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Mitochondrial dysfunction seems to be intrinsically involved in the pathogenesis of multiple organ failure because of
enhanced production of reactive oxygen species and induction of oxidative damage. Chronic oxidative stress in turn
causes an accumulation of advanced glycation end products (AGEs). To investigate whether mitochondrial dysfunction-
associated oxidative stress leads to increased formation and accumulation of AGE, we studied hepatic glycation in
uncoupling protein-2 (UCP2�/�) knockout mice. Using the galactosamine/lipopolysaccharide (G/L)-induced liver injury
model, we further tested the hypothesis that a mitochondrial dysfunction-associated increase of hepatic glycation is
causative for increased liver injury. Under baseline conditions, UCP2�/�mice showed higher malondialdehyde levels and
reduced glutathione/glutathione disulfide ratios as well as significantly higher hepatic levels of AGE and hepatic
expression of receptor for AGE (RAGE) when compared with UCP2þ /þ mice, indicative for increased oxidative stress
and hepatic glycation. Further, livers of G/L-challenged UCP2�/� mice revealed significantly more pronounced tissue
injury and were found to express higher levels of AGE and RAGE compared with wild-type mice. Functional blockade
of RAGE by application of recombinant RAGE significantly diminished liver damage particularly in UCP2�/� mice. This
in turn increased survival from 30% in UCP2þ /þ mice to 50% in UCP2�/� mice. In summary, we show for the first
time that mitochondrial dysfunction-associated oxidative stress enhances hepatic protein glycation, which aggravates
inflammation-induced liver injury. Targeting the AGE/RAGE interaction by the blockade of RAGE might be of therapeutic
value for the oxidative stress-exposed liver.
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Mitochondria are thought to have a key role in the process of
aging and in the etiology and progression of a number of age-
related disorders. It has been proposed that mitochondria are
the biological clock, because mitochondrial dysfunction leads
to an overproduction of reactive oxygen species (ROS) and
thus ‘chronic’ oxidative stress.1,2 As a by-product of oxidative
phosphorylation in the mitochondria, superoxide anion
is produced within the mitochondria. The production of
superoxide increases with overwhelming fuel supply because
of a limited electron transport by hyperpolarization of the
inner mitochondrial membrane or with the functional im-
pairment of one or more electron transport complexes.3

Uncoupling proteins are embedded in the inner mitochon-
drial membranes and belong to the family of mitochondrial
ion transporters. Uncoupling protein-2 (UCP2) has been

proposed to limit the production of ROS by decreasing the
mitochondrial membrane potential.4–6 In line with this,
overexpression of UCP2 in various cell types exerted cyto-
protection by limited ROS formation.7,8 Conversely, a defect
in UCP2 expression or an inhibition of UCP2 function result
in increased ROS generation, as illustrated by various in vitro
and in vivo experiments.9,10

Besides increased oxidative stress, protein glycation with
accumulation of advanced glycation end products (AGE)
represents a main mechanism involved in biological aging.
AGE are heterogeneous compounds resulting from non-
enzymatic, irreversible glycation/glycoxidation of proteins
and other biomolecules (also called Maillard reaction).11,12

AGE were originally characterized by a yellow-brown fluor-
escent color and the ability to form crosslinks with and
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between amino groups.13,14 During normal aging and in
particular in age-related diseases high-modified nonsoluble
AGE are formed, which are resistant to proteasomal de-
gradation. This leads to an increased accumulation of AGE in
various tissues.15–17 AGE precursor compounds, such as
methylglyoxal and glyoxal, are detoxified by the cellular
glyoxalase system, consisting of glyoxalases I and II that
convert AGE precursor compounds to lactate and finally to
pyruvate.18,19 In contrast to the metabolism of low-modified
AGE, high-modified AGE such as AGE-BSA are eliminated by
liver sinusoidal endothelial cells and Kupffer cells through
scavenger receptor-mediated endocytosis.20 The capacity of
AGE endocytosis is found to be reduced in aging livers, re-
sulting in spillover into the systemic circulation and extra-
hepatic deposition of these waste macromolecules.21

