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ABSTRACT 

THE ROLE OF HYPOXIA, NEUTROPHIL ELASTASE, AND HIF-1α IN 
HEPATOCELLULAR INJURY 

By 

Erica Marie Sparkenbaugh 
 

The liver is sensitive to many toxic insults and diseases, in which hepatocellular 

injury is mediated by neutrophil (PMN)-mediated inflammation and hypoxia (HX).  PMNs 

cause hepatocyte (HPC) injury through the release of the toxic protease elastase (EL). 

Primary HPCs are sensitized to the cytotoxic effects of EL when exposed to HX, 

indicating an interaction between EL and HX.  The mechanism of this interaction is not 

understood, and is the focus of this dissertation. 

I tested the hypothesis that the interaction of HX and EL requires reactive oxygen 

species (ROS), mitogen activated protein kinases (MAPK) and HIF-1α signaling.  

Results indicated that ROS were not involved; however lipid peroxidation is an 

important mediator of cell death in this interaction.  Furthermore, HX increased HIF-1α 

activation, which was enhanced by cotreatment with EL and resulted in transcription of 

the cell death proteins Nix and BNIP3.  The transactivation of HIF-1α was mediated in 

part by p38 MAPK signaling in HX/EL-cotreatment.   

The results indicated that HIF-1α is a critical mediator of HPC injury in vitro, 

however it is not known if HIF-1α can contribute to liver injury in an in vivo model of 

drug-induced liver injury (DILI).  Therefore, I tested the hypothesis that HIF-1α 

contributes to HPC injury in a well-studied model of DILI, acetaminophen overdose.  To 
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test this, conditional HIF-1α knockout mice were utilized.  Results indicated that HIF-1α 

contributes to early cell death signaling in HPCs, and to the production of pro-

inflammatory cytokines, PMN infiltration, and coagulation system activation, all of which 

contribute to early acetaminophen hepatotoxicity at 6 hours after overdose.  However, 

HIF-1α knockout mice eventually developed severe liver injury by 24 hours, indicating 

that HIF-1α might have a protective role at later times.   

In summary, the mechanism of the cytotoxic interaction of HX and EL was 

elucidated, and lipid peroxidation, p38 MAPK and HIF-1α were identified to have critical 

roles in hepatocellular injury.  Furthermore, I have demonstrated a dual role for HIF-1α 

in a model of DILI.  This indicates that HIF-1α is a complex transcription factor and 

could be a central mediator of both hepatocyte damaging and protective pathways in 

models of toxic liver injury and disease when both PMNs and tissue HX are involved. 
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CHAPTER 1 

General Introduction and Specific Aims 
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1.1 Overview of liver physiology 

The liver is situated in the circulation between the gastrointestinal (GI) tract and 

the rest of the body, and it fulfills a variety of essential roles to metabolism and 

homeostasis.  Blood from the stomach and intestines flows into the liver through the 

portal vein and enters the sinusoidal system of the liver to be filtered before exiting the 

liver through the vena cava to the rest of the body.  Therefore, the liver is the first organ 

to encounter ingested nutrients and vitamins, xenobiotics such as drugs and 

environmental contaminants, and waste products of indigenous intestinal microflora.  

The cells of the liver efficiently scavenge or take up these substances and chemically 

alter them for storage, metabolism, or excretion (72).  

The liver is the largest internal organ, and it is divided into four lobes: the left and 

right anatomical lobes on the anterior surface, and the caudate lobe and quadrate lobe 

on visceral surface.  Each of the lobes is organized into functional units called lobules.  

Hexagonal units of hepatic parenchymal cells (HPCs), or hepatocytes, surround a 

central vein, which eventually joins the hepatic vein to carry blood out of the liver.  This 

is referred to as the centrilobular region.  At the corners of each lobule, portal triads 

contain branches of the common bile duct, the portal vein and the hepatic artery, 

through which blood enters the liver.  These areas are referred to as periportal regions.  

Arterial blood and portal venous blood from the GI tract filter through sinusoids, 

permeable capillaries with large pores, or fenestrae, lined by sinusoidal endothelial cells 

(SECs), that drain into the central vein.  Bile produced by the HPCs is secreted into bile 

canaliculi, which are thin channels between HPCs, and is carried out of the lobule 

through the common bile duct and eventually out of the liver.     
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 HPCs perform a variety of functions, including production of plasma proteins 

such as albumin and other globulins, clotting factors like prothrombin and fibrinogen, 

bile acids, bilirubin and cholesterol.  They have a vital role in glucose metabolism, 

glycogen storage and gluconeogenesis.  HPCs also play an essential role in the 

elimination of xenobiotics and endogenous substances like steroids; thus, they contain 

large amounts of phase-I and phase-II enzymes. Phase-I enzymes (eg,cytochromes 

P450) generate reactive eletrophilic metabolites, which can then be processed by 

phase-II enzymes which add polar groups to generate stable, hydrophilic compounds 

that can be more readily excreted (72). 

 Due to its location downstream of the GI tract, the liver is exposed to a variety of 

exogenous agents, including pathogens, toxins, xenobiotics and their metabolites, and 

components from the diet.   It is enriched with cells of the innate immune system, and 

contains a large population of resident macrophages called Kupffer cells (KCs) which 

act as the first line of defense against bacterial pathogens from the GI tract.  Other 

innate immune system cells in the liver include natural killer and natural killer T-cells 

(109).  Activation of the innate immune system in the liver can result in an inflammatory 

response that is important in eliminating infections.  Unfortunately, mediators released 

during the inflammatory response can also damage HPCs.  Inflammatory responses are 

often accompanied by low oxygen environments during liver disease and toxic 

reactions.  This is due to decreased tissue perfusion caused by coagulation-mediated 

fibrin deposition (112), edema and accumulation of innate immune cells in the sinusoids 

(169)  Furthermore, the liver is a highly metabolically active tissue and requires efficient 

delivery of nutrients and oxygen to support its functions; consequently, it is exquisitely 
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vulnerable to liver diseases and chemical toxicants which disrupt blood flow and/or 

oxygen utilization (71).  The remainder of this Introduction will discuss oxygen 

homeostasis and the inflammatory response.  Specific clinical situations and chemical 

toxicities in which low oxygen and inflammation play a role will also be discussed.  

Finally, the overall hypothesis and specific aims will be presented.   
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1.2 The biological role of oxygen  

Oxygen plays a vital role in metabolism and energy production in the body.  

During external respiration, oxygen is taken into the lungs via ventilation.  Pulmonary 

gas exchange occurs when oxygen diffuses across the alveoli and pulmonary capillaries 

and into the blood, where it is exchanged for carbon dioxide.  Upon entering the blood, 

oxygen binds to hemoglobin, a protein comprising four subunits each of which contains 

a heme moiety that includes an atom of ferrous iron, which can reversibly bind an 

oxygen molecule in a process called “oxygenation.”  Oxyhemoglobin can deliver oxygen 

to the peripheral tissues, where deoxygenation occurs. The difference in partial 

pressure of oxygen (pO2) between blood and the site of oxygen utilization within the cell 

drives oxygen into the tissue via passive diffusion (9). 

Mitochondria are the major site of oxygen utilization in cells, due to the electron 

transport chain (ETC) and oxidative phosphorylation.  The ETC comprises complexes I, 

II, III and IV on the inner mitochondrial membrane.  Electron donors such as NADH and 

FADH2, which are generated mainly in the tricarboxylic acid cycle, are coupled to the 

transfer of protons (H
+
) from the mitochondrial matrix to the intermembrane space, 

creating a proton gradient.  Within the ETC, electrons are transferred to ubiquinone (Q), 

reducing it to ubiquinol (QH2). At complex III, electrons are removed from QH2 and 

transferred to cytochrome c, which is a water-soluble electron carrier within the 

intermembrane space.  Complex IV, or cytochrome c oxidase, catalyzes the transfer of 

electrons from cytochrome c to molecular oxygen, which acts as the terminal electron 

acceptor, thereby creating water molecules.  These steps are essential to ATP 
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production, because it maintains the H
+
 gradient across the inner membrane of the 

mitochondrion that ultimately drives the H
+
-ATPase, resulting in ATP production from 

ADP and Pi (9, 162). 

1.2.1 Normoxia versus hypoxia 

Inspired air is composed of roughly 21% oxygen, as well as nitrogen, argon and 

carbon dioxide.  The pressure of inspired air is 760 mmHg, and when it enters the lungs 

it becomes saturated with water vapor, which has a pressure of 47 mmHg.  Each gas in 

a mixture exerts its own partial pressure, according to Dalton’s Law.  Since oxygen 

constitutes 21% of inspired air, the partial pressure of oxygen (pO2) can be calculated 

as follows:  

pO2 = 0.21 x (760 – 47) = 150 mmHg. 

Due to gas exchange in the alveoli and to mixing with dead-space gas in the airways, 

the pO2 of alveolar air is about 105 mmHg.  In the alveoli, oxygen is exchanged for 

hemoglobin-bound carbon dioxide in red blood cells, and the pO2 in the arterial blood is 

approximately 100 mmHg.  Blood carries oxyhemoglobin through the circulatory system 

and to the capillaries of the tissues, where there is a gradient of high pO2 in the blood to 

low pO2 in the tissue.  This pO2 gradient causes oxygen to dissociate from hemoglobin 

and diffuse through the capillary endothelium into parenchymal cells.  The 

deoxygenated blood draining from tissues mixes with shunted arterial blood in the veins, 
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and thus the pO2 in blood draining the average organ (ie, mixed venous pO2) is around 

40 mmHg (9, 102).  

The normal pO2 to which cells are exposed varies among and within different 

tissues, depending on the metabolic needs of the tissue, the distance of cells from the 

vascular supply, and whether the cells are positioned upstream or downstream relative 

to adjacent capillaries.  For instance, in the brain, the pO2 in neurons within 60 microns 

(µm) of arterial walls ranged from 15-40 mmHg, and neurons within 40 µm of venous 

drainage was 12-30 mmHg, as measured by platinum polarographic electrodes (178). 

In the liver, the pO2 varies by proximity to blood supply.  As mentioned 

previously, blood from the hepatic artery with a pO2 of 100 mmHg mixes with blood from 

the portal vein, which drains from the GI tract and spleen.  The pO2 of blood in the 

portal vein has been measured as 38 ± 6.8 mmHg in rats (65).  Thus, the pO2 of blood 

in the portal triad, the sinusoids and central vein are estimated to be 50-65 mmHg, 45 

mmHg and 30-40 mmHg, respectively (80, 173).  To permit passive diffusion of oxygen 

into cells, the intracellular pO2 must be lower than that of the blood by roughly 15 

mmHg; therefore the pO2 in HPCs in the portal triad and central vein is approximately 

40-50 mmHg and 15-20 mmHg respectively (87).  There are also pO2 gradients within 

cells due to constant oxygen consumption by the mitochondria (102, 169).  
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It is important to note that cells are adapted to the degree of oxygen to which 

they are usually exposed, and this is considered “normoxia” (NX).  It is not clear how 

cells establish this state of normoxia; however, once the pO2 in the tissue or cell falls 

below this normal level, the state is called “hypoxia” (HX) (102).  A complete lack of 

oxygen (ie, pO2=0mmHg), is termed “anoxia,” which is incompatible with life for an 

aerobic organism.  Due to the central role of oxygen in ATP production in the electron 

transport chain, HX is sensed by cells as a metabolic crisis that requires them to adapt 

through increased anaerobic metabolism via glycolysis and other means.   

1.2.2 The occurrence of hypoxia and its role in liv er disease 

Physiologically, there are four types of HX, which are (1) “hypoxic HX,” in which 

the pO2 of arterial blood is reduced; (2) “anemic HX,” in which the amount of 

hemoglobin available to carry O2 is reduced but arterial pO2 is normal; (3) “ischemic 

HX,” in which blood flow to tissue is inadequate despite normal pO2 and hemoglobin 

availability; and (4) “histotoxic HX” or ”chemical HX,” in which cells cannot utilize oxygen 

supplied to them due to a toxic agent (9).  Strictly speaking, the latter is not HX, since 

oxygen delivery to cells is normal, although the term is commonly used.   

Physiologically, histotoxic or chemical HX often results in greater tissue pO2 due to 

inability of cells to utilize oxygen. Any mention of HX in this dissertation refers to the first 

three types, unless chemical HX is specifically stated. 

HX occurs during normal physiological events as well as pathological conditions.  

It is common during embryonic and fetal development, and is important for normal 
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vasculogenesis, angiogenesis and tubulogenesis (102).  HX also occurs during exercise 

when muscle demand for oxygen exceeds supply and cells switch to anaerobic 

metabolism to maintain muscle function.  Recently, a role for HX has been discovered in 

many pathological conditions including cardiovascular disease and stroke, chronic 

pulmonary disease, GI disease, and cancer (154).  HX is an important contributor to the 

pathogenesis of injury in a variety of diseases and chemical toxicities affecting the liver, 

including hemodynamic shock, fulminant hepatitis, septicemia, cardiac and/or 

pulmonary failure, and systemic inflammatory response syndrome, among others (1).  

These and others will be discussed in greater detail later in this Introduction.  

1.2.3 Hypoxia signaling 

 Aerobic respiration and oxidative phosphorylation are essential to energy 

production in cells.  When the oxygen supply cannot meet the energy demands of the 

cell due to HX, there must be an adaptive response to counteract the reduction in 

energy production.  Cells have evolved numerous adaptive responses to compensate 

for changes in oxygen demand, including transcriptional regulation of genes through a 

variety of HX-responsive transcription factors (33).  HX-responsive transcription factors, 

the stimulus for activation and result of signaling are detailed in Table 1. 
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Table 1:  Summary of hypoxia-responsive transcription factors  (33)) 

Transcription Factor Hypoxia-induced 
Stimulus 

Example(s) of Effect 

Nuclear Factor kappa-B 
(NF-κB) 

Mitochondrial ROS; 
Ras/Raf; p42/p44 and PI-3-
kinase. 

Tanscription of COX-2, 
TNFα, IL-6, and MIP-2, and 
HIF-1α. 

Cyclic AMP Response 
Element Binding Protein 
(CREB) 

Phosphorylation of CREB. CREB degradation 
suppresses expression of 
inflammatory genes. 

Activating Protein-1 (AP-1) Phosphorylation by JNK, 
possibly due to ROS 
formation. 

Transcription of Tyrosine 
Hydroxylase, VEGF, eNOS; 
interaction with other 
transcription factors such 
as HIF-1, GATA-2, NF-1 
and NF-κB. 

p53 Hypoxia-induced HIF-1a 
can bind and inactivate 
Mdm2, a negative regulator 
of p53. 

Transcription of pro-
apoptotic genes such as 
Bax, Bid, Apaf-1, and 
SUMO. 

SP-1 and SP-3 Unknown, reported to be 
redox sensitive. 

Transcription of COX-2, 
EPO and VEGF. 

Early growth response-1 
(Egr-1) 

Phosphorylation by PKC, 
Ras/Raf, and ERK, leading 
to nuclear localization of 
Egr-1. 

Stimulus of the pro-
coagulant tissue factor 
expression, leading to 
thrombosis and vascular 
remodeling. 

CCAAT/enhancer-binding 
protein (C/EBPβ) 

Phosphorylation by various 
kinases (PKA, CaMK, 
MAPK and PKC). 

Production of IL-6, via 
dimerization with other 
transcription factors. 

Hypoxia Inducible Factors 
(HIFs) 

Discussed below. Discussed below. 

   



11 
 

The hypoxia-inducible factor system  

The hypoxia inducible-factor (HIF) transcription factor system is the most widely 

studied mechanism of transcriptional response to HX.  HIFs are the major cellular 

sensors of oxygen tension and are regulators of genes involved in systemic responses 

to HX.  HIFs are a family of heterodimeric transcription factors that belong to the basic 

helix-loop-helix (bHLH) transcription factors that include the PER/aryl hydrocarbon 

receptor nuclear translocator (ARNT)/single minded (SIM) superfamily of transcription 

factors (PER/ARNT/SIM or PAS).  HIFs are heterodimeric, and are composed of alpha 

and beta subunits.  The beta subunit includes ARNT1 and ARNT2, and is also referred 

to as HIF-1β.  There are three isoforms of the alpha subunit: HIF-1α, HIF-2α, and HIF-

3α.  HIF-1α is the most widely studied isoform, is evolutionarily conserved and 

constitutively expressed in all cell types, and is the principal regulator of the hypoxic 

response (Figure 1) (102, 153). The role of HIF-2α and HIF-3α in oxygen sensing will be 

discussed below. 
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Figure 1: Protein structure of HIF-1 α and HIF-1β.  HIF-1α and HIF-1β contain an N-

terminal basic helix-loop-helix (bHLH) for DNA binding and dimerization.  They also 

contain the Per-Arnt-Sim (PAS) domain for dimerization.  HIF-1α has an N-terminal and 

a C-terminal oxygen-dependent degradation domain (NODDD and CODDD).  Finally, 

both HIF-1α and HIF-1β contain transactivation domains (TAD).   
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The N-terminal basic domain of HIF-1α is necessary for DNA binding, and the 

HLH domain is the primary dimerization interface; both are required for the formation of 

functional DNA binding complexes (91, 153)  The PAS region comprises two adjacent 

repeats called PAS A and PAS B.  PAS domains act as the secondary dimerization 

interface, allow binding with a second bHLH/PAS partner in the nucleus.  Alpha-HIFs 

differ from other bHLH/PAS proteins by containing two oxygen dependent degradation 

(ODD) domains and an N-terminal and C-terminal transactivation domain (N-TAD and 

C-TAD, respectively). HIF-1α protein levels in cells are dependent on cellular pO2 and 

are regulated post-translationally (102, 153). 

Oxygen-dependent regulation of HIF-1α protein consists of several steps and 

proteins (Figure 2).  Four hydroxylase enzymes, known as prolyl hydroxylase domain 

(PHD)-containing proteins, control the stability of HIF-1α by modifying two prolyl 

residues within the ODD domains.  The PHD enzymes are dioxygenases that require 

oxygen, 2-oxoglutarate (alpha-ketoglutarate), ascorbate and iron; the enzyme catalyzes 

the splitting of molecular oxygen and couples it to the hydroxylation of the HIF-1α 

substrate and the decarboxylation of 2-oxoglutarate to succinate and CO2.  One oxygen 

atom is incorporated into a hydroxyl group on each of two proline residues (Pro402 and 

Pro564 in humans) within the ODD domains of HIF-1α (152).  Hydroxylation of these 

residues on HIF-1α facilitates interaction with the von Hippel-Lindau tumor suppressor 

gene product (pVHL), part of the E3 ubiquitin ligase complex, which targets HIF-1α for 

ubiquitination and proteasomal degradation (102, 137, 152, 153). 
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Figure 2: Oxygen-dependent regulation of HIF-1 α.  HIF-1α protein is constitutively 

expressed.  At normoxia, prolyl hydroxylase (PHD) uses oxygen to hydroxylate proline 

residues on HIF-1α.  This recruits the von Hippel Lindau (pVHL), an ubiquitin ligase, 

which targets HIF-1α for degradation by the proteasome.  Factor inhibiting HIF (FIH) 

uses oxygen to hydroxylate asparagine residues on HIF-1α and prevent binding to 

transcriptional coactivators.  In contrast, during hypoxia, HIF-1α can accumulate in the 

cytoplasm and translocate to the nucleus where it heterodimerizes with HIF-1β, forming 

the functionally competent HIF-1 transcription factor. HIF-1 binds coactivators such as 

CBP and p300.   This complex binds to hypoxia response elements (HRE) on DNA and 

thereby directs transcription of over 100 genes. 
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Figure 2 
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A second level of oxygen-dependent regulation of HIF-1α transcriptional activity 

is controlled by the enzyme Factor Inhibiting HIF (FIH), which catalyzes the 

hydroxylation of an asaparaginyl residue (Asn 803 in humans) in the C-TAD of HIF-1α.  

This inhibits the binding of coactivator molecules such as p300/CBP and reduces the 

ability of HIF-1α to direct transcription (102, 137, 152, 153). 

During HX, PHD and FIH enzyme activities are reduced; this process will be 

discussed in detail in the next section.  As a result, HIF-1α is able to accumulate within 

cells and enter the nucleus, where it heterodimerizes with ARNT to form the functional 

HIF-1 transcription factor.  HIF-1 binds to coactivators such as p300/CBP, and the 

resulting transcriptional complex binds to HX response elements (HRE) in DNA, which 

have a consensus sequence of G/ACGTG (115).  HIF-1α has been shown to regulate 

over 70 genes in the human hepatoma cell line HepG2 (102, 177). 

Hypoxia-mediated PHD and FIH enzyme inhibition  

In the setting of HX, PHD and FIH activities are diminished, and HIF-1α is 

stabilized and activated to induce transcription; however, the exact mechanism by which 

PHD and FIH enzymes sense changes in oxygen tension is unknown.  There are three 

theories as to how this occurs.  The first is that PHD and FIH enzymes require oxygen 

for their catalytic activity, and HX simply imparts a loss of substrate.  This prevents 

PHD- and FIH-mediated hydroxylation of HIF-1α, allowing for accumulation and 

transactivation (102).  The second theory implicates the ETC as the primary oxygen 

sensor. The mechanism of HX-induced reactive oxygen species (ROS) generation will 

be discussed below.  Briefly, excess ROS generation during HX has been reported to 
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contribute to HIF-1α stability and transcription of HIF-regulated genes, and numerous 

studies have reported that HX-induced HIF-1α stability and HRE-reporter gene activity 

are enhanced by mitochondrial ROS (mROS) (15, 16, 93, 95, 150).  However, as 

oxygen levels continue to decline to near anoxia, HIF-1α can be stabilized in the 

absence of functional mitochondria (95) suggesting that multiple mechanisms modulate 

HIF-1α stabilization depending on the severity of hypoxic stress.  A third theory also 

implicates the ETC, and states oxygen consumption by the ETC reduces cytoplasmic 

oxygen concentration, thus inhibiting PHD and enhancing HIF-1α accumulation (22). 

Regardless of the mechanism of oxygen sensing, the expression and activity of 

HIF-1α protein is tightly regulated by intracellular oxygen tension.  The response is also 

very rapid; incubation of HeLa cells in gassing mixtures with pO2 ranging from 1.4 – 35 

mmHg caused HIF-1α protein accumulation as early as 2 mins after treatment.  In these 

studies, binding of HIF-1α to DNA occurred within 7.5 mins of HX exposure (82).   HIF-

1α is also quickly degraded, with a half-life of less than 5 mins during reoxygenation 

(82).  This indicates that HIF-1α protein levels and DNA binding are tightly controlled, 

and suggests that sustained HIF-1α activation might be detrimental to cells (102).  HIF-

1α protein levels and activity are also regulated by various non-hypoxic stimuli, including 

growth factors, hormones, cytokines, and coagulation factors (93). 

HIF-2α and HIF-3α 

HIF-1α and HIF-2α share 48% amino acid sequence identity and therefore have 

similar domain architecture and are similarly regulated; however, they have discrete 

functions.  HIF-2α can activate target genes that are distinct from HIF-1α-regulated 
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genes and is selectively expressed during embryogenesis in vascular endothelial cells, 

catecholamine-producing cells, kidney, and lung (153).  Little is known about the role of 

HIF-3α.  It has been found to be expressed in adult thymus, lung, brain, heart and 

kidney.  It can bind ARNT and HREs in DNA, but little is known about its transcriptional 

targets (91).  For this dissertation, only HIF-1α will be considered. 

 1.2.4 Pathological responses to hypoxia 

As mentioned previously, many pathological conditions of the liver can result in 

tissue HX. These include ischemia/reperfusion, sepsis, drug-induced liver injury (DILI), 

cholestasis and fibrosis, as discussed in detail below.  The injury that is produced when 

oxygen availability is limited to the highly aerobic liver tissue has been intensively 

studied.  Most recently, the focus has been on the pathological role of HIF-1α signaling, 

however some of the first studies into the mechanism of HX-mediated cell death 

focused on cellular energy metabolism, mitochondrial function, and membrane integrity.  

Other studies have investigated the role of oxidative stress, mitogen activated protein 

kinase (MAPK) signaling and activation of transcription factors separate from HIF-1α.   

Hypoxic cell injury: loss of energy metabolism and membrane integrity 

 Initial studies into the mechanism of HX-mediated HPC death focused on the 

morphological changes to cellular membranes and organellar structure.  The majority of 

these studies were performed in isolated primary rat HPCs.  In an early study, liver 

ischemia was induced by clamping the hepatic artery and portal vein of a rat for 3 hours, 

and livers were isolated and analyzed thereafter.  This severe ischemia resulted in 

degradation of membrane phospholipids and subsequent loss of membrane integrity 
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(19). In subsequent studies, isolated rat HPCs were exposed to anoxia (pO2 < 1 

mmHg), and detailed time courses of morphological changes were delineated.   

Membrane bleb formation occurred early, 23 mins after anoxia and blebs began to 

coalesce at 30 mins.  Subsequently, HPCs began to swell at 54 mins and finally rupture 

by 60 mins.  Membrane rupture resulted in leakage of cytoplasmic contents and uptake 

of dyes such as trypan blue and propidium iodide (59).  These morphological changes 

were associated with many biological changes.  Exposure of primary rat HPCs to anoxia 

(pO2 < 1 mmHg in the culture medium) resulted in a time-dependent decrease in 

cellular adenosine triphosphate (ATP) concentration; ATP levels were completely 

abolished within 120 mins of exposure to anoxia (92).  Supplementation of culture 

medium with the glycolytic substrate fructose protected cells from HX-induced cell 

death; this was attributed to attenuation of ATP depletion, prevention of reductive 

stress, and protection from the loss of membrane integrity and reductive stress.  

Additionally, a variety of radical scavengers, including caffeic acid, quercetin and 4-OH 

Tempo protected HPCs from anoxia-induced cell death. The iron chelator 

desferroxamine (DFX) was also protective, as well as the xanthine oxidase inhibitor 

oxypurinol.  These data suggested that cell death caused by severe HX or anoxia 

involves reductive stress and mitochondrial dysfunction.  Indeed, HPCs depleted of 

glutathione (GSH), an important radical scavenger, were more susceptible to anoxia-

induced cell death (92).  The role of oxidative stress in HPC death during HX will be 

discussed below.   
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This process of severe HX or anoxia--induced cell death has been classified as 

oncotic necrosis.  It begins with membrane bleb formation, nonspecific DNA hydrolysis, 

and swelling of intracellular organelles such as the mitochondria and endoplasmic 

reticulum.  The next step is mitochondrial dysfunction, characterized by permeability 

transition of the inner mitochondrial membrane and failure of oxidative phosphorylation 

and ATP production.  The membrane blebs eventually fuse, and the lack of ATP 

prevents membrane repair; as a result the blebs burst and there is loss of cellular 

membrane integrity, which causes cytoplasmic contents to leak.  Organelles are 

nonviable at this stage.  A similar series of events has been characterized in primary 

HPCs subjected to chemical HX induced by cyanide/iodoacetate treatment (107)  Cells 

that have undergone oncosis appear as necrotic tissue, which leads to inflammation 

and organ failure (143).  Indeed, in vivo models of ischemia-reperfusion (I-R) liver injury 

are characterized by increased plasma alanine aminotransferase (ALT) activity, a 

marker of HPC damage, and by the presence of necrotic HPCs in the liver (55).  

