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    Chapter 4   
 Oxidative Stress and Hepatocellular Injury 

             Marjolein     H.     Tiebosch*    ,     Golnar     Karimian*    , and     Han     Moshage    

4.1            Oxidative Stress and Hepatocellular Injury 

    Oxidative stress and infl ammation are hallmarks of virtually all (chronic) liver 
 diseases. Not surprisingly, understanding the role of oxidative stress and its deleteri-
ous consequences has been and still is an important research topic in hepatology. 
A thorough understanding of oxidative stress and its impact on liver homeostasis is 
essential to identify novel targets for the treatment of liver diseases. In this chapter, 
we will review the current knowledge on the role of oxidative stress in hepatocel-
lular injury. Hepatocytes have received a large share of the attention in research on 
oxidative stress. That will also be the case in this chapter. Nevertheless, we will also 
address the role of other liver cell types, such as endothelial cells, hepatic stellate 
cells, and Kupffer cells in oxidative stress-mediated liver injury.  

4.2     Oxidative Stress and Antioxidant Defenses 

 Oxidative stress is defi ned as the inappropriate exposure to reactive oxygen species 
(ROS). It results from the imbalance between pro-oxidants and antioxidants 
and leads to cell damage. ROS represent a variety of species, including supero-
xide anions (O 2  •− ), hydrogen peroxide (H 2 O 2 ), and hydroxyl radicals (HO • ) [ 1 ]. 
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The stability and (biological) half-life of these species are variable: the hydroxyl 
radical is highly reactive, whereas superoxide anions and hydrogen peroxide are 
more stable. Hydroxyl radicals can be generated through the Haber–Weiss reaction, 
in which superoxide anions react with hydrogen peroxide, or through the Fenton 
reaction, in which hydrogen peroxide reacts with iron. 

 Excessive oxidation of cellular substrates by ROS can lead to cellular injury. 
Therefore, cells are equipped with various antioxidant defenses, which can signifi -
cantly delay or prevent the oxidation of substrates [ 1 ]. 

 One of these antioxidant defenses are the superoxide dismutases (SODs), a family 
of enzymes specialized in eliminating superoxide anions. Three distinct SODs have 
been identifi ed in mammals: Copper-zinc SOD in the cytosol and nucleus (SOD1 or 
CuZnSOD), manganese SOD in the mitochondria (SOD2 or MnSOD), and extracel-
lular SOD (SOD3 or EC-SOD) [ 2 ]. Although they are structurally unrelated and 
encoded by different genes, they all have the same function, namely converting the 
superoxide radical to hydrogen peroxide [ 3 ]. In general, the generated hydrogen per-
oxide is less reactive and/or further converted into water and oxygen. 

 Several enzymes are able to convert hydrogen peroxide into water and oxygen. 
Catalase, localized in the peroxisomes, can enzymatically decompose hydrogen 
peroxide. Glutathione peroxidases (GPx) are a family of enzymes, which catalyze 
the reaction of glutathione (GSH) and H 2 O 2  into water and oxidized glutathione 
(GSSG). Glutathione is highly present in virtually all cells. It is localized in the 
cytosol as well as in intracellular organelles such as the endoplasmic reticulum, the 
nucleus, and the mitochondria. Glutathione is exclusively synthesized in the cytosol 
in a two-step process by the rate-limiting enzyme γ-glutamylcysteine synthetase 
(γ-GCS or GCL: glutamate-cysteine ligase) followed by γ-glutamyl transpeptidase 
(γ-GT) [ 4 ]. Oxidized glutathione can be reduced again to GSH by the enzyme GSH 
reductase (GR), a reaction requiring NADPH. This possibility to recycle GSH 
makes it a crucial antioxidant defense mechanism for cells. 

 Several redox-sensitive transcription factors are involved in antioxidant responses 
such as activator protein-1 (AP-1), nuclear factor-κB (NF-κB), and Nrf2. 

