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Summary 
Drug-induced liver injury is a rare, but potentially severe adverse drug reaction that is caused by 

various mechanisms including mitochondrial dysfunction and oxidative stress. Highly expressed in 

the liver, the transcription factor NRF2 stimulates the expression of phase II-detoxifying and anti-

oxidant genes in response to electrophilic and oxidative stress. In unstressed conditions, NRF2 ac-

tivation is suppressed by the cytosolic redox-sensitive protein KEAP1. As master regulator of the 

oxidative and electrophilic stress response, NRF2 might protect against drug-induced liver injury 

caused by mitochondrial damage and oxidative stress. To test this hypothesis, we assessed whether 

the hepatotoxic drugs benzbromarone and lapatinib, which are both associated with mitochondrial 

dysfunction and oxidative stress, activate the KEAP1-NRF2 pathway in HepG2 cells, a human he-

patoma cell line. Moreover, lapatinib has lysosomotropic properties, which have also been described 

for the tyrosine kinase inhibitor imatinib. Similar to benzbromarone and lapatinib, imatinib caused 

severe liver injury in patients. As lipophilic weak bases, lapatinib and imatinib accumulate in acidic 

cellular compartments such as lysosomes. Thus, we assessed the effects of lapatinib and imatinib 

on lysosomal functions and related processes such as mammalian target of rapamycin complex 1 

activation, lysosomal biogenesis, and autophagy in HepG2 cells. 

Benzbromarone is a uricosuric drug that was withdrawn from the drug market by its manufacturer 

due to severe cases of liver toxicity. In our first project, benzbromarone (1-100 µM) lead to accu-

mulation of mitochondrial superoxide radicals and cellular reactive oxygen species in HepG2 cells. 

The uricosuric drug caused oxidation of glutathione, the most prevalent antioxidant molecule in 

hepatocytes, to glutathione disulfide. Glutathione disulfide levels increased in entire HepG2 cells 

and especially in mitochondria. Moreover, benzbromarone increased the level of oxidized mitochon-

drial antioxidant protein thioredoxin 2. These findings indicate that mainly mitochondria were ex-

posed to benzbromarone-induced oxidative stress and might have been the origin of ROS genera-

tion. Furthermore, benzbromarone activated the KEAP1-NRF2 pathway in HepG2 cells, demon-

strated by nuclear accumulation of NRF2 and upregulation of several NRF2-regulated antioxidant 

proteins. Downregulation of KEAP1, which led to NRF2 activation, protected HepG2 cells from 

benzbromarone-induced ATP depletion and cell membrane permeabilization. 
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Approved for the treatment of human epidermal growth factor receptor 2-positive breast cancer, 

lapatinib received a black box warning by the U.S. Food and Drug Administration due to severe 

cases of hepatotoxicity in patients. We observed that lapatinib (2-20 µM) induced the generation of 

mitochondrial superoxide and cellular hydrogen peroxide in HepG2 cells in our second project. In 

this cellular system, lapatinib activated the KEAP1-NRF2 pathway at clinically relevant concentra-

tions. Consequently, lapatinib upregulated several prototypical NRF2-regulated antioxidant genes 

and glutathione biosynthesis. As observed for benzbromarone, lapatinib increased the levels of glu-

tathione disulfide, confirming that lapatinib caused oxidative stress in HepG2 cells. Co-treatment 

with the antioxidant N-acetylcysteine reduced the accumulation of NRF2 induced by lapatinib, in-

dicating that reactive oxygen species were involved in the activation. N-acetylcysteine co-treatment 

also reduced the decrease in KEAP1 protein levels caused by lapatinib. Finally, lapatinib upregu-

lated mitochondria-specific antioxidant genes more strongly than their cytosolic counterparts. 

As lysosomotropic drugs, lapatinib and imatinib increased the lysosomal volume, raised the lysoso-

mal pH, and showed signs of lysosomal membrane permeabilization in HepG2 cells in our third 

project. Both drugs disturbed the proteolytic activity of lysosomes. Moreover, imatinib reduced the 

activity of the mammalian target of rapamycin complex 1. This protein complex is activated on the 

lysosomal surface and regulates essential metabolic pathways such as protein synthesis and au-

tophagy. Consequently, imatinib activated the transcription factor EB. This transcription factor is 

the master regulator of lysosomal biogenesis as well as autophagy and a substrate of the mamma-

lian target of rapamycin complex 1. In response to imatinib, the transcription factor EB accumulated 

in the nucleus and upregulated the expression of lysosomal as well as autophagic genes. Inactiva-

tion of the mammalian target of rapamycin complex 1 and upregulation of autophagic genes to-

gether with the increased expression of autophagic proteins implied that imatinib induced autoph-

agy in HepG2 cells. However, the concomitant lysosomal dysfunction caused by imatinib might im-

pair a complete autophagic flux. 

In conclusion, the hepatotoxic drugs benzbromarone and lapatinib activated the NRF2 pathway in 

HepG2 cells as an adaptive stress response. Activation of NRF2 protected against benzbromar-

one-induced hepatotoxicity. Moreover, oxidative stress was partially involved in the activation of 

NRF2 by lapatinib. Finally, we revealed that the impairment of lysosomal functions and related 

pathways might contribute to lapatinib- and imatinib-induced liver toxicity. 
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1 Drug-induced liver injury 
Drug-induced liver injury (DILI) is an adverse drug reaction that is responsible for most cases of 

acute liver failures in the United States (1, 2). DILI is a frequent cause of drug attrition during the 

development and post-marketing drug withdrawal (3, 4). Elucidating the underlying mechanisms of 

this rare, but clinically relevant adverse drug reaction is essential for its prevention and manage-

ment as well as for the development of safe drug therapies. 

1.1 Classification 

DILI is divided into two forms (see Figure 1): intrinsic and idiosyncratic DILI (5). Intrinsic DILI can 

potentially occur in any individual exposed to supratherapeutic doses of an intrinsic hepatotoxin. 

This form of DILI is dose-dependent, predictable, and detectable in drug development (2, 6). More-

over, it usually occurs after a relatively short latency period (hours to days). Acetaminophen (or 

paracetamol) is the prime example of an intrinsic hepatotoxin (7). Overdose of acetaminophen leads 

to accumulation of a toxic N-acetyl-p-benzoquinone imine metabolite that covalently binds to he-

patic proteins (8). In contrast, idiosyncratic DILI affects only susceptible individuals and occurs 

under therapeutic doses usually after a longer latency period (weeks to months) (9). Due to its rarity 

and lack of in vitro as well as animal models, idiosyncratic liver injury is more difficult to detect 

during drug development (9). Although generally considered as dose-independent, idiosyncratic 

DILI occurs more often with high (≥50-100 mg/day) daily doses (10). Furthermore, idiosyncratic 

DILI is divided into allergic (immune-mediated) and non-allergic (non-immune-mediated or meta-

bolic) forms (9). 

 

Figure 1: Intrinsic versus idiosyncratic drug-induced liver injury (DILI). Adapted from (11).  
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Systemic allergic symptoms (e.g., fever, rash, eosinophilia) occur as hypersensitivity reaction of the 

adaptive immune system in response to a specific drug (6). In this case, the immune system 

(i.e., autoreactive antibodies, T cells) causes the liver damage. Non-allergic idiosyncratic liver injury 

is not accompanied by allergic symptoms and has usually a longer latency period (months) than the 

allergic form (9) 

1.2 Epidemiology 

The incidences of DILI in prospective population-based studies conducted in Iceland (2010-2012) 

France (1997-2000), and South Korea (2005-2007) were 19.1, 13.9, and 12 cases/100’000 per-

sons/year, respectively (12-14). Accordingly, a DILI incidence of 10-20 cases/100’000 persons/year 

has been estimated for Switzerland (15). Lower incidences were reported in a Swedish and an 

UK study, which retrospectively evaluated 2.3 and 2.4 DILI cases/100’000 persons/year (16, 17). 

Similarly, a population-based study conducted in the USA (2014) revealed an incidence of 2.7 DILI 

cases/100’000 persons/year (18). Hospitalization was required in about 12-28% of the cases (12, 

13, 17). The study conducted in UK postulated an incidence of 6.7 hospitalizations/1’000’000 per-

sons/year as a consequence of DILI (17). Moreover, 1.4% of the patients hospitalized in an Swiss 

University hospital developed DILI (19). The French study postulated a global DILI incidence of 

8.1 cases/100’000 persons/year and provided evidence that DILI is underreported (13). 

Although DILI incidences are low in the general population, drugs were the most frequent cause of 

acute liver failures in the USA between 1998-2013 (1, 20). While acetaminophen overdose was re-

sponsible for most of them, idiosyncratic DILI accounted for more than 10% of the cases. Excluding 

acetaminophen, more than half of the idiosyncratic drug-induced liver failures resulted in liver 

transplantation. Indeed, 15% of all liver transplantations due to acute hepatic necrosis in the USA 

between 1990-2002 were caused by a drug (21). Furthermore, liver toxicity was responsible for 15 

(32%) of 47 drug withdrawals by the U.S. Food and Drug Administration (FDA) between 1975-2007 

(4). 

1.3 Clinical perspectives 

Since DILI can clinically mimic any liver disease without specific biomarkers, DILI remains an ex-

clusion diagnosis and represents an important differential diagnosis in liver disease with unclear 

etiology (5). Thus, clinicians use the R-value, the Hy’s rule, and the Roussel Uclaf causality assess-

ment method to diagnose and clinically manage DILI. The R value (see Figure 2) indicates the pat-
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tern of liver injury and is calculated by dividing the serum alanine aminotransferase level (ALT)/up-

per limit of normal (ULN) by the serum alkaline phosphatase level (ALP)/ULN (5). Since liver dis-

eases and drugs usually cause specific patterns of liver injury, the R value helps identify the caus-

ative drug and evaluate other etiologies (5). Accordingly, DILI is divided into hepatocellular (R≥5), 

cholestatic (R≤2), or mixed (2<R<5) forms  affecting hepatocytes, the biliary system, or both struc-

tures, respectively (22). Moreover, the Hy's rule says that patients with a hepatocellular pattern 

combined with jaundice have an unfavorable prognosis with a mortality or transplantation risk of 

≥10% (23). Other types of liver injury caused by drugs include microvesicular steatosis (e.g., amio-

darone), non-alcoholic steatohepatitis (e.g., tamoxifen), vanishing bile duct syndroms (e.g., amoxi-

cillin-clavulanic acid), or autoimmune-like hepatitis (e.g, minocycline) (2). 

The Roussel Uclaf causality assessment method established by the Council for International Or-

ganizations of Medical Sciences is an instrument to systematically assess the drug causality (24, 

25). Accordingly, the chronological relationship between drug exposure and occurrence of the ad-

verse drug reaction, the presence of risk factors and alternative etiologies that could explain the 

liver injury (e.g., viral or autoimmune hepatitis, ischemic liver injury, alcohol consumption, choleli-

thiasis and biliary tract abnormalities), and previous documentation of hepatotoxicity should be 

evaluated (24). 

 

Figure 2: Pattern of liver injury. Adapted from (5). 

ALT: Alanine aminotransferase, ALP: Alkaline phosphatase, ULN: Upper limit of normal 
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1.4 Risk factors for idiosyncratic DILI 

Idiosyncratic DILI requires the presence of individual genetic, environmental, and drug-dependent 

risk factors (9). Age and sex are drug-specific risk factors and predispose for certain types of liver 

injury (26). Higher age (> 60 years) was identified as a risk factor for cholestatic liver injury, which 

occurred predominantly in men (27). In contrast, hepatocellular damage was more frequently ob-

served in women and at younger age (< 60 years) (28). In addition, women are more often affected 

by severe forms of liver injury (i.e, fulminant hepatic failure) and drug-induced autoimmune hepa-

titis (20, 27, 29). In conclusion, higher age and female sex increase the susceptibility for hepatotox-

icity caused by specific drugs (5, 26). Other genetic risk factors for idiosyncratic DILI are polymor-

phisms in drug-metabolizing, -transporting, and -detoxifying genes (30). Genetic variants of cyto-

chrome P450 (CYP) enzymes (e.g., CYP2E1), UDP-glucuronosyltransferase, N-acetyltransfer-

ases (e.g., NAT2), ATP-binding cassette transporters, and glutathione S-transferases (GST) have 

been associated with an increased drug-specific DILI risk (31-35). Similarly, polymorphisms in hu-

man leukocyte antigen (HLA) genes were identified as drug-specific risk factors for hepatotoxicity 

(36-38). For instance, HLA polymorphisms affecting the major histocompatibility complex (MHC) 

increase the hepatotoxicity risk for flucloxacillin and abacavir (HLA-B*5701), ximelagatran (HLA-

DRB1*07:01 and HLA-DQA1*02), and lapatinib (HLA-DQA1*02:01) (39-42). 

Environmental factors such as malnutrition, alcohol consumption, or enzyme induction as well as 

concomitant diseases such as hepatitis C, human immune deficiency virus infection, or mitochon-

drial diseases increase the susceptibility to hepatotoxic drugs (43-47). For instance, pre-existing 

mitochondrial dysfunction significantly increases the risk for valproate-induced liver failure (48). 

Apart from individual risk factors, a high daily dose (≥50-100 mg/day) of a lipophilic drug (logP ≥ 3), 

known as the “rule-of-two”, and an extensive hepatic metabolism are risk factors for hepatotoxicity 

(10, 49, 50). 
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1.5 Mechanisms of idiosyncratic DILI 

DILI is often a multifactorial disease that can result from various cellular stresses (51, 52). The 

actual mechanism of idiosyncratic liver injury is drug-specific and often not fully clarified. Well-

characterized mechanisms of idiosyncratic DILI are the formation of reactive metabolites, recruit-

ment of the immune system, inhibition of bile salt export pump (BSEP), and organelle (e.g., mito-

chondrial and endoplasmic reticulum [ER])) dysfunction (52). Reactive metabolites can covalently 

bind to hepatic proteins and impair their functions, causing a direct cellular damage (8, 53). Reactive 

metabolites formed by CYPs can also bind to ER proteins and induce an unfolded protein response, 

which causes oxidative stress (54). Alternatively, reactive metabolite that bind to hepatic proteins 

can form haptens and lead to immune-mediated hepatotoxicity (49, 55). However, according to the 

“danger hypothesis”, haptenization and its recognition by T cells is not enough to trigger an immune 

reaction (51). Cellular damage with release of danger-associated molecular pattern molecules is 

required to activate antigen-presenting cells, which subsequently help initiating the immune re-

sponse (56). Another prevalent mechanism of idiosyncratic DILI is the inhibition of BSEP (52). 

Drug-induced inhibition of BSEP reduces the biliary efflux of bile acids leading to hepatocellular 

liver injury (57). Finally, drug-induced mitochondrial and lysosomal damage can induce both apop-

tosis and necrosis as well as trigger the release of danger-associated molecular pattern molecules 

(47, 51). Mitochondrial toxicity associated with oxidative stress and lysosomal dysfunction as mech-

anisms of idiosyncratic DILI will be discussed in more detail in the following sections. 
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2 Drug-induced mitochondrial toxicity 
Numerous hepatotoxic drugs withdrawn from the drug market (e.g., troglitazone, bromfenac, al-

pidem) or labeled with a black box warning by the FDA (e.g., lapatinib, valproic acid, tolcapone) are 

associated with mitochondrial dysfunction (10). These drugs can impair essential mitochondrial 

functions such as oxidative phosphorylation, β-oxidation, and mitochondrial DNA (mtDNA) repli-

cation (47, 58, 59). Moreover, they can cause oxidative stress, lead to permeabilization of the outer 

mitochondrial membrane (OMM), and induce mitochondria-dependent apoptosis (60). 

2.1 Mitochondrial structure 

The endosymbiotic theory proposes that mitochondria became mammalian organelles through the 

symbiosis between a bacterium and a host cell (61, 62). The theory bases on the fact that mito-

chondria contain a separate circular DNA, separate ribosomes, and an inner membrane that con-

tains cardiolipin, a phospholipid that is typically found in bacteria (63). 

Mitochondria are double-membraned organelles composed of an inner and outer membrane (see 

Figure 3) with different compositions and functions (64). The space between the two membranes 

is called intermembrane space (IMS) and has the same chemical composition as the cytosol (65). 

The inner mitochondrial membrane (IMM) encloses the mitochondrial matrix and is heavily invagi-

nated (66). The invaginations increase the surface of the IMM and form sub-compartments, so 

called cristae, that harbor the mitochondrial electron transport chain (ETC), which will be discussed 

in the next section (see 2.2). The cardiolipin-rich IMM is highly impermeable to ions and molecules, 

but contains specific carrier proteins such as the ATP/ADP translocase, the mitochondrial pyruvate 

carrier, and the carnitine-acylcarnitine translocase (67). The IMM can increase its permeability 

through opening of the permeability transition pore, a process called mitochondrial permeability 

transition (68). The permeability transition pore is formed by integral membrane proteins (e.g., volt-

age-dependent anion channel, adenine nucleotide translocator, cyclophilin D) and resides at the 

contact side of the inner and outer mitochondrial membrane (69). Mitochondrial permeability tran-

sition in response to oxidative stress or Ca2+ leads to swelling of the mitochondrial matrix and rup-

ture of the OMM (70, 71). This prosses can induce mitochondria-dependent apoptosis, which will 

be discussed in more detail in section 2.3 (68). 

The IMM encloses the mitochondrial matrix, where essential metabolic processes such as β-oxi-

dation of fatty acids and the tricarboxylic acid (TCA) cycle, also known as the citric acid or Krebs 

cycle, take place (72). The TCA oxidizes acetyl-CoA, derived from pyruvate, amino acid, or fatty acid 
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oxidation, through a series of enzyme-catalyzed chemical reactions into CO2 and H2O (73). The 

electrons gained in these oxidation reactions are transported by the electron carriers NADH and 

FADH2 to complex I and II of the ETC, respectively. Moreover, the mitochondrial matrix contains the 

mtDNA, which consists of more than 16’000 base pairs and encodes 13 mitochondrial enzymes, 

22 tRNAs, and 2 rRNA (74). The 13 mitochondrial encoded enzymes are subunits of the ETC enzyme 

complexes I, III, IV, and V (see 2.2) (75). Despite its own DNA, most mitochondrial proteins 

(1’000-1’500 proteins) are nucleus-encoded and have to be imported into the organelle (63). The 

translocase of the outer mitochondrial membrane 40 complex facilitates the transport of precursor 

proteins over the OMM, while the translocase of the inner membrane 23 complex catalyzes the im-

port into the mitochondrial matrix (76). The OMM, harboring pore-forming proteins, is permeable 

for molecules smaller than 5’000 Da and can establishes membrane contact sites with other orga-

nelles such as the ER (64, 77). 

 

Figure 3: Mitochondrial structure. Adapted from (78). 

2.2 Mitochondrial electron transport chain 

The mitochondrial ETC (see Figure 4), also known as respiratory chain, consists of four membrane-

embedded enzyme complexes (complex I-IV) and an F1FO-ATP synthase (complex V), which are as-

sembled inside the IMM (79, 80). The ETC transfers electrons along the first four complexes to 

oxygen (O2), which acts as ultimate electron acceptor, resulting in the production of H2O (79). Since 

the redox potentials of the electron donors and acceptors successively increase, the electron trans-

fer along the ETC releases energy (81). Complex I, III, and IV use the released energy to build up an 
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electrochemical gradient over the IMM by pumping protons from the mitochondrial matrix into the 

IMS (81). The energy stored in the electrochemical gradient, also known as protonmotive force, 

consists of an electrical (mitochondrial membrane potential, ψ) and chemical (pH) gradient (82). 

The protonmotive force drives the F1FO-ATP synthase to produce ATP, which is known as chemios-

motic coupling and produces most of the cellular ATP (72, 83). The entire process is called oxidative 

phosphorylation (72). 

 
Figure 4: Mitochondrial electron transport chain. Adapted from (81). 

I-V: Complexes I-V, Q: Ubiquinone, QH2: Ubiquinol, Cyt c: Cytochrome c 

The ETC enzyme complexes are composed of several subunits and contain redox cofactors that 

mediate the electron transfer within the complexes (80). The electron transfer between the com-

plexes is carried out by membrane-embedded ubiquinone (coenzyme Q) and cytochrome c, the only 

soluble ETC protein (79). The first and largest complex of the ETC (complex I or NADH-ubiqui-

none oxidoreductase) consists of two “arms”: a hydrophobic membrane-embedded arm and a hy-

drophilic arm that protrudes into the mitochondrial matrix (81). Complex I receives electrons from 

the electron carrier NADH (72). The electrons are accepted via a flavin mononucleotide in the 

NADH-binding site of complex I, which feeds the electrons into a redox chain formed by seven 

iron-sulfur (Fe-S) clusters (81, 84). The redox chain transfers the electrons to the quinone-binding 

site located at the junction between the two arms. The electrons are subsequently transferred to 

ubiquinone (Q), generating the reduced from ubiquinol (QH2). The electron transfer within complex I 

is coupled to the translocation of protons across the IMM (81). 
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In contrast to complex I, complex II (succinate-ubiquinone oxidoreductase) does not pump protons 

across the IMM (79). As succinate dehydrogenase, complex II is part of the citric acid cycle and 

receives electrons through the oxidation of succinate to fumarate (85). Complex II is composed of 

a flavin adenine dinucleotide (FAD)-binding protein and a Fe-S cluster-containing protein, which 

protrude into the mitochondrial matrix, as well as two hydrophobic proteins that attach the complex 

to the IMM (85). Complex II accepts electrons via the prosthetic group FAD, transports them 

through three Fe-S clusters and a heme group, before transferring them to ubiquinone (85). Thus, 

the electrons form both complex I and II are transferred to complex III in the form of ubiquinol (79). 

Complex III (ubiquinol-cytochrome c oxidoreductase) is a dimeric integral membrane protein with 

two quinone-binding sites (Q0 and Q1) and four prosthetic groups: the Rieske Fe-S cluster, cyto-

chrome c1, and two heme (b566 and b562) groups (86). The heme groups are part of cytochrome b, a 

subunit of complex II. Complex III transports electrons from ubiquinol to cytochrome c and pumps 

protons into the IMS (86). The electron transfer within complex III occurs over a series of redox 

reactions known as the Q cycle (87). Ubiquinol is oxidized at the Q0 site, while the oxidized from 

ubiquinone binds to the Q1 site (81). One electron from ubiquinol is transferred to the 

Rieske Fe-S cluster leaving a semiquinone at the Q0 site. This electron is further transferred to cy-

tochrome c1 and ultimately to cytochrome c. The remaining electron from the semiquinone is trans-

ferred to cytochrome b566, cytochrome b562, and finally to the Q1 site ubiquinone (81). The electron 

moving towards the Q1 site generates the energy for the proton translocation (88). Two Q cycles 

and two ubiquinol molecules are required to completely reduce the Q1 site ubiquinone to ubiquinol, 

which can re-enter the cycle at the Q0 site (81). 

Cytochrome c, the ultimate electron acceptor of complex III, is a soluble heme-containing protein 

that is attached to the outer surface of the IMM by cardiolipin (89). Cytochrome c transfers the 

electrons to complex IV (cytochrome c oxidase), which is the last oxidase of the ETC (79). Com-

plex IV contains four redox centers including a binuclear iron-copper cluster. Moroever, the complex 

contains channels for protons, O2, and H2O (90). Complex IV uses the electrons from cytochrome c 

to reduce molecular O2 to two molecules of H2O by a four electron-reduction at the binuclear 

iron-copper cluster (79). In parallel, complex IV pumps four protons into the IMS (91). 

The protons pumped into the IMS re-enter the mitochondrial matrix through the F1FO-ATP synthase 

(79). The mitochondrial F1FO-ATP synthase consists of a membrane-embedded FO region and a cat-

alytic F1 region that protrudes into the mitochondrial matrix (92). Translocation of protons from the 

IMS into the mitochondrial matrix through the FO region induces a rotation in the F1 region over a 

central rotatory stalk that connects the two regions. The F1 region contains three nucleotide-binding 
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sites, which change their conformation upon rotation, and synthetize ATP. Translocation of eight 

protons leads to a 360° rotation of the F1 region and produces three ATP molecules (93). 

2.3 Mitochondrial regulation of apoptosis 

Apoptosis is a programmed form of cell death that may occur via intrinsic or extrinsic pathway (see 

Figure 5) depending on the apoptotic stimulus (94). The extrinsic pathway requires binding of an 

extracellular ligand (e.g., Fas ligand) to the death-receptor present on the cell-surface, formation 

of the death-inducing signaling complex, and activation of the effector caspase-8. Caspases are 

cysteine proteases that cleave their substrates (e.g., other caspases, caspase-activated DNase) 

after an aspartate residue (95, 96). Caspases are the main executors of apoptosis and are classified 

as initiator (e.g., caspase-8/9) and effector (e.g., caspase-3/7) caspases (96). Initiator caspases 

are activated by dimerization, while effector caspases become active upon proteolytic cleav-

age (97). 

The intrinsic pathway is initiated by mitochondria, which can release pro-apoptotic proteins 

(e.g., cytochrome c, apoptosis-inducing factor) into the cytosol upon mitochondrial outer membrane 

permeabilization (MOMP) (94). MOMP can be triggered by several intracellular apoptotic stimuli 

(e.g., DNA damage, mitochondrial damage, oxidative stress) and is regulated by members of the 

B-cell lymphoma protein-2 (BCL-2) family, which includes both pro- and anti-apoptotic proteins 

(e.g., BCL-2, BCL-XL) (98, 99). The pro-apoptotic BCL-2 proteins are divided into BH3-only proteins 

(e.g., BID, BIM, PUMA, BAD, and NOXA) and proteins with several BCL-2 homology (BH) regions 

with effector function such as BAX and BAK (100). Intracellular apoptotic stimuli increase the con-

centration and/or activity of BH3-only proteins, which diminishes the effect of anti-apoptotic BCL-2 

proteins and activates the pro-apoptotic effector proteins BAX and BAK (100). Activated BAX and 

BAK insert as oligomers into the OMM and induce MOMP through the formation of pores (101-103). 

The anti-apoptotic proteins BCL-2 and BCL-XL, which reside mainly inside the OMM, sequester 

pro-apoptotic BCL-2 family members (e.g., BAK, BAX) and inhibit their activity (100). 

Released cytochrome c binds to apoptotic protease activating factor-1 (APAF-1), leading to APAF-1 

oligomerization and formation of the apoptosome (104). Importantly, APAF-1 oligomerization re-

quires ATP and 2’-deoxy ATP, which makes apoptosis an ATP-dependent process (105, 106). The 

apoptosome recruits the initiator caspase-9 and induces its activation by dimerization. Caspase-9 

subsequently activates the effector caspase-3, which in turn activates other caspases, initiating a 

caspase cascade (97). In addition to cytochrome c, mitochondria can release other pro-apoptotic 

proteins into the cytosol such as the apoptosis-inducing factor, which causes caspase-independent 



Introduction 

 16 

chromatin condensation and DNA fragmentation (98). The intrinsic and extrinsic apoptosis path-

ways converge in the caspase-3 activation step (107). In addition, caspase-8 can activate the 

pro-apoptotic BH3-only protein Bid, which subsequently triggers MOMP and cytochrome c release 

(98, 108). Morphological changes and hallmarks of apoptosis resulting from caspase activation in-

clude DNA fragmentation, cleavage of nuclear lamins and cytoskeletal proteins, externalization of 

phosphatidylserine, and apoptotic blebbing (107, 109-111). 

 

Figure 5: Extrinsic and intrinsic apoptosis pathways. Adapted from (98, 99).  
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3 Oxidative stress 
The concept of oxidative stress was introduced in 1985 as “a disturbance in the pro-oxidant to 

anti-oxidant balance in favor of the former” (112). Reactive oxygen species (ROS) are prevalent 

pro-oxidants that derive from molecular O2 (113). ROS are continuously produced by mitochondria 

and other cellular organelles and enzymes as a byproduct of aerobic life. In unstressed conditions, 

ROS and antioxidants form a dynamic equilibrium with balanced production and consumption. A 

disbalance resulting in oxidative stress leads to oxidative damage of cellular macromolecules (114). 

Consequently, oxidative stress can induce mitochondria-dependent apoptosis, as discussed in the 

previous section. 

3.1 Reactive oxygen species 

ROS are small-molecules with a reactive oxygen atom, which exist as both radicals and non-radicals 

(112, 113). Superoxide (O2
•−), hydroxyl (HO•), peroxyl (ROO•), and alkoxyl (RO•) radicals are highly 

reactive ROS that can directly attack cellular macromolecules (112). As non-radical ROS, hydro-

gen peroxide (H2O2), organic hydroperoxide (ROOH) and ozone (O3) are chemically more stable and 

less reactive than the radical species (112). O2
•− is generated by one-electron reduction of O2 (see 

Figure 6) and is quickly dismutated to H2O2 by superoxide dismutases (SOD) (115). 

 

Figure 6: Formation and dynamics of reactive oxygen species (116, 117). 

O2
•−: Superoxide radical, SOD: Superoxide dismutase, H2O2: Hydrogen peroxide, 

HO•: Hydroxyl radical, •NO: Nitric oxide, ONOO-: Peroxynitrite anion, ONOOH: Peroxynitrous acid, 

LH: Unsat. lipid, L•: Unsat. lipid radical, LOO•: Lipid peroxyl radical, LOOH: Lipid hydroperoxide  
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Thus, the half live (10-6 s) and diffusion radius of O2
•− (max. 0.5 µM) are short and intracellular 

concentrations reach about 10-11 M (112, 118). O2
•− can oxidize Fe-S clusters and react with nitric 

oxide (•NO) forming the peroxynitrite (ONOO−) anion (114, 119). Peroxynitrite has a half-life of 

about 10-3 s, can diffuse up to 20 µm, and reacts with carbon dioxide (CO2) generating carbonate 

(CO3
•−) and nitrogen dioxide (•NO2) radicals (118, 119). •NO2 can nitrate proteins, DNA, and lipids. 

In contrast to O2
•−, H2O2 has a longer half live (10-3-10-5 s) and can cross biological membranes 

(118). H2O2 can act as a physiological signaling molecule (see 3.4) at physiological concentrations 

of 1-100 nM (113). H2O2 is a two-electron oxidant with a high activation barrier that oxidizes specific 

protein cysteine residues and metal centers (120). In the presence of free iron, H2O2 is converted to 

HO• by the Fenton reaction (121). Due to its high reactivity (half-life of 10-9 s) and lack of HO•-de-

toxifying enzymes, HO• is a feared ROS (118). As an unspecific oxidant, HO• directly attacks macro-

molecules with diffusion-controlled rates. For instance, HO• can induce lipid peroxidation (see Fig-

ure 6) generating peroxyl and alkoxyl lipid radicals (116). 

3.2 Mitochondrial sites of ROS production 

Mitochondria are a major source of cellular ROS with eleven sites of O2
•- and/or H2O2 production 

(122). Between 30-40% of extracellular H2O2 originates from mitochondria (123). As a major pro-

duction site, the mitochondrial ETC generates ROS as spin-offs during oxidative phosphorylation 

(124). Electrons that leak from donor redox centers reduce molecular O2 by a one- and two-electron 

reduction to O2
•- and H2O2, respectively. Whether a site produces exclusively O2

•− or H2O2 or a mix-

ture of both species is not always clear (88). Yet, most mitochondrial ROS derive from O2
•−, which 

are quickly dismutated to H2O2 by the mitochondrial superoxide dismutase 2 (SOD2 or MnSOD) 

(115). Although inconsistencies exist in the literature, less than 1% of the ETC electrons leaks to O2 

(88). Complex I and complex III each contain two sites of ROS production: the flavin-binding site (IF) 

and ubiquitin-binding site (IQ) of complex I, and the Q0 site (IIIQ0) and Q1 site (IIIQ1) of complex III 

(122). Although the site of ROS production is tissue- and substrate-specific, IQ and IIIQ0 are consid-

ered as the main sites of mitochondrial O2
•-/H2O2 production (88, 123). The IQ site produces ROS 

upon reverse electron flow from ubiquinol, which is suppressed by the IQ site inhibitor rotenone, and 

generates between 50-70% of mitochondrial matrix ROS (123). Semiquinones formed at IIIQ0 can 

reduce O2 and produce O2
•−, especially in the presence of the IIIQ1 site inhibitor antimycin A (125). 

Addition of the IIIQ0 site inhibitor myxothiazol prevents ROS production at this site (88). O2
•− pro-

duced by complex I are released into the mitochondrial matrix, while O2
•− derived from complex III 

(IIIQ0) is released to both sites of the IMM (126). The flavin-binding site of complex II (site IIF) is a 
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neglectable source of mitochondrial ROS in most tissues (88). Cytochrome c and complex IV do not 

remarkably contribute to mitochondrial ROS production (127). 

In addition to the mitochondrial ETC, mitochondrial dehydrogenases linked to NAD (2-oxoacid de-

hydrogenase complexes, pyruvate dehydrogenases) or ubiquinone (dihydroorotate dehydrogenase, 

gycerol 3-phosphate dehydrogenase [GPDH]) contribute to mitochondrial ROS production (122). 