Another pathway to cell death is apoptosis, which is a specific program of events 

carried about in an energy-dependent manner.  Briefly, intrinsic apoptosis involves 

activation of a cascade of cysteine-aspartate proteases (caspases) which carry out 

degradation of cellular proteins and DNA.  The cell and organelles shrink and the nuclei 

condense.  Eventually, small buds called apoptotic bodies break off from the cell; these 

are removed by phagocytic cells of the innate immune system (116).  There is evidence 

that some HPCs undergo apoptotic cell death during ischemic injury, but this is most 

often observed in models of ischemia/reperfusion, rather than ischemia alone.  The 

current consensus is that there is a programmed series of events that includes 
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mitochondrial dysfunction, appearance of autophagosomes, and cellular swelling and 

membrane rupture that results in an oncotic necrotic morphology.  This is distinct from 

apoptotic cell death because of the loss of ATP precludes the apoptotic response.  This 

process has been termed necrapoptosis, and occurs in I-R injury (55, 71, 75). 

It is important to point out that the mechanisms of HPC death described above 

have been defined in cells exposed to severe HX, anoxia or chemical HX, and in 

general, this appears to be a frank necrotic injury.  This is different from the 

necrapoptosis associated with I-R injury.  Furthermore, both of these pathways might be 

distinct from the injury caused by a modest HX, which is associated with oxidative 

stress, MAPK signaling and HIF-1α-mediated gene transcription, as described below. 

Mitochondrial ROS production  

It is clear that oxygen is important for the appropriate function of the ETC and 

consequent ATP production.  When oxygen is not available as the final electron 

acceptor, the excess electrons are transferred to form oxygen-containing free radicals 

and other reactive compounds, collectively called reactive oxygen species (ROS).  The 

superoxide anion (O2
●-

) is formed upon one electron reduction of molecular oxygen 

(O2).  Superoxide is a free radical, due to its unpaired electron, and can give rise to 

other ROS such as hydrogen peroxide (H2O2), hydroxyl radical (OH
●
), peroxynitrite 

(ONOO
-
), and hypochlorous acid (HOCl).  The appearance of ROS during a state of HX 

is counterintuitive but has been reported in many cell types, including pulmonary 

myocytes, HeLa cells, adipocytes and HPCs in particular (93).  
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Exposure of primary HPCs and the transformed liver cell lines Hep3B and 

HepG2 to moderate HX (10 mmHg in the cell culture atmosphere) increased generation 

of ROS as measured by dichlorofluorescein (DCF) fluorescence, a marker of H2O2 

production (15, 16).  To determine the source of ROS, Hep3B cells without 

mitochondrial DNA [respiration-deficient, or rho-zero (ρ0) cells] were subjected to HX 

(10 mmHg in the cell culture atmosphere).  These cells did not generate ROS (Chandel 

1998) indicating that the mitochondrial ETC is a significant source of ROS in HX.  

Furthermore, inhibitors of complex III prevented HX-induced ROS production, indicating 

that the site of ROS generation during HX is complex III of the ETC (57, 95). 

ROS contribute to cell death by damaging DNA, proteins and polysaccharides, 

and by causing lipid peroxidation (93).  Oxidative stress can also lead to mitochondrial 

permeability transition (MPT), which contributes to loss of ATP stores, membrane failure 

and necrotic cell death (106, 143).  Indeed, abrogation of oxidative stress with 

antioxidants protects both primary rat HPCs and HepG2 cells from HX-induced cell 

death (156). 

In addition to direct oxidative damage to cell proteins and structural components, 

another consequence of ROS generation is depletion of cellular stores of reduced 

glutathione (GSH) (44, 92, 111, 117).  GSH is an important reducing agent in 

biochemical processes; it detoxifies xenobiotics and is an intracellular antioxidant (111, 

117).  HX-induced ROS can decrease GSH stores through oxidation of GSH to form 

GSSG, enhanced efflux of GSH from cells, and/or decreased GSH synthesis (111, 117).  

Loss of GSH has been implicated in the mechanism of HX-induced HPC and HepG2 
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cell death.  Administration of cell-permeable GSH ethyl ester (GSHEE) can replenish 

GSH stores and prevent HX-induced cell death.  Additionally, selective depletion of 

mitochondrial GSH with diethylmaleate/buthionine-L-sulfoximine increased the 

sensitivity of cells to HX-induced oxidative stress and cell death (111). This indicates 

that mitochondrial GSH plays a critical role in protecting cells from HX-induced cell 

death, likely due to its antioxidant properties.   

The mitochondria are not the only potential source of ROS during HX.  The 

enzyme xanthine oxidase (XO) catalyzes the oxidation of hypoxanthine to xanthine and 

then to uric acid, in the process generating H2O2 and O2
●-

.  XO is an important source 

of ROS in HX; inhibition of the enzymes with BOF-4272, allopurinol or its metabolite 

oxypurinol, protects HPC from ROS production and cell death during HX (88).  Another 

potential source of ROS is NADPH oxidase; inhibition of this enzyme prevents HIF-1α 

activation in response to nonhypoxic stimuli, and overexpression of the NADPH subunit 

NOX1 increases HIF-1α levels in lung epithelial cells.  This suggests that NADPH 

oxidase is an important regulator of the HIF-1α pathway in response to nonhypoxic 

conditions; however, its role in HX is less clear (93). ROS are also important second 

messenger molecules and modulate various intracellular signaling pathways, including 

activation of mitogen activated protein kinases (MAPK) or inactivation of phosphatases.  

ROS-mediated kinase activation has been shown to contribute to HIF-1α stabilization 

and gene transcription, as discussed below (93). 

Hypoxia and MAPK activation 
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 The MAPKs are a family of proteins that act as key signaling intermediates that 

transmit both extracellular and intracellular signals to intracellular targets by 

phosphorylation of serine and threonine residues on target proteins.  They affect almost 

all cellular activities, including mitosis, gene expression, movement, metabolism and cell 

death (84).  Family members include extracellular signal regulated kinases (ERKs), and 

the two stress activated protein kinases, c-jun N-terminal kinase (JNK) and p38.  

Signals are sent via activation of MAPK kinase kinases, which phosphorylate MAPK 

kinases, which in turn activate the three MAPKs.  In general, ERK is activated by 

mitogenic growth factors, and ERK signaling controls cell differentiation.  In contrast, 

JNK and p38 are activated in response to a variety of noxious stimuli, including 

ultraviolet light, osmotic stress, oxidative stress, and cytokines; JNK and p38 play 

important roles in cytokine production and activation of cell death pathways (84). 

 As mentioned previously, ROS generated during HX can also act as second 

messenger molecules.  Indeed, many groups have demonstrated that HX-induced ROS 

can activate JNK (122) and p38 (120) MAPKs.  Others have demonstrated that 

moderate HX (35 mmHg in cell culture atmosphere) leads to selective phosphorylation 

of the p38α and p38γ isoforms, but not p38β, p38β2, or p38δ.  Inhibition of p38α but not 

p38γ prevented HIF-1α-mediated transcription (23), suggesting a role for p38 in the 

regulation of HIF-1α stabilization or transactivation.  Further support for this was found 

in primary HPC, in which HX-induced cell death depended on p38-mediated, HIF-1α-

induced BCL2/adenovirus E1B 19kDa interacting protein 3 (BNIP3) expression (120), 

suggesting an integral role for p38 in the HIF-1α-mediated cell death response.  Indeed, 
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phosphorylation of HIF-1α by p38 enhanced its interaction with the transcriptional 

coactivators CBP and p300, thereby enhancing transactivation (121). 

HIF-1α regulated gene transcription   

HX-induced HIF-1α activation is necessary for cells to adapt to decreased 

oxygen availability; these responses can lead to cell survival or cell death, depending on 

the duration and severity of HX, among other environmental factors (102).  The initial 

adaptive response is necessary to address the energy deficit created by HX and occurs 

through HIF-1α-mediated transcription of genes involved in anaerobic glycolysis, 

including aldolase A, lactate dehydrogenase, pyruvate kinase and glucose transporters, 

among others. HIF-1α also directs transcription of vascular endothelial growth factor 

(VEGF) and erythropoietin (EPO) which can enhance perfusion and oxygen delivery to 

tissues by stimulating angiogenesis and red blood cell production, respectively (121).  In 

cases of severe or prolonged HX or additional stress, these changes cannot address 

the metabolic imbalance.  In this case, HIF-1α stimulates the activation of several cell 

death pathways, seemingly as a means of eliminating cells stressed beyond recovery.  

HIF-1α directs the transcription of various pro-apoptotic proteins of the B-cell chronic 

lymphocyte leukemia/lymphoma (BCL) family members, including BNIP3, Nix, and Noxa 

(102, 177).  These proteins can contribute to cell death by autophagy, apoptosis or 

oncosis (163).   

HIF-1α also contributes to cell death via modulation of the cell cycle.  HX inhibits 

the G1/S transition of the cell cycle in a HIF-1α-dependent manner in several cell types 

by increasing the expression of the cyclin-dependent kinase inhibitors, p21 and p27 
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(52).  HX downregulates the expression of cyclin D1 in PC12 cells (23).  HIF-1α 

negatively regulates cyclin D1 expression directly, by binding to two HREs in the cyclin 

D1 promoter and recruiting histone deacetylase 7 to suppress transcription of the gene 

(183). Cyclin D1 is required for the transition from the G1 to S phase of the cell cycle 

(23), which contributes to cell proliferation and regeneration of HPCs after injury or toxic 

insult (39).  Downregulation of cyclin D1 induces cell cycle arrest and apoptosis in the 

hepatoma cell lines, HepG2 and Hep3B (127).  Furthermore, HIF-1α can also interact 

with and stabilize p53, leading to cell cycle arrest and apoptosis (14).   

1.2.5 Summary of hypoxia 

In summary, HX is a significant component of many diseases and toxicities of the 

liver, leading to energy deficit in HPCs.  HPCs have evolved a variety of mechanisms to 

adapt to decreased oxygen availability.  The initial response is loss of ATP production 

and mitochondrial dysfunction, ROS production and activation of signaling pathways 

such as MAPKs.  Additionally, HIF-1α and other transcription factors are activated 

during HX and direct transcription of genes that allow cells either to adapt to HX or to 

die.  Cell death due to HX is often due to oncotic necrosis, but in some cell types it can 

be an organized, apoptotic process.  It is important to investigate the mechanism by 

which HX can cause cell death as a means of developing therapies for the treatment 

and prevention of HX-mediated HPC injury. 
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1.3 Neutrophils in liver disease 

Many of the conditions associated with HX are also accompanied by a neutrophil 

(or polymorphonuclear lymphocyte [PMN])-mediated inflammatory response in the liver.  

PMNs significantly contribute to the pathogenesis of liver injury in various diseases and 

chemical toxicities (70, 139).  They contribute to such conditions as I-R and obstructive 

cholestasis injury due to surgery or shock (56).  Furthermore, PMNs cause liver injury 

during sepsis or endotoxemia and various chemical toxicities, such as alcoholic 

hepatitis (164) and alpha-naphthyl isothiocyanate (ANIT) hepatotoxicity (35).  There is 

also evidence that PMNs contribute to acetaminophen-induced liver injury, but their role 

is controversial (68).   Research from our laboratory has identified PMNs as a key 

mediator of injury in inflammation-drug interaction models of idiosyncratic DILI (IDILI) 

(38, 112, 159, 192).  The following sections will discuss the mechanisms of PMN 

activation and PMN proteases and their role in toxic liver injury and diseases.  

1.3.1 Neutrophil accumulation and activation 

 Tissue injury and xenobiotic-induced stress can activate sinusoidal endothelial 

cells (SECs) in the liver.  These cells express P-selection, which engages ligands on the 

surface of circulating PMNs.  This process causes PMNs to roll along the endothelial 

surface.  Activated SECs and Kupffer cells release a variety of cytokines and 

chemokines, including tumor necrosis factor-alpha (TNFα), interleukin (IL)-1, IL-8 (the 

murine homolog of IL-8 is keratinocyte chemoattractant [KC]), and platelet activating 

factor (PAF), among others.  These cytokines and chemokines induce the expression of 

E-selectin and inter-cellular adhesion molecule-1 (ICAM-1) on the surface of SECs, 

which bind to L-selectin and β2 integrin (CD11b/CD18) on the surface of PMNs, 
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respectively.  These interactions initiate firm adhesion of PMNs to the endothelium, 

which facilitates the sequestration of PMNs in liver sinusoids.  Due to the low shear 

stress of the sinusoids, accumulation of PMNs can occur without the activation of ICAM-

1 and β2 integrin in a model of endotoxemia.  However, CD18 is required for PMN 

activation and extravasation into the parenchyma (74).  Activation of CD11b/CD18 

recruits components of NADPH oxidase to the cell surface.  The primed and partially 

activated PMNs can receive signals from homeostatically altered cells in the 

parenchyma.  These signals include the chemokines IL-8/KC, macrophage-

inflammatory protein-2 (MIP-2), and cytokine-induced neutrophil chemoattractant-1 

(CINC-1), which induce PMNs to release the contents of intracellular granules that 

contain collagenases and serine proteases.  These PMN proteases degrade the 

vascular basement membrane, allowing PMNs to extravasate from the sinusoids and 

transmigrate into the parenchyma (43, 70, 76).   

 Upon entering the parenchyma, PMNs become fully activated and release a 

variety of mediators that can be toxic to HPCs.  In fact, extravasation into the tissue and 

close proximity to HPCs is required for PMN-mediated cytotoxicity (70).  PMNs actually 

adhere to HPCs via interactions of CD11b/CD18 on PMNs with ICAM-1 on HPCs (76).  

Multiple stimuli, including the binding of CD11b/CD18 on the surface of PMNs activate 

the NADPH oxidase enzyme complex to generate superoxide anion and its dismutation 

product, H2O2, a highly diffusible oxidant which is an important mediator of PMN 

cytotoxicity.  Activation of CD11b/CD18 also induces degranulation of three types of 

secretory vesicles contained within PMN: primary (or azurophilic) vesicles, secondary 

(or specific) vesicles, and tertiary (or gelatinous) vesicles (43).  The primary vesicles 
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contain myeloperoxidase (MPO) enzyme, which generates hypochlorous acid (HOCl), 

another diffusible oxidant and chlorinating agent.  HOCl can generate toxic chloramines, 

which create chlorotyrosine residues and other HOCl-modified proteins, which are toxic 

to HPC in models of I-R injury and endotoxemia (70). 

The primary granules also contain three serine proteases: cathepsin G, 

proteinase 3 and neutrophil elastase (EL) at very high concentrations, around 1 pg 

enzyme per cell (43, 97, 184).  These proteases are capable of degrading extracellular 

matrix components to facilitate PMN transmigration into sites of inflammation and are 

involved in killing of bacterial pathogens and parenchymal cells (30, 43, 63, 76).  

It has been widely demonstrated that mediators released from activated PMNs 

are cytotoxic to a variety of cell types in vitro, including endothelial cells (100, 135, 138, 

189), epithelial cells (51, 165, 167), and primary HPCs (58, 63, 118).  Early 

investigations studied the effects of PMN activation in coculture with HPCs, which 

resulted in death of HPCs.  Initially, it was thought that ROS produced by activated PMN 

were the cytototoxic mediators; however, treatment with antioxidants and inhibitors of 

MPO and NADPH oxidase did not prevent HPC injury.  This suggested that another 

cytotoxic component was released by activated PMNs.  Treatment with broad spectrum 

serine protease inhibitors implicated the neutrophilic proteases; further studies with 

specific inhibitors of the three proteases ultimately identified EL as the primary cytotoxic 

mediator of HPC death released by activated PMNs.  Furthermore, purified EL is 

cytotoxic to HPCs in vitro (63, 118). 
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1.3.2 Neutrophil elastase 

 EL is a 29 kDA protein with a catalytic site containing aspartate, histidine and 

serine residues (97). It acts optimally at pH 8.0 – 8.5, and although it is a promiscuous 

protease with many substrates, it prefers small hydrophobic residues such as valine, 

alanine, cysteine, methionine, isoleucine, leucine, and serine as cleavage sites.  

Because EL has potent catalytic activity and broad substrate specificity, it  is involved in 

many fundamental biological pathways, including coagulation and fibrinolysis, 

angiogenesis, inflammation, and complement activation (97). Excessive EL release 

degrades extracellular matrix components such as collagens and laminins, thereby 

damaging organs through endothelial cell injury (168).  EL plays an integral role in 

inflammation by its ability to proteolytically cleave various proteins.  It can directly 

activate some cytokines, such as IL-6, and inactivate others, such as TNFα (60, 133).  It 

can also activate blood coagulation factors (60) and fibrinolysis (49, 186).  Furthermore, 

EL can induce transcription and release of the chemokine IL-8/KC from airway epithelial 

cells (18, 182)  There are many endogenous inhibitors of EL, including α2-

macroglobulin, α1-proteinase inhibitor, secretory leukocyte protease inhibitor (SLPI), 

monocyte neutrophil elastase inhibitor (MNEI) and elafin (97, 184).  The liver is an 

important source of EL inhibitors, which likely keep the actions of EL local and prevent 

its potentially damaging effects. 

1.3.3 Mechanisms of elastase-mediated cell death 

The mechanism of EL-induced cell death has been well studied yet is not 

completely understood.  It is clear that the pathway to cell death depends on cell type 

and culture conditions.  Early studies indicated that EL caused cell death directly though 
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membrane damage that led to cytolysis and necrosis (2).  As mentioned previously, EL 

cleaves extracellular matrix components, which leads to cell detachment and 

deformation of cell membrane that is cytotoxic (175).  Electron microscopic evaluation of 

primary HPCs exposed to EL indicated mitochondrial swelling, dilation of the 

endoplasmic reticulum, and nuclear alterations (118). More recent work has indicated 

that EL can activate cell death signaling pathways, such as oxidative stress, MAPK 

activation, and apoptosis.   

EL-induced oxidative stress 

Early studies into the mechanism of EL-mediated cell death indicated that EL can 

cause oxidative stress through multiple pathways, including ones involving the 

mitochondria or xanthine oxidase (2, 30, 45, 46).  EL converts the enzyme xanthine 

dehydrogenase (XD) to xanthine oxidase (XO) in pulmonary artery endothelial cells and 

in a cell-free in vitro system (135).  XD to XO conversion occurs through reversible 

oxidation of sulfhydryl residues.  XO converts hypoxanthine to xanthine and then to uric 

acid, generating H2O2 and O2
●-

 in the process; therefore, increased XO activity can 

lead to oxidative injury in cells.  Treatment with the XO inhibitors allopurinol and its 

metabolite oxypurinol prevented ROS production and cell death due to EL.  The injury 

was characterized as oncotic necrosis because there was loss of membrane integrity 

and leakage of cellular contents (135, 176).   The exact mechanism by which EL causes 

XD to XO conversion is not known, though it is dependent on the proteolytic activity of 

the enzyme.  The fact that EL can cause conversion of XD to XO in a cell-free system 

suggests that EL might enter endothelial cells and act directly on the enzyme, though it 
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is a large molecule (29 kDA) and is not likely to cross the membrane passively.  There 

is some evidence that EL can enter HUVEC cells and activate signaling pathways (138), 

but it is unknown whether EL can cross the plasma membranes of HPC.  Nevertheless, 

XO activity is an important contributor to EL-induced cell injury (135, 142, 176).  

EL can also cause oxidative stress through the mitochondrial pathway.  In human 

fetal lung fibroblasts, EL caused concentration-dependent increases in both total ROS 

(measured by DCF fluorescence) and mitochondrial ROS (measured by the 

mitochondria-specific ROS indicator MitoTracker Red), which led to lipid peroxidation 

and cell death, however the mechanism by which EL incites ROS is not known (2).  

Sivelestat, a selective inhibitor of the proteolytic activity of EL, attenuated ROS 

production and was protective, suggesting that the proteolytic activity of the enzyme is 

required for this pathway.  Inhibition of the mitochondrial ETC with rotenone also 

attenuated ROS production and prevented EL-induced cell death, as did treatment with 

catalase to decompose H2O2 (2).    

In similar studies, EL caused mitochondrial ROS production in the A549 

respiratory epithelial cell line and in normal human bronchial epithelial cells (45, 46).  In 

these studies, EL increased ROS (measured by DCF fluorescence), and treatment with 

the antioxidant and iron chelator DFX or dimethylthiourea (an OH● radical scavenger) 

attenuated the increase in ROS and prevented cell death.  Taken together, these data 

suggest that ROS are important mediators of EL-induced cell death. 

 



34 
 

Activation of apoptosis 

EL has also been shown to cause apoptosis of lung epithelial cells through 

activation of caspases and mitochondrial permeability transition (51).  EL treatment 

resulted in apoptosis of bovine pulmonary artery endothelial cells (189).  Similarly, in a 

human epithelial cell line, EL treatment resulted in mitochondrial dysfunction and 

activation of the intrinsic apoptotic pathway (51).  More recent studies have 

demonstrated that EL can activate protease-activated receptor-1 (PAR-1) on the 

surface of human lung epithelial cells by cleavage of the tethered ligand, which results 

in apoptosis through NF-κB and p53-dependent pathways (165, 167).  

The MAPK proteins are also important downstream targets of EL exposure in a 

variety of cell types.  In lung epithelial cells, EL leads to activation of ERK (130), JNK 

and p38 (18, 98).  In endothelial cells, EL caused phosphorylation and activation of both 

JNK and p38 and led to p38-dependent apoptosis (138).   

It is clear that the exact mechanism of EL-mediated injury is cell-type specific, 

however one commonality among studies is that it is dependent on the proteolytic 

activity of the enzyme.  As mentioned previously, EL is a highly promiscuous enzyme 

with many substrates.  It has been hypothesized that EL might activate or inactivate a 

cell surface receptor to induce cell death signaling; one putative target is PAR-1 (165).  

Other potential targets include growth factor receptors, which may be more relevant to 

the mechanism of EL-induced cytotoxicity in vivo, where growth factor signaling plays 

an important role in recovery from injury.  In many of the studies performed in 

endothelial cells and HPC, EL-induced cell death was measured by leakage of lactate 
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dehydrogenase (LDH) or alanine aminotransferase (ALT), respectively, into the culture 

medium, indicating loss of membrane integrity (63, 175).  This, along with the 

morphological changes of mitochondrial and endoplasmic reticulum swelling (118), 

suggests that EL-mediated cell death is oncotic necrosis; however, the possibility of 

apoptosis has not been ruled out, since membrane damage can occur as a secondary 

phenomenon in this cell death pathway as well. 

 It is obvious that EL can change cellular homeostasis in many ways, including 

making cells more vulnerable to oxidative stress through conversion of xanthine 

dehydrogenase to xanthine oxidase.  It can also damage membranes and make cells 

more sensitive to other environmental stresses, such as HX.  Finally, EL can activate 

cell death signaling pathways which can lead to apoptosis and secondary necrosis.    

1.3.4 Role of EL in liver disease and chemical toxi city 

 PMNs are implicated in the pathogenesis of various liver diseases and chemical 

toxicities, and excess EL activity has been linked to the mechanism in many cases.  For 

instance, HPC produce the major endogenous inhibitor of EL, α1-antitrypsin (AAT), 

which inhibits EL enzymatic activity by covalent binding. AAT deficiency strongly 

increases the risk for chronic liver disease, hepatic inflammation, cirrhosis, fibrosis and 

hepatocellular carcinoma in humans (42, 60).  Indeed, EL is an important mediator of 

HPC death in other liver diseases such as endotoxemia (10, 99), hepatitis B (168), and 

I-R (128, 172), as well as many chemical toxicities, including alcoholic hepatitis (164) 

and alpha-naphthyl isothiocyanate (ANIT) hepatotoxicity (35, 61).   For the purpose of 

this dissertation, EL-mediated liver pathology will only be discussed in context with 

concurrent HX. 
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1.5 The role of hypoxia and neutrophils in liver di sease and toxicity 

Sepsis or Endotoxemia 

Sepsis is a condition in which there is a whole body inflammatory response, often 

due to the presence of a pathogen in the blood.  Severe bacterial infection leads to 

endotoxemia, which is the presence of endotoxin (or lipopolysaccharide [LPS], a 

component of gram negative bacterial cell walls) in the blood.  In some cases, 

endotoxemia can lead to septic shock, or severe hypotension.  The end result of sepsis 

in the liver is coagulopathy and ischemia, and an inflammatory response that recruits 

and activates PMNs to release EL.  Sivelestat, a specific inhibitor of EL, prevents liver 

injury in experimental models of sepsis.  Additionally, EL inhibition reduces inflammatory 

cytokine production and PMN recruitment (171).  This indicates that that EL has multiple 

roles in sepsis: it enhances the inflammatory response and damages HPC directly.   

HX has also been observed in livers during sepsis, due to hypotension, 

coagulation, micovascular dysfunction, or sinusoidal blockade by PMNs (13).  

Decreased hepatic pO2 during sepsis has been measured in several studies.  In male 

rats, intraperitoneal injection of E. coli endotoxin decreased mean hepatic tissue pO2 

from 25.2 mmHg to 3.8 mmHg within 6 hrs (141).  In mice, endotoxin caused a 75% 

reduction in pO2 of blood in sinusoids and hepatic parenchymal tissue (80). 

Cholestasis and fibrosis 

Cholestasis is a condition in which bile flow from the liver is reduced.  It can arise 

from liver ischemia in certain circumstances.  Indeed, experimental liver ischemia 
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caused increased serum concentrations of liver enzymes, bilirubin and bile salts, as well 

as reduced bile flow in mice (48).   

