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Targeting oxidative stress for the treatment of  

liver fibrosis 
 

 

Abstract 
 

Oxidative stress is a reflection of the imbalance between the production of reactive  

oxygen species (ROS) and the scavenging capacity of the anti-oxidant system.  

ROS-derived oxidative stress generated from various endogenous oxidative biochemical 

enzymes interferes with the normal function of liver-specific cells and presumably plays  

a role in the pathogenesis of liver fibrosis. Once exposed to harmful stimuli, Kupffer cells 

are the main effectors responsible for the generation of ROS which consequently affect 

hepatic stellate cells and hepatocytes. ROS-activated hepatic stellate cells undergo  

a phenotypic switch and deposit an excessive amount of extracellular matrix that alters  

the normal liver architecture and negatively affects liver function. Additionally, ROS 

stimulate necrosis and apoptosis of hepatocytes, which ultimately causes liver injury and 

leads to the progression of end-stage liver disease. In this review, we provide an overview 

on the role of ROS in liver fibrosis, and discuss promising therapeutic interventions related 

to oxidative stress. In addition to anti-oxidant therapy, novel drugs that directly target the 

molecular pathways responsible for ROS generation such as mitochondrial dysfunction 

inhibitors, endoplasmic reticulum stress inhibitors, NADPH oxidase (NOX) inhibitors and 

Toll-like receptor (TLR)-affecting agents are emerging as promising new approaches  

to modulate oxidative stress. Nevertheless, for the treatment of liver fibrosis, the 

consequences of modulating oxidative pathways need to be further elucidated. 

 

 

 

 

 

 

Key words: reactive oxygen species; oxidative stress; liver fibrosis; therapeutic target. 

Abbreviations: ADP, adenosine diphosphate; ALD, alcoholic liver disease; BDL, bile duct-ligated; Ca2+, 

calcium; CCl4, carbon tetrachloride; CoA, coenzyme A; CoQ10, coenzyme Q10; CytC, cytochrome C; 

CYP, cytochrome P450; ECM, extracellular matrix; eIF2α, eukaryotic translation initiation factor 2 

alpha; ER, endoplasmic reticulum; Ero1, endoplasmic reticulum oxidoreductin 1 alpha; FADH2, 

flavin adenine dinucleotide; GSH, glutathione; H2O2, hydrogen peroxide; HBV, hepatitis B virus; HCV, 

hepatitis C virus; HMGB, high mobility group box; HNE, 4-hydroxynonenal; HSC, hepatic stellate cells; 

IRAK-1, interleukin-1 receptor associated kinase-1; KC, Kupffer cells; Ldlr, low density lipoprotein 

receptor; LPS, lipopolysaccharide; MDA, malondialdehyde; NADH, nicotinamide adenine dinucleotide; 

NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; NFE2L2, nuclear factor 

(erythroid-derived 2)-like 2; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; 

NLRP3, nucleotide-binding domain, leucine-rich repeat family, pyrin domain containing 3; NOX, 

NADPH oxidase; O2, oxygen; O2-, superoxide anion; PDI, protein disulfide isomerase; ROS, reactive 

oxygen species; PDGF, platelet-derived growth factor; PERK, protein kinase R (PKR)-like endoplasmic 

reticulum kinase; TGF-, transforming growth factor beta; TNF-α, tumor necrosis factor alpha; TLR, 

Toll-like receptors; UPR, unfolded protein response. 
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Reactive oxygen species, oxidative stress and diseases 

Reactive oxygen species (ROS): particularly, superoxide anion (O2−), hydroxyl radical 

(•OH), hydrogen peroxide (H2O2), are important signaling molecules generated by 

specific enzymes or as by-products during different molecular processes [1]. ROS play a 

role in various physiological functions such as signal transduction, cell cycle regulation 

and the defense against microorganisms [1]. However, when the generation of ROS 

surpasses the overall ROS scavenging capacity by anti-oxidant systems, the normal 

redox state is disturbed resulting in oxidative stress [1, 2].  

   ROS are highly reactive, and excessive free radicals can damage all components of the 

cell [3]. Toxic effects include DNA base damage and strand breaks, lipid peroxidation 

and modification of amino acid residues of numerous proteins [4]. If not controlled, 

continuous ROS-induced damage can instigate various pathophysiological conditions 

such as atherosclerosis, diabetes, neurodegenerative diseases and cancers [4].  

In addition, proteins modified by ROS can act as secondary messengers that alter 

normal cell homeostasis leading to pathophysiological conditions as evidenced in the 

pathogenesis of allergic inflammation and asthma [5]. In the liver, ROS are continuously 

generated in various physiological processes, and changes in the redox state are an 

integral part of the development of liver fibrosis [6, 7]. 

   Liver fibrosis is defined as an overproduction and deposition of extracellular matrix 

(ECM) in the liver due to repeated injury such as chronic viral infections, alcohol 

addiction and non-alcoholic steatohepatitis (NASH) [7-9]. To date, eradication of 

suspected causes is the only management to prevent disease progression to liver 

failure, cirrhosis and hepatocellular carcinoma [7-9]. In the case that the injury is not 

properly resolved, liver transplantation remains the sole therapy for the end-stage liver 

disease patients [7-9]. In this review, we provide an overview of the role of ROS in liver 

fibrosis, as well as promising therapeutic interventions related to oxidative stress. 

 

Effects of ROS-derived oxidative stress on liver fibrogenesis  

ROS affect the functionality of several liver-specific cells, and can therefore contribute to 

the development of fibrosis. Figure 1 illustrates the effect of oxidative stress on 

hepatocytes, Kupffer cells (KC) and hepatic stellate cells (HSC) during fibrogenesis.   
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Figure 1: Effects of ROS-derived oxidative stress on liver fibrogenesis (HSC, hepatic 

stellate cells; KC, Kupffer cell; ROS, reactive oxygen species). 

 

Hepatocytes 

Hepatocytes are the central regulators controlling the systemic metabolic demand, 

electrolyte homeostasis and detoxification processes in the liver [10, 11]. In these 

parenchymal cells, organelles and enzymes that produce ROS are abundantly present. 

Once damaged by harmful stimuli, oxidative stress derived from both intracellular ROS 

sources and extracellular phagocytic cells including KC damages the hepatocytes and 

induces necrosis or apoptosis [12, 13]. Following hepatocytes’ death, several mediators 

such as tumor necrosis factor alpha (TNF-α) and transforming growth factor beta (TGF-β) 

are released to amplify inflammatory and fibrogenesis responses in adjacent 

hepatocytes, KC and HSC [6, 10]. The oxidative alterations that induce apoptosis and 

necrosis of hepatocytes have been studied extensively implicating a role of oxidative 

stress in regulating the cell cycle of hepatocytes [11]. Although hepatocytes are not 

considered to be the major effector cells responsible for the progression of fibrosis, 

persistent apoptosis of hepatocytes is sufficient to induce a fibrotic response. This was 

demonstrated in Bcl-xL-deficient mice, an experimental model of spontaneous apoptosis 

of hepatocytes, in which the rate of hepatocytes’ apoptosis correlated with the 

progression of liver fibrosis [14]. In addition, treatment with a pan-caspase inhibitor  

IDN-6556 to inhibit the apoptosis of hepatocytes attenuated liver injury and fibrosis in 

bile-duct ligated (BDL) mice [15].  



 
  

Targeting oxidative stress for the treatment of liver fibrosis                                                   73 

 

Kupffer cells (KC) 

KC, liver-specific resident macrophages, not only play a central role in the response to 

injury but also act as a ROS-generator, mainly by activity of phagocytic NADPH oxidase 

(NOX) 2 in association with Toll-like receptor (TLR) signaling [16]. Upon activation by  

pro-fibrogenic stimuli such as alcohol and endotoxins, KC release/express biologically 

active mediators (chemokines, cytokines, adhesion molecules and ROS) to adjacent 

hepatocytes and HSC to mediate injury and fibrogenesis [17]. Intercellular 

communication via ROS was demonstrated in a co-culture model using primary rat KC 

and HSC where increased proliferation and activation of HSC was observed in HSC/KC 

co-culture, compared to HSC alone, which was mediated by the production of H2O2 by KC 

[18]. Similarly in a rabbit NASH model, it was found that KC play an important role in  

the generation of oxidative stress leading to liver steatosis [19]. Furthermore, 

measurements of oxidative stress in a rat post-ischemic liver model indicated that the 

paracrine connection between activated KC and hepatocytes was the key event in the 

induction of oxidative stress prior to the development of liver injury [13]. Additionally, KC 

were proven to be the central effectors responsible for oxidative stress induced by 

various pro-fibrogenic toxins such as iron, copper and dichlorobenzene [20, 21]. 