The receptor for AGEs (RAGEs), a member of the im-
munoglobulin superfamily of cell-surface molecules, is a
multiligand-binding receptor with an extracellular, trans-
membranal and cytosolic domain.22–24 Interaction of RAGE
with diverse ligands was demonstrated to be involved in
distinct developmental and pathological processes.25 Binding
of AGE to RAGE results in generation of intracellular oxidative
stress and, subsequently, in activation of transcription factors
such as NF-kB,26 leading to an enhanced inflammatory
response and local tissue injury.27 However, a truncated
isoform of RAGE, that is, soluble RAGE (sRAGE) and an
endogenous secretory RAGE, spanning the extracellular ligand-
binding domain, have been reported to exert potent anti-in-
flammatory properties by acting as a decoy for RAGE ligands.28

In this study, we have examined the liver function of
UCP2�/� mice and their wild-type littermates under both
baseline conditions and on an inflammatory stimulus and
assumed that mitochondrial dysfunction in UCP2�/� mice
enhanced oxidative stress. On the basis of this, we hypothe-
sized that UCP2�/� mice present with increased formation
and accumulation of AGE, which in turn contribute to
an increased extent of hepatic injury. As a common
experimental approach to study acute liver injury, galacto-
samine/lipopolysaccharide (G/L) administration was used.
Galactosamine, an amino sugar, is exclusively metabolized in
hepatocytes, leading to a selective depletion of uridine nu-
cleotides.29 This UTP depletion causes transcriptional
inhibition and is considered to be responsible for the devel-
opment of sensitization of the liver as main target organ to
low lipopolysaccharide doses.29 To provide final evidence that
AGE/RAGE signaling is critically important in mediating
liver injury, we applied rRAGE for blockade of the AGE/
RAGE interaction and studied the efficacy of this emerging
therapeutic agent in preventing G/L-induced liver dysfunc-
tion and failure.

MATERIALS AND METHODS
Animal Model
UCP2�/� mice were generated, as previously published30

and were kept on the C57BL/6 background. For the

experiments, female wild-type littermates (UCP2þ /þ ) and
knockout mice (UCP2�/�) (generously provided by Daniel
Ricquier and Bruno Miroux, CNRS UPR 9078, Medical
Faculty Necker-Enfants-Malades, Paris, France) were used at
6–8 weeks of age with a body weight (BW) ofB20 g. Animals
were kept on water and standard laboratory chow ad libitum.
All animals received humane care according to the German
legislation on protection of animals and the Guide for the
Care and Use of Laboratory Animals (NIH publication
86–23, revised 1985).

G/L-Induced Liver Injury and Experimental Groups
For induction of acute liver failure, mice (n¼ 14) were
injected with galactosamine (G, 720mg/kg BW i.p.; Sigma-
Aldrich, Taufkirchen, Germany) and lipopolysaccharide
(L, 10 mg per kg BW i.p., Escherichia coli serotype 0128:B12;
Sigma-Aldrich)31,32 and were studied 6 h later. Time-matched
sham-treated animals with application of equivalent volumes
of 0.9% saline were performed and designated as sham
(n¼ 14).

To verify the contribution of AGE/RAGE interaction in
G/L-induced acute liver failure, additional animals were
pretreated with recombinant mouse RAGE (rRAGE) as
previously described33 (10 mg i.p., R&D Systems, Wiesbaden-
Nordenstadt, Germany) or equivalent volumes of 0.9%
saline 12 h before exposure to G/L. With a half time of
22 h for rRAGE,34 this time point of application assures
adequate action of rRAGE over the whole experimental
time period.

Sampling and Assays
All animals were exsanguinated by puncture of the vena cava
inferior for immediate separation of plasma, followed by
harvest of liver tissue. Plasma aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) activities were
measured spectrophotometrically as indicators for hepato-
cellular disintegration and necrosis.