PMNs and EL are also involved in cholestatic liver injury. For instance, in a 

mouse model of obstructive jaundice using bile duct ligation, cholestatic liver injury is 

accompanied by PMN recruitment (179).  In a similar model of cholestasis, CD18 

antiserum, which prevents PMN infiltration and activation in the liver, significantly 

reduced hepatic necrosis after bile duct ligation (56).  ANIT is a xenobiotic that injures 

bile duct epithelial cells to release large amounts of bile acids into the hepatic 

parenchyma, resulting in cholestasis and hepatocyte death dependent on inflammatory 

mediators, including PMNs (35).  Inhibition of PMN infiltration and activation by 

administration of CD18 antiserum, attenuated ANIT toxicity and cholestasis (96).  

Although a specific role for EL in cholestatic injury has not been reported, AAT 

deficiency is often associated with cholestasis in humans (42), providing some support 

that EL might play a role in this injury. 

Liver fibrosis occurs in chronic disease due to deposition of extracellular matrix 

and results from a variety of liver disorders such as steatohepatitis and primary billiary 

cirrhosis.  HX and HIF-1α contribute to progression of fibrosis in multiple ways: through 

stimulation of epithelial-to-mesenchymal transition of HPCs which results in an increase 

in the number of collagen-producing myofibroblasts in the liver (25), and through 

production of profibrotic factors from hepatic parenchymal (28) and non-parenchymal 

cells (26). 
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Ischemia-Reperfusion 

I-R injury is perhaps the most well-studied clinical condition in which both HX and 

EL are important contributors to hepatocyte death.  I-R occurs during hepatic resection, 

liver transplantation, and hypotensive shock following surgery (4, 56, 75).  Tissue 

storage during transplant or stoppage of perfusion during surgery creates a hypoxic 

environment for HPC, which is followed by reoxygenation during tissue reperfusion.  

There are two stages in the I-R stress which ultimately cause HPC death.  The initial 

ischemia activates KCs to secrete cytokines and produce ROS; additionally, ischemia 

alters HPC function by increasing ROS production via XO and mitochondrial 

dysfunction.  Cytokines and chemokines released by KCs recruit and sequester PMNs 

into the liver sinusoids.  This is followed by reoxygenation due to tissue reperfusion.  At 

this point, reoxygenation of HPCs actually exacerbates ROS production as well as 

activates PMNs in the liver.  As described earlier, activated PMNs secrete ROS and 

proteases.  During reperfusion, HPCs are killed by a variety of mechanisms, including 

ROS and EL generated by PMNs, as well as internal ROS and prolonged HX.  The type 

of cell death has been characterized as oncotic necrosis due to appearance of swollen 

cells with damaged membranes.  There is also a small population of HPCs that die due 

to apoptosis, however the extent to which apoptosis plays a role in liver failure is not 

completely understood (71). 

There is extensive evidence that HX is an important mediator of  HPC death after 

I-R (56, 71).  Additionally, HIF-1α accumulation occurs in livers prior to HPC death (34), 

and I-R leads to increased hepatic expression of HIF-1α-regulated genes, including 

those that can signal for cell death such as BNIP3 (120).   
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The role for PMNs in I-R liver failure is well established; inhibition of PMN 

recruitment and activation protects against liver injury in many I-R models (70, 71).  

Furthermore, a specific role for EL has also been found.  The selective EL inhibitor 

sivelestat protects mice and rats from liver injury in experimental models of I-R (3, 124).  

Sivelestat also reduces the recruitment of PMNs and production of inflammatory 

cytokines, indicating that EL has dual roles in liver injury during I-R, similar to sepsis.  

Taken together, it is clear that both HX and EL are significant components of I-R 

pathophysiology. 

Drug induced liver injury 

HX and PMNs are involved in the pathogenesis of a variety of chemical-induced 

liver injury and DILI models. In rodent models of alcoholic liver disease, HX has been 

observed in livers after chronic and acute ethanol feeding (5, 6).  A recent report 

demonstrates that chronic ethanol feeding induces HIF-1α activation in HPC, and HPC-

specific deletion of HIF-1α protects mice from hepatic steatosis, lipid accumulation and 

liver injury (125).  Moreover, PMN activation, as measured by plasma EL concentration, 

was correlated with disease severity in people with alcohol-induced chronic liver 

damage (164).   

Halothane hepatitis is another classic example of DILI; HX was one of the 

earliest factors identified to play a role in HPC injury (161) in halothane hepatitis.  A 

recent report identified PMNs as important mediators of halothane hepatitis; anti-CD18 

antibody attenuated severe liver injury in a mouse model (41).   
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Acetaminophen (N-acetyl-p-aminophenol, [APAP]) overdose is the leading cause 

of DILI in the United States (104).  The mechanisms of APAP-induced liver injury are 

well-studied, and will be discussed further in Chapter 4. Briefly, in overdose, APAP is 

metabolically bioactivated in HPCs to a reactive intermediate, n-acetyl-p-benzoquinone 

imine (NAPQI).  NAPQI binds covalently to intracellular proteins and causes their 

dysfunction, depletes cellular GSH stores and induces ROS, all of which contribute to 

necrosis of HPCs (31, 73).  APAP also induces an inflammatory response that recruits 

PMNs into the liver (101).  The role of PMNs in the pathogenesis of APAP-induced liver 

injury is controversial, with evidence both for and against a contribution to hepatotoxicity 

(68).  APAP overdose also causes coagulation system activation and fibrin deposition in 

the liver, which might lead to tissue HX (50). Indeed, there are recent reports of the 

development of hypoxia and ROS-dependent HIF-1α accumulation in livers after APAP 

overdose (17, 77).  The role of HIF-1α in APAP-induced liver injury will be discussed in 

detail in Chapter 4 of this dissertation. 

Idiosyncratic DILI (IDILI) 

IDILI is a subset of DILI which occurs in a minority of patients, with variable time 

to onset and no apparent dose-dependence, and it is not detected in routine animal 

testing (144).  Drugs with idiosyncratic potential in humans include chlorpromazine, 

halothane, sulindac, and trovafloxacin (TVX), among others.   Rodent models of IDILI 

have been developed in which administration of a nonhepatotoxic dose of LPS to 

induce mild inflammation precipitates a toxic reaction to an otherwise nontoxic dose of 

drug.  
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Recently, a role for HX and EL has been observed in a mouse model of IDILI using LPS 

and TVX; TVX is a fluoroquinolone antibiotic associated with severe idiosyncratic liver 

injury in humans.  In this model, mice treated with a nontoxic dose of TVX (150 mg/kg, 

per os) followed three hours later with a nontoxic dose of LPS (2.0 x 10
6
 EU/kg) 

developed severe liver injury 15 hrs after treatment (Figure 3A).  Prior to the onset of 

liver injury, there was coagulation system activation and fibrin deposition in the livers of 

TVX/LPS-treated mice (Figure 3B).  Sinusoidal fibrin deposition can impair hepatic 

blood flow and oxygen delivery to HPCs, resulting in HX.  Heparin, which prevents 

coagulation system activation, attenuated fibrin deposition (Figure 3B) and protected 

mice from the TVX/LPS-mediated liver injury (158) (Figure 3C).  These data suggest a 

role for coagulation-mediated HX in the pathogenesis of TVX/LPS hepatotoxicity.  

Further studies in this model suggested a role for PMNs in TVX/LPS hepatotoxicity.  

Inhibition of PMN activation by administration of anti-CD18 antibody prevented liver 

injury (Figure 3D).  Furthermore, mice deficient in neutrophil EL were protected from 

TVX/LPS-induced liver injury (Figure 3E) (159).  
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Figure 3: The TVX/LPS model of IDILI.   Male C57/BL6 mice were treated with 150 

mg/kg TVX and 3 hours later with 2 x 10
6
 EU/kg LPS.  (A) Plasma ALT activity was 

significantly increased starting 9 hrs after LPS administration and peaked 15 hrs after 

treatment (157). (B) Heparin also protected animals from TVX/LPS hepatotoxicity at 15 

hrs after LPS. (C) Pretreatment with heparin, an anticoagulant, reduced hepatic fibrin 

deposition (158).   (D) Pretreatment with CD18 antiserum protected mice from TVX/LPS 

hepatotoxicity.  (E) Mice deficient in neutrophil elastase (NE-/-) were protected from 

TVX/LPS hepatotoxicity (159). 
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Figure 3 
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A similar mechanism of liver injury was observed in a rat model using LPS and 

ranitidine (RAN), an H2 receptor antagonist associated with IDILI in humans.  Rats 

treated with a non-hepatotoxic dose of LPS followed 2 hrs later by a nontoxic dose of 

RAN (30 mg/kg) developed hepatocellular necrosis 6 hrs after RAN treatment compared 

to those treated with LPS or RAN alone (Figure 4A).  LPS/RAN treatment caused 

coagulation system activation and sinusoidal fibrin deposition 3 and 6 hrs after 

treatment with RAN (Figure 4B).  Coagulation and fibrin deposition led to liver HX as 

measured by pimonidazole staining (Figure 4C) (112).  Pimonidazole is a small 

molecule that forms protein adducts when the pO2 in a cell is less than 10 mmHg and 

can be detected immunohistochemically as a biomarker of tissue HX.  Inhibition of 

coagulation system activation with heparin protected rats from liver injury, fibrin 

activation and tissue HX (Figure 4A-C) (112).  Concurrently, evidence of  activated 

PMNs was observed in the livers of LPS/RAN-cotreated rats as increased 

immunohistochemical staining for HOCl-adducted proteins (37).  Additionally, CD18 

antiserum prevented PMN accumulation and activation, and protected rats from liver 

injury (Figure 4D).  In further studies, the selective EL inhibitor eglin c also protected 

rats from LPS/RAN-mediated liver injury (Figure 4E) (37), suggesting a role for EL in the 

pathogenesis.  Interestingly, CD18 antibody or eglin c treatment also attenuated 

coagulation system activation and fibrin deposition, which indicates that tissue HX and 

EL are tightly linked in this model (37).   
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Figure 4:  The LPS/RAN model of IDILI.  Male Sprague-Dawley rats were treated with 

a nontoxic dose of LPS, followed 2 hrs later by 30 mg/kg RAN.  Pretreatment with the 

anticoagulant heparin attenuated (A) liver injury 3 and 6 hrs after RAN, and reduced 

fibrin deposition (B) and hepatic HX (C) (112).  Inhibition of PMN accumulation and 

activation with CD18 antiserum protected rats from LPS/RAN hepatotoxicity (D) (37).  

Inhibition of EL activity with eglin c also protected rats from LPS/RAN-induced liver 

injury (E).  
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Figure 4
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Taken together, these findings support the view that HX and EL are important 

mediators of liver injury.  Similar mechanisms were identified in other LPS/xenobiotic 

interaction models, including  LPS/monocrotaline (29), LPS/diclofenac (36)  and 

LPS/sulindac (193).  Additionally, in vitro experiments indicated that HX renders primary 

rat HPCs more sensitive to cytotoxicity induced by drugs such as diclofenac (36) and 

sulindac (193).  These observations led to the hypothesis that HX and EL can act 

synergistically to cause HPC injury.  Indeed, exposure to nontoxic HX (35 mmHg pO2 in 

atmosphere) rendered HPC more sensitive to otherwise nontoxic concentrations of EL 

(112).  Furthermore, HX shortened the time to EL-mediated cytotoxicity (Figure 5).  

These data indicate that there is a cytotoxic interaction between HX and EL in HPCs.   
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Figure 5: Exposure to HX sensitizes HPC to cell kill ing by EL.   Primary rat HPCs 

were treated with 0 – 9 U/mL EL in an oxygen replete [20% O2 (150 mmHg)] or hypoxic 

[5% O2 (35 mmHg)] atmosphere for (A) 2 hrs or (B) 8 hrs.  Cytotoxicity was assessed 

by release of alanine aminotransferase (ALT) into the cell culture medium and is 

represented as percent of total cellular ALT (112). 
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Figure 5 
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1.6 Summary 

 It is obvious that HX and EL are both important pathological mediators of liver 

injury in multiple clinical and experimental conditions, including chemical toxicities.  It 

has been demonstrated that HX can sensitize cells to the cytotoxicity of EL in primary 

rat HPCs (Figure 5) (112), which points to a direct cytotoxic interaction between HX and 

EL.  Furthermore, HX- and EL-mediated cell death signaling pathways share many 

commonalities, including mitochondrial dysfunction, oxidative stress, and MAPK-

dependent cell death, indicating multiple potential points of interaction.  A summary of 

these pathways is provided in Table 2. The experimental work described in this 

dissertation is meant to elucidate the mechanism of this interaction.   
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Table 2: The pathways involved in EL- and HX-mediat ed cell death 

Target Elastase effects Hypoxia effects 

Mitochondria - ROS production enhanced 
lipid peroxidation and cell death 
of lung epithelial cells (2, 46) 

- Generation of ROS from 
complex III of the ETC (15) 
- Oxidative damage to DNA, 
proteins, and lipid structures 
(93) 
- Activation of MPTP (106, 143) 
- ROS-mediated HIF-1α 
stabilization (93) 

Xanthine 
Oxidase   

- Conversion of XD to XO 
- Production of ROS 
- Cell death (135, 176) 

- Conversion of XD to XO 
- Production of ROS 
- Cell death (88) 

MAPK - Activation of ERK, JNK and 
p38 in lung epithelial cells (18, 
98, 130) 
- P38-dependent apoptosis of 
endothelial cells (138) 

- JNK mediates activation of 
other HX-responsive 
transcription factors (33, 122) 
- p38 mediates HIF-1α 
transactivation and BNIP3 
production (120) 

NF-κB  - Upregulated p53 activity, 
which led to Bax- and Puma-
dependent apoptosis of lung 
epithelial cells (167) 
- Apoptosis (138) 

- Upregulation of HIF-1α mRNA 
expression (174) 
- Apoptosis of Raw 264.7 
macrophages (47) 

Caspases  - Caspase 3/7-dependenent 
apoptosis (138) 

- Caspase 3 activation (94) 

Calcium - No evidence for role of 
calcium 

- Calpain-dependent necrosis of 
HepG2 cells (94) 

HIF-1α - No direct evidence for EL-
mediated HIF-1α activation 

- Activation of HIF-1α-mediated 
transcription of cell death genes 
BNIP3 and Nix in hepatocytes 
(120) 
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1.7 Hypothesis and specific aims 

The overall hypothesis is that HX and EL synergize to cause cell death that 

depends on oxidative stress, MAPK and HIF-1α.  These factors were chosen based on 

their central roles in the mechanisms of HX- and EL-mediated cell death individually.  

The goal of the specific aims proposed is to determine which factors are critical for the 

development of HX/EL-induced cell death and how each factor influences the others in 

the cascade resulting in cytotoxicity.  This general hypothesis will be tested by specific 

hypotheses represented in the following aims:  

Aim 1 Hypothesis: HX sensitizes primary rat HPCs and the transformed hepatocyte 

cell line Hepa1c1c7 to cell death caused by EL through ROS generation that is critical to 

the development of cell death (Chapter 2 and 3). 

Aim 2 Hypothesis : The cytotoxic interaction of HX/EL depends on MAPK signaling 

(Chapter 2). 

Aim 3 Hypothesis: Hypoxia-inducible factor-1α signaling contributes to cell death 

caused by the cytotoxic interaction of HX and EL (Chapter 2)  

Aim 4 Hypothesis: HIF-1α is a critical mediator of hepatotoxicity in a model of drug-

induced liver injury with acetaminophen (APAP) (Chapter 4). 
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1.8 Overview and significance of dissertation 

 The studies proposed in this dissertation will outline mechanisms by which HX 

and EL cotreatment causes hepatocellular injury.  This is especially important 

considering the vast number of liver pathologies in which HX and PMNs play a central 

role, including cholestasis, fibrosis and I-R. Furthermore, identification of common cell 

death signaling mechanisms induced by HX and EL will aid in predicting the toxicity of 

xenobiotics.  Finally, it will elucidate the role of the critical transcription factor HF-1α in 

the development of APAP hepatotoxicity, the leading cause of liver failure in the United 

States.  
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CHAPTER 2 

Sparkenbaugh, E.M., Ganey, P.E. and Roth, R.A. Hypo xia sensitization of 

hepatocytes to neutrophil elastase-mediated cell de ath depends on MAPKs and 

HIF-1α. Submitted to A J Phys Gastroint and Liver Phys 10 -2011 
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2.1 Abstract  

The liver is sensitive to pathological conditions associated with tissue HX and the 

presence of activated neutrophils that secrete the serine protease EL. We demonstrated 

previously that cotreatment of rat HPCs with nontoxic levels of HX and EL caused 

synergistic cell death.  HX is sensed by hypoxia-inducible factor-1a (HIF-1α), a 

transcription factor which heterodimerizes with HIF-1β/ARNT and directs expression of 

many genes, including the pro-cell death gene BNIP3. Since cell death from either EL or 

HX also requires MAPK activation, we tested the hypothesis that the cytotoxic 

interaction of HX and EL depends on MAPK and HIF-1α signaling.  Treatment of 

Hepa1c1c7 cells with EL in the presence of HX (2% O2) resulted in synergistic cell 

death.  EL reduced p-ERK in both oxygen-replete and HX cells, and ERK inhibition 

enhanced the cytotoxicity of EL alone.  HX/EL cotreatment caused an additive increase 

in p-p38, and p38 inhibition attenuated cell death caused by this cotreatment.  EL 

enhanced HX-induced HIF-1α accumulation and transcription of the HIF-1α-mediated 

cell death gene BNIP3, and p38 inhibition attenuated BNIP3 expression and production.  

Cytotoxicity and BNIP3 expression from cotreatment with EL and HX was reduced in 

HIF-1β-deficient HepaC4 cells compared to Hepa1c1c7 cells.  These data suggest that 

p38 signaling contributes to HX/EL-induced cell death via modulation of HIF-1α-

mediated gene transcription.  Finally, lipid peroxidation was enhanced in HX/EL 

cotreated cells compared to either treatment alone.  Vitamin E treatment attenuated lipid 

peroxidation and protected cells from the cytotoxicity of HX and EL, suggesting that lipid 

peroxidation plays a role.  
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2.2 Introduction 

PMN-mediated inflammation and tissue HX play a role in HPC injury that results 

in liver failure in a variety of conditions, including septic shock (80, 171), I-R injury (70, 

75), alcoholic liver injury (5, 170), and several drug-inflammation models in which an 

inflammatory stress synergizes with nontoxic doses of drugs with idiosyncratic liability in 

humans to result in liver injury in rodents (36, 112, 157, 193).  In these models, 

prevention of hepatic PMN accumulation or reduction in liver HX affords protection from 

injury (37, 112, 193), suggesting interdependence of these factors in pathogenesis.  

One way by which PMNs might contribute to injury is through the release of the 

cytotoxic protease EL.  In support of this hypothesis, inhibition of EL by cotreatment with 

eglin C or genetic knockout of EL prevented liver injury in some models of inflammatory 

stress/drug interaction (37, 159).  In vitro, exposure of primary rat HPCs to modest HX 

(5% O2) enhanced the cytotoxicity of EL and shortened the time until onset of cell death 

(112), further indicating that there is an interaction in the pathway(s) by which HX and 

EL cause injury.  The mechanism of this interaction is not known. 

EL is cytotoxic to many primary and transformed cell types in vitro, including lung 

epithelial cells (135, 165) and primary HPCs (63, 118), however the mechanism is not 

well understood.   In primary HPCs, it induces morphological changes such as 

mitochondrial, endoplasmic reticular and nuclear swelling consistent with oncotic 

necrosis (118).  In transformed lung epithelial cells, EL activates MAPKs and NF-κB in a 

PAR-dependent fashion, resulting in MAPK- and NF-κB-dependent apoptosis (166, 

167).   Thus, the mechanism of EL cytotoxicity might depend on cell type, but it is clear 
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that EL can cause cell membrane dysfunction and activate cell death signaling 

pathways. 

During inflammatory episodes, a reduction in tissue pO2 (ie, HX) can occur from 

decreased tissue perfusion due to vascular obstruction from coagulation-mediated fibrin 

deposition (112) or to increased metabolic demand of innate immune cells (89).  In 

addition,  EL inhibits endothelial cell production of nitric oxide (NO) and prostacyclin, 

thereby inhibiting vasodilation and reducing blood flow to hepatic tissue, further 

contributing to the development of HX (129).   

Hypoxia-inducible factor (HIF) has been widely studied as a factor used by cells 

to sense and respond to changes in oxygen tension.  HIF comprises alpha and beta 

subunits which heterodimerize to form a competent transcription factor (154). There are 

three isoforms of the alpha subunit, HIF-1α, HIF-2α and HIF-3α, of which HIF-1α is the 

best characterized. The beta subunit, HIF-1β, is also known as the aryl hydrocarbon 

receptor nuclear translocator (ARNT). HIF-1α is constitutively expressed in the 

cytoplasm, and under normal oxygen tension it is continually degraded.  When oxygen 

is limited, HIF-1α can accumulate and translocate to the nucleus where it 

heterodimerizes with HIF-1β/ARNT, binds to hypoxia response elements in the DNA, 

and directs transcription of over 100 genes (154). HIF-1α-directed genes control many 

pathways, including angiogenesis, erythropoiesis, energy metabolism, and glycolysis, 

all of which can enhance oxygen delivery or energy production in hypoxic environments. 

However, if HX is severe or prolonged, HIF-1α can also activate transcription of cell 
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death genes, including BCL2/adenovirus E1B interacting protein 3 (BNIP3) and Nix 

(102).  

HX injures HPCs through a variety of pathways in addition to HIF-1α. It causes 

mitochondrial dysfunction, loss of ATP production, and eventual loss of plasma 

membrane integrity (92).  Exposure of primary HPCs or the transformed hepatocyte cell 

line HepG2 to low oxygen (pO2 < 10 mmHg in the cell culture atmosphere) increases 

mitochondrial reactive oxygen species (ROS) production (15), which contributes to HX-

mediated cell death by damaging DNA, proteins and polysaccharides and initiating lipid 

peroxidation (93).  Recent studies indicated that the the HX phase of 

hypoxia/reoxygenation injury involves lipid peroxidation and membrane damage in 

mouse embryonic fibroblasts (187).   Furthermore, HX activates the MAPKs (155).  In 

particular, activation of p38 MAPK enhances gene transcription by HIF-1α (121) as well 

as HX-induced death of primary HPCs (120). 

There is significant overlap in the mechanisms by which HX and EL lead to HPC 

injury separately; however, the mechanism by which HX sensitizes HPCs to killing by 

EL is not known.  We hypothesized that the synergistic cytotoxicity of HX and EL 

requires MAPKs and HIF-1α signaling.  The results from these studies offer insight into 

mechanisms of HPC death that can lead to liver failure in situations in which tissue HX 

and PMN-associated inflammation occur. 
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2.3 Materials and Methods 

Materials 

Unless otherwise noted, all materials were purchased from Sigma-Aldrich (St. 

Louis, MO).  Antibiotic-antimycotic (ABAM) and Dulbecco’s Modified Eagles Medium 

(DMEM) were purchased from Invitrogen (Carlsbad, CA).  Heat-inactivated fetal bovine 

serum (FBS) was purchased from Fisher Scientific.  SB203580, U0126, SP600125 and 

2-(4-Methyl-8-(morpholin-4-ylsulfonyl)-1,3-dioxo-1,3-dihydro-2H-pyrrolo[3,4-c]quinolin-2-

yl)ethyl acetate, a nonpeptidyl pyrroloquinoline caspase inhibitor (CI) were purchased 

from Calbiochem (San Diego, CA).   

Elastase  

Human sputum elastase (Elastin Products Company, Owensville, MO) was 

resuspended in PBS and stored at -20°C until use. The e nzymatic activity of EL was 

determined using the colorimetric elastase substrate, MeOSuc-Ala-Ala-Pro-Val-pNA 

(Calbiochem, San Diego, CA). One unit of EL was defined as the amount of enzyme 

required to cause a change of absorbance of 1.0 at 410 nm in 10 min at 37˚C.   

Hypoxia Exposures 

For HX exposures, cells were placed in heated, humidified hypoxic glove boxes 

(Coy Laboratories, Grass Lake, MI) at 5% CO2. Primary HPCs were exposed to 5% O2, 

and Hepa1c1c7 cells were exposed to 2% O2 in the atmosphere.  Chamber pO2 was 

monitored continually to ensure consistent oxygen exposure. 

Cell Culture 
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Primary rat HPCs were isolated as previously described (112).  Mouse 

Hepa1c1c7 and HepaC4 cells (ATCC, Manassass, VA) were maintained in DMEM 

supplemented with 10% FBS and 1% ABAM. Confluent cell cultures were detached 

from the plate with 0.25% trypsin-EDTA. For protein and RNA isolation, cells were 

seeded at 1 x 10
6
 cells/well in 6-well tissue culture dishes (Costar, Lowell, MA), and for 

cytotoxicity experiments, cells were seeded at 4 x 10
4
 cells/well in white-walled 96-well 

plates (Costar, Lowell, MA). Cells were allowed to adhere overnight at 20% O2. 

Cytotoxicity Assessment 

HPCs were plated at 2.5 x 10
5
 cells/well in 12-well tissue culture plates in 

Williams’ Medium E (WME) (Invitrogen, Carlsbad, CA) containing 10% FBS for 3 hrs.  

After attachment, cells were washed twice with serum-free WME and treated with 

various concentrations of EL in either OxR or HX environment for 8 hrs.  At 8 hrs, 

medium and cell lysates were collected and analyzed for ALT activity as described 

previously (112). 

Hepa1c1c7 and HepaC4 cells were allowed to adhere and were washed with 

serum-free DMEM to remove any traces of FBS, which can neutralize the proteolytic 

activity of EL.  Cells were treated with various concentrations of EL in serum-free 

DMEM in either OxR (20% O2, 5% CO2, 37˚C) medium or medium that had been 

incubated overnight in a hypoxic atmosphere (5% or 2% O2, 5% CO2, 37˚C) and placed 

in either the OxR or HX incubator.  
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For experiments using Hepa1c1c7 and HepaC4 cells, cell death was assessed 

with the Cytotox-Glo Luminescent Assay (Promega Corporation, Madison, WI) 

according to the manufacturer’s directions. Briefly, it is a luminescent assay that 

measures the activity of an intracellular protease that has been released from 

membrane-compromised cells.  The dead cell protease activity is measured in the 

medium and in the cell lysate, and data are represented as percent of total dead cell 

protease released (% enzyme release).   