Located at the IMM, GPDH oxidizes glycerol 3-phosphate, a precursor of the phospholipid biosyn-

thesis, to dihydroxyacetone phosphate and transfers the electrons to ubiquinone (128). From the 

ubiquinone-binding site, GPDH releases O2
•− to both sites of the IMM, while NAD-linked dehydro-

genase exclusively produce matrix ROS (126). Moreover, mitochondrial ROS are generated by the 

electron-transferring flavoprotein (ETF), the ETF-Q oxidoreductase (ETF-QOR), and external alter-

native NADH dehydrogenases (88, 122). ETF-QOR channels electrons from ETF and matrix dehy-

drogenases into the ETC via reduction of ubiquinone and produces matrix O2
•− (129). External al-

ternative NADH dehydrogenases, located at the outer site of the IMM, oxidize glycolysis-derived 

NADH and release O2
•− into the IMS (130). 

3.3 Non-mitochondrial sites of ROS production 

In addition to mitochondrial enzymes, more than 40 other cellular enzymes produce O2
•− or H2O2 by 

intention or as byproduct (113). Prominent ROS-producing enzymes are NADPH oxidases (NOX), 

ER and peroxisomal oxidases, CYPs, and xanthine dehydrogenases as well as xanthine oxi-

dases (131). 

NOX are transmembrane enzymes located in cell membranes as well as nuclear, ER, and mitochon-

drial membranes (132, 133). To date, seven NOX isoforms are known to produce O2
•− across bio-

logical membranes (see Figure 7) by transferring electrons from NADPH to O2 (134). Macrophages 

and neutrophils counteract invading micro-organisms with NOX-released O2
•−, which is a mecha-

nism termed oxidative burst (135). In addition to phagocytes, NOX are present in various tissues 

and organs including liver, where they produce, together with mitochondrial enzymes, most of the 

cellular ROS (134, 136). Additionally, H2O2 is generated during oxidative protein folding by the ER ox-

idase ER oxidoreductin 1 (137). ER oxidoreductin 1 produces H2O2 during reoxidation of the thiore-

doxin protein disulfide isomerase, which catalyzes protein folding in its oxidized form by insertion 

of a disulfide bond into the target protein. Concretely, ER oxidoreductin 1 oxidizes the thioredoxin 

protein disulfide isomerase by a two-electron oxidation and transfers the electrons to O2 generating 

H2O2. 
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As oxidative organelles, peroxisomes contain numerous oxidases (e.g., acyl-CoA oxidases, urate 

oxidase, D-amino acid oxidase, D-aspartate oxidase, L-pipecolate oxidase, 2-hydroxy acid oxidases, 

polyamine oxidase, xanthine oxidase) that generate H2O2 or O2
•− during oxidative degradation of 

long-chain fatty acids, amino acids, or purines (138). In addition, microsomal CYPs can produce 

O2
•− and H2O2 due to uncoupling of a catalytic cycle, leading to autooxidation of O2 (139). Xanthine 

oxidase, the oxidized form of xanthine dehydrogenase, catalyzes the two last steps in purine me-

tabolism (140). Xanthine oxidase, which is highly abundant in liver, generates H2O2 during oxidation 

of hypoxanthine and xanthine to xanthine and uric acid, respectively. 

 

Figure 7: Cellular sites of superoxide (O2
•−) and hydrogen peroxide (H2O2) production (123). 

NOX: NADPH oxidases produce 

3.4 The role of ROS in physiology 

Due to its physiochemical properties, H2O2 can permeate mitochondrial membranes, diffuse into 

the cytosol, and act as signaling molecule by oxidation of reactive cysteine residues (141). In con-

trast to free cysteine residues (-SH), cysteine residues that are surrounded by positively charged 

amino acid residues are stabilized as thiolate (-S-) anions (142). They can act as nucleophiles and 

are readily oxidized by H2O2 (see Figure 8), resulting in protein sulfenylation (143). The sulfenylated 

proteins (-SOH) react with glutathione (-SSG) or are further oxidized to sulfinic (RSO2H) and sul-

fonic (RSO3H) species (144). While sulfenylation and glutathionylation are reversible modifications, 
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the oxidation to sulfinic and sulfonic species is irreversible (144). Such post-transcriptional modifi-

cations can modulated the activity of the modified enzyme (e.g., protein tyrosine phosphatases) and 

influence the signal transduction (142). 

 

Figure 8: Hydrogen peroxide (H2O2)-mediated signal transduction (144). 

As an important physiological function, mitochondria-derived H2O2 activate the hypoxia-induci-

ble factor-1α (HIF-1α) in response to hypoxia (145). Under hypoxic conditions, O2
•− is generated 

at the Q0 site of complex III and released as H2O2 into the cytosol. Cytosolic H2O2 induces HIF-1α 

stabilization (146). The mechanism of HIF-1α stabilization is not fully clear, but ROS might deplete 

the catalytic iron of HIF-1α’s negative regulator. The stabilized transcription factor subsequently 

translocates into the nucleus and upregulates the expression of erythropoietin, vascular endothelial 

growth factor, and other hypoxia-compensating enzymes (147). In addition to HIF-1α, also other 

transcription factors including p53, forkhead box protein O, NF-κB, or the nuclear factor 

erythroid 2-related factor 2 (NRF2) are activated by ROS (148-151). 

In addition, mitochondria-derived ROS contribute to the induction of autophagy upon starvation 

(152). Oxidation of a reactive cysteine residue of the autophagy-related protein 4 (Cys81) stimu-

lates autophagy by inhibiting autophagy-related protein 4-mediated delipidation of LC3-II, which is 

essential for autophagosome formation (152). Moreover, ROS derived from mitochondria are in-

volved in innate immune responses such as lipopolysaccharide-induced macrophage activation, 

multiple Toll-like receptor-initiated pathways, or NLR family pyrin domain containing 3 (NLRP3) 

inflammasome activation (153-155). In addition, mitochondrial ROS can act as signaling molecules 

in cell differentiation (e.g., differentiation of pluripotent stem cells) (156).  
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3.5 The role of ROS in pathophysiology 

ROS at supraphysiological levels (oxidative stress) can non-specifically oxidize cellular macromol-

ecules (e.g., proteins, lipids, nucleic acid), which can impair their functions and potentially lead to 

cell death (113). Numerous pathologies such as alcohol-induced liver disease, atherosclerosis, can-

cer, neurodegenerative diseases, or ageing are related to oxidative stress (88). 

The topology of ROS production can determine the target of cell damage and its consequences 

(127). Most mitochondrial ROS production sites are located in the mitochondrial matrix or at the 

matrix side of the IMM, releasing ROS mainly into the mitochondrial matrix (88). ROS present in the 

mitochondrial matrix can attack the densely packed mtDNA and oxidize its nucleobases (157). For 

instance, the oxidation of the nucleobase guanine at the C-8 position generates the most prevalent 

DNA oxidation product 8-oxo-7,8-dihydroguanine (8-oxo-G). Mitochondrial as well as nuclear DNA 

polymerases can misread 8-oxo-G and base-pair it with adenine instead of cytosine, leading to 

mutations in both mitochondrial and nuclear DNA (158, 159). Apart from being highly exposed to 

ROS, mtDNA is especially sensitive to oxidative damage due to the lack of histones and nucleotide 

excision repair mechanisms (160). Indeed, mtDNA in rat liver contained 10-fold more oxidative DNA 

modifications (i.e., 8-oxo-G) than nuclear DNA (161). Oxidative stress can also induce single and 

double stranded DNA breaks and oxidize RNA (e.g., 8-oxo-7,8-dihydroguanosine), which can induce 

p53-dependent cell death and reduce proteins synthesis, respectively (162, 163). Since subunits of 

the cytochrome c oxidase, ATP synthase, and cytochrome b are encoded by mtDNA, damaged 

mtDNA can lead to mitochondrial dysfunction and further amplify ROS production (74, 164).  

HO• generated by the one-electron reduction of H2O2 in the iron-dependent Fenton reaction can 

initiate non-enzymatic lipid peroxidation (116). OH• can abstract a hydrogen atom from a polyun-

saturated lipid, forming a carbon-centered lipid radical (165). The lipid radical reacts with O2 form-

ing a peroxyl radical, which subsequently attacks another polyunsaturated lipid, initiating a free 

radical chain reaction (see Figure 6). The cycle is terminated by the reaction of two peroxyl radicals 

or through antioxidant (e.g., vitamin E) scavenging (116). As secondary degradation products, lipid 

peroxidation generates reactive aldehydes such as malondialdehyde, 4-hydroxynonenal, and acro-

lein (116, 166). These aldehydes can covalently bind to proteins or oxidize amino acids by insertion 

of a carbonyl group (167). Thus, protein carbonyls are biomarkers of oxidative stress (162). Other 

biomarkers for lipid peroxidation are isoprostanes (e.g., F2-isoprostanes), which are formed in vivo 

upon peroxidation of esterified arachidonic acid (162). Lipid peroxidation can damage cellular mem-
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branes and induce ferroptotic cell death (168). Moreover, oxidation of cardiolipin leads to cyto-

chrome c release and produces 4-hydroxynonenal, which can induce apoptosis in hepatocytes (169-

172). Thus, ROS play an important role in the induction of mitochondria-dependent cell death (164). 

Beside protein carbonylation by lipid peroxidation degradation products, ROS can directly oxidize 

and cross-link proteins, which can change their structure-related functions (173). ROS can abstract 

hydrogen atoms from aliphatic amino acid side chains (e.g., Leu, Ile, Val, Pro.) or attack electron-

rich structures such as sulfur-atoms (e.g., Cys, Met) or aromatic rings (e.g., Trp, Tyr, Phe, His). 

Oxidation of aliphatic side chains can generate hydroperoxides, alcohols, and carbonyls, while oxi-

dation of electron-rich centers produces disulfides, sulfoxide, as well as hydroxylated and dimerized 

aromatic rings (173). OH• can attack peptide backbones and induce their fragmentation (167). 

Moreover, O2
•− can oxidize and inactivate proteins with Fe-S clusters (e.g. , aconitase, NADH dehy-

drogenase of complex I), releasing H2O2 and Fe2+ (174). 
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4 Drugs associated with mitochondrial toxicity 
Our research group previously investigated mechanisms of hepatotoxicity associated with benzo-

furan derivatives such as benzbromarone, amiodarone, and dronedarone (175-177). All three drugs 

were associated with mitochondrial dysfunction in hepatocytes. Furthermore, we assessed the ef-

fects of several hepatotoxic tyrosine kinases inhibitors (TKI) including imatinib and lapatinib on 

mitochondrial functions in hepatocytes (178-181). The following sections give an overview of the 

pharmacological and toxicological properties of benzbromarone, lapatinib, and imatinib. 

4.1 Benzbromarone 

Benzbromarone was launched in the 1970s as uricosuric drug (Desuric®) for the treatment and 

prevention of hyperuricemia and gout attacks, respectively (182, 183). By inhibiting the renal urate 

transporter 1 and to a weaker extend the organic anion transporter 1, benzbromarone inhibits the 

proximal tubular reabsorption of uric acid and reduces the serum uric acid levels in hyperuricemia 

patients by one-fourth to one-half (184-186). The once daily administered doses range from 

40-80 mg (micronized drug) to 100-200 mg (non-micronized drug) (182). After oral intake, absorbed 

benzbromarone is metabolized in the liver by CYPs (see Figure 9) to several hydroxylated metabo-

lites (187, 188). 

 

Figure 9: Main metabolic pathways of benzbromarone (BBR). Adapted from (189, 190). 
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The main metabolite, 6-hydroxy-benzbromarone, is generated by CYP2C9, a polymorphic enzyme, 

and to a lesser extent by CYP2C19 (189). Further oxidation of the active 6-hydroxy-benzbromarone 

metabolite results in a catechol metabolite (5,6-dihydroxy-benzbromarone) and subsequently reac-

tive ortho-quinone intermediates (189). The 1’-hydroxy-benzbromarone metabolite is formed by 

CYP3A4 (190). Recently, several new ipso-substituted benzbromarone metabolites have been iden-

tified (187). Maximal benzbromarone plasma concentrations after a single therapeutic dose 

(100 mg) were between 4.3-13.7 µM, but increased up to 21.6 µM in CYP2C9 poor metabolizers 

with the CYP2C9*3/*3 genotype (191-193). Benzbromarone and its metabolites are excreted mainly 

via bile and feces (188). 

Benzbromarone-associated adverse drug reactions affect mainly the gastrointestinal tract (e.g., di-

arrhea) and are usually mild (182, 194-197). Elevation in liver enzymes was rare in clinical trials, 

affecting only 0.1% of the patients (186). Yet, several cases of severe benzbromarone-associated 

liver injury including cases with fatal outcomes occurred during the post marketing phase (198-

203). As a result, the company withdrew benzbromarone from the drug market in 2003 (186). 

Benzbromarone-associated hepatocellular liver injury was usually associated with jaundice, oc-

curred after several months of therapy, and presented without systemic allergic symptoms (186). 

The incidence of benzbromarone-associated severe liver injury was estimated to be 1/17000 per-

sons/year (186). Produced by alternative companies, benzbromarone it is still in clinical use in some 

European and Asian countries (e.g., Japan) as well as in New Zealand and Brazil, however it was 

never approved in the United States due to the hepatotoxicity concerns (186). 

As a benzofuran derivative, benzbromarone is structurally related to benzarone, amiodarone, and 

dronedarone (204). All four drugs are associated with hepatotoxicity and impair mitochondrial func-

tions in hepatocytes (175-177, 204, 205). Benzbromarone inhibited ETC enzyme complexes as well 

as β-oxidation, and uncouples oxidative phosphorylation in rat hepatocytes and isolated rat liver 

mitochondria (204). Moreover, benzbromarone was associated with ROS generation, release of cy-

tochrome c, and apoptosis as well as necrosis in HepG2 cells, a human hepatoma cell line (204). 

The side chains of the benzofuran ring seem to be responsible for these adverse reactions (204). 

  



Introduction 

 26 

4.2 Lapatinib 

Lapatinib (Tykerb®, Tyverb®) is a small-molecule receptor TKI used for the treatment of advanced 

or metastatic breast cancer expressing the human epidermal growth factor receptor 2 (HER2) (206). 

As a dual inhibitor, lapatinib inhibits the intracellular tyrosine kinase (TK) domains of both epider-

mal growth factor receptors HER1 and HER2, the latter of which is overexpressed in many breast 

cancer cells and associated with an unfavorable prognosis (207, 208). Lapatinib (1250 mg/day for 

14 days every 21 days) is administered orally in combination with capecitabine (Xeloda®) to patients 

that progressed under a previous trastuzumab (Herceptin®)-based therapy (209). Alternatively, 

lapatinib (1500 mg/day daily) is indicated in combination with letrozole to treat postmenopausal 

patients with hormone receptor- and HER2-expessing breast cancer (210). Lapatinib is metabolized 

in the liver via CYP3A4 as well as CYP3A5 (see Figure 10) and to a lesser extent via CYP2C8 as well 

as CYP2C19, to O- and N-dealkylated as well as N-hydroxylated metabolites, which are further 

oxidized to various metabolites (211-213). 

 

Figure 10: Main metabolic pathways of lapatinib (LAP). Adapted from (211, 212) 
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A therapeutic dose (1250 mg) of lapatinib in combination with capecitabine leads to a maximal 

plasma concentration of about 5.5 µM (4.1-7.4 µM) (214). The excretion occurs primarily in the fe-

ces (213). 

At least every tenth patient that receives lapatinib and capecitabine suffers from gastrointestinal 

disorders, hand-foot syndrome, rash, fatigue, stomatitis, or pain in extremity (209, 215, 216). Also, 

mild elevated liver enzymes is a common adverse drug reaction of lapatinib combination therapy 

and occurs in half of the patients (217). Severe hepatotoxicity (e.g., hepatobiliary abnormalities) 

associated with lapatinib is rare, but well documented (218, 219). In 16 clinical trials, approximately 

1.6% and 0.3% of patients who received lapatinib had severe elevations in liver enzymes (>5x ULN) 

and liver toxicity according to Hy's law, respectively (218). Several severe cases of lapatinib-induced 

liver failure including deaths prompted a black box warning by the FDA (217, 220). Lapatinib caused 

mainly hepatocellular injury with jaundice without allergic symptoms, which occurred within days 

to several months after start of the therapy (217). Lapatinib-induce hepatotoxicity might result from 

reactive and potentially immunogenic metabolites (211-213, 221). As mentioned above, HLA-

DQA1*02:01 and HLA-DRB1*07:01 polymorphisms have been associated with an increased risk for 

lapatinib-induced hepatotoxicity, which might result from a delayed hypersensitivity reaction (42, 

222). In addition, lapatinib and its O-dealkylated metabolite have been shown to impair mitochon-

drial function in hepatocytes (179, 221). Lapatinib reduced the mitochondrial membrane potential, 

was associated with ROS accumulation, and triggered the release of cytochrome c into the cytosol, 

inducing apoptosis in HepG2 cells (179). 
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4.3 Imatinib 

In 2001 and 2002, imatinib (Gleevec®, Glivec®) was approved as first small-molecule TKI for the 

treatment of chronic myelogenous leukemia (CML) and metastatic and/or unresectable malignant 

gastrointestinal stromal tumors (GISTs), respectively (223, 224). Most patients with CML express 

the breakpoint cluster region (BCR)-Abelson (ABL) fusion protein, a non-receptor TK that results 

from a chromosomal translocation (225). As a constitutively activated TK, BCR-ABL causes uncon-

trolled cell proliferation and differentiation. Imatinib efficiently blocks the ATP-bindings site of this 

chimeric kinase, inhibiting its activity (226, 227). Moreover, imatinib inhibits the platelet-derived 

growth factor receptor (PDGFR) as well as the proto-oncogenic form of the TK c-Kit, which is found 

in some GISTs (224, 227). Additionally, imatinib is approved to treat patients with myeloproliferative 

diseases, mastocytosis, hypereosinophilic syndrome, dermatofibrosarcoma protuberans, and other 

imatinib-sensitive malignancies (228). Imatinib is administered in daily doses of 400-800 mg, is 

nearly completely adsorbed, and undergoes hepatic metabolism by CYP3A4 (see Figure 11) forming 

an active N-demethylated metabolite (223, 229). 

 
Figure 11: Main metabolic pathway of imatinib (IMA). Adapted from (230). 

In the steady state, a daily dose of 400 mg imatinib leads to an average maximal imatinib plasma 

concentration of 5.3 µM, however, clearance and plasma concentration among patients are highly 

variable (231). The elimination of imatinib occurs mainly in the feces (223). 

The most common adverse drug reactions caused by imatinib are nausea, vomiting, diarrhea, my-

algia, and edema as well as elevated liver enzymes (223, 224). Severe liver enzyme elevation occurs 

in about 3-6% of the patients receiving imatinib (217). The liver injuries, which represented mainly 

as hepatocellular necrosis or rarely cholestasis, occurred after weeks up to few months of intake, 

and were in some cases fatal (217, 223, 232-235). 

Imatinib inhibited enzyme complexes of the ETC and reduced the mitochondrial membrane potential 

in HepG2 cells and isolated mouse liver mitochondria (179). Moreover, imatinib led to ROS accu-

mulation, depleted cellular glutathione (GSH), triggered release of cytochrome c into the cytosol, 

and induced apoptosis as well as Poly ADP-ribose polymerase  cleavage in HepG2 cells (179).  



Introduction 

 29 

5 Cellular antioxidant defense: KEAP1-NRF2 pathway 
Cellular ROS levels are tightly regulated by antioxidant enzymes and non-enzymatic antioxidants, 

forming the cellular antioxidant defense system (113). As master regulator of the oxidative stress 

response, NRF2 regulates together with its negative regulator Kelch-like ECH-associated pro-

tein 1 (KEAP1) the gene expression of phase II-detoxifying and antioxidant enzymes (150). The an-

tioxidant defense system regulated by NRF2 is compartmentalized in cells and inducible in response 

to oxidative stress (236). The KEAP1-NRF2 pathway and its responsive antioxidant enzymes will 

now be discussed in more detail. 

5.1 NRF2 

The transcription factor NRF2 is highly expressed in various tissues and organs including muscle, 

kidney, lung, small intestine, stomach, and liver (237, 238). Its name derives from the homologous 

transcription factor nuclear factor erythroid 2 (NF-E2), which is predominantly expressed in hema-

topoietic cells (239, 240). NRF2 belongs to the family of cap and collar (CNC) transcription factors 

(named after the Drosophila NRF2 homolog CNC), which contain a conserved basic leucine zipper 

(bZIP) motif (241, 242). NRF2 contains six conserved NRF2-ECH homology (Neh) domains (see 

Figure 12), with ECH (erythroid cell-derived protein with CNC homology) being the chicken NRF2 

homolog (243, 244). 

 

Figure 12: Domain structure of NRF2. Adapted from (150). 

Neh 1-6: NRF2-ECH homology domains 1-6, CNC: Cap and collar, bZIP: Basic leucine zipper 

Neh1 contains the conserved CNC-bZIP motif, which is required for heterodimerization with 

small MAF (sMAF) proteins (i.e, MAFF, MAFG and MAFK) (245). Heterodimerization with sMAFs 

increases the DNA binding affinity of CNC transcription factors and is therefore indispensable for 

NRF2’s transcriptional activity (246-248). The amino-terminal Neh2 domain comprises seven lysine 

residues for ubiquitination and two KEAP1-binding motifs, ETGE and DLG (243, 249). ETGE has a 

high binding affinity towards KEAP1, while DLG binds with a lower affinity to KEAP1 (250). DLG 

brings the lysine residues in an optimal position for ubiquitination. Neh3 , Neh4, and Neh5 act as 
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transactivation domains (150). Neh6 is a serine-rich domain that is phosphorylated by glycogen 

synthase kinase 3 (GSK-3) promoting NRF2 degradation (251).  

NRF2-sMAF heterodimers bind as trans-acting factors to specific cis-regulatory DNA elements, 

known as antioxidant response elements (AREs) or electrophile-responsive element (EpRE) (242, 

252, 253). The core ARE/EpRE sequence is 5’-TGACNNNGC-3’ and is present in the promotor re-

gion of NRF2-regulated genes. The activity of NRF2 is regulated at the post-transcriptional level 

(see Figure 14) by its negative regulator KEAP1 (243). 

5.2 KEAP1 

KEAP1 is a cysteine-rich cytoplasmic protein that represses the activity of NRF2 under unstressed 

conditions (243, 254). KEAP1 owes its name to the Drosophila actin-binding protein Kelch (255). 

KEAP1 (see Figure 13) contains a double glycine repeat module, a bric à brac (BTB) domain, and 

an intervening region (IVR) (150). The double glycine repeat or Kelch module interacts both with 

the KEAP1-binding motifs of NRF2 (ETGE and DLG) and cytoplasmic actin filaments (256). 

 

Figure 13: Domain structure of KEAP1. Adapted from (150). 

BTB: Bric à brac domain, IVR: Intervening region, DGR: Double glycine repeats, CUL3: Cullin 3 

KEAP1 acts thereby as a cytoplasmic anchor that retains NRF2 in the cytoplasm (243). The BTB 

domain, a conserved 100-residue protein motif with a dimerization domain, enables KEAP1 homodi-

merization (257, 258). Moreover, a hydrophobic groove between the BTB domain and IVR qualifies 

KEAP1 to act as an adaptor for Cullin 3 (CUL3)-based E3 ubiquitin ligases (259-261). KEAP1 forms 

together with CUL3 and RING-box protein 1 (RBX1) a functional E3 ubiquitin ligase complex that 

recruits an E2 ubiquitin-conjugating enzyme, which continuously polyubiquitinates NRF2. Ubiqui-

tinated NRF2 undergoes proteasomal degradation (262). Thus, NRF2 has a short half-life (less than 

20 min) and low basal activity despite its continuous synthesis. 

Beside recruiting CUL3-based E3 ubiquitin ligases and regulating NRF2 activity through pro-

teasomal degradation, KEAP1 senses oxidative and electrophilic stress through reactive cysteine 

residues (150). Modification of these residues by electrophiles or ROS induces a conformational 

change in KEAP1. According to the “hinge-and-latch” binding model, the low affinity DLG motif 

(“latch”) subsequently dissociates from KEAP1, which brings NRF2 in a less favorable position for 
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ubiquitination (263). In parallel, the high affinity ETGE motif (“hinge”) remains bound to KEAP1, 

which enables newly synthetized NRF2 to directly translocate in the nucleus (250). KEAP1 functions 

thereby as nuclear floodgate (150). Similarly, the "cyclic sequential attachment and regeneration 

model of KEAP1-mediated degradation of NRF2" proposes that inactivated KEAP1 remains occu-

pied with undegraded NRF2, enabling newly synthetized NRF2 to directly translocate to the nucleus 

(264, 265). In both models, the proteasomal degradation of NRF2 is impaired. 

So far, four cysteine sensors in KEAP1 have been identified: Cys151, Cys273, Cys288, and a fourth 

sensor formed by several redundant cysteine residues (Cys226, Cys613, Cys622/Cys624) (266-268). 

Cys151 is located in the BTB domain, while Cys273, Cys288, Cys226 are part of the IVR (264). 

Cys613, Cys622, and Cys624 are localized in the C-terminal domain of KEAP1. Most of these resi-

dues are surrounded by basic amino acids that stabilize the thiolate anion. As a ROS sensor, the 

cysteines of the fourth sensor are able to form disulfide bridges in response to H2O2 in any combi-

nation (268). Hence, this “fail-safe” mechanism can sense oxidative stress even if one residue is 

inactivated (268). 

 
Figure 14: The KEAP1-NRF2 pathway. Adapted from (150) 

CUL3: Cullin 3, RBX1: RING-box protein 1, Ub: Ubiquitin, sMAF: Small MAF protein  
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5.3 Classes of NRF2-inducers 

ROS (e.g., H2O2) and numerous structurally diverse compounds such as substituted phenols, cou-

marins, indoles, and sulfur compounds (phase II inducers) can disturb KEAP1-mediated NRF2 ubiq-

uitination and induce NRF2 activation (269). A common characteristic of these inducers is their 

ability to oxidize, reduce, or alkylate reactive KEAP1’s cysteine residues. NRF2-inducers are divided 

into six classes according to their sensor preference (264). Class I are Cys151-preferring inducers 

(e.g., diethyl maleate, tert-butylhydroquinone, sulforaphane) (270). The class II inducer 15d-PGJ2 

preferentially modifies Cys288, while class III inducers (e.g., 4-hydroxynonenal) can bind to any of 

the three cysteines Cys151, Cys273, and Cys288 (267). Class IV inducers (e.g., H2O2, Cd2+) act over 

the ROS sensor, while the sensor of class V inducers (e.g., prostaglandin A2) is not yet identified. In 

addition, protein-protein interaction inhibitors or class VI inducers (e.g., p62) inactivate KEAP1 by 

competitively binding to its NRF2-binding site (271). Protein-protein interaction inhibitors such as 

p62 activates NRF2 through the “hinge-and-latch” mechanism, indicating that different inducers 

might activate NRF2 through different mechanisms (264). 

5.4 NRF2-regulated cytoprotective enzymes 

NRF2 regulates the gene expression of numerous phase II-detoxifying as well as antioxidant and 

antioxidant-generating enzymes (236, 242). NRF2 regulates the expression of the GSH-biosynthetic 

enzymes glutamate-cysteine ligase (GCL) and GSH synthetase (GS) (238). Moreover, NRF2 con-

trols the expression of the GSH-dependent enzymes GSH reductases, GSH peroxidases (GPX) and 

GST (272). GCL and GS sequentially catalyze the biosynthesis of GSH (273). GSH (y-glutamyl-cys-

teinyl-glycine), a tripeptide-like molecule composed of glutamate, cysteine, and glycine, is the most 

abundant antioxidant molecule in cells (273). GCL catalyzes the first and rate-limiting step of GSH 

biosynthesis, the ligation of cysteine and glutamate to y-glutamyl-cysteine. The bond between glu-

tamate and cysteine occurs over the y-carboxyl group of glutamate, which can only be hydrolyzed 

by the y-glutamyl transpeptidase (274). The GS ligates y-glutamyl-cysteine to glycine. Hepatocytes 

belong to the GSH-richest cells of the human body, containing GSH in the millimolar range (5-

10 mM) (273). Hepatic GSH is also exported into the plasma and bile. Mitochondria contain a sep-

arate GSH pool, which has to be imported from the cytosol and accounts for 10-15% of the cellular 

pool (275). GSH serves as reductant to detoxify H2O2, reduces disulfide bonds, and protects thiol 

groups from oxidation (273). Moreover, GSH serves as cysteine reservoir and detoxifies electro-

philes trough conjugation. GSH conjugation reactions are catalyzed by GSTs (276). GPXs (see Fig-

ure 15) reduce H2O2 to H2O using GSH as reducing agent (277). This reaction is especially important 
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in hepatic mitochondria that lack the H2O2-reducing enzyme catalase. GPX1 is a soluble peroxidase 

located in the cytosol and mitochondrial matrix, while GPX4 adheres to cell membranes and 

uniquely reduces lipid hydroperoxides (278, 279). By serving as reducing agents, two molecules of 

GSH undergo oxidation to glutathione disulfide (GSSG). Therefore, the ratio of GSSG to GSH rep-

resents an indicator for oxidative stress (280). GSH reductases (GR) subsequently regenerates GSH 

from GSSG using NADPH as reducing agent (280). 

 
Figure 15: Network of antioxidant enzymes regulated by NRF2 (116, 281). 

SOD: Superoxide dismutase, GSH: Glutathione, GSSG: GSH disulfide, GPX: GSH peroxidase, 

GR: GSSG reductase, PRX: Peroxiredoxin: TRX: Thioredoxin, TR: TRX reductase 

In addition to genes involved in GSH homeostasis, NRF2 regulates the gene expression of peroxire-

doxins (PRX), thioredoxins (TRX), and thioredoxin reductases (TR) (282). PRXs are thiol-dependent 

peroxidases that reduce organic hydroperoxides and H2O2 to alcohols and H2O, respectively (283, 

284). To date, six mammalian PRX isoforms containing catalytic cysteine residues are identified 

(285). PRX3 and PRX5 are mitochondrial PRXs that detoxify matrix peroxides (286). PRXs receive 

electrons from the TRX system formed by TRX, TR, and NADPH (287). TRXs are small proteins 

(about 12 kDa) containing two cysteine residues in their catalytic site, which participate in redox 

reactions (288). TRXs reduce protein disulfide bonds using their catalytic dithol as electron donor. 

Consequently, TRXs’ catalytic dithiol is oxidized to a disulfide bond. TR maintain TRXs in their re-

duce forms by NADPH-dependent reduction of oxidized TRX. The mitochondrial matrix contains a 

separate TRX system formed by TRX2 and TR2, while TRX1 and TR1 are found in the cytosol (289). 
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In addition, NRF2 regulates the gene expression of heme oxygenase-1 (HO-1) (236). HO-1 cata-

lyzes the degradation of oxidant heme to biliverdin, mono oxide, and Fe2+ (290). Moreover, NRF2 

can induce the gene expression of SODs and catalase (291). As previously described, SODs dismu-

tate superoxide radicals to H2O2 and O2 (115). NRF2 can induce both the mitochondrial form (SOD2 

or MnSOD), which is exclusively located in the mitochondrial matrix, and the cytosolic form (SOD1 

or CuSOD), which is also present in the mitochondrial IMS (291-293). Catalase is the most abundant 

H2O2-detoxifying enzyme in mammalian peroxisomes (138). Cytosolic catalase reduces two H2O2 

molecules to H2O and O2. In contrast, mitochondria do not contain catalases, except in heart, and 

relay on alternative H2O2-detoxifying enzyme (294). Another prominent NRF2-regulated enzyme is 

the phase II-detoxifying enzyme NAD(P)H-quinone oxidoreductase 1 (NQO1) (242). NQO1 reduces 

ROS-generating quinones to quinols using both NADH and NADPH as reducing agents. In addition, 

NRF2 regulates many other genes involved in antioxidant defense and redox signaling such as p62, 

sulfiredoxins, or glucose-6-phosphate dehydrogenase (295). 
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6 Drug-induced lysosomal toxicity 
Lysosomes coordinate important cellular functions such as cell metabolism and intracellular quality 

control by degradation of damaged or unnecessary material (296). Therefore, functional lysosomes 

are crucial for cellular homeostasis. Thus, lysosomal accumulation of weak basic drugs (pKa be-

tween 6 and 10) by proton trapping (see Figure 16), a phenomenon known as lysosomotropism, can 

impair lysosomal functions and contribute to the cytotoxicity of these drugs (297, 298). 

 

Figure 16: Lysosomal accumulation of lysosomotropic drugs. Adapted from (299). 