 

Hepatic stellate cells (HSC) 

Activated HSC are the main producers of ECM during liver fibrogenesis. Although TGF-β, 

produced by KC and hepatocytes, is regarded as the main activator of HSC [22], ROS 

also significantly contribute to this process. To illustrate, primary rat HSC proliferation 

and collagen production could be stimulated by treatment with the culture medium of 

pro-oxidant ferric nitrilotriacetate complex-treated hepatocytes [23]. In addition,  

long-term administration of arsenic, which is a metalloid known to induce liver cancer, 

induced liver fibrosis in mice, where oxidative stress was recognized as the key event in 

HSC activation [24]. In carbon tetrachloride (CCl4)-treated rats, expression of alpha 

smooth muscle actin, a marker of HSC activation, was effectively decreased after 

treatment with the anti-oxidant vitamin alpha-tocopherol, while it was increased after 

treatment with ferrous sulfate which is a pro-oxidant agent [25]. Moreover, in isolated rat 

HSC, prostaglandin F2-like compounds, mediators in lipid peroxidation, stimulated HSC 

proliferation and ECM production, supporting the role of oxidative stress in HSC 

activation and fibrogenesis [26]. In addition to the effect of ROS on HSC, it was proposed 

that HSC may be responsible for the generation of an excess of ROS as both the 

phagocytic NOX (NOX2) and the non-phagocytic NOX (NOX1 and NOX4) isoforms are 

expressed in HSC [16, 27]. 

 

Since it is clear that ROS-derived oxidative stress plays a negative role in the 

physiological functions of liver-specific cells (hepatocytes, KC and HSC), which ultimately 

leads to fibrogenesis of the liver; therefore, mitigating oxidative stress could be a 

promising therapy for the treatment of liver fibrosis. 
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Oxidative stress as a therapeutic target  

In order to cease oxidative stress, scavenging of ROS has been a mainstay therapeutic 

strategy for a very long time [28]. Nevertheless, multiple potential intracellular sources 

that generate ROS by specific enzymatic reactions have been currently identified. These 

ROS generators are promising targets for the treatment of liver fibrosis. In this section, 

the molecular and subcellular generators of ROS that play a role in liver injury and may 

become a therapeutic target are introduced.  

   Several organelles, i.e. mitochondria, peroxisomes and endoplasmic reticulum (ER), 

produce ROS during normal physiological processes as illustrated in Figure 2. 

Mitochondria, particularly complex I, II and III of the respiratory electron transport chain, 

are an essential intracellular source of ROS [29]. ROS generated by mitochondria 

mediate the release of cytochrome C and pro-apoptotic proteins to initiate cellular 

inflammation and apoptosis [29]. In addition, mitochondrial -oxidation of long-chain 

fatty acids requires oxidative enzymes, such as acyl-CoA oxidase, that possess ROS-

generating capacities, and therefore may play a role in cellular injury under certain 

conditions [30]. Peroxisomes, which play a major role in metabolism of fatty acids, 

contain similar pro-oxidant enzymes as mitochondria; however, the contribution of 

peroxisome-derived ROS in liver injury remains unclear [30, 31]. The ER contains two  

key enzymes responsible for oxidative protein maturation: endoplasmic reticulum 

oxidoreductin 1 alpha (Ero1) and protein disulfide isomerase (PDI), and disruption of 

these enzymes leads to protein misfolding, which contributes to ER stress-associated 

oxidative stress [32, 33]. ROS-derived oxidative stress in the ER is a consequence of the 

excessive utilization of reduced glutathione (GSH), the most abundant anti-oxidative 

molecule in the ER lumen for reducing oxidized misfolded proteins [33]. In addition, 

improper configured proteins also trigger the release of calcium (Ca2+) from the 

sarcoplasmic reticulum of the ER to induce the generation of ROS in the mitochondria, 

thereby causing apoptosis and injury [32, 33]. 

   Next to ROS production in organelles, ROS-generating enzymes can also be found in 

the cytosol and in the plasma membrane. Enzymes such as NOX, cytochrome P450 

(CYP), xanthine oxidase, lipoxygenases, cyclooxygenases, myeloperoxidase and nitric 

oxide synthases can be a cause of oxidative stress, which also contributes to injury  

[1, 2]. For example, it was shown that ROS-derived oxidative stress generated by various 

isoforms of NOX, a membrane-bound enzyme, are deleterious to the liver [16]. 

Additionally, ROS-generating cytosolic and transmembrane enzymes may work in concert 

with other fibrosis-related pathways to induce oxidative stress and enhance fibrogenesis. 

This is well demonstrated in the crosstalk between NOX and TLR, a group of 

transmembrane receptors responsible for the recognition of microbial components in 

the innate immune response [34, 35]. This crosstalk was further clarified in a molecular 

level that the cytoplasmic tail of TLR interacted with the carboxyl terminal region of NOX 

to mediate ROS production [36]. Interestingly, both NOX and TLR are found in the liver, 

and ROS generation as a result of this crosstalk may negatively affect liver cell function 

and contribute to fibrosis [34, 35].  
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Figure 2: Organelles involved in the generation of ROS (I, II, III, IV, V, mitochondrial 

respiratory complexes I-V; ADP, adenosine diphosphate; CoA, coenzyme A; CytC, 

cytochrome C; Ero1, endoplasmic reticulum oxidoreductin 1 alpha; FADH2, flavin 

adenine dinucleotide; H2O2, hydrogen peroxide; NADH, nicotinamide adenine 

dinucleotide; O2, oxygen; O2
-, superoxide anion; PDI; protein disulfide isomerase).  

 

   Presently, the therapeutic potency of drugs inhibiting ROS generated from 

mitochondria, the ER, NOX and TLR have recently been shown. Therefore, the current 

status of these drugs for the management of liver fibrosis is described in the next 

section. 
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Drugs targeting ROS generators as possibility for the treatment of liver 

fibrosis  

Although the pathogenesis of liver fibrosis has been extensively studied, and new 

promising therapeutic targets were discovered, to date, none of the potential drugs that 

target signaling pathways in fibrosis have been clinically approved due to the lack of 

efficacy [9]. Therefore, characterization of novel targets for the treatment of liver fibrosis 

is crucial. As oxidative stress plays a significant role in fibrosis progression, inhibiting 

oxidative stress should be further explored as a therapeutic target. Conventionally, 

unspecific alleviation of ROS accumulation can be achieved by using anti-oxidant 

therapy, such as administration of anti-oxidant vitamins; however, their therapeutic 

efficacy for several pathologies including fibrosis remains debatable [28]. Recently, 

specific oxidative molecular components, subcellular processes and oxidative-related 

pathways, such as mitochondrial dysfunction, ER stress, and NOX/TLR activation, have 

been shown to be an important generator of oxidative stress. Therefore, mitigation of 

these contributors would be beneficial in the treatment of liver fibrosis. As illustrated in 

Figure 3, inhibition of these targets may directly or indirectly alleviate oxidative stress 

and thereby halt fibrosis progression. In this section, the possibility and current status of 

drugs affecting these targets for the treatment of liver fibrosis are discussed.  

 

Figure 3: Promising targets for inhibiting oxidative stress in the treatment of liver fibrosis 

(LPS, lipopolysaccharide; NOX, NADPH oxidase; NLRP3, nucleotide-binding domain, 

leucine-rich repeat family, pyrin domain containing 3; PDGF, platelet-derived growth 

factor; ROS, reactive oxygen species; TGF-β, transforming growth factor beta).  
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Mitochondrial dysfunction inhibitors 

Besides their well-known function in cellular energy supply, mitochondria are also 

involved in signaling, differentiation and homeostasis [29]. These functions of 

mitochondria are dependent on mitochondrial membrane permeabilization, which is 

modulated by the concentration of Ca2+ [29]. The loss of function of mitochondria, 

usually characterized as mitochondrial dysfunction, leads to chronic diseases including 

liver fibrosis [37]. 