For MAPK inhibitor studies, stock solutions of SB203580, UO126 and SP600125 

were prepared in DMSO and stored at -20˚C. Cells were washed twice with serum-free 

DMEM and treated with either 5 or 10 µM inhibitor (0.1% DMSO vehicle) for 2 hrs in an 

oxygen replete incubator.  For CI studies, a stock solution of CI was prepared in DMSO 

and stored at -20°C. Cells were washed twice with serum -free DMEM and treated with 

40 µM CI (0.2% DMSO vehicle) for 1 hr under OxR conditions. For alpha-tocopherol 

(vitamin E) studies, a stock solution of vitamin E was prepared in DMSO and stored at -

20°C.  Cells were washed twice with serum-free DMEM an d treated with 50 uM vitamin 

E (0.01% DMSO vehicle) for 30 min in OxR conditions.  Finally, for cyclosporine A 

(CsA) studies, cells were pretreated with 2.5 µM CsA (0.01% DMSO vehicle) for 2 hrs in 

OxR conditions.  After pretreatment with inhibitor, cells were treated with EL and 

transferred to hypoxic glove boxes for 24 hrs. 

Protein Isolation 

Hepa1c1c7 and HepaC4 cells were plated in 6-well tissue culture plates until 80-

90% confluent.  They were washed twice with serum-free DMEM and treated with EL in 
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OxR or HX serum free DMEM.  At various times after treatment, the serine protease 

inhibitor phenylmethylsulfonylfluoride (PMSF) was added to the media at a final 

concentration of 1 uM to neutralize EL activity.  Cells were then scraped and collected 

via centrifugation (2000 rpm for 2 min). The pellet was washed with ice-cold PBS.  

Whole cell extracts were prepared by sonication (two 5s pulses) of pellets in ice-cold 

Harlow Buffer containing HALT protease and phosphatase inhibitors (Thermo Scientific, 

Rockford, IL).  Lysates were collected by centrifugation at 10,000 x g for 10 minutes.  

Cytoplasmic and nuclear extracts were prepared by lysing cells on ice for 10 min with 

lysis buffer A (10 mM HEPES, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT, 0.05% 

IGEPAL, pH 7.9) containing HALT protease and phosphatase inhibitors.  Lysates were 

centrifuged (3000 rpm for 10 min), and supernatant was collected in prechilled tubes as 

the cytoplasmic fraction.  Nuclear pellets were resuspended with lysis buffer B (5 mM 

HEPES, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT, 26% glycerol v/v, pH 7.9), and 

NaCl was added to a final concentration of 300 mM.  The pellets were sonicated (two 5s 

pulses) then allowed to sit on ice for 30 min.  Nuclear fraction supernatant was collected 

in prechilled tubes after centrifugation (22,000 x g, 25 min).  Protein concentration was 

determined by the bicinchoninic acid (BCA) assay (Thermo Scientific, Rockford, IL). 

Western Analysis 

For MAPK and BNIP3 detection, 20 µg of protein were separated on 10% SDS-

PAGE gel.  For HIF-1α detection, 25 µg of cytoplasmic and nuclear protein were loaded 

onto a 10% SDS-PAGE gel.  Proteins were transferred to polyvinylidene fluoride 

(PVDF) membranes (Millipore, Billerica, MA).  Membranes were washed with tris-
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buffered saline (TBS) containing 0.1% Tween-20 (TBST) and blocked for 1 hr with 5% 

BSA for MAPK and BNIP3 detection or 5% milk for HIF-1α detection.   Blots were 

probed with p-p38, p-ERK1/2, p-JNK, and BNIP3 primary antibodies (Cell Signaling 

Technology, Beverly, MA) (1:1000 in 5% BSA) or HIF-1α antibody (Novus Biologicals, 

Littleton, CO) (1:500 in 5% milk) at 4˚C overnight.  Membranes were washed with 

TBST, probed with secondary goat anti-rabbit HRP conjugated antibody (Santa Cruz 

Biotechnology, Santa Cruz, CA) (1:2000 – 1:10,000) in 5% BSA or milk in TBST.  HRP 

was visualized with the HyGlo Chemiluminescent HRP Antibody Detection Reagent and 

exposed to HyBlot CL Film (Denville Scientific, Metuchen, NJ).   

Membranes were stripped using Restore Western Blot Stripping Reagent 

(Thermo Scientific, Rockford, IL) and reprobed for total p38, ERK1/2, JNK (Cell 

Signaling technology, Beverly, MA), β-actin (Abcam, Cambridge, MA) (1:5000 in 5% 

BSA) or lamin (AbCam, Cambridge, MA) (1:10,000 in 5% BSA).  HIF-1α western blots 

were stripped, and reprobed for tubulin (cytoplasmic, 1:1000 in 5% BSA) or lamin 

(nuclear, 1:10,000 in 5% BSA), to serve as loading controls and determine purity of 

each fraction. 

RNA Isolation and RT-PCR 

Cells were treated with various concentrations of EL in OxR or HX conditions for 

various times. After treatment, EL was neutralized with 1 µM PMSF, and cells were 

collected by centrifugation. Total RNA was isolated with TRIzol reagent (Invitrogen 

Corporation, Carlsbad, CA) according to manufacturer’s directions. RNA quantity and 

quality was assessed by Nanodrop 2000 (Thermo Scientific, Rockford, IL). cDNA was 



64 
 

prepared from 1 µg RNA with iScript cDNA Synthesis Kit (Bio-Rad Laboratories, 

Hercules, CA). The expression level of specific genes was analyzed using SYBR green 

(Applied Biosystems, Foster City, CA).  Copy number was determined by comparison to 

standard curves of the respective genes.  Expression level was normalized to the 

hypoxanthine guanine phosphoribosyl transferase (HPRT) gene.  PCR primers were 

used as follows: mouse BNIP3: forward, 5’- atccaaagctgcttaaatcggcgc-3’ and reverse 

5’- agcatgtcaaggaggcaggcttta-3’; mouse Nix: forward, 5’- tgctgcgtctctaagcatgaggaa-3’ 

and reverse, 5’- aggccagcacatgagaaaggaaga-3’; and HPRT: forward, 5’- 

aggagtcctgttgatgttgccagt-3’ and reverse, 5’- gggacgcagcaactgacatttcta-3’.   

Malondialdehyde (MDA) Measurement 

Hepa1c1c7 cells were treated with 0 or 7.5 U/mL EL in an OxR or hypoxic 

environment for 16 hr.  After treatment, cells were collected by centrifugation and 

sonicated (two 5s pulses) in cold 50 mM potassium phosphate buffer (pH 7.4, 1 mM 

EDTA).  Thiobarbituric acid reactive substances (TBARS) were detected in cell lysates 

with a kit (Cayman Chemical, Ann Arbor, MI) using MDA for the standard curve.  

Results are expressed as MDA equivalents.  In some experiments, cells were 

pretreated for 2 hrs with 10 µM SB203580 or for 30 min with 50 µM vitamin E.  MDA 

concentration was also assessed in Hepac4 cells. 

Statistical Analyses 

 All data are expressed as mean ± SEM.  The results were analyzed using two- 

and three-way ANOVA as appropriate and Tukey’s post hoc test to compare groups.  

P<0.05 was of the criterion for significance.   
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2.4 Results  

Cytotoxicity of EL and HX in primary HPCs and Hepa1c1c7 cells 

Primary HPCs were not sensitive to concentrations of EL up to 17 U/ml 8 hrs 

after treatment.  Similar to previously published results (112), 5% O2 was modestly 

cytotoxic to HPCs, and it significantly enhanced the cytotoxicity of EL at 8.5 and 17 U/ml 

(Figure 6A). There was a statistically significant interaction between HX and EL 

treatments, indicative of a synergistic response.   

In Hepa1c1c7 cells, EL caused cytotoxicity at concentrations greater than 7.5 

U/mL at 24 hrs, and HX (2% O2) alone was modestly cytotoxic (Figure 6B).  

Cotreatment of Hepa1c1c7 cells with HX and EL resulted in a significant increase in cell 

death over either treatment alone, and there was a significant interaction between 2% 

O2 and concentrations of EL 7.5 U/mL and greater (Figure 6B). Neither HX, EL, nor 

HX/EL-cotreatment caused significant cytotoxicity at 6, 12, or 18 hrs, indicating that 

cytotoxicity developed rapidly between 18 and 24 hrs of treatment in HX/EL-cotreated 

cell s (data not shown).   

EL caused concentration-dependent caspase 3/7 activation 6 hrs after treatment 

that was not affected by HX (Figure 7A).  Pretreatment with a nonpeptidyl caspase 3/7 

inhibitor had no effect on the cytotoxicity of EL; however it did attenuate cytotoxicity 

caused by HX alone.  Caspase inhibition did not protect cells from the cytotoxic 

interaction (Figure 7B).  Furthermore, pretreatment with 2.5 µM CsA to inhibit 

mitochondrial permeability transition did not prevent cell death (Figure 7C). 
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Figure 6: Hypoxia sensitizes primary HPCs and Hepa1c 1c7 cells to cytotoxicity of 

EL.   (A)  Primary rat HPCs were treated with 0, 8.5, or 17 U/mL EL in either OxR or HX 

environment (5% O2 in atmosphere) for 8 hrs, and cytotoxicity was assessed from 

release of ALT into the medium.  Data represent mean ± SEM of 3 separate 

experiments performed in duplicate.  (B) Hepa1c1c7 cells were exposed to 0-30 U/mL 

EL in either OxR or HX (2% O2) environment for 24 hrs, and cell death was assessed 

by leakage of a cell death enzyme into medium. Data represent mean ± SEM of 8 

experiments performed in triplicate.   a: p<0.05 vs. 0 U/mL EL in OxR; b: p<0.05 vs. 0 

U/mL EL in HX; c: p<0.05 vs. same [EL] in OxR; #: significant interaction between 

treatments. 
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Figure 6 
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Figure 7: Caspase 3/7 and mitochondrial permeabilit y transition do not contribute 

to cell death caused by HX/EL cotreatment.  (A) Hepa1c1c7 were treated with 0, 

1.875, 3.75, 7.5 or 15 U/mL EL in either OxR or HX environment for 6 hrs, and caspase 

3/7 activity was assessed.  Data represent mean ± SEM of three separate experiments 

performed in triplicate.  (B) Hepa1c1c7 cells were pretreated with CI (40 µM), then 

treated with 0-15 U/mL EL in OxR or HX environment for 24 hrs, and cell death was 

assessed.  Data are mean ± SEM of 4 separate experiments in triplicate.  (C) Cells 

were pretreated with CsA (2.5 µM) and treated with 0 or 7.5 U/mL EL in OxR or HX 

environment for 24 hrs, and cytotoxicity was assessed.  Data represent means ± SEM 

of 3 experiments in triplicate.  a: p<0.05 vs. 0 U/mL EL in OxR; b: p<0.05 vs. 0 U/mL EL 

in HX; c: p<0.05 vs 7.5 U/mL EL in OxR; #: significant interaction between EL and HX. 

  



69 
 

Figure 7 
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MAPK phosphorylation 

Phosphorylation of ERK, JNK and p38 was assessed 30 min after treatment with 

HX and EL.  Phosphorylation of ERK was modestly increased by HX.  Interestingly, EL 

decreased p-ERK irrespective of cotreatment with HX (Figure 8A).   Phosphorylation of 

ERK was abolished by U0126, which inhibits the upstream MAPK kinases, MEK1 and 

MEK2, specific for ERK phosphorylation (Figure 8A).  JNK phosphorylation was not 

consistently affected by EL or HX, and it was inhibited with 5 µM SP600125, which 

prevents JNK-dependent phosphorylation of downstream mediators such as c-Jun (Fig. 

2.3A). EL and HX each increased p-p38, and there was an additive increase in p-p38 

caused by cotreatment (Figure 8A).  Densitometry indicated that both EL and HX 

increased the ratio of p-p38:total p38 from 1 to 1.7 +/- 0.4 and 2.0 +/- 0.3, respectively, 

and cotreatment increased the ratio to 3.0 +/- 0.76 (Figure 8B).  P38 phosphorylation 

was reduced by 10 uM SB203580, which targets p38 and its downstream substrates. 

Inhibition of ERK with U0126 increased the cytotoxicity of EL alone but had no 

significant effect on the interaction of HX/EL (Figure 9A).  JNK inhibition using 

SP600125 had no effect on cell death in any treatment group (Figure 9B).   Inhibition of 

p38 with SB203580 had no effect on cytotoxicity caused by HX or EL, but it significantly 

attenuated cytotoxicity in HX/EL-cotreated cells to the level of either EL or HX alone 

(Figure 9C). 
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Figure 8:  HX/EL cotreatment causes an additive inc rease in activation of p38, but 

not JNK or ERK.  (A) cells were treated with either VEH or 7.5 U/mL EL for 30 min in 

either OxR or HX environment, and phospho- and total ERK 1/2 (44 kDa and 42 kDA), 

JNK (42 kDA), and p38 (38 kDA) were determined by Western blot analysis.  Some 

cells were pretreated with U0126 (5 µM), SP600125 (5 µM), or SB203580 (10 µM) to 

inhibit ERK, JNK or p38, respectively. (B) Densitometry was performed on phospho- 

and total p38 bands.  Data represent the mean ± SEM of the ratio of phospho-p38: total 

p38 of 6 separate experiments.  a: p<0.05 vs. VEH in OxR; b: p<0.05 vs. VEH in HX. 
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Figure 8 
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Figure 9: Inhibition of p38, but not JNK or ERK, pr otects Hepa1c1c7 cells from 

HX/EL interaction.  Cells were pretreated for 2 hrs with (A) 5 µM U0126 or Vehicle 

(0.05% DMSO) to inhibit ERK phosphorylation, (B) 5 µM SP600125 to inhibit JNK 

activity, or (C): 10 µM SB203580 to inhibit p38 activity.  Cells were then treated with 

VEH or 7.5 U/mL EL in OxR or HX for 24 hrs, and cytotoxicity was assessed.  Data 

represent mean ± SEM of 5-8 experiments performed in triplicate.  a: p<0.05 vs. VEH in 

OxR; b: p<0.05 vs. VEH in HX; c: p<0.05 vs. EL in OxR; %: p<0.05 vs. same treatment 

group without inhibitor; #: significant interaction between HX and EL. 
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Figure 9 
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HIF-1α accumulation and activation 

HIF-1α protein was measured in cytosolic and nuclear fractions 30 and 60 mins 

after treatment.  EL did not alter HIF-1α protein levels in either fraction.  HX increased 

HIF-1α protein in the cytosolic and nuclear fractions, and EL cotreatment further 

enhanced HIF-1α accumulation in both fractions (Figure 10A).  Blots were stripped and 

reprobed for both tubulin and lamin to determine the purity of the cytoplasmic and 

nuclear fractions, respectively.  HIF-1α and lamin band intensity were quantified in 

nuclear fractions.  At 60 min, HX significantly increased the ratio of HIF-1α:lamin by 6-

fold compared to untreated cells.  HX/EL cotreatment further enhanced the HIF-

1α:lamin ratio by nearly 14-fold over control, and there was a significant interaction 

between EL and HX treatments (Figure 10B). 

BNIP3 and Nix mRNAs were assessed 8 hrs after treatment.  EL did not affect 

expression of Nix (Figure 11A); however, it did increase BNIP3 mRNA expression 

(Figure 11B).  HX increased both BNIP3 and Nix mRNA expression, and that effect was 

enhanced by cotreatment with EL (Figure 11A and 11B).  Inhibition of p38 signaling had 

no effect on the increases in BNIP3 mRNA expression caused by either HX alone or EL 

alone, but it did reduce the increased BNIP3 expression after HX/EL cotreatment 

(Figure 11B). 

BNIP3 protein levels were monitored 12 hrs after treatment.  EL caused a 

modest increase in BNIP3 protein.  HX caused a more pronounced increase in BNIP3, 

and this was enhanced by cotreatment with EL (Figure 12A).  The intensity of BNIP3 

protein was assessed by densitometry and expressed relative to lamin (loading control).  
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EL significantly increased the BNIP3:lamin ratio from 1.0 to 3.1 +/- 0.9.  HX increased 

the BNIP3:lamin ratio to 8.7 +/- 3.5, and cotreatment with EL enhanced it further to 16.5 

+/- 6.6 (Figure 12B).  Inhibition of p38 phosphorylation attenuated the increase in BNIP3 

protein due to HX, and there was even greater reduction of BNIP3 protein in HX/EL 

cotreated cells (Figure 12C). 
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Figure 10: HX/EL increases nuclear accumulation of HIF-1α compared to HX 

alone.   (A) Cells were treated with VEH or 7.5 U/mL EL in either OxR or HX 

environment for 60 min, and cytoplasmic and nuclear protein extracts were probed for 

HIF-1α (105 kDa), lamin (70 kDa), or tubulin (50 kDa) protein via Western Blot.  (B) 

Intensity of HIF-1α and lamin were measured with Image J software.  Data represent 

the mean of the HIF-1α:lamin ratio ± SEM of 4 separate experiments.  a: p<0.05 vs. 

VEH in OxR; b: <0.05 vs. VEH in HX; c: p<0.05 vs EL in OxR; #: significant interaction 

between HX and EL. 
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Figure 10 
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Figure 11: HX/EL increases mRNA expression of HIF-1 α-regulated genes, Nix and 

BNIP3.  Cells were treated with VEH or 7.5 U/mL EL in OxR or HX conditions for 8 hrs, 

and RNA was isolated.  (A) Detection of Nix. (B) Detection of BNIP3.  In some 

experiments, cells were pretreated with 10 µM SB203580 to inhibit p38 activity.  a: 

p<0.05 vs. VEH in OxR; b: p<0.05 vs. VEH in HX; c: p<0.05 vs. EL in OxR; %: p<0.05 

vs. same treatment without inhibitor; #: significant interaction between HX and EL. 
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Figure 11 
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Figure 12 : HX/EL increases expression of BNIP3 protein in a p3 8-dependent 

manner.  (A) Hepa1c1c7 cells were treated with VEH or 7.5 U/mL EL in OxR or HX 

environment for 12 hrs, and BNIP3 (25 kDa) and lamin (70 kDa) protein were detected 

via Western blot.  (B) BNIP3 and lamin intensity were measured with densitometry using 

Image J software, and data represent the mean of BNIP3:lamin ratio ± SEM of 8 

separate experiments. (C) Cells were pretreated for 2h with DMSO (0.01% final 

concentration) or 10 µM SB203580 to inhibit p38, then treated with VEH or 7.5 U/mL EL 

in OxR or HX conditions for 12h. BNIP3 protein was detected via western blot. a: p<0.05 

vs. VEH in OxR;b p<0.05 vs. VEH in HX; c: p<0.05 vs. EL in OxR. 
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Figure 12 

 

 

 

 

 

  



83 
 

HIF-1α signaling 

To determine the role of HIF-1α in the cytotoxicity of HX/EL, HepaC4 cells were 

used.  These cells are deficient in HIF-1β/ARNT, the heterodimeric partner of HIF-1α 

required for competency as a transcription factor.  As in Hepa1c1c7 cells, EL caused 

significant cytotoxicity in HepaC4 cells.  However, HX alone was not cytotoxic in 

HepaC4 cells, and there was no interaction between HX and EL (Figure 13).   

BNIP3 mRNA and protein expression were also assessed in HepaC4 cells.  In 

contrast to Hepa1c1c7 cells (Figure 11B), EL did not alter the expression of BNIP3 

mRNA in HepaC4 cells (Figure 14A).  HX enhanced the BNIP3:HPRT ratio from 0.41 +/- 

0.12 in untreated cells to 1.54 +/- 0.78, however this difference was not statistically 

significant.  The BNIP3:HPRT ratio in HX/EL-cotreated HepaC4 cells was 1.99 +/- 0.57, 

which was not different from cells treated with either OxR or HX conditions alone.  

Inhibition of p38 had no effect on BNIP3 mRNA expression by any treatment (Figure 

14A).  In HepaC4 cells, the HX-mediated increase in BNIP3:HPRT ratio was 

significantly less than that in Hepa1c1c7 cells (1.54 +/- 0.78 versus 2.91 +/- 0.28; Figure 

11B and 14A).  Despite the modest increase in BNIP3 mRNA, there were no detectable 

increases in BNIP3 protein caused by any treatment after 12 hrs in HepaC4 cells 

(Figure 14B). 
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Figure 13: HIF-1 β-deficient HepaC4 cells are protected from the cyto toxicity of 

HX/EL.  Hepa1c1c7 and HepaC4 cells were treated with VEH or 7.5 U/mL EL in OxR or 

HX conditions for 24h, and cytotoxicity was assessed.  Data represent mean ± SEM of 4 

experiments in triplicate. a: p<0.05 vs. VEH in OxR; b: p<0.05 vs. EL in OxR; c: p<0.05 

vs. VEH in HX; %: p<0.05 vs. same treatment in Hepa1c1c7 cells; #: significant 

interaction between treatments. 
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Figure 13 
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Figure 14: HepaC4 cells do not express BNIP3 mRNA o r protein after HX/EL 

cotreatment. (A) HepaC4 cells were pretreated with 0.01% DMSO or 10 µM SB203580 

then treated with VEH or 7.5 U/mL EL in OxR or HX conditions for 8 hrs, and RNA was 

collected.  Expression of BNIP3 and HPRT mRNA was assessed by q-RT-PCR.  Data 

represent the mean of the ratio of BNIP3 mRNA : HPRTmRNA ± SEM of 4 experiments 

in duplicate. (B) Hepa1c1c7 and HepaC4 cells were treated with VEH or EL in OxR or 

HX for 12 hrs and whole cell lysates were probed for BNIP3 protein and lamin.   
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Figure 14 
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Lipid Peroxidation 

The lipid-soluble antioxidant vitamin E protected Hepa1c1c7 cells from 

cytotoxicity of HX/EL (Figure 15A), whereas water-soluble antioxidants such as 4-OH 

Tempo, n-acteylcysteine, and desferrioxamine were not protective (data not shown).  To 

determine if oxidative stress occurred, H2O2 was measured with the DCFH-DA assay.  

In our system, there were no detectable increases in H2O2 production due to any 

treatment (data shown in Figure 16B).  Vitamin E pretreatment had no effect on p38 

phosphorylation (Figure 15B).     

Lipid peroxidation was assessed by measuring cellular malondialdehyde (MDA) 

concentration.  EL increased MDA concentration in cells (Table 3).  Although HX alone 

had no effect, it significantly enhanced MDA concentration in EL-cotreated cells.  In 

cells treated with vitamin E, HX/EL treatment significantly increased MDA compared to 

any treatment alone; however, this increase was significantly less than that in HX/EL-

treated cells without added vitamin E (Table 3).  Inhibition of p38 signaling by itself 

increased MDA concentration in OxR conditions, but the increase due to EL that 

occurred in control cells did not occur in cells treated with SB203580.  It also reduced 

lipid peroxidation in HX/EL-cotreated cells compared to controls (Table 3).  

Lipid peroxidation was also assessed in HepaC4 cells.  Within these cells, there 

were no treatment-related changes in MDA concentration.  When compared to 

Hepa1c1c7 cells, basal MDA concentration was slightly greater in HepaC4 cells as well 

as in HX-treated HepaC4 cells.  There was no significant difference in MDA 
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concentration between HepaC4 and Hepa1c1c7 cells due to HX/EL cotreatment (Table 

3).  
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Figure 15: Lipid peroxidation contributes to the me chanism of HX/EL-induced cell 

death in Hepa1c1c7 cells. (A) Cells were pretreated with 0.05% DMSO or 50 µM 

Vitamin E for 30 min, and then treated with VEH or 7.5 U/mL EL in OxR or HX 

environment for 24 hrs after which cytotoxicity was assessed. Data represent mean ± 

SEM of 3 experiments in triplicate.  (B) Hepa1c1c7 cells were treated with VEH or 7.5 

U/mL EL in OxR or HX atmosphere for 30 mins, and whole cell extracts were probed for 

phospho- and total p38 (38 kDa).  a: p<0.05 vs. VEH in OxR; b: p<0.05 vs. VEH in HX; 

c: p<0.05 vs. EL in OxR; %: p<0.05 vs. same treatment without inhibitor. 
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Figure 15 
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Table 3: Effect of HX/EL on Lipid Peroxidation in H epa1c1c7 and HepaC4 cells.   

Hepa1c1c7 cells were treated with VEH or 7.5 U/mL EL in OxR or HX for 16 hrs and 

were assessed for TBARS (MDA equivalents).  In some experiments, cells were 

pretreated with 50 µM vitamin E for 30 min or 10 µM SB203580 for 2 hrs.  MDA 

concentration was also assessed in HepaC4 cells (rightmost column). Values presented 

are means ± SEM for n=3-5 experiments. a: p<0.05 vs. VEH in OxR; b: p<0.05 vs. EL in 

OxR; c: p<0.05 vs. VEH in HX; #: significant interaction between treatments; %: p<0.05 

vs. same treatment in control cells. 
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Table 3 

 

 

 

 

 Malondialdehyde ( µM) 

 
Hepa1c1c7 Cells 

HepaC4 
Cells 

Treatment  Control Vitamin E SB203580  

OxR + VEH 0.60 ± 0.22 0.72 ± 0.41 2.64 ± 1.08
%

 1.41 ±  0.57 

OxR  + EL 1.22 ± 0.28
a
 1.05 ± 0.54 0.43 ± 0.21

%
 1.45 ± 0.49 

HX + VEH 0.72 ± 0.22 0.37 ± 0.06    0.57 ± 0.28 2.18 ± 0.48
%

 

HX + EL 3.40 ± 0.62
bc#

 1.40 ± 0.33
ab%

 2.02 ± 1.23
bc%

 2.62 ± 1.60 
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2.5 Discussion 

HX and PMNs are important mediators of hepatocyte death in many models of 

inflammatory liver injury, and we have demonstrated previously that HX sensitizes 

primary rat HPCs to the cytotoxicity of PMN-derived EL (112), a finding which we 

confirmed in this study (Figure 6A).  In order to characterize the mechanism of this 

interaction in more detail, we extended this observation to Hepa1c1c7 cells.  The 

response to HX has been well characterized in Hepa1c1c7 cells and in the HIF-

1β/ARNT-deficient variant, HepaC4 (20, 149).  Similar to primary HPCs, Hepa1c1c7 

cells were also sensitive to EL alone.  Exposure to HX (2% O2) significantly enhanced 

cell death caused by EL at concentrations as low as 3.75 U/mL EL (Figure 6B), and 

there was a cytotoxic interaction between these treatments.   