Measurement of plasma malondialdehyde (MDA), serving
as an indicator of lipid peroxidation and oxidative stress, was
performed using the MDA-586 method according to the man-
ufacturer’s instructions (OxisResearch, Portland, OR, USA).
Cellular redox environment in the plasma of UCP2�/�
and UCP2þ /þ animals was assessed by measuring the ratio
of glutathione (GSH) to glutathione disulfide (GSSG) using
the GSH/GSSG-412 assay according to the manufacturer’s
instructions (OxisResearch).

Harvested liver tissue was processed for isolation of
proteins. For this purpose, liver tissue was homogenized in
lysis buffer (10mM Tris pH 7.5, 10mM NaCl, 0.1mM EDTA,
0.5% Triton-X 100, 0.02% NaN3 and 0.2mM PMSF, protease
inhibitor cocktail), incubated for 30min on ice and
centrifuged for 15min at 10 000 g. Protein contents were
assayed by bicinchoninic acid method (Pierce, Biotechnol-
ogy) with BSA (Pierce, Biotechnology) as standard.
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Assessment of Hepatic Concentration of sRAGE and
Glyoxalase-I Activity
The concentration of sRAGE in liver extract was analyzed
with a commercially available DuoSet enzyme-linked im-
munosorbent assay kit in accordance to the manufacturer’s
instructions (R&D Systems). Hepatic levels of sRAGE were
calculated by dividing the total sRAGE concentration by the
amount of total protein per microliter in the preparation.

The activity of glyoxalase-I in hepatic protein extracts was
measured using the hemithioacetal of methylglyoxal as sub-
strate according to the method of Allen et al.35 Briefly, 2 mmol
methylglyoxal and 2 mmol GSH each in sodium phosphate
buffer (50mM, pH 6.6, 995 ml) were preincubated at 371C
for 10min to form the hemithioacetal. Protein extract of 5 ml
was added and the increase in absorbance was measured at
240 nm using a spectrophotometer (Utrospec 3000, Phar-
macia Biotech, Cambridge, UK). Glyoxalase-I activity was
calculated by Beer–Lambert law with De240¼ 2.86mM/cm
and considering dilution factor and rate of reaction per
minute.35 The specific activity of glyoxalase-I was calculated
by dividing the total glyoxalase-I activity by amount of total
protein per microliter in the preparation.

Western Blot Analysis of Hepatic AGE and RAGE/sRAGE
On 12% SDS gels, 40 mg protein was separated and trans-
ferred to a polyvinyldifluoride membrane (Immobilon-P;
Millipore, Eschborn, Germany). After blockade with 2%
BSA (Santa Cruz Biotechnology, Santa Cruz, CA, USA),
membranes were incubated overnight at 41C with a mouse
monoclonal anti-AGE36 (1:500; clone No. 6D12, TransGenic,
Kobe, Japan), and a rabbit polyclonal anti-RAGE/anti-sRAGE
antibody37 (1:500; Abcam, Cambridge, UK), followed by a
secondary peroxidase-linked rabbit anti-mouse antibody
(AGE; 1:10 000; Sigma) or a goat anti-rabbit antibody
(RAGE/sRAGE; 1:5000; Santa Cruz Biotechnology). Protein
expression was visualized by means of luminol-enhanced
chemiluminescence (ECL plus; Amersham Pharmacia Bio-
tech, Freiburg, Germany) and digitalized with ChemiDoc
XRS System (Bio-Rad Laboratories, Munich, Germany).
Signals were densitometrically assessed (Quantity One;
Bio-Rad Laboratories) and normalized to the b-tubulin
signals (rabbit polyclonal anti-b-tubulin antibody; 1:500;
Santa Cruz Biotechnology).

Histology of Liver Tissue
For hematoxylin and eosin staining liver tissue was fixed in
4% phosphate-buffered formalin for 2–3 days and then
embedded in paraffin. From the paraffin-embedded tissue
blocks, 4 mm sections were put on glass slides and stained
with hematoxylin and eosin. For histomorphometric analysis
of necrotic tissue images of 20 random low-power fields
(� 100 magnification, Olympus BX 51, Hamburg, Germany)
were acquired with a Color View II FW camera (Color
View, Munich, Germany) and evaluated by means of an
image analysis system (Adobe Photoshop, Adobe Systems,

Uxbridge, UK). The quotient of the focal necrosis surface
to the total liver section area was assessed and given in
percentage.

Survival Study
In a double-blinded manner, UCP2�/� (n¼ 20) and
UCP2þ /þ (n¼ 20) animals were randomly numbered and
exposed to either G/L or rRAGE and G/L, as mentioned
above. Observation of death was carried out every 30min for
the first 12 h. The final survival rate was determined at 24 h
after G/L exposure.

Statistical Analysis
All data are expressed as means±s.e.m. Statistical differences
between strains under baseline conditions were determined
using an unpaired Student’s t-test. For statistical differences
between either strains or treatment we used ANOVA,
followed by post-hoc pairwise comparison tests for analysis.
Data were considered significant if Po0.05. Statistical ana-
lysis was carried out using the SigmaStat software package
(Jandel Scientific, San Rafael, CA, USA).

RESULTS
Enhancement of Oxidative Stress is a Precondition
for Glycation
To evaluate the potential impact of oxidative stress for gly-
cation, we first determined the plasma MDA levels, the GSH
to GSSG ratio and the glyoxalase-I activity in UCP2þ /þ
and UCP2�/� mice (Figures 1a–c). We detected significantly
higher lipid peroxidation (MDA) in UCP2�/� mice com-
pared with UCP2þ /þ mice (Figure 1a). In confirmation
of that, UCP2�/� mice revealed increased oxidative stress
as indicated by an accumulation of GSSG and, thus, a sig-
nificantly lower ratio of GSH to GSSG (Figure 1b). Fur-
thermore, the activity of glyoxalase-I, indicating
detoxification capacity of AGE precursor compounds, was
significantly decreased in UCP2�/� mice when compared
with UCP2þ /þ controls (Figure 1c).

Hepatic AGE and RAGE Levels are Increased in
UCP2�/� Mice
To further examine whether the increased oxidative stress in
UCP2�/� animals aggravates the glycation process, we de-
termined the hepatic level of AGE. Western blot analysis of
AGE showed multiple bands ranging from 12 to 460 kDa,
representing several AGE compounds.38 We chose the 60 kDa
band because the albumin-related AGEs with a molecular
weight of about 66.000 g/moL are the most common AGE
compounds. We could demonstrate that the UCP2�/�
phenotype is associated with a significant increase of AGE
in liver tissue when compared with UCP2þ /þ mice
(Figure 2a). We further explored the expression of RAGE by
using a polyclonal anti-RAGE antibody for western blot
analysis (50 kDa) and could show significantly higher levels
of RAGE in the livers of UCP2�/� mice (Figure 2b).
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Hepatic sRAGE Expression and Concentration are
Decreased in UCP2�/� Mice
Owing to the fact that sRAGE acts as a decoy for RAGE
ligands, we examined the expression of sRAGE by western
blot (25 kDa band) and additionally evaluated the con-
centration of sRAGE in liver tissue extracts using an enzyme-
linked immunosorbent assay. Both approaches revealed that
the livers of UCP2�/� mice exhibited markedly lower levels
of sRAGE (Figures 3a and b).

G/L-Induced Liver Injury is Significantly Reduced by
rRAGE Application in UCP2�/� Mice
AST and ALT activities in plasma are given in Figure 4. G/L
exposure induced marked liver injury, as indicated by sig-
nificantly increased AST and ALT levels in both strains
of mice when compared with sham-treated controls. It is
interesting that transaminase release was significantly higher
in the UCP2�/� than in UCP2þ /þ mice (Figures 4a
and b), being well reflected by the notably more pronounced
deterioration of morphology in UCP2�/� liver specimen
(Figure 5, mid panel). In support of this, quantitative analysis
of hematoxylin and eosin histopathology of G/L-exposed
livers exhibited focal necrosis in both mice strains, however,
with almost twofold higher values in the UCP2 �/� mice
(Figure 4c).

Along with the increased levels of AGE and RAGE as well
as the pronounced liver injury, UCP2�/� mice most bene-
fited from the application of rRAGE. This is given by the
remarkable reduction of AST and ALT levels from 42000U/L
to B600U/L (Figures 4a and b) and by the substantial
reduction of necrotic tissue area from 44 to 0.1% (Figures 4c
and 5).

Hepatic AGE levels and RAGE expression are markedly
increased by G/L exposure and significantly reduced by
rRAGE application in UCP2�/� mice. G/L-challenged
livers of both mice strain showed a twofold increase of AGE
level and a threefold increase of RAGE expression (Figures 6a
and b). Further, pretreatment with rRAGE reduced AGE le-
vels and RAGE expression in both G/L-exposed mouse
strains. However, reduction was far more pronounced in
UCP2�/� animals (Figures 6a and b), as given by a 70%
reduction of AGE level and a 86% decrease of RAGE ex-
pression compared with 20 and 50% in the respective wild-
type animals.

rRAGE Application Increases Survival Rate in
G/L-Challenged UCP2�/� Mice
All animals survived the first 6 h after induction of G/L
(Figures 7a and b), but died after 7 h and later. Despite the
remarkable differences in oxidative stress and stress-related
formation of glycation products between UCP2�/� and
UCP2þ /þ animals, both strains of mice showed compar-
able survival rate with 20% at 24 h after G/L injection
(Figures 7a and b). However, UCP2�/� mice benefited from
the administration of rRAGE before the G/L exposure and

Figure 1 Analysis of plasma MDA (a), ratio of GSH to GSSG (b) and activity

of glyoxalase-I (c) in sham-treated UCP2þ /þ (n¼ 7) and UCP2�/� mice

(n¼ 7). Note the very low ratio of GSH to GSSG and the low activity of

glyoxalase-I in UCP2�/� mice. Values are given as means±s.e.m.; unpaired

t-test: #Po0.05 vs UCP2þ /þ mice.
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showed an increased survival rate of 50% (Figure 7b),
whereas UCP2þ /þ mice still exhibited a survival rate of
only 30% (Figure 7a).

DISCUSSION
The major findings of this study are that mitochondrial
dysfunction is associated with (i) increased oxidative stress,
(ii) hepatic AGE accumulation and increased RAGE expres-
sion, as well as (iii) enhanced hepatic vulnerability on G/L
exposure. Interestingly, (iv) blockade of AGE/RAGE bin-
ding by rRAGE is capable of completely abolishing the mi-
tochondrial dysfunction-associated increase in inflammatory
injury.

It is well known that the mitochondria have a key role in
cellular aging. They are major targets of free radical attack,2,39

which is responsible for a variety of age-related diseases.40,41

Further, there is accumulating evidence that during aging
mitochondrial dysfunction occurs42,43 and that age-related
oxidative stress and subsequently altered gene expression may
cause a dysfunction of liver metabolism.21 This in vivo study
now adds that mitochondrial dysfunction, as given by the
deficiency for UCP2, elicits increased oxidative stress.
We assumed that this may support the generation of
nonenzymatically formed AGE, which are able to form
crosslinks leading to accumulation of high-modified AGE.
The latter are implicated in the pathogenesis of age-related
diseases.44–46 Thus, our novel finding that mitochondrial

Figure 2 Densitometric analysis and representative western blots of AGE (60 kDa; a) and RAGE (50 kDa; b) in the livers of sham-treated UCP2þ /þ (n¼ 7)

and UCP2�/� mice (n¼ 7). Signals were corrected with that of b-tubulin. Values are given as means±s.e.m.; unpaired t-test: #Po0.05 vs UCP2þ /þ mice.
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Figure 3 Representative western blot and densitometric analysis of sRAGE

(25 kDa; a) and ELISA data of hepatic sRAGE release (b) in the livers of

UCP2þ /þ (n¼ 7) and UCP2�/� animals (n¼ 7). Signals were corrected

with that of b-tubulin. Values are given as means±s.e.m.; unpaired t-test:
#Po0.05 vs UCP2þ /þ mice.

Figure 4 Plasma AST (a) and ALT activities (b), and histomorphometric analysis

of necrosis (c) in UCP2þ /þ (n¼ 21) and UCP2�/� animals (n¼ 21). Animals

were injected with either saline (sham; n¼ 14), G/L (720mg/kg/10mg/kg BW

i.p.) (G/L; n¼ 14) or recombinant RAGE (10mg i.p.; rRAGEþG/L; n¼ 14) at 12h

before G/L challenge. In all animals, analysis was carried out 6h after G/L

exposure. Note the high AST and ALT activities in G/L-exposed UCP2þ /þ , but

in particular in UCP2�/� mice and the significant attenuation of injury after

rRAGE pretreatment in the UCP2�/� mice. Values are given as means±s.e.m.;

ANOVA, post hoc pairwise comparison tests: #Po0.05 vs UCP2þ /þ ; *Po0.05

vs sham; yPo0.05 vs G/L.
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dysfunction-associated increase of oxidative stress enhances
hepatic accumulation of high-modified AGE and hepatic
vulnerability to inflammation is of potential value for the
elaboration of new therapeutic strategies counteracting in-
flammatory liver injury. In this context, Sebeková et al47

could demonstrate that patients with nonalcoholic liver cir-
rhosis exhibit markedly elevated N(e)-carboxymethyl lysine-
AGE. Such modifications of AGE cause alterations of protein
structures, which become resistant to lysosomal degrada-
tion48 and cause residual liver dysfunction.

Figure 5 Representative hematoxylin and eosin-stained images of liver tissue (original magnification � 100) in UCP2þ /þ (n¼ 21) and UCP2�/� animals

(n¼ 21). Animals were injected with either saline (sham; n¼ 14), G/L (720mg/kg/10mg/kg BW i.p.) (G/L; n¼ 14) or recombinant RAGE (10mg i.p.; rRAGEþG/L;

n¼ 14) at 12 h before G/L challenge. In all animals, analysis was carried out 6 h after G/L exposure. Note the deterioration of hepatic morphology in

G/L-exposed UCP2þ /þ , but in particular in UCP2�/� mice and the significant attenuation of injury after rRAGE pretreatment in the UCP2�/� mice.
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It is known that the liver is not only the target organ,
but also an important site for clearance and catabolism
of circulating AGE. Interestingly, the endocytotic clearance
of AGE20,49 is reduced in the aging liver because of the
pseudocapillarization process of sinusoids with loss of
fenestrae and basal lamina formation.21 In addition, the
detoxification of AGE by the glyoxalase system is described
to be age-dependent.19 Extending this information, we now
show that mitochondrial dysfunction in UCP2�/� mice is
associated with a decrease of glyoxalase-I activity that in turn
may be causative for the increased AGE formation.

In AGE-induced tissue damage and dysfunction, RAGE-
dependent mechanisms are likely to be involved.50,51 RAGE
has been identified as a central signal transduction receptor,

mediating long-lasting NF-kB activation in various cell
types, including mononuclear phagocytes,52 and leading to
liver tissue injury. In line with this, there is evidence for the
involvement of RAGE in many liver diseases.33,53–55 Zeng
et al55 could show that RAGE modulates hepatic ischemia/
reperfusion injury—at least in part—by activation of a signal
cascade linked to proinflammatory and cell death-promoting
responses. Further, it is reported that the expression of RAGE
is upregulated in many organ lesions,25,56 emphasizing
the (patho)-physiological role of RAGE in inflammation.
Together with the fact that UCP2�/� mice exhibit higher
expression of RAGE than UCP2þ /þ mice, they respond to
G/L exposure with significantly higher AST and ALT plasma
activities, indicating more pronounced tissue necrosis.

Figure 6 Densitometric analysis and representative western blots of AGE (60 kDa; a) and RAGE (50 kDa; b) in the livers of UