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The heterozygous Sod2+/� mouse:
modeling the mitochondrial role in
drug toxicity
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Mitochondria have been increasingly implicated in being a crucial subcellular target and amplifying

oxidative injury induced by many drugs. Among the major cytoprotective antioxidants is the

mitochondrial matrix protein, superoxide dismutase-2 (SOD2). Genetic modification of the expression

of SOD2 by transgenic techniques or gene silencing has generated a number of distinct animal models

with SOD2 deficiency including the heterozygous Sod2+/� knockout mouse model. These mice display a

discreet underlying mitochondrial stress but are otherwise phenotypically normal and thus model a

variety of clinically silent mitochondrial abnormalities. The model has found application in oxidative

stress and age-related research, but it is only recently that it has been successfully used to study

mechanisms of idiosyncratic drug-induced liver injury.
Introduction: role of mitochondria in drug toxicity
Mitochondrial dysfunction is a frequent off-target effect of a

large number of drugs, a well-known finding that has gained

renewed appreciation in recent years [1–6]. The most sensitive

organs of mitochondrial toxicity are cardiac muscle and the

central nervous system, but skeletal muscle, liver, and kidney

can also be affected. These adverse drug effects are, however, not

always obvious in preclinical studies, as most cells harbor hun-

dreds or thousands of individual mitochondria and, until the

majority of mitochondria are affected, the effects do not readily

become apparent as tissue dysfunction or overt pathologic man-

ifestations in vivo. By contrast, this mitochondrial hazard can be

more readily detected in cell culture models where a clear con-

centration-dependent toxicity has been demonstrated for many

drugs [7,8].

Traditionally, mitochondrial dysfunction has been associated

with impaired bioenergy production. This may, however, not

be the predominant mode of action that leads to toxicity. For

example, cells can activate the cytosolic glycolytic pathway to

compensate for insufficient mitochondrial oxidative phosphor-

ylation (OXPHOS). Furthermore, there is a threshold for insuffi-

cient ATP generation below which a given tissue does not develop

obvious pathology from bioenergy impairment [9]. Therefore,
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another equally important mode of action is based on the fact that

mitochondria are not only targeted by drugs but that they med-

iate chemically induced lethal cell injury. One of the key mechan-

isms is drug-associated increased generation of reactive oxygen

species (ROS) in mitochondria. Not only are mitochondria the

cell’s major source of ROS under physiological conditions but

certain drugs can greatly increase the steady state levels of mito-

chondrial ROS by a number of distinct mechanisms [10,11]. This

increased oxidant stress has dual consequences; it can directly

oxidize sensitive molecular targets including mitochondrial pro-

teins or mtDNA, leading to abnormal function, and/or it is

involved in signaling, initiating highly regulated death-inducing

cascades such as the opening of the mitochondrial permeability

transition (mPT) pore and/or the induction of mitochondrial

outer membrane permeabilization (MOMP), thus triggering

apoptosis and/or necrosis by caspase-dependent or caspase-inde-

pendent pathways [12–14]. Again, depending on the extent

and duration of exposure, this may not necessarily become man-

ifested as toxicity in preclinical animal models, as there are

normally a host of antioxidant defense mechanisms in place. It

is possible, however, that these mechanisms may become

clinically relevant in certain susceptible individuals with

compromised antioxidant defense systems, or in patients featur-

ing an overproduction of mtROS owing to genetic or acquired

abnormalities [15].
ee front matter � 2008 Elsevier Ltd. All rights reserved. doi:10.1016/j.drudis.2008.08.002
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In view of the growing importance of the role of mitochondria

in drug toxicity, recent attempts in drug discovery and develop-

ment have aimed at recognizing this hazard and developing

strategies to significantly reduce the attrition due to mitochon-

drial toxicity [16,17]. While drug-induced impairment of mito-

chondrial function can be effectively studied in isolated

mitochondria or cell cultures, there are, however, few animal

models available that lend themselves as predictive tools to detect,

understand, and predict drug-induced mitochondrial toxicity.