EL causes caspase-dependent apoptosis of lung epithelial cells (51, 166).  HX is 

also associated with caspase activation in cardiac fibroblasts (21).  Therefore, we 

examined the role of intrinsic apoptosis and the effector caspases 3 and 7 in the 

mechanism of HX/EL-induced cell death.  EL caused a concentration-dependent 

increase in caspase 3/7 activation that was not enhanced by HX (Figure 7A); however, 

caspase inhibition did not protect Hepa1c1c7 cells from the cytotoxic interaction of HX 

with EL (Figure 7B). CsA also did not afford protection (Figure 7C).  These results 

suggest that neither caspase signaling nor mitochondrial permeability transition 

contributes to HX/EL-induced cell death; thus, the mode of cell death does not appear 

to be apoptotic. 
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The role of the MAPKs in cell death is complex and depends on cell type.   Both 

HX and EL activate MAPKs in several cell types, and the result of activation is often cell 

death and/or activation of HIF-1α or other transcription factors (121).  ERK is generally 

activated by growth factors and mitogens and is involved in cell growth, differentiation, 

and survival pathways, whereas JNK and p38 are activated by inflammatory cytokines 

and various cell stresses and are involved in inflammation, apoptosis and oncotic cell 

death (151).  In studies presented here, there were no consistent changes in 

phosphorylation of JNK by any treatment (Figure 9A).  Furthermore, JNK inhibition had 

no effect on the cytotoxicity of any treatment, suggesting that JNK does not play a role 

in the cytotoxic interaction of HX and EL. 

Interestingly, there was a high basal level of p-ERK that was reduced by EL.  HX 

increased p-ERK, but this was also reduced by cotreatment with EL (Figure 8A).  This is 

consistent with a report in which EL reduced p-ERK in endothelial cells (138).  Inhibition 

of ERK enhanced cell death from EL alone (Figure 9A).  This suggests that ERK plays a 

protective role, and that EL-mediated reduction in ERK phosphorylation can contribute 

to EL-induced cell death.  ERK inhibition had no effect on HX/EL-induced cell death, 

which suggests that during HX, EL-mediated effects on ERK are less critical to cell 

death.  ERK signaling protects cortical neurons from HX-induced apoptosis by inhibiting 

Bad and releasing the anti-apoptotic protein Bcl-2 (83).  Interestingly, ERK inhibition did 

not enhance the cytotoxicity of HX in Hepa1c1c7 cells (Figure 9A), which is consistent 

with the mode of cell death not being apoptotic.  

HX and EL each increased activation of p38, and there was an additive increase 

in p-p38 due to cotreatment (Figure 8B).  Depending on the concentration-response 
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relationship for p-p38-mediated events, it is possible that this additive increase in p-p38 

is sufficient to alter downstream signaling to enhance cytotoxicity in HX/EL-cotreated 

cells.  Inhibition of p38 attenuated the cytotoxicity HX/EL cotreatment, although it had no 

effect on the modest cytotoxicity of either HX or EL alone (Figure 9C).  This suggests 

that p38 is important to the signaling in HX/EL-cotreated cells that leads to cell death, 

and that this role is unique compared to the mechanism of either insult alone.  

 One mechanism by which p38 might be involved in the interaction of HX/EL is 

through its ability to modulate the transactivation of HIF-1α.  p38 can directly 

phosphorylate HIF-1α to stabilize its interaction with HIF-1β or the interaction with 

transcriptional coactivators (121).  Consistent with this hypothesis, p38 was necessary 

not only for cytotoxicity in HX/EL-cotreated cells, but also for the increase in BNIP3 

mRNA (Figure 11B) and protein (Figure 12C) under these conditions.   

 HepaC4 cells are deficient in HIF-1β/ARNT, thus they are deficient in HIF-1α 

signaling and transactivation.  HIF-1β expression is required for the formation of the 

HIF-1 DNA binding complex (149), as well as for HIF-1α-mediated transcription (20) in 

hepatoma cells.  In HepaC4 cells, EL alone caused modest cytotoxicity (Figure 13) to a 

similar level as seen in Hepa1c1c7 cells (Figure 6B), indicating that the cytotoxicity of 

EL is not mediated through HIF-1α signaling.  Interestingly, HX alone did not cause any 

cytotoxicity in HepaC4 cells, and there was no increase in cell death upon HX/EL 

cotreatment.  These data suggest that HIF signaling is required for the cytotoxic 

interaction of HX/EL.  Furthermore, despite a modest increase in BNIP3 mRNA 

expression in both HX- and HX/EL-treated HepaC4 cells (Figure 14), there was no 

detectable BNIP3 protein.  These data verify that HIF-1α signaling is impaired in 
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HepaC4 cells.  They also suggest that BNIP3 might have a causative role in the HX/EL 

cytotoxicity.  The mechanism by which BNIP3 and Nix cause cell death depends on cell 

type and experimental conditions. For example, in primary mouse HPCs, HX-induced 

BNIP3 expression contributes to a mode of cell death that resembles oncotic necrosis 

and is independent of caspase activation and mitochondrial permeability transition 

(120).  This is consistent with data presented in the current studies, as there was no 

evidence for a role of caspases or MPT (Figure 7).  Furthermore, p38 signaling was 

required for HX-mediated BNIP3 expression and cell death of primary HPCs (120), 

which is also consistent with our results.  

In Hepa1c1c7 cells, cotreatment with HX/EL enhanced lipid peroxidation 

compared to EL treatment alone, and vitamin E reduced the lipid peroxidation (Table 3).  

Furthermore, vitamin E protected against the cytotoxicity from HX/EL exposure (Figure 

15A), suggesting that lipid peroxidation plays a role in the interaction.  Lipid peroxidation 

is an important mechanism of HPC death due to ischemia/reperfusion (124) and sepsis, 

conditions in which HX and EL are involved.  Pharmacological inhibition of EL 

attenuated lipid peroxidation and liver injury in both mouse (124) and rat (129) models 

of I-R.   

There was no measurable increase in ROS production (DCF fluorescence) due 

to any treatment in this system (Figure 16B).  This is in contrast with previous studies in 

which HX increased ROS production from HepG2 and Hep3B hepatocellular carcinoma 

cells (15).  EL is associated with ROS production in A549 lung epithelial cells (46).  One 

potential reason for the lack of increase in ROS production is that hepatomas have 

inherently higher levels of ROS than normal HPCs (160).  This raises a question about 
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the source of radicals for initiation of lipid peroxidation in this model, which is not known.  

Others have demonstrated that HX-induced ROS can activate p38 in various cell types 

(23, 120), but this does not appear to be the case in Hepa1c1c7 cells in this study, since 

no ROS were detected.  Since vitamin E did not attenuate p38 activation (Figure 15B), 

radicals involved in lipid peroxidation do not appear to contribute to p38 activation.  

However, inhibition of p38 signaling attenuated the HX/EL-mediated increase in MDA 

concentration (Table 3), suggesting that p38 might contribute to cell death through lipid 

peroxidation in addition to its role in enhancing HIF-1α-mediated gene transcription.  

 In HepaC4 cells, the basal MDA concentration was greater than in Hepa1c1c7 

cells, but this apparent difference was not statistically significant.  MDA concentration 

was significantly greater in HX-treated HepaC4 cells than in Hepa1c1c7 cells; however, 

there was no difference in MDA concentration caused by HX/EL cotreatment between 

Hepa1c1c7 and HepaC4 cells (Table 3).  This indicates that HX enhancement of EL-

induced lipid peroxidation is not mediated through HIF-1α signaling. 

 Based on our results, a working hypothesis for the mechanism by which HX and 

EL interact to cause HPC death is presented.  HX and EL cotreatment results in early 

activation of p38 and accumulation of HIF-1α protein.  P38 contributes to the 

transactivation of HIF-1α and thereby to the expression of cell death factors such as 

BNIP3 in HX/EL-cotreated cells.  EL-mediated lipid peroxidation also contributes to cell 

death, and HX enhances this response by a mechanism that depends at least in part on 

p38.  These data offer insight into the mechanism by which HX and EL released by 

activated PMNs synergize in contributing to cell death. Understanding the intracellular 
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signaling that results in HPC death is crucial to developing treatments to prevent liver 

failure in I-R, sepsis and DILI. 
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CHAPTER 3 

Other pathways investigated while exploring the mec hanism of the cytotoxic 

interaction of HX/EL in Hepa1c1c7 cells   
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3.1 Abstract 

Cotreatment of Hepa1c1c7 cells with HX and EL resulted in synergistic cell death 

dependent on p38, HIF-1α and lipid peroxidation (Chapter 2).  However, a variety of 

other pathways have been implicated in either HX- or EL-mediated cell death alone.  

These include oxidative stress, intracellular calcium and NF-κB-mediated gene 

transcription, which were investigated in HX/EL-cotreated cells.  We also examined the 

role of non-hypoxic HIF-1α activation via cobaltous chloride (CoCl2) and DFX 

cotreatment with EL.  We investigated activating transcription factor 2 (ATF2), a 

transcription factor activated by p38.  Finally we measured cyclin D1, a gene involved in 

cell cycle regulation. 
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3.2 Introduction   

 HX-induced cell death is a well-studied process, and many pathways leading to 

cell death have been implicated in various cell types in the literature.  Additionally EL-

induced cell signaling and cell death is well characterized, and many pathways are 

activated by EL in various cell types.  Interestingly, there is significant overlap in the 

pathways activated by HX and EL, which are summarized in Table 2. 

One commonly identified target of HX and EL is the mitochondrial ETC.  The 

mechanism by which HX perturbs the ETC and how it is involved in HX-induced cell 

death is described in detail in Section 1.2.4.  The role of the ETC and ROS in EL-

induced cell death is described in Section 1.3.3.   

Another source of ROS is xanthine oxidase (XO), which catalyzes the oxidation 

of hypoxanthine to xanthine and uric acid, generating H2O2 and O2
●-

 as products of the 

process.  EL reversibly converted xanthine dehydrogenase (XD) to XO in pulmonary 

artery endothelial cells and in a cell-free system.  The enhanced XO enzyme activity 

increased ROS generation, and inhibition of XO by allopurinol or its metabolite 

oxypurinol prevented ROS generation and EL-mediated cell death (135, 176).  

Interestingly, HX can also convert XD to XO to increase XO activity and ROS 

generation (126).  Inhibition of XO with BOF-4272, allopurinol or oxypurinol reduced 

ROS production and prevented cell death in HPCs exposed to HX (88). 

There is also evidence that both HX and EL can regulate NF-κB signaling.  EL 

activated NF-κB in lung epithelial cells, and pharmacologic inhibition of NF-κB 

prevented EL-induced apoptosis (167).  NF-κB signaling increased p53 activation, 
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which led to the expression of pro-apoptotic proteins PUMA and Bax.  PUMA and Bax 

cause MPTP and activation of caspase 3-induced apoptosis.   

HX activates NF-κB signaling in PMNs (174), macrophages (105) and other cells.  

In some cases, HX-induced ROS activate NF-κB, which enhances transcription of HIF-

1α (174) and other inflammatory genes, such as TNFα, IL-6 and MIP-2 (81, 105).  

Finally, HX caused NF-κB-dependent apoptosis in Raw 264.7 macrophages (47). As 

presented in Section 2.4, EL caused concentration-dependent caspase 3/7 activation 

which was not enhanced by cotreatment with HX, and caspase inhibition failed to 

attenuate the cytotoxic HX/EL interaction, suggesting that there is no role for apoptosis 

in the interaction (Figure 8).   It is, however, possible that NF-κB participates in the 

interaction of HX/EL independently of apoptosis.  

We also investigated activating transcription factor-2 (ATF2), which is 

phosphorylated and activated by JNK and p38 (12).  p38 activation was increased by 

HX/EL cotreatment, and p38 inhibition protected cells from HX/EL-induced cell death 

(Figure 9Figure 10).  ATF2 controls a variety of downstream genes, most notably those 

that regulate cell cycle progression and apoptosis (140).   

The purpose of this chapter is to illustrate various pathways not included in 

Chapter 2 that were investigated while studying the mechanism of the cytotoxic 

interaction of HX/EL in Hepa1c1c7 cells.  We hypothesized that ROS, NF-κB and ATF2 

play a role in HX/EL-induced cell death. 
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3.3 Materials and Methods  

Cell Culture and Cytotoxicity Assessment 

Please refer to Section 2.3 for information on this topic.  For cell treatments, 

serum-free DMEM was placed in either an oxygen replete (OxR, 20.5% O2) incubator or 

hypoxia (HX, 2% O2) incubator overnight in order to equilibrate to the desired pO2. 

Materials 

Unless otherwise noted, all cell culture materials were purchased from Invitrogen 

(Carlsbad, CA). In some studies, Hepa1c1c7 cells were pretreated with the following 

agents: 4-OH Tempo, allopurinol, 1,2-Bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic 

acid tetrakis (acetoxymethyl ester) (BAPTA-AM), CoCl2, DFX (Sigma Aldrich, St. Louis, 

MO), (E)-2-Fluoro-4′-methoxystilbene (NF-κB activation inhibitor) and caffeic acid 

phenylethyl ester (CAPE) (EMD Biosciences, San Diego, CA).  The NF-κB activation 

inhibitor is a cell-permeable resveratrol analog shown to inhibit TNFα-induced NF-κB 

reporter activity in HEK cells with an IC50 of 0.15 µM.  A concentration of 50 µM was 

chosen because it was non-toxic to Hepa1c1c7 cells.  The specific target of this 

molecule is not known.  CAPE is a specific inhibitor of NF-κB activation, and cells were 

pretreated for 2 hrs with 50 µM CAPE, a concentration shown to inhibit NF-κB activation 

in HepG2 cells (86).  NF-κB activity was not assessed in Hepa1c1c7 cells after 

treatment to determine the efficacy of CAPE and the NF-κB activation inhibitor. 

Xanthine Oxidase Enzyme Assay 
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Hepa1c1c7 cells were seeded into 6-well plates.  Confluent cultures were 

washed twice with serum-free DMEM and treated with 0 or 7.5 U/mL EL in either OxR 

or HX conditions.    After 16 hrs of treatment, FBS was added to the wells at a final 

concentration of 1% to neutralize EL activity.  Cells were collected by scraping and 

centrifugation (2000 rpm, 3 mins).  The cell pellet was sonicated (5s) in 100 mM Tris-

HCl buffer containing HALT protease inhibitor (Thermo Scientific, Rockford, IL) then 

centrifuged (10,000 x g for 15 mins).  The supernatant was assayed using the Xanthine 

Oxidase Assay Kit (Cayman Chemical Company, Ann Arbor, MI) per the manufacturer’s 

instructions. 

Western Analysis 

Hepa1c1c7 cells were plated in 6-well plates.  Upon reaching confluence, cells 

were washed twice with SF-DMEM, and whole cell extracts were collected as described 

in Section 2.3.  Proteins (20 µg) were separated on 10% SDS gels then transferred to 

PVDF membranes.  Membranes were blocked in 5% BSA in TBST, and then incubated 

overnight with phospho-ATF2 antibody (1:1000, Cell Signaling Technology, Beverly, 

MA) in 5% BSA in 0.1% TBST.  Membranes were washed three times in 0.1% TBST 

then incubated for 1 hr in secondary goat anti-rabbit HRP conjugated antibody (1:5000, 

Santa Cruz Biotechnology, Santa Cruz, CA).  HRP was detected with HyGlo 

Chemiluminescent HPR Antibody Detection Reagent and exposed to HyBlot CL Film 

(Denville Scientific, Metuchen, NJ).  Membranes were stripped using Restore Western 

Blot Stripping Reagent (Thermo Scientific, Rockford, IL) and after blocking were re-

probed for total ATF2 (1:1000, Cell Signaling Technology, Beverly, MA).   
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RNA Isolation and RT-PCR 

 RNA was extracted as described in Section 2.3.  The expression of specific 

genes was analyzed using SYBR green (Applied Biosystems, Foster City, CA).  Copy 

number was determined by comparison to standard curves of the respective genes.  

Expression level was normalized to the hypoxanthine guanine phosphoribosyl 

transferase (HPRT) gene.  PCR primers were used as follows: mouse Cyclin D1: 

forward, 5’-attggtctttcattgggcaacggg-3’ and reverse, 5’- ggccaattgggttgggaaagtcaa-3’ 

and mouse PCNA: forward, 5’-aaagatgccgtcgggtgaatttgc-3’ and reverse, 5’-

aatgttcccattgccagctctcc-3’ (Integrated DNA Technologies, Coralville, IA).   

Statistical Analysis 

 Unless otherwise noted, all data are expressed as mean ± SEM.  The results 

were analyzed using two- and three-way ANOVA as appropriate and Tukey’s post hoc 

test to compare groups.  P<0.05 was of the criterion for significance. 
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3.4 Results 

Role of ROS and XO in HX/EL-induced cell death 

In Hepa1c1c7 cells, 7.5 U/mL EL caused modest cytotoxicity 24 hrs after 

treatment.  HX (2% O2 in the atmosphere) was not cytotoxic, however, HX enhanced 

the cytotoxicity of EL, and there was a significant interaction between treatments.  

Pretreatment with the superoxide dismutase inhibitor 4-OH Tempo (1 mM) did not 

protect Hepa1c1c7 cells from the cytotoxicity of EL or HX/EL cotreatment, and it 

enhanced the toxicity of HX alone (Figure 16A).  This concentration of 4-OH Tempo has 

been demonstrated to attenuate oxidative stress and cell death in HepG2 cells (190).  

The production of H2O2 was assessed via DCF fluorescence.  H2O2 production was not 

affected by EL, HX, or HX/EL cotreatment in Hepa1c1c7 cells (Figure 16B).    To 

determine if there is a non-mitochondrial source of ROS generation during HX/EL 

cotreatment, the activity of XO was monitored 16 hrs after treatment.  Both HX and EL 

increased XO enzyme activity, and there was an additive increase in XO activity in 

HX/EL-cotreated cells (Figure 16C).  Cells were pretreated with the XO inhibitor 

allopurinol at a concentration (1 mM) demonstrated to inhibit XO activity in endothelial 

cells exposed to EL (134).  XO inhibition did not attenuate the cytotoxicity of EL or HX 

alone, and it did not prevent the cytotoxic interaction of HX/EL (Figure 16D). 

Role of intracellular calcium in HX/EL induced cell death 

 Cells were pretreated with the intracellular calcium chelator BAPTA-AM (10 µM) 

then exposed to EL, HX, or HX/EL cotreatment. This concentration of BAPTA-AM was 
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Figure 16: ROS and XO are not involved in the inter action of HX/EL.  (A) 

Hepa1c1c7 cells were pretreated for 2 hrs with 4-OH Tempo (1mM), then treated with 

EL, HX or HX/EL, and cytotoxicity was assessed at 24 hrs. Data represent mean ± SEM 

of four individual experiments performed in triplicate. (B) Hepa1c1c7 cells were loaded 

with 10 µM DCFH-DA for 30 minutes, then washed and treated with EL, HX or HX/EL 

for 6 hrs, and DCF fluorescence was assessed.  Data represent the mean ± SD of two 

separate experiments performed in triplicate. (C) Whole cell lysates were assessed for 

XO enzyme activity 16 hrs after treatment. Data represent mean ± SEM of seven 

individual experiments. (D) Cells were treated with allopurinol (1 mM) then treated with 

EL, HX or HX/EL and cytotoxicity was assessed at 24 hrs. Data represent mean ± SEM 

of four separate experiments in triplicate.  a: p<0.05 versus 0 U/mL EL in OxR; b: 

p<0.05 versus 0 U/mL EL in HX; c: p<0.05 versus 7.5 U/mL EL in OxR; #: significant 

interaction between HX and EL (two-way ANOVA). 
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Figure 16 
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Figure 17:  Intracellular calcium chelation does no t protect cells from HX/EL-

induced cytotoxicity.  Cells were plated in 96-well plates, and treated with 10 µM 

BAPTA for 2 hrs, then placed in an OxR or HX environment and treated with VEH or 7.5 

U/mL EL, and cell death was assessed 24 hrs after treatment.  Data represent mean ± 

SEM of four separate experiments performed in triplicate.  A: p<0.05 versus 0 U/mL EL 

in OxR; B: p<0.05 versus 0 U/mL EL in HX; C: p<0.05 versus 7.5 U/mL EL in OxR;  #: 

significant interaction between HX and EL (two-way ANOVA). 
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Figure 17 
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previously demonstrated to chelate intracellular calcium in HepG2 cells and protect 

them from bile acid-induced cell death (53).   BAPTA-AM did not prevent cell death 

caused by HX/EL cotreatment (Figure 17) 

Effect of HIF-1α activation  

Cobaltous chloride can activate HIF-1α signaling in a variety of cell types and is 

often used as a “HX mimetic” in in vitro experiments (177).  Exposure of Hepa1c1c7 

cells to 100 µM CoCl2 failed to increase but rather attenuated the modest cytotoxicity 

caused by EL or HX, and completely protected cells from HX/EL cotreatment (Figure 

18A).  The iron chelator desferrioxamine (DFX) is also used as a HX mimetic; the 

depletion of iron inhibits PHD enzyme and allows HIF-1α to accumulate in cells and 

become activated (62).  Treatment with 200 µM DFX had no effect on cytotoxicity 

caused by HX, EL or HX/EL cotreatment (Figure 18B).  To ensure that HIF-1α was 

activated by treatment with CoCl2 and DFX, BNIP3 mRNA was measured 8 hrs after 

treatment.  Indeed, CoCl2 enhanced BNIP3 mRNA alone, and cotreatment with EL 

increased BNIP3 mRNA expression further.  Conversely, DFX had no effect on BNIP3 

mRNA, and it did not modulate BNIP3 expression when cotreated with EL (Figure 18C). 

Role of NF-κB in HX/EL cytotoxicity 

 Cells were pretreated with the NF-κB activation inhibitor (50 µM) for 2 hrs and 

then treated with EL, HX or HX/EL.  Treatment with this inhibitor had no effect on the 

cytotoxicity caused by HX/EL (Figure 19A).  A second inhibitor of NF-κB signaling, 

CAPE (200 µM) also had no effect on HX/EL-induced cell death (Figure 19B).  In these 
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studies, HX did not enhance the cytotoxicity of EL to the same degree as in other sets 

of experiments, so it is difficult to make conclusions based on these studies.  However, 

there was no evidence that NF-κB inhibition by either the activation inhibitor or CAPE 

had any effect on the level of cytotoxicity of any of the treatment groups. 

Role of cell cycle in HX/EL cytotoxicity 

Due to evidence implicating p38 in HX/EL-induced cytotoxicity (Chapter 2, Figure 

10), the activation of activating transcription factor-2 (ATF-2) was measured.  ATF-2 is 

phosphorylated by p38 and has been implicated in cell death (12).  Neither HX nor EL 

affected the basal level of p-ATF-2 in cells 2 or 4 hrs after treatment; however HX/EL 

cotreatment significantly reduced p-ATF2 (Figure 20A).  Measurement of p-ATF2 and t-

ATF2 intensity with densitometry confirmed these results (Figure 20B).  ATF-2 can 

regulate the transcription of various genes involved in cell cycle progression, such as 

cyclin D1 (140).  EL decreased cyclin D1 mRNA expression 8h after treatment by about 

20%.  HX alone had no effect on cyclin D1 expression, however HX/EL cotreatment 

significantly reduced cyclin D1 mRNA by 70% (Figure 20C). 
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Figure 18: Effect of HIF-1 α inducers in the cytotoxicity of HX/EL.   (A) Cells were 

treated with CoCl2 (100 µM) in the presence of EL, HX or HX/EL, and cytotoxicity was 

assessed at 24 hrs.  Data represent mean ± SEM of three separate experiments 

performed in triplicate.  (B) Cells were treated with DFX (1 mM), then EL, HX or HX/EL 

and cytotoxicity was assessed at 24 hrs.  Data represent mean ± SEM for four separate 

experiments performed in triplicate.  (C) Cells were treated with VEH, CoCl2 or DFX 

then treated with 0 or 7.5 U/mL EL for 8 hrs in OxR environment, after which the mRNA 

expression of BNIP3 and HPRT were assessed.  Data represent the mean ratio of 

BNIP3:HPRT ± SEM for three separate experiments.  A: p<0.05 versus 0 U/mL EL in 

OxR; B: p<0.05 versus 0 U/mL EL in HX; C: p<0.05 versus 7.5 U/mL EL; #: significant 

interaction between HX and EL (two-way ANOVA).  In panel C, A: p<0.05 versus 

VEH/VEH, B: p<0.05 versus 7.5 U/mL in VEH; C: p<0.05 versus VEH in CoCl2; #: 

significant interaction between EL and CoCl2 (two-way ANOVA). 
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Figure 18 
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Figure 19: The role of NF- κB in HX/EL-induced cytotoxicity.  (A) Cells were 

pretreated with NF-κB activation inhibitor (50 µM) for 2 hrs then treated with EL, HX or 

HX/EL for 24 hrs, and cytotoxicity was assessed. (B) Cells were pretreated with CAPE 

(200 µM) for 2 hrs, and cytotoxicity was assessed 24 hrs after treatment with EL, HX or 

HX/EL.  Data represents mean ± SEM for three separate experiments performed in 

triplicate.   A: p<0.05 versus 0 U/mL in OxR.   
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Figure 19 
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Figure 20: HX/EL cotreatment downregulates ATF2 act ivation and cyclin D1 

expression.   (A) Cells were treated for 2 and 4 hrs with EL, HX or HX/EL and whole cell 

lysates were probed for p-ATF2 and t-ATF2.  (B) Quantification of p-ATF2 protein 

expression at 2h.  Data represent the average p-ATF2:t-ATF2 ± SEM of three separate 

experiments. A: p<0.05 versus all other treatment groups.  (C) Cells were treated with 

EL, HX or HX/EL for 8 hrs, and RNA was collected.  Expression of Cyclin D1 and HPRT 

was measured.  Data represent the average ratio of cyclin D1: HPRT ± SEM of three 

separate experiments.  A:P<0.05 versus 0 U/mL in OxR; B:P<0.05 versus 0 U/mL EL In 

HX. 
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Figure 20 
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3.5 Discussion 

 We have demonstrated that HX sensitizes Hepa1c1c7 cells to the cytotoxicity of 

EL, and that cotreatment with HX and EL results in a cytotoxic interaction that is 

dependent on p38 MAPK signaling, HIF-1α, and lipid peroxidation (Chapter 2).  In 

addition to the pathways mentioned, several other pathways to HX- or EL-induced cell 

death have been identified, including oxidative stress from ROS produced by 

mitochondria and XO, pro-apoptotic signaling induced by NF-κB, calcium-induced cell 

death, and dysregulation of the cell cycle (Table 2).   

Neither HX nor EL incited mitochondrial ROS production as measured by DCF 

fluorescence (Figure 16B).  Also, the superoxide dismutase mimetic 4-OH Tempo did 

not prevent HX/EL-induced cell death (Figure 16A), suggesting that ROS are not 

involved.  This is in contrast to previously published reports on the effects of EL and HX 

in other cell types.   