 AP-1 is a heterodimeric transcription factor that binds to the TPA response 
 element (TRE), which is present in the promoter region of many genes, including 
antioxidant genes, like heme oxygenase-1, genes involved in cell proliferation, but 
also genes involved in fi brogenesis, e.g., TGF-β and collagen type 1. Many mito-
gens and pro-infl ammatory signals lead to increased AP-1 nuclear binding and 
 corresponding gene transactivation. It is known that lipid peroxidation products 
(such as 4HNE) and ROS can induce AP-1 and subsequent transcriptional regula-
tion of target genes, including the ones mentioned above. 

 NF-κB is also a redox-sensitive transcription factor, consisting of homo- or 
 heterodimers of structurally related subunits. NF-κB activity is mostly regulated at 
the translational level. Under normal conditions, it is present in the cytosol of cells 
in an inactive form, due to its binding to the inhibitory subunits IκB. The activation 
of NF-κB consists of the phosphorylation of the inhibitory subunits, followed by its 
subsequent degradation [ 5 ]. Upon dissociation of IκB from NF-κB, NF-κB can 
translocate to the nucleus where it can bind to promoter regions of genes which have 

M.H. Tiebosch et al.



101

the κB element. These are genes involved in, e.g., infl ammation, cell survival 
(including antioxidant enzymes), and adhesion. Most, if not all, inducers of NF-κB 
rely on the production of ROS and their reactions with cellular macromolecules. 

 Nuclear erythroid-related factor 2 (Nrf-2) is a redox-sensitive transcription fac-
tor. In response to an oxidative event, Nrf2 dissociates from KEAP (kelch-like 
ECH-associated protein 1) and translocates to the nucleus. Here it can bind to its 
response element ARE (antioxidant response element) to transactivate antioxidant 
genes. Several antioxidant enzymes like glutamate–cysteine ligase (GCL) and heme 
oxygenase-1 (HO-1) are under the control of AREs via the phosphorylation of the 
transcription factor Nrf2 [ 6 ,  7 ].  

4.3     Oxidative Stress in Liver Diseases 

 Oxidative stress plays an important role in many types of liver diseases including 
non-alcoholic fatty liver disease (NAFLD), cholestatic liver diseases, alcohol- 
induced liver injury, and viral hepatitis. 

4.3.1     Non-alcoholic Fatty Liver Disease 

 Liver injury in NAFLD is characterized by fat accumulation (steatosis), the infi ltra-
tion of infl ammatory cells, and a varying extent of ballooning degeneration of the 
hepatocytes [ 8 ]. NAFLD is the general name for fatty liver disease with steatosis but 
without severe and overt infl ammation, whereas non-alcoholic steatohepatitis 
(NASH) is the subsequent stage of this disease, characterized by overt infl ammation 
[ 9 ]. It is widely accepted that NASH has a two-hit pathogenesis (although some 
recent reports also imply a “multiple hit” model) [ 10 ]. Steatosis is the “fi rst hit”: 
during this stage, free fatty acids (FFAs) accumulate in the cells. FFA accumulation 
is caused by an increase in fatty acid uptake either from dietary sources or from 
lipolysis in adipose tissue. The “second hit,” leading to NASH, involves oxidative 
stress, decreased hepatic ATP production, and induction of pro-infl ammatory cyto-
kines. Progression of steatosis to NASH is an undesired process because it leads to 
hepatocellular injury. There are various hypotheses regarding the progression of 
steatosis to NASH. It has been proposed that the lipotoxicity of FFAs increases the 
vulnerability of the liver to a “second hit,” and that this vulnerability is dependent 
on environmental and/or genetic factors [ 10 ]. 

 Another hypothesis is that the impaired β-oxidation leads to hepatic steatosis and 
accumulation of lipid intermediates and subsequent impairment of insulin signaling 
and insulin-resistance, a phenomenon often observed in patients with NASH. 
In addition, the sustained infl ammation and increased levels of TNF may also lead 
to impaired insulin-signaling via aberrant and sustained phosphorylation of insulin 
receptor substrate-1 (IRS-1) [ 11 ]. 
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 As mentioned before, oxidative stress plays a crucial role in the pathogenesis of 
NASH. Sources for ROS in NASH are mitochondria and peroxisomes, as the 
β-oxidation occurs in these organelles. Increased β-oxidation in these organelles 
might be a compensatory mechanism for the excessive FFA accumulation in the 
hepatocytes and leads to excessive ROS production and oxidative stress [ 12 ].  