6.1 Lysosomal structure 

Lysosomes were discovered in 1955 by Christiane de Duve in the course of a rat liver fractionation 

(300). Containing various acid hydrolases that degrade diverse substrates, the newly discovered 

organelle was named “digestive body” (301). Lysosomes are membrane-enclosed organelles with 

acidic lumens (pH 4.5-5) containing more than 60 acid hydrolases (302). The lysosomal lumen is 

acidified by the membrane-associated vacuolar-type H+-ATPase (V-ATPase), which continuously 

pumps H+ inside the lysosomal lumen (303). The V-ATPase is composed of a membrane-embedded 

H+-pumping V0 subunit and a cytosolic V1 unit, which hydrolyses ATP (304). In order to dissipate 

the electrical gradient created by the V-ATPase, the translocation of H+ is accompanied by the 

transport of counterions across the lysosomal membrane (305). Proposed counterions are Cl-, im-

ported into lysosomes by a 2 Cl-/H+ antiporter, and K+ or Ca2+, exported from lysosomes by cationic 

channels (e.g., TRPML1, TPC2). In addition to V-ATPases and ion channels or transporters, the 

lysosomal membrane contains highly glycosylated transmembrane proteins, the lysosome-associ-

ated membrane proteins (LAMPs) (306). The glycosylated luminal parts of the LAMPs form a gly-

cocalyx at the inner side of the lysosomal membrane, which protects the lysosomal membrane from 
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self-digestion by lysosomal hydrolases (307). Lysosomes contain many different hydrolytic enzymes 

such as proteases, lipases, nucleases, glycosidases, phospholipases, or phosphatases (308). They 

are produced in the trans-Golgi network and delivered to lysosomes via endosomes (309). Lysoso-

mal proteases, the cathepsins, are divided into aspartic (e.g., cathepsin D), cysteine (e.g., cathep-

sin B, H, and L), and serine proteases (e.g., cathepsin A, G) and fulfill diverse functions including 

peptide digestion and antigen processing (310, 311). 

6.2 Lysosomal functions 

As digestive organelles, lysosomes degrade and recycle intracellular and extracellular material 

through autophagy and endocytosis, respectively (306). Endocytosed extracellular materials 

(e.g., pathogens) are delivered to lysosomes via endosomes (312). Intracellular materials such as 

unfolded proteins, lipid droplets, or damaged organelles are sequestered into double-membraned 

vesicles called autophagosomes, which fuse with lysosomes to autolysosomes (313). This process, 

known as macroautophagy, represents a major intracellular degradation pathway and quality con-

trol (314). 

Beside the digestive functions, lysosomes are involved in the regulation of cell metabolism (306). 

The lysosomal surface serves as a platform for AMP-activated protein kinase (AMPK) and mam-

malian target of rapamycin complex 1 (mTORC1) activation (315). mTORC1 is a protein complex 

composed of raptor, MLST8, PRAS40, deptor, and the serine/threonine protein kinase mammalian 

target of rapamycin (mTOR). mTORC1 is recruited from the cellular endomembrane system 

(e.g., ER, Golgi, endosomes) to the lysosomal surface in response to amino acids (316). The avail-

ability of amino acids is sensed in the lysosomal lumen by the lysosomal amino acid transporter 

SLC38A9, which interacts with the lysosome-anchored Ragulator-RAG GTPase protein complex 

(317). The complex contains small RAG GTPases (RAGA, RAGB, RAGC, RAGD) that form heterodi-

mers (RAGA or RAGB with RAGC or RAGD) (318). By extruding essential amino acids (e.g., arginine 

and leucine) from the lysosomal lumen into the cytosol via an “inside-out-mechanism”, SLC38A9 

activates the Ragulator complex together with the V-ATPase (319). The Ragulator subsequently 

activates the RAG GTPases, which recruit mTORC1 to the lysosomal surface (316). Rheb, a small 

GTPase present on the lysosomal surface, subsequently activates mTORC1 in response to growth 

factors and ATP (315, 318). Growth factors (e.g., insulin) activate mTORC1 via the phosphatidylin-

ositol 3-kinases (PI3K)-Akt pathway by inactivating Rheb’s inhibitor, the tuberous sclerosis com-

plex 1/2 (TSC1/2) (320). AMPK is activated by glucose deprivation and inactivates mTORC1 by both 
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inhibition of raptor and activation of TSC1/2 (67). mTORC1 regulates anabolic (e.g., protein synthe-

sis) and catabolic processes (e.g., autophagy, lysosomal biogenesis) by phosphorylation of other 

proteins including transcription factors (321). For instance, mTORC1 regulates the activity of the 

transcription factor EB (TFEB), which controls lysosomal biogenesis (see Figure 17) and autophagy 

(322, 323). TFEB belongs to the microphthalmia-transcription factor E (MiT/TFE) family, a subfam-

ily of the basic helix-loop-helix transcription factor family (324). In normal conditions, phosphoryla-

tion of TFEB by mTORC1 stimulates its binding to cytosolic 14-3-3 proteins, retaining TFEB inside 

the cytoplasm (325, 326). Inactivation of mTORC1 upon starvation or lysosomal stress (e.g., lyso-

somal enlargement/storage) dephosphorylates TFEB and induces its translocation into the nucleus. 

TFEB-target genes, numerous lysosomal and autophagic genes, contain a 10- base pairs (GTCAC-

GTGAC) sequence in their promotor, known as the coordinated lysosomal expression and regula-

tion (CLEAR) element (327). Nuclear TFEB binds to CLEAR elements and promotes the transcrip-

tion of these genes. In addition to cellular clearance and regulation of cell metabolism, lysosomes 

store Ca2+, repair cell membranes, and regulate cell death (296, 328). 

 

Figure 17: Regulation of lysosomal biogenesis. Adapted from (297). 

TFEB: Transcription factor EB, mTORC1: Mammalian target of rapamycin complex 1 
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6.3 Lysosomal regulation of apoptosis 

Several stressors such as photodamage, apoptotic effector proteins (e.g., BAX, BAK), sphingosines, 

and lysosomotropic drugs can induce lysosomal membrane permeabilization (LMP), which results 

in the release of lysosomal content into the cytoplasm (329, 330). Moreover, as an iron-rich orga-

nelle without antioxidant enzymes, the lysosomal membrane is prone to lipid peroxidation in the 

presence of H2O2 (331). Excessive LMP can lead to a massive release of lysosomal enzymes, acid-

ification of the cytoplasm, and eventually induce necrosis by uncontrolled hydrolysis of cytoplasmic 

components (297). Selective release of specific cathepsins that remain active at neutral pH 

(e.g., cathepsin B, D, L) can cleave and activate the pro-apoptotic BH3-only protein BID to trun-

cated BID (tBID) (332). tBID subsequently activates pro-apoptotic effector proteins (e.g., BAX, 

BAK), which can induce mitochondrial membrane permeabilization and cytochrome c release (333, 

334). Alternatively, cathepsins can degrade the anti-apoptotic BCL-2 protein or directly activate 

BAX (335). Damaged lysosomes are therefore immediately repaired by the endosomal sorting com-

plex required for transport (ESCRT) machinery or ubiquitinated and subsequently degraded via 

lysophagy, a selective form of autophagy (336). 
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7 Aims of the thesis 
Idiosyncratic DILI is caused by various mechanisms including mitochondrial dysfunction and oxida-

tive stress. Thus, the aim of the present thesis was to study the role of the NRF2-mediated oxidative 

stress response in DILI caused by mitochondrial toxicants. We evaluated the consequences of 

drug-induced mitochondrial oxidative stress on the mitochondrial and cellular antioxidant defense. 

Moreover, we studied the role of lysosomes in DILI caused by lysosomotropic TKIs. 

7.1 Paper I 

The aim of the first project was to investigate the consequences of benzbromarone-induced oxida-

tive stress on (i) the KEAP1-NRF2 pathway in HepG2 cells. More specifically, we studied the effects 

of benzbromarone-induced oxidative stress on (ii) NRF2-regulated antioxidant proteins and (iii) on 

the cellular as well as mitochondrial GSH pool, identifying markers of mitochondrial and cellular 

oxidative damage. Finally, we sought to answer the question whether an impaired NRF2-mediated 

oxidative stress response represents a risk factor for benzbromarone-induced hepatotoxicity. 

7.2 Paper II 

In the second project, we aimed to evaluated the effects of lapatinib on (i) the KEAP1-NRF2 path-

way and (ii) the involvement of oxidative stress in its activation. Thereby, we intended to investigate 

the mechanism of NRF2 activation by lapatinib. Moreover, we assessed the consequences of lapa-

tinib on (iii) NRF2-regulated genes and proteins as well as on (iv) the cellular GSH pool.  

7.3 Paper III 

The overall goal of this project was to elucidate whether the lysosomotropic properties of imatinib 

and lapatinib contribute to their hepatotoxic effects. Therefore, we evaluate the effects of lapatinib 

and imatinib on (i) lysosomal morphology and (ii) lysosomal functions such as proteolytic activity 

and mTORC1 activation. Moreover, we elucidated the effects of imatinib on (iii) the lysosomal stress 

response regulated by TFEB. Finally, we assessed the effects of imatinib on (iv) autophagy in 

HepG2 cells.  
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A B S T R A C T

The uricosuric benzbromarone is a mitochondrial toxicant associated with severe liver injury in patients treated
with this drug. Since dysfunctional mitochondria can increase mitochondrial superoxide (O2

•−) production, we
investigated the consequences of benzbromarone-induced mitochondrial oxidative stress on the hepatic anti-
oxidative defense system. We exposed HepG2 cells (a human hepatocellular carcinoma cell line) to increasing
concentrations of benzbromarone (1-100 μM) for different durations (2-24 h), and investigated markers of an-
tioxidative defense and oxidative damage. At high concentrations (≥50 μM), benzbromarone caused accumu-
lation of mitochondrial superoxide (O2

•−) and cellular reactive oxygen species (ROS). At
concentrations> 50 μM, benzbromarone increased the mitochondrial and cellular GSSG/GSH ratio and in-
creased the oxidized portion of the mitochondrial thioredoxin 2. Benzbromarone stabilized the transcription
factor NRF2 and caused its translocation into the nucleus. Consequently, the expression of the NRF2-regulated
antioxidative proteins superoxide dismutase 1 (SOD1) and 2 (SOD2), glutathione peroxidase 1 (GPX1) and 4
(GPX4), as well as thioredoxin 1 (TRX1) and 2 (TRX2) increased. Finally, upregulation of NRF2 by siRNA-
mediated knock-down of KEAP1 partially protected HepG2 cells from benzbromarone-induced membrane da-
mage and ATP depletion. In conclusion, benzbromarone increased mitochondrial O2

•− accumulation and acti-
vates the NRF2 signaling pathway in HepG2 cells, thereby strengthening the cytosolic and mitochondrial an-
tioxidative defense. Impaired antioxidative defense may represent a risk factor for benzbromarone-induced
hepatotoxicity.

1. Introduction

Benzbromarone is an uricosuric that has been used for several
decades in Europe and South East Asia to treat hyperuricemia and gout
[1]. Benzbromarone inhibits the proximal tubular reabsorption of uric
acid and thereby lowers the serum uric acid concentration. As a ben-
zofuran derivative, benzbromarone shows no structural similarity with
uric acid, however, shares structural similarities with the antiar-
rhythmics amiodarone and dronedarone [2]. Similar to amiodarone and
dronedarone, benzbromarone is associated with a risk for liver injury
[2,3]. The reported hepatic injuries range from mild elevation of serum
transaminases, which is mostly reversible, to potentially fatal acute
liver failure [3]. As a consequence, benzbromarone was withdrawn
from the drug market in many countries; however, it can still be pre-
scribed to patients in Germany, Netherlands, Spain, and Japan [4].

The exact mechanisms of benzbromarone-associated hepatotoxicity

are still unknown. We have shown in a previous study performed in rat
liver mitochondria and isolated rat hepatocytes that the hepatotoxicity
of benzbromarone is related to mitochondrial dysfunction [2]. Later, we
showed that benzbromarone impairs the activity of enzyme complexes
of the electron transport chain and of mitochondrial ß-oxidation in
HepG2 cells, a human cell line derived from a patient with hepatocel-
lular carcinoma [5]. Furthermore, benzbromarone disturbs the mi-
tochondrial network, and causes both apoptosis and necrosis in HepG2
cells [5].

As a consequence of the inhibition of the enzyme complexes of the
electron transport chain, HepG2 cells exposed to benzbromarone ex-
hibit accumulation of mitochondrial reactive oxygen species (ROS),
which derive mainly from superoxide radicals (O2

•−). ROS can damage
DNA bases, modify proteins, and oxidize membrane lipids, and conse-
quently cause cell death [6,7]. The nuclear factor erythroid 2-related
factor 2 (NRF2), a basic-leucine zipper transcription factor, regulates
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the expression of diverse antioxidative genes, and plays therefore a
central role in the defense against oxidative stress [8]. Under physio-
logical conditions, NRF2 is trapped in the cytoplasm by its repressor
Kelch-like ECH-associated protein 1 (KEAP1), a redox-sensitive protein.
KEAP1 functions as an adapter for Cullin 3-based E3 ligase, which en-
ables ubiquitination and subsequent degradation of NRF2 [9,10]. Upon
exposure to ROS, reactive cysteine residues of KEAP1 are oxidized, and
KEAP1 is unable to target NRF2 for proteasomal degradation [11]. The
cellular NRF2 content increases and NRF2 translocates into the nucleus
where it binds to antioxidant response elements (ARE) located in the
upstream promoter region of the respective target genes, such as su-
peroxide dismutases (SODs) [12], glutathione (GSH)-dependent glu-
tathione peroxidase 1 (GPX1) and glutamate-cysteine ligase (GCL) [13].
Superoxide dismutases (SODs) transform O2

•− to hydrogen peroxide
(H2O2), a less reactive, but membrane-permeable ROS [14]. GPX1
subsequently detoxifies H2O2 to H2O [15]. GSH, the most prevalent
antioxidative molecule in hepatocytes, reacts either directly with ROS
or serves as an electron donor for ROS-detoxifying proteins such as
GPX1 [16]. In these processes, two molecules of GSH undergo oxidation
to glutathione disulfide (GSSG). Thus, the ratio of GSSG to GSH (GSSG/
GSH) increases with increasing oxidative stress [17,18]. GSH is com-
partmentalized in hepatocytes, whereby mitochondria contain their
own pool [19]. Thus, hepatocytes and their mitochondria possess an
own antioxidative defense system to detoxify ROS [20]. To date, the
consequences of benzbromarone-induced oxidative stress on the mi-
tochondrial antioxidative defense system and on the NRF2 signaling
pathway including downstream target antioxidative proteins are still
unknown.

Based on these considerations, the aim of the present study was to
investigate the consequences of benzbromarone-induced mitochondrial
oxidative stress on the mitochondrial and cellular antioxidative defense
capacity in HepG2 cells. We investigated the effect of benzbromarone
on the accumulation of mitochondrial and cellular ROS, on the mi-
tochondrial and cellular GSH pools, and on the expression of thior-
edoxins and the redox state of the mitochondrial thioredoxin 2 (TRX2).
Since NRF2 plays a central role in protecting hepatocytes against drug-
induced oxidative stress, we also investigated whether benzbromarone
activates the NRF2 signaling pathway and whether changes in the
protein expression of NRF2 alters the cytotoxic characteristics of
benzbromarone.

2. Materials and methods

2.1. Reagents

We purchased the cell culture medium, supplements, and the
transfection reagent from Thermo Fisher Scientific (Basel, Switzerland).
The chemicals, including benzbromarone, were obtained from Sigma-
Aldrich (Buchs, Switzerland), if not indicated otherwise. For LC-MS/MS
measurements, we used solvents of HPLC grade from Merck
(Darmstadt, Germany). Internal standards and reference substances
were purchased from Toronto Research Chemicals (Ontario, Canada),
antibodies for Western blotting either from Abcam (Cambridge, UK) or
Santa Cruz Biotechnology (Heidelberg, Germany). The siRNA for
transfection were also obtained from Santa Cruz Biotechnology.

2.2. Cell culture

We cultured the human hepatoma cell line HepG2 in Dulbecco's
modified eagle medium (1.0 g/L D-glucose, 4 mM L-glutamine, 1 mM
sodium pyruvate) supplemented with 10% (v/v) inactivated fetal bo-
vine serum, 10 mM HEPES buffer (pH 7.4), 2 mM GlutaMAX, 1% (v/v)
MEM non-essential amino acids solution (100x), and 100 U/mL peni-
cillin/streptomycin. The cells were kept at 37 °C in a humidified 5%
CO2 cell culture incubator and passaged using TrypLE express enzyme.
The cell number was determined using a Neubauer hemocytometer, and

the cell viability was checked using the trypan blue exclusion method.

2.3. Treatment of HepG2 cells with benzbromarone

We exposed HepG2 cells (90% confluency) to increasing benz-
bromarone concentrations in the range of 1–100 μM for different
durations (2, 4, 6, 24, and 48 h). Benzbromarone stock solutions
(1000x) were prepared in dimethyl sulfoxide (DMSO) and stored at
-20 °C. Thus, we used 0.1% (v/v) DMSO as a negative control.

2.4. Cellular ROS accumulation

Cellular ROS accumulation was measured in benzbromarone-ex-
posed HepG2 cells using dihydrorhodamine 123 (Sigma-Aldrich, Buchs,
Switzerland) as molecular probe. Dihydrorhodamine 123 is oxidized by
ROS, including H2O2, to rhodamine 123, a highly fluorescent oxidation
product. Thus, we incubated benzbromarone-exposed HepG2 cells with
1 μM dihydrorhodamine 123 in PBS for 15 min at room temperature
protected from light. As positive control, we exposed HepG2 cells to
50 μM menadione, a redox cycler [21]. We stopped the oxidation re-
action by adding 100 μL ice‐cold phosphate-buffered saline (PBS) to the
cells and measured the fluorescence of rhodamine 123
(λexcitation = 500 nm, λemission = 536 nm) with a microplate reader
(Infinite 200 PRO, Tecan Group, Männedorf, Switzerland). After the
measurement, we lysed the cells using radio-immunoprecipitation assay
buffer (RIPA buffer). We determined the protein concentration by
performing a bicinchoninic acid assay using bovine serum albumin
(BSA) as protein standard (Pierce BCA Protein Assay Kit, Thermo Fisher
Scientific, Waltham, USA), and measured the absorbance with a mi-
croplate reader (Infinite 200 PRO, Tecan Group, Männedorf, Switzer-
land). The measured fluorescence was normalized to the protein con-
centration.

2.5. Mitochondrial O2
•− accumulation

We measured mitochondrial O2
•− accumulation in benzbromarone-

exposed HepG2 cells using MitoSOX red (Thermo Fisher Scientific,
Basel, Switzerland) as molecular probe. MitoSOX red accumulates in
mitochondria, where it is oxidized by mitochondrial O2

•− to a highly
fluorescent oxidation product after its binding to nucleic acids. Thus,
we incubated benzbromarone-exposed HepG2 cells with 2.5 μM
MitoSOX red in PBS for 10 min at 37 °C protected from light. As a
positive control, we exposed HepG2 cells to 25 μM amiodarone, which
is a well-known inhibitor of the mitochondrial electron transport chain
[22]. The fluorescence (λexcitation = 510 nm, λemission = 580 nm) was
measured using a microplate reader. After the measurement, we lysed
the cells using RIPA buffer, and determined the protein concentration.
The measured fluorescence was normalized to the protein concentra-
tion.

2.6. Mitochondrial isolation from HepG2 cells by magnetic separation

Mitochondria were isolated from HepG2 cells using the human
mitochondria isolation kit (Miltenyi Biotec, Solothurn, Switzerland)
according to the manufacturer's protocol. The isolation is based on
magnetic separation [23]. Briefly, we harvested, washed and lysed
40 × 106 HepG2 cells, and homogenized them with a dounce homo-
genizer applying 90 strokes. We magnetically labelled the mitochondria
by incubating the cell homogenate for 1 h with superparamagnetic
microbeads conjugated to anti-TOM22 (translocase of outer mi-
tochondrial membrane) antibodies. After the incubation, we applied the
cell homogenate stepwise on pre-rinsed LS columns (Miltenyi Biotec,
Solothurn, Switzerland) placed in the magnetic field of a MACS se-
parator (Miltenyi Biotec, Solothurn, Switzerland). Pre-separation filters
were used to remove cell aggregates. The magnetic field retained the
labelled mitochondria in the columns, while the rest of the cell
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homogenate ran through. After several washing steps, we removed the
columns from the separator and placed them in new Eppendorf tubes.
We flushed out the mitochondria by gently pushing a plunger into the
column loaded with separation buffer. The mitochondrial pellet was
obtained after centrifugation at 13’000 g for 2 min at 4 °C using a
microcentrifuge (centrifuge 5415 R; Eppendorf, Schönenbuch, Swit-
zerland).

2.7. Mitochondrial isolation from HepG2 cells by differential centrifugation

Alternatively, we isolated mitochondria from HepG2 cells by dif-
ferential centrifugation according to the protocol of Kappler and cow-
orkers [24]. Briefly, we collected 10 × 106 HepG2 cells in a falcon tube
by centrifugation at 500g for 5 min, washed the cell pellet with ice-cold
PBS, and resuspended it in 20 mL ice-cold STE buffer (250 mM sucrose,
5 mM Tris, 2 mM EGTA; pH 7.4) containing 0.5% bovine serum al-
bumin (BSA). We homogenized the cells with a dounce homogenizer by
applying 15 strokes, and centrifuged the homogenate at 1000 g for
10 min at 4 °C. The supernatant was transferred into a new falcon tube
by filtering through a double gauze (250 μM mesh size). The pellet,
which possibly contains still unbroken cells, was resuspended in 15 mL
STE buffer containing 0.5% BSA, homogenized again by applying 15
strokes, and centrifuged using an ultracentrifuge (Beckman Avant J-25
centrifuge, Beckman Instruments, California, USA) at 1000 g for
10 min at 4 °C. We centrifuged the combined supernatants at 10’400 g
for 10 min at 4 °C, and obtained a crude mitochondria pellet, which we
resuspended in 5 mL STE buffer containing 0.5% BSA. After cen-
trifugation at 10’400 g for 10 min at 4 °C, we resuspended the pelleted
mitochondria in 100 μL STE buffer, and centrifuged at 16’000 g for
2 min at 4 °C. We finally resuspended the mitochondria in 100 μL RIPA
buffer, and stored the lysates at -80 °C until western blot analysis.

2.8. Cellular and mitochondrial GSH and GSSG content

We analyzed GSH and GSSG by liquid chromatography tandem mass
spectrometry (LC-MS/MS) in benzbromarone-exposed HepG2 cells and
mitochondria isolated from benzbromarone-exposed HepG2 cells. As
positive control, we exposed HepG2 cells to 100 μM L-buthionine sul-
foximine (BSO), which inhibits the GSH biosynthesis [19]. GSH am-
monium salt-d5 (3.2 mM, in DMSO) and GSSG-13C4,15N2 (1 mM, in
H2O) were used as internal standards. We alkylated the thiol group of
GSH and GSH ammonium salt-d5 with N-ethylmaleimide (NEM)
forming GS-NEM and GS-NEM-d5 to prevent auto-oxidation of the thiol
group during the sample preparation [25].

Briefly, 5 × 105 HepG2 cells were harvested after having been ex-
posed to benzbromarone, washed, and the cell pellet was immediately
incubated with 250 μL alkylating solution (50 mM NEM in PBS) for
30 min on ice. During the washing step, we took an aliquot to de-
termine the protein concentration of our samples. In addition, we
measured the protein concentration of the isolated mitochondrial
pellet. An amount of approximately 0.4 mg mitochondria were after-
wards incubated in 100 μL alkylating solution. The samples were ex-
tracted in a ratio of 1:4 (v/v) with internal standard solution, which
consisted of 1 μM GSSG-13C4,15N2 and 400 nM GS-NEM-d5 in methanol.
We kept the extracts for 30 min at -20 °C to ensure protein precipita-
tion. After centrifugation at 3500g for 10 min at 4 °C, we transferred
250 μL supernatant into a LC-MS/MS tube. Calibration lines of GS-NEM
(250–0.25 μM) and GSSG (25–0.025 μM) were prepared in alkylating
solution and extracted as described above for the cell samples.

An aliquot of 10 μL was injected into the LC-MS/MS system con-
sisting of a Shimadzu HPLC (Kyoto, Japan) coupled to an API 4000
QTrap tandem mass spectrometer (ABSciex, Concord, Canada). The
system was operated with Analyst 1.6.2 software (AB Sciex, Concord,
Canada). GS-NEM and GSSG were separated on a Symmetry C18
column (3.5 μm, 100 Å, 4.6 mm× 75 mm; Waters, Eschborn, Germany)
at a flow rate of 0.7 mL/min and a temperature of 45 °C. We used H2O

(phase A) and acetonitrile (phase B) both supplemented with 0.1%
formic acid as mobile phases. We loaded the samples onto the analytical
column using 7% mobile phase B and diluted it inline via a t-union with
mobile phase A during the first 0.5 min of each run. Within the next
1.5 min, we linearly increased the gradient to 95% mobile phase B. We
flushed the column with 95% mobile phase B for 1.5 min, and finally
reconditioned the system with 7% mobile phase B for 1 min. The re-
tention times of GSSG and GS-NEM were 1.74 min and 2.14 min, re-
spectively. The analytes were positively charged by electro spray ioni-
zation and analyzed using scheduled multiple reaction monitoring. We
applied an ion spray voltage of 5500 V, and set the probe temperature
at 700 °C. We used the following mass transitions: 433.1 → 304.0 m/z
for GS-NEM; 438.1 → 304.1 m/z for GS-NEM-d5; 613.2 → 355.2, 483.9,
231.0 m/z for GSSG; and 619.2 → 361.0, 490.0, 230.8 for
GSSG-13C4

15N2.
The measured GS-NEM and GSSG concentrations were normalized

to the protein concentration of each sample. Finally, we calculated the
ratio of GSSG to GSH (GSSG/GSH).

2.9. Mitochondrial TRX2 redox state

We performed a redox western blot of mitochondrial protein TRX2
to determine its redox state according to the protocol of Go and Jones
[26]. Reduced TRX2 was separated from oxidized TRX2 by non-redu-
cing PAGE. The separation based on the size difference (1 kDa) between
the oxidized and reduced form after derivatization of reduced TRX2
with 4-acetamido-4'-maleimidylstilbene-2,2'-disulfonic acid (AMS).
AMS, a molecule of 500 Da, reacts with the two thiol groups in the
active site of reduced TRX2. Briefly, benzbromarone-exposed HepG2
cells, seeded in a 6-well plate (2 × 105 cells/well), were washed with
PBS, lysed with ice-cold 10% (m/v) trichloroacetic acid, and scraped
from the plate using a cell scraper. The cell lysates were transferred into
new Eppendorf tubes, and incubated for 30 min on ice. We obtained a
protein pellet after centrifugation at 12’000 g for 5 min at 4 °C. We
washed the pellet with 100% acetone, and solved the proteins in 50 μL
derivatization buffer (15 mM AMS, 50 mM Tris·Cl, 0.1% SDS; pH 8.0)
using a Bioruptor Pico sonication device (Diagenode SA, Seraing, Bel-
gium). The proteins were derivatized for 3 h at room temperature in the
dark. We loaded 10 μg protein mixed with 5 μL non-reducing sample
loading buffer on a 15% polyacrylamide separating gel and performed
western blotting as described below. As a primary antibody, we used
the anti-thioredoxin 2 antibody from Abcam (ab185544) diluted
1:10’000 in 5% non-fat milk in PBS plus 0.1% Tween (PBST).

2.10. Cytoplasmic and nuclear protein extraction

We used a nuclear and cytoplasmic extraction kit (NE-PER Nuclear
and Cytoplasmic Extraction Reagents, Thermo Fisher Scientific, Basel,
Switzerland) to obtain nuclear and cytoplasmic protein fractions from
benzbromarone-exposed HepG2 cells. According to the manufacturer's
protocol, we incubated the cells with ice-cold cytoplasmic extraction
reagent I for 10 min on ice. The buffer volumes were chosen according
to the cell pellet size. We added ice-cold cytoplasmic extraction reagent
II, vortexed the sample for 5 s, and incubated for another minute on ice.
After centrifugation at 16’000 g for 5 min, we obtained the cytoplasmic
protein fraction (supernatant). The pellet was further incubated in ice-
cold nuclear extraction reagent for 40 min on ice with occasional vor-
texing. After centrifugation at 16’000 g for 10 min, we obtained the
nuclear protein fraction (supernatant). The protein fractions were
stored at -80 °C until western blot analysis.

2.11. Western blotting

We prepared protein samples from HepG2 cells and isolated mi-
tochondria using RIPA buffer as lysis buffers. After determining the
protein concentration of each sample, we prepared denatured and
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reduced protein samples. Thus, we used sodium dodecyl sulfate (SDS)
as denaturing detergent, and boiled the samples at 95 °C for 5 min. We
loaded 20 μg protein on a NuPage 4-12% Bis-Tris Gel (Thermo Fisher
Scientific, Basel, Switzerland), and separated the proteins by one di-
mensional gel electrophoresis according to their molecular weight.
NuPAGE LDS sample buffer was used as loading buffer and PageRuler
prestained protein ladder as molecular weight marker, both purchased
from Thermo Fisher Scientific (Basel, Switzerland). The proteins were
transferred on a nitrocellulose membrane (Trans-Blot Turbo Mini
Nitrocellulose Transfer Packs; Bio-Rad Laboratories, Cressier,
Switzerland) by a Trans-blot turbo transfer system (Bio-Rad
Laboratories, Cressier, Switzerland). To prevent non-specific back-
ground binding of the antibodies, we blocked the membrane for 1 h
with 5% non-fat milk in PBST under constant shaking. The membrane
was incubated overnight in primary antibody diluted in 5% non-fat
milk in PBST at 4 °C. The following primary antibodies and dilutions
were used: NRF2 (1:10’000, ab62352), SOD1 (1:5000, ab51254), SOD2
(1:5000, ab74231), GPX1 (1:1000, ab108427), GPX4 (1:1000,
ab125066), TRX1 (1:10'000, ab109385), TOMM20 (translocase of outer
mitochondrial membrane 20; 1:1000, ab78547), KDEL (ER specific
sequence K-D-E-L; 1:10’000, ab176333), LAMP1 (lysosome-associated
membrane protein 1; 1:200, sc-17768). Antibodies against glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH; 1:1000, sc-365062)
and Lamin B1 (1:500, ab8982) were used as loading controls.

After washing and incubating for 1 h with the corresponding
horseradish peroxidase-conjugated secondary antibody (m-IgGK BP-
HRP, 1:2000, sc-516102; mouse anti-rabbit IgG-HRP, 1:2000, sc-2357),
we detected the protein bands using an ECL detection kit (Clarity
Western ECL Substrate; Bio-Rad Laboratories, Cressier, Switzerland)
and Fusion pulse 6 (Witec AG, Switzerland) as imaging system. The
protein bands were visualized and quantified using Evolution-Capt
software (Witec AG, Switzerland).

2.12. siRNA transfection

We transfected HepG2 cells with NRF2 siRNA (30 nM, sc-37030)
and KEAP1 siRNA (10 nM, sc-43878) to downregulate the protein ex-
pression of NRF2 and KEAP1, respectively. We performed a reverse
transfection using Lipofectamine RNAiMAX as transfection reagent. A
non-targeting CTRL siRNA-A (10 nM, sc-37007) was used as negative
control. Briefly, we prepared siRNA-Lipofectamine RNAiMAX com-
plexes by diluting the siRNA in Opti-MEM reduced serum medium
followed by the addition of Lipofectamine RNAiMAX. We gently mixed
the preparation, and incubated for 20 min at room temperature.
Subsequently, we transferred the siRNA-Lipofectamine RNAiMAX
complexes to a 96-well plate (20 μL/well), and added 7500 HepG2
cells/well diluted in 100 μL of antibiotics-free growth medium. The
cells were incubated for 48 h at 37 °C in a in a 5% CO2 incubator.

2.13. Membrane toxicity

We assessed the cell membrane integrity of benzbromarone-treated
HepG2 cells using the ToxiLight assay from Lonza (Basel, Switzerland).
The assay measures the release of the intracellular enzyme adenylate
kinase (AK) into the cell culture medium upon cell membrane damage.
We treated siRNA-transfected HepG2 cells, seeded in a 96-well plate,
with increasing concentrations of benzbromarone (10-100 μM) for 24 h.
Triton X 0.1% was applied as positive control. We combined 20 μL of
the cell culture medium with 50 μL of AK detection solution in an
opaque 96-well plate, incubated for 5 min, and measured the lumi-
nescence using a microplate reader.

2.14. Cellular ATP content

We measured the intracellular ATP content as a marker of cell
viability in benzbromarone-treated HepG2 cells using the CellTiter-Glo

luminescent cell viability assay from Lonza (Basel, Switzerland).
Briefly, we added CellTiter-Glo reagent directly to the cells seeded in a
96-well plate using an equal volume as the cell culture medium. Cell
lysis was induced by shaking the plate for 2 min on an orbital shaker.
After incubation at room temperature for 10 min, we recorded the lu-
minescence using a microplate reader.

2.15. Statistical analysis

The data are presented as the mean ± standard error of the mean
(SEM) of at least three independent experiments. We performed one-
way ANOVA statistical analysis or 2 way ANOVA with Dunnett's mul-
tiple comparison test using GraphPad prism version 8.2.1 (Graph Pad
Software, San Diego, USA). Significant values, indicated in the figures
with a star, were reached with a p-value<0.05 compared to the ne-
gative control. We used an unpaired t-test with a p-value< 0.05 to
statistically compare the effect of each positive control to the corre-
sponding negative control.