It is well documented that EL incites ROS production in  human fibroblasts (2), 

A549 respiratory epithelial cells (46) and bronchial epithelial cells (45).  Furthermore, 

inhibition of the ETC with rotenone, the antioxidant DFX or radical scavenger 

dimethylthiourea attenuated ROS production and prevented EL-mediated cell death (45, 

46).  There is also extensive evidence that HX increases ROS production in many cell 

types (93), including the transformed liver cell lines Hep3B and HepG2 (15).  A 

functional mitochondrial ETC is required for ROS generation during HX in HepG2 and 

Hep3B (15).  Specifically, complex III of the ETC is the primary source of ROS (57, 95).  

Moreover, antioxidants protected both HepG2 and primary HPCs from HX-induced cell 

death (156).  Thus, it is surprising that neither HX nor EL incited ROS in this system.  
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One potential reason for the lack of ROS production is the Warburg effect, in which 

many human cancer cell lines rely heavily on glycolysis, rather than oxidative 

phosphorylation, to produce ATP, even in the presence of adequate oxygen.  

Interestingly, hepatoma cells have an inherently higher level of ROS than normal 

hepatocytes (160).  This suggests that it may be difficult to detect measurable changes 

in ROS production above this high baseline in Hepa1c1c7 cells.  In a positive control 

experiment, the addition of 0.3% H2O2 to the cell culture well only increased DCF 

fluorescence by 1.25-fold (Figure 16B).  Thus, because neither 2% O2 nor 7.5 U/mL EL 

are greatly toxic on their own, the change in redox status may be too modest to detect, 

even in combination treatment.  This is more likely than the Warburg effect, because 

others have successfully measured HX-induced ROS in Hepa1c1c7 (64) and HepG2 

cells (16).   

Another potential source of ROS is the activation of the enzyme XO.  Both HX 

and EL increased XO activity compared to baseline, and there was an additive increase 

in XO activity in HX/EL-cotreated cells (Figure 16C).  The mechanism by which HX 

enhances the activity of the enzyme is through conversion of XD to XO through 

reversible oxidation of sulfhydryl residues on the enzyme.  EL can also convert XD to 

XO (88), and the mechanism is thought to be through proteolytic modification (135).  

Despite the increase in XO activity that was dependent on HX/EL cotreatment, XO 

inhibition with allopurinol did not prevent HX/EL-induced cell death (Figure 16D).  These 

data suggest that XO activity does not contribute to cell death in this system, and is 

probably not an important source of ROS in this system.   Another possible explanation 
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is that there is a limit in the availability of the substrate (xanthine) for the enzyme in the 

in vitro system, or that the stress of HX/EL cotreatment reduced xanthine production.  

Thus, perhaps XO was activated but did not have adequate substrate to catalyze into 

uric acid and produce ROS in the process.  

To determine if HIF-1α activation with nonhypoxic stimuli would interact with EL, 

Hepa1c1c7 cells were treated with either CoCl2 or DFX and EL.  CoCl2 attenuated the 

cytotoxicity of EL and HX/EL cotreatment (Figure 18A), despite enhanced HIF-1α 

activation, as marked by BNIP3 mRNA expression (Figure 18C).  These data indicate 

that HIF-1α activation by CoCl2 is not sufficient for the interaction with EL, or that CoCl2 

has other HIF-1α-independent effects in the cell.  Consistent with our results, CoCl2 has 

been reported to protect HepG2 cells (human hepatoma) from apoptosis induced by 

tert-butyl hydroperoxide (136). 

The iron chelator DFX was also used to activate HIF-1α.  Iron chelation by DFX 

is thought to inhibit PHD and FIH activation, allowing HIF-1α to accumulate and become 

transactivated.  However, we saw no increase in BNIP3 mRNA expression with DFX 

treatment (Figure 18C) suggesting that the concentration used was not sufficient for 

HIF-1α activation in Hepa1c1c7 cells.  Furthermore, it did not interact with EL to cause 

cell death and had no effect on HX/EL-induced cell death.  Interestingly, DFX has also 

been used extensively as an antioxidant, and has been shown to protect cells from EL-

induced ROS and cell death (46).  This supports other evidence that ROS are not 

involved in the mechanism of HX/EL-induced cell death (Figure 16). 
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We have demonstrated that HIF-1α signaling is required for the interaction of 

HX/EL (Chapter 2, Figure 13).  The data presented here appear to be in conflict with 

those findings, since neither method of HIF-1α activation enhanced the cytotoxicity of 

EL, whereas HX does.  However, it is important to point out that both CoCl2 and DFX 

are not specific for HIF-1α, and may have a variety of off-target effects.  It is also 

possible that direct HIF-1α activation is not sufficient for the interaction with EL, and that 

HX is activating other pathways in cells (such as MAPK and lipid peroxidation, as 

mentioned in Chapter 2), that are required in addition to HIF-1α activation.     

Inhibition of NF-κB signaling with two different inhibitors had no effect on HX/EL-

induced cytotoxicity (Figure 19), suggesting that it is not required for the interaction.  

Furthermore, chelation of intracellular calcium did not attenuate the interaction (Figure 

17), indicating that calcium-activated cell death pathways do not contribute to cell death.  

It has been reported that calcium-dependent calpain activation can contribute to HX-

mediated necrosis of HepG2 cells (94), but there is no evidence that calcium signaling 

plays a role in EL-induced cell death. 

We also assessed activation of the transcription factor ATF2, which is normally 

activated downstream of p38 signaling. Interestingly, HX/EL cotreatment significantly 

decreased basal p-ATF2 levels, whereas neither HX nor EL alone had any effect on p-

ATF2 (Figure 20B).  The mechanism by which HX/EL cotreatment drastically reduces p-

ATF2 is not known and requires further study.  There is one report in which ERK can 

upregulate ATF2 activation after tolfenamic acid treatment in human colorectal cancer 

cells, leading to apoptosis (103).  It is possible that the reduction in p-ERK caused by 
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HX/EL cotreatment (See Chapter 2, Figure 8) results in reduced ATF2, however this 

remains to be investigated.  Furthermore, it remains to be seen if downregulation of 

ATF2 contributes to HX/EL-induced cell death, or if it is an epiphenomenon. 

ATF2 upregulates the expression of a variety of cell cycle regulatory proteins, 

including cyclin D1.  HX/EL-cotreatment reduced cyclin D1 mRNA expression 8 hrs after 

treatment (Figure 20C).  Cyclin D1 plays a key role in the progression of the cell cycle 

by phosphorylating retinoblastoma protein and triggering HPCs to transition from G1 to 

S phase of the cell cycle.  In vivo, disruption of cyclin D1 signaling can impair tissue 

repair following toxic insult or other injury, and can contribute to the development of liver 

failure (39).  In vitro, downregulation of cyclin D1 expression induces cell cycle arrest 

and initiates apoptosis of the human hepatomas, HepG2 and Hep3B (127).  Thus, one 

potential component of the mechanism of cell death by HX/EL might be inhibition of the 

cell cycle.  These data suggest that HX/EL cotreatment might induce cell cycle arrest in 

Hepa1c1c7 cells via downregulation of cyclin D1 that can contribute to cell death 

signaling.  Furthermore, this raises the possibility that HX and EL exposure in vivo might 

downregulate cyclin D1 in HPCs and thereby inhibit liver regeneration in models of 

injury in which HX and PMNs play a role.   

As described in Section 1.2.4, HX can inhibit cell cycle progression through a 

variety of pathways.  HIF-1α directs transcription of the cyclin-dependent kinase 

inhibitors p21 and p27 (52). Cyclin D1 mRNA and protein expression are downregulated 

by HX in PC12 cells (23).  Furthermore, HIF-1α negatively regulates cyclin D1 

expression; it binds to two HREs in the cyclin D1 promoter, and recruits histone 

deacetylase 7 to repress transcription of the gene (183).  Thus, it is possible that the 
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downregulation of cyclin D1 caused by HX/EL cotreatment is a result of increased HIF-

1α activation, not downregulation of ATF2; this remains to be investigated. 

To summarize, many of the pathways that have been implicated in HX- or EL-

induced cell death alone were also investigated in this HX/EL-cotreatment model.  

Contrary to previously published reports, we observed no increases in HX- or EL-

induced ROS production, and the water soluble antioxidants 4-OH Tempo (Figure 16A) 

and DFX (Figure 18B) did not protect cells from HX/EL cotreatment.  These data 

suggest that ROS are either not produced or are undetectable, and that they do not play 

a role in cell death in this system.  Intracellular calcium (Figure 17) and NF-κB signaling 

(Figure 19) do not appear to contribute to cell death in this model.  Interestingly, 

activation of HIF-1α by treatment with CoCl2 did not interact with EL to cause cell death, 

and CoCl2 actually protected cells from HX/EL cotreatment. These data suggest that 

stabilization of HIF-1α through non-hypoxic stimuli is not sufficient for an interaction with 

EL, and that HX contributes to cell death through additional pathways. HX/EL 

cotreatment reduced the activation of p-ATF2 (Figure 20A), however it is not known if 

this is involved in cell death.  Finally, HX/EL cotreatment resulted in downregualtion of 

cyclin D1 (Figure 20C), which may contribute to cell cycle arrest and subsequent cell 

death; however, this remains to be tested.   
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4.1 Abstract 

Hypoxia inducible factor-1 alpha (HIF-1α) is a critical transcription factor that 

controls oxygen homeostasis in response to HX, inflammation and oxidative stress.  HIF 

has been implicated in the pathogenesis of liver injury in which these events play a role, 

including APAP overdose, which is the leading cause of acute liver failure in the US.  

APAP overdose has been reported to activate HIF-1α in mouse livers and isolated HPC 

downstream of oxidative stress.  HIF-1α signaling controls many factors that contribute 

to APAP hepatotoxicity, including mitochondrial cell death, inflammation, and 

hemostasis.  Therefore, we tested the hypothesis that HIF-1α contributes to APAP 

hepatotoxicity.  Conditional HIF-1α deletion was generated in mice using an inducible 

Cre-lox system.  Control (HIF-1α-sufficient) mice developed severe liver injury 6 and 

24h after APAP overdose (400 mg/kg).  HIF-1α-deficient mice were protected from 

APAP hepatotoxicity at 6 hrs, but developed severe liver injury by 24 hrs, suggesting 

that HIF-1α is involved in the early stage of APAP toxicity.  In further studies, HIF-1α-

deficient mice had attenuated thrombin generation and reduced plasminogen activator 

inhibitor-1 (PAI-1) production compared to control mice, indicating that HIF-1α signaling 

contributes to hemostasis in APAP hepatotoxicity.  Finally, HIF-1α-deficient animals had 

decreased hepatic PMN accumulation and plasma concentrations of IL-6, IL-8/KC and 

regulated upon activation normal T cell expressed and secreted (RANTES) compared to 

control mice, suggesting an altered inflammatory response.  HIF-1α contributes to 

hemostasis, sterile inflammation, and early hepatocellular necrosis during the 

pathogenesis of APAP toxicity.  

  



128 
 

4.2 Introduction 

Hypoxia inducible factor (HIF) is the master regulator of oxygen homeostasis.  It 

controls the expression of a large battery of genes involved in angiogenesis, 

erythropoiesis, glycolysis, inflammation, and cell death  (102).  As described in Section 

1.2.3, the expression and activity of HIF-1α is controlled at the level of protein stability.  

HIF-1α expression and activation are also regulated by oxidative stress (95), 

inflammatory cytokines (180) and thrombin (54).  HIF-regulated genes include PAI-1, 

VEGF, TNFα, IL-1β, and cell death proteins such as BNIP3 and Nix (102, 123).  Due to 

the many factors that can modulate HIF induction and the variety of downstream 

signaling targets, HIF has been identified as a key regulator of a generalized stress 

response (77). 

HIF-1α has been implicated in hepatocyte death in models of liver injury that 

have an inflammatory or oxidative stress component, such as sepsis (131), I-R (34), 

alcoholic liver disease (108) and fibrosis (28).  Oxidative stress and mitochondrial 

dysfunction play a key role in APAP-induced liver injury.  APAP overdose is the leading 

cause of drug-induced liver failure in the United States (104).  At toxic doses, APAP is 

bioactivated by cytochrome P450 enzymes to n-acetyl-p-benzoquinone imine (NAPQI), 

which is reactive, depletes GSH and binds covalently to intracellular proteins, leading to 

mitochondrial dysfunction, production of ROS and hepatocellular necrosis (85). 

Recent reports by James et al. (77) indicated that APAP overdose causes 

nuclear accumulation of HIF-1α in mouse livers as early as 1h after treatment, which is 

before the onset of liver HX and hepatocellular injury.  Furthermore,  N-acetyl cysteine, 

which inactivates NAPQI (77) or CsA, which prevents MPT, prevented HIF-1α 
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accumulation (17).   Taken together, these data suggest that mitochondrial dysfunction 

and ROS are important contributors to early HIF-1α stabilization in APAP overdose.  

In addition to cellular necrosis caused by oxidative stress and mitochondrial 

dysfunction, APAP hepatotoxicity is also associated with disturbances to the hemostatic 

system in humans (79) and experimental animals (50).  APAP overdose caused tissue 

factor-dependent activation of the coagulation system in mice, elevated circulating 

concentration of PAI-1 and fibrin deposition in liver (50).  Inhibition of coagulation 

system activation through genetic or pharmacologic methods attenuated APAP-induced 

liver injury, suggesting a role for thrombin and the coagulation system in the 

pathogenesis.  During injury progression, fibrin deposition can contribute to tissue 

ischemia and HX, which might enhance HIF-1α accumulation above that caused by 

oxidative stress alone. 

APAP hepatotoxicity is accompanied by a sterile inflammatory response (185), 

and concurrent inflammation can sensitize mice to APAP-induced liver injury (114).  

Mediators released from necrotic HPCs activate Kupffer cells (KCs), recruit and activate 

PMNs, and consequently produce cytokines that influence APAP-induced hepatocellular 

injury (31, 78). The role of PMNs in APAP hepatotoxicity remains controversial, with 

evidence both for and against a contribution of PMNs to injury progression (69). HIF-1α 

plays a critical role in PMN function; it influences phagocytosis, motility, invasiveness, 

and apoptosis (32, 132, 180, 181).  HIF-1α also contributes to inflammatory cytokine 

production (191).  Therefore, HIF-1α might participate in the inflammatory response that 

accompanies APAP-induced liver injury. 
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In addition to the many factors mentioned above that associate APAP-induced 

liver injury with HX signaling, HIF-1α can contribute directly to cell death of HPCs by 

upregulation of cell death genes.  Nonetheless, it is currently unknown if HIF-1α is 

involved causally in APAP-induced liver injury.  To test the hypothesis that HIF-1α 

contributes to the pathogenesis of APAP-induced liver injury, conditional HIF-1α-

deficient animals were generated and the role of HIF-1α in APAP-induced 

hepatotoxicity, disruption of hemostasis, and inflammation was evaluated. 
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4.3 Materials and Methods 

Materials 

Unless otherwise stated, all reagents were purchased from Sigma Chemical 

Company (St. Louis, MO).   

Generation of Conditional HIF-1α-Deficient Animals 

HIF-1α
flox/flox mice (146) were a gift from Randall Johnson (University of 

California, San Diego), and UBC-Cre-ERT2
+/-

 mice were purchased from Jackson 

Laboratories (Bar Harbor, ME).  The Cre-ERT2 is regulated by the ubiquitin C promoter 

and is expressed in virtually all cell types.  Cre-ERT2 is a fusion protein composed of 

Cre recombinase and a mutated estrogen receptor that is selectively activated and 

targeted to the nucleus by (Z)-1-(p-Dimethylaminoethoxyphenyl)-1,2-diphenyl-1-

butene, trans-2-[4-(1,2-Diphenyl-1-butenyl)phenoxy]-N,N-dimethylethylamine 

[Tamoxifen (TAM)] but not estrogen (145).  C57Bl/6 HIF-1α
flox/flox and UBC-Cre-

ERT2
+/-

 transgenic mice were mated to generate UBC-Cre-ERT2
+/-

/HIF-1α
flox/flox

 mice 

capable of conditional recombination in the floxed HIF-1α gene when treated with TAM.  

Male UBC-Cre-ERT2
+/-

/HIF-1α
flox/flox

 mice (4-5 weeks old) were treated once per day 

for 5 days with 200 µg/g body weight TAM in corn oil (OIL) vehicle by oral gavage (145).  

TAM-treated UBC-Cre-ERT2
+/-

/HIF-1α
flox/flox

 mice were HIF-1α deficient (denoted as 

HIF-1α
∆/∆

) and OIL-treated animals were HIF-1α sufficient (denoted as HIF-1α
+fl/+fl

) 
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(Figure 21A).  UBC-Cre-ERT2
-/-

/HIF-1α
flox/flox

 littermate controls were treated with OIL 

or TAM to evaluate potential effects of TAM on APAP metabolism.  Animals kept in a 

12-hour light/dark cycle were fed a standard Rodent chow/Tek 8640 (Harlan Teklad; 

Madison, WI) and allowed access to water ad libitum.  All procedures were performed 

according to the guidelines of the American Association for Laboratory Animal Science 

and the University Laboratory Animal Research Unit at Michigan State University. 

Experimental Protocol 

Eleven or twenty-one days after OIL or TAM administration, mice were fasted 

overnight then given 400 mg/kg APAP or saline (SAL) vehicle via intraperitoneal (i.p.) 

injection, and food was returned.  Mice were anesthetized 2, 6 or 24 hours after APAP 

with sodium pentobarbital (50 mg/kg, i.p.), and blood was collected from the vena cava 

into a syringe containing sodium citrate (final concentration 0.76%) for preparation of 

plasma.  The left lateral liver lobe was fixed in 10% formalin and paraffin-blocked for 

evaluation of histopathology.  The left medial lobe was snap frozen in liquid nitrogen for 

protein, DNA and RNA analysis.  The right medial lobe was embedded in Tissue-Tek 

O.C.T. compound and frozen in liquid nitrogen-cooled isopentane for 

immunohistochemical analyses.  

Genotyping and Real-time PCR 

Genotyping of mice was performed for the Cre transgene, HIF-1α, and HIF-

1α
flox/flox using previously published primer sequences (147).  Genomic DNA was 

extracted from tail clippings using the Direct PCR extraction system (Viagen Biotech, 
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Los Angeles, CA) and was used to quantify the Cre transgene.  Genotyping of livers 

from HIF-1α
+fl/+fl

 and HIF-1α
∆/∆

 mice was performed to determine the recombination 

efficiency.  Genomic DNA was extracted using the Extract-N-Amp system (Sigma 

Aldrich, St. Louis, MO) per the manufacturer’s instructions.  PCR conditions were 

standardized for all alleles: denaturation at 94 °C f or 3 min; 38 cycles of denaturation at 

94 °C for 45 s, annealing at 60 °C for 45 s, and pol ymerization at 72 °C for 60 s followed 

by a 7-min extension at 72 °C. 

Gene Expression Analysis 

Liver tissue (50 mg) was homogenized in 1 mL of TRI reagent (Sigma Aldrich, St. 

Louis, MO) using a Precellys 24 Tissue Homogenizer (Cayman Chemicals, Ann Arbor, 

MI ), and RNA was extracted.  Total RNA was quantified spectrophotometrically using 

the NanoDrop 2000 (Thermo Fisher Scientific, Louisville, CO).  Total RNA (1 µg) was 

reverse-transcribed using iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). The 

expression level of PAI-1, BNIP3 and HIF-1α was analyzed by qRT-PCR using SYBR 

green (Applied Biosystems, Foster City, CA).  Copy number was determined by 

comparison with standard curves of the respective genes.  Expression level was 

normalized to the hypoxanthine guanine phosphoribosyl transferase (HPRT) gene.  

PCR primers were used as follows: mouse BNIP3: forward, 5’- tgcaggcacctttatcactctgct-

3’ and reverse 5’-cgcccgatttaagcagctttggat-3’; mouse Cre Transgene: forward, 5’-

tgccacgaccaagtgacagcaatg-3’ and reverse, 5’-agagacggaaatccatcgctcg-3’; mouse HIF-

1α: forward, 5’-cgtgtgagaaaacttctggatg-3’ and reverse, 5’-catgtcgccgtcatctgtta-3’; and 

mouse HIF-1α (flox): forward, 5’-ttggggatgaaaacatctgc-3’ and reverse, 5’-
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catgtcgccgtcatctgtta-3’;  and HPRT: forward, 5’-aggagtcctgttgatgttgccagt-3’ and reverse, 

5’-gggacgcagcaactgacatttcta-3’.   

Assessment of Hepatocellular Injury and Liver GSH Concentration 

Hepatocellular injury was estimated from increases in plasma alanine 

aminotransferase (ALT) activity and from histopathologic evaluation of fixed tissue.  ALT 

activity was determined spectrophotometrically using Infinity ALT Liquid Stable Reagent 

(Thermo Electron Corp; Louisville, CO).  Paraffin sections of liver (5 µm) were stained 

with hematoxylin-eosin and examined for evidence of hepatocellular necrosis.  To 

measure GSH concentration, frozen liver samples (100 mg) were homogenized in 1 mL 

cold buffer (0.2 M 2-N-morpholino ethanesulfonic acid, 50 mM phosphate, and 1 mM 

EDTA; pH 6.0).  Homogenates were spun at 10,000 x g for 15 minutes then 

deproteinated with metaphosphoric acid. Total hepatic GSH concentration was 

determined spectrophotometrically using a commercially available kit (Cayman 

Chemical Co.; Ann Arbor, MI). 

Immunohistochemistry 

Liver sections were stained immunohistochemically for HIF-1α as described 

previously (147).  Paraffin was removed from formalin-fixed liver sections (5 µm) and 

endogenous peroxidase activity was quenched with 6% H2O2. Sections were probed 

with HIF-1α antibody (1:500 dilution, NB100-479, Novus Biologicals; Littleton, CO), 

which was visualized with Rabbit Vector Elite ABC kit (Vector Laboratories; Burlingame, 

CA), and sections were counterstained with Nuclear Fast Red.  The terminal 
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deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay was 

used to analyze DNA fragmentation.  Liver sections were stained with the In Situ Cell 

Death Detection Kit, AP (Roche Diagnostics, Indianapolis, IN) per the manufacturer’s 

instructions.  Hepatic fibrin staining was performed as described previously (27).  

Dakocytomation rabbit anti-human/mouse fibrinogen (Dako North America; Carpinteria, 

CA) was the primary antibody, and a donkey anti-rabbit IgG conjugated to AlexaFluor 

488 (Molecular Probes/Invitrogen; Carlsbad, CA) was used as the secondary antibody.  

Fibrin images were obtained with an Olympus IX71 inverted fluorescent microscope 

(Olympus, USA), and positive staining was quantified using Image J software (NIH; 

Bethesda, MD).  Background staining in livers from SAL-treated mice was set as the 

threshold, and the percentage of pixels above threshold is presented.  PMNs were 

stained as previously described (114), and PMN accumulation was quantified by 

counting the average number of PMNs in 20 randomly selected high-power fields 

(400x).   

Detection of Bax 

Frozen liver sections (5 µm) were fixed in 4% paraformaldehyde for 30 minutes 

at room temperature.  Fixed sections were washed 3 x 7 mins in phosphate buffered 

saline (PBS) and blocked in 10% donkey serum + 0.1% Triton X-100 (blocking buffer; 

BB) for 1 hour.  Sections were incubated overnight at 4˚C with the following primary 

antibodies [and their dilutions]: rabbit anti-Bax [1:200] (Cell Signaling Technology, 

Beverly, MA) and goat anti-cytochrome c oxidase subunit IV (Cox IV) [1:100] (Santa 

Cruz Biotechnology, Santa Cruz, CA) diluted in BB.  After incubation, sections were 

washed 3 x 7 mins in PBS, blocked in BB for 1 hour, and washed 3 x 7 mins again.  
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Sections were incubated with donkey anti-rabbit Alexa Fluor 568 [1:1000] and donkey 

anti-goat Alexa Fluor 488 [1:1000] (Invitrogen, Carlsbad, CA) in BB, washed, then 

mounted with VectaShield Mounting Medium with DAPI (Vector Labs, Burlingame, CA).  

Slides were stored at -20˚C prior to imaging. 

Fluorescent slides were viewed with the Olympus FluoView 1000 confocal laser 

scanning microscope.  Images were collected with Olympus FluoView 1000 software, 

version 2.0.  Alexa Fluor 568 was detected with a 543 nm HeNeG laser with a BA 560-

620 emission filter, and Alexa Fluor 488 was detected with a 488 nm Ar laser with a BA 

505-525 emission filter.  Images were scanned with sequential scan setting for the two 

lasers.  A 60-X oil Plan/APO objective (NA 1.42) was used to acquire images.  Five 

fields of view from each liver section were selected at random.  Colocalization of Bax 

and Cox IV pixels was analyzed with Image J software (NIH, Bethesda, MD), and data 

are represented as the percentage of colocalized pixels in an image area. 

Evaluation of Plasma and Intrahepatic Cytokine Concentrations 

The plasma concentration of active PAI-1 was measured with a commercially 

available ELISA kit (Molecular Innovations; Novi, MI), following the manufacturer’s 

instructions.  The plasma concentrations of IFNγ, IL-1β, IL-2, IL-4, IL-6, IL-10, IL-12 

(p70), IL-8/KC, macrophage inflammatory protein (MIP)-1α, RANTES, TNF-α, and  

VEGF were measured with a custom Milliplex MAP kit for mouse cytokines (Millipore 

Corporation; Billerica, MA) using the Bio-Plex 200 System (Bio-Rad Laboratories, 

Hercules, CA).  For determination of hepatic cytokine concentrations, livers were 

homogenized in 0.1% Triton X-100 in PBS containing Halt Protease and Phosphatase 
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inhibitors (Thermo Fisher Scientific, Louisville, CO), and proteins were quantified by the 

BCA Assay.  Concentrations of KC and RANTES were determined by ELISA (R&D 

Systems, Minneapolis, MN) and normalized to protein concentrations of the samples. 