4.3.2     Cholestasis 

 Cholestasis is the reduction of bile fl ow which results in elevated serum levels 
of potentially toxic bile acids. There are several causes of cholestasis in humans. 
The most common causes are primary biliary cirrhosis and sclerosing cholangitis. 
In addition to these disorders, cholestasis can result from biliary atresia, familial 
cholestatic syndromes resulting from defects in bile acid transporters, exposure to 
certain drugs, pregnancy, graft-versus-host disease, infection, and Alagille syn-
drome [ 13 – 15 ]. 

 Several animal models as well as human studies suggest a role for oxidative stress 
in cholestatic liver diseases. In the bile duct ligation (BDL) model, an animal model 
for cholestatic liver disease, products of lipid peroxidation were present in hepatic 
mitochondrial membranes [ 16 ]. In addition, increased serum and/or tissue levels of 
4-hydroxynonenal (4HNE) and malondialdehyde (MDA), both stable end products of 
lipid peroxidation, were observed after BDL [ 17 ]. However, although this was associ-
ated with the infl ux of infl ammatory cells, it was not associated with liver damage. 
Accordingly, several studies proposed that oxidative stress is a consequence of chole-
static liver disease rather than a cause for injury in these diseases [ 18 ].  

4.3.3     Xenobiotic-Induced Liver Diseases (Alcohol, 
Paracetamol) 

 Xenobiotics are generally metabolized by hepatocytes, in particular by members of 
the enzyme family cytochrome P450 (CYP family). Several cytochrome P450 
enzymes are important in metabolizing common xenobiotics. A well-known harm-
ful xenobiotic is ethanol. Alcohol-induced liver disease is one of the most common 
causes of liver disease. Ethanol is metabolized by CYP2E1, producing ROS through 
reduction of oxygen to superoxide anions, which are dismutated to hydroxyl radi-
cals, a highly oxidative substance. Consequently, lipid peroxidation occurs that 
leads to the depletion of cellular antioxidants (especially glutathione). This distur-
bance of the redox equilibrium leads to oxidative stress. 

 Another xenobiotic is paracetamol (or acetaminophen, APAP), widely used as 
an analgesic and antipyretic drug. Upon an APAP overdose, the metabolizing 
capacity of glucuronidating enzymes is exceeded and the drug is metabolized by 
CYP2E1 or CYP3A4 into  N -acetylbenzoquinoneimine (NAPQI), an extremely 
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toxic and oxidizing component. Normally, NAPQI is neutralized by glutathione; 
however, at high concentrations, the glutathione store is depleted and the excess 
NAPQI binds to cellular proteins eventually resulting in mitochondrial dysfunction 
and cell death [ 19 ,  20 ]. Interestingly, acetaminophen toxicity can be attenuated by 
the addition of glutathione precursors like  N -acetylcysteine.   

4.4     Signaling Pathways in Hepatocellular Injury: 
Involvement of Different Organelles 

4.4.1     Plasma Membrane 

 In general, the plasma membranes of mammalian cells are exposed to an oxidizing 
environment, while the cytosol is a reducing environment. If the defense systems 
are inadequate, oxidative damage will occur to proteins, lipids, and carbohydrates. 
This damage can be directly, by inhibition of transmembrane transporters and other 
membrane proteins, or indirectly mediated by lipid peroxidation products. 

 Lipid peroxidation is the main damaging effect of oxidative stress. Lipids in the 
cell or organelle membranes are mainly polyunsaturated fatty acids and cholesterol. 
Upon lipid peroxidation, these lipids are oxidized, which results in the formation of 
aldehydic by-products such as 4-hydroxy-2-nonenal (4HNE) and malondialdehyde 
(MDA). This leads to increased cell membrane permeability, decreased cell mem-
brane fl uidity, inactivation of membrane proteins, and loss of polarity of mitochon-
drial membranes. Moreover, 4HNE and MDA have long half-lives, which make 
them detrimental as they can diffuse over long distances, thereby amplifying the 
effect of oxidative stress. 