3. Results

3.1. Exposure to benzbromarone increased mainly mitochondrial
superoxide in HepG2 cells

First, we exposed HepG2 cells to increasing concentrations of
benzbromarone (1-100 μM) for 2 h, 6 h, and 24 h. We measured total
cellular ROS and mitochondria-specific O2

•− accumulation (Fig. 1). As
expected, cellular ROS accumulated significantly in HepG2 cells ex-
posed to the positive control menadione for 2 h (100 μM), 6 h (100 μM),
and 24 h (50 μM) (Fig. 1A, 1B, and 1C). Moreover, HepG2 cells exposed
to the positive control amiodarone for 2 h (50 μM), 6 h (50 μM), and
24 h (25 μM) revealed a significant mitochondrial O2

•− accumulation
(Fig. 1D, 1E, and 1F). Exposure to increasing concentrations of benz-
bromarone for 2 h caused a decrease in cellular ROS accumulation
starting to be significant at 20 μM (Fig. 1A), and caused a significant
increase in mitochondrial O2

•− accumulation at 100 μM (Fig. 1D). Ex-
posure for 6 h did not affect cellular and mitochondrial ROS accumu-
lation (Fig. 1B and 1E). After exposure for 24 h, 50 μM and 100 μM
benzbromarone showed a trend to increase cellular ROS in HepG2
without reaching significance (Fig. 1C). Similarly, after exposure for
24 h, benzbromarone showed a clear concentration-dependent trend to
increase mitochondrial O2

•− accumulation in HepG2 cells starting at
5 μM and reaching significance at 100 μM (Fig. 1F).

Overall, benzbromarone caused a time- and concentration-depen-
dent accumulation of cellular ROS and mitochondrial O2

•− in HepG2
cells, whereby the accumulation of mitochondrial O2

•− was more pro-
nounced than the accumulation of cellular ROS.

3.2. Benzbromarone caused mainly oxidation of mitochondrial GSH in
HepG2 cells

We measured GSH and GSSG levels in HepG2 cells and mitochon-
dria isolated from HepG2 cells after exposure to benzbromarone for
24 h as representatives of the antioxidative system. We isolated mi-
tochondria from cells by two different approaches (MACS technology vs
differential centrifugation), and tested the purity of the isolated mi-
tochondria by western blot. Mitochondria obtained by MACS tech-
nology showed less lysosomal, ER, and cytosolic contaminations com-
pared to mitochondria obtained by differential centrifugation (Suppl.
Fig. 1). We isolated approximately 0.5 mg mitochondrial protein per
40 × 106 HepG2 cells.

The positive control BSO significantly decreased GSH in cells by
~76% and isolated mitochondria by ~65%, when applied for 24 h at a
concentration of 100 μM (Fig. 2A and 2D, respectively). Benz-
bromarone at 100 μM increased both GSH (~1.4-fold) and GSSG (~2.0-
fold) in entire HepG2 cells (Fig. 2A and 2B, respectively). The cellular
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Fig. 1. Accumulation of cellular ROS and mitochondrial superoxide in HepG2 cells. Cellular ROS accumulation in HepG2 cells relative to the negative control
(0.1% DMSO) after exposure to benzbromarone for 2 h (A), 6 h (B), and 24 h (C). Benzbromarone concentrations were in the range of 1-100 μM. The ROS
accumulation is shown as fold increase relative to the negative control (0.1% DMSO, represented by the grid line). Mitochondrial superoxide accumulation in HepG2
cells relative to the negative control (0.1% DMSO) after exposure to benzbromarone for 2 h (D), 6 h (E), and 24 h (F). The superoxide accumulation is shown as fold
increase relative to the negative control (0.1% DMSO, represented by the grid line). Data are the mean ± SEM of at least three independent experiments. *p < 0.05
versus negative control.

Fig. 2. Levels of GSH and GSSG, and ratio of GSSG to GSH (GSSG/GSH) in HepG2 cells and isolated mitochondria. Levels of GSH (A) and GSSG (B), and GSSG/
GSH ratio (C) in HepG2 cells exposed to benzbromarone for 24 h using concentrations in the range of 10-100 μM. Levels of GSH (D) and GSSG (E), and GSSG/GSH
ratio (F) in mitochondria isolated from HepG2 cells exposed to benzbromarone for 24 h using concentrations in the range of 10-100 μM. GSH and GSSG con-
centrations in HepG2 cells and isolated mitochondria were measured by LC-MS/MS analysis, and normalized to the protein concentration. We used 0.1% DMSO as a
negative control. Data are the mean ± SEM of at least three independent experiments. *p < 0.05 versus negative control.
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GSSG/GSH ratio increased (~1.5-fold), without reaching significance
(Fig. 2C). Benzbromarone showed a trend to decrease the mitochondrial
GSH level at 50 μM and at 100 μM, but without reaching significance
(Fig. 2D). Mitochondrial GSSG, however, was significantly increased
(~3.5-fold) at a concentration of 100 μM benzbromarone (Fig. 2E),
leading to an increased (~2.6-fold) mitochondrial GSSG/GSH ratio at
this concentration (Fig. 2F). Furthermore, the GSSG/GSH ratio in mi-
tochondria was approximately 10 times higher than in entire cells
(Fig. 2C and 2F).

3.3. Benzbromarone activated the NRF2 signaling pathway in HepG2 cells

The NRF2 signaling pathway is the major regulator of cytoprotec-
tive responses to ROS. Thus, we determined the protein expression of
NRF2 in HepG2 cells after exposure to increasing concentrations of
benzbromarone (1-100 μM) for 2 h, 6 h and 24 h. As expected, 100 μM
tert-butylhydroquinone (tBHQ), an established NRF2 inducer, increased
the protein expression of NRF2 more than 2-fold after 6 h and 24 h of
exposure, and more than 3-fold after exposure for 2 h compared to the
negative control (Fig. 3A). Benzbromarone caused a concentration-de-
pendent increase in NRF2 protein expression in HepG2 cells exposed for
2 h (Fig. 3A), starting already at 1 μM, the lowest concentration studied
(2.7-fold increase) and starting to be significant at 20 μM. Similarly,
benzbromarone increased NRF2 protein expression in HepG2 cells ex-
posed for 6 h and 24 h at any concentration studied (Fig. 3A). Sig-
nificant effects were observed after 6 h of exposure for 100 μM, and
starting at 10 μM after an exposure for 24 h (Fig. 3A). Our data are
compatible with a rapid stimulation of NRF2 protein expression by
benzbromarone, which slowly declined over 24 h despite the presence
of benzbromarone.

NRF2 is a transcription factor, which has to reach the nucleus in
order to be active. We therefore investigated the translocation of NRF2
into the nucleus caused by benzbromarone at different time points.
After having exposed HepG2 cells to 100 μM benzbromarone for 2 h,
4 h, 6 h, and 24 h, we prepared nuclear and cytoplasmic fractions, and
determined the protein expression of NRF2 in each fraction. NRF2 ac-
cumulated significantly (> 3.0-fold) in the nuclear fraction after

exposure to 100 μM benzbromarone at any time point compared to the
negative control (Fig. 3B). In parallel, the expression of NRF2 in the
cytoplasm was stable over the exposure period except for the 24 h time
point, at which NRF2 expression was lower compared to the control
(Fig. 3C).

3.4. Benbromarone increased the expression of NRF2-regulated
antioxidative proteins in HepG2 cells

To examine the effects of benzbromarone on the expression of an-
tioxidative proteins that are stimulated by NRF2, we analyzed their
expression by western blot in HepG2 cells exposed to benzbromarone
for 2 h, 6 h, and 24 h. We observed that benzbromarone exposure in-
creased the protein expression of antioxidative proteins, including
SOD1, SOD2, GPX1 and GPX4 in a concentration-dependent manner at
any time point studied (Fig. 4 and Suppl. Fig. 2, respectively). The most
pronounced effects were observed for SOD2 and GPX1, which showed
the largest increase in protein expression already after 2 h of exposure
with benzbromarone (Fig. 4A). For all proteins studied, the effect lasted
for 24 h (Fig. 4 and Suppl. Fig. 2). For SOD2, the increase in protein
expression started already at a benzbromarone concentration of 1 μM
(Fig. 4 and Suppl. Fig. 2).

3.5. Benzbromarone increased the ratio of oxidized to reduced TRX2 in
HepG2 cells

Thioredoxins are key actors for ROS scavenging and participate in
redox-regulatory processes of cells [27]. We first quantified the total
protein expression of TRX1 (cytosolic) and TRX2 (mitochondrial) in
HepG2 cells exposed for 24 h to different benzbromarone concentra-
tions (Fig. 5A). Benzbromarone caused an increase in the protein ex-
pression of TRX1 and TRX2, which was numerically present already at
1 μM, but reached significance at 5 μM for TRX1 and at 50 μM for TRX2.

Since TRX2 is located in the mitochondrial matrix and benz-
bromarone caused an increase in mitochondrial O2

•− accumulation, we
determined the redox state of TRX2 after exposure of HepG2 cells to
different concentrations of benzbromarone for 24 h (Fig. 5B).

Fig. 3. Protein expression of NRF2 in HepG2 cells. (A) Representative western blot of NRF2 after exposure to benzbromarone for 2 h, 6 h, and 24 h, respectively.
We used 100 μM tert-butylhydroquinone (tBHQ) as positive control to stabilize NRF2. GAPDH served as loading control. (B) Representative western blot of NRF2
protein expression in nuclear fraction of HepG2 cells. (C) Representative western blot of NRF2 protein expression in cytoplasmic fraction of HepG2 cells. The cells
were exposed to 100 μM benzbromarone for 2 h, 4 h, 6 h, and 24 h, respectively. Lamin B1 (nuclear fraction) and GAPDH (cytoplasmic fraction) served as loading
controls. Data are the mean ± SEM of at least three independent experiments. *p < 0.05 versus negative control.
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Fig. 4. Protein expression of NRF2-regulated antioxidative proteins in HepG2 cells. Representative western blots of SOD1, SOD2, GPX1, and GPX4 in HepG2
cells. The cells were exposed to 1-100 μM benzbromarone for 2 h (A) and 24 h (B), respectively. For cells exposed for 6 h, see Suppl. Fig. 2. We used 100 μM tert-
butylhydroquinone (tBHQ) as a positive control. GAPDH served as loading control. Data are the mean ± SEM of at least three independent experiments. *p < 0.05
versus negative control.

Fig. 5. Protein expression of thioredoxin (TRX) 1
and 2 in HepG2 cells. (A) Representative western
blots of TRX1 and TRX2 after exposure to benz-
bromarone for 24 h using concentrations in the range
of 1-100 μM. (B) Representative redox western blot
of TRX2 after exposure to benzbromarone for 24 h
using concentrations in the range of 5-100 μM. The
reduced form of TRX2 (TRX2red) is separated from
the oxidized form (TRX2ox) upon derivatization. We
used 0.1% DMSO as negative control. Data are the
mean ± SEM of at least three independent experi-
ments. *p < 0.05 versus negative control.
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Benzbromarone significantly increased the ratio of oxidized TRX2 to
reduced TRX2 (TRX2ox/TRX2red) at a concentration of 100 μM. We also
found a trend to an increased expression of the oxidized TRX2 form
related to GAPDH at 100 μM benzbromarone (Fig. 5B).

3.5.1. Upregulation of NRF2 by siRNA knockdown of KEAP1 reduced
membrane toxicity and ATP depletion upon benzbromarone exposure in
HepG2 cells

To investigate whether NRF2 is involved in benzbromarone-induced
hepatotoxicity, we used NRF2 siRNA to downregulate NRF2, and
KEAP1 siRNA to upregulate NRF2 in HepG2 cells. We measured the
release of AK (a marker for cell membrane integrity) and the cellular
ATP content (a marker for cell viability) in benzbromarone-treated

HepG2 cells, which had a reduced (siRNA NRF2), increased (siRNA
KEAP1), or basal (siRNA CTRL) NRF2 protein expression (Fig. 6A). As
expected, the positive control 0.1% Triton X showed an increase of AK
release in the cell supernatant (Fig. 6B) and a decrease in the ATP
content (Fig. 6C). Benzbromarone caused a concentration-dependent
membrane damage (Fig. 6B) and ATP depletion (Fig. 6C) in HepG2 cells
with basal (siRNA CTRL) and decreased (siRNA NRF2) NRF2 expres-
sion, starting at 50 μM and reaching significance at 100 μM (Fig. 6C).
We did not observe these effects in HepG2 cells with an increased ex-
pression of NRF2 (siRNA KEAP1). AK release was significantly lower in
siRNA KEAP1 cells compared to siRNA CTRL cells, when exposed to
100 μM benzbromarone, supporting a protective effect of NRF2
(Fig. 6B). Moreover, cellular ATP depletion was significantly less pro-
nounced in siRNA KEAP1 cells compared to control cells (siRNA CTRL)

Fig. 6. AK release and ATP content in siRNA-
transfected HepG2 cells. (A) Protein expression of
NRF2 and KEAP1 in siRNA-transfected-HepG2 cells.
Representative western blots of NRF2 and KEAP1 in
HepG2 cells, which were incubated for 48 h with
siRNA NRF2 (30 nM), siRNA KEAP1 (10 nM) or
siRNA CTRL (10 nM). GAPDH served as loading
control. (B) Adenylate kinase (AK) release (cell
membrane integrity marker) and (C) cellular ATP
content (cell viability marker) in HepG2 cells with
decreased (siRNA NRF2), increased (siRNA KEAP1),
or basal (siRNA CTRL) protein expression of NRF2,
which were exposed for 24 h to increasing con-
centration of benzbromarone (10-100 μM). Data are
shown as fold increase relative to the negative con-
trol (0.1% DMSO, represented by the grid line). Data
are the mean ± SEM of three independent experi-
ments. *p < 0.05 versus negative control of the
same siRNA transfection group. +p < 0.05 versus
siRNA of the same benzbromarone treatment group.
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(Fig. 6C).

4. Discussion

The present study provides the first evidence that in vitro benz-
bromarone exposure increases preferentially the mitochondrial O2

•−

content and activates the NRF2 signaling pathway in HepG2 cells. The
nuclear translocation of NRF2 resulted in upregulation of NRF2-regu-
lated proteins, including the antioxidative proteins SOD1, SOD2, GPX1,
GPX4, TRX1 and TRX2. This was not sufficient, however, to avoid mi-
tochondrial O2

•− accumulation and cell damage at the highest benz-
bromarone concentrations. By increasing NRF2 abundance through
KEAP1 knockdown, membrane toxicity and ATP depletion following
exposure to benzbromarone for 24 h could be mitigated.

In our previous studies, we showed that benzbromarone inhibits the
activity of enzyme complexes of the mitochondrial electron transport
chain [2,5]. More precisely, in HepG2 cells exposed to 50 μM benz-
bromarone for 24 h, the activity of all complexes of the electron
transport chain was decreased with a more pronounced drop in the
activity of complex I and II [2,5]. The mitochondrial ROS production is
closely connected to the activity of the electron transport chain [2,28].
Complex I and III of the electron transport chain are considered as the
main site of ROS production and the inhibition of one or both of these
enzyme complexes is associated with increased mitochondrial produc-
tion of O2

•− [29,30]. Taking into account the established toxicity of
benzbromarone on the electron transport chain, we determined the
mitochondrial superoxide accumulation in HepG2 cells exposed to in-
creasing concentrations of benzbromarone. As expected, we observed a
concentration- and time-dependent accumulation of superoxide
(Fig. 1). Mitochondrial O2

•− accumulation was more pronounced than
ROS accumulation in entire cells, suggesting that the primary oxidative
event caused by benzbromarone was in the mitochondria.

The KEAP1-NRF2 signaling pathway is an important system located
in the cytoplasm to protect cells from oxidative stress [10]. In the ab-
sence of an oxidative burst, KEAP1 traps NRF2, facilitating its ubiqui-
tination and degradation by the 26S proteasome in order to maintain
NRF2 at a constant low level. When ROS accumulate in the cytoplasm,
KEAP1 is oxidized and dissociates from NRF2, which translocates into
nucleus, where it combines with small MAF proteins and binds to the
response elements of genes involved in antioxidative defense. Since the
effect of benzbromarone on the NRF2 signaling pathway was so far
unknown, we investigated the effect of benzbromarone on NRF2 pro-
tein expression and function. First, we found that the expression of
NRF2 increased already after 2 h of benzbromarone exposure, which
was surprising taking into account that a mitochondrial and cellular
increase in ROS could only be demonstrated after 24 h of exposure. A
possible explanation for this apparent discrepancy is that although
mitochondrial production of O2

•− and export of H2O2 into the cyto-
plasm increase rapidly after exposure to benzbromarone, accumulation
occurs late due to sufficient antioxidative defense mechanisms. Second,
we determined nuclear translocation of NRF2 by western blot analysis,
and observed a significant time-dependent accumulation upon benz-
bromarone exposure, directly demonstrating that benzbromarone sti-
mulates the NRF2 signaling pathway. Although it is well-established
that ROS induce NRF2 activation, recent data support that alternative
pathways independent of ROS can also be operative [31]. We can
speculate that benzbromarone has been metabolized to electrophilic
compounds that could bind covalently to cysteine residues of KEAP1,
which would liberate and stabilize NRF2. In support of this hypothesis,
the formation of electrophilic metabolites from benzbromarone such as
2,6-dibromohydroquinone has been reported [32,33]. This mechanism
has been described for phenolic NRF2 activators such as honokiol and
chlorogenic acid [34–36]. In addition, cysteine adducts of benz-
bromarone were found in hepatic proteins obtained from livers of
benzbromarone-treated mice, demonstrating the ability of electrophilic
benzbromarone metabolites to interact with sulfhydryl groups of

cellular proteins [37].
In order to counteract the accumulation of ROS, thioredoxins play

an important role in most cells. These small proteins are involved in the
reduction of protein disulfide bridges, and therefore essential to
maintain cellular proteins in their functional form in the case of oxi-
dative stress [27]. We observed a concentration-dependent increase in
the abundance of the mitochondrial (TRX2) and the cytosolic form
(TRX1) of thioredoxin as well as an increase in the oxidized portion of
TRX2 at the highest concentration studied (Fig. 5). Thioredoxins also
belong to the NRF2-regulated genes, which might explain the observed
increase [8]. This result again illustrates that benzbromarone caused
oxidative stress, which most probably originated in mitochondria and
then spread into the cytoplasm.

In addition to the thioredoxins, GSH is a prominent cellular anti-
oxidative that protects against oxidative stress by scavenging reactive
oxygen species [38]. Depletion of reduced GSH and/or increased GSSG,
which results in a shift in the cellular GSSG/GSH redox balance, are
considered indicative for oxidative stress [39]. In this study, benz-
bromarone caused an increase in GSSG and in the GSSG/GSH ratio in
both cytoplasm and mitochondria, whereby the effect in mitochondria
was more accentuated than in the cytoplasm (Fig. 2). Importantly,
mitochondria are equipped with their own pool of glutathione, since
GSH is synthesized in the cytoplasm and has to be transported into
mitochondria [38]. Interestingly, beside the increase in GSSG in the
cytoplasm and in mitochondria, which is explained by the oxidative
effect of benzbromarone, there was a trend for an increase in the cy-
toplasm and for a decrease in the mitochondrial GSH pool at high
benzbromarone concentrations. In the cytoplasm, these findings may
reflect increased GSH synthesis due to activation of NRF2 [8] and in the
mitochondria the oxidation of GSH to GSSG. As reported recently, GSSG
is an oxidant itself and its accumulation in conditions with mitochon-
drial oxidative stress could itself cause oxidative damage [40]. The
uncontrolled generation of GSSG during oxidative stress has been
shown to contribute to mitochondrial dysfunction by glutathionylation
of proteins [41].

Our study shows that NRF2 can rapidly be activated by a mi-
tochondrial toxicant that primarily increases mitochondrial O2

•− pro-
duction and accumulation. Since O2

•− cannot pass the inner mi-
tochondrial membrane, the transmission of the oxidative burst from the
mitochondria to the cytoplasm is achieved by H2O2, which is uncharged
and is produced by SOD2 in the mitochondrial matrix. Our study shows
that NRF2 activation leads rapidly to the upregulation of cytosolic and
mitochondrial proteins that efficiently limit the accumulation of ROS in
mitochondria and in the cytoplasm. When the antioxidative defense
becomes overwhelmed, as illustrated by ROS accumulation (Fig. 1),
mitochondrial oxidative stress can induce mitochondrial swelling due
to the formation of the mitochondrial membrane permeability transi-
tion pore, which is associated with apoptosis and/or necrosis [40,42].
In our previous study, we showed that 100 μM benzbromarone was
associated with increased apoptosis and also necrosis [22], which is
compatible with the current results. Mitochondrial ROS accumulation is
therefore a possible mechanism for hepatocyte death associated with
benzbromarone exposure.

Considering the central role of NRF2 for the antioxidative defense in
the presence of benzbromarone, we hypothesized that increased ex-
pression of NRF2 could be protective and decreased expression of NRF2
could be associated with increased toxicity of benzbromarone.
Accordingly, we directly downregulated NRF2 and indirectly upregu-
lated NRF2 by downregulation of KEAP1 in HepG2 cells, and exposed
the cells to benzbromarone for 24 h. We found that membrane toxicity
was significantly decreased in HepG2 cells with NRF2 accumulation
exposed to 100 μM benzbromarone compared to control cells. In ad-
dition, cellular ATP depletion was significantly less marked in HepG2
cells with NRF2 accumulation compared to control cells, supporting the
protective effect of NRF2. Benzbromarone associated severe liver injury
is an idiosyncratic reaction, it is observed in patients treated with
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therapeutic doses and is rare, indicating that affected patients have to
have risk factors rendering them more susceptible to benzbromarone
associated hepatotoxicity. Our study suggests that impaired function of
NRF2 may be one these susceptibility factors.

Maximal plasma concentrations reported in humans after a single,
therapeutic dose (100 mg) of benzbromarone are in a range of 5 to
10 μM [43–45]. The concentrations in the liver are not known, but may
be higher after oral ingestion. It is important to note that patients with a
5 to 10-fold reduced clearance have been described, who may reach
considerably higher steady state concentrations [44–46]. Several pri-
mary metabolites have been described; one of them is 6-hydroxy-
benzbromarone (hydroxylation of position 6 of the benzofurane ring),
formed by CYP2C9. CYP2C9 is a polymorphic enzyme and subjects with
the *3/*3 genotype have a reduced function of CYP2C9. Indeed, Uchida
et al. [44] described a patient with this genotype with a very low
benzbromarone clearance. The CYP2C9 *3/3* genotype may therefore
be a risk factor for benzbromarone hepatotoxicity, which is in agree-
ment with the clinical observation that hepatotoxicity with benz-
bromarone is rare.

In conclusion, the mitochondrial toxicant benzbromarone causes a
rapid increase in cytoplasmic and mitochondrial antioxidative defense
mechanisms, which prevent ROS accumulation at low benzbromarone
concentrations. Increased expression of NRF2 mitigates hepatocellular
toxicity of benzbromarone, illustrating the important role of NRF2 as a
regulator of antioxidative defense.

Financial support

The study was supported by a grant from the Swiss National Science
Foundation to S. K. (SNF 31003A_156270).

Author contribution

N.R. conducted the experiments, interpreted data, prepared figures
and helped in writing the manuscript.

J.B. and U.D. designed the study, supervised the lab work and
helped in writing the manuscript.

J.B. and S.K. helped in designing the study, discussed and helped in
the interpretation of the data and prepared the final version of the
manuscript.

Declaration of competing interest

None of the authors reports a conflict of interest regarding this
study.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.freeradbiomed.2020.03.009.

References

[1] R.C. Heel, R.N. Brogden, T.M. Speight, G.S. Avery, Benzbromarone: a review of its
pharmacological properties and therapeutic use in gout and hyperuricaemia, Drugs
14 (5) (1977) 349–366.

[2] P. Kaufmann, M. Torok, A. Hanni, P. Roberts, R. Gasser, S. Krahenbuhl, Mechanisms
of benzarone and benzbromarone-induced hepatic toxicity, Hepatology 41 (4)
(2005) 925–935.

[3] M.M. van der Klauw, P.M. Houtman, B.H. Stricker, P. Spoelstra, Hepatic injury
caused by benzbromarone, J. Hepatol. 20 (3) (1994) 376–379.

[4] M.H. Lee, G.G. Graham, K.M. Williams, R.O. Day, A benefit-risk assessment of
benzbromarone in the treatment of gout. Was its withdrawal from the market in the
best interest of patients? Drug Saf. 31 (8) (2008) 643–665.

[5] A. Felser, P.W. Lindinger, D. Schnell, D.V. Kratschmar, A. Odermatt, S. Mies,
P. Jeno, S. Krahenbuhl, Hepatocellular toxicity of benzbromarone: effects on mi-
tochondrial function and structure, Toxicology 324 (2014) 136–146.

[6] S. Dey, M. Guha, A. Alam, M. Goyal, S. Bindu, C. Pal, P. Maity, K. Mitra,
U. Bandyopadhyay, Malarial infection develops mitochondrial pathology and

mitochondrial oxidative stress to promote hepatocyte apoptosis, Free Radic. Biol.
Med. 46 (2) (2009) 271–281.

[7] M. Ott, V. Gogvadze, S. Orrenius, B. Zhivotovsky, Mitochondria, oxidative stress
and cell death, Apoptosis 12 (5) (2007) 913–922.

[8] Q. Ma, Role of nrf2 in oxidative stress and toxicity, Annu. Rev. Pharmacol. Toxicol.
53 (2013) 401–426.

[9] A. Kobayashi, M.I. Kang, H. Okawa, M. Ohtsuji, Y. Zenke, T. Chiba, K. Igarashi,
M. Yamamoto, Oxidative stress sensor Keap1 functions as an adaptor for Cul3-based
E3 ligase to regulate proteasomal degradation of Nrf2, Mol. Cell Biol. 24 (16)
(2004) 7130–7139.

[10] M. Yamamoto, T.W. Kensler, H. Motohashi, The KEAP1-NRF2 system: a thiol-based
sensor-effector apparatus for maintaining redox homeostasis, Physiol. Rev. 98 (3)
(2018) 1169–1203.

[11] A.T. Dinkova-Kostova, W.D. Holtzclaw, R.N. Cole, K. Itoh, N. Wakabayashi,
Y. Katoh, M. Yamamoto, P. Talalay, Direct evidence that sulfhydryl groups of Keap1
are the sensors regulating induction of phase 2 enzymes that protect against car-
cinogens and oxidants, Proc. Natl. Acad. Sci. U. S. A. 99 (18) (2002) 11908–11913.

[12] S.A. Reisman, R.L. Yeager, M. Yamamoto, C.D. Klaassen, Increased Nrf2 activation
in livers from Keap1-knockdown mice increases expression of cytoprotective genes
that detoxify electrophiles more than those that detoxify reactive oxygen species,
Toxicol. Sci. 108 (1) (2009) 35–47.

[13] K. Itoh, T. Chiba, S. Takahashi, T. Ishii, K. Igarashi, Y. Katoh, T. Oyake, N. Hayashi,
K. Satoh, I. Hatayama, M. Yamamoto, Y. Nabeshima, An Nrf2/small Maf hetero-
dimer mediates the induction of phase II detoxifying enzyme genes through anti-
oxidant response elements, Biochem. Biophys. Res. Commun. 236 (2) (1997)
313–322.

[14] Y. Sheng, I.A. Abreu, D.E. Cabelli, M.J. Maroney, A.F. Miller, M. Teixeira,
J.S. Valentine, Superoxide dismutases and superoxide reductases, Chem. Rev. 114
(7) (2014) 3854–3918.

[15] R. Brigelius-Flohe, M. Maiorino, Glutathione peroxidases, Biochim. Biophys. Acta
1830 (5) (2013) 3289–3303.

[16] N. Kaplowitz, T.Y. Aw, M. Ookhtens, The regulation of hepatic glutathione, Annu.
Rev. Pharmacol. Toxicol. 25 (1985) 715–744.

[17] L. Cao, D. Waldon, Y. Teffera, J. Roberts, M. Wells, M. Langley, Z. Zhao, Ratios of
biliary glutathione disulfide (GSSG) to glutathione (GSH): a potential index to
screen drug-induced hepatic oxidative stress in rats and mice, Anal. Bioanal. Chem.
405 (8) (2013) 2635–2642.

[18] D. Han, N. Hanawa, B. Saberi, N. Kaplowitz, Mechanisms of liver injury. III. Role of
glutathione redox status in liver injury, Am. J. Physiol. Gastrointest. Liver Physiol.
291 (1) (2006) G1–G7.

[19] O.W. Griffith, A. Meister, Origin and turnover of mitochondrial glutathione, Proc.
Natl. Acad. Sci. U. S. A. 82 (14) (1985) 4668–4672.

[20] L. Slade, J. Chalker, N. Kuksal, A. Young, D. Gardiner, R.J. Mailloux, Examination of
the superoxide/hydrogen peroxide forming and quenching potential of mouse liver
mitochondria, Biochim. Biophys. Acta Gen. Subj. 1861 (8) (2017) 1960–1969.

[21] L. Deferme, J.J. Briede, S.M. Claessen, D.G. Jennen, R. Cavill, J.C. Kleinjans, Time
series analysis of oxidative stress response patterns in HepG2: a toxicogenomics
approach, Toxicology 306 (2013) 24–34.

[22] A. Felser, K. Blum, P.W. Lindinger, J. Bouitbir, S. Krahenbuhl, Mechanisms of he-
patocellular toxicity associated with dronedarone–a comparison to amiodarone,
Toxicol. Sci. 131 (2) (2013) 480–490.

[23] H.T. Hornig-Do, G. Gunther, M. Bust, P. Lehnartz, A. Bosio, R.J. Wiesner, Isolation
of functional pure mitochondria by superparamagnetic microbeads, Anal. Biochem.
389 (1) (2009) 1–5.

[24] L. Kappler, J. Li, H.U. Haring, C. Weigert, R. Lehmann, G. Xu, M. Hoene, Purity
matters: a workflow for the valid high-resolution lipid profiling of mitochondria
from cell culture samples, Sci. Rep. 6 (2016) 21107.

[25] D. Giustarini, I. Dalle-Donne, A. Milzani, P. Fanti, R. Rossi, Analysis of GSH and
GSSG after derivatization with N-ethylmaleimide, Nat. Protoc. 8 (9) (2013)
1660–1669.

[26] Y.M. Go, D.P. Jones, Thioredoxin redox western analysis, Chapter 17, Curr. Protoc.
Toxicol. (2009) Unit17 12.

[27] A. Holmgren, Thioredoxin, Annu. Rev. Biochem. 54 (1985) 237–271.
[28] R.S. Balaban, S. Nemoto, T. Finkel, Mitochondria, oxidants, and aging, Cell 120 (4)

(2005) 483–495.
[29] M.D. Brand, The sites and topology of mitochondrial superoxide production, Exp.

Gerontol. 45 (7–8) (2010) 466–472.
[30] M.D. Brand, Mitochondrial generation of superoxide and hydrogen peroxide as the

source of mitochondrial redox signaling, Free Radic. Biol. Med. 100 (2016) 14–31.
[31] N. Robledinos-Anton, R. Fernandez-Gines, G. Manda, A. Cuadrado, Activators and

inhibitors of NRF2: a review of their potential for clinical development, Oxid. Med.
Cell Longev. (2019) 9372182 2019.

[32] M.G. McDonald, A.E. Rettie, Sequential metabolism and bioactivation of the he-
patotoxin benzbromarone: formation of glutathione adducts from a catechol in-
termediate, Chem. Res. Toxicol. 20 (12) (2007) 1833–1842.

[33] T. Ohe, R. Umezawa, Y. Kitagawara, D. Yasuda, K. Takahashi, S. Nakamura, A. Abe,
S. Sekine, K. Ito, K. Okunushi, H. Morio, T. Furihata, N. Anzai, T. Mashino,
Synthesis of novel benzbromarone derivatives designed to avoid metabolic activa-
tion, Bioorg. Med. Chem. Lett 28 (23–24) (2018) 3708–3711.

[34] J. Yao, S. Peng, J. Xu, J. Fang, Reversing ROS-mediated neurotoxicity by chloro-
genic acid involves its direct antioxidant activity and activation of Nrf2-ARE sig-
naling pathway, Biofactors 45 (4) (2019) 616–626.

[35] Y. Hou, S. Peng, X. Li, J. Yao, J. Xu, J. Fang, Honokiol alleviates oxidative stress-
induced neurotoxicity via activation of Nrf2, ACS Chem. Neurosci. 9 (12) (2018)
3108–3116.

[36] H. Erlank, A. Elmann, R. Kohen, J. Kanner, Polyphenols activate Nrf2 in astrocytes

N.J. Roos, et al.

Results

55



via H2O2, semiquinones, and quinones, Free Radic. Biol. Med. 51 (12) (2011)
2319–2327.

[37] H. Wang, Y. Feng, Q. Wang, X. Guo, W. Huang, Y. Peng, J. Zheng, Cysteine-based
protein adduction by epoxide-derived metabolite(s) of benzbromarone, Chem. Res.
Toxicol. 29 (12) (2016) 2145–2152.

[38] G. Calabrese, B. Morgan, J. Riemer, Mitochondrial glutathione: regulation and
functions, Antioxidants Redox Signal. 27 (15) (2017) 1162–1177.

[39] J.B. Owen, D.A. Butterfield, Measurement of oxidized/reduced glutathione ratio,
Methods Mol. Biol. 648 (2010) 269–277.