Statistical analyses 

All data are represented as mean ± SEM.  Data which were not normally 

distributed were transformed via Box-cox power transformation.  Two or three-way 

analysis of variance (ANOVA) was used as appropriate, and multiple comparisons were 

evaluated statistically with appropriate post-hoc tests.  P < 0.05 was the criterion for 

significance.  
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4.4 Results 

Effect of conditional deletion of HIF-1α gene on liver HIF-1α expression 

Conditional HIF-1α knockout mice were generated by mating HIF-1α
flox/flox

 mice 

(146) with transgenic mice that express the Cre-recombinase transgene (145) under the 

control of the ubiquitin C promoter, and the HIF-1α gene was inactivated upon TAM 

treatment  (Figure 21A).  Mice treated with TAM (HIF-1α
∆/∆

 mice) displayed no obvious 

phenotypic differences compared to control animals. Expression of HIF-1α protein in 

livers was evaluated immunohistochemically 2h after SAL or APAP treatment.  SAL-

treated HIF-1α+fl/+fl mice had minimal staining, whereas HIF-1α staining was not 

observed in HIF-1α
∆/∆

 mice (Figure 21B).  APAP overdose increased hepatocellular 

HIF-1α staining in HIF-1α
+fl/+fl

 mice; the staining appeared to be cytoplasmic in most 

cells, with some nuclear staining. There was markedly less HIF-1α staining in HIF-1α
∆/∆

 

mice treated with APAP, confirming successful deletion of HIF-1α. There was 

significantly less expression of HIF-1α mRNA in HIF-1α
∆/∆

 mice compared to HIF-

1α
+fl/+fl

 controls (Table 4), demonstrating effective HIF-1α deletion.  At 24 hrs, APAP 

overdose increased expression of HIF-1α mRNA at 24 hrs by 437-fold in HIF-1α
+fl/+fl

.  

In HIF-1α
∆/∆

 mice, there was a modest increase in HIF-1α mRNA expression (by 26-

fold) at 24 hrs.  This supports previous evidence that APAP overdose caused HIF-1α 

accumulation in mouse liver (17, 77).  
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Figure 21: Conditional HIF-1 α deletion in mice. (A) Five week old CRE-ERT2
(+/-) 

/HIF-1α
flox/flox

 mice were treated with OIL or 200 µg/g TAM for five days to generate 

HIF-1α
+fl/+fl or HIF-1α

∆/∆
 mice.  21 days later, mice were treated with 400 mg/kg APAP 

or SAL intraperitoneally. Liver samples were taken 2 hrs after APAP administration. (B) 

Formalin-fixed livers were stained for HIF-1α protein, which appears as dark brown 

stain.  Arrows indicate positive staining. For interpretation of the references to color in 

this and all other figures, the reader is referred to the electronic version of this 

dissertation. 

 

  



140 
 

Figure 21
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Table 4: Hepatic HIF-1 α mRNA expression after APAP overdose. HIF-1α
+fl/+fl

 and 

HIF-1α
∆/∆

 mice were treated with SAL or APAP then killed at 2 or 24 hrs.  Real-time 

PCR was used to analyze liver tissue for expression of HIF-1α mRNA.  HIF-1α mRNA 

was measured in liver tissue and is expressed as an average of the ratios of HIF-

1α:HPRT copy number normalized to SAL controls.    
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Table 4 

 

 

 

 

 

 

 

 

 

 

 Real-time PCR (HIF-1 α:HPRT versus SAL-treated HIF-1 α
+fl/+fl

) 

Genotype HIF-1α
+fl/+fl

 HIF-1α
∆/∆

 
Treatment 2h 24h 2h 24h 
SAL 1 ± 0.04 1 ± 0.1 3E-2 ± 2E-3

a
 5.5E-3 ± 4E-4

a
 

APAP 2.3 ± 1.5
a
 3.5E8 ± 3E7

a
 3E-2 ± 1E-3

ab
 6 ± 3.8

a
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HIF-1α inactivation protects from early APAP hepatotoxicity 

To determine whether TAM treatment could affect APAP hepatotoxicity, UBC-

Cre-ERT2
(-/-)

/HIF-1α
flox/flox

 mice, which do not express a functional Cre recombinase 

and cannot remove HIF-1α, were treated with OIL or TAM for 5 days, and 3 weeks later 

were treated with saline (SAL) or 400 mg/kg APAP.  Both OIL- and TAM-treated mice 

developed severe liver injury 6 hrs after treatment, indicating that TAM alone did not 

affect APAP hepatotoxicity (Figure 22).  In contrast, when UBC-Cre-ERT2
+/-

/HIF-

1α
flox/flox

 mice, which are capable of TAM-induced Cre recombination, underwent the 

same treatments, OIL-treated UBC-Cre-ERT2
+/-

/HIF-1α
flox/flox

 mice (HIF-1α-sufficient) 

developed severe liver injury 6h after treatment, but injury was essentially absent in 

TAM-treated UBC-Cre-ERT2
+/-

/HIF-1α
flox/flox mice (HIF-1α-deficient) (Figure 22), 

indicating that the acute liver injury depended on HIF-1α signaling.  All subsequent 

experiments were performed in UBC-Cre-ERT2
+/-

/HIF-1α
flox/flox

 mice. 

HIF-1α
+fl/+fl mice treated with APAP had significantly greater plasma ALT activity 

at 2 hrs compared to SAL-treated animals, which developed into severe liver injury by 6 

hrs and continued to increase through 24 hrs (Figure 23A).  APAP treated HIF-1α
∆/∆

 

mice had complete attenuation of liver injury at 2 hrs and 6 hrs, however plasma ALT 

activity was the same as in HIF-1α
+fl/+fl mice at 24 hrs.  Histological analysis confirmed 

centrilobular hepatocellular necrosis in HIF-1α
+fl/+fl

 mice at 6 hrs and 24 hrs after APAP 

overdose and that HIF-1α∆/∆ mice had no necrosis at 6 hrs but significant lesions at 24 
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hrs (Figure 23B).  Hepatic GSH depletion was used as an indication of APAP 

bioactivation.  HIF-1α
+fl/+fl

 and HIF-1α
∆/∆

 mice treated with SAL had 4.4 ± 0.5 and 5.3 ± 

0.6 µmol glutathione/g liver, respectively.  After APAP administration, glutathione 

concentration was reduced in HIF-1α
+fl/+fl

 and HIF-1α
∆/∆

 mice to 0.4 ± 0.02 and 1.52 ± 

1.1 µmol/g liver, respectively; these values were not significantly different from one 

another. 
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Figure 22:  Effect of HIF-1 α deletion on APAP hepatotoxicity. Five week old CRE-

ERT2
-/-

/HIF-1α
flox/flox

 (labeled Cre (-)/HIF-1α
fl/fl

) or CRE-ERT2
+/-

/HIF-1α
flox/flox

 

(labeled Cre (+)/HIF-1α
fl/fl

) mice were treated with OIL or 200 µg/g TAM daily for five 

days. 21 days later, mice were treated with APAP or SAL intraperitoneally. Plasma 

alanine aminotransferase (ALT) activity was measured 6h after APAP administration.  

Data represent means ± SEM of n = 3-8 animals per group. a Significantly different from 

SAL-treated mice; b Significantly different from OIL-treated mice; c Significantly different 

from HIF-1α
+fl/+fl

 mice. 
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Figure 22 
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Figure 23:  Time course of APAP-induced liver injur y in HIF-1α-deficient mice.   

HIF-1α
+fl/+fl or HIF-1α

∆/∆
 mice were treated with APAP (400 mg/kg) or SAL, and 

plasma and liver samples were taken 2 hrs, 6 hrs and 24 hrs after later.  (A) Liver injury 

was assessed from plasma ALT activity; data represent means ± SEM of n = 3-8 

animals per group. (B) Livers were processed for histology and stained with H&E. 

Sections are shown from mice with ALT values near the median. a Significantly different 

from SAL-treated mice; b Significantly different from APAP-treated HIF-1α
+fl/+fl

 mice; c 

Significantly different from same treatment at 2 hrs.   
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Figure 23
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Expression of cell death proteins 

The contribution of HIF-1α to production of cell death proteins in APAP overdose 

was evaluated.  APAP overdose did not affect the expression of BNIP3 mRNA in liver 

(Table 5) nor did it alter hepatic expression of BNIP3 protein (data not shown). Bax is a 

proapoptotic protein that translocates to the mitochondria upon activation and 

contributes to APAP-induced hepatocellular necrosis (7). In the livers of HIF-1α
+fl/+fl

 

mice, APAP overdose increased the colocalization of Bax with Cox IV, a mitochondrial 

marker (Figure 24A-B).  In contrast this effect was not observed in APAP-treated HIF-

1α
∆/∆

 mice.  APAP overdose caused DNA fragmentation in centrilobular HPC in HIF-

1α
+fl/+fl

 mice at 6 and 24 hrs; this effect was attenuated upon HIF-1α deletion (Figure 

25). 
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Table 5: Hepatic BNIP3 mRNA expression after APAP o verdose.  HIF-1α
+fl/+fl

 and 

HIF-1α
∆/∆

 mice were treated with SAL or APAP then killed at 2, 6, or 24 hrs.  Real-time 

PCR was used to analyze liver tissue for expression of BNIP3 mRNA.  For each 

sample, the copy number of BNIP3 was normalized to that of HPRT, then further 

normalized to SAL-treated HIF-1α+fl/+fl mice to account for variability in mRNA quantity at 

different time points.  Data represents mean BNIP3:HPRT:SAL ratio ± SEM of n=3-6 

animals.  a Significantly different from SAL-treated mice of same genotype; b 

Significantly different from corresponding HIF-1α+fl/+fl mice. 
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Table 5 

 

 

 

 Real-time PCR (BNIP3:HPRT versus SAL in HIF-1 α
+fl/+fl ) 

 SAL APAP 

Mouse 2 hrs 6 hrs 24 hrs 2 hrs 6 hrs 24 hrs 

HIF-α
+fl/+fl

 1.0±0.02 1.0±0.02 1.0±0.1 0.72±0.13 0.33±0.04  0.4±0.7
a
 

HIF-1α
∆/∆

 0.78±0.1 0.77±0.1 1.2±0.24 2.1±0.5
ab

 0.77±0.26 0.32±0.1
a
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Figure 24: Mitochondrial Bax translocation.  Mice were treated with SAL or 400 

mg/kg APAP, and 6 hrs later liver samples were taken. (A) Quantification of Bax: Cox IV 

colocalization was performed as described in Methods.  (B) Representative 60X 

confocal fluorescent micrographs of frozen liver sections from 2-3 animals per group.  

There were no significant differences between SAL treated HIF-1α
+fl/+fl 

and HIF-1α
∆/∆

 

mice, so they were combined for statistical purposes. a Significantly different from SAL-

treated mice.    
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Figure 24  
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Figure 25:  DNA fragmentation after APAP treatment.   DNA fragmentation was 

evaluated by the TUNEL assay inHIF-1α
+fl/+fl

 and HIF-1α
∆/∆

 mice treated with SAL or 

400 mg/kg APAP 6 or 24 hrs earlier (200x for all panels).  TUNEL positive staining 

appears red.   
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Figure 25
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HIF-1α deletion attenuates coagulation system activation  

Thrombin-antithrombin (TAT) concentration reflects the activation of thrombin in 

plasma.  In HIF-1α
+fl/+fl

 mice, plasma TAT concentration was significantly increased by 

APAP overdose  2, 6 and 24 hrs after treatment, although it was somewhat less at 24 

hrs.  In HIF-1α
∆/∆ mice, plasma TAT was elevated 2h after APAP, returned to baseline 

at 6 hrs, then increased significantly by 24 hrs to a concentration greater than the value 

in HIF-1α
+fl/+fl

 mice (Figure 26A).  A consequence of thrombin activation in liver is 

deposition of fibrin, which was assessed by immunohistochemical staining.  In HIF-

1α
+fl/+fl mice, fibrin deposition was detected at 6h after overdose and increased 

significantly by 24 hrs.  In contrast, there was no fibrin deposition in HIF-1α
∆/∆

 mice 

detected until 24 hrs after APAP (Figure 26B).  In HIF-1α
+fl/+fl

 mice, fibrin deposition at 

6 hrs appeared to be centrilobular and sinusoidal after APAP overdose (Figure 26C).   

The fibrinolytic system consists of plasminogen and the plasminogen activators 

(PAs), tPA and uPA, which cleave plasminogen to plasmin to dissolve fibrin clots.  PAI-1 

is the endogenous inhibitor of PAs, and elevation of active PAI-1 in plasma suggests 

inhibition of fibrinolysis. Hepatic PAI-1 mRNA was measured 2, 6, and 24 hrs after 

treatment.  In SAL-treated mice, basal PAI-1 mRNA expression was small (Table 6).  In 

HIF-1α
+fl/+fl mice treated with APAP, hepatic PAI-1  mRNA was elevated by more than 

10-fold as early as 2 hrs after APAP and remained so through 24 hrs.  In HIF-1α
∆/∆

 

mice,   PAI-1 mRNA increased to the same level as HIF-1α
+fl/+fl

 mice 2 hrs after APAP, 
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then decreased to baseline at 6 hrs only to increase again by 24 hrs. The circulating 

concentration of active PAI-1 was also evaluated at 6 hrs and 24 hrs. In HIF-1α
+fl/+fl

  

mice,  APAP overdose increased the appearance of active PAI-1 in plasma at 6 hrs, 

and PAI-1 concentration increased further by 24 hrs (Figure 27). This increase in PAI-1 

was attenuated in HIF-1α
∆/∆

 mice at 6 hrs but was similar to that seen in HIF-1α
+fl/+fl

 

mice by 24 hrs.   

The role of HIF-1α in the inflammatory response to APAP 

Plasma concentrations of cytokines were measured 6h after APAP exposure. 

Neither HIF-1α deletion nor APAP overdose affected the plasma concentrations of IL-

1β, IL-2, IL-4, TNFα, MIP-1α or VEGF at these times (Table 7).  APAP overdose 

increased plasma concentrations of IL-6, RANTES, and KC in HIF-1α
+fl/+fl

 mice, and 

these increases were significantly attenuated upon HIF-1α deletion (Table 7).  Plasma 

concentrations of IL-6, KC and RANTES were evaluated 24 hrs after APAP treatment.  

APAP overdose increased IL-6 (Figure 28A) and KC (Figure 28B) in both HIF-1α
+fl/+fl

 

and HIF-1α
∆/∆

 mice at 24 hrs, however there were no changes in RANTES (data not 

shown).  Intrahepatic concentrations of IL-8/KC and RANTES were also determined.  

Hepatic RANTES was not altered by APAP (Figure 28C), but hepatic IL-8/KC was 

significantly increased 6 and 24 hrs after APAP overdose in HIF-1α
+fl/+fl mice, and by 

24 hrs in HIF-1α
∆/∆

 mice (Figure 28D).    IL-8/KC is a chemokine important for PMN 

infiltration, so hepatic PMNs were quantified.  There were significantly fewer PMNs in 
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the livers of HIF-1α
∆/∆ mice 6 and 24 hrs after APAP administration compared to HIF-

1α
+fl/+fl

 mice (Figure 29). 
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Figure 26: Effect of HIF-1 α deletion on thrombin production and fibrin deposit ion.   

SAL or 400 mg/kg APAP was administered to HIF-1α
+fl/+fl

 and HIF-1α
∆/∆

 mice, and 

plasma and liver samples were taken 2 hrs, 6 hrs and 24 hrs later.  (A) Plasma TAT 

dimer was measured as a marker of thrombin generation. Frozen liver samples were 

stained immunohistochemically for fibrin. (B) Quantification of fibrin.  (C):Representative 

liver sections from HIF-1α
+fl/+fl

 and HIF-1α
∆/∆

 mice treated with APAP.  a Significantly 

different from SAL-treated mice; b Significantly different from APAP-treated HIF-1α
+fl/+fl

 

mice.; c Significantly different from same group at 2 hrs and 6 hrs. 
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Figure 26 
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Table 6:  Hepatic PAI-1 mRNA expression after APAP overdose i n HIF-1α
+fl/+fl

 and 

HIF-1α
∆/∆

 mice.  HIF-1α
+fl/+fl

 and HIF-1α
∆/∆

 mice were treated with SAL or APAP then 

killed after 2 hrs, 6 hrs, or 24 hrs.  Real-time PCR was used to analyze liver tissue for 

the expression of PAI-1 mRNA.  For each sample, the copy number of PAI-1 was 

normalized to that of HPRT.  Data represent mean of the PAI-1:HPRT ratio ± SEM of 

n=3-6. a Significantly different from SAL-treated mice of same genotype; b Significantly 

different from corresponding HIF-1α
+fl/+fl mice. 
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Table 6 

 

 

 

 

 Real-time PCR (PAI-1:HPRT ratio) x 100 

 SAL APAP 

Mouse 2 hrs 6 hrs 24 hrs 2 hrs 6 hrs 24 hrs 

HIF1α
+fl/+fl

 1.0±0.5 1.0±0.5 0.03±0.1 16±7
a
 14±7

a
 12±4

a
 

HIF1α
∆/∆

 0.1±0.03
b
 0.2±0.03

b
 0.6±0.2 26±20

a
 2.9±1

b
 11±5

a
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Figure 27:  Effect of HIF-1 α deletion on PAI-1 production.  400 mg/kg APAP or SAL 

was administered to HIF-1α
+fl/+fl and HIF-1α

∆/∆
 mice, and plasma samples were taken 

after 2 hrs, 6 hrs or 24 hrs. Active PAI-1 protein was measured in plasma, and data 

represent means ± SEM of n = 3-8 animals per group. a Significantly different from SAL-

treated mice; b Significantly different from APAP-treated HIF-1α
+fl/+fl mice. 
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Figure 27 
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Table 7:  Cytokine concentrations in plasma of APAP-treated H IF-1α
+fl/+fl

 and HIF-

1α
∆/∆

 mice.   HIF-1α
+fl/+fl and HIF-1α

∆/∆
 mice were treated with SAL or APAP and 

plasma was collected 6 hrs after administration and analyzed for cytokine 

concentrations using bead array. a significantly different from SAL-treated HIF-1α
+fl/+fl

 

mice; b significantly different from APAP-treated HIF-1α
+fl/+fl mice 
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Table 7 

 

 

 Plasma cytokine (pg/mL)  

SAL APAP 

Cytokine  HIF-1α
+fl/+fl

 HIF-1α
∆/∆

 HIF-1α
+fl/+fl

 HIF-1α
∆/∆

 

IFNγ      15.9  ±  1.0         17.3  ±  1.4     17.4  ±  1.5    17.6  ±  0.5 

IL-1β        6.1  ±  0.5         6.2  ±  0.3       6.9  ±  0.6      6.5  ±  0.5 

IL-2         4.0  ±  0.4         3.8  ±  0.2       5.8  ±  0.9      4.4  ±  0.3 

IL-4        4.8  ±  0.3         5.0  ±  0.5       4.5  ±  0.4      4.2  ±  0.3 

IL-6      23.5  ±  3.0       27.8  ±  3.7      231  ±  45.1
a
    38.2  ±  5.6

b
 

IL-10      10.9  ±  0.4       11.6  ±  0.4     14.0  ±  1.4    11.5  ±  0.2 

IL-12 (p70)      14.8  ±  0.6       15.4  ±  0.2      14.6  ±  0.5    14.4  ±  0.3 

IL-8/KC      49.8  ±  7.4       40.3  ±  8.0      573  ±  372
a
     110  ±  25.5

b
 

MIP-1α      11.5  ±  0.5       12.1  ±  0.3     12.4  ±  0.7    12.0  ±  0.3 

RANTES      28.5  ±  4.0       27.3  ±  1.5     52.9  ±  10.9
a
    33.2  ±  3.2

b
 

TNFα      17.9  ±  0.4       18.4  ±  0.5     20.0  ±  1.0    18.3  ±  0.4 

VEGF        19   ±  0.4       20.5  ±  0.6     19.1  ±  0.6    19.5  ±  0.6 
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Figure 28:  Hepatic and plasma concentration of cyt okines.  Plasma concentration 

of IL-6 and IL-8/KC were measured at 6 and 24 hrs, and liver lysates were prepared and 

the concentrations of KC and RANTES determined 6 and 24 hrs after SAL or APAP.  

Data represent means ± SEM of n = 3-8 animals per group.   (A) Plasma IL-6 

concentration at 6 and 24 hrs. (B) Plasma IL-8/KC concentration at 6 and 24 hrs. (C) 

Hepatic RANTES concentration. (D) Hepatic KC concentration.  a Significantly different 

from SAL-treated mice; b Significantly different from APAP-treated HIF-1α
+fl/+fl

 mice; c 

Significantly different from same treatment at 6 hrs. 
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Figure 28 
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Figure 29: Hepatic PMN accumulation after APAP trea tment in HIF-1 α
+fl/+fl

 and 

HIF-1α
∆/∆ mice.   (A) PMNs were quantified in 20 randomly selected high-power fields 

(HPF; 400x).  Data represent means ± SEM of n = 3-8 animals per group.  a 

Significantly different from SAL; b Significantly different from APAP-treated HIF-1α
+fl/+fl 

mice; c Significantly different from same group at 6 hrs.  (B) Representative sections 

from HIF-1α
+fl/+fl

 and HIF-1α
∆/∆

 mice.  PMNs appear red.  
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Figure 29
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4.6 Discussion 

HIF-1α deletion protected mice from early APAP-induced liver injury, but it did not 

prevent the development of severe liver injury 24 hrs after overdose (Figure 23).  The 

protection from toxicity at 2 and 6 hrs was not due to decreased bioactivation, since the 

depletion of GSH was similar in HIF-1α
+fl/+fl

 and HIF-1α
∆/∆ mice.   These data suggest 

that HIF-1α has dual roles in the pathogenesis of APAP-induced liver injury.  HIF-1α 

appears to have a damaging role in early progression of injury, possibly through its 

contribution to insertion of Bax into the mitochondria (Figure 24), hemostasis (Figure 26 

and Figure 27), and/or the inflammatory response (Table 7, Figure 28, Figure 29).  The 

loss of protection at 24 hrs suggests that HIF-1α has a protective role at later times, or 

that its absence delays the onset of liver injury. The former suggestion is consistent with 

a recently published report indicating that HPC exposed to moderate HX were protected 

from APAP-induced cell death (188).  The protective effect of HX was attributed to 

hypoxic preconditioning, because HIF-1α can induce the transcription of protective 

factors, such as heme oxygenase-1 or EPO (11).  Furthermore, Kato et al (90) found 

that the HIF-1α-regulated gene VEGF is important in liver repair from APAP overdose. 

APAP overdose increased hepatic HIF-1α protein at 2 hrs in HIF-1α
+fl/+fl

 mice 

(Figure 21C), an effect that was attenuated in HIF-1α
∆/∆

 mice.  This is consistent with 

recently published reports that APAP overdose caused nuclear accumulation of HIF-1α 

in liver extracts and isolated mouse HPC 1 hr after treatment, an effect which was 

maintained through 12 hrs (17, 77).  HIF-1α accumulation occurred prior to the 

development of HX in the liver (17), suggesting that the initial mechanism by which HIF-
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1α is stabilized is independent of HX.  However, the coagulation system is activated and 

fibrin deposits in the liver beginning 2 hrs after administration of APAP (50) and tissue 

HX becomes apparent between 2 and 4 hrs (17); accordingly coagulation-dependent 

HX could contribute to prolonged stabilization of HIF-1α during the progression of liver 

injury.  

APAP overdose caused HIF-1α-dependent translocation of Bax to the 

mitochondrial membrane (Figure 24).  APAP overdose causes JNK-dependent Bax 

insertion into the mitochondrial membrane beginning 1 hr after treatment (148), and 

Bax
-/-

 mice were protected from APAP hepatotoxicity at 6 hrs, but not 12 hrs (7).  Bajt et 

al., (7) hypothesized that Bax contributes to early MPT formation and release of 

mitochondrial intermembrane proteins that initiate DNA fragmentation and 

hepatocellular necrosis, but that continuous oxidative stress supplants this mechanism 

to cause cell damage at later times. Our observation that HIF-1α∆/∆ mice had reduced 

Bax translocation (Figure 24) at 6 hrs after APAP is consistent with this hypothesis.  

Additionally, APAP-induced DNA fragmentation was attenuated in HIF-1α
∆/∆

 mice 

compared to HIF-1α
+fl/+fl

 animals (Figure 25).  These data suggest that HIF-1α is 

necessary for early Bax translocation and DNA fragmentation, however other APAP-

induced signaling overcomes this protection by 24 hrs.   

In addition to its role in cell death signaling, HIF-1α might contribute to APAP-

induced liver injury by modulating the hemostatic system.  APAP overdose activates the 

coagulation system and results in sinusoidal fibrin deposition in mice (50), and it is 

associated with alterations in plasma hemostatic factors  in humans (79).  Furthermore, 
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reduction in coagulation attenuated liver injury 6 hrs, but not 24 hrs after APAP 

overdose in mice (50), similar to our current finding in HIF-1α
∆/∆

 mice (Figure 23).  In 

the absence of HIF-1α expression, there was significant attenuation of thrombin 

generation (Figure 26A) and fibrin deposition (Figure 26B) at 6 hrs.  By 24 hrs, thrombin 

generation in HIF-1α
∆/∆

 mice had exceeded that seen HIF-1α
+fl/+fl

 mice at the same 

time, and there was significant sinusoidal fibrin (Figure 26B).  This raises the possibility 

that the protection afforded by HIF-1α deletion is mediated by its ability to delay 

thrombin generation and fibrin deposition, thereby delaying the development of liver 

injury.  However, it is also possible that in the absence of liver injury in HIF-1α
∆/∆

 mice 

at 2 and 6 hrs, there is not a stimulus for activation of thrombin.  

HIF-1α also plays a role in fibrinolysis through regulation of PAI-1 expression 

(28).  In the present study, hepatic PAI-1 mRNA and plasma protein were elevated at all 

times measured in APAP-treated HIF-1α
+fl/+fl

 mice (Table 6), consistent with previous 

findings (8, 50).  In contrast, in HIF-1α
∆/∆

 mice PAI-1 mRNA was elevated at 2 hrs, 

returned to baseline by 6 hrs, then increased to  the same level as HIF-1α
+fl/+fl

 mice by 

24 hrs (Table 6).  The appearance of active PAI-1 in the plasma followed a similar 

pattern (Figure 27).  This results raises the possibility that during APAP overdose, PAI-1 

expression is a consequence of hepatocellular death and hemostasis, rather than due 

to a direct regulatory role by HIF-1α; indeed other transcription factors such as egr-1 

and HIF-2α contribute to PAI-1 expression (28).  PAI-1
-/-

 mice had enhanced liver 

necrosis and increased mortality after administration of 200 mg/kg APAP compared to 
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control animals, suggesting a protective role for PAI-1; the enhanced liver injury in PAI-

1
-/-

 mice was associated with decreased expression of proliferating cell nuclear antigen 

(PCNA) and was therefore attributed to delayed tissue repair (8).  