 As a consequence, oxidative stress can adversely affect the function of cellular 
organelles such as mitochondria, endoplasmic reticulum, and lysosomes.  

4.4.2     Mitochondria 

 Mitochondrial function is based on membrane potential, which depends on mem-
brane integrity. Mitochondrial DNA (mtDNA) is extremely sensitive to oxidative 
damage due to its location (close to the ROS producing mitochondrial inner mem-
brane), the absence of protective histones, and incomplete DNA repair mechanisms 
in mitochondria. Accumulation of mtDNA damage results in mitochondrial dys-
function, leading to increased ROS production. 

 Oxidative stress leads to activation of JNK (c-Jun N-terminal kinase, a member 
of the MAP-kinase family) and translocation of phosphorylated (P)-JNK to the 
mitochondria, which leads to increased mitochondrial ROS production. This  process 
is a critical step in hepatocellular injury, because it can trigger the mitochondrial 
membrane permeability transition (MPT) and the collapse of membrane potential, 
mitochondrial swelling, and rupture of the outer mitochondrial membrane [ 21 ].  
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4.4.3     Endoplasmic Reticulum 

 The membrane of the endoplasmic reticulum can also be damaged by lipid peroxi-
dation. Disruption of the ER membrane leads to calcium disequilibrium, which is 
considered to be one of the initial and pivotal events of ER stress-mediated cell 
death. ROS and lipid peroxidation directly disable the sarco-endoplasmic reticulum 
Ca 2+ -ATPase (SERCA). The impairment of SERCAs can further lead to Ca 2+  release 
from the ER lumen, the accumulation of unfolded proteins in the ER lumen, and 
ultimately, the disruption of ER homeostasis, i.e., ER stress [ 22 – 24 ]. ER stress 
causes the activation of the Unfolded Protein Response (UPR). The UPR describes 
a series of compensatory responses and signaling between organelles to mediate 
cellular adaptations in order to promote cell survival. However, when ER stress is 
excessive or chronic, or when the UPR is compromised, pro-apoptotic pathways are 
activated. A key event in this pro-apoptotic pathway is the induction of CHOP (C/
EBP homologous protein) expression [ 25 ]. Induced expression of CHOP leads to 
ROS formation by enhancing the translation of mRNA to stimulate the 
UPR. Furthermore, ER stress and accompanying CHOP induction is also associated 
with Ca 2+  leakage and subsequent cell death in hepatitis C virus-infected cells [ 26 ]. 
All of these events may lead to hepatocellular injury and cell death. 

 For the proteins to fold into the correct tertiary and quaternary structures, disul-
phide bonds have to be created. This requires a highly oxidizing environment that is 
maintained by a low GSH/GSSG ratio. Oxidative protein folding is a source of 
ROS, predominantly hydrogen peroxide. Normally, the antioxidant defense can 
cope with this exposure to elevated ROS. However, under conditions of increased 
protein folding, this system can be exhausted. In addition, protein misfolding can 
also give rise to ROS [ 27 ]. 

 Exogenous oxidants can also activate the UPR. For example, 7-ketocholesterol, 
an oxidant product of cholesterol, induces the complete UPR, whereas others only 
mildly or partly stimulate the UPR [ 28 ]. 

 During ER stress, mitochondria display increased ROS production: calcium leak-
ing from the ER is taken up by the mitochondria, which results in the opening of the 
permeability transition pore and subsequent cytochrome c release. This abrogates the 
normal electron transport chain, and as a result, leads to increased ROS generation. 
The increased calcium concentrations in the mitochondria stimulate Krebs cycle 
dehydrogenases, further boosting ROS production. The increased ROS production 
leads to opening of the calcium channels in the ER, resulting in a vicious circle.  

4.4.4     Lysosomes 

 Lysosomes are involved in necrotic, apoptotic, and autophagic cell death. The key 
factor in determining the type of cell death is the magnitude of the lysosomal mem-
brane permeabilization (LMP) and the amount of proteolytic enzymes released 
into the cytosol [ 29 ]. Massive breakdown of lysosomes results in unregulated 
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necrosis, whereas selective permeabilization of lysosomes triggers apoptosis. 
Several mechanisms for the controlled permeabilization of lysosomes have been 
proposed. One hypothesis includes the accumulation of lysosomotropic detergents 
such as sphingosine in the lysosomes, facilitating the release of lysosomal enzymes 
into the cytoplasm [ 30 ]. Another hypothesis involves ROS-mediated lysosomal 
destabilization. In this hypothesis, LMP is suggested to precede mitochondrial dys-
function, thereby creating a feedback loop between mitochondrial-derived ROS and 
LMP to control cell death. In addition, intralysosomal accumulation of free iron indi-
rectly mediates lysosomal membrane damage via generation of ROS [ 31 ,  32 ].   

4.5     Injury to Different Hepatic Cell Type Populations 

 Liver injury is associated with various responses from different cell types in liver. 
In response to toxic stimuli, hepatocytes usually become damaged or die, whereas 
endothelial cells (EC), Kupffer cells (KC), and hepatic stellate cells (HSC) become 
activated. 

4.5.1     Hepatocytes 

 Hepatocyte injury can result in hepatocyte cell death via apoptosis, necrosis, necrop-
tosis, or autophagy [ 33 ,  34 ]. In a damaged liver all these forms of cell death will be 
present; however, one may be predominant over the others. They also share some of 
the same executive pathways and therefore hybrid modes of cell death occur, dis-
playing characteristics of different modes of cell death. For example, cell death may 
start as apoptosis, but can switch to necroptosis. In the following paragraphs the 
different forms of cell death are briefl y described. 

 Apoptosis is an ATP-dependent process, also known as programmed cell death. 
Apoptosis is characterized by DNA condensation, nuclear fragmentation, plasma 
membrane blebbing, cell shrinkage, and the formation of apoptotic bodies. Two 
distinct pathways of apoptosis have been described: the organelle-mediated path-
way (or intrinsic pathway) and the receptor-mediated pathway (or extrinsic path-
way). Both pathways overlap downstream with the activation of effector caspases 
(caspase-3, -6 and -7), which results in cleavage of intracellular substrates such as 
lamin A, poly (ADP-ribose) polymerase (PARP), and Inhibitor of Caspase-Activated 
DNase (ICAD) to induce apoptotic cell death. Apoptotic features include cell 
shrinkage, nuclear fragmentation, apoptotic DNA fragmentation, and ultimately, 
cell death [ 35 ]. 

 Necrosis is a passive process that is characterized by metabolic disruption, 
energy depletion (loss of ATP), mitochondrial swelling, and rupture of the plasma 
membrane. Subsequently, the release of cellular content into the extracellular 
 environment and systemic circulation triggers an infl ammatory response. 
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 Necrosis was long thought to be an uncontrolled form of cell death; however, 
recently it was appreciated that there is an “in between” variant between apoptosis 
and necrosis, called  necroptosis . Morphologically, necroptotic cell death resembles 
necrosis as it is characterized by cell swelling, mitochondrial dysfunction, plasma 
membrane permeabilization, and release of cytoplasmic content into the extracel-
lular space. However, it is regulated via stimulation of death receptors in a similar 
manner as in apoptosis. Necroptosis seems to serve as a back-up mechanism for 
apoptosis in cells, which have become resistant to apoptosis such as virus-infected 
cells. It has been demonstrated that these cells are highly sensitive to necroptosis 
[ 36 ]. This form of cell death is also associated with high mitochondrial ROS pro-
duction and, unlike apoptosis, it does not involve DNA fragmentation [ 37 ]. 

 Autophagy represents a homeostatic cellular mechanism for the turnover of 
organelles and proteins through a lysosome-dependent degradation pathway. During 
starvation, autophagy facilitates cell survival through the recycling of metabolic 
precursors. Additionally, autophagy can modulate other vital processes such as pro-
grammed cell death (e.g., apoptosis), infl ammation, and adaptive immune mecha-
nisms and thereby infl uence the pathogenesis of diseases. Selective pathways can 
target distinct cargoes (e.g., mitochondria or proteins) for autophagic degradation. 
At present, the causal relationship between autophagy and various forms of cell 
death remains unclear, as it has been reported that autophagy can act both as an 
agonist and as an antagonist of cell death. It has also been described that autophagy 
is a cell death effector pathway under conditions of impaired apoptosis [ 38 ]. 

 Autophagy can occur in association with necroptosis triggered by caspase inhibi-
tion. Autophagy and apoptosis have been shown to be coincident or antagonistic, 
depending on the experimental context, and share cross talk between signal trans-
duction pathways. Autophagy may modulate the outcome of other regulated forms 
of cell death such as necroptosis [ 39 ]. 

 Different ROS can cause different modes of cell death. We have previously dem-
onstrated that the superoxide anions induce mainly apoptosis in primary rat hepato-
cytes and to a much lesser extent necrosis [ 40 ]. Superoxide anion-induced apoptosis 
was caspase-dependent (caspase-9, -6, and -3 were involved). In contrast, we have 
shown that hydrogen peroxide is not toxic at low doses, but causes necrosis at higher 
concentrations (or at low concentrations when hydrogen peroxide detoxifi cation 
is inhibited). 

 Exposure to ROS has been shown to activate signal transduction pathways, such 
as phosphorylation of ERK1/2 and JNK MAP kinases. In hepatocytes, activation of 
ERK is anti-apoptotic, whereas activation of JNK is pro-apoptotic. Superoxide 
anions also induce the antioxidant enzyme HO-1. This induction is not suffi cient to 
prevent superoxide-induced hepatocyte cell death. However, when HO-1 is induced 
before exposure to superoxide anions, the primary hepatocytes are protected against 
superoxide anion-induced apoptosis [ 41 ]. Carbon monoxide, one of the products of 
the enzymatic reaction of HO-1, is partially responsible for this protective effect as 
exogenously added CO inhibits superoxide anion-induced caspase activation, PARP 
cleavage, JNK activation, and apoptosis [ 41 ]. CO is suggested to down-regulate the 
ERK1/2 MAPK pathway and prevent transplant-induced hepatic ischemia/reperfusion 
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injury [ 42 ]. In addition, CO is known to activate p38 MAPK. The activation of p38 
MAPK protects liver against ischemia/reperfusion injury and has antioxidant effects 
in systemic liver infl ammation [ 43 ,  44 ]. As stated above, superoxide anions also 
activate pro-apoptotic pathways, e.g., JNK. Apparently, the activation of pro- 
apoptotic pathways overrules the activation of survival pathways. Inhibition of JNK 
blocks superoxide anion-induced apoptosis and caspase-9 activation. This could 
indicate that JNK triggers the mitochondrial apoptotic pathway after exposure to 
superoxide anions. The well-known anti-apoptotic transcription factor NF-kB is not 
involved in the protection against superoxide anions-induced apoptosis.  

4.5.2     Kupffer Cells 

 Kupffer cells, the liver-specifi c macrophages, are generally seen as the main source of 
oxidative stress in the liver next to neutrophils. ROS generation by Kupffer cells occurs 
via an oxidant burst. Prolonged production of oxidants involves activated complement 
factors. Kupffer cells produce hydrogen peroxide, superoxide anions, and hydroxyl 
radicals. NADPH oxidase is the principal enzyme involved in ROS production. 

 Kupffer cells are also involved in NASH. Serum leptin levels correlate with 
NAFLD/NASH severity. Leptin induces NADPH oxidase and inducible nitric oxide 
synthase (iNOS) in Kupffer cells and, as a result, superoxide anions and nitric oxide 
are produced. These compounds can react to form peroxynitrite, which is a strong 
oxidant. Peroxynitrite can also cause posttranslational modifi cations such as nitro-
sylation of proteins. Ultimately, this leads to activation of macrophages and produc-
tion of TNF-α and MCP-1 [ 45 ]. 

 DAMPS (damage- or danger-associated molecular patterns) are also known to 
activate Kupffer cells. For example, ATP is released after necrosis/apoptosis of 
hepatocytes and is then considered a DAMP. ATP can bind to the P2X7 receptor. 
This receptor is upstream of NADPH oxidase and can activate NADPH oxidase and 
subsequent ROS production by increasing the expression of the p47 phox subunit 
and the binding of p47 phox to the membrane subunit gp91 phox [ 46 ].  

4.5.3     Endothelial Cells 

 Kupffer cells and liver sinusoidal endothelial cells (LSECs) together constitute the 
largest scavenger cell system in the body and they are responsible for the elimina-
tion of a wide range of potentially injurious particles, pathogens and molecules 
from the blood. Particulate matter (>200 nm in diameter) is phagocytosed by the 
Kupffer cells, whereas LSECs mediate clearance of soluble macromolecules and 
colloids <200 nm in diameter via receptor-mediated endocytosis [ 47 ]. 

 In any injury, the tightly regulated microcirculation in the liver is disrupted 
as there is a shift towards more vasoconstrictive forces over vasodilating agents. 
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This causes vasoconstriction, mostly because of an induction of the vasoconstrictor 
endothelin-1 (ET-1) which cannot be overcome by the vasodilator nitric oxide (NO), 
generated by endothelial nitric oxide synthase (eNOS) and, in case of infl ammation, 
iNOS. Vasoconstriction leads to hypoxia, which can further aggravate liver damage. 
ET-1 is induced by oxidative stress, whereas receptor-mediated NO release is 
reduced by hydrogen peroxide. ET-1 can normally induce NO production by pro-
moting the translocation of eNOS to the plasma membrane. This will restore the 
balance between vasoconstriction and vasodilation. However, upon acute oxidative 
stress exposure, eNOS cannot translocate to the plasma membrane, although normal 
phosphorylation of eNOS can still occur, leading to a reduction of NO production. 
Subacute oxidative stress also causes reduced NO production [ 48 ]. 

 Oxidative stress can further affect these mechanisms. It has been demonstrated 
that exposure of LSECs to hydrogen peroxide induces the production of eicosanoids 
such as thromboxane A2 (TXA2), prostaglandin I2 (PGI2), and PGE2 via 
 up- regulation of cyclooxygenase-2 (COX2), thromboxane synthase, and the phos-
phorylation of cytosolic phospholipase A2 (cPLA2). This causes vasodilatation. 
However, the combination of high ET-1 and hydrogen peroxide causes a decrease in 
the production of the vasodilating eicosanoids by LSECs. As a result, this combina-
tion leads to vasoconstriction [ 49 ]. 

 The synergistic effect of NO and hydrogen peroxide is due to the inhibition 
of hydrogen peroxide degradation, since NO inhibits catalase (predominantly in 
hepatocytes) and/or glutathione peroxidases (prevailing in endothelial cells) [ 50 ]. 

 In diabetes, there is oxidative injury to the vessel walls. In the liver, there are also 
ultrastructural changes in the hepatic microcirculation. It has been shown in in vivo 
models of diabetes that LSEC porosity is increased by ~50 %, and an increase in 
nitrosative stress has also been shown by demonstrating the presence of nitrosylated 
proteins in the sinusoidal endothelium, which was reduced by antioxidants [ 51 ].  

4.5.4     Hepatic Stellate Cells 

 Hepatic stellate cells become activated in chronically injured liver. Upon activation, 
they proliferate and produce excessive amounts of extracellular matrix which even-
tually results in fi brosis and end stage cirrhosis. The exact cause of HSC activation 
is not known; however, many conditions and mechanisms have been shown to 
 contribute to HSC activation, including oxidative stress. Oxidative stress has both 
paracrine and autocrine effects on HSC. 

 Paracrine effects include products that activate HSCs from oxidative-stress- 
damaged hepatocytes and oxidative stress-activated Kupffer cells. 

 These paracrine effects were investigated in co-culture experiments of hepatic 
stellate cells and hepatocytes or Kupffer cells. For example, co-culture of primary 
hepatic stellate cells with HepG2 cells (a human hepatoma cell line) manipulated to 
express increased levels of CYP2E1 showed higher rates of proliferation as well as 
induced levels of the fi brogenic activation markers α-smooth muscle actin (α-SMA) 
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and collagen. This could be inhibited by the addition of antioxidants and CYP2E1 
inhibitors [ 52 ,  53 ]. 

 It has also been shown that ROS can induce hepatic stellate cell death. We have 
shown in hepatic stellate cells, similar to hepatocytes, that different ROS induce 
different modes of cell death. Superoxide anions induce apoptosis of HSCs in a 
caspase-independent manner [ 54 ]. HSCs were relatively resistant to hydrogen 
peroxide- induced necrosis, probably related to the induction of glutathione levels 
during stellate cell activation [ 55 ]. 

 Lipid peroxidation products, especially 4HNE, can also activate HSC. A positive 
correlation between hepatic 4HNE and hepatic hydroxyproline content has been 
observed. Moreover, HSC are stimulated by 4HNE to produce collagen type 1, via 
signaling pathways involving kinases that modulate redox-sensitive transcription 
factors such as AP-1. 

 Acetaldehyde, the fi rst metabolite of ethanol, also has direct effects on collagen 
production by HSC [ 56 ]: acetaldehyde induces hydrogen peroxide accumulation in 
stellate cells that in turn activate protein kinase C and phosphatidylinositol 3-kinase 
pathways [ 57 ,  58 ]. Recently, it was shown that acetaldehyde mediates β-catenin sta-
bilization (by inhibiting its phosphorylation) and nuclear translocation in activated 
hepatic stellate cells. In addition to hydrogen peroxide, acetaldehyde also induces the 
production of superoxide anions and 4HNE. Exposure to oxidative stress results in 
the depletion of cellular glutathione stores and redox imbalance. In this environment 
redox sensors (NXN, a Wnt pathway regulator) are oxidized, leading to β-catenin 
stabilization [ 59 ]. 

 Direct effects of oxidative stress on HSC activation have also been demonstrated. 
 Hepatic stellate cells can produce ROS themselves since they contain both the 

phagocytic as well as the non-phagocytic NADPH oxidase. NOX1, the non- phagocytic 
form of NADPH oxidase, is induced upon stimulation of HSC with platelet-derived 
growth factor (PDGF). ROS produced by NOX1 inactivates  phosphatase and tensin 
homolog (PTEN) by oxidizing this protein. This, in turn, leads to activation of the 
Akt/FOXO4 pathway and, subsequently, downregulation of p27, a cell cycle 
repressor. Therefore, PDGF leads to HSC proliferation via NOX1- mediated ROS 
production [ 60 ]. 

 NOX2, the phagocytic form of NADPH oxidase, is also present on hepatic stel-
late cells. It has been demonstrated that stellate cells, like macrophages, have the 
ability to phagocytose, in particular apoptotic bodies of hepatocytes. The engulf-
ment of apoptotic bodies (from hepatocytes) by HSC was shown to be directly fi bro-
genic. This is mediated by NOX2, as NOX2-mediated ROS production is directly 
linked to increased collagen promoter activity. 

 Both NOX1 and NOX2 are inhibited in the p47 phox knockout model. P47 phox 
is the subunit known to be involved in the structural organization of the NOX sub-
units into a functional NADPH complex. The production of ROS by HSC induces 
PDGF [ 61 ]. PDGF signals through the PDGF-receptor to Ras and Raf-1 with sub-
sequent activation of the MAPK pathway. In addition, MAPK activation was also 
shown to be induced by lipid peroxidation products (4HNE). These results indicate 
that proliferative pathways for HSC often involve ROS generation.      
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