[40] M. Carraro, P. Bernardi, Calcium and reactive oxygen species in regulation of the
mitochondrial permeability transition and of programmed cell death in yeast, Cell
Calcium 60 (2) (2016) 102–107.

[41] V. Ribas, C. Garcia-Ruiz, J.C. Fernandez-Checa, Glutathione and mitochondria,
Front. Pharmacol. 5 (2014) 151.

[42] B. Antonsson, Mitochondria and the Bcl-2 family proteins in apoptosis signaling
pathways, Mol. Cell. Biochem. 256–257 (1–2) (2004) 141–155.

[43] H. Ferber, H. Vergin, G. Hitzenberger, Pharmacokinetics and biotransformation of
benzbromarone in man, Eur. J. Clin. Pharmacol. 19 (6) (1981) 431–435.

[44] S. Uchida, K. Shimada, S. Misaka, H. Imai, Y. Katoh, N. Inui, K. Takeuchi,
T. Ishizaki, S. Yamada, K. Ohashi, N. Namiki, H. Watanabe, Benzbromarone phar-
macokinetics and pharmacodynamics in different cytochrome P450 2C9 genotypes,
Drug Metabol. Pharmacokinet. 25 (6) (2010) 605–610.

[45] I. Walter-Sack, J.X. de Vries, A. Ittensohn, E. Weber, Rapid and slow benz-
bromarone elimination phenotypes in man: benzbromarone and metabolite profiles,
Eur. J. Clin. Pharmacol. 39 (6) (1990) 577–581.

[46] I. Walter-Sack, U. Gresser, M. Adjan, I. Kamilli, A. Ittensohn, J.X. de Vries, E. Weber,
N. Zollner, Variation of benzbromarone elimination in man–a population study,
Eur. J. Clin. Pharmacol. 39 (2) (1990) 173–176.

N.J. Roos, et al.

Results

56



 

 



Results 

 58 

2 Paper II 
 

 

Lapatinib activates the Kelch-like ECH-associated protein 1- 

nuclear factor erythroid 2-related factor 2 pathway in HepG2 cells 

 

Noëmi Johanna Roos1,2,3, Diell Aliu1,2, Jamal Bouitbir1,2,3, and Stephan Krähenbühl1,2,3 

 
1Division of Clinical Pharmacology & Toxicology, University Hospital, Basel, Switzerland 

2Department of Biomedicine, University of Basel, Switzerland 
3Swiss Centre for Applied Human Toxicology (SCAHT), Basel, Switzerland 

 

 

Published in Front Pharmacol. 2020 Jun 30;11:944. 
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ECH-Associated Protein 1-Nuclear
Factor Erythroid 2-Related Factor 2
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The receptor tyrosine kinase inhibitor lapatinib, indicated to treat patients with HER2-
positive breast cancer in combination with capecitabine, can cause severe hepatotoxicity.
Lapatinib is further associated with mitochondrial toxicity and accumulation of reactive
oxygen species. The effect of lapatinib on the Kelch-like ECH-associated protein 1
(Keap1)-nuclear factor erythroid 2-related factor 2 (Nrf2) pathway, the major cellular
defense pathway against oxidative stress, has so far not been studied in detail. In the
present study, we show that lapatinib (2–20 µM) activates the Keap1-Nrf2 pathway in
HepG2 cells, a hepatocellular carcinoma-derived cell line, in a concentration-dependent
manner upon 24 h of treatment. Lapatinib stabilized the transcription factor Nrf2 at
concentrations ≥5 µM and caused its nuclear translocation. Well-established Nrf2
regulated genes (Nqo1, Gsta1, Gclc, and Gclm) were upregulated at lapatinib
concentrations ≥10 µM. Furthermore, cellular and mitochondrial glutathione (GSH)
levels increased starting at 10 µM lapatinib. As a marker of oxidative stress, cellular
GSSG significantly increased at 10 and 20 µM lapatinib. Furthermore, the gene expression
of mitochondrial Glrx2 and SOD2 were increased upon lapatinib treatment, which was
also observed for the mitochondrial SOD2 protein content. In conclusion, lapatinib
treatment for 24 h activated the Keap1-Nrf2 pathway in HepG2 cells starting at 10 mM,
which is a clinically relevant concentration. As a consequence, treatment with lapatinib
increased the mRNA and protein expression of antioxidative and other cytoprotective
genes and induced GSH synthesis, but these measures could not completely block the
oxidative stress associated with lapatinib.

Keywords: lapatinib, HepG2 cells, mitochondria, reactive oxygen species, Nrf2, Keap1, glutathione

INTRODUCTION

Receptor tyrosine kinases (TK) are transmembrane proteins that regulate important cellular
pathways such as differentiation, proliferation, and apoptosis by phosphorylation of tyrosine
residues (Yarden and Sliwkowski, 2001; Krause and Van Etten, 2005). Constantly activated or
overexpressed TK can cause uncontrolled cell growth and are found in many tumor cells. Inhibitors
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of receptor tyrosine kinases (TKI), a class of small-molecule
drugs, are efficient targeted anticancer drugs with a higher
clinical benefit than non-targeted chemotherapeutic drugs
(Amir et al., 2011).

Lapatinib is a TKI that is used in combination with capecitabine
to treat patients with advanced or metastatic HER2-positive breast
cancer (Moy et al., 2007). The TK HER2 (human epidermal growth
factor receptor 2, also known as ErbB2) is overexpressed in up to
25% of invasive or metastatic breast cancers, and is associated with
an unfavorable prognosis (Slamon et al., 1987). Lapatinib inhibits
the intracellular TK domain of both HER1 (also known as
epidermal growth factor receptor [EGFR] or ErbB1) and HER2.
The most common adverse reactions of lapatinib therapy are
diarrhea, nausea, rash, palmar-plantar erythrodysesthesia, and
fatigue (Chu et al., 2007; Ryan et al., 2008). Furthermore, acute
liver injury has been reported, a rare, but serious and potentially
fatal adverse drug reaction prompting a FDA black-box warning in
2008 (Gomez et al., 2008). Lapatinib-induced liver injuries range
from asymptomatic transaminase elevation, which affects
approximately half of the patients treated with lapatinib in
combination with capecitabine, to fatal cases of liver failure
(Peroukides et al., 2011; Baselga et al., 2012; Azim et al., 2013).
One possible explanation for lapatinib’s hepatotoxicity is
mitochondrial dysfunction, as we have shown in our previous
study (Paech et al., 2017). We found that lapatinib impairs
mitochondrial function in a hepatocellular carcinoma-derived cell
line (HepG2), which was accompanied by accumulation of reactive
oxygen species (ROS) and release of cytochrome c from
mitochondria into the cytosol inducing apoptosis. Dysfunctional
mitochondria can generate ROS, mainly in the form of superoxide
radicals (O2

•−) (Brand, 2010; Brand, 2016). Mitochondrial (SOD2)
and cytosolic (SOD1) superoxide dismutase convert mitochondrial
O2

•− to H2O2, which is further detoxified to H2O and O2 by several
antioxidative enzymes including glutathione-dependent hydrogen
peroxidase (Balaban et al., 2005). An effective antioxidative defense
is essential, since excess ROS can modify DNA bases, induce lipid
peroxidation, and oxidize cellular proteins (Ott et al., 2007).

The nuclear factor erythroid 2-related factor 2 (Nrf2), a
basic-leucine zipper transcription factor, and its negative
regulator Kelch-like ECH-associated protein 1 (Keap1) form
an inducible pathway for the defense against oxidative stress
(Itoh et al., 1999; Yamamoto et al., 2018). Stimulated by ROS
and electrophiles, Nrf2 induces the transcription of genes
important for antioxidative defense and for phase II
(conjugation) reactions (Reisman et al., 2009). Under
unstressed conditions, Nrf2 is captured in the cytosol by
Keap1, a cysteine-rich protein. Keap1 associates with Cullin 3
and RING-box protein to form a ubiquitin E3 ligase complex,
which continuously ubiquitinates newly synthesized Nrf2
(Kobayashi et al., 2004). Ubiquitinated Nrf2 is efficiently
degraded by the 26S proteasome, leading to low cellular Nrf2
levels under unstressed conditions. Specific cysteine residues of
Keap1 can be oxidized and alkylated by H2O2 and electrophiles,
respectively, leading to Keap1 inactivation (Suzuki et al., 2019).
As a result, Keap1-dependent ubiquitination of Nrf2 decreases,
Nrf2 is stabilized and translocates into the nucleus. Once in the

nucleus, Nrf2 binds to antioxidant response elements located in
the upstream promoter region of target genes and induces their
transcription. Nrf2 regulates the transcription of genes involved
in detoxification reactions (NADPH quinone oxidoreductase 1
[Nqo1], glutathione S-transferases [Gst]), glutathione (GSH)
biosynthesis (glutamate-cysteine ligase [Gclc, Gclm]), and ROS
elimination such as SOD1 and SOD2 (Reisman et al., 2009).

In the present study, we investigated the effect of lapatinib on
the Keap1-Nrf2 pathway and its downstream effects. Specifically,
we evaluated whether lapatinib stabilizes Nrf2 in a ROS-
dependent fashion, studied the nuclear translocation of Nrf2
and determined the mRNA and protein expression of Nrf2-
regulated genes.

MATERIAL AND METHODS

Reagents
The cell culture medium and supplements were purchased from
Thermo Fisher Scientific (Basel, Switzerland). Lapatinib
(SRP01210) was obtained from Sequoia research products
(Pangbourne, United Kingdom). The other chemicals were
purchased from Sigma-Aldrich (Buchs, Switzerland), if not
indicated otherwise. For the LC-MS/MS measurements, we
used HPLC grade solvents from Merck (Darmstadt, Germany),
while the internal standards and the reference substances were
obtained from Toronto Research Chemicals (Ontario, Canada).
For western blotting, we used antibodies from Abcam
(Cambridge, United Kingdom) and Santa Cruz Biotechnology
(Heidelberg, Germany). The qPCR primers were produced by
Microsynth (Balgach, Switzerland).

Cell Culture
We cultured the human hepatocellular carcinoma cell line HepG2
in Dulbecco’s modified eagle medium (1.0 g/L D-glucose, 4 mM
L-glutamine, 1 mM sodium pyruvate) supplemented with 10%
(v/v) inactivated fetal bovine serum, 10 mM HEPES buffer (pH
7.4), 2 mMGlutaMAX, 1% (v/v) MEM non-essential amino acids
solution (100x), and 100 U/ml penicillin/streptomycin. The cells
were kept at 37°C in a humidified 5% CO2 cell culture incubator
and passaged using TrypLE express enzyme (Thermo Fisher
Scientific, Basel, Switzerland). We used the trypan blue
exclusion method and the EVE automatic cell counter
(NanoEnTek, Seoul, Korea) to determine the number of cells
and their viability.

Treatment of HepG2 Cells With Lapatinib
We treated HepG2 cells with 2, 5, 10, and 20 µM lapatinib for 2,
6, or 24 h. The stock solutions (1,000X) were prepared in
dimethyl sulfoxide (DMSO) and stored at −20°C. Accordingly,
we used 0.1% (v/v) DMSO as a negative control treatment.

Membrane Toxicity
We used the ToxiLight bioassay kit from Lonza (Basel,
Switzerland) to assess the cell membrane integrity of lapatinib-
treated HepG2 cells. The assay measures the release of the
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intracellular enzyme adenylate kinase (AK) into the surrounding
cell culture medium upon loss of cell membrane integrity.
Released AK converts ADP, present in the detection reagent,
to ATP, which creates a luminescent signal in the presence of
luciferase. Briefly, we seeded HepG2 cells in a 96-well plate
(10,000 cells/well). After lapatinib-treatment, we transferred
20 µl of cell culture medium from the treated HepG2 cells to
an opaque-walled 96-well plate. After adding the AK detection
reagent (50 µl/well), we incubated the plate for 5 min at room
temperature, and recorded the luminescence using a microplate
reader (Infinite 200 PRO, Tecan Group, Männedorf,
Switzerland). As a positive control, we treated the cells with
0.1% (v/v) Triton X to induce cell lysis. Data were normalized to
the ctrl. The AK release increased ~11.0-fold upon Triton X
treatment compared to the negative control.

Cellular ATP Content
We used the CellTiter-Glo luminescent cell viability assay
(Promega, Dübendorf, Switzerland) to measure the cellular
ATP content in lapatinib-treated HepG2 cells. After induction
of cell lysis, the luciferase present in the CellTiter-Glo reagent
generates a luminescent signal proportional to the ATP content.
After lapatinib-treatment, we added an equal volume of
CellTiter-Glo reagent directly to the lapatinib-treated HepG2
cells seeded in a white-walled 96-well plate (10,000 cells/well).
The plate was placed on an orbital shaker for 2 min (600 rpm),
incubated for further 8 min at room temperature, and the
luminescence was recorded using the microplate reader. Data
were normalized to control incubations containing 0.1% (v/v)
DMSO. We used 0.1% (v/v) Triton X as a positive control, which
caused a complete loss of viable cells (~100% ATP depletion).

Mitochondrial Membrane Potential
We used the JC-1 mitochondrial membrane potential assay kit
(ab113850, Abcam, Cambridge, United Kingdom) to determine
the mitochondrial membrane potential (DyM) in lapatinib-
treated HepG2 cells. Attracted by a high DyM, the cationic dye
JC-1 (tetraethylbenzimidazolylcarbocyanine iodide) accumulates
within polarized mitochondria, where it forms red fluorescent
aggregates at high concentrations. Upon DyM dissipation, JC-1
stops accumulating within mitochondria, and the JC-1
molecules, present as monomers at low concentration, emit
green fluorescence. We performed the assay according to the
manufacturer’s protocol. Briefly, HepG2 cells were seeded in a
black-walled 96-well plate (15,000 cells/well) and covered with
100 µl of treatment solution. Thirty minutes before completed
lapatinib-treatment, we added 2X JC-1 solution (40 µM) to each
well (100 µl/well) and incubated for 30 min at 37°C protected
from light. The cells were washed twice with pre-warmed 1X
dilution buffer (100 µl/well). The last wash was left on the cells,
and the fluorescence of both aggregates (lexcitation = 475 nm,
lemission = 590 nm) andmonomers (lexcitation = 475 nm, lemission =
530 nm) was measured using the microplate reader. We formed
the ratio between the aggregate and monomer fluorescence (JC-1
ratio), which decreases upon DyM depolarization, and calculated
the fold-change relative to the negative control. Both JC-1
staining and final measurement were performed in the

presence of lapatinib. Therefore, we spiked both staining
solution and dilution buffer with the corresponding
concentration of lapatinib. As a positive control, we treated the
cells for 2 h with the ionophore uncoupler FCCP (carbonyl
cyanide 4-(trifluoromethoxy) phenylhydrazone, 50 µM), which
decreased the JC-1 ratio to ~38% of the control (DMSO
0.1%) levels.

Mitochondrial O2
•− Accumulation

We used MitoSOX red (Thermo Fisher Scientific, Basel,
Switzerland) to determine the accumulation of mitochondrial
O2

•− in lapatinib-treated HepG2 cells. MitoSOX red accumulates
in mitochondria and is selectively oxidized by mitochondrial
O2

•− to a highly fluorescent oxidation product. We incubated
lapatinib-treated HepG2 cells seeded in a black-walled 96-well
plate (25,000 cells/well) with MitoSOX red (2.5 mM in PBS) for
10 min at 37°C under light protection. We recorded the
fluorescence (lexcitation = 510 nm, lemission = 580 nm) using the
microplate reader, and subsequently lysed the cells with radio-
immunoprecipitation assay (RIPA) buffer. The protein
concentration was determined using a bicinchoninic acid assay
with serum albumin as protein standard (Pierce BCA Protein
Assay Kit, Thermo Fisher Scientific, Waltham, USA). Finally, we
normalized the measured fluorescence to the protein
concentration. As a positive control, we exposed HepG2 cells
to amiodarone (25 µM for 24 h and 50 µM for 2 h or 6 h of
exposure), a O2

•−-generating mitochondrial toxicant (Felser
et al., 2013). Amiodarone caused a ~1.5–2.4-fold increase of
mitochondrial O2

•− accumulation.

Cellular H2O2 Accumulation
We used the ROS-Glo H2O2 assay from Promega (Dübendorf,
Switzerland) to measure the accumulation of H2O2 in lapatinib-
treated HepG2 cells. The cellular H2O2 reacts directly with the
H2O2 substrate, a luciferin derivative present in the H2O2

substrate solution, generating a luciferin precursor. The
precursor is converted to luciferin upon addition of the ROS-
Glo detection solution. Subsequently, the luciferase present in the
luciferin detection solution generates a luminescent signal
proportional to cellular H2O2 levels. HepG2 cells were seeded
in a transparent 96-well plate (10,000 cells/well) and covered
with treatment solution (80 µl/well). Six hours before the
lapatinib-treatment was completed, we added H2O2 substrate
solution to each well (20 µl/well), and incubated the plate for 6 h
at 37°C. When the treatment with lapatinib was shorter than 6 h,
the H2O2 substrate solution was added together with the
treatment. After the incubation, we transferred 50 µl of
supernatant from each well to a new white-walled plate and
added ROS-Glo detection solution (50 µl/well). After incubation
for 20 min at room temperature, we recorded the luminescence
using the microplate reader. After the measurement, we lysed the
cells with RIPA buffer and determined the protein concentration.
Finally, the luminescent signal was normalized to the protein
concentration. As a positive control, we treated the cells with
menadione (50 µM), a H2O2-generating redox cycler (Deferme
et al., 2013). The cellular H2O2 increased ~13.0–30.0-fold upon
menadione treatment.
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Western Blotting
We assessed the expression of cellular proteins in lapatinib-
treated HepG2 cells by western blotting. Briefly, we prepared
protein lysates from lapatinib-treated HepG2 cells seeded in a
six-well plate (2 x 106 cells/well). RIPA buffer was used as lysis
buffer. We determined the protein concentration of each sample,
and prepared denatured and reduced protein samples by adding
sodium dodecyl sulfate (SDS) and by boiling the samples at 95°C
for 5 min. To separate the proteins according to their molecular
weight, we loaded the protein samples (20 µg protein) on a
NuPage 4–12% Bis-Tris Gel (Thermo Fisher Scientific, Basel,
Switzerland), and ran a one-dimensional gel electrophoresis.
NuPAGE LDS sample buffer was used as a loading buffer and
PageRuler prestained protein ladder as a molecular weight
marker, both purchased from Thermo Fisher Scientific (Basel,
Switzerland). We used an eBlot L1 wet protein transfer system
(Genescript, Piscataway, USA) and the eBlot L1 transfer
sandwich (Genescript, Piscataway, USA) to transfer the
separated proteins on a 0.2 µm nitrocellulose membrane (Bio-
Rad, Cressier, Switzerland). To prevent non-specific background
binding of the antibodies, we blocked the membrane for 1 h with
5% (w/v) non-fat milk in PBS containing 0.1% (v/v) Tween 20
(PBST) under constant shaking. The membrane was incubated
overnight with primary antibody diluted in 5% (w/v) non-fat
milk in PBST at 4°C. The following primary antibodies and
dilutions were used: Nrf2 (1:10,000, ab62352), Keap1 (1:2,000,
ab119403), SOD1 (1:5,000, ab51254), and SOD2 (1:5,000,
ab74231). Antibodies against glyceraldehyde-3-phosphate
dehydrogenase (GAPDH; 1:1,000, sc-365062) and Lamin B1
(1:1,000, ab229025) were used as loading controls.

After washing and incubating for 1 h with the corresponding
horseradish peroxidase-conjugated secondary antibody (m-
IgGK BP-HRP, 1:2,000, sc-516102; mouse anti-rabbit IgG-
HRP, 1:2,000, sc-2357), we detected the protein bands using an
ECL detection kit (Clarity Western ECL Substrate; Bio-Rad
Laboratories, Cressier, Switzerland) and Fusion pulse 6 (Witec
AG, Switzerland) as imaging system. The protein bands were
visualized and quantified using the Evolution Capture software
(Witec AG, Switzerland).

Cytoplasmic and Nuclear Protein
Extraction
We used the nuclear and cytoplasmic extraction kit (NE-PER
Nuclear and Cytoplasmic Extraction Reagents, Thermo Fisher
Scientific, Basel, Switzerland) to obtain nuclear and cytoplasmic
protein fractions from lapatinib-treated HepG2 cells seeded in a
six-well plate (500,000 cells/well). The cells were harvested,
washed, and incubated in ice-cold cytoplasmic extraction
reagent I. The buffer volumes were chosen according to the
pellet size according to the manufacturer’s protocol. After
incubating 10 min on ice, we added ice-cold cytoplasmic
extraction reagent II to each sample, vortexed for 5 s, and
incubated for 1 min on ice. We subsequently centrifuged the
sample at 16,000 g for 5 min and obtained the cytoplasmic
protein fraction (supernatant). The remaining pellet was further
incubated in ice-cold nuclear extraction reagent on ice for 40 min

with vortexing every 10 min. After centrifugation at 16,000 g for
10 min, we obtained the nuclear protein fraction (supernatant).
The fractions were stored at −80°C until western blot analysis.

Real-Time PCR
We extracted and purified RNA from lapatinib-treated HepG2 cells
seeded in a six-well plate (2 x 106 cells/well) using QIAshredders
and the RNeasy mini kit (Qiagen, Hombrechtikon, Switzerland).
Both extraction and purification were performed according to the
manufacturer’s instruction. We determined the purity and RNA
concentration of each extract using the NanoDrop One (Thermo
Fisher Scientific, Basel, Switzerland). Then, we synthetized
complementary DNA from 1 µg RNA using the Omniscript
system (Qiagen, Hombrechtikon, Switzerland). SYBR green
(Roche Diagnostics, Rotkreuz, Switzerland) and specific forward
and reverse primers (Table 1; Microsynth, Balgach, Switzerland)
were used to amplify the DNA templates.

The real-time PCR was performed with three independent
replicates on an ABI PRISM 7700 sequence detector (PE
Biosystems, Switzerland) using the ViiA7 software (Life
Technologies, Switzerland). We applied the comparative Ct

method (DDCt) to determine relative gene expression levels
after normalizing to the housekeeping gene (GAPDH).

Mitochondrial Isolation From HepG2 Cells
by Magnetic Separation
Mitochondria were isolated from HepG2 cells using the human
mitochondria isolation kit from Miltenyi Biotec (Solothurn,
Switzerland). The isolation, which is based on magnetic
separation using microbeads, was performed according to
the manufacturer's protocol (Hornig-Do et al., 2009). In brief,
we harvested, washed, and lysed 40 x 106 HepG2 cells, and
homogenized them with a Dounce homogenizer applying
90 strokes. The mitochondria were magnetically labeled by
incubating the cell homogenate for 1 h with superparamagnetic
microbeads conjugated to anti-TOM22 (translocase of outer
mitochondrial membrane) antibodies. After the incubation, we
applied the cell homogenate stepwise on pre-rinsed LS columns
(Miltenyi Biotec, Solothurn, Switzerland) placed in the magnetic
field of a MACS separator (Miltenyi Biotec, Solothurn,
Switzerland). Pre-separation filters (30 µm) were used to remove
cell aggregates. Themagnetic field retains the labeled mitochondria
in the columns, while the rest of the cell homogenate runs through.
After three washing steps, we removed the columns from the
separator and placed them in new microcentrifuges tubes. We
flushed out the mitochondria by gently pushing a plunger into the
column loaded with separation buffer. The mitochondrial pellet
was obtained after centrifugation at 13,000 g for 2 min at 4°C using
a microcentrifuge (Eppendorf Centrifuge 5415 R, Eppendorf,
Schönenbuch, Switzerland).

Cellular and Mitochondrial GSH and GSSG
Content
We analyzed GSH and GSSG by liquid chromatography tandem
mass spectrometry (LC-MS/MS) in lapatinib-treated HepG2
cells. GSH was also measured in mitochondria isolated from
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lapatinib-exposed HepG2 cells, while mitochondrial GSSG could
not be analyzed due to stability problems during the
measurement. As positive control, we treated HepG2 cells with
100 µM L-buthionine sulfoximine (BSO), which inhibits the
GSH biosynthesis (Griffith and Meister, 1985). Upon 24 h-
treatment, BSO reduced the cellular and mitochondrial GSH to
~9.0% and ~43.0% of the control levels, respectively. GSH
ammonium salt-d5 (~10 mM, in H2O) and GSSG-13C4,

15N2

(1 mM, in H2O) were used as internal standards. To prevent
auto-oxidation of GSH and GSH ammonium salt-d5

during the sample preparation, we alkylated the thiol group
with N-ethylmaleimide (NEM) forming GS-NEM and GS-
NEM-d5 (Giustarini et al., 2013).

Briefly, 1 x 106 lapatinib-treated HepG2 cells seeded in a six-
well plate (1 x 106/well) were harvested, washed, and
immediately incubated in 250 µl alkylating solution (50 mM
NEM in PBS) for 30 min on ice. During the washing step, we
took an aliquot to determine the protein concentration of our
samples. The same was done with the isolated mitochondrial
pellet. Approximately 0.4 mg mitochondria were afterwards
incubated in 100 µl alkylating solution. Both mitochondrial
and cellular samples were extracted in a ratio of 1:4 (v/v) with
internal standard solution, which consisted of 500 nM
GSSG-13C4,

15N2 and 500 nM GS-NEM-d5 in methanol. We
kept the extracts at −20°C for 30 min to ensure protein
precipitation. After centrifugation at 3,500 g for 10 min at 4°C,
we transferred 250 µl of supernatant into a LC-MS/MS tube.
Calibration lines of GS-NEM (250–0.25 µM) and GSSG (25–
0.025 µM) were prepared in alkylating solution and extracted as
described above.

An aliquot of 10 µl was injected into the LC-MS/MS system
consisting of a Shimadzu HPLC (Kyoto, Japan) coupled to an
API 4000 QTrap tandem mass spectrometer (ABSciex, Concord,
Canada). The system was operated with the Analyst 1.6.2
software (AB Sciex, Concord, Canada). GS-NEM and GSSG
were separated on a Symmetry C18 column (3.5 µm 100 Å,

4.6 mm x 75 mm; Waters, Eschborn, Germany) at a flow rate of
0.7 ml/min and a temperature of 45°C. We used H2O (phase A)
and acetonitrile (phase B) both supplemented with 0.1% (v/v)
propionic acid as mobile phases. We loaded the samples onto the
analytical column using 7% mobile phase B and diluted it inline
via a t-union with mobile phase A during the first 0.5 min of each
run. Within the next 1.5 min, we linearly increased the gradient
to 95% mobile phase B. We flushed the column with 95% mobile
phase B for 1.5 min, and finally reconditioned the system with
7% mobile phase B for 1 min. The retention times of GSSG and
GS-NEM were 2.00 min and 2.21 min, respectively. The analytes
were positively charged by electro spray ionization and analyzed
using scheduled multiple reaction monitoring. We applied an ion
spray voltage of 5,500 V, and set the probe temperature at 700°C.
The following mass transitions were used: 433.1! 304.0 m/z for
GS-NEM, 438.1 ! 304.0 m/z for GS-NEM-d5, 613.1 ! 355.0,
484.0, 231.1 m/z for GSSG, and 619.1 ! 361.0, 490.0, 231.0 for
GSSG-13C4

15N2. Finally, the amount of GS-NEM and GSSG was
normalized to the protein content of each sample.

Statistical Analysis
The data are presented as the mean ± standard error of the mean
(SEM) of at least three independent experiments. We performed
one-way ANOVA statistical analysis with Dunnett's multiple
comparison test using GraphPad prism version 8.2.1 (GraphPad
Software, San Diego, USA). Significant values, indicated in the
figures with an asterisk (*), were reached with a p-value <0.05
compared to control values (ctrl). We additionally performed
two-way ANOVA statistical analysis followed by Sidak's multiple
comparison test, whereby significant differences between groups
(p-value <0.05) were indicated with hashtags (#).

RESULTS

Membrane Toxicity, ATP Content, and
Mitochondrial Membrane Potential in
HepG2 Cells
To confirm the findings of our previous study (Paech et al.,
2017), we determined the release of AK, a marker for plasma
membrane damage, into the surrounding cell culture medium
from HepG2 cells treated with lapatinib for 2, 6, or 24 h
(Figure 1A). The plasma membrane remained intact up to 6 h
of lapatinib treatment. After 24 h of treatment, lapatinib started
to damage the plasma membrane at 10 µM and caused a
significant membrane damage at 20 µM. As a marker of cell
viability, we measured the cellular ATP content in lapatinib-
treated HepG2 cells (Figure 1B). While the cell viability was not
diminished after 2 h of lapatinib treatment at any concentration,
the cellular ATP level started to decrease after 6 h of treatment
with 20 µM lapatinib (~17% ATP depletion). After 24 h,
lapatinib significantly reduced the cell viability at 10 µM
(~22% ATP depletion) and 20 µM (~76% ATP depletion).

ATP depletion could result from an impaired function of
mitochondria, which could be reflected by a reduced DyM. We
therefore measured the DyM (represented by the JC-1 ratio), a

TABLE 1 | Specific forward and reverse primers used for real-time PCR.

Gene Direction Sequence (5′-3′)

Nqo1 Forward 5′-ATGGAAGAAACGCCTGGAGA-3′
Reverse 5′-TGGTTGTCAGTTGGGATGGA-3′

Gsta1 Forward 5′-GAAGCCTCCCATGGATGAGA-3′
Reverse 5′-AGCTTCACAACAGGCACAAT-3′

Gclc Forward 5′-CATTGATTGTCGCTGGGGAG-3′
Reverse 5′-CTGGGCCAGGAGATGATCAA-3′′

Gclm Forward 5′-TGTATCAGTGGGCACAGGTA-3′
Reverse 5′-GTGCGCTTGAATGTCAGGAA-3′

Glrx1 Forward 5′-CAGCCACCAACCACACTAAC-3′
Reverse 5′-TGGTTACTGCAGAGCTCCAA-3′

Glrx2 Forward 5′-TCTGGGATGGAGAGCAATACA-3′
Reverse 5′-TTCAAGCAGGTCCAGTTCCA-3′

SOD1 Forward 5′-TGTTGGAGACTTGGGCAATG-3′
Reverse 5′-CAATGATGCAATGGTCTCCTGA-3′

SOD2 Forward 5′-TTTAGTCCCTGGTGTTCCCC-3′
Reverse 5′-CTTCACCGAAAACTCCAGGC-3′

Nrf2 Forward 5′-TGAGCCCAGTATCAGCAACA-3′
Reverse 5′-AGTGAAATGCCGGAGTCAGA-3′

GAPDH Forward 5′-AGGTCGGAGTCAACGGATTT-3′
Reverse 5′-TGACAAGCTTCCCGTTCTCA-3′
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marker of mitochondrial function, in HepG2 cells treated with
lapatinib for 2, 6, or 24 h (Figure 1C). The JC-1 ratio started to
decrease at 10 µM lapatinib and was significantly reduced at this
concentration after 24 h of treatment. A concentration of 20 µM
lapatinib caused a significant JC-1 ratio reduction already after
6 h of exposure.

Mitochondrial and Cellular ROS
Accumulation
The drop in the DyM indicated mitochondrial dysfunction,
possibly due to impaired function of the mitochondrial
electron transport chain (Paech et al., 2017), which can be
associated with increased generation of mitochondrial
superoxide (O2

•−) radicals (Brand, 2010; Brand, 2016).
Mitochondrial O2

•– can spread into the cytosol once it is
converted to H2O2. Thus, we measured the accumulation of
mitochondrial O2

• – (Figure 2A) and cellular H2O2 (Figure 2B)
in lapatinib-treated HepG2 cells. After 2 h of treatment,
mitochondrial O2

•– accumulated at 10 and 20 µM without
reaching significance. Upon lapatinib-treatment for 6 and 24 h,
the mitochondrial O2

•– started to accumulate at 5 µM with a
significant accumulation at both 10 and 20 µM. Cellular H2O2

started to accumulate upon 24 h-treatment at 10 µM, reaching
significance at 20 µM. Overall, the effects were concentration-
and time-dependent, and mitochondrial O2

•– started
to accumulate at a lower lapatinib concentration than
cellular H2O2.

Activation of the Keap1-Nrf2 Pathway
Accumulation of ROS can activate the Keap1-Nrf2 pathway, a
major cytoprotective pathway against oxidative stress
(Yamamoto et al., 2018). Concretely, H2O2 can induce
disulfide bond formation between specific cysteine residues of
Keap1 leading to Nrf2 stabilization (Suzuki et al., 2019). Thus, we
assessed the cellular protein levels of Nrf2 in HepG2 cells treated
with lapatinib for 2, 6, or 24 h (Figures 3A, B). No changes in the
cellular protein levels were observed after 2 and 6 h of treatment.
Nrf2 protein levels started to increase in HepG2 cells upon 24 h-
treatment with 5 µM lapatinib and accumulated significantly
upon treatment with 10 and 20 µM lapatinib (Figures 3A, B).
Thus, lapatinib significantly increased the cellular protein levels
of Nrf2 in a concentration-dependent manner, indicating Nrf2
stabilization. As shown in Supplementary Figure 1, lapatinib led
to a numerical increase in Nrf2 mRNA expression, suggesting
that increased Nrf2 gene transcription could contribute to the
observed rise in the cellular Nrf2 protein content. In parallel, the
cellular protein level of Keap1 (Figures 3A, C), which negatively
regulates Nrf2, decreased in a concentration-dependent manner
starting at 20 µM (after 6 h) and 5 µM lapatinib (after 24 h).
Upon 24 h-treatment with 20 µM lapatinib, the Keap1 protein
level was significantly reduced in HepG2 cells (Figures 3A, C).