Appropriate tissue repair is necessary for recovery from liver injury (119), and the 

HIF-1α-regulated gene VEGF has recently been identified as an important mediator of 

tissue repair after APAP hepatotoxicity (40, 90).  We found no increase in plasma VEGF 

at 6 hrs (Table 7), which is in contrast with previously published reports in which hepatic 

VEGF protein was increased starting 8 hrs after APAP overdose (40, 90).  VEGF is 

produced by HPCs and acts locally on sinusoidal endothelial cells, therefore it might not 

have reached detectable concentrations in plasma.  VEGF plays an important role in 

hepatocyte regeneration and restoration of liver microvasculature, through activation of 

repair pathways (40) and angiogenesis (90). Since VEGF is regulated by HIF-1α, it is 

possible that the progression of liver injury between 6 and 24 hrs in HIF-1α
∆/∆ mice 

occurs because of loss of regeneration and other repair mechanism that are initiated by 

VEGF. 

APAP overdose is associated with increases in inflammatory cytokines, and the 

role of HIF-1α in the production of cytokines is well documented in other conditions.  

Mice with HIF-1α-deficient monocytes produced less TNFα, IL-6, IL-12, IL-1α and IL-1β 

in response to LPS compared to wild type animals (131).  In human patients, large 

plasma concentrations of IL-6, IL-8 and MCP-1 correlated with the severity of liver injury 

due to APAP overdose (78).  Furthermore, APAP overdose increased plasma 

concentrations of IL-1β, IL-6, KC, MCP-1, MIP-2 and TNFα in mice (66, 67).  In our 



175 
 

study, APAP overdose caused an increase in plasma concentrations of IL-6, KC, and 

RANTES at 6 hrs in HIF-1α
+fl/+fl

 mice, which was attenuated by deletion of HIF-1α 

(Table 7).  Additionally, APAP overdose increased hepatic concentration of IL-8/KC 6 

hrs and 24 hrs after treatment in HIF-1α
+fl/+fl

 mice, and 24 hrs after treatment in HIF-

1α
∆/∆

 mice (Figure 28). IL-8/KC is a chemokine important for the recruitment of PMNs 

to the liver.  HIF-1α
∆/∆

 mice had smaller plasma concentrations of IL-8/KC and 

RANTES at 6 hrs (Table 4.4), which was associated with fewer hepatic PMNs 6 and  24 

hrs after APAP compared to HIF-1α
+fl/+fl

 mice (Figure 29).  

The role of PMNs in APAP-induced liver injury remains controversial (69).  There 

is evidence that PMNs promote liver injury (69, 110) in APAP overdose, however more 

recent evidence suggests that they accompany the sterile inflammatory response but do 

not contribute to injury (69, 185).  PMNs are necessary for the phagocytosis of necrotic 

HPCs in APAP hepatotoxicity (101).  HIF-1α-deficient monocytes have reduced 

phagocytic capacity and reduced release of antimicrobial proteins and granule 

proteases such as elastase and cathepsin G (32, 191), raising the possibility that HIF-

1α
∆/∆

 mice might have reduced ability to phagocytose necrotic HPC and thus reduced 

tissue repair capacity. This might explain why hepatocellular injury appears to return by 

24 hrs. 

In summary, deletion of HIF-1α protects mice from early progression of APAP-

induced liver injury, but does not afford lasting protection.  At early times, HIF-1α 

regulates Bax translocation to the mitochondria and consequent DNA fragmentation that 
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results in hepatocellular necrosis.  It also contributes to regulation of the coagulation 

and fibrinolytic systems, as well as to the production of inflammatory mediators that can 

influence the pathogenesis of APAP-induced liver injury.   At later times, HIF-1α deletion 

does not protect from severe liver injury, possibly through regulation of factors that 

support tissue repair and regeneration, such as PMN infiltration, VEGF and PAI-1.  Our 

results suggest that HIF-1α has dual roles in APAP-induced liver injury, promoting 

damage early and conferring protection later during the pathogenesis.   
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CHAPTER 5 

Summary and Conclusions 
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5.1 Summary of research 

5.1.2 The role of HX and HIF-1 α in an in vitro model of liver injury 

 The hypothesis to be tested in this dissertation was that HX sensitizes HPCs to 

EL-mediated cell death dependent on ROS, MAPK and HIF-1α.  In initial experiments, 

an EL-concentration response curve was generated in primary rat HPCs in either an 

OxR or HX environment (Figure 6A).  Concentrations of EL up to 17 U/mL were not 

cytotoxic to HPCs after 8 hrs of treatment.  Exposure of HPCs to HX (5% O2) for 8 hrs 

was not cytotoxic, however cotreatment of cells with HX and EL (either 8.5 U/mL or 17 

U/mL) resulted in a synergistic cytotoxicity.  This was consistent with previously 

published results [Figure 5B, published in (112)].  This interaction was also observed in 

Hepa1c1c7 cells.  Concentrations of EL of 15 U/mL and greater were cytotoxic to 

Hepa1c1c7 cells after 24 hrs.  Exposure to HX (2% O2) was modestly cytotoxic, 

however cotreatment of HX with EL concentrations of 7.5 U/mL EL and greater resulted 

in synergistic cytotoxicity (Figure 6B).  In all subsequent studies discussed in this 

section, a concentration of 7.5 U/mL EL and 2% O2 were utilized to study the 

mechanism of the interaction. 

 In order to determine the type of cell death caused by the HX/EL interaction, 

apoptosis was assessed in HX/EL cotreated cells.  However, neither caspase 3/7 

signaling (Figure 7B) nor mitochondrial permeability transition (Figure 7C) was involved 

in the interaction, indicating that the mode of cell death is not apoptosis. 
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MAPK signaling is critical to cytotoxicity caused by both HX and EL in various cell 

types. EL reduced ERK signaling in both OxR- and HX-treated cells (Figure 8A); ERK 

inhibition actually potentiated EL-mediated cell death, yet had no effect on the HX/EL 

interaction (Figure 9A).  This indicated that EL might inhibit ERK signaling in Hepa1c1c7 

cells, and that ERK might play a protective role in cells exposed to EL, but that it is not 

involved in the interaction of HX/EL. There were no treatment-related effects on JNK 

phosphorylation, and JNK inhibition did not protect cells from the HX/EL interaction 

(Figure 8B, Figure 9B).  Both HX and EL induced p38 phosphorylation, and there was 

an additive increase in phospho-p38 in HX/EL-cotreated cells (Figure 8C).  Inhibition of 

p38 signaling attenuated cell death caused by HX/EL cotreatment, yet had no effect on 

either treatment alone (Figure 9C).  These data suggested that p38 is important to the 

mechanism of cell death caused by HX/EL interaction in Hepa1c1c7 cells.   

 HIF-1α is a critical transcription factor in the cellular response to HX and can 

direct the transcription of cell death genes such as BNIP3 and Nix.  We tested the 

hypothesis that HIF-1α is involved in the HX/EL interaction. EL had no effect on the 

accumulation or nuclear translocation of HIF-1α 1 hr after treatment.  HX increased 

nuclear HIF-1α accumulation that was further enhanced by cotreatment with EL (Figure 

10).  HIF-1α activity was assessed by measuring BNIP3 and Nix mRNA 8 hrs after 

treatment.  EL did not affect Nix expression.  HX increased Nix mRNA which was further 

enhanced by cotreatment with EL (Figure 11A).  BNIP3 mRNA expression was 

increased by both EL and HX alone, and cotreatment resulted in a synergistic increase 

in BNIP3 mRNA (Figure 11B).  BNIP3 protein was assessed 12 hrs after treatment, and 

it followed a pattern similar to mRNA expression (Figure 12).   
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 In order to determine if HIF signaling was required for the cytotoxicity of HX and 

EL, the HIF-1β/ARNT-deficient HepaC4 cell line was utilized.  Interestingly, EL caused 

modest cytotoxicity in HepaC4 cells, however HX was not cytotoxic, and it did not 

enhance EL-mediated cell death (Figure 13).  Furthermore, neither HX nor HX/EL 

cotreatment increased BNIP3 mRNA (Figure 14A) or protein (Figure 14B) in these cells.  

These data suggested that HIF-1α signaling is involved in the interaction of HX/EL, 

possibly through its role in production of the cell death protein BNIP3 and Nix.   

 One mechanism by which p38 MAPK might contribute to HX/EL cell death is 

through phosphorylation of HIF-1α, which increases its transactivation and gene 

transcription.  Indeed, inhibition of p38 signaling attenuated HX/EL-induced BNIP3 

mRNA and protein expression (Figure 11B and Figure 12B).  Interestingly, p38 inhibition 

only attenuated BNIP3 mRNA and protein in cotreated cells, having had no effect on 

BNIP3 produced by either treatment alone, suggesting that p38 is crucial to the 

signaling required for the interaction. 

 Another pathway that was investigated in the mechanism of HX/EL-mediated cell 

death was oxidative stress.  However, increased ROS were not detected in Hepa1c1c7 

cells treated with EL, HX or HX/EL (Figure 16B), and neither the water-soluble 

antioxidant 4-OH Tempo (Figure 16A) nor the antioxidant and iron chelator DFX 

protected Hepa1c1c7 cells from the HX/EL interaction (Figure 18B).  Interestingly, the 

lipid soluble antioxidant Vitamin E did protect cells from the HX/EL interaction (Figure 

15), which suggested that membrane lipid peroxidation could be involved in the 

mechanism of cell death.  HX/EL increased TBARS, which was attenuated by Vitamin E 

(Table 3).  Interestingly, the increase in TBARS caused by HX/EL cotreatment was also 
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partially attenuated by p38 inhibition (Table 3), which suggests that p38 contributes to 

cell death through modulation of lipid peroxidation.  The increase in TBARS caused by 

HX/EL cotreatment was not attenuated in HepaC4 cells, indicating that the mechanism 

by which HIF-1α contributes to cell death is independent of lipid peroxidation. 

 Another pathway of potential interest in the interaction of HX/EL is the 

transcription factor ATF2 and its gene product cyclin D1, which is involved in cell cycle 

regulation.  HX/EL cotreatment resulted in significant reduction in activated ATF2 

compared to either treatment alone (Figure 20A), and there was significantly less cyclin 

D1 mRNA expression in HX/EL cotreated cells compared to treatment with HX or EL 

alone (Figure 20B).  This suggests that HX/EL cotreatment inhibits cell cycle 

progression.   

I also investigated other pathways and their potential role in the HX/EL 

interaction.   Despite increased XO activity in HX/EL-treated cells compared to either 

treatment alone, XO signaling was not required for the interaction (Figure 16C-D).  

Furthermore, neither calcium nor NF-κB signaling contributed to the interaction (Figure 

17 and Figure 19).  Interestingly, HIF-1α activation with the “HX mimetic” CoCl2 did not 

interact with EL to cause cell death, and protected the cells from the HX/EL interaction 

(Figure 18).  This suggests that HIF-1α activation is not sufficient for the interaction of 

HX and EL, and that HX must activate additional pathways that contribute to cell death. 

 To summarize, HX interacts with EL in Hepa1c1c7 cells to cause cell death that 

is dependent on p38 activation, HIF-1α signaling, and lipid peroxidation.  Furthermore, 
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p38 contributes to both HIF-1α signaling and lipid peroxidation.  Based on the results, a 

proposed pathway of HX/EL-induced cell death is outlined in Figure 30.   
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Figure 30: Proposed pathway to HX/EL-induced hepato cyte injury.  See Section 

5.1 for a detailed explanation of the pathways involved. 
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Figure 30 
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5.1.2 The role of HIF-1 α in an in vivo model of liver injury 

 The data presented in Chapter 2 indicated that EL and HX are critical to 

hepatocyte cell death in an in vitro model of liver injury.  Furthermore, HIF-1α appears to 

be an important mediator of cell death.  As described in Chapter 1, EL and HX are 

implicated in the pathogenesis of hepatocyte death in a variety of liver conditions such 

as sepsis, I-R, and inflammation/drug models of idiosyncratic liver injury.   However, 

neither EL nor HIF-1α have been investigated in a widely-studied model of liver injury, 

APAP overdose.  The role of PMNs in APAP-induced liver injury is controversial 

(described in Section 4.5), yet it is accepted that they are involved in removal of dead 

cells and HPC regeneration after APAP overdose.  To determine if EL contributes to 

HPC necrosis and liver failure after APAP overdose, EL knockout mice (available from 

Jackson Laboratories) were treated with 400 mg/kg APAP, and liver injury was 

assessed at 6 and 24 hrs.  EL knockout did not protect mice from APAP overdose 

(Figure 31).  This indicates that EL does not contribute to HPC necrosis in APAP 

overdose and is consistent with previous reports that PMNS are not involved in the 

progression of liver injury (68, 185). 
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Figure 31: Genetic knockout of neutrophil EL does n ot protect from APAP 

overdose.   Eight week old male C57/BL6/J and Elane (EL -/-) mice were fasted 

overnight and treated with 400 mg/kg APAP ip.  Blood was collected 6 and 24 hrs after 

treatments and plasma was assessed for alanine aminotransferase (ALT) activity.  Data 

represents mean ± SEM of n=5 animals per group.  a: p<0.05 vs same genotype at 6 

hrs.  
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Figure 31 
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There is evidence in the literature that HX, and specifically HIF-1α, might play a 

role in APAP overdose.  Activation of the coagulation system, which can result in liver 

ischemia and consequent tissue hypoxia, is important to the progression of APAP-

induced hepatotoxicity [discussed in Chapter 4 and (50)].  Furthermore APAP overdose 

caused hepatic HIF-1α accumulation (77) and HX (17).  Therefore, I tested the 

hypothesis that HIF-1α contributes to the progression of APAP-induced liver injury.   

 HIF-1α deletion significantly protected mice from APAP overdose 6 hrs after 

treatment, however animals developed severe liver injury by 24 hrs (Figure 23), 

suggesting that HIF-1α might play a damaging role in the progression of liver injury, but 

a protective role at later times.   Interestingly, APAP overdose did not increase hepatic 

BNIP3 expression, and HIF-1α deletion had no effect on BNIP3 (Table 5), suggesting 

that HIF-1α does not contribute to hepatocyte death through transcription of a cell death 

protein in this model.  Bax-mediated MPTP and release of nonspecific endonucleases is 

important to the mechanism of APAP hepatotoxicity (7).  HIF-1α deletion attenuated 

APAP-induced translocation of Bax to the mitochondria (Figure 24) and also attenuated 

DNA fragmentation (Figure 25).  

 The role of HIF-1α in coagulation system activation by APAP overdose was also 

assessed.  HIF-1α deletion attenuated thrombin generation and hepatic fibrin deposition 

caused by APAP overdose (Figure 26), suggesting that HIF-1α is involved in thrombin 

generation directly, or that it is required for hepatocyte (or other cell) injury that 

stimulates the activation of the intrinsic coagulation cascade.  Furthermore, HIF-1α 

deletion attenuated the expression of PAI-1 6 hrs after overdose (Figure 27 and Table 
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6). PAI-1 inhibits fibrinolysis and thus stabilizes fibrin clots, which might partially explain 

why there is less fibrin deposition in HIF-1α deficient mice.   

 As noted above, the role of inflammation and PMNs in APAP overdose is 

controversial. However, HIF-1α is an important mediator of cytokine production (32) and 

PMN function (132) and its role in the sterile inflammatory response caused by APAP 

overdose was investigated.  HIF-1α signaling contributes to the production of 

proinflammatory cytokines TNFα, IL-6, IL-12, and IL-1α and IL-1β in monocytes and 

macrophages (131).   HIF-1α deletion reduced both plasma and hepatic concentrations 

of the chemokine IL-8/KC (Table 7 and Figure 27) and the pro-inflammatory cytokine IL-

6 (Table 7).  Furthermore, hepatic PMN accumulation was attenuated in HIF-1α-

deficient mice compared to wild type controls 6 and 24 hrs after APAP overdose (Figure 

29).  These data suggest that HIF-1α might contribute to the inflammatory response that 

accompanies APAP overdose. 

   Although HIF-1α deficiency was associated with less injury 6 hr after APAP 

exposure, there was significant liver injury in HIF-1α-deficient mice 24 hrs after APAP 

overdose that was not different from animals with normal HIF-1α expression (Figure 23).  

This suggested that HIF-1α might have a dual role in APAP overdose.  Initially, it 

contributes to the progression of injury through modulation of the pathways described 

above.  HIF-1α deletion might merely delay the progression of APAP hepatotoxicity, 

which may explain severe liver injury seen in HIF-1α deficient mice at 24 hrs.  

Alternatively, we hypothesized that at later times, HIF-1α is involved in the initiation of 

repair and regeneration after APAP overdose. Hepatic PMN accumulation during APAP 

overdose contributes phagocytosis of dead hepatocytes and initiation of hepatic repair 
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pathways.  HIF-1α signaling is required for PMN phagocytic function (132), and there 

were fewer PMNs in the livers of APAP-treated HIF-1α-deficient mice at 24 hrs (Figure 

29), suggesting reduced tissue repair capacity in these animals.  Another pathway that 

is important for recovery from APAP overdose is VEGF signaling.  Others have 

demonstrated that APAP overdose increased hepatic VEGF expression and that 

activation of the VEGF receptor activates regeneration pathways (40).  VEGF 

production is mediated in part by HIF-1α, and it is possible that there is reduced VEGF 

signaling in HIF-1α-deficient animals.   

 To summarize, HIF-1α deletion protected mice from APAP-induced 

hepatocellular injury (Figure 23), Bax activation (Figure 24), DNA damage (Figure 25), 

coagulation system activation (Figure 26) and inflammation (Figure 27 and Figure 29) at 

6 hrs, yet no protection was evident by 24 hrs, suggesting that HIF-1α has a dual role.  

The proposed role for HIF-1α in APAP overdose is presented in Figure 32 . 
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Figure 32: The proposed dual role of HIF-1 α in APAP overdose.   See section 5.1.2 

for a detailed description of the signaling pathways depicted.  
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Figure 32 
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5.2 Considerations for in vitro and cell culture ex periments 

 The initial intent of this dissertation was to study the mechanism of the interaction 

of HX and EL in primary rat HPCs, not a transformed hepatocyte cell line.  However, 

primary HPCs proved to be a difficult model in which to work.  For instance, there was a 

lot of day-to-day inconsistency in the viability of isolated HPCs.  This led to variability 

among experiments and loss of productivity.  This caused me to look for a more 

consistent model in which to study the HX/EL interaction, and I began to research 

transformed hepatic cell lines.  

 I initially began working with the human hepatoma HepG2.  These cells had been 

used extensively to study HX signaling, especially regarding the role of HX in 

mitochondrial ROS production and HIF-1α activation (described in detail in Section 

1.2.4).  However, initial experiments indicated that they were not sensitive to the HX/EL-

interaction, so they were not similar to primary rat HPCs.   

 I then moved onto Hepa1c1c7 cells line, which is a murine hepatoma cell line.  

The role of HX and HIF-1α signaling had been characterized in Hepa1c1c7 cells, and 

the advantage to these cells is that the HIF-1β/ARNT-deficient derivative, HepaC4 cell 

line, is commercially available.  Initial experiments indicated that Hepa1c1c7 cells were 

sensitive to EL-mediated cell death at EL concentrations that were relevant to the 

studies in primary HPCs. Furthermore, HX enhanced the cytotoxicity of EL, which 

suggested that these would be a valuable model to utilize. 

 The Hepa1c1c7 cells initially proved to be a very consistent experimental model.  

There was some variability in the strength of the interaction between HX and EL, 
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however, this was later attributed to passage number.  We found that the HX/EL 

interaction was most consistent and robust between passages 12 and 20.  

Unfortunately, there have been prolonged periods of time in which the HX/EL interaction 

model did not reproduce.  During these times, every component of the model system 

was assessed for consistency, including the growth medium and fetal bovine serum 

used for cell maintenance, the enzyme activity of EL, the reagents used in the cell death 

assay, and the calibration of the hypoxia chambers.  We later determined that our cell 

culture room had a modest contamination issue involving mycoplasma and other 

bacteria.  The microbial contamination was not detectable by visual inspection of 

cultures using phase contrast microscopy.    Once the contamination was resolved and 

new cell culture stocks were obtained, the interaction between HX and EL returned and 

results were consistent.   

 This indicates the importance of maintaining sterile conditions in a shared tissue 

culture facility.  Despite using aseptic techniques and maintaining separate bottles of 

growth medium, cell stocks and incubator space, my cultures and frozen stocks became 

contaminated, and this affected the outcome of my experiments for a prolonged period 

of time.  Currently, cell cultures are monitored for signs of contamination after they are 

thawed from frozen stocks and before experiments are initiated.  

 The studies presented in Chapter 2 and Chapter 3 indicate that transformed 

hepatocyte lines can be a useful experimental tool.  However, it is important to monitor 

cell passage number and do experiments within a small window of passages for 

consistent results.  Furthermore, sterile tissue culture technique is crucial to successful 

in vitro studies. 



195 
 

5.3 Major findings and implications 

1. HX interacts with EL to cause cell death in Hepa1c1c7 cells.  This observation has 

been published in primary rat HPCs (112).  However, the development of this model in a 

murine cell line demonstrates that this phenomenon is not species-specific.  It also 

demonstrates that a transformed cell line is a suitable model for in vitro studies involving 

HX.   

2. EL enhances HX-mediated HIF-1α accumulation and transcription of the cell death 

gene BNIP3.  This suggests that BNIP3 might be a critical mediator of HPC death in 

models of liver injury in which HX and PMNs play a role. I-R increased hepatic BNIP3 

protein, and knockdown protected mice from I-R injury (120).  BNIP3 mRNA was also 

upregulated in the livers of LPS/RAN-treated rats (113) and LPS/monocrotaline (24), 

however it is not known if it contributes to liver injury in these models.   

3.  HX enhances EL-induced lipid peroxidation in Hepa1c1c7 cells, and a lipid soluble 

antioxidant attenuates lipid peroxidation and attenuates cell death.  This indicates that 

lipid peroxidation is an important mediator of HPC injury, and its role could be 

investigated in sepsis, I-R and DILI.   

4.  P38 MAPK appears to be a central mediator of the interaction between HX and EL in 

hepatocytes.  p38 signaling contributed to the cytotoxicity of HX/EL cotreatment, by 

enhancing HIF-1α transactivation and lipid peroxidation.  This indicates that p38 

contributes to cell death signaling through modulation of multiple pathways, and is a 

potential therapeutic target for liver injury. 
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5. HIF-1α contributes to the progression of HPC injury during APAP overdose through 

modulation of the hemostatic system, sterile inflammatory response, and mitochondrial 

cell death signaling.  APAP overdose did not upregulate hepatic BNIP3 expression.  

This is interesting in light of evidence that EL is not involved in liver injury after APAP 

overdose and suggests that BNIP3 might play a more critical role in liver injury in 

models in which both HX and PMNs are involved, and be less important in situations 

where HX and HIF-1α are involved without PMNs. 

6. The data presented in Chapter 3 and 4 offers insight into the mechanism of HPC 

death caused by exposure to EL and HX.  These findings are of particular interest to the 

treatment and prevention of liver injury in pathological conditions where PMNs and 

tissue HX are implicated, such as sepsis, I-R, cholestasis and drug-induced liver injury 

(see Section 1.5 for a more detailed discussion and listing of these conditions).  
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5.4 Knowledge gaps and future studies 

 The research described in Chapters 3 and 4 provide mechanistic insight into the 

mode of cell death caused by coexposure of hepatocytes to HX and EL.  These findings 

provide information on modes of hepatocyte death in I-R, sepsis, drug-induced liver 

injury and other models of liver disease, and may offer therapeutic targets for the 

prevention of liver failure.  The mechanism of this interaction was worked out entirely in 

the Hepa1c1c7 cell line, and it would be interesting to determine if these pathways play 

the same roles in primary human, rat and mouse HPCs.   

 The findings presented indicate that HIF-1α signaling contributes to cell death 

after HX/EL cotreatment, and that it is required for BNIP3 production.  However, it is 

unknown if BNIP3 signaling leads to cell death.  Future studies could examine the role 

of BNIP3 in this interaction in vitro, and its role could also be investigated in 

inflammation/drug interaction models of idiosyncratic liver injury.   

 Another finding which requires further research is examination of lipid 

peroxidation.  Oxidative stress was not observed in HX/EL-cotreated cells, thus the 

source of radicals for lipid peroxidation is not known.  It is possible that a non-oxygen-

centered radical is being produced and oxidizing lipids.  Furthermore, it is unknown if 

lipid peroxidation is involved in liver injury after inflammation/drug coexposure. 

 The role of ATF2 and cyclin D1 in cell death caused by HX/EL cotreatment also 

requires further investigation. The mechanism by which HX/EL cotreatment selectively 

reduces phospho-ATF2 is not known.  Furthermore, a direct link between AFT2 and 

cyclin D1 has not been established in these cells.  There is also evidence in the 
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literature that HIF-1α is a negative regulator of cyclin D1.  Thus, it is important to 

determine the stimulus for downregulation of cyclin D1.  Finally, the loss of cyclin D1 

and dysregulation of the cell cycle has not been linked to cell death in this in vitro 

model.  These pathways could also be investigated in in vivo models, and could indicate 

whether cell cycle dysregulation can contribute to liver injury. 

 The findings presented in Chapter 4 indicate that HIF-1α can play multiple roles 

in liver injury and can contribute to early cell death signaling and progression events in 

APAP overdose.  Furthermore, we hypothesized that HIF-1α might be required for 

successful regeneration and repair after insult, through modulation of PMN function and 

VEGF-mediated hepatocyte growth. However, this role for HIF-1α has not been 

investigated specifically.  First, markers of hepatic regeneration, such as PCNA could 

be measured in HIF-1α-deficient animals 24-48 hrs after APAP overdose.  Second, 

hepatic VEGF mRNA and protein should be measured in HIF-1α deficient animals 24 

hrs after APAP.  If VEGF is lower in HIF-1α deficient animals compared to wild type 

controls, then animals could be treated with VEGF to determine if it rescues hepatic 

repair mechanisms. 

It would also be interesting to determine the role of HIF-1α in the various cell 

types involved in APAP overdose.  In unpublished observations, a colleague has found 

that HPC-specific HIF-1α deletion does not protect animals from APAP-induced liver 

injury (B. Copple, personal communication).  The data presented in Chapter 4 indicate 

that HIF-1α is important in cytokine production, PMN infiltration, and coagulation system 

activation.  This suggests that HIF-1α signaling plays an important role in 

nonparenchymal cell types and requires further investigation. Thus it would be 
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interesting to dissect its role by selective deletion of HIF-1α in various liver cell types, 

such as KCs, PMNs and SECs.   
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