive aldehydes are indeed formed after APAP exposure, consistent 

with my central hypothesis. Alda-1 decreased these adducts by almost 90% after APAP 

administration, indicating ALDH2 activation is a highly effective way to decrease reactive 

aldehydes after APAP intoxication.  
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I further demonstrated that Alda-1 treatment decreased ALT release. ALT is 

released into blood when the plasma membrane permeability barrier fails due to hepatic 

injury and is well correlated with the extent of necrosis. Currently, ALT is the most widely 

accepted clinical marker of liver injury, although some biological changes (e.g., 

mitochondrial dysfunction) may occur before ALT increases and necrosis develops. 

However, ALT does not reflect the extent of apoptosis. After APAP, ALT was decreased 

by two-thirds by Alda-1 treatment compared to APAP with vehicle only, indicating 

hepatoprotection using a clinically relevant marker of liver damage. This result was further 

confirmed by histopathology, which showed a decrease in liver necrosis of 56% with Alda-

1 treatment vs. APAP with vehicle only. Decreased ALT and improved histology by Alda-

1 treatment indicated that the development of APAP hepatotoxicity, at least in part, is due 

to production of reactive aldehydes. 

Once protection was established, I focused my experiments on mechanisms of 

APAP hepatotoxicity to determine at what point aldehydes act. Previous studies show that 

APAP hepatotoxicity is directly due to the formation of NAPQI adducts  [159, 183, 185]. I 

demonstrated that Alda-1 did not change NAPQI adduct formation. Therefore, Alda-1 did 

not protect against APAP hepatotoxicity through an alteration of in the formation of the 

toxic APAP metabolite. JNK activation is also implicated in APAP hepatotoxicity, and 

previous studies show that JNK activation is in response to ROS formation mediated 

through ROS-sensitive ASK1 and MLK3 protein kinase activation [159, 185, 196-199, 

246]. We demonstrated that JNK activation was unchanged by Alda-1 treatment. This 

finding suggests that Alda-1 possibly did not change ROS production. Rather, Alda-1 

enhances detoxification of aldehydes downstream of oxidative stress and lipid 
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peroxidation. JNK is important for both the extrinsic and intrinsic pathways of apoptosis 

and for TNFα-stimulated necrosis as a central control protein in cell death [297, 298]. My 

results demonstrate that JNK activation is not the only mechanism of cell death in APAP 

toxicity. 

Knowing that Alda-1 did not affect formation of NAPQI-protein adducts or JNK 

activation after APAP treatment, I explored the effects of Alda-1 on mitochondrial function 

after APAP. Using Rh123 fluorescence, I evaluated mitochondrial polarization status by 

intravital multiphoton microscopy. Mitochondrial depolarization decreased by ~50% after 

APAP, which was consistent with its protection against ALT release and necrosis detected 

by histology. These findings indicated that Alda-1 decreased APAP hepatotoxicity by 

prevention of mitochondrial dysfunction. This was especially significant because ROS, 

JNK activation, and aldehydes are implicated in causing the MPT [144, 257]. My result is 

consistent with the conclusion that aldehydes directly trigger mitochondrial depolarization 

in APAP intoxication and underlie, at least in part, the induction of the MPT by ROS. My 

results also indicated that acceleration of aldehyde degradation by ALDH2 activation can 

effectively protect mitochondria. Together, the results of my study not only identified a new 

therapeutic target and potential new treatment for APAP intoxication but also elucidated 

the mechanism of protection. 

Limitations and Future Directions 

While promising, the proposed mechanism must be confirmed. The MPT is a 

common mechanism for necrosis, apoptosis, and perhaps necroptosis. Previous studies 

show that apoptosis is limited in APAP hepatotoxicity [299, 300]. However, necrosis and 

necroptosis are histologically similar. It is unknown whether aldehydes also affect 
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necroptotic signaling. Necroptosis occurs through RIPK1, RIPK3, and mixed lineage 

kinase domain-like protein (MLKL) signaling. Future experiments should be performed to 

explore if these signaling molecules are activated by APAP and whether Alda-1 decreases 

their activation. These experiments will determine if aldehydes also alter necroptosis 

signaling. Further, the effects of aldehydes on other causes that can trigger the MPT onset 

should be explored, e.g., alterations in calcium and iron homeostasis.  