After stabilization, the transcription factor Nrf2 translocates into
the nucleus, where it binds to specific DNA promotors, the
antioxidative response elements (Yamamoto et al., 2018).
Therefore, we assessed the nuclear translocation of Nrf2 upon
lapatinib-treatment (Figures 4A, B). We determined the protein

levels of Nrf2 in the nuclear and cytoplasmic fraction extracted from
HepG2 cells treated with 10 and 20 µM lapatinib (Figure 4A). Nrf2
protein levels significantly increased in both fractions in a
concentration-dependent manner, whereby the accumulation in
the nuclear fraction was significantly more pronounced (Figure
4B), indicating nuclear translocation of Nrf2.

A

C

B

FIGURE 1 | AK release, ATP content, and mitochondrial membrane potential
in HepG2 cells. (A) Adenylate kinase (AK) release (cell membrane integrity
marker), (B) cellular ATP content (cell viability marker), and (C) mitochondrial
membrane potential (DyM) represented by the JC-1 ratio in HepG2 cells after
treatment with 2–20 µM lapatinib (Lap) for 2, 6, and 24 h. The JC-1 ratio
represents the ratio between JC-1 aggregates fluorescence (high DyM) to the
fluorescence of JC-1 monomers (low DyM). Data are shown as fold increase
relative to the negative control (0.1% DMSO, ctrl), and are the mean ± SEM of
three independent replicates. *p < 0.05 versus negative control.
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mRNA Expression of Nrf2-Regulated
Genes
Once accumulated in the nucleus, Nrf2 induces the transcription
of several genes involved in cellular antioxidative defense and cell
protection mechanisms. We assessed the mRNA expression of
Nqo1 and Gsta1, two well-established Nrf2-regulated genes, in
HepG2 cells upon lapatinib-treatment (Figure 4C). After 24 h of
exposure, lapatinib induced the transcription of both genes in a
concentration-dependent manner starting at 5 µM and reaching
statistical significance at 10 and 20 µM for both genes. No such
increase in mRNA expression of these genes was observed at 2
and 6 h of exposure to lapatinib (Supplementary Figures 2A, B).

Involvement of ROS in the Activation of
the Keap1-Nrf2 Pathway
Since we observed accumulation of ROS upon lapatinib treatment,
we assessed whether ROS accumulation is responsible for the
activation of the Keap1-Nrf2 pathway induced by lapatinib. Thus,
we used N-acetyl cysteine (NAC, 2 mM), a widely used antioxidant,
to scavenge lapatinib-induced H2O2-accumulation after 24 h of
treatment (Figure 5A). Co-treatment with NAC significantly
reduced H2O2 accumulation at 10 and 20 µM lapatinib,
qualifying NAC as an efficient ROS scavenger in our system. Co-

treatment with NAC diminished the Nrf2 stabilization at the
protein level at 10 and 20 µM after 24 h of treatment (Figure
5B). At 20 µM, the cellular Nrf2 content was significantly lower with
a NAC co-treatment (Figure 5C). Nevertheless, the Nrf2 protein
level increased at 10 and 20 µM lapatinib in the presence of NAC,
suggesting that also activation mechanisms other than ROS
accumulation are involved in the Nrf2 stabilization. The negative
regulator Keap1 was less decreased in the presence of NAC at 10 µM
lapatinib than in incubations without NAC (Figures 5B, D),
suggesting that exposure to lapatinib could be associated with
Keap1 oxidation.

mRNA Expression of GSH-Related Genes
and Levels of GSH and GSSG in HepG2
Cells and Isolated Mitochondria
The product of the Gsta1 gene detoxifies electrophiles through
conjugation with glutathione (GSH), the most prevalent
antioxidative molecule in hepatocytes (Griffith and Meister,
1985). The first step of the GSH synthesis is catalyzed by the
glutamate-cysteine ligase (Gcl), which consists of a catalytic
(Gclc) and a modifying subunit (Gclm). Since expression of
both subunits is regulated by Nrf2, we measured the mRNA
expression of Gclc and Gclm in lapatinib-treated HepG2 cells
after 24 h (Figure 6A) and observed a concentration-dependent
increase starting at 10 and 5 µM, respectively. The expression of
both genes was significantly upregulated at 20 µM. We also
measured the mRNA expression of glutaredoxin 1 (Glrx1) and 2
(Glrx2), which use GSH as a co-factor to reduce protein
disulfides (Figure 6B). Interestingly, the transcription of the
mainly cytosolic Glrx1 was not significantly affected by lapatinib
treatment at any concentration, while the expression of the
mitochondrial Glrx2 was significantly induced at 10 and 20 µM.

Lapatinb induced the transcription of Gcl, which encodes for
the rate-limiting enzyme of GSH synthesis. GSH can directly
detoxify ROS whereby being oxidized to GSSG. Thus, we
measured GSH and its oxidized form GSSG in HepG2 cells
treated with 10 and 20 µM lapatinib (Figures 6C, D). In HepG2
cells, we observed increased GSH levels at both concentrations
(Figure 6C), and also significantly increased GSSG levels
(Figure 6D). Since the GSH pool is compartmentalized within
cells, we measured GSH specifically in mitochondria isolated
from lapatinib-treated HepG2 cells (Figure 6E). Similar to the
cellular GSH pool, also the mitochondrial GSH pool increased at
both lapatinib concentrations investigated. The mitochondrial
GSSG pool could not be analyzed due to stability issues during
the measurement.

mRNA and Protein Expression of
Antioxidative Proteins
Nrf2 also regulates the transcription of the antioxidative genes
SOD1 and SOD2, whose protein products are particularly
important to detoxify mitochondrial O2

•− accumulated upon
lapatinib-treatment. We measured the mRNA and protein
expression of both superoxide dismutases in HepG2 cells after
lapatinib-treatment for 2, 6, and 24 h. Regarding SOD1, neither
mRNA (Figure 7A and Supplementary Figure 3D) nor protein

A
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FIGURE 2 | Accumulation of mitochondrial superoxide and cellular H2O2 in
HepG2 cells. (A) Mitochondrial superoxide and (B) cellular H2O2 accumulation
in HepG2 cells after treatment with 2–20 µM lapatinib (Lap) for 2, 6, and 24 h.
Data are shown as fold increase relative to the negative control (0.1% DMSO,
Ctrl), and are the mean ± SEM of at least three independent replicates.
*p < 0.05 versus negative control.
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expression (Figures 7B, C and Supplementary Figure 3B) were
affected by lapatinib. In contrast, mRNA and protein expression
of SOD2, an enzyme uniquely located in the mitochondrial
matrix, significantly increased in a concentration-dependent
manner at 10 and 20 µM lapatinib after 24 h of exposure
(Figures 7A–C). In comparison, at 2 and 6 h of exposure to
lapatinib, no such increase in SOD2 mRNA or protein
expression was observed (Supplementary Figures 3A, C, D).

DISCUSSION

The present study provides evidence that themitochondrial toxicant
lapatinib activates the Keap1-Nrf2 signaling pathway in HepG2

cells. The nuclear translocation of Nrf2 induced the transcription of
typically Nrf2-regulated genes including Nqo1, Gsta1, Gclc, and
Gclm. Consequently, activation of the Nrf2 pathway resulted in
increased cellular and mitochondrial GSH levels. Furthermore,
lapatinib upregulated the gene expression of Glrx2 and SOD2,
which encode for mitochondrial antioxidative proteins. Activation
of the Keap1-Nrf2 pathway, however, was not sufficient to avoid
mitochondrial O2

•− and cellular H2O2 accumulation, GSSG
formation, cell membrane damage, and ATP depletion upon
24 h-treatment with 10 and 20 µM lapatinib.

In our previous study, we showed that mitochondrial
impairment is involved in the hepatotoxicity of lapatinib (Paech
et al., 2017). In agreement with this earlier study, in the current
study, we found a concentration-dependent membrane damage and
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FIGURE 3 | Protein expression of Nrf2 and Keap1 in HepG2 cells. (A) Representative western blot and quantification of (B) Nrf2 and (C) Keap1 protein expression
in HepG2 cells after treatment with 2–20 µM lapatinib (Lap) for 2, 6, and 24 h. GAPDH represents the loading control. Data are shown as fold increase relative to the
negative control (0.1% DMSO, Ctrl), and are the mean ± SEM of at least three independent replicates. *p < 0.05 versus negative control.

A CB

FIGURE 4 | Activation of Keap1-Nrf2 pathway in HepG2 cells. (A) Representative western blots and (B) quantification of Nrf2 in nuclear (nuc) and cytoplasmic (cyto)
fraction of HepG2 cells after 24 h-treatment with 10 and 20 µM lapatinib (Lap). Lamin B1 (nuclear fraction) and GAPDH (cytoplasmic fraction) represent the loading
controls. (C) mRNA expression of the Nrf2-regulated genes Nqo1 and Gsta1 in HepG2 cells after treatment with 2–20 µM lapatinib (Lap) for 24 h. Data are shown as
fold increase relative to the negative control (0.1% DMSO, Ctrl), and are the mean ± SEM of at least three independent replicates. *p < 0.05 versus negative control,
#p < 0.05 versus the same concentration of lapatinib of the other experimental group.
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FIGURE 6 | mRNA expression of GSH-related genes and levels of GSH and GSSG in HepG2 cells and isolated mitochondria. (A) mRNA expression of the Nrf2-
regulated genes Gclc and Gclm as well as (B) Glrx1 and Glrx2 in HepG2 cells after treatment with 2–20 µM lapatinib (Lap) for 24 h. Data are shown as fold increase
relative to the negative control (0.1% DMSO, Ctrl), and are the mean ± SEM of three independent replicates. *p < 0.05 versus negative control. Levels of (C) GSH
and (D) GSSG in HepG2 cells after treatment with 2–20 µM lapatinib (Lap) for 24 h. (E) GSH levels in mitochondria isolated from HepG2 cells after treatment with 2–
20 µM lapatinib (Lap) for 24. Data are the mean ± SEM of four independent experiments. *p < 0.05 versus negative control.

A

C D

B

FIGURE 5 | Involvement of ROS in the activation of the Keap1-Nrf2 pathway. (A) Cellular H2O2 accumulation in HepG2 cells after treatment with 10 and 20 µM
lapatinib (Lap) with or without N-acetyl cysteine (NAC, 2 mM) for 24 h. (B) Representative western blot and quantification of (C) Nrf2 and (D) Keap1 protein
expression in HepG2 cells after treatment with 10 and 20 µM lapatinib (Lap) with or without N-acetyl cysteine (NAC, 2 mM) for 24 h. Data are shown as fold increase
relative to the negative control (0.1% DMSO, Ctrl), and are the mean ± SEM of at least three independent replicates. *p < 0.05 versus negative control, #p < 0.05
versus the same concentration of lapatinib of the other experimental group.
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reduced ATP pool in HepG2 cells after 24 h of treatment with
lapatinib. We also observed that lapatinib dissipated the DyM after
24 h of treatment, which was 24 h earlier than observed in our
previous study. A decrease in DyM could result from an inhibition
of the mitochondrial electron transport chain and/or uncoupling of
oxidative phosphorylation. In addition, we observed a
concentration-dependent accumulation of mitochondrial O2

•− and
accumulation of cellular H2O2 upon lapatinib-treatment, indicating
that this drug causes oxidative stress. Taking into account that
lapatinib is a mitochondrial toxicant, we can assume that ROS is
generated first within mitochondria as O2

•−, which is converted by
SOD2 to H2O2. H2O2 can leave the mitochondria and accumulate
in the cytoplasm, as observed in the current study. This sequence of
events fits well with the findings in the current study, since we
observed mitochondrial superoxide accumulation after 6 h and
cellular H2O2 accumulation after 24 h of incubation with lapatinib.
Inhibition of mainly complex I and III of the mitochondrial electron
transport chain can stimulate the generation of mitochondrial O2

•−

(Brand, 2010). However, in our previous study, lapatinib did not
impair oxygen consumption by HepG2 cells, suggesting that
lapatinib does not impair the mitochondrial electron transport
chain (Paech et al., 2017). Importantly, mitochondria can produce
ROS not only in the electron transport chain, but also at other sites
such as for instance by the reaction of mitochondrial NADPH
oxidase, monoaminoxidase, and/or a-glycerophosphate
dehydrogenase (Zorov et al., 2014), with which lapatinib may
interfere and induce mitochondrial ROS production.

Oxidative stress can inactivate Keap1 and increase its
ubiquitination, resulting in decreased levels of Keap1, which is
associated with decreased degradation and therefore increased
cytoplasmic levels of Nrf2 (Zhang et al., 2005; Roos et al., 2020).
Nrf2 stabilization, nuclear translocation, and upregulated
transcriptional Nrf2 activity demonstrated the activation of this
pathway by lapatinib in the current study. In addition, we assume
that the observed rise in the cellular and mitochondrial GSH
pools results from increased Nrf2 activity. Upregulation of GSH
synthesis strengthens the cellular antioxidative capacity, which
seems to be required since GSSG, the oxidized form of GSH,
accumulated significantly in HepG2 cells.

In order to show the relationship between ROS accumulation
and the Nrf2 activation, we co-treated HepG2 cells with lapatinib
and the ROS scavenger N-acetyl cysteine (NAC). The co-
exposure with NAC prevented lapatinib-associated ROS
accumulation. Interestingly, in the presence of NAC, the Nrf2
accumulation was less pronounced when cells were exposed to
lapatinib. This suggests that ROS accumulation upon lapatinib
treatment can participate in the activation of the Keap1-Nrf2
pathway. The current study does not show, however, that
activation of Nrf2 diminishes the toxicity of lapatinib. We have
shown that in a recent publication for the mitochondrial toxicant
benzbromarone, which was less toxic after stimulating the
expression of Nrf2 by Keap1 knock-down (Roos et al., 2020).

Although ROS accumulation is a well-established mechanism of
Keap1-Nrf2 pathway activation, we cannot exclude that lapatinib
itself or reactive lapatinib metabolites contributed to the activation.

Lapatinib is metabolized in the liver by cytochrome P450 enzymes,
mainly by CYP3A4/5, to mostly pharmacologically inactive
metabolites (Teng et al., 2010). HepG2 cells have only low levels
of drug-metabolizing enzymes (Gerets et al., 2012; Berger et al.,
2016). Thus, the formation of reactive metabolites in our cell system
by cytochrome P450 enzymes is unlikely. Reactive metabolites
could, however, be formed also upon oxidation by ROS.
Oxidative cleavage of lapatinib's fluorobenzyl group (O-
dealkylation) and/or oxidation of lapatinib's benzene rings could
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FIGURE 7 | mRNA and protein expression of cytosolic SOD1 and
mitochondrial SOD2. (A) mRNA expression of SOD1 and SOD2 in HepG2
cells after treatment with 2–20 µM lapatinib (Lap) for 24 h. (B) Representative
western blot and (C) quantification of SOD1 and SOD2 in HepG2 cells after
treatment with 2–20 µM lapatinib (Lap) for 24 h. GAPDH represents the
loading control. Data are shown as fold increase relative to the negative
control (0.1% DMSO, Ctrl), and are the mean ± SEM of three independent
replicates. *p < 0.05 versus negative control.

Roos et al. Lapatinib Activates the Keap1-Nrf2 Pathway

Frontiers in Pharmacology | www.frontiersin.org June 2020 | Volume 11 | Article 94410

Results

69



generate phenolic metabolites that could covalently bind to cysteine
residues of Keap1 and subsequently stabilize Nrf2 (Teng et al., 2010;
Castellino et al., 2012). This mechanism has been described for
phenolic compounds that activate Nrf2 (Erlank et al., 2011).
Furthermore, O-dealkylated lapatinib could be converted to a
quinone imine reactive metabolite that forms GSH-adducts,
demonstrating its ability to bind to cysteine residues (Hardy et al.,
2014). This could, together with cellular accumulation of ROS,
explain the need for increased GSH synthesis upon lapatinib
treatment. Furthermore, covalent binding of reactive metabolites
to cellular proteins can form haptens that could be phagocytosed by
macrophages following hepatocyte breakdown and be presented on
their surface by HLA proteins, which could activate T-cells. Indeed,
HLA-DQA1*02:01 and DRB1*07:01 have been identified as risk
factors for hepatotoxicity in patients treated with lapatinib (Spraggs
et al., 2011; Spraggs et al., 2018). This mechanism cannot explain the
observed hepatocellular toxicity in the current study, however, since
no macrophages and T-cells were present in our assays.

Our results are in apparent contradiction to those reported by
Eno et al. (2016). Eno et al. showed that 10 mM lapatinib for 24 h did
neither impair oxygen consumption, nor activate the Keap1-Nrf2
pathway in HepG2 cells. Impairment of the cellular oxygen
consumption and Nrf2 activation was only seen after transfection
of HepG2 cells with CYP3A4, suggesting that a lapatinib metabolite
was responsible for these findings. Indeed, O-dealkylated lapatinib
reduced oxygen consumption and induced Nrf2 activation also in
wild type HepG2 cells. In the current study, we started to see
significant effects on mitochondrial function and Nrf2 activation at
10 mM lapatinib with more accentuated toxicity at 20 mM. Looking
at the results on the NAD(P)H concentration in the publication of
Eno et al. (Eno et al., 2016), it is clear that a numerical reduction
without reaching statistical significance was already seen at 10 mM
lapatinib. The difference in the findings of the two studies may
therefore result mostly from the fact that we systematically studied
lapatinib also at a concentration of 20 mM. Relevant CYP3A4
expression by the HepG2 cells can be excluded as shown in a
previous publication by us (Berger et al., 2016).

In the current study, lapatinib started to activate the Nrf2
pathway at 5 µM with a significant effect at 10 and 20 µM,
respectively. The maximal plasma concentrations after oral
ingestion of a daily dose lapatinib (1,250 mg) combined with
capecitabine are between 4.1–7.4 µM (Chu et al., 2007). Since
lapatinib undergoes an extensive first-pass metabolism in the liver,
the hepatic lapatinib concentrations are likely to be higher.
Furthermore, the simultaneous intake of a fatty meal increased
the bioavailability of lapatinib up to 4.3-fold (Koch et al., 2007;
Koch et al., 2009). Also, the concomitant administration of 3A4-
inhibitors such as ketoconazole increases the maximal plasma
concentrations of lapatinib, a CYP3A4-substrate, up to 3.6-fold.
(Medina and Goodin, 2008). Thus, we can conclude that the
concentrations needed to activate the Keap1-Nrf2 pathway in our
in vitro investigations can be reached in the liver of patients treated
with this drug.

In conclusion, the mitochondrial toxicant lapatinib
stabilized the transcription factor Nrf2 in HepG2 cells in a
concentration-dependent manner, leading to the induction of

important antioxidative and cell-protective Nrf2-regulated
genes and upregulation of GSH synthesis. Beside the role of
Nrf2 as a nuclear transcription factor, cellular Nrf2
accumulation can also be regarded as a marker of oxidative
stress. The study illustrates that the hepatocellular toxicity of
lapatinib is accompanied by activation of the Keap1-Nrf2
pathway. Beside the proposed immunological mechanism,
mitochondrial toxicity with increased O2

•− production is an
additional toxicological mechanism associated with liver
injury of lapatinib.
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SUPPLEMENTARY FIGURE 1 | mRNA expression of Nrf2 gene. (A) mRNA
expression of the Nrf2 gene in HepG2 cells after treatment with 2–20 µM lapatinib
(Lap) for 24 h. Data are shown as fold increase relative to the negative control (0.1%
DMSO, Ctrl), and are the mean ± SEM of three independent replicates. *p < 0.05
versus negative control.

SUPPLEMENTARY FIGURE 2 | mRNA expression of Nqo1 and Gsta1 gene.
mRNA expression of (A) Nqo1 and (B)Gsta1 in HepG2 cells after treatment with 2–
20 µM lapatinib (Lap) for 2 and 6 h. Data are shown as fold increase relative to the
negative control (0.1% DMSO, Ctrl), and are the mean ± SEM of three independent
replicates. *p < 0.05 versus negative control.

SUPPLEMENTARY FIGURE 3 | mRNA and protein expression of cytosolic
SOD1 and mitochondrial SOD2. (A)mRNA expression of SOD2 after treatment with
2–20 µM lapatinib (Lap) for 2 and 6 h. (B) Representative western blot and
quantification of (C) SOD1 and (D) SOD2 in HepG2 cells after treatment with 2–
20 µM lapatinib (Lap) for 2 and 6 h. GAPDH represents the loading control. Data are
shown as fold increase relative to the negative control (0.1% DMSO, Ctrl), and are
the mean ± SEM of three independent replicates. *p < 0.05 versus negative control.
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A B S T R A C T   

The tyrosine kinase inhibitors (TKIs) imatinib and lapatinib are associated with severe hepatotoxicity, whose 
mechanisms are currently under investigation. As amphiphilic drugs, imatinib and lapatinib enrich in lysosomes. 
In the present study, we investigated their effects on lysosomal morphology and function in HepG2 and HuH-7 
cells and explored possible links between lysosomal dysfunction and hepatotoxicity. Both TKIs increased the 
lysosomal volume time and concentration-dependently in HepG2 and HuH-7 cells. In HepG2 cells, lapatinib and 
imatinib raised the lysosomal pH and destabilized the lysosomal membrane, thereby impairing lysosomal pro-
teolytic activity such as cathepsin B processing. Imatinib activated the transcription factor EB (TFEB), a regulator 
of lysosomal biogenesis and function, as demonstrated by nuclear TFEB accumulation and increased expression 
of TFEB-target genes. Because of lysosomal dysfunction, imatinib impaired mTORC1 activation, a protein 
complex activated on the lysosomal surface, which explained TFEB activation. HepG2 cells treated with imatinib 
showed increased levels of MAP1LC3A/B-II and of ATG13 (S318) phosphorylation, indicating induction of 
autophagy due to TFEB activation. Finally, imatinib induced apoptosis in HepG2 cells in a time and 
concentration-dependent manner, explained by lysosomal and mitochondrial toxicity. Our findings provide a 
new lysosome-centered mechanism for imatinib-induced hepatotoxicity that could be extended to other lyso-
somotropic drugs.   

1. Introduction 

Tyrosine kinases (TKs) are transmembranous or cytosolic proteins 
that phosphorylate intracellular protein tyrosine residues after having 
been activated by binding of their ligands. Activated TKs initiate intra-
cellular signaling pathways that regulate fundamental processes such as 
cell differentiation, proliferation, and apoptosis (Krause and Van Etten, 
2005). Permanently activated TKs can lead to uncontrolled cell growth 
and cancer. Small-molecule drugs that specifically inhibit oncogenic 
TKs, classified as tyrosine kinase inhibitors (TKIs), are therefore effica-
cious anticancer drugs (Huang et al., 2020). 

Imatinib mesylate, the first approved TKI, inhibits the breakpoint 
cluster region protein-Abelson tyrosine kinase (BCR-ABL) fusion protein 
by competitively binding to the ATP-binding site of the protein 

(Goldman and Melo, 2001). Furthermore, imatinib is an inhibitor of the 
oncogenic platelet-derived growth factor receptor, stem cell factor, and 
c-Kit. Imatinib is indicated to treat patients with BCR-ABL positive 
chronic myelogenous leukemia (CML) and acute lymphoblastic leuke-
mia, gastrointestinal stromal tumors, mastocytosis, and other tumors 
caused by imatinib-sensitive TK (Peng et al., 2005). The most frequent 
adverse effects of imatinib are edema, myalgias, and gastrointestinal 
irritations (Druker et al., 2001). In addition, imatinib is associated with 
liver injury, which is in most cases asymptomatic and transient (Peng 
et al., 2005). However, severe cases of liver injury leading to liver 
transplantation or death have also been reported in patients treated with 
imatinib (Lin et al., 2003). 

Lapatinib, a TKI that inhibits the erb-b2 receptor tyrosine kinase 2 
(ERBB2), is approved for the treatment of advanced or metastatic 
ERBB2-positive breast cancer (Moy et al., 2007). Common adverse 
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reactions associated with lapatinib include gastrointestinal irritations, 
rash, palmar-plantar erythrodysesthesia, and fatigue (Ryan et al., 2008). 
In 2008, the U.S. Food and Drug Administration prompted a black box 
warning due to severe cases of acute liver toxicity caused by lapatinib, 
including cases with fatal outcome (Azim et al., 2013). 

We have previously reported that imatinib and lapatinib are mito-
chondrial toxicants, which may partially explain hepatotoxicity associ-
ated with these drugs (Paech et al., 2017). In a more recent study, we 
observed that the hepatotoxic multi-kinase inhibitors ponatinib, regor-
afenib and sorafenib rapidly increased the number and size of lysosomes 
in HepG2 cells, a hepatocyte-derived immortalized cell line (Paech et al., 
2018). Due to their physicochemical properties (lipophilic compounds 
with a nitrogen atom that can be protonated), several TKIs including 
lapatinib and imatinib have been reported to accumulate in lysosomes 
(Burger et al., 2015; Fu et al., 2014; Nadanaciva et al., 2011). Since 
lysosomal drug accumulation can disturb the lysosomal function and 
cause cytotoxicity (Boya et al., 2003a, 2003b), we hypothesized that 
lysosomal accumulation of TKIs may represent an additional mechanism 
of hepatotoxicity. Based on these considerations, we decided to study 
the effect of lapatinib and imatinib on lysosome morphology and func-
tion as well as the relation to cytotoxicity in HepG2 cells. 

2. Materials and methods 

2.1. Reagents 

Cell culture media (DMEM, low glucose, pyruvate, 31885023; DPBS, 
no calcium, no magnesium, 14190094), supplements (fetal bovine 
serum, 10500064; HEPES, 15630056; GlutaMAX, 35050038; MEM non- 
essential amino acids solution, 11140035; penicillin-streptomycin 
10’000 U/mL, 15140122), and TrypLE express enzyme (12605010) 
were purchased from Thermo Fisher Scientific. Imatinib mesylate 
(SRP00530i) and lapatinib (SRP01210l) were obtained from Sequoia 
Research Products. Bafilomycin A1 (1334) and chloroquine diphosphate 
(4109) were purchased from Bio-Techne, while amiodarone hydro-
chloride (A8423), staurosporine (S5921), doxorubicin hydrochloride 
(D1515), and PIPES (P6757), BSA (A7906) and Tween 20 (93773) were 
ordered from Sigma-Aldrich. The antibodies were obtained from the 
companies listed in Table S1. Microsynth produced the primers listed in 
Table S2. The reagents used for transmission electron microscopy 
(paraformaldehyde, 15710; glutaraldehyde, 16310; osmium tetroxide, 
19100; uranyl acetate, 22400; acetone, 15056; Epon812 resin, 14120) 
were ordered from Electron Microscopy Sciences. 

2.2. Cell culture 

HepG2 cells (ATCC, HB-8065), a human hepatoma cell line, were 
cultured in DMEM (1.0 g/L D-glucose, 4 mM L-glutamine, 1 mM sodium 
pyruvate) supplemented with 10% (v/v) inactivated FBS, 10 mM HEPES 
buffer (pH 7.4), 2 mM GlutaMAX, 1% (v/v) MEM non-essential amino 
acids solution (100x), and 100 U/mL penicillin/streptomycin. We grew 
the cells in a humidified 5% CO2 cell culture incubator (Heracell 150i, 
Thermo Fisher Scientific, Basel, Switzerland) at 37 ◦C and passaged 
them using TrypLE express enzyme. We subcultured the cells in a ratio of 
1:5 and did not exceed a passage number of 30. Both cell number and 
cell viability were determined by trypan blue exclusion using the EVE 
automatic cell counter (NanoEnTek, Seoul, Korea). 

HuH-7 cells (RCB1366, RIKEN Cell Bank), a human hepatoma cell 
line, were cultured at 37 ◦C in a humidified 5% CO2 cell culture incu-
bator. The cells were kept in DMEM High Glucose 4.5 g/L (BioConcept, 
1–26F03-I) supplemented with 10% fetal bovine serum (Thermo Fisher 
Scientific, 10500064) and 1% penicillin-streptomycin (10’000 μg/mL; 
Thermo Fisher Scientific, 15140122). We subcultured the cells in a ratio 
of 1:5 when they reached 70% confluency and did not exceed a passage 
number of 30. 

2.3. Drug treatment 

We treated HepG2 cells (80% confluency) with imatinib mesylate 
(5–50 μM) and lapatinib (2–20 μM) for 0.5, 6, and 24 h. The drug stock 
solutions (1’000x) were prepared in DMSO (Sigma-Aldrich, 472301) 
and stored at -20 ◦C. The DMSO concentration in the incubations did not 
exceed 0.1%. Negative control incubations (Ctrl) contained 0.1% (v/v) 
DMSO in the respective incubation buffer. 

2.4. Flow cytometry with LTDR 

We assessed the volume of the lysosomal compartment in imatinib- 
and lapatinib-treated HepG2 cells using LysoTracker Deep Red (LTDR, 
Thermo Fisher Scientific, L12492). LTDR is a fluorescent dye (λex./em. =
647⁄668 nm) that accumulates in lysosomes. We seeded HepG2 cells in a 
24-well plate (150’000 cells/well) and treated them with imatinib and 
lapatinib for 0.5 h, 6 h, and 24 h. Amiodarone (50 μM), an amphiphilic 
drug that enlarges the lysosomal compartment, was used as a positive 
control (Funk and Krise, 2012). After the treatment, we harvested the 
cells using TrypLE express enzyme, transferred them into a clear 
V-bottom 96-well plate (Sigma-Aldrich, CLS3897-100 EA), and pelleted 

List of abbreviations 
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TK Tyrosine kinase 
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AO Acridine orange 
DQ-BSA De-quenched bovine serum albumin 
mTOR Mechanistic target of rapamycin kinase 
CTSB Cathepsin B 
TFEB Transcription factor EB 
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ULK1 Unc-51 like autophagy activating kinase 1 
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the cells by centrifugation (400 g, 5 min). We resuspended the cell pellet 
in LTDR solution (1 nM, 200 μL/well) prepared in pre-warmed (37 ◦C) 
cell culture medium and incubated for 5 min (37 ◦C, protected from 
light). Afterward, the cells were pelleted again by centrifugation (400 g, 
5 min) and resuspended in pre-warmed (37 ◦C) cell culture medium. The 
cells were subsequently analyzed with a CytoFLEX flow cytometer 
(Beckman Coulter, Indianapolis, IN, USA). For the flow cytometry gating 
strategy, singlets were first identified by a forward scatter area (FSC-A) 
and forward scatter height (FSC-H) gate, and then by an FSC-A and side 
scatter area (SSC-A) gate. The fluorescence of 10’000 HepG2 cells from 
five independent replicates for each condition was quantified using the 
FL-5-A channel and analyzed with the FlowJo software (Tree Star, 
Ashland, OR, USA). 

2.5. Fluorescence microscopy with LTDR 

We assessed the lysosomal morphology with a fluorescence micro-
scope using LTDR and Hoechst 33342 (Sigma-Aldrich, 14533) as lyso-
somal and nuclear staining, respectively. In brief, HepG2 cells were 
grown into a six channel (18’000 cells/channel) ibiTreat μ-Slide VI 0.4 
(ibidi, 80606) and treated with imatinib (10 μM) and lapatinib (5 μM) 
for 24 h. We stained the cells with 100 μL/channel LTDR (100 nM) and 
Hoechst 33342 (1 μM) dissolved in cell culture medium (1 h, 37 ◦C, 
protected from light). Then, we washed and covered the cells with cell 
culture medium and acquired microscopic pictures with an Olympus 
IX83 microscope (Olympus, Tokyo, Japan). 

2.6. Acridine orange redistribution 

We assessed the redistribution of acridine orange (AO) hydrochlo-
ride (Bio-Techne, 5092) as a measure of lysosomal pH and stability 
(Palmgren, 1991). AO exhibits red and green fluorescence when located 
in acidic compartments (e.g., lysosomes) and cytosol, respectively. An 
increased ratio of AO green-to-red indicates a loss of lysosomal pH 
gradient and/or decreased lysosomal stability (Yoshimori et al., 1991). 
HepG2 cells seeded in a black-walled 96-well plate (25’000 cells/well) 
were incubated with AO (5 μM) diluted in cell culture medium (15 min, 
37 ◦C, protected from light). Afterward, the cells were washed with 
medium and treated with imatinib and lapatinib for 6 h or 24 h. As 
lysosomal pH-raising drugs, bafilomycin A1 (0.1 μM) and chloroquine 
(30 μM) were used as positive controls (Poole and Ohkuma, 1981; 
Yoshimori et al., 1991). After the treatment, we covered the cells with 
PBS and measured the red (λex./em. = 460⁄650 nm) and green (λex./em. =
495⁄530 nm) fluorescence using a microplate reader (Infinite 200 PRO, 
Tecan Group, Männedorf, Switzerland). After the measurement, we 
lysed the cells with radioimmunoprecipitation (RIPA) buffer (60 
μL/well) and determined the protein concentration of each well using 
the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, 23225). The 
fluorescence intensities were normalized to the protein concentration 
and the ratio green-to-red AO fluorescence was calculated. We run the 
experiment with at least three independent replicates for each condition. 