   Because of the high number and density of mitochondria in the liver, oxidative stress 

derived from mitochondrial dysfunction can lead to the pathogenesis of various chronic 

liver diseases, particularly metabolic disorders, which ultimately cause non-alcoholic 

fatty liver disease (NAFLD) and NASH [37, 38]. In genetically modified obese-diabetic 

mice and choline-deficient diet fed rats, the generation of mitochondrial ROS was 

significantly increased in the liver [39, 40]. In addition, CYP2E1 was up-regulated in 

mitochondria of various tissues including livers of streptozotocin-induced diabetic rats 

indicating a role of CYP2E1 in the generation of mitochondria-derived ROS in the liver 

also [41]. As CYP2E1 is also one of the enzymes responsible for ethanol metabolism,  

not surprisingly, an association between mitochondrial dysfunction and ROS generation 

was found in alcoholic liver disease (ALD) [42]. In addition, mitochondrial ROS 

production was additionally activated due to the increased availability of cytosolic NADH, 

which is the metabolic product of alcohol metabolism [42]. Furthermore, generation of 

ROS as a result of mitochondrial dysfunction also plays an essential role in fibrogenesis 

after HBV and HCV infection [43, 44]. 

   After establishing a role for mitochondrial dysfunction in the pathogenesis of liver 

diseases, treatment strategies were recently developed to directly supplement the 

endogenous components required for proper mitochondrial functioning to prevent ROS 

formation. Coenzyme Q10 (CoQ10), or ubiquinone, is a major component of the 

mitochondrial electron transport chain and is widely used as an anti-oxidant supplement. 

Oral administration of CoQ10 reduced oxidative stress and liver fibrosis in a rat model of 

poor maternal nutrition [45], and in a mice model of dimethylnitrosamine-induced liver 

fibrosis [46]. Since CoQ10 does not directly target the mitochondria, mitoquinone 

mesylate was developed as a mitochondria-targeted anti-oxidant. Preclinical 

experiments showed that mitoquinone mesylate attenuated oxidative stress and liver 

fibrosis in CCl4-treated mice and rats, and also in human precision-cut liver slices, an  

ex vivo model of liver fibrosis [47, 48]. Additionally, mitoquinone mesylate alleviated 

mitochondrial oxidative damage and improved liver function in a phase II study in HCV 

patients [49].  
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   Mitochondrial function can also be controlled by modulating mitochondrial membrane 

permeabilization and mitochondria-cytosol Ca2+ homeostasis. Minocycline, a member of 

the tetracycline-class of anti-microbial drugs, exhibited beneficial effects in rodent 

hepatic ischemia/reperfusion injury model through reducing oxidative stress [50, 51], 

and the protective effect appeared to be related with the modulation of mitochondrial 

membrane potential due to the Ca2+ chelating property of minocycline [52, 53]. 

However, the observed autoimmune hepatotoxicity of minocycline is a concern [54]. 

Furthermore, the anti-fibrotic efficacy of NIM811, a cyclosporin analogue, which is an 

inhibitor of the mitochondrial permeability transition pore, was evaluated. It was 

demonstrated that NIM811 inhibited TGF-β signaling and the expression of fibrosis 

markers in HSC-T6 cells and in CCl4-induced liver fibrosis in rats [55]. In addition, 

treatment of NIM811 in massive hepatectomy mice prevented mitochondrial 

dysfunction, attenuated liver injury and stimulated liver regeneration [56].  

   Thus, mitochondrial dysfunction plays a significant role in various liver diseases, and 

modulating electron transport chain and/or mitochondrial membrane potential could be 

promising strategy for the treatment of liver fibrosis. Nevertheless, mitoquinone 

mesylate appears to be the only drug which was evaluated in patients with chronic liver 

diseases.       

 

ER stress inhibitors 

The ER acts as a cellular machinery to facilitate and regulate protein folding, but 

accumulation of unfolded/misfolded proteins in the ER causes stress and activates the 

unfolded protein response (UPR) pathway [57]. UPR activation mainly reduces ER stress 

by halting protein translation, degrading deformed proteins and increasing the repair of 

unfolded proteins; however, sustained UPR activation leads to ROS formation and 

apoptosis [57]. Ero1α and PDI are essential enzymes responsible for the generation of 

disulfide bonds of proteins in the ER [32, 33]. Together with Ero1 and PDI, reduced 

level of GSH, disruption of the mitochondrial electron transport chain proteins, which 

subsequently affect cytoplasmic/mitochondrial/ER Ca2+ homeostasis, and also NOX4 

play a crucial role in ER stress-induced production of ROS [32, 33]. Disruption of these 

enzymes and corresponding network will contribute to ER stress-associated ROS, which 

is a mediator of signal transduction in various oxidative stress-related diseases including 

liver fibrosis, particularly ALD and NAFLD [58]. In ALD, it was found that the oxidative 

stress markers: GSH utilization and protein glutathionylation, were significantly 

increased in hyperhomocysteinemia, a common manifestation in patients with alcoholic 

steatohepatitis [59]. In NAFLD, the contribution of free fatty acids, a harmful factor in the 

pathogenesis of NAFLD and NASH, to ER stress was recognized. It was demonstrated in 

primary rat hepatocytes and H4IIEC3 cells, a rat hepatoma cell line, that palmitic acid, 

the most abundant saturated fatty acid in the human body, triggered oxidative stress 

and Ca2+ release from the sarcoplasmic reticulum, thereby depleting Ca2+ storage in the 

ER. This alteration of Ca2+ homeostasis impaired the protein folding function of enzymes 

including Ero1 [60, 61]. Additionally, it was found that ER stress and the UPR were 

activated in obese-patients who were diagnosed with NAFLD [62].  



 
  

Targeting oxidative stress for the treatment of liver fibrosis                                                   79 

 

   ER stress-associated production of ROS can be mitigated by drugs affecting enzymes 

responsible for ROS production in the ER. A specific small molecule inhibitor against 

Ero1α, EN460, was found in a high throughput activity assay to evaluate potential 

inhibitors of mammalian Ero1α. EN460 inhibited Ero1α, promoted the UPR and 

exhibited protective effect during chemically induced ER stress [63]; however, to the 

best of our knowledge, no further studies on EN460 were published in the international 

literature. Interestingly, inhibiting PDI appeared to be deleterious as ER stress was 

increased contributing to apoptosis possibly due to the disruption of the oxidative 

networks in the electron transmission of the ER [64, 65]. Nevertheless, the negative 

impact on ER stress may also derive from unidentified off-target effect of the tested PDI 

inhibitors used, namely oxidized low-density lipoproteins and small molecule CCF642 

[64, 65]. 

   In addition, modulating non-oxidative enzymes via ER stress sensors which mediate 

the UPR can be effective targets to reduce ER stress [66]. GSK2606414 and 

GSK2656157, inhibitors of protein kinase R (PKR)-like endoplasmic reticulum kinase 

(PERK), which is an ER stress sensor, were found to inhibit the UPR-mediated pathway 

and reduce oxidative stress [66]. GSK2606414 showed neuroprotective effects against 

prions in mice; however, weight loss and elevated blood glucose levels indicated  

an adverse effect on pancreatic function [67]. Salubrinol, a direct inhibitor of the PERK-

eIF2α signaling pathway, significantly reduced apoptosis in hepatic cells of brain-death 

rats [68]. Salubrinol was experimentally used to protect against various xenotoxicant-

induced cellular damages [69]; however, this strategy was questioned, as it aggravated 

cisplatin-induced oxidative stress and nephrotoxicity in mice [70]. 4-phenylbutyrate,  

an orphan drug, was approved for the treatment of urea cycle disorders due to its activity 

to modulate protein maturation, and it is also used for the treatment of cystic fibrosis,  

a protein misfolding disease [71]. 4-phenylbutyrate was effective in the prevention of 

steatohepatitis in mice-fed with dietary trans-fatty acid plus fructose through 

amelioration of ER stress [72]. Moreover, 4-phenylbutyrate exhibited protective effect in 

liver ischemia/reperfusion injury models via an ER stress-dependent mechanism  

[73, 74].  

   Nevertheless, at this time, none of the above-mentioned ER stress inhibitors have 

been clinically evaluated for the treatment of liver fibrosis. 