Another limitation of this study is that mice were only treated with Alda-1 once 

before APAP, which showed that Alda-1 was effective in prevention of APAP 

hepatotoxicity. However, in humans, treatment for APAP hepatotoxicity typically starts 

after APAP overdose and often after symptoms of APAP hepatotoxicity have already 

developed. Accordingly, future studies are needed to determine whether Alda-1 treatment 

given some time after an APAP overdose is protective against hepatic injury. Also, Alda-

1 may have off-target effects other than ALDH2 activation. Future studies with 

administration of Alda-1 in ALDH2-deficeint mice would clarify this. Since my experiments 

were done only in mice, caution should be exercised in extrapolating our conclusions from 

mice to human. In vitro studies comparing the effects of Alda-1 in mouse and human cells 

may provide some useful information in this aspect. Translational research and finally 

clinical trials should begin after Alda-1 is proven safe in toxicological studies. Aldea 

pharmaceuticals was founded in 2014 by the team that discovered Alda-1 with the goal of 

developing Alda-1 for clinical use, though no results have yet been reported. 

FIBROSIS 

Significance of my study 
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Liver fibrosis causes loss of parenchyma, distortion of liver morphology and loss 

of function as it progresses to cirrhosis, which leads to chronic liver failure end-stage liver 

disease, and death [214-217]. Chronic liver disease and cirrhosis are the 12th leading 

cause of death in the United States and worldwide [221].  

Although recent studies have demonstrated the reversibility of fibrosis/cirrhosis in 

instances in which the initial insult (e.g., hepatitis C viral infection) has been eliminated, 

treatments for many causes of hepatic fibrosis are not available [233, 234]. Moreover, the 

onset of fibrosis is often insidious, and many patients are unaware that they have 

advanced liver fibrosis until it has reached advanced stages [214]. The only treatment for 

advanced cirrhosis is transplantation [214, 215]. Therefore, mechanism-based antifibrotic 

drugs are urgently needed. Unfortunately, the majority of antifibrotic drugs studied have 

been ineffective in clinical trials [215]. Therefore, identification of new therapeutic targets 

is essential. 

Previous studies show that oxidative stress, particularly mitochondrial ROS, plays 

essential role in fibrosis, as reviewed in Chapter 1 [25-28, 226-229, 231]. Mitochondrial 

stress/dysfunction is also known to cause cell death and inflammation [29, 127, 131, 295]. 

However, the role of oxidative stress-induced aldehyde production in fibrosis remains 

unclear. My experiments were directed at determining if aldehydes played a causative role 

in liver injury and fibrosis caused by cholestasis after BDL, and whether aldehyde 

detoxification with Alda-1 was protective and anti-fibrotic in this injury. 

My Findings and Contributions 

Many models may cause hepatic fibrosis. I decided to use the model of 

experimental cholestasis in mice because it is clinically relevant and produces fibrosis 
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quickly. After BDL, 4-HNE protein adducts markedly increased (Figure 3-9), 

demonstrating increased production of reactive aldehydes. Moreover, ALT and biliary 

infarcts increased markedly after BDL, indicating liver injury caused by cholestasis (Figure 

3-1, Figure 3-2). Alda-1 decreased 4-HNE adducts by 84%, ALT release by ~50% and 

biliary infarcts by ~75% after BDL, indicating that Alda-1 both decreased reactive aldehyde 

formation after BDL and decreased liver injury. These results strongly implied that 

aldehydes played a causative role in cholestatic liver injury after BDL.  

I also measured fibrosis by picrosirius red staining, second-harmonic generation 

microscopy and COL-I mRNA expression after BDL. All these fibrotic endpoints were 

markedly increased 2 weeks after BDL, indicating development of liver fibrosis. 

Importantly, Alda-1 decreased fibrosis by about half. These data clearly demonstrated that 

aldehydes also play an important role in fibrosis and therefore are a potential therapeutic 

target. A previous study also revealed that Alda-1 decreases some molecular markers of 

fibrosis after chronic ethanol treatment, which is most likely due to decreasing 

acetaldehyde [132]. My new findings demonstrated that accelerating degradation of ROS-

generated reactive aldehydes decreases fibrogenesis after cholestasis, and therefore 

could be a new therapeutic strategy. 

I then explored the effect of aldehyde detoxification on several molecular/cellular 

events that can lead to or promote fibrosis. OPN is a protein that is proinflammatory and 

can stimulate HSC activation [287, 288, 301]. Inflammation is also known to promote 

fibrosis process. Myofibroblast activation leads to production of ECM and fibrosis. I 

observed that OPN expression in cholangiocytes and hepatocytes increased after BDL 

(Figure 3-8), which was associated with infiltration of macrophages as detected by CD-
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68 immunohistochemistry (Figure 3-7) and myofibroblast activation as detected by 

increased α-SMA expression (Figure 3-6). All these changes were blunted by enhanced 

aldehyde degradation with Alda-1. These data suggested that aldehydes increased pro-

inflammatory and pro-fibrotic signaling thus leading to myofibroblast activation of the 

fibrotic effector cells thus causing fibrosis.  

Limitations/Future Directions 

Although I have demonstrated that aldehydes play an important role in cholestatic 

liver injury and liver fibrosis, the exact molecular mechanisms that bridge increased 

reactive aldehydes to liver fibrosis need to be more fully explored. An interesting finding 

in my study suggests that cholestasis increases expression of the proinflammatory and 

profibrotic protein, OPN, in cholangiocytes and to a less extent in hepatocytes. Further, 

OPN appears to stimulate inflammation and HSC activation. Increased aldehyde 

degradation by Alda-1 decreased OPN expression, inflammation and myofibroblast 

activation Figure 3-8, Figure 3-7, Figure 3-6. Therefore, it is possible that OPN is an 

important link between aldehydes and fibrosis. The critical role of OPN can be determined 

by examining whether OPN deficiency decreases fibrosis after BDL and whether aldehyde 

(e.g. acrolein) treatment causes fibrosis in OPN knockout mice. Whether Alda-1 

decreases aldehyde formation and OPN expression in different cell types (hepatocytes, 

cholangiocytes, and HSC) after bile acid or oxidant stimulation should also be explored in 

cell culture. 

Hepatocytes have abundant mitochondria and are likely the source of most 

aldehydes. Aldehydes released by hepatocytes may then stimulate Kupffer cells and 

activate HSC, leading to proinflammatory and profibrogenic effects. Future studies can 
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test this hypothesis by  1) examining aldehydes in the conditioned media from hepatocyte 

cultured with bile acids or oxidants with and without Alda-1, and  2) examining if Kupffer 

cells and HSC activate and produce proinflammatory or profibrotic cytokines after co-

culture with hepatocytes (or conditioned medium) that were stimulated with bile acids or 

oxidants in the presence or absence of Alda-1. 

Conclusion 

To my knowledge, these are the first studies to show that enhanced aldehyde 

detoxification by ALDH2 activation with Alda-1 decreases APAP hepatotoxicity and 

experimental fibrosis. My experiments suggest that increased aldehyde production is likely 

to be a key player in the pathogenesis of liver injury and/or fibrosis. Therefore, we conclude 

that aldehydes are an important therapeutic target in oxidative stress-related acute and 

chronic liver diseases. Moreover, these studies also demonstrated that activation of 

ALDH2 to enhance aldehyde degradation is a promising strategy that could be used in the 

clinical setting of liver injury and cirrhosis. 
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