2.7. Flow cytometry with DQ-BSA 

We investigated the lysosomal proteolytic activity of imatinib- and 
lapatinib-treated HepG2 cells using de-quenched green bovine serum 
albumin (DQ-BSA, Thermo Fisher Scientific, D12050) (Klionsky et al., 
2016; Reis et al., 1998). DQ Green BSA consists of BSA conjugated to 
self-quenched Bodipy FL dye. After endocytosis and lysosomal accu-
mulation, DQ Green BSA is degraded by lysosomal proteases releasing 
fluorescent (λex./em. = 505⁄515 nm) BSA-fragments (Fig. S7). HepG2 cells 
were seeded in a 24-well plate (150’000 cells/well) and treated with 
imatinib and lapatinib for 6 h and 24 h. Four hours before the treatment 
was completed, we pulsed the cells for 2 h with DQ Green BSA (100 
μg/mL), which was followed by a 2 h-chase period. Both pulse and chase 
were conducted in the presence of the drug. Finally, the cells were 

harvested using TrypLE express enzyme, transferred to a V-bottom 
96-well plate, and pelleted by centrifugation (400 g, 5 min). We resus-
pended the cells in pre-warmed (37 ◦C) cell culture medium and analyze 
them with the CytoFLEX flow cytometer. Singlets were gated as 
described above. The fluorescence of 10’000 HepG2 cells was quantified 
using the FL-1-A channel and analyzed with the FlowJo software. We 
run the experiment with five independent replicates for each condition. 

2.8. Western blotting 

Protein expression in imatinib-treated HepG2 cells was assessed by 
Western blotting as described before (Roos et al., 2020). In brief, we 
loaded denatured and reduced protein samples (10–20 μg protein) on a 
NuPage 4–12% Bis-Tris Gel (Thermo Fisher Scientific, NP0335BOX) and 
ran a one-dimensional gel electrophoresis. We used NuPAGE LDS sample 
buffer (Thermo Fisher Scientific, NP0007) and PageRuler prestained 
protein ladder (Thermo Fisher Scientific, 26617) as loading buffer and 
molecular weight marker, respectively. The separated proteins were 
transferred on a 0.2 μm nitrocellulose membrane (Bio-Rad, 1620112) 
using the eBlot L1 transfer sandwich (GenScript, L00724) and wet pro-
tein transfer system (GenScript, Piscataway, NJ, USA). The membrane 
was blocked under constant orbital shaking (1 h, at room temperature) 
with 5% (w/v) non-fat dried milk or BSA (as recommended by the 
manufacturer) in PBS containing 0.1% (v/v) Tween 20 (PBST). Subse-
quently, the membrane was incubated with the primary antibody 
diluted in 5% (w/v) non-fat dried milk or BSA in PBST under constant 
shaking (overnight, at 4 ◦C). To assess the protein phosphorylation, we 
used PhosphoSafe Extraction Buffer (Merck, 71296) and 5% (w/v) BSA 
in PBS containing 0.1% (v/v) Tween 20 as blocking buffer. The primary 
antibodies and dilutions are listed in Table S1. 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and Lamin B1 
served as cytoplasmic and nuclear loading control, respectively. We run 
the experiments with at least three independent replicates for each 
condition. 

2.9. Cytoplasmic and nuclear protein extraction 

We used the NE-PER Nuclear and Cytoplasmic Extraction Reagents 
(Thermo Fisher Scientific, 78833) to obtain nuclear and cytoplasmic 
protein fractions from imatinib-treated HepG2 cells seeded in a 6-well 
plate (500’000 cells/well). The buffer volumes were chosen according 
to the pellet size as recommended by the manufacturer’s protocol. We 
first harvested the cells covered with ice-cold cytoplasmic extraction 
reagent I with a cell scraper, transferred them to a 2 mL-Eppendorf tube, 
and vortexed each lysate for 15 s. After incubation on ice for 10 min, we 
added ice-cold cytoplasmic extraction reagent II, vortexed for 5 s, and 
incubated for 1 min on ice. We subsequently centrifuged the sample (5 
min, 16’000 g) and obtained the cytoplasmic protein fraction (super-
natant). The remaining pellet was further incubated for 40 min on ice in 
ice-cold nuclear extraction reagent (vortexing every 10 min). After 
centrifugation (16’000 g, 10 min), we obtained the nuclear protein 
fraction (supernatant). We run the experiment with three independent 
replicates for each condition and stored the fractions at -80 ◦C until 
analysis. 

2.10. Quantitative PCR 

We run a quantitative PCR to assess the mRNA expression of TFEB- 
regulated genes in HepG2 cells treated with imatinib for 6 h or 24 h. 
In brief, we first extracted and purified RNA from imatinib-treated 
HepG2 cells seeded in a 6-well plate (2 × 106 cells/well) using QIAsh-
redders (Qiagen, 79656) and the Rneasy mini kit (Qiagen, 74104). We 
determined the purity and concentration of each RNA extract using the 
NanoDrop One (Thermo Fisher Scientific, Basel, Switzerland) and syn-
thetized complementary DNA of 1 μg RNA with the Omniscript system 
(Qiagen, 205113). Specific DNA templates were amplified using specific 
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forward and reverse primers (listed in Table S2) and detected using a 
DNA double-strand-binding fluorescent dye (FastStart Universal SYBR 
Green Master, Sigma-Aldrich, 4913914001). We run the qPCR on an ABI 
PRISM 7700 sequence detector (PE Biosystems, Switzerland) equipped 
with the ViiA7 software (Life Technologies, Switzerland). We run the 
experiment with four independent replicates and applied the compara-
tive Ct method (ΔΔCt) to determine the relative mRNA expression 
normalized to GAPDH. 

2.11. mTOR/FKBP12 kinase activity in a cell-free assay 

The mTOR/FKBP12 Human PIKK Kinase Enzymatic Radiometric 
Assay (14-769FKKP10) was performed by Eurofins Cerep SA according 
to their online protocol. In brief, human mTOR/FKBP12 was incubated 
with 50 mM HEPES (pH 7.5), 1 mM EGTA, 0.01% Tween 20, 2 mg/mL 
mTOR substrate (C-terminal fragment of p70S6K), 10 μM FKBP12, 3 mM 
MnCl2, and 10 μM [gamma-33P]-ATP. PI-103, an ATP-competitive 
mTOR inhibitor, was used as control inhibitor and added to the blank. 
The reaction was initiated by adding the Mn/ATP mix. After incubation 
(40 min, room temperature), the reaction was stopped with phosphoric 
acid to a concentration of 0.5%. Then, 10 μL of the reaction mixture was 
spotted onto a P30 filter mat and washed four times for 4 min with 
0.425% phosphoric acid as well as once with methanol. The sample was 
dried and subjected to scintillation counting. Eight concentrations in the 
range of 0.5–100 μM imatinib were tested in triplicates. The counts of 
the blank containing PI-103 were set as zero, representing full mTOR 
inhibition. After subtracting the blank, the counts were related to the 
control, which was considered as 100% active. 

2.12. Transmission electron microscopy 

We fixed 5 Mio imatinib-treated HepG2 cells (confluency less than 
70%) with 1:1 (v/v) cell culture medium/2x fixative mixture (4% 
paraformaldehyde, 5% glutaraldehyde, in 0.1 M PIPES buffer, pH 7.0, 
37 ◦C) at room temperature. After 20 min, we replaced the medium/2x 
fixative mixture with fresh 1x fixative mixture (2% paraformaldehyde, 
2.5% glutaraldehyde, in 0.1 M PIPES buffer, pH 7.0) and harvested the 
cells with a cell scraper. The cells were subsequently pelleted (500 g, 5 
min) and fixed again in fresh 1x fixative mixture (15 min, room tem-
perature). We carefully dislodged the pellet from the tube and continued 
the fixation (45 min, 4 ◦C). Then, the cells were pelleted (500 g, 5 min), 
washed three times with 0.1 M PIPES buffer (pH 7.0), and embedded in 
low-melting point agarose (Sigma-Aldrich, A2576). From the cell- 
containing solid agarose plug, 1- to 2-mm cubes were trimmed, 
washed with PBS (10 min), and post-fixed in 1% buffered osmium te-
troxide (1h, 4 ◦C). After rinsing with distilled water, the cubes were 
stained in aqueous uranyl acetate (1h, 4 ◦C, protected from light) and 
subsequently dehydrated in an ethanol (v/v) series (30, 50, 75, 95, and 
100%). After three changes of absolute ethanol, the cubes were washed 
in acetone and embedded in a mixture of resin/acetone followed by pure 
Epon 812 resin (48 h, 60 ◦C). Semi-thin sections were cut from the 
hardened epoxy resin block using a glass knife followed by thinning with 
a diamond knife. Finally, the thin sections were placed on copper grids, 
impregnated with uranyl acetate and lead citrate, and analyzed using a 
FEI Tecnai T12 Transmission Electron Microscope (FEI Technologies 
Inc., OR, USA) operating at 80 kV. Images were recorded using a CCD 
Veleta digital camera. 

2.13. Annexin V/propidium iodide staining 

We used the annexin V Alexa Fluor 488 and propidium iodide (PI) kit 
(V13245) from Thermo Fisher Scientific to assess the number of 
apoptotic, necrotic, and viable HepG2 cells after exposure to imatinib. 
We treated HepG2 cells seeded in a 24-well plate (200’000 cells/well) 
with imatinib for 6 h and 24 h. Staurosporine (200 nM) and doxorubicin 
(0.5 μM) were used as positive controls for apoptosis and necrosis, 

respectively. After the treatment, we harvested the cells with TrypLE 
express enzyme, transferred them to a V-well plate, and centrifuged the 
cells (400 g, 5 min). The cell pellet was resuspended in 1X annexin- 
binding buffer (50 μL/well) containing Alexa Fluor 488 annexin V (5 
μL/100 μL) as well as PI (0.1 μg/100 μL) and subsequently incubated for 
30 min (4 ◦C, protected from light). HepG2 cells were analyzed with a 
CytoFLEX flow cytometer. For the flow cytometry gating strategy, sin-
glets were first identified by an FSC-A and an FSC-H gate, and then 
10’000 cells per sample were counted in an FSC-A and an SSC-A gate. 
Apoptotic cells showed green fluorescence (measured in FL-1-A:FITC 
channel), necrotic cells showed both green and red fluorescence 
(measured in FL-1-A:FITC and FL-3-A:PC5.5, respectively), while viable 
cells were not fluorescent. Results were analyzed using the FlowJo 
software. We run the experiment with four independent replicates. 

2.14. Statistical analysis 

Experimental data are presented as the mean ± SEM. The number of 
independent replicates for each experiment is indicated in the respective 
material and method section. We performed an ANOVA with Dunnett’s 
multiple comparison test using GraphPad prism version 8.2.1 (GraphPad 
Software, San Diego, USA). Significant values (p-value <0.05) compared 
to the negative control were indicated with an asterisk (*). 

3. Results 

3.1. Imatinib and lapatinib increase the volume of the lysosomal 
compartment 

As shown in Fig. 1A, imatinib increased the lysosomal volume in a 
concentration- and time-dependent manner showing the most pro-
nounced effect at 6 h. After treatment for 0.5 and 6 h, imatinib started to 
increase the lysosomal volume at 5 μM, reaching significance at ≥10 μM. 
After treatment for 24 h, imatinib enlarged the lysosomal volume at 
≥20 μM. Lapatinib significantly increased the lysosomal volume at 
concentrations ≥2 μM after ≥0.5 h-treatment with most pronounced 
effects after 6 h (Fig. 1B). In contrast to imatinib, the increase induced by 
lapatinib showed a plateau-like effect with increasing concentrations. 

Fluorescence microscopy of HepG2 cells (Fig. 1C) and HuH-7 cells 
(Fig. S1) exposed for 24 h to 10 μM imatinib or 5 μM lapatinib showed 
that both TKIs strongly increased number and size of lysosomes 
compared to untreated control cells in both cell lines derived from 
human hepatomas. 

3.2. Imatinib and lapatinib increase the lysosomal pH and perturb the 
lysosomal proteolytic activity 

Next, we assessed the effect of imatinib and lapatinib on the lyso-
somal pH and membrane integrity by acridine orange (AO) staining. 
Imatinib redistributed AO into the cytosol at concentrations ≥20 μM 
after 6 h of treatment, leading to a significantly increased green-to-red 
AO ratio (Fig. 2A), while concentrations ≤10 μM had no effect on 
lysosomal pH at both 6 and 24 h. Like imatinib, lapatinib significantly 
elevated the green-to-red AO ratio at 10 and 20 μM at 6 h, while con-
centrations ≤5 μM had no effect (Fig. S2A). Thus, both imatinib and 
lapatinib perturbed the lysosomal pH and/or membrane stability in a 
concentration-dependent manner, with significant changes at the two 
highest concentrations tested. 

Lysosomes contain more than 60 hydrolases (e.g., proteases), whose 
optimal activities are in an acidic environment (Xu and Ren, 2015). 
Since an increased lysosomal pH could impair protease activity, we 
investigated the effect of the TKIs on lysosomal protein degradation 
using fluorescent DQ-BSA. Bafilomycin A1, chloroquine, and amiodar-
one increased the percentage of cells with low (DQ-BSAneg cells) lyso-
somal proteolytic activity, while the mTORC1 inhibitor rapamycin 
increased the percentage of cells with high (DQ-BSAhigh cells) lysosomal 
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proteolytic activity (Figs. S3A and S3B). Imatinib significantly increased 
the percentage of DQ-BSAhigh cells up to 20 μM at both 6 and 24 h, while 
50 μM imatinib abolished the lysosomal proteolytic activity at both time 
points (Figs. S3A and S3B). Similarly, HepG2 cells exposed to lapatinib 
for 6 and 24 h showed a significantly increased lysosomal proteolytic 
activity up to 20 μM (Figs. S3A and S3B), while 24 h-treatment with 20 
μM lapatinib resulted in a significant population of DQ-BSAneg cells. 

Since both imatinib and lapatinib increased the volume of the lyso-
somal compartment, we normalized the DQ-BSA signal intensity to the 
lysosomal volume. Upon normalization, 5 μM imatinib had no signifi-
cant effect on lysosomal proteolytic activity, whereas 10 μM imatinib 
enhanced lysosomal proteolysis up to 6 h, but not up to 24 h (Fig. 2B). In 
comparison, 20 μM imatinib started to decrease lysosomal proteolytic 
activity at 24 h, and 50 μM imatinib after ≥6 h. For lapatinib, we 
observed a decreased lysosomal proteolytic activity starting at 20 μM 
(Fig. S2B). The decreased lysosomal protease activity at ≥20 μM ima-
tinib and lapatinib corresponds to the observed increase in lysosomal pH 
at these concentrations. Since the effects of lapatinib on lysosomal 
morphology and function were less pronounced compared to imatinib, 
the following investigations were performed only for imatinib. 

3.3. Imatinib interferes with cathepsin B activation 

CTSB, one of the main lysosomal cysteine proteases, is synthetized as 
an inactive pro-enzyme in the endoplasmic reticulum and, while being 
transported to the lysosomes, processed to an active single chain form 
(Kominami et al., 1988). In the lysosome, the single chain (sc) is further 
processed to a two-chain form composed of a heavy (hc) and light chain. 
As shown in Fig. 2C and D, the expression of the sc-CTSB increased in a 

concentration-dependent manner up to 20 μM imatinib but dropped at 
50 μM. In comparison, the expression of the hc-CTSB was significantly 
decreased at imatinib concentrations ≥5 μM. Total (sc- & hc-CTSB) 
CTSB was not affected up to 20 μM imatinib, while 50 μM caused a 
significant drop (Fig. S2C). 

Accumulation of sc-CTSB and decreased formation of hc-CTSB indi-
cated impairment of lysosomal proteolytic processing of CTSB by ima-
tinib, confirming the results of the previous section. 

3.4. Imatinib induces nuclear translocation of TFEB and upregulates the 
expression of lysosomal genes 

Lysosomal dysfunction can activate the transcription factor TFEB, 
which stimulates lysosomal biogenesis (Puertollano et al., 2018). Under 
normal conditions, TFEB is phosphorylated and retained in the cyto-
plasm, while stressors such as starvation reduce phosphorylation and 
favor translocation into the nucleus (Puertollano et al., 2018). As shown 
in Fig. 3A and B, imatinib caused a decrease in cytoplasmic TFEB 
starting at 6 h and 5 μM, reaching statistical significance at ≥20 μM. In 
parallel, TFEB gradually accumulated in the nuclear fraction, reaching 
significance at ≥20 μM imatinib. In comparison, treatment for 0.5 h 
stimulated the import of TFEB into the nucleus only at the highest 
imatinib concentration (Fig. S4). 

Nuclear TFEB binds to specific palindromic 10-base pair DNA se-
quences called coordinated lysosomal expression and regulation (i.e., 
CLEAR) elements (Sardiello et al., 2009), which are present in promo-
tors of various genes encoding lysosomal proteins. Thus, we quantified 
the mRNA expression of the lysosomal associated membrane protein 1 
(LAMP1), the ATPase H+ transporting V1 subunit H (ATP6V1H), and 

Fig. 1. Lysosomal volume and morphology. The volume of the lysosomal compartment was assessed by LysoTracker Deep Red (LTDR) staining in HepG2 cells treated 
with (A) imatinib (5–50 μM) and (B) lapatinib (2–20 μM) for 0.5 h, 6 h, and 24 h. Data are shown as fold increase relative to the negative control (ctrl) and are the 
mean ± SEM of at least five independent replicates. *p < 0.05 versus negative control. (C) Representative microscopic pictures of untreated HepG2 cells (ctrl) and 
HepG2 cells treated with 10 μM imatinib or 5 μM lapatinib for 24 h. Lysosomes (red) and nuclei (blue) were stained with LTDR and Hoechst 33342, respectively. Ima: 
Imatinib; Lap: lapatinib; Ami: amiodarone (positive control). 
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cathepsin B (CTSB) in HepG2 cells exposed to imatinib for 6 h (Figs. 3C) 
and 24 h (Fig. 3D). Treatment with imatinib for 6 h did not affect mRNA 
expression of LAMP1, ATP6V1H, and CTSB (Fig. 3C), whereas their 
mRNA expression was increased at imatinib concentrations ≥10 μM 
after 24 h (Fig. 3D). 

3.5. Imatinib reduces the activity of mTORC1 

To investigate closer the mechanism of TFEB activation, we assessed 
the activity of the protein complex mTORC1 in imatinib-treated HepG2 
cells. Among other kinases (i.e., AKT serine/threonine kinase 1 [AKT1], 
glycogen synthase kinase 3 beta [GSK3B], mitogen-activated protein 
kinase 1/3 [MAPK1/3]), mTORC1 is considered as the main negative 
regulator of TFEB activity (Roczniak-Ferguson et al., 2012). We evalu-
ated the activity of mTORC1 in imatinib-treated HepG2 cells by 
assessing the phosphorylation state of Unc-51 like autophagy activating 
kinase 1 (ULK1), ribosomal protein S6 (RPS6), and eukaryotic trans-
lation initiation factor 4E binding protein 1 (EIF4EBP1), three 
well-established mTORC1 substrates (Kim et al., 2011; Sanvee et al., 
2019). Upon treatment for 6 h, the phosphorylation of ULK1 (S757), 
RPS6 (S235/236), and EIF4EBP1 (S65) decreased in a 
concentration-dependent manner starting at 10 μM imatinib and 
reaching significance at ≥20 μM (Fig. 4A and B). The activity of 
mTORC1 further decreased with treatment for 24 h (Fig. 4C and D). 
After 0.5 h, the activity of mTORC1 was reduced at 50 μM imatinib 

(Fig. S5). 

3.6. Imatinib does not impair the activity of activating kinases upstream 
of mTORC1 

mTORC1 is activated on the lysosomal membrane by the GTPase 
RHEB, the activity of which is inhibited by the TSC complex (TSC1/2) 
(Sancak et al., 2010). Since TSC1/2 activity is regulated by AKT1, 
MAPK1/3, and PRKAA, a reduced activity of one of these kinases could 
impair mTORC1 activity (Kwiatkowski and Manning, 2005). AKT1 is 
activated by phosphorylation at T308 and S473 by the insulin signaling 
pathway and mTORC2, respectively (Sanvee et al., 2019). Imatinib 
treatment for 24 h increased the phosphorylation of AKT1 in a 
concentration-dependent manner starting at 5 μM for S473 and at 10 μM 
for T308 (Fig. 5A and B), while treatment for 6 h numerically enhanced 
the serine site phosphorylation at ≥20 μM (Figs. S6A and S6B). Beside 
TSC1/2, AKT1 phosphorylates GSK3B at S9, leading to GSK3B inacti-
vation. Imatinib increased the phosphorylation of GSK3B (S9) in a 
concentration-dependent manner, reaching significance at ≥20 μM 
(Fig. 5A and B). Similar to AKT1, the phosphorylation of MAPK1/3 at 
T202 and Y204 increased, reaching the highest effects at 50 μM and 20 
μM imatinib after 6 h (Fig. S6A and S6C) and 24 h (Fig. 5C and D), 
respectively. PRKAA, which is activated by phosphorylation at T172, 
showed no increase in T172 phosphorylation at both treatment times 
(Fig. 5C and D, Figs. S6A and S6C). While AKT1 and MAPK1/3 inhibit 

Fig. 2. Lysosomal pH and proteolytic activity. (A) Lysosomal pH assessed by acridine orange (AO) staining (ratio of green-to-red fluorescence) in HepG2 cells treated 
with imatinib (5–50 μM) for 6 h and 24 h. Bafilomycin A1 (Baf) and chloroquine (CQ) represent the positive controls. Data are shown as fold increase relative to the 
negative control (ctrl) and are the mean ± SEM of at least three independent replicates. *p < 0.05 versus negative control. (B) Lysosomal proteolytic activity assessed 
by DQ-BSA staining (normalized to the lysosomal volume) in HepG2 cells treated with imatinib (5–50 μM) for 6 h and 24 h. Amiodarone (Ami) represents the positive 
control. Data are shown as fold increase relative to the negative control (ctrl) and are the mean ± SEM of five independent replicates. *p < 0.05 versus negative 
control. (C) Representative Western blot and (D) quantification of cathepsin B (CTSB) in HepG2 cells treated with imatinib (5–50 μM) for 24 h. Single-chain (sc) CTSB 
and heavy-chain (hc) CTSB represent differently processed CTSB forms. GAPDH represents the loading control. Data are shown as fold increase relative to the 
negative control (ctrl) and are the mean ± SEM of four independent replicates. *p < 0.05 versus negative control. Ima: Imatinib. 
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the activity of TSC1/2, PRKAA acts as an activator. Thus, inhibition of 
mTORC1 by imatinib did not result from AKT1 or MAPK1/3 inactivation 
or PRKAA activation. Moreover, a cell-free assay of the mTORC1 activity 
excluded a direct inhibition of mTORC1 by imatinib (Fig. 5E). This 
means that lysosomal dysfunction is the most probable explanation for 
impaired function of mTORC1 in HepG2 cells treated with imatinib. 

3.7. Imatinib induces the transcription of autophagy genes and initiates 
autophagy 

mTORC1 and TFEB connect lysosomal biogenesis to autophagy, a 
catabolic process by which unnecessary or dysfunctional cytoplasmic 
components are delivered to lysosomes for degradation (Settembre 
et al., 2011). To study the effect of imatinib on autophagy, we assessed 
the mRNA expression of beclin 1 (BECN1), sequestosome 1 (SQSTM1), 
microtubule associated protein 1 light chain 3 beta (MAP1LC3B), and 
UV radiation resistance associated gene (UVRAG), whose expression is 
controlled by TFEB. Upon treatment for 6 h, imatinib increased the 
expression of these genes at concentrations ≥20 μM (Fig. 6A), which is 
in line with TFEB nuclear translocation described above. After 24 h, the 
expression of BECN1, SQSTM1, MAP1LC3B, and UVRAG further 
increased, reaching significance ≥10 μM imatinib (Fig. 6B). 

In mammalian cells, autophagy is initiated by a protein complex 
composed of ULK1, autophagy related protein 13 (ATG13), ATG101, 
and the focal adhesion kinase interacting protein of 200 kDa. Impaired 
activity of mTORC1 stimulates ULK1, which activates ATG13 by phos-
phorylation at S318 (Egan et al., 2015). Imatinib increased the 

phosphorylation of ATG13 (S318) starting at 5 μM, reaching significance 
at 10 and 20 μM upon 6 h of treatment (Fig. 7A and B). At 24 h, phos-
phorylation of ATG13 S318 was significantly increased at 5–20 μM 
imatinib and more pronounced than after 6 h (Fig. 7C and D). 

Initiation of autophagy leads to the formation of new autophago-
somes. The lipidated form of MAP1LC3A/B is integrated in the auto-
phagosomal membranes and can be used as a marker for autophagosome 
accumulation (Klionsky et al., 2016). The 6 h-treatment with imatinib 
increased MAP1LC3A/B-II expression at 5 and 10 μM imatinib (Fig. 7A 
and B). After 24 h, the expression of MAP1LC3A/B-II was significantly 
increased at concentration between 5 and 20 μM imatinib and more 
pronounced than after 6 h (Fig. 7C and D), indicating accumulation of 
autophagosomes over time. The expression of the autophagy adaptor 
protein SQSTM1 significantly increased after 24 h imatinib exposure at 
≥5 μM (Fig. 7C and D), while no increase was observable after 6 h 
(Fig. 7A and B). 

To qualitatively assess the accumulation of autophagic vacuoles (e. 
g., autophagosomes, autolysosomes), we acquired electron micrographs 
of imatinib-treated HepG2 cells. A concentration of 10 μM imatinib 
applied for 24 h increased the number of autophagosomes (i.e., 
membrane-bound vacuoles containing morphologically intact cyto-
plasmic material) in HepG2 cells compared to the control cells (Fig. 7E). 
Among other materials, the autophagosomes of HepG2 cells treated with 
10 μM imatinib contained electron-dense lysosomes. Chloroquine (30 
μM) increased the size of lysosomes and prevented the degradation of 
autophagic cargo, which can be explained by the reduced lysosomal 
proteolytic activity (Fig. S3B). In contrast to control cells and HepG2 

Fig. 3. Activation of transcription factor EB (TFEB). (A) Representative Western blot and (B) quantification of TFEB in cytoplasmic and nuclear fraction of HepG2 
cells treated with imatinib (5–50 μM) for 6 h. Lamin B1 and GAPDH served as nuclear and cytoplasmic loading control, respectively. Data are shown as fold increase 
relative to the negative control (ctrl) and are the mean ± SEM of three independent replicates. *p < 0.05 versus negative control. Gene expression of lysosomal genes 
(LAMP1, ATP6V1H, CTSB) in HepG2 cells treated with imatinib (5–50 μM) for (C) 6 h and (D) 24 h. Data are shown as fold increase relative to the negative control 
(ctrl) and are the mean ± SEM of four independent replicates. *p < 0.05 versus negative control. Ima: Imatinib; LAMP1: Lysosomal associated membrane protein 1; 
ATP6V1H: ATPase H+ transporting V1 subunit H; CTSB: Cathepsin B. 
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cells treated with chloroquine, imatinib-treated cells comprised also 
electron-translucent vacuoles containing cytoplasmic material at 
various stages of degradation, representing active autolysosomes. 

3.8. Imatinib induces apoptosis in HepG2 cells in a concentration- 
dependent manner 

Release of lysosomal hydrolases into the cytoplasm upon per-
meabilization of the lysosomal membrane and accumulation of unde-
graded material can induce apoptosis and necrosis (Boya and Kroemer, 
2008). Having observed a disturbed lysosomal function, we finally 
assessed the effect of imatinib on cell death in HepG2 cells using the 
annexin V/PI staining. As expected, imatinib induced apoptosis in a 
concentration-dependent manner with a significant number of apoptotic 
cells at 50 μM after both 6 h and 24 h (Fig. 8A). Induction of apoptosis 
was by trend more pronounced at 6 than at 24 h, while necrosis was 
more pronounced after 24 h (Fig. 8B). Overall, the number of viable cells 
significantly decreased at imatinib concentrations ≥20 μM (Fig. 8C). 

4. Discussion 

The present study shows that the TKIs imatinib and lapatinib disturb 
lysosomal function and morphology in human hepatoma-derived cell 
lines, as demonstrated by an increase in the lysosomal volume fraction, 
perturbed lysosomal pH, and impaired proteolytic activity. Imatinib- 
induced lysosomal dysfunction was accompanied by activation of 
TFEB and impaired mTORC1 activity, which stimulated autophagy and 
apoptosis. 

Imatinib is typically administered at doses of 400–800 mg daily, 
leading to steady state plasma concentrations in the range of 3.6–6.9 μM 
(Peng et al., 2005). Since imatinib is metabolized via cytochrome P450 
3A4/5, inhibitors of these enzymes increase the plasma and probably 
also the hepatic concentrations of imatinib (Peng et al., 2005). For 
lapatinib, maximal plasma concentrations are between 4.1 and 7.4 μM 
and could also be higher when combined with cytochrome P450 3A4 
inhibitors (Chu et al., 2007). In mice, the hepatic concentrations of 
imatinib and lapatinib have been reported to exceed the corresponding 
plasma concentrations by a factor of 5–10 (Gardner et al., 2009; 
Hudachek and Gustafson, 2013). Based on these considerations, most 
effects observed in the current investigations could therefore be relevant 
for patients treated with these drugs. 

Lysosomotropic drugs are structurally diverse molecules of different 
drug classes including TKIs, which accumulate in acidic organelles 
(Nadanaciva et al., 2011). Lysosomes attract lipophilic, weakly basic 
drugs, which passively cross cell membranes in their neutral form and 
become trapped upon protonation, a phenomenon described as lysoso-
motropism (de Duve et al., 1974). Both imatinib and lapatinib are 
known to accumulate in lysosomes of several human cancer cell lines 
(Burger et al., 2015; Fu et al., 2014). For instance, in CML cells incubated 
for 1 h with 20 μM imatinib, the drug achieved lysosomal concentrations 
in the millimolar range (Fu et al., 2014). Similarly, Burger and 
co-workers found in several cell lines that after 0.5 h of incubation with 
imatinib the intracellular imatinib concentrations were 35- to >100-fold 
higher than in the incubation medium (Burger et al., 2015). The lyso-
somal accumulation occurred rapidly within 15 min and could be pre-
vented by bafilomycin A1 (Burger et al., 2015), a proton pump V-ATPase 

Fig. 4. Activity of mTOR complex 1 (mTORC1). (A, C) Representative Western blots and (B, D) quantification of phosphorylated mTORC1 substrates (ULK1, RPS6, 
and EIF4EBP1) in HepG2 cells treated with imatinib (5–50 μM) for (A, B) 6 h and (C, D) 24 h. The phosphorylation states of ULK1 (S7575), RPS6 (S235/236), and 
EIF4EBP1 (S65) were assessed using phospho-specific antibodies and normalized to the expressions of the total protein. Data are shown as fold increase relative to the 
negative control (ctrl) and are the mean ± SEM of at least three independent replicates. *p < 0.05 versus negative control. Ima: Imatinib; ULK1: Unc-51 like 
autophagy activating kinase 1; RPS6: Ribosomal protein S6; EIF4EBP1: Eukaryotic translation initiation factor 4E binding protein 1. 
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inhibitor, or by chloroquine (Fu et al., 2014), a stronger base than 
imatinib, confirming that the pH gradient is the driving force of this 
phenomenon. 

Accumulation of lysosomotropic drugs in lysosomes is typically 
accompanied by an enlargement of the organelle (Funk and Krise, 2012; 
Lu et al., 2017), a cell type-independent effect already described for 
imatinib (Ertmer et al., 2007). We previously reported an increase in 

lysosomal volume in HepG2 cells by ponatinib, regorafenib, and sor-
afenib (Paech et al., 2018). In the present study, imatinib and lapatinib 
increased the lysosomal volume fraction after 0.5 h of incubation 
(Fig. 1A and C), a result in line with the reported rapid intracellular 
accumulation of imatinib (Burger et al., 2015). Fluorescence microscopy 
revealed that the size of lysosomes in cells exposed to imatinib or 
lapatinib largely exceeded the typical lysosomal size of 0.5–1 μm (Xu 

Fig. 5. Activity of kinases upstream of mTORC1 and mTORC1 activity in a cell-free assay. (A) Representative Western blots and (B) quantification of corresponding 
phosphorylation states of AKT1 and GSK3B in HepG2 cells treated with imatinib (1–50 μM) for 24 h. The phosphorylation of AKT1 (T308), AKT1 (S473), and GSK3B 
(S9) were assessed using phospho-specific antibodies and normalized to the expressions of the total protein. Data are shown as fold increase relative to the negative 
control (ctrl) and are the mean ± SEM of three to four independent replicates. *p < 0.05 versus negative control. (C) Representative Western blots and (D) 
quantification of corresponding phosphorylation states of MAPK1/3 and PRKAA1 in HepG2 cells exposed to imatinib (5–50 μM) for 24 h. The phosphorylation of 
MAPK1/3 (T202/Y204) and PRKAA (T172) were assessed using phospho-specific antibodies and normalized to the expressions of the total protein. Data are shown as 
fold increase relative to the negative control (ctrl) and are the mean ± SEM of three to four independent replicates. *p < 0.05 versus negative control. (E) Activity of 
mTOR-FKBP12 (assessed by the phosphorylation of the mTORC1 substrate p70S6K) in a cell-free, enzymatic assay upon incubation with imatinib for 40 min. Data are 
shown as percentage (%) of the negative control (ctrl) and are the mean ± SEM of three replicates. Ima: Imatinib; AKT1: AKT serine/threonine kinase 1; GSK3B: 
Glycogen synthase kinase 3 beta; MAPK1/3: Mitogen-activated protein kinase 1/3; PRKAA: Protein kinase AMP-activated catalytic subunit alpha 1 and 2; FKBP12: 
12.6 kDa FK506-binding protein; p70S6K: 70 kDa ribosomal protein S6 kinase 1. 
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and Ren, 2015). Osmotic water influx, impaired lysosomal vesicle traf-
ficking, intercalation into the lysosomal membrane, and stimulated 
biogenesis are proposed mechanisms explaining an expansion of the 
lysosomal compartment (Morissette et al., 2008; Sardiello et al., 2009; 
Skoupa et al., 2020). In the current study, the rapid increase in lyso-
somal volume after exposure to imatinib or lapatinib is explained best by 
osmotic swelling, whereas intercalation into the lysosomal membrane 
and increased biogenesis may have contributed at later time points. As 
shown in the current and in a previous investigation (Paech et al., 2018), 
lysosomal accumulation of TKIs depends on the amphiphilic nature of 
these drugs, but not on the tyrosine kinase inhibited. The toxicity 
associated with lysosomal accumulation of TKIs may lead to adverse 
reactions such as hepatotoxicity and/or enhance the therapeutic efficacy 
of these drugs when tumor cells are affected. 

Lysosomal biogenesis is regulated by mTORC1 and TFEB (Sardiello 
et al., 2009; Settembre et al., 2011). Since neither mTORC1 (Fig. S5) nor 
TFEB (Fig. S4) were affected after 0.5 h of exposure to imatinib, the early 
increase in the lysosomal volume cannot be explained by stimulation of 
biogenesis. However, after 6 h of exposure to imatinib, we observed 
impaired activity of mTORC1 and nuclear translocation of TFEB as well 
as increased transcription of lysosomal genes after 24 h, indicating 
stimulation of lysosomal biogenesis. At 24 h of exposure to imatinib and 
lapatinib, the lysosomal volume was generally numerically lower than at 
6 h, which may be explained by the toxicity of these drugs. Similar to our 
findings, Skoupa and co-workers found that imatinib treatment for 6 h 
expanded the lysosomal volume in leukemia cells (Skoupa et al., 2020). 

However, they found no stimulation of lysosomal biogenesis and pro-
posed Ca2+-dependent lysosomal fusion as the principal mechanism. 
Furthermore, Lu and co-worker showed that chloroquine increased the 
protein expression of the lysosomal marker LAMP2 after 24 but not after 
4 h, despite nuclear translocation of TFEB already after 1 h (Lu et al., 
2017). 

We not only observed an increase in lysosomal volume, but also an 
impairment of lysosomal function as evidenced by an elevation in the 
lysosomal pH and impaired proteolytic capacity. While the transiently 
increased degradation of DQ-BSA at low imatinib and lapatinib con-
centrations could be attributed to the raised lysosomal volume and 
proteolytic capacity, the decreased proteolytic activity at higher con-
centrations and longer exposure reflects a loss of lysosomal function. 
Lysosomes can degrade protein complexes and organelles through the 
autophagy-lysosome pathway (Klionsky et al., 2016). A dysfunction in 
this catabolic capacity has been associated with cell and organ damage, 
which can also affect the liver (Hara et al., 2006). Long-term treatment 
with imatinib and lapatinib could potentially decrease the hepatic 
degradation of long-lived proteins, as it has been observed for instance 
for siramesine (Ostenfeld et al., 2008). 

As shown for concanamycin A and bafilomycin A1, a disturbed 
lysosomal function is associated with impaired activity of mTORC1 
(Ostenfeld et al., 2008). When lysosomes function normally, mTOR is 
recruited to the lysosomal membrane in response to an increase in the 
amino acid concentration by four RRAG GTPases (RRAG A, B, C, and D) 
and LAMTOR, which is anchored in the lysosomal membrane through 
lipidation (Nada et al., 2009). Knock-down of RRAGC caused nuclear 
localization of TFEB, demonstrating that impaired docking of mTOR on 
the lysosomal surface is sufficient to stimulate TFEB nuclear trans-
location (Roczniak-Ferguson et al., 2012). Moreover, RHEB, the acti-
vator of mTORC1, is also attached to the lysosomal membrane (Sancak 
et al., 2010). Thus, damage of the lysosomal membrane, e.g., by fluid-
ization, is a proposed mechanism of lysosomotropic drug-induced 
mTORC1 inhibition and TFEB activation (Zhitomirsky et al., 2018). 
Mechanistically, the hydrophobic ring-structure of imatinb could be 
incorporated into the lysosomal membrane, while the protonated amine 
group would face the lysosomal lumen. These detergent-like properties 
of lysosomotropic compounds could impair the integrity of the lyso-
somal membrane, as it has been shown for siramesine (Ostenfeld et al., 
2008). Moreover, sequestration of lysosomes into autophagic vacuoles 
(Fig. 7E) diminishes the accessibility of this organelle for the recruit-
ment of mTORC1. Since we have excluded impairment of the function of 
the main kinases responsible for mTORC1 phosphorylation and direct 
inhibition of mTORC1 by imatinib, disturbed lysosomal function ap-
pears to be most probable mechanism impairing the activation of 
mTORC1 by imatinib. 

Beside by mTORC1, TFEB can be phosphorylated (and retained in the 
cytoplasm) by MAPK1, GSK3B, and AKT1 (Puertollano et al., 2018). The 
activities of AKT1 and MAPK1 were increased by imatinib (Fig. 5A–D, 
Fig. S6), excluding them as a cause for impaired TFEB phosphorylation. 
The phosphorylation of GSK3B was also increased in the presence of 
imatinib (Fig. 5A and B), inhibiting GSK3B activity. Impaired GSK3B 
activity could therefore have contributed to the imatinib-induced nu-
clear translocation of TFEB. 

Inhibition of mTORC1, a well-established inhibitor of autophagy, 
and upregulation of the CLEAR gene network by TFEB are expected to 
stimulate autophagy in mammalian cells (Kim et al., 2011; Settembre 
et al., 2011). Accordingly, we observed activation of ULK1 (Fig. 4) and 
ATG13 (Fig. 7), upregulation of autophagic genes (Fig. 6) and increased 
levels of MAP1LC3A/B-II (Fig. 7) in HepG2 cells upon imatinib treat-
ment. Our findings are in line with an earlier report that suggested 
stimulation of autophagy by imatinib in several mammalian cell types 
(Ertmer et al., 2007). However, the increased lysosomal pH and the 
impaired proteolysis suggest that the autophagic flux in the presence of 
imatinib is incomplete at a certain drug concentration. Several lysoso-
motropic drugs are known to be associated with ineffective autophagy 

Fig. 6. Expression of autophagy genes. Gene expression of autophagic genes 
(BECN1, SQSTM1, MAP1LC3B, UVRAG) in HepG2 cells treated with imatinib 
(5–50 μM) for (A) 6 h and (B) 24 h. Data are shown as fold increase relative to 
the negative control (ctrl) and are the mean ± SEM of four independent rep-
licates. *p < 0.05 versus negative control. Ima: Imatinib; BECN1: Beclin 1; 
SQSTM1: Sequestosome 1; MAP1LC3B: Microtubule associated protein 1 light 
chain 3 beta; UVRAG: UV radiation resistance associated gene protein. 
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Fig. 7. Expression of autophagy proteins. (A) Representative Western blots and (B) quantification of phosphorylated ATG13 (S318), SQSTM1 and MAP1LC3A/B-I/II 
in HepG2 cells treated with imatinib (5–50 μM) for 6 h. The phosphorylation of ATG13 (S318) was assessed using a phospho-specific antibody and normalized to the 
expression of the total protein. Data are shown as fold increase relative to the negative control (ctrl) and are the mean ± SEM of three to four independent replicates. 
*p < 0.05 versus negative control. (C) Representative Western blots and (D) quantification of phosphorylated ATG13 (S318), SQSTM1 and MAP1LC3A/B-I/II in 
HepG2 cells treated with imatinib (5–50 μM) for 24 h. The phosphorylation of ATG13 (S318) was assessed using a phospho-specific antibody and normalized to the 
expression of the total protein. Data are shown as fold increase relative to the negative control (ctrl) and are the mean ± SEM of three to four independent replicates. 
*p < 0.05 versus negative control. (E) Representative electron microscopy micrographs of control (ctrl) HepG2 cells and cells exposed to chloroquine (30 μM) and 
imatinib (10 μM) for 24 h. The arrows indicate lysosomes (electron-dense, black vesicles) and autophagic vesicles (e.g., autophagosomes, autolysosomes). The scale 
bar represents a length of 2 μm. Ima: Imatinib; ATG13: Autophagy related protein 13; SQSTM1: Sequestosome 1; MAP1LC3A/B: Microtubule associated protein 1 
light chain 3 alpha/beta, CQ: Chloroquine. 

N.J. Roos et al.                                                                                                                                                                                                                                  

Results

86



(Morissette et al., 2009). Chloroquine, for instance, is a widely used 
late-stage inhibitor of autophagy (Klionsky et al., 2016). Ineffective 
autophagy can lead to lysosomal membrane permeabilization (LMP), 
which is associated with lysosome-dependent cell death (Galluzzi et al., 
2018). LMP can induce both mitochondria-dependent and 
mitochondria-independent cell death through release of lysosomal 
proteases (i.e., cathepsins) into the cytoplasm (Aits and Jäättelä, 2013; 
Boya et al., 2003a). Cytosolic cathepsins that remain active at neutral pH 
(e.g., CTSB) can trigger mitochondrial membrane permeabilization, 
leading to cytochrome c release and induction of apoptosis (Aits and 
Jäättelä, 2013; Boya and Kroemer, 2008). In support of this notion, 
imatinib-induced LMP with subsequent activation and release of CTSB 
into the cytosol has been reported to contribute to the antileukemic 
effect of imatinib in CML cell models and CD34-positive cells from CML 
patients (Puissant et al., 2010). 

We previously proposed mitochondrial dysfunction as a primary 
cause of imatinib-associated toxicity in HepG2 cells (Paech et al., 2017). 
Considering the results of the current study, lysosomal dysfunction ap-
pears to play at least an equally important role and may be the first step 
in the hepatotoxicity of imatinib and lapatinib. Lysosomal dysfunction 
impairs mitophagy, impeding the removal of damaged, potentially toxic 
mitochondria. Lysosomal dysfunction and ROS from damaged mito-
chondria can trigger LMP (Aits and Jäättelä, 2013), which stimulates 
apoptosis by causing mitochondrial membrane permeability transition 
and release of cytochrome c into the cytoplasm. The current study re-
veals the main toxicological mechanisms of lysosomotropic compounds 
and suggests a possible interplay with mitochondrial toxicity. 
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data. Stephan Krähenbühl: Methodology, discussed and helped inter-
preting the data, Writing – original draft. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgement 

We thank Cinzia Tiberi from the BioEM Lab of the Biozentrum, 
University of Basel, for her kind support with the transmission electron 
microscopy. We also thank Jens Casper from the Pharmaceutical Tech-
nology, University of Basel, for providing HuH-7 cells. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.fct.2022.112869. 

Fig. 8. Induction of apoptosis and necrosis. Percentage of (A) apoptotic, (B) 
necrotic and (C) viable HepG2 cells upon treatment with imatinib (5–50 μM) for 
6 h and 24 h. Staurosporine (Sta) and doxorubicin (Dox) represent positive 
control for apoptosis and necrosis, respectively. The sum of apoptotic, necrotic, 
and viable cells was set as 100%. The percentage (%) of cells is shown as the 
mean ± SEM of four independent replicates. *p < 0.05 versus negative control. 
Ima: Imatinib. 
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1 The NRF2-mediated oxidative stress response in DILI 
After discovering NRF2’s ability to induce cytoprotective phase II-detoxifying and antioxidant genes, 

researchers predicted its protective role against drug-induced toxicity (242). NRF2-deficient mice 

were subsequently used to investigate chemical carcinogenesis and drug resistance in vivo. Indeed, 

NRF2-deficient mice were more susceptible to acute organ toxicity including liver toxicity caused 

by diverse xenobiotics and environmental stresses (150). In the present thesis, the hepatotoxic 

drugs and mitochondrial toxicants benzbromarone and lapatinib activated the NRF2 pathway in 

HepG2 cells, suggesting a central role of NRF2 in DILI. Accordingly, I will discuss the protective role 

of NRF2 against DILI in a broader context and evaluate whether an impaired NRF2-mediated stress 

response represents a risk factor for DILI caused by mitochondrial damage and oxidative stress. 

Moreover, I will elaborate the potential of NRF2 activation in the prediction of DILI. Finally, a 

non-canonical mechanism of NRF2 activation as well as harmful aspects of constitutive NRF2 ac-

tivation will be part of this general discussion. 

1.1 The protective role of NRF2 in DILI 

The cytoprotective role of NRF2 activation in a disease triggered by inflammation and oxidative 

stress was exemplary demonstrated by the approval of a NRF2-activator (dimethyl fumarate, 

Tecfidera®) for the treatment of multiple sclerosis (337). To study the relevance of NRF2 in the 

context of DILI, NRF2-null mutant mice were exposed to acetaminophen, a well-characterized 

hepatotoxin (338, 339). Acetaminophen concentrations that were non-toxic in wild-type mice 

caused fatal hepatocellular necrosis in NRF2-null mutant mice (338, 339). Moreover, acetamino-

phen-induced GSH depletion was restored in wild-type but not in NRF2-deficient mice (339). We 

similarly observed that GSH-biosynthetic genes and GSH biosynthesis were upregulated in lapa-

tinib-treated NRF2 competent HepG2 cells. As anticipated, acetaminophen activated the 

KEAP1-NRF2 pathway both in vitro and in vivo in a dose-dependent manner as well as in a patient 

with acetaminophen overdose (340-342). In line with our results for benzbromarone, acetamino-

phen activated the KEAP1-NRF2 pathway already before hepatotoxicity occurred and provoked the 

strongest activation at hepatotoxic concentrations. In contrast to NRF2-deficient mice, hepato-

cyte-specific KEAP1-null mutant mice with constitutive hepatocyte-specific NRF2 activation were 

resistant to acetaminophen-induced hepatotoxicity (343). As expected, gene expression analysis of 

KEAP1-deficient liver revealed upregulation of numerous phase II-detoxifying and antioxidant 

genes (343). However, the expression of some prototypical NRF2-regulated genes (e.g., HO-1, 
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PRX1) were not increased. This observation indicated that the induction of AREs-containing genes 

might be more complex in vivo and depend on the tissue as well as mechanism of NRF2 activation 

(e.g., chemical vs. genetic activation). We similarly observed upregulation of well-characterized 

NRF2-regulated proteins in HepG2 cells exposed to benzbromarone (e.g., TRX, GPX), while others 

(e.g., NQO1, HO-1) were not increased (unpublished observation). Nevertheless, we could prevent 

benzbromarone-induced toxicity in KEAP1-deficient but not in wild-type HepG2 cells (344). Since 

acetaminophen hepatotoxicity is caused by similar mechanisms than benzbromarone- and lapa-

tinib-induced hepatotoxicity (e.g., formation of reactive metabolites, mitochondrial dysfunction, ox-

idative stress), the protective role of NRF2 in acetaminophen-induced hepatotoxicity in mice may 

be translated to benzbromarone- and lapatinib-induced hepatotoxicity in vivo (345). This assump-

tion is strengthened by the fact that NRF2 activation protects especially against xenobiotics that 

themselves activated NRF2 (346). Indeed, NRF2-deficient mice did not recover from lapatinib-in-

duced liver damage after 5 days of lapatinib administration compared to wild-type mice (221). Con-

sequently, impaired NRF2 activation in response to electrophilic and oxidative stress may represent 

a risk factor for lapatinib- and benzbromarone-induced liver toxicity. 

1.2 Impaired NRF2-mediated oxidative stress response as a risk factor for DILI 

Impaired NRF2 activation aggravates several oxidative stress-related liver diseases such as liver 

cirrhosis and alcoholic steatohepatitis (347). Thus, an impaired NRF2-mediated oxidative stress 

response could represent a risk factor for DILI caused by mitochondrial dysfunction and oxidative 

stress. Impaired NRF2 activation can result from genetic polymorphisms in the DNA binding sites 

(i.e., AREs) of NRF2-sMAF heterodimers located in the promotors of NRF2-regulated genes (348). 

Single nucleotide polymorphisms (SNPs) in AREs can both increases or decreases the DNA-binding 

affinity of NRF2-sMAF heterodimers and subsequently reduce or increase the expression of adja-

cent NRF2-target genes (349). Accordingly, SNPs in AREs can modulate the risk for oxidative 

stress-related diseases. For instance, a SNP in the ARE of the ferritin light chain gene promotor 

reduced the expression of L-ferritin, which can prevent the formation of oxidative OH• through iron 

storage (350). Moreover, polymorphisms in the human NRF2 gene promotor increase the risk for 

oxidative-stress related diseases such as hyperoxia-induced pulmonary injury, chronic obstructive 

pulmonary disease, and oxidative-stress induced hearing loss (351-353). Since NRF2 regulates its 

own expression by a positive-feedback mechanism, SNPs in the promotor of the NRF2 gene could 

impair its own regulation (354). Nevertheless, functional SNPs in AREs are rare in the human ge-

nome due to negative selection (349). This fact corresponds to the low incidence of idiosyncratic 
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DILI, which occurs only in a few individuals. Indeed, polymorphisms in individual antioxidant genes 

such as GST and SOD2 (i.e., mutant C allele) increased the risk for hepatocellular DILI (355). For 

instance, patients with double-null genotype for GSTT1 and GSTM1 had a 2.7-fold increased DILI 

risk associated with certain drugs compared to GST-competent patients (34). Patients with the 

mutant SOD2 C allele contained more mitochondrial SOD2 and in turn generated more H2O2, which 

could explain the increased DILI risk observed in this cohort (356). In conclusion, polymorphisms in 

AREs and the NRF2 gene promotor could sensitize patients to oxidative-stress related diseases 

including drug-induced liver toxicity. 

1.3 The NRF2-mediated oxidative stress response as a predictor for DILI 

Due to its rarity and the lack of experimental models that reliably predict idiosyncratic reactions, 

idiosyncratic DILI is often missed during drug development. Accordingly, no alarming hepatotoxic 

event was observed for benzbromarone during clinical trials (186). Activation of the KEAP1-NRF2 

pathway in liver by benzbromarone, lapatinib, acetaminophen, and numerous other well-character-

ized hepatotoxins such as bromobenzene, furosemide, and carbon tetrachloride raises the question 

whether hepatic NRF2 activation reflects a drug’s hepatotoxic potential and could be used as a 

predictor for DILI (357). Most of these hepatotoxins activated NRF2 within the first hours of expo-

sure, suggesting an intrinsic ability of these compounds or their metabolites to modify KEAP1. Ac-

cording to Copple and colleagues, the activation of the NRF2 transcriptional network in primary 

human hepatocytes (PHH) is a sensitive, specific, and accurate indicator with relatively high posi-

tive and negative predictive values for the intrinsic biochemical reactivity of a compound (358). 

However, the prediction of the clinical DILI risk was less sensitive with a relatively high false nega-

tive prediction. Nevertheless, the activity of NRF2 is a relevant biological response that should be 

considered in pre-clinical toxicological studies. Indeed, the ability of drug candidates to induce the 

expression of NRF2-related genes in hepatic parenchymal cells was assessed in drug development 

with the goal to predict hepatotoxicity at an early stage (359). Moreover, gene expression profiles 

can help elucidating mechanisms of toxicity. Nevertheless, distinguishing hepatotoxic changes in 

gene expression from changes that are well-tolerated is challenging, because cytoprotective stress 

responses often precede and prevent hepatic damage (360). Nonetheless, drugs that cause 

non-hepatotoxic gene expression changes might still trigger idiosyncratic DILI in individuals with 

underlying risk factors.  
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1.4 Non-canonical mechanism of NRF2 activation 

In contrast to benzbromarone, which induced NRF2 activation within two hours of exposure, lapa-

tinib activated the NRF2 pathway in HepG2 cells after 24 h. Moreover, activation of NRF2 by lapa-

tinib could only be partially prevented by an antioxidant. Thus, we assume that beside oxidative 

stress, other mechanisms may be involved in the activation of NRF2 by lapatinib. A non-canonical 

way of NRF2 activation could occur through the selective autophagy receptor p62 (271). p62 inac-

tivates KEAP1 through direct binding to KEAP1’s NRF2 binding site and mediates degradation of 

KEAP1 by autophagy (361). We found increased levels of p62 and LC3-II in HepG2 cells exposed to 

lapatinib for 24 h (unpublished observation). Moreover, KEAP1 protein levels decreased in response 

to lapatinib. Both accumulation of p62 and LC3-II could result from an impaired autophagic flux, 

which might occur due to lysosomal dysfunction (313). Indeed, lapatinib disturbed the lysosomal 

homeostasis in HepG2 cells. Nonetheless, NRF2 stimulates the expression of p62 inducing a posi-

tive feedback mechanism (362). Thus, the increased protein levels of p62 caused by lapatinib could 

result from NRF2 activation. Assessing the gene expression of p62 and the autophagic flux at dif-

ferent time-points in lapatinib-treated HepG2 cells could clarify the cause-effect relationship. Fi-

nally, immunoprecipitation could reveal an interaction between KEAP1 and p62 (271). 

1.5 The opposite side of the medal - hepatotoxic effect of constitutive NRF2 activation 

We highlighted the cytoprotective effects of NRF2 activation against drug-induced toxicity and other 

oxidative stress related diseases. However, constitutive NRF2 activation has been shown to be 

harmful under certain conditions. For instance, KEAP1-null mutant mice with constitutive NRF2 

activation developed hyperkeratosis in the esophagus and forestomach and died within three weeks 

after birth due to malnutrition (363). These findings demonstrate the importance of a tightly regu-

lated NRF2 activity, especially in squamous cells that highly express NRF2. Moreover, constitutive 

NRF2 activation due to aberrant p62 accumulation was responsible for the liver injury in autoph-

agy-deficient mice (361). In contrast to benzbromarone, which activated NRF2 at non-toxic concen-

trations, lapatinib stimulated the NRF2 pathway at hepatotoxic concentrations. Therefore, the con-

tribution of NRF2 activation in lapatinib-induced hepatotoxicity is not entirely clear, although we 

found cytoprotective NRF2-mediated adaptations (e.g., increased GSH levels) in lapatinib-treated 

HepG2 cells. Knock-down of NRF2 or KEAP1 could help answer this ambiguity. Although the mech-

anism of NRF2-induced liver damage in autophagy-deficient mice is unclear, reductive stress and 

proteotoxicity have been proposed as adverse effects of constitutive NRF2 activation (150).  
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1.6 Limitations and further directions 

We performed our experiments in HepG2 cells, a well-characterized human hepatoma cell line 

widely used for toxicological studies (58). HepG2 cells lack the expression of most drug-metaboliz-

ing CYPs with the exception of low levels of CYP3A4 and CYP2C19 (364). Thus, hepatotoxicity and 

activation of the NRF2-mediated oxidative stress response caused by reactive metabolites could 

have been missed in our cell system. A previous study performed in our research group revealed 

that lapatinib and imatinib were slightly more toxic in rifampicin-induced HepaRG cells, which are 

metabolically active, compared to non-induced HepaRG cells with minor metabolic activity (179). 

These findings suggested the formation of toxic lapatinib and imatinib metabolites. The increased 

toxicity of lapatinib in HepaRG cells with induced CYP3A4 activity was also observed in another 

study (365). Accordingly, CYP3A4 induction was identified as a risk factor for lapatinib-induced 

hepatotoxicity in patients (366, 367). The O-dealkylated lapatinib metabolite created by CYP3A4 is 

converted to an electrophilic quinone imine metabolite that can covalently bind to GSH and protein 

cysteine residues (211, 365). Similarly, formation of reactive benzbromarone metabolites that can 

bind to reactive cysteine residues have been identified both in vitro (189, 368) and in vivo (367, 369-

371). Thus, NRF2 activation, which primarily results from modification of KEAP1’s cysteine residues 

by reactive metabolites or ROS, should not only be assessed in HepG2 cells, but ideally also in 

metabolically more competent cells such as induced HepaRG cells or PHH (364). Indeed, HepG2 

cells transfected with CYP2C9, the main CYP450 enzyme involved in benzbromarone metabolism, 

were more susceptible to benzbromarone when NRF2 was simultaneously down-regulated (372). 

This indicates that NRF2 protects against reactive benzbromarone metabolites, which contribute to 

benzbromarone-induced hepatotoxicity. Nevertheless, non-induced HepG2 cells showed low basal 

activities for CYP2C19 and CYP3A4, which are both involved in the metabolism of benzbromarone 

and lapatinib (364). Therefore, the formation of reactive benzbromarone and lapatinib metabolites 

as causes of NRF2 activation cannot be completely excluded in our cellular system, especially at 

supraphysiological drug concentrations. 

The protective role of NRF2 against benzbromarone- and lapatinib-induced liver toxicity could be 

confirmed in NRF2-deficient mice, which might be more susceptible than wild-type mice. Moreover, 

the hepatotoxicity of benzbromarone and lapatinib should be assessed in mice with an impaired 

antioxidant defense such as SOD2+/- mice or y-glutamyl transpeptidase-/- mice with reduced hepatic 

GSH levels (373). 
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2 Lysosomotropism in DILI 
Although lysosomes were called "suicide bags" by their discoverer Christian de Duve, lysosome-de-

pendent cell death has been underrated for many years (374). One reason is the non-specificity of 

pan-caspase inhibitors (e.g., zVAD-fmk) used to prevent cell death. These inhibitors also block the 

activity of lysosomal cathepsin proteases, thereby masking their involvement in cell death (375). 

Lysosome-dependent cell death can be triggered by lipophilic weak basic molecules that accumu-

late in lysosomes, which is known as lysosomotropism. In our studies, the lysosomotropic and hepa-

totoxic TKIs lapatinib and imatinib disturbed the lysosomal homeostasis and related pathways in 

HepG2 cells, raising the questions whether the lysosomotropic properties of these drugs are re-

sponsible for their hepatotoxicity. Therefore, I will discuss the role of lysosomes in the development 

of diseases. Finally, since both lapatinib and imatinib are associate with mitochondrial damage, 

possible links between lysosomal and mitochondrial dysfunction will be elaborated. 

2.1 The role of lysosomes in DILI 

Even though numerous drugs with lysosomotropic properties accumulate in lysosomes of various 

organs including liver, lysosomal dysfunction is rarely considered as mechanisms of idiosyncratic 

DILI. The best characterized adverse reaction caused by lysosomotropic/cationic amphiphilic drugs 

(e.g., amiodarone) is phospholipidosis, a lysosomal storage disease (LSD) with excessive intracel-

lular accumulation of lipids (376). However, phospholipidosis, which can also occur in liver, is not 

toxic per se and no cases of phospholipidosis have been reported for lapatinib and imatinib. In 

contrast, accumulation of undegraded intracellular material resulting from long-term lysosomal dys-

functions caused by congenital lysosomal enzyme defects can cause severe LSDs (377). The tem-

porarily treatment with imatinib and lapatinib, which caused reversible lysosomal dysfunction, might 

not lead to such severe conditions. Nevertheless, inhibition of lysosome-related signaling pathways 

such the mTORC1 pathway by imatinib can compromise essential cellular functions such as protein 

synthesis or autophagy. Moreover, cellular toxicity caused by lysosomotropic drugs can result from 

destabilization of the lysosomal membrane, which can induce lysosome-dependent cell death (374). 

This type of cell death has been described for several drugs in clinical use including ciprofloxacin, 

norfloxacin (333), siramesine (378), and hydroxychloroquine (334). Lysosome-dependent cell death 

can be linked to mitochondria-dependent apoptosis through the induction of MOMP. This link could 

connect the findings of our third project to the previous observation of mitochondrial cytochrome c 

release induced by lapatinib and imatinib (179). However, LMP can occur both upstream (334) and 
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downstream of MOMP (379). Comparing the findings of our studies, lysosomal dysfunction induced 

by lapatinib and imatinib occurred earlier than mitochondrial dysfunction. This suggests that lyso-

somal impairment is a direct and fast effect on imatinib and lapatinib that precedes mitochondrial 

damage. Moreover, functional lysosomes might be essential to attenuate lapatinib- and imatinib-in-

duced mitochondrial damage through mitophagy. Thus, lysosomal dysfunction could aggravate mi-

tochondrial toxicity induced by lapatinib and imatinib, as it was reported for acetaminophen-in-

duced hepatotoxicity (179). Moreover, ruptured lysosomes may aggravate drug-induced mitochon-

drial toxicity through release of iron, which can catalyze the formation of HO• in the presence of 

ROS and induce mitochondrial permeability transition (380). Moreover, mitochondria-derived ROS 

can destabilized the lysosomal membrane through lipid peroxidation (297). Thus, the lysosomal-mi-

tochondrial axis is a relevant cell death pathway that should be considered in DILI associated with 

lysosomotropic drugs. Nevertheless, lysosomal sequestration of lysosomotropic drugs such as 

imatinib and lapatinib could also act as an intracellular sink and reduce the cytotoxicity of these 

drugs. Indeed, sequestration of the TKI sunitinib in lysosomes enhanced the resistance of tumors 

cells towards this drug, demonstrating the controversial role of lysosomes in drug-induced toxicity 

(381). 

2.2 Limitations and further directions 

As common in toxicological studies, we exposed HepG2 cells also to supratherapeutic drug concen-

trations over a relatively short time period compared to the clinical situation. High drug concentra-

tions can be justified by the fact that liver concentrations are often higher than the drug concentra-

tions measured in the plasma. Indeed, the concentration of lapatinib in liver of lapatinib-treated 

mice was more than two orders of magnitude higher than the plasma concentrations (221). Our 

experimental settings might be useful to study the drug effects on the NRF2-mediated oxidative 

stress response. However, they do not reflect the situation in susceptible patients, which typically 

develop DILI over a longer time period under therapeutic concentrations. Thus, the effects of lapa-

tinib and imatinib on lysosomal functions should be assessed over a longer time period with thera-

peutic concentrations. 

Since an increased lysosomal volume induced by lysosomotropic drugs such as lapatinib and 

imatinib does not necessarily lead to LMP, the effect of lapatinib and imatinib on LMP should be 

assessed in more detail. A sensitive method to detect LMP is the lysosomal galectin puncta assay 

(382). Cytosolic galectins rapidly translocate to individual ruptured lysosomes, which allows the 

detection of early LMP. This assay could help clarifying the involvement of lysosomal damage in 
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imatinib- and lapatinib-induced hepatotoxicity. Subsequently, cathepsin inhibitors could be used to 

assess whether lysosomal cathepsins are involved in the induction of cell death induced by these 

TKIs. Since imatinib and lapatinib disturbed the lysosomal proteolytic function in HepG2 cells, the 

accumulation of long-lived proteins should be assessed (313). Imatinib increased the number of 

autophagosomes in HepG2 cells demonstrated by increased levels of LC3-II. However, we did not 

systematically distinguish between induction of autophagy and inhibition of autophagic flux, which 

could both lead to autophagosome accumulation (313). Thus, the proteins levels of LC3-II should 

be additionally assessed in the presence of a saturating lysosomal inhibitor such as chloroquine. 
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Conclusion 
In the present thesis, I studied the role of the NRF2-mediated oxidative stress response in the 

context of DILI caused by mitochondrial damage and oxidative stress. Benzbromarone rapidly acti-

vated the NRF2 pathway in HepG2 cells with upregulation of cytosolic and mitochondrial antioxidant 

proteins. Moreover, NRF2 activation conferred protection against benzbromarone-induced hepato-

toxicity. Lapatinib similarly activated the NRF2 pathway in this cell line, which was partially caused 

by ROS. Consequently, lapatinib upregulated the expression of mitochondrial antioxidant genes and 

proteins as well as GSH biosynthesis. Thus, an impaired NRF2-mediated oxidative stress response 

might be a risk factor for benzbromarone- and lapatinib-induced liver toxicity. Nevertheless, in vivo 

studies are required to further our knowledge about NRF2 activation in the protection against mi-

tochondrial toxicants. In addition, we observed that the lysosomotropic TKIs lapatinib and especially 

imatinib impaired essential lysosomal functions and related pathways such as the mTORC1 signal-

ing pathway and autophagy in HepG2 cells. Thus, we revealed principle toxicological mechanisms 

of lysosomotropic compounds. Since both lapatinib and imatinib are associated with mitochondrial 

dysfunction, the interplay between lysosomal and mitochondrial toxicity should be further elabo-

rated. Overall, an improved understanding of the molecular mechanisms of drug-induced hepato-

toxicity is essential to prevent idiosyncratic DILIs in patients. 
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