 

NOX-inhibitors 

NADPH oxidases, abbreviated as NOX, are membrane-bound enzymes that generate 

ROS by transferring electrons from NADPH to molecular oxygen. Beyond a role in 

phagocytic cells, physiologic and pathophysiologic roles of NOX have been demonstrated 

[75].  
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   The associations between NOX and liver fibrosis have been studied extensively. NOX1-/- 

and NOX4-/- mice exhibited less oxidative stress, inflammation, injury and fibrosis in the 

liver after CCl4-treatment when compared to wild-type mice [27]. In addition, the 

expression of NOX2 subunits (P22phox, P40phox and P67phox) was increased in 

western diet-induced fatty livers in mice and correlated with the degree of liver steatosis 

[76]. After BDL in rats, NOX4 mRNA was up-regulated, and furthermore in CCl4-treated or 

BDL mice, elevated hepatic NOX1 and NOX2 mRNA and protein levels were found [77]. 

Moreover, phagocytosis of apoptotic bodies in LX-1 cells, a human HSC cell line, 

activated NOX, which in turn is associated with liver fibrosis [78]. This association was 

supported by immunohistochemical analysis showing that NOX4 protein expression was 

dramatically increased in the livers of NASH patients suggesting a role of NOX in the 

pathogenesis of this disease [79]. Thus, HSC appear to play a major role in NOX-

mediated ROS generation, and NOX1, NOX2 and NOX4 are most likely the main isoforms 

associated with liver fibrosis [16, 80].  

   Crosstalk between NOX and other fibrogenesis-related proteins such as TLR, 

angiotensin II, TGF-β, platelet-derived growth factor (PDGF) and nucleotide-binding 

domain, leucine-rich repeat family, pyrin domain containing 3 (NLRP3) has been 

demonstrated. Angiotensin II activation increased NOX4 protein expression and H2O2 

production in mouse primary hepatocytes and in a human hepatocyte cell line [81].  

In primary rat HSC, angiotensin II-induced TGF-β and ROS production appeared to be 

dependent on the activity of NOX [82]. Treatment of rat HSC-T6 cells with PDGF 

increased the expression of NOX2 and ROS [83]. In macrophages, NOX4-mediated fatty 

acid oxidation promoted the formation of a NLRP3 inflammasome, a component of the 

innate immune system that plays a role in fibrosis [84]. Moreover, in human cirrhotic 

livers, NLRP3 and NOX4 were found to co-localize implicating an associated role in the 

progression of liver fibrosis [77].  

   Due to the clear association between NOX and fibrosis, inhibiting NOX has become an 

interesting target to alleviate oxidative stress, and drugs affecting NOX activity have 

been shown to attenuate fibrosis. GKT137831, a dual NOX1/NOX4 inhibitor, suppressed 

the production of chemokines, inhibited HSC activation and attenuated fibrosis after 

lipopolysaccharide (LPS) induced injury in primary mouse HSC [27]. Another study 

confirmed the effect of GKT137831 using multiple in vitro and in vivo models of liver 

fibrosis demonstrating a decrease in ROS production, inflammation and fibrogenesis 

[85]. Also several natural-derived agents were shown to exhibit promising anti-fibrotic 

potency via the interruption of NOX activity. In Ldlr−/− mice, a genetically modified NAFLD 

model, dietary supplementation of microalgae-derived docosahexaenoic acid reversed 

the western diet-induced up-regulation of NOX2 and attenuated hepatic fibrosis [76]. 

Decursin, isolated from roots of Angelica gigas Nakai., decreased HSC activation, 

attenuated liver fibrosis and ameliorated liver injury in CCl4-treated mice via TGF-β- and 

NOX-dependent inhibition [86]. Chlorogenic acid, a phenolic compound found in coffee, 

fruit and vegetables, inhibited PDGF-induced NOX expression and ROS production in 

HSC-T6 cells. Moreover, in CCl4-treated rats, chlorogenic acid attenuated liver fibrosis via 

up-regulation of NFE2L2 which is a transcription factor that regulates the expression of 
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anti-oxidant enzymes [83]. In chronic HCV patients treated with losartan, an angiotensin 

II receptor blocker commonly used for management of hypertension and congestive 

heart failure, expression of pro-fibrogenic and NOX genes were decreased [87]. Thus, 

inhibition of the crosstalk between NOX and other pathways might be beneficial in the 

alleviation of oxidative stress and thereby the treatment of fibrosis.  

   Among known drugs designed to specifically inhibit NOX, GKT137831, named GKT831 

currently, should be considered the most advanced drug in development. Although the 

clinical efficacy of GKT831 was not impressive in patients with diabetic kidney disease, 

this study showed that GKT831 significant reduced liver enzyme and inflammatory 

marker levels, with attractive safety profile (clinicaltrials.gov: NCT02010242). Therefore, 

a phase 2 study is now started to evaluate the therapeutic efficacy of GKT831 in the 

treatment of primary biliary cholangitis (clinicaltrials.gov: NCT03226067).    

 

Drug affecting TLR 

Toll-like receptors (TLR) are a class of transmembrane proteins recognizing structurally 

conserved molecules derived from microorganisms. TLR are usually expressed in 

phagocytic cells including KC to act as a sensor in physical barriers such as the skin and 

intestinal mucosa. Essential roles of TLR in the innate immune system have been clearly 

recognized [34]. There are many subtypes of TLR found in humans, and their association 

with oxidative stress has been demonstrated [35]. As mentioned earlier, crosstalk 

between TLR and NOX is associated with fibrogenesis.  

   ROS may directly activate TLR and induce liver injury. For example, it was shown that 

superoxide acted through TLR4, which subsequently activates NOX, leading to 

inflammation and injury after liver ischemia/reperfusion in mice [88]. Beyond direct 

activation by ROS, lipopolysaccharide (LPS), a membrane component of gram-negative 

bacteria that is an agonist of TLR4, also induced inflammation and oxidative stress 

thereby contributing to liver steatosis as observed in liver samples obtained from NASH 

patient after pancreaticoduodenectomy [89]. The mechanism of LPS-induced ROS 

generation is still unknown; however, it is suggested that NOX4 is essential for LPS-

triggered ROS production and inflammatory response through a direct interaction with 

TLR4 [90]. Moreover, alcohol induced oxidative stress in mouse livers by up-regulating 

TLRs [91]. In addition, high mobility group box 1 (HMGB1) released from hepatocytes in 

response to hypoxia was dependent on TLR4-induced ROS production and downstream 

Ca2+/calmodulin-mediated signaling [92, 93]. 

   Inhibition of TLR-mediated ROS in the mitigation of liver fibrosis was demonstrated 

using various natural-derived agents. Interestingly, the activity of natural-derived agents 

was predominantly on TLR4 inhibition. Curcumin, the principal phenolic compound of 

turmeric, reduced high-fat diet-induced NASH and oxidative stress in mice possibly via 

inhibition of HMGB1-induced TLR4 signaling [94]. Pomegranate extract inhibited sepsis-

induced oxidative stress and liver injury in rats by inhibiting TLR4 signaling and 

inflammation [95]. Quercetin, a natural flavonoid, ameliorated hepatic oxidative stress in 

CCl4-treated mice possibly due to inhibition of the TLR2/TLR4 pathway [96]. In another 
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study, it was found that the anti-inflammatory, anti-oxidative and hepatoprotective 

properties of quercetin in methionine-choline deficient diet-induced NASH mice model 

was due to interference with TLR signaling [97]. Lactobacillus plantarum NDC 75017, a 

potential probiotic, showed hepatoprotective effects against LPS-induced oxidative 

stress and inflammation in mice via inhibition of the TLR4/NF-κB pathway [98]. Similarly, 

bicyclol, an anti-hepatitis drug available in China, also exhibited hepatoprotective effects 

and attenuated oxidative stress during liver injury in mice via inhibiting the TLR4/NF-κB 

pathway [99]. Asiatic acid from Potentilla chinensis attenuated alcohol-induced liver 

injury in rats by reducing oxidative stress and inhibiting KC activation by down-regulating 

TLR4 signaling [100]. (-)-Epigallocatechin-3-gallate, a polyphenolic compound in green 

tea, rescued concanavalin-A-induced liver injury in mice by inhibiting TLR2, TLR4 and 

TLR9 signaling resulting in reduced ROS production and increased anti-oxidant capacity 

[101]. In Otsuka Long-Evans Tokushima Fatty (OLETF) rats, alpha-lipoic acid inhibited 

TLR4/HMGB1 signaling and downstream inflammation, reduced ROS production and 

increased the anti-oxidant capacity of the liver [102]. Although TLR4 signaling was 

closely related to oxidative stress, this association was likely mediated via interleukin-1 

receptor associated kinase-1 (IRAK-1) [103].  