Animal models of drug-induced oxidant stress and
mitochondrial injury
There are three types of animal models that have been used to

study the role of mitochondrial dysfunction in organ damage [18].

Firstly, in certain cases, it has been possible to use standard drugs

and induce an organ-selective toxic response in rodents that is

clearly due to mitochondrial injury. Well-known examples

include high-dose acetaminophen-induced hepatic necrosis in
FIGURE 1

Drug-inducedmitochondrial oxidant stress and key role of SOD2 in regulating them

of mechanisms including (a) inhibition of components of the ETC, particularly com

uncoupling of OXPHOS, thereby increasing respiration and depleting the mitochond
superoxide can be generated in the mitochondrial matrix primarily through redu

include (e) dismutation of superoxide to hydrogen peroxide, which, in the presen

radical, if hydrogen peroxide escapes removal by glutathione peroxidase (GPx); (f)
peroxynitrite, which in turn can form hydroxyl radicals and damage mtDNA, or caus
oxidize sulfhydryl groups of themPTmegapore, leading to opening of the pore and r

thioredoxin-2 (Trx2) to the oxidized state, which releases Ask1 and activates a cruc

membrane; Prx, peroxyredoxin; MOM, mitochondrial outer membrane; MIM, mito
sensitive mouse strains [19–21] or doxorubicin-induced cardiac

toxicity in rats [22]. Besides these isolated cases, however, normal

healthy laboratory animals are largely refractory to the apparent

mitochondrial toxicity of most drugs, at least at therapeutically

relevant doses [23].

Secondly, certain underlying diseases in animals can compro-

mise mitochondrial function and prime the host to developing

pathological manifestations. For example, diabetes mellitus or

advanced age has been associated with increased oxidative damage

to mtDNA or proteins of the electron transport chain (ETC) com-

plexes [24–26]. While such models have been widely used for

diabetes-related or age-related research, they have, however, not

found any appreciable application in drug toxicology.

Finally, a number of animal models have been developed in

which mutations of genes coding for mitochondrial proteins have

been introduced to make these animals more sensitive to mito-

chondria-mediated injury. Because the assembly of fully func-

tional mitochondria requires the concerted action of both
itochondrial redox state. First, drugs can enhance oxidative stress by a number

plex I, (b) putative peroxidase-mediated bioactivation to drug radicals, (c)
rial reducing equivalents, and (d) redox cycling of drug metabolites. Second,
ction of molecular oxygen at complex I and III; downstream consequences

ce of catalytic amounts of iron can react to the extremely reactive hydroxyl

in the presence of nitric oxide, conversion of superoxide to the highly toxic

e the release of cytochrome c; (g) enhanced oxidative stress can also directly
elease of death proteins. Third, oxidative stress can also shift the redox state of

ial MAPK cascade, eventually leading to cell death. *, Activation; PM, plasma

chondrial inner membrane; mPT, mitochondrial permeability transition.
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mtDNA and nuclear DNA, different techniques were used to

generate these models; while conventional knockout or knockin

models were applied for the nuclear-encoded genes [27], novel

techniques to introduce the mutations into the female mouse

germ line had to be used for mitochondrial genes [28–30]. Among

the panel of knockout mice where different antioxidant enzymes

were targeted by recombinant deletion (e.g. GPx1, Trx2), super-

oxide dismutase (Sod)-deficient mice are one of the most widely

used models. This review will focus on the characterization of the

Sod2-deficient mouse model and, in particular, discuss recent

advances of the heterozygous Sod2+/� model for studying mole-

cular mechanisms and predicting organ-selective drug toxicity.

Mouse models with altered expression of SOD2
Superoxide dismutase-2
Superoxide dismutase (SOD) is an important enzyme that converts

two superoxide molecules to hydrogen peroxide and molecular

oxygen by dismutation (e.g. one molecule of O2
�� is oxidized while

the second one is reduced). There are several forms of this protein in

mammals, SOD1, 2, and 3. SOD1 (Cu, ZnSOD) is abundant in the

cytosol and in the intermembrane space of mitochondria [31]. In

mitochondria, SOD1 has recently been shown to cooperate with

cytochrome c to trigger apoptosis upon leaking out into the cytosol

[32]. Besides being a sink for superoxide, SOD1 also possesses

inherent non-specific peroxidase activity and may thus peroxidize

compounds [33]. SOD3 is a non-inducible extracellular form.

SOD2 (MnSOD) resides in the mitochondrial matrix where it

controls the cellular redox environment and regulates superoxide

and hydrogen peroxide signaling [34]. SOD2 is a homotetramer

containing one manganese ion in each subunit. The distribution

of SOD2 across organs reflects energy consumption rates; there-

fore, it is abundant in heart, brain, liver, and kidney [35].

Figure 1 summarizes the key role of SOD2 in regulating cellular

redox processes. If SOD2 is deficient, there will be increased steady

state levels of mitochondrial superoxide anion radical. Superoxide

can either react with molecular targets or combine with nitric
TABLE 1

Animal models of Sod2 deficiency (recombinant deletion or gene si

Model

1. Mouse Sod2 gene knockout, Sod2�/�m1BCM

C57BL/6x129 mixed background; Phenotype: mice die around postnata

2. Mouse Sod2 gene knockout, Sod2�/�tm1Cje

(a) C57BL/6J background; Phenotype: fetal form of dilated cardiomyop
(b) DBA/2J background; Phenotype: metabolic acidosis, mice die aroun
(c) F1 mice from both backgrounds; Phenotype: mice survive three we

3. Mouse (C57BL/6CrSlc)—tissue specific (liver) knockout (via a condition
liver-specific Sod2 knockouts were generated with liver-specific Cre re
or biochemical alterations in liver despite deletion of Sod2

4. Mouse (C57BL/6 x 129/Ola)—tissue-specific (epidermis) knockout (usin
14 promoter-driven Cre expression)—Sod2+/� mice exhibited myocard
of oxidative stress and apoptosis in the heart

5. Mouse knockdown of Sod2 (via Pol II-expressed shRNA) in C57BL/6J; P
cardiomyopathy, premature death

6. Heterozygous Sod2 gene knockout, Sod2+/� (different backgrounds); P
normal (normal body weight, normal hepatic GSPx, catalase, GSH, and
aconitase activities; decrease in state 3 respiration; increased basal lev
deoxyguanosine in mtDNA; increased sensitivity to mPT-inducing agen
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oxide to form the highly reactive peroxynitrite, which can nitrate

crucial proteins or be degraded to the extremely toxic hydroxyl

radical. The pivotal role of SOD2 as a cytoprotective enzyme is

illustrated by the findings that knockout mice deficient in Sod2 do

not survive, while, by contrast, Sod1-null or Sod3-null mice are

viable. This shows that the presence of the mitochondrial SOD

form is crucial for cell homeostasis. In the presence of certain

mitochondria-targeting drugs, however, the physiological redox

balance can be severely disrupted (Figure 1).

Because of the key role of SOD2, mouse models have been

generated in which the Sod2 gene is either overexpressed (by trans-

genic techniques) or fully or partially deleted (by knockout or gene

silencing techniques) [36]. These animal models, however, have not

yet found wide application in drug discovery and development.

Overexpression of SOD2
In the majority of transgenic mouse models that overexpress SOD2,

this condition successfully protected against mitochondrial injury

induced by drugs including doxorubicin [37], oxidative challenge

from ischemia/reperfusion [38] or stress from diabetes [39]. SOD2

overexpression was associated with decreased superoxide net levels

and increased mitochondrial tolerance in several tissues (as

expected), but superoxide-mediated regulation of uncoupling pro-

tein and mitochondrial ATP production rates were not affected [40].

Importantly, overexpression of SOD2 does not necessarily lead to

increases in H2O2 production, although this is often assumed [41].