   Besides specific interactions with TLR4, other natural-derived agents also reduced 

oxidative stress via unidentified TLR-subtypes or various TLR-related pathways. 

Agrimonia eupatoria water extract ameliorated chronic alcohol-induced liver injury in rats 

probably via down-regulating TLR-signaling and suppressing oxidative stress [104]. 

Lonicera caerulea berry extract suppressed inflammation via TLR and oxidative stress-

associated mitogen-activated protein kinase signaling in the livers of LPS-treated rats 

[105]. Limonin, from citrus fruits, exhibited hepatoprotective, anti-oxidative and anti-

inflammatory effects by down-regulating TLR-signaling after liver ischemia/reperfusion in 

rats [106]. Aloin, a major anthraquinone extracted from Aloe ferox Mill. and Aloe vera L., 

ameliorated alcoholic liver injury in mice by reducing lipid accumulation, oxidative stress 

and LPS-induced inflammatory responses [107]. Polyenephosphatidylcholine showed 

anti-inflammatory and anti-fibrotic effects in ethanol-fed mice possibly due to inhibition 

of NOX4-mediated ROS production, amplification of LPS-mediated signaling and down-

regulation of TGF- signaling [108].  

   Even though the earlier described natural-derived compounds can inhibit TLR4 or 

associated signaling pathways and attenuate ROS formation, liver inflammation and/or 

fibrosis, unfortunately, these compounds have not been systematically tested in human 

yet. 

 

Challenges for targeting oxidative stress in the management of liver 

fibrosis 

Despite the potential of inhibition of oxidative stress for the treatment of liver fibrosis, 

clinical development of these promising drugs faces several challenges. In this section, 

two major challenges; maintaining physiological needed ROS and monitoring individual's 

redox state, are demonstrated. 
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Maintaining ROS needed for physiological processes 

Even though oxidative stress is involved in the pathogenesis of numerous diseases, ROS 

can also be beneficial. In the innate immune system, neutrophils utilize NOX-derived 

ROS for attacking and killing pathogens [109]; therefore, the effect of NOX inhibitors on 

neutrophil function may be of concern and needs to be further elucidated. Additionally, 

low levels of ROS appear to positively affect aging processes by modulating 

mitochondrial hormesis, also known as mitohormesis. In mitohormesis, ROS were found 

to function as signaling molecules to prevent and delay a number of chronic diseases, 

thereby extending the lifespan of various species including mice [110]. The opposing 

functional roles of ROS complicate the choice of agents to efficiently target oxidative 

stress for the treatment of various diseases including fibrogenesis of the liver. By using 

systemic anti-oxidant therapy for the treatment of liver fibrosis, alleviation of oxidative 

stress in the liver may be accompanied by the inhibition of beneficial ROS in other 

tissues [1-3]. Furthermore, determining the cellular specificity of anti-oxidative agents is 

a challenge. As discussed earlier, availability of mitoquinone mesylate tends to be higher 

in the liver due to the high number and density of mitochondria when compared to other 

tissues where mitochondria are less abundant [47-49]. Thus, liver specific anti-oxidants 

would be a valuable therapy when liver-specific molecular or subcellular targets are 

characterized [111]. Additionally, modern drug delivery technologies such as using 

protein carrier or polymeric nanoparticles containing the active drug inhibiting oxidative 

stress that directly target liver cells might be a successful approach [112, 113].  

 

Monitoring individual's redox state 

Due to the duality of ROS function, an accurate determination of an individual's redox 

state, ideally in the liver, is required to correctly administer drugs that target oxidative 

stress. In order to clinically assess the redox status, easy applicable and non-invasive 

biomarkers are necessary [114]. It seemed that using biomarkers of lipid peroxidation 

such as malondialdehyde (MDA) and 4-hydroxynonenal (HNE) were frequently accepted 

for measurements of oxidative stress in clinical practice [115, 116]. Nevertheless, none 

of these promising candidates are acknowledged as a surrogate biomarker [114]. 

Sensitivity, specificity and reproducibility of oxidative stress biomarkers are important 

issues. For instance, in the colorimetric measurements of plasma MDA levels, invalid 

results may be obtained due to the interference with other plasma components [117, 

118]. Recently, unreliable results of MDA measurements were observed in healthy 

people and psychiatric disorder patients illustrating the shortcoming of this popular 

biomarker of oxidative stress [119]. Ideally, identification of biomarkers that exclusively 

reflect the liver redox status would be practical; however, this desire seems difficult  

to achieve since a liver-specific biomarker is unavailable [120]. Therefore, clinical 

manifestations of liver injury should always be simultaneously assessed with biomarkers 

of oxidative stress. This principle was used in the evaluation of the oxidative stress in 

patients with a chronic fascioliasis infection for optimization of individual’s therapeutic 

strategy [121]. 
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Finally, although numerous studies have been conducted to explore the role of ROS, 

oxidative stress and anti-oxidants in health and disease, proper management for the 

complicated regulation of ROS is still under debate [1-3]. Therefore, more studies must 

be performed to elucidate the optimal redox status of the liver. Also new strategies to 

directly target oxidative stress in the liver need to be further explored. Such studies will 

accelerate the development of therapeutic modalities to reduce oxidative stress and 

consequently liver fibrosis. 

 

Conclusion 

ROS are generated in various molecular processes and organelles. Oxidative stress 

affects several cellular functions of the liver and plays a significant role in the 

progression of liver fibrosis. Today, novel drugs that directly target oxidative pathways, 

particularly ROS generators, that is, inhibitors of mitochondrial dysfunction, endoplasmic 

reticulum stress and NOX, and drugs affecting TLR, are promising new therapies to 

modulate oxidative stress. Nonetheless, the effectiveness of these promising drugs is 

mostly acknowledged in preclinical stage, and systematically evaluation in patients are 

awaiting in the future. In addition, it should be noted that numerous challenges need to 

be overcome before targeting the complicated redox status for the treatment of liver 

fibrosis.  

 

Acknowledgements 

This work was kindly supported by ZonMw, grant number 114021010. 

 

References 

1. Zuo, L., et al., Biological and physiological role of reactive oxygen species – the good, the bad and the 

ugly. Acta Physiologica, 2015. 214(3): p. 329-348. 

2. Schieber, M. and Navdeep S. Chandel, ROS function in redox signaling and oxidative stress. Current 

Biology, 2014. 24(10): p. R453-R462. 

3. Kurutas, E.B., The importance of antioxidants which play the role in cellular response against 

oxidative/nitrosative stress: current state. Nutrition Journal, 2016. 15(1): p. 71. 

4. Panieri, E. and M.M. Santoro, ROS homeostasis and metabolism: a dangerous liason in cancer cells. Cell 

Death Dis, 2016. 7(6): p. e2253. 

5. Hoffman, S.M., et al., Thiol redox chemistry: role of protein cysteine oxidation and altered redox 

homeostasis in allergic inflammation and asthma. Journal of cellular biochemistry, 2015. 116(6): p. 

884-892. 

6. Parola, M. and G. Robino, Oxidative stress-related molecules and liver fibrosis. J Hepatol, 2001. 35(2): p. 

297-306. 

7. Cichoż-Lach, H. and A. Michalak, Oxidative stress as a crucial factor in liver diseases. World Journal of 

Gastroenterology : WJG, 2014. 20(25): p. 8082-8091. 

8. Li, S., et al., Insights into the Role and Interdependence of Oxidative Stress and Inflammation in Liver 

Diseases. Oxidative Medicine and Cellular Longevity, 2016. 2016: p. 4234061. 

9. Trautwein, C., et al., Hepatic fibrosis: Concept to treatment. Journal of Hepatology, 2015. 62(1, 

Supplement): p. S15-S24. 

10. Sanchez-Valle, V., et al., Role of oxidative stress and molecular changes in liver fibrosis: a review. Curr 

Med Chem, 2012. 19(28): p. 4850-60. 

11. Guicciardi, M.E., et al., Apoptosis and necrosis in the liver. Comprehensive Physiology, 2013. 3(2): p. 

10.1002/cphy.c120020. 