Instead, the net production of H2O2 depends on the presence of

other determinants of the cellular redox state; for example, if a

reductant of superoxide is abundant (e.g. aconitase), additionalSOD

will decrease theyieldofH2O2 [42].Therefore, toomuchSOD2isnot

always beneficial. In fact, overexpression of SOD2 did not afford a

survival advantage against intrinsic irradiation exposure of the lung

[43], and there were no significant differences in the amount of

increased ROS produced during muscle contraction between wild-

type and SOD2-overexpressingmice [44]. Collectively, although the

available data suggest that transgenic mouse models overexpressing
lencing)

Reference

[46]
l day 21

[47]

athy, die around day 15 of gestation in utero
d day 8 postnatally [47]
eks [75]

al knockout allele using Cre-loxP recombinase system;
combinase in the transgene)—no obvious morphological

[52]

g Cre-loxP recombinase system; human keratin
injury, mitochondrial swelling, lipid droplets, signs

[76]

henotype: slow growth, fatty liver, dilated [53]

henotype: 50% of wild-type SOD activity; grossly
GSSG levels); decreased DCm, reduced complex I and

els of protein carbonyl in mt protein and 8-OH-
ts

[36,55–57,
60,61,67,77]
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SOD2area valuable tool to investigate the roleof superoxideand the

downstream consequences of oxidative stress, the overall cellular

antioxidant/prooxidant balance needs to be carefully evaluated.

SOD2 deficiency
Mitochondrial SOD2 is encoded by the nuclear Sod2 gene and

biosynthesized outside mitochondria; the presence of a targeting

sequence then directs the transport of the protein across the

mitochondrial membranes and import into the matrix. To study

the physiological role of this enzyme, a number of distinct lines of

Sod2 knockout mice were generated on different genetic back-

grounds and with different techniques (Table 1). For example,

Sod2tm1Cje/Sod2tm1Cje mice, generated on a C57BL/6 background,

died in utero after developing embryonic dilated cardiomyopathy

[45]. Sod2m1BCM/Sod21BCM mice (where exons 1 and 2 were deleted)

survived up to three weeks after birth [46]. They exhibited a

specific pathogenic phenotype including neurodegenerative

changes, motor disturbances, and enlarged and dilated hearts,

all due to mitochondrial injury in cardiomyocytes and neurons.

In addition, they developed fatty infiltration in the liver. The

second line, Sod2m1UCSF/Sod2m1UCSF (where exon 3 was deleted)

exhibited a slightly different phenotype; the mice died already five

days after birth [47]. They developed massive dilated cardiomyo-

pathy and hepatic steatosis, and exhibited severe mitochondrial

defects [48]. This latter strain, however, was generated on another

background strain, CD1 mice, while the first line was generated on

a mixed C57BL/6x129 background.

The differential survival time of the Sod2-null mice suggests that

the genetic background is important and that there exist genetic

modifiers. For example, the degree of mitochondrial oxidative

damage caused by SOD2 deficiency is higher in C57BL/6 mice

than in other strains (e.g. DBA/2 mice). Recently, it was found that

C57BL/6 mice have a genetic defect in the gene coding for nico-

tinamide nucleotide transhydrogenase (NNT) [49]. NNT is a trans-

membrane protein in the inner mitochondrial membrane that

functions as a proton-pumping transhydrogenase (pumping pro-

tons into the matrix while regenerating NADPH from NADH and

NAPD+). NADPH is used in the matrix to reduce glutathione

disulfide (GSSG) and Trx2-SS to glutathione (GSH) and Trx2-

(SH)2, respectively. This may explain why C57BL/6J mice are more

sensitive to oxidant stress than other mice, because these mice

cannot sufficiently regenerate mitochondrial NADPH, especially

under conditions of increased mitochondrial oxidant stress.

Taken together, Sod2-null mice represent a model of substantial

endogenous oxidative stress that becomes obvious in a number of

organs. For example, in the cerebral cortex, the oxidant stress was

sufficient to cause defects in aconitase, complex I, II, III, and IV

[50]. One reason for this sensitivity is that all these enzymes

contain iron–sulfur clusters and are therefore particularly sensitive

to oxidative injury. Accordingly, treatment of Sod2-null mice with

the antioxidant and SOD mimetic, EUK189, attenuated the oxi-

dative damage [51].

Because a homozygous deficiency in Sod2 is linked with prenatal

or early postnatal lethality in mice, this model cannot be utilized

in pathophysiological studies in adult mice. A number of alter-

natives were therefore developed. As a first alternative approach, a

liver-specific Sod2 conditional knockout mouse was designed

using the Cre-loxP system (under the control of the rat albumin
promoter) [52]. These mice were viable and, although they lacked

SOD2 in the hepatic parenchyma, did not exhibit any obvious

morphological or biochemical abnormalities in the liver, suggest-

ing that SOD2 is not essential for liver function in mice. Further-

more, these findings confirmed the notion that the liver may have

a high degree of tolerance or resistance against oxidative stress.

Second, a transgenic mouse line was designed in which a poly-

merase II promoter drove the expression of a short hairpin (sh)

RNA, efficiently knocking down the target gene, Sod2 [53]. These

mice were viable but had a deficiency of SOD2, coupled with

increased oxidant stress and enhanced sensitivity to prooxidants.

For example, fibroblasts from the transgenic mouse line showed

greater sensitivity to t-butyl hydroperoxide than those from wild-

type mice. This elegant approach allows for a more subtle mod-

ulation of SOD2 expression without causing too much damage

that leads to lethality as seen in the null mice.

Finally, an alternative approach to using homozygously Sod2-

deficient mice is to use heterozygous animals (Sod2+/�). Hetero-

zygous knockouts lend themselves as a potentially useful animal

model to study drug-induced mitochondrial effects and oxidant

stress because the phenotypical changes in these mice are much

more subtle than in a homozygous knockout mouse.

The heterozygous Sod2+/� mouse model
Heterozygous animals have recently been recognized to provide

alternative and novel genetic mouse models beyond knockouts

[54]. As compared with the null-mice, heterozygous animals not

only can display intermediate phenotypes but they can also exhi-

bit principally new phenotypes. For Sod2, heterozygous deficiency

leads to a much more discreet phenotype than that of the homo-

zygously deficient mice. Mutant Sod2+/� mice proved to have a

similar body weight and growth rate as wild-type controls and

exhibited identical GSH and GSSG levels; furthermore, they had

unchanged glutathione peroxidase, catalase, and SOD1 levels in

liver and other organs (except in skeletal muscle) [46,55]. These

mice exhibit, however, increased baseline levels of mitochondrial

oxidative stress that results in age-related decline of mitochondrial

function [56]. Furthermore, the heterozygous phenotype was

shown to exhibit decreased aconitase activity, increased protein

carbonyl levels, and a decrease in the respiratory control ratio, all

indicative of underlying oxidative stress and mitochondrial func-

tional damage [57]. This may become obvious in certain sensitive

organs; for example, heterozygously deficient mice exhibited

increased susceptibility to spontaneous seizures, which may reflect

compromised neuronal mitochondrial function [58].

While this mouse model has found some application in experi-

mental gerontology and neurodegenerative disease research, its

use in toxicology has still been limited. A number of recent studies

suggest, however, that the Sod2+/� mouse model could become a

valuable tool in predictive drug safety studies in the future.

Application of the heterozygous Sod2+/� mouse model
in drug safety studies
Sod2-transgenic and mutant mice have been used in the past to

study the effects of increased ROS production [36,51]. For example,

50% deficiency in SOD2 exacerbates oxidant stress-dependent

cerebral infarction following ischemia [59]. By implication, drugs

or other chemicals that generate increased oxidant stress would
www.drugdiscoverytoday.com 985
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have a much greater effect in the heterozygous Sod2+/� mouse

model than in wild-type mice. Indeed, the heterozygous pheno-

type primed liver mitochondria to the prooxidant effects of t-butyl

hydroperoxide, which resulted in an increased rate of induction of

the permeability transition in vitro. Cardiomyocytes or isolated

heart mitochondria from Sod2+/� mice were equally sensitized to

oxidant stress induced by t-butyl hydroperoxide [60]. Similar

potentiating effects were found in vivo; administration of paraquat,

a redox cycling agent that produces oxidant stress, greatly

increased mortality in heterozygous Sod2+/�mice or double knock-

out mice (Sod2+/�; GPx1�/�) as compared with wild-type controls

[61,62]. In another model of SOD deficiency (caused by deletion of

the Tme locus, which results in the removal of the coding region

for SOD2) [63], treatment of Tme-deficient mice with the neuro-

toxicant 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) at

low doses (15 mg/kg) caused massive brain damage in these ani-

mals by three weeks, while higher doses (100 mg/kg) were lethal in

the mutant mice, but not in wild-type controls. Because the

metabolite of MPTP selectively accumulates in certain dopami-

nergic neurons in the brain, these findings suggests that pharma-

cokinetic factors may dictate the organotropic effects of a chemical

in this model. This led us to speculate that this may hold true for

other organs and that the latent toxicity of drugs that are targeted

and bioactivated in the liver may be exacerbated and unmasked by

partial SOD2 deficiency.

Modeling drug-induced liver injury
Clinically relevant drugs that cause liver injury in humans princi-

pally fall into two categories, that is, drugs whose toxicity is

predictable, clearly dose-dependent, and that would occur in

the vast majority of patients if exposed to high doses (e.g. acet-

aminophen), and drugs whose toxicity is unpredictable, occurring

in a small number of susceptible patients only, and clearly depend-

ing on host factors (the majority of idiosyncratic hepatotoxicants).

The question arises why the liability of those drugs that cause

idiosyncratic drug-induced liver injury (I-DILI) cannot be pre-

dicted from animal models. It seems, however, that in reality

the current animal models are predictable in the sense that both

normal healthy rats or mice and the vast majority of patients will

not exhibit liver injury. The fact that only very few individuals are

susceptible and develop overt injury suggests that they may pos-

sess a genetic or acquired abnormality in factors either favoring

pro-toxicant action or compromising antioxidant defense [64,65].

Because many drugs that have been incriminated in causing I-DILI

target mitochondria and induce mitochondrial injury or cell

demise through mitochondrial pathways, we hypothesized that

underlying mitochondrial abnormalities may be a key determi-

nant of susceptibility in patients. Specific mitochondrial abnorm-

alities, however, have not yet been identified.

On the basis of the above hypothesis, the Sod2+/� mouse would

be ideally suited to model a diverse array of conditions of discreet

and clinically silent yet potentially significant mitochondrial

abnormalities in humans. The reasons are several-fold and include

the consideration that many mitochondrial changes (e.g. abnorm-

alities in the ETC protein subunits, and/or defects in complex

assembly) would merge in a similar phenotype, that is, increased

mitochondrial oxidant stress [11,66]. This is mimicked in the liver

and other organs of Sod2+/� mice, which exhibit a slightly com-
986 www.drugdiscoverytoday.com
promised antioxidant defense system. We reasoned that admin-

istration to Sod2+/�mice of certain drugs that cause I-DILI and that

have been associated with oxidant stress and mitochondrial lia-

bility would potentiate the oxidant stress and unmask liver injury.

Because oxidative damage to mitochondria, resulting in increasing

heteroplasmy (a mixture of both normal and damaged mitochon-

dria in a cell) is a cumulative effect reaching a crucial threshold,

the mice were exposed to relatively low and clinically relevant

doses of the drugs, but treated for a prolonged period of time (up to

four weeks), to emulate the clinical situation. Indeed, administra-

tion of the non-steroidal anti-inflammatory drug nimesulide

(10 mg/kg/day, ip, bid) for four weeks resulted in clear hepatic

mitochondrial injury and oxidative damage to Sod2+/� mice, but

not wild-type control mice [67]. Similarly, treatment of hetero-

zygous Sod2+/� mice with the insulin sensitizer and antidiabetic

drug troglitazone (30 mg/kg/day, ip) resulted in hepatic mito-

chondrial oxidative damage and the development of overt hepatic

necrosis, while Sod2+/+ control mice were refractory to even much

higher doses of troglitazone [68]. A proteomics analysis revealed

that liver injury proceeded as a two-stage process; first, the drug

induced an adaptive response (after two-week treatment), which

was followed by a clearly toxic response (after four-week treat-

ment) [69]. A toxicokinetic analysis [70] revealed that the overall

exposure to troglitazone in Sod2+/� mice was similar to the

reported kinetic data in patients treated with troglitazone. Thus,

the heterozygous Sod2+/�mouse for the first time provides a model

to reproduce liver injury induced by certain drugs that have caused

I-DILI in patients that would be extremely difficult to induce in

normal healthy laboratory rodents. The model also lends itself to

studying at the molecular level the pathogenesis of drug-induced

mitochondrial injury and liver damage in vivo.

Genetic abnormalities of SOD2 in humans
Although the potential use of the Sod2+/�mouse goes far beyond

merely emulating human abnormalities in SOD2 function,

genetic abnormalities in SOD2 have been identified. For exam-

ple, there exist several SOD2 polymorphisms in human popula-

tions [71]. For example, a genetic dimorphism (cytosine or

thymine at position 1183 of the SOD2 gene, encoding for either

alanine (C) or valine (T), respectively, in the mitochondrial

target sequence of SOD2) was found. This mutation modulates

the import of the SOD2 protein into mitochondria [72]. Speci-

fically, the presence of valine in the SOD2 protein hampers

mitochondrial import, while the presence of alanine ensures

efficacious transport into the matrix. The frequency distribution

is about 1:1 in Caucasian populations. To determine whether the

polymorphism could be one of the susceptibility factors in drug-

induced liver injury, patient genotypes were correlated with the

incidence of cirrhosis in alcoholic patients [73]. The authors

found that the presence of at least 1 alanine allele increases the

risk for developing cirrhosis and increased the rate of hepato-

cellular carcinoma. Although paradoxical at first, this increased

SOD2 activity in the mitochondrial matrix was coupled to

decreased GPx activity in alcoholics, which may have caused

higher levels of hydrogen peroxide in the liver. Similarly, the

presence of alanine (C/T or C/C form) increased the suscept-

ibility to drug-induced liver injury, in particular anti-tubercu-

losis drugs [74]. Thus, the mutant C allele, and possibly other
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SOD abnormalities, may contribute to increased susceptibility to

I-DILI.

Other known abnormalities (in mitochondrial or nuclear genes

coding for mitochondrial proteins) have not yet been correlated

with increased susceptibility to I-DILI.

Conclusions
Murine models in which SOD2 has been modified by transgenic

techniques, conditional knockout, or gene silencing approaches

not only lend themselves for the study of mitochondrial oxidant

stress, disease, or aging but also have been increasingly recognized

as potential models that modulate drug-induced organ toxicity.

Potential new applications of this paradigm will undoubtedly go

beyond hepatotoxicity and include other organs such as the heart,

brain, or skeletal muscle, but currently I-DILI is in the focus

because unpredictable liver liability is one of the major causes
of drug withdrawal from the market or discontinuation of devel-

opment of a drug candidate. An additional application is the

isolation and culture of primary hepatocytes from Sod2+/� mice.

Comparison of the toxic response in these mutant cells has

revealed that Sod2+/� hepatocytes respond differentially to certain

drugs than their wild-type counterparts [68]. Clearly, more drugs

that have caused I-DILI in patients, as well as ‘negative compara-

tors’, will have to be tested in the heterozygous Sod2+/� mouse

model before any firm conclusions about its suitability as a poten-

tially new tool that would help predict liver injury of new drugs

can be made.
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