 
  

Targeting oxidative stress for the treatment of liver fibrosis                                                   85 

 

12. Jaeschke, H., Reactive oxygen and mechanisms of inflammatory liver injury: Present concepts. J 

Gastroenterol Hepatol, 2011. 26 Suppl 1: p. 173-9. 

13. Cutrin, J.C., S. Llesuy, and A. Boveris, Primary role of Kupffer cell-hepatocyte communication in the 

expression of oxidative stress in the post-ischaemic liver. Cell Biochem Funct, 1998. 16(1): p. 65-72. 

14. Takehara, T., et al., Hepatocyte-specific disruption of Bcl-xL leads to continuous hepatocyte apoptosis 

and liver fibrotic responses. Gastroenterology, 2004. 127(4): p. 1189-97. 

15. Canbay, A., et al., The caspase inhibitor IDN-6556 attenuates hepatic injury and fibrosis in the bile duct 

ligated mouse. J Pharmacol Exp Ther, 2004. 308(3): p. 1191-6. 

16. Liang, S., T. Kisseleva, and D.A. Brenner, The role of NADPH oxidases (NOXs) in liver fibrosis and the 

activation of myofibroblasts. Front Physiol, 2016. 7: p. 17. 

17. Dixon, L.J., et al., Kupffer cells in the liver. Compr Physiol, 2013. 3(2): p. 785-97. 

18. Nieto, N., Oxidative-stress and IL-6 mediate the fibrogenic effects of [corrected] Kupffer cells on stellate 

cells. Hepatology, 2006. 44(6): p. 1487-501. 

19. Kawada, N. and K. Otogawa, Role of oxidative stress and Kupffer cells in hepatic fibrosis. Journal of 

Gastroenterology and Hepatology, 2007. 22: p. S85-S86. 

20. Younis, H.S., A.R. Parrish, and I. Glenn Sipes, The role of hepatocellular oxidative stress in Kupffer cell 

activation during 1,2-dichlorobenzene-induced hepatotoxicity. Toxicol Sci, 2003. 76(1): p. 201-11. 

21. Videla, L.A., et al., Oxidative stress-mediated hepatotoxicity of iron and copper: role of Kupffer cells. 

Biometals, 2003. 16(1): p. 103-11. 

22. Fabregat, I., et al., TGF-beta signalling and liver disease. FEBS J, 2016. 283(12): p. 2219-32. 

23. Svegliati Baroni, G., et al., Fibrogenic effect of oxidative stress on rat hepatic stellate cells. Hepatology, 

1998. 27(3): p. 720-6. 

24. Ghatak, S., et al., Oxidative stress and hepatic stellate cell activation are key events in arsenic induced 

liver fibrosis in mice. Toxicol Appl Pharmacol, 2011. 251(1): p. 59-69. 

25. Lee, K.S., et al., Oxidative stress effect on the activation of hepatic stellate cells. Yonsei Med J, 2001. 

42(1): p. 1-8. 

26. Acquaviva, A., et al., Signaling pathways involved in isoprostane-mediated fibrogenic effects in rat 

hepatic stellate cells. Free Radic Biol Med, 2013. 65: p. 201-7. 

27. Lan, T., T. Kisseleva, and D.A. Brenner, Deficiency of NOX1 or NOX4 prevents liver inflammation and 

fibrosis in mice through inhibition of hepatic stellate cell activation. PLoS One, 2015. 10(7): p. 

e0129743. 

28. Firuzi, O., et al., Antioxidant therapy: current status and future prospects. Curr Med Chem, 2011. 18(25): 

p. 3871-88. 

29. Sena, L.A. and N.S. Chandel, Physiological roles of mitochondrial reactive oxygen species. Molecular cell, 

2012. 48(2): p. 158-167. 

30. Demarquoy, J. and F. Le Borgne, Crosstalk between mitochondria and peroxisomes. World Journal of 

Biological Chemistry, 2015. 6(4): p. 301-309. 

31. Sandalio, L.M., et al., Role of peroxisomes as a source of reactive oxygen species (ROS) signaling 

molecules. Subcell Biochem, 2013. 69: p. 231-55. 

32. Zeeshan, H.M., et al., Endoplasmic reticulum stress and associated ROS. Int J Mol Sci, 2016. 17(3): p. 

327. 

33. Bhandary, B., et al., An involvement of oxidative stress in endoplasmic reticulum stress and its 

associated diseases. International Journal of Molecular Sciences, 2013. 14(1): p. 434-456. 

34. Kawasaki, T. and T. Kawai, Toll-like receptor signaling pathways. Frontiers in Immunology, 2014. 5: p. 

461. 

35. Gill, R., A. Tsung, and T. Billiar, Linking oxidative stress to inflammation: Toll-like receptors. Free Radic 

Biol Med, 2010. 48(9): p. 1121-32. 

36. Park, H.S., et al., Cutting edge: direct interaction of TLR4 with NAD(P)H oxidase 4 isozyme is essential for 

lipopolysaccharide-induced production of reactive oxygen species and activation of NF-kappa B. J 

Immunol, 2004. 173(6): p. 3589-93. 

37. Grattagliano, I., et al., Mitochondria in chronic liver disease. Curr Drug Targets, 2011. 12(6): p. 879-93. 

38. Nassir, F. and J.A. Ibdah, Role of mitochondria in nonalcoholic fatty liver disease. Int J Mol Sci, 2014. 

15(5): p. 8713-42. 

39. Yang, S., et al., Mitochondrial adaptations to obesity-related oxidant stress. Arch Biochem Biophys, 

2000. 378(2): p. 259-68. 

40. Hensley, K., et al., Dietary choline restriction causes complex I dysfunction and increased H(2)O(2) 

generation in liver mitochondria. Carcinogenesis, 2000. 21(5): p. 983-9. 

41. Raza, H., et al., Elevated mitochondrial cytochrome P450 2E1 and glutathione S-transferase A4-4 in 

streptozotocin-induced diabetic rats: tissue-specific variations and roles in oxidative stress. Diabetes, 

2004. 53(1): p. 185-94. 

42. Nassir, F. and J.A. Ibdah, Role of mitochondria in alcoholic liver disease. World J Gastroenterol, 2014. 

20(9): p. 2136-42. 



86          Chapter A4  C 
 

43. Fisicaro, P., et al., Targeting mitochondrial dysfunction can restore antiviral activity of exhausted HBV-

specific CD8 T cells in chronic hepatitis B. Nat Med, 2017. 23(3): p. 327-336. 

44. Brault, C., P.L. Levy, and B. Bartosch, Hepatitis C virus-induced mitochondrial dysfunctions. Viruses, 

2013. 5(3): p. 954-980. 

45. Tarry-Adkins, J.L., et al., Coenzyme Q10 prevents hepatic fibrosis, inflammation, and oxidative stress in a 

male rat model of poor maternal nutrition and accelerated postnatal growth. Am J Clin Nutr, 2016. 

103(2): p. 579-88. 

46. Choi, H.K., et al., Inhibition of liver fibrosis by solubilized coenzyme Q10: Role of Nrf2 activation in 

inhibiting transforming growth factor-beta1 expression. Toxicol Appl Pharmacol, 2009. 240(3): p. 377-

84. 

47. Rehman, H., et al., The mitochondria-targeted antioxidant MitoQ attenuates liver fibrosis in mice. Int J 

Physiol Pathophysiol Pharmacol, 2016. 8(1): p. 14-27. 

48. Vilaseca, M., et al., Mitochondria-targeted antioxidant mitoquinone deactivates human and rat HSC and 

reduces portal hypertension in cirrhotic rats. Liver Int, 2017. 

49. Gane, E.J., et al., The mitochondria-targeted anti-oxidant mitoquinone decreases liver damage in a phase 

II study of hepatitis C patients. Liver Int, 2010. 30(7): p. 1019-26. 

50. Li, Y., et al., Minocycline protects against hepatic ischemia/reperfusion injury in a rat model. Biomed 

Rep, 2015. 3(1): p. 19-24. 

51. Kholmukhamedov, A., et al., Minocycline and doxycycline, but not tetracycline, mitigate liver and kidney 

injury after hemorrhagic shock/resuscitation. Shock, 2014. 42(3): p. 256-63. 

52. Antonenko, Y.N., et al., Minocycline chelates Ca2+, binds to membranes, and depolarizes mitochondria 

by formation of Ca2+-dependent ion channels. J Bioenerg Biomembr, 2010. 42(2): p. 151-63. 

53. Schonfeld, P., et al., Interaction of the antibiotic minocycline with liver mitochondria - role of membrane 

permeabilization in the impairment of respiration. FEBS J, 2013. 280(24): p. 6589-99. 

54. Urban, T.J., et al., Minocycline hepatotoxicity: Clinical characterization and identification of HLA-B * 

35:02 as a risk factor. J Hepatol, 2017. 

55. Chen, J., et al., NIM811 downregulates transforming growth factorbeta signal transduction in vivo and in 

vitro. Mol Med Rep, 2016. 13(1): p. 522-8. 

56. Rehman, H., et al., NIM811 prevents mitochondrial dysfunction, attenuates liver injury, and stimulates 

liver regeneration after massive hepatectomy. Transplantation, 2011. 91(4): p. 406-12. 

57. Bravo, R., et al., Endoplasmic reticulum and the unfolded protein response: Dynamics and metabolic 

integration. International review of cell and molecular biology, 2013. 301: p. 215-290. 

58. Malhi, H. and R.J. Kaufman, Endoplasmic reticulum stress in liver disease. J Hepatol, 2011. 54(4): p. 

795-809. 

59. Dai, Y., et al., Association of homocysteine level with biopsy-proven non-alcoholic fatty liver disease: a 

meta-analysis. Journal of Clinical Biochemistry and Nutrition, 2016. 58(1): p. 76-83. 

60. Ly, L.D., et al., Oxidative stress and calcium dysregulation by palmitate in type 2 diabetes. Exp Mol Med, 

2017. 49(2): p. e291. 

61. Egnatchik, R.A., et al., ER calcium release promotes mitochondrial dysfunction and hepatic cell 

lipotoxicity in response to palmitate overload. Molecular Metabolism, 2014. 3(5): p. 544-553. 

62. Pagliassotti, M.J., et al., Endoplasmic reticulum stress in obesity and obesity-related disorders: An 

expanded view. Metabolism, 2016. 65(9): p. 1238-46. 

63. Blais, J.D., et al., A small molecule inhibitor of endoplasmic reticulum oxidation 1 (ERO1) with selectively 

reversible thiol reactivity. J Biol Chem, 2010. 285(27): p. 20993-1003. 

64. Muller, C., et al., Protein disulfide isomerase modification and inhibition contribute to ER stress and 

apoptosis induced by oxidized low density lipoproteins. Antioxid Redox Signal, 2013. 18(7): p. 731-42. 

65. Vatolin, S., et al., Novel protein disulfide isomerase inhibitor with anticancer activity in multiple myeloma. 

Cancer Res, 2016. 76(11): p. 3340-50. 

66. Wu, F.L., et al., Targeting endoplasmic reticulum stress in liver disease. Expert Rev Gastroenterol 

Hepatol, 2016. 10(9): p. 1041-52. 

67. Moreno, J.A., et al., Oral treatment targeting the unfolded protein response prevents neurodegeneration 

and clinical disease in prion-infected mice. Sci Transl Med, 2013. 5(206): p. 206ra138. 

68. Wang, T., et al., Protective effects of salubrinal on liver injury in rat models of brain death. Chin Med J 

(Engl), 2015. 128(11): p. 1523-8. 

69. Matsuoka, M. and Y. Komoike, Experimental evidence shows salubrinal, an eIF2alpha dephosphorylation 

inhibitor, reduces xenotoxicant-induced cellular damage. Int J Mol Sci, 2015. 16(7): p. 16275-87. 

70. Wu, C.T., et al., Salubrinal, an eIF2alpha dephosphorylation inhibitor, enhances cisplatin-induced 

oxidative stress and nephrotoxicity in a mouse model. Free Radic Biol Med, 2011. 51(3): p. 671-80. 

71. Zeitlin, P.L., et al., Evidence of CFTR function in cystic fibrosis after systemic administration of 4-

phenylbutyrate. Mol Ther, 2002. 6(1): p. 119-26. 

72. Morinaga, M., et al., Sodium 4-phenylbutyrate prevents murine dietary steatohepatitis caused by trans-

fatty acid plus fructose. J Clin Biochem Nutr, 2015. 57(3): p. 183-91. 



 
  

Targeting oxidative stress for the treatment of liver fibrosis                                                   87 

 

73. Liu, J., et al., Endoplasmic reticulum stress modulates liver inflammatory immune response in the 

pathogenesis of liver ischemia and reperfusion injury. Transplantation, 2012. 94(3): p. 211-7. 

74. Zhou, H., et al., The dichotomy of endoplasmic reticulum stress response in liver ischemia-reperfusion 

injury. Transplantation, 2016. 100(2): p. 365-72. 

75. Bedard, K. and K.H. Krause, The NOX family of ROS-generating NADPH oxidases: physiology and 

pathophysiology. Physiol Rev, 2007. 87(1): p. 245-313. 

76. Jump, D.B., et al., Impact of dietary fat on the development of non-alcoholic fatty liver disease in Ldlr-/- 

mice. Proc Nutr Soc, 2016. 75(1): p. 1-9. 

77. Cai, S.M., et al., Angiotensin-(1-7) improves liver fibrosis by regulating the NLRP3 inflammasome via 

redox balance modulation. Antioxid Redox Signal, 2016. 24(14): p. 795-812. 

78. Zhan, S.S., et al., Phagocytosis of apoptotic bodies by hepatic stellate cells induces NADPH oxidase and 

is associated with liver fibrosis in vivo. Hepatology, 2006. 43(3): p. 435-43. 

79. Bettaieb, A., et al., Hepatocyte nicotinamide adenine dinucleotide phosphate reduced oxidase 4 

regulates stress signaling, fibrosis, and insulin sensitivity during development of steatohepatitis in mice. 

Gastroenterology, 2015. 149(2): p. 468-80 e10. 

80. De Minicis, S., et al., Role and cellular source of nicotinamide adenine dinucleotide phosphate oxidase in 

hepatic fibrosis. Hepatology (Baltimore, Md.), 2010. 52(4): p. 1420-1430. 

81. Zhang, L.L., et al., Corrigendum to "Angiotensin(1-7) attenuated angiotensin II-induced hepatocyte EMT 

by inhibiting NOX-derived H2O2-activated NLRP3 inflammasome/IL-1beta/Smad circuit": [Free Radic. 

Biol. Med. 97(2016) 531-543]. Free Radic Biol Med, 2016. 99: p. 623. 

82. Moreno-Alvarez, P., et al., Angiotensin II increases mRNA levels of all TGF-beta isoforms in quiescent and 

activated rat hepatic stellate cells. Cell Biol Int, 2010. 34(10): p. 969-78. 

83. Shi, H., et al., Chlorogenic acid protects against liver fibrosis in vivo and in vitro through inhibition of 

oxidative stress. Clin Nutr, 2016. 35(6): p. 1366-1373. 

84. Moon, J.S., et al., NOX4-dependent fatty acid oxidation promotes NLRP3 inflammasome activation in 

macrophages. Nat Med, 2016. 22(9): p. 1002-12. 

85. Aoyama, T., et al., Nicotinamide adenine dinucleotide phosphate oxidase in experimental liver fibrosis: 

GKT137831 as a novel potential therapeutic agent. Hepatology, 2012. 56(6): p. 2316-27. 

86. Choi, Y.J., et al., Decursin attenuates hepatic fibrogenesis through interrupting TGF-beta-mediated 

NAD(P)H oxidase activation and Smad signaling in vivo and in vitro. Life Sci, 2014. 108(2): p. 94-103. 

87. Colmenero, J., et al., Effects of losartan on hepatic expression of nonphagocytic NADPH oxidase and 

fibrogenic genes in patients with chronic hepatitis C. Am J Physiol Gastrointest Liver Physiol, 2009. 

297(4): p. G726-34. 

88. Al-Khafaji, A.B., et al., Superoxide induces neutrophil extracellular trap formation in a TLR-4 and NOX-

dependent mechanism. Mol Med, 2016. 22. 

89. Nagaya, T., et al., Mechanism of the development of nonalcoholic steatohepatitis after 

pancreaticoduodenectomy. BBA Clin, 2015. 3: p. 168-74. 

90. Hirschfeld, M., et al., Cutting edge: repurification of lipopolysaccharide eliminates signaling through both 

human and murine toll-like receptor 2. J Immunol, 2000. 165(2): p. 618-22. 

91. Gustot, T., et al., Differential liver sensitization to toll-like receptor pathways in mice with alcoholic fatty 

liver. Hepatology, 2006. 43(5): p. 989-1000. 

92. Huang, H., et al., Hepatocyte-specific high-mobility group box 1 deletion worsens the injury in liver 

ischemia/reperfusion: a role for intracellular high-mobility group box 1 in cellular protection. Hepatology, 

2014. 59(5): p. 1984-97. 

93. Tsung, A., et al., HMGB1 release induced by liver ischemia involves Toll-like receptor 4 dependent 

reactive oxygen species production and calcium-mediated signaling. J Exp Med, 2007. 204(12): p. 

2913-23. 

94. Afrin, R., et al., Curcumin ameliorates liver damage and progression of NASH in NASH-HCC mouse model 

possibly by modulating HMGB1-NF-kappaB translocation. Int Immunopharmacol, 2017. 44: p. 174-182. 

95. Makled, M.N., et al., Pomegranate protects liver against cecal ligation and puncture-induced oxidative 

stress and inflammation in rats through TLR4/NF-kappaB pathway inhibition. Environ Toxicol Pharmacol, 

2016. 43: p. 182-92. 

96. Ma, J.Q., et al., Quercetin protects mouse liver against CCl(4)-induced inflammation by the TLR2/4 and 

MAPK/NF-kappaB pathway. Int Immunopharmacol, 2015. 28(1): p. 531-9. 

97. Marcolin, E., et al., Quercetin treatment ameliorates inflammation and fibrosis in mice with nonalcoholic 

steatohepatitis. J Nutr, 2012. 142(10): p. 1821-8. 

98. Peng, X. and Y. Jiang, Protective effects of Lactobacillus plantarum NDC 75017 against 

lipopolysaccharide-induced liver injury in mice. Inflammation, 2014. 37(5): p. 1599-607. 

99. Zhao, J., H. Chen, and Y. Li, Protective effect of bicyclol on acute alcohol-induced liver injury in mice. Eur 

J Pharmacol, 2008. 586(1-3): p. 322-31. 

100. Wei, J., et al., Asiatic acid from Potentilla chinensis attenuate ethanol-induced hepatic injury via 

suppression of oxidative stress and Kupffer cell activation. Biol Pharm Bull, 2013. 36(12): p. 1980-9. 



88          Chapter A4  C 
 

101. Liu, D., et al., Epigallocatechin-3-gallate (EGCG) attenuates concanavalin A-induced hepatic injury in 

mice. Acta Histochem, 2014. 116(4): p. 654-62. 

102. Jung, T.S., et al., alpha-lipoic acid prevents non-alcoholic fatty liver disease in OLETF rats. Liver Int, 2012. 

32(10): p. 1565-73. 

103. Singh, A., et al., The IRAK-ERK-p67phox-Nox-2 axis mediates TLR4, 2-induced ROS production for IL-

1beta transcription and processing in monocytes. Cell Mol Immunol, 2016. 13(6): p. 745-763. 

104. Yoon, S.J., et al., Agrimonia eupatoria protects against chronic ethanol-induced liver injury in rats. Food 

Chem Toxicol, 2012. 50(7): p. 2335-41. 

105. Wang, Y., et al., Lonicera caerulea berry extract suppresses lipopolysaccharide-induced inflammation via 

Toll-like receptor and oxidative stress-associated mitogen-activated protein kinase signaling. Food Funct, 

2016. 7(10): p. 4267-4277. 

106. Mahmoud, M.F., S. Gamal, and H.M. El-Fayoumi, Limonin attenuates hepatocellular injury following liver 

ischemia and reperfusion in rats via toll-like receptor dependent pathway. Eur J Pharmacol, 2014. 740: 

p. 676-82. 

107. Cui, Y., et al., Aloin protects against chronic alcoholic liver injury via attenuating lipid accumulation, 

oxidative stress and inflammation in mice. Arch Pharm Res, 2014. 37(12): p. 1624-33. 

108. Okiyama, W., et al., Polyenephosphatidylcholine prevents alcoholic liver disease in PPARalpha-null mice 

through attenuation of increases in oxidative stress. J Hepatol, 2009. 50(6): p. 1236-46. 

109. Panday, A., et al., NADPH oxidases: an overview from structure to innate immunity-associated 

pathologies. Cell Mol Immunol, 2015. 12(1): p. 5-23. 

110. Ristow, M. and K. Schmeisser, Mitohormesis: Promoting health and lifespan by increased levels of 

reactive oxygen species (ROS). Dose Response, 2014. 12(2): p. 288-341. 

111. Rajendran, L., H.J. Knolker, and K. Simons, Subcellular targeting strategies for drug design and delivery. 

Nat Rev Drug Discov, 2010. 9(1): p. 29-42. 

112. Wang, Y., H. Du, and G. Zhai, Recent advances in active hepatic targeting drug delivery system. Curr Drug 

Targets, 2014. 15(6): p. 573-99. 

113. Bansal, R., B. Nagorniewicz, and J. Prakash, Clinical advancements in the targeted therapies against 

liver fibrosis. Mediators Inflamm, 2016. 2016: p. 7629724. 

114. Frijhoff, J., et al., Clinical relevance of biomarkers of oxidative stress. Antioxidants & Redox Signaling, 

2015. 23(14): p. 1144-1170. 

115. Niki, E., Biomarkers of lipid peroxidation in clinical material. Biochim Biophys Acta, 2014. 1840(2): p. 

809-17. 

116. Yoshida, Y., A. Umeno, and M. Shichiri, Lipid peroxidation biomarkers for evaluating oxidative stress and 

assessing antioxidant capacity in vivo. J Clin Biochem Nutr, 2013. 52(1): p. 9-16. 

117. Moselhy, H.F., et al., A specific, accurate, and sensitive measure of total plasma malondialdehyde by 

HPLC. Journal of Lipid Research, 2013. 54(3): p. 852-858. 

118. Bevan, R.J., et al., Validation of a novel ELISA for measurement of MDA-LDL in human plasma. Free 

Radic Biol Med, 2003. 35(5): p. 517-27. 

119. Khoubnasabjafari, M., K. Ansarin, and A. Jouyban, Reliability of malondialdehyde as a biomarker of 

oxidative stress in psychological disorders. BioImpacts : BI, 2015. 5(3): p. 123-127. 

120. Noeman, S.A., H.E. Hamooda, and A.A. Baalash, Biochemical study of oxidative stress markers in the 

liver, kidney and heart of high fat diet induced obesity in rats. Diabetology & Metabolic Syndrome, 2011. 

3: p. 17-17. 

121. Kamel, H.H., R.M. Sarhan, and G.A. Saad, Biochemical assessment of oxidative status versus liver 

enzymes in patients with chronic fascioliasis. J Parasit Dis, 2015. 39(4): p. 628-33. 



Part B 
 

Development of  

novel disease models 

 

 
 

 

 

 

 

 

 

 

 

 

 

Chapter B1 Pathophysiological model of non-alcoholic fatty liver 

disease using precision-cut liver slices                   91 

Chapter B2 Precision-cut human kidney slices as a model to 

elucidate the process of renal fibrosis           103 



90 

 

 

 

 

 

 

 

 
 

Supplementary box IV 

Metabolic syndrome  

 Metabolic syndrome is a cluster of risk factors that can lead to diabetes, heart 

disease, stroke and other serious health problems. Noticeably, prevalence of 

metabolic syndrome is increasing globally [1, 2]. 

 Western diet, increased age, obesity, sedentary lifestyle, insulin resistance, genetics, 

stress and excessive alcohol use can contribute to the development and progression 

of metabolic syndrome [3]. 

 Metabolic syndrome is diagnosed when any three of the following five risk factors are 

present: high blood glucose, low levels of high-density lipoprotein (HDL), high levels of 

triglycerides, large waist circumference and high blood pressure [3]. 

 The first line treatment of metabolic syndrome is lifestyle modification, in particular, 

eating a healthy diet, losing weight (especially reducing central obesity), increasing 

physical activity and treating individual risk factors [3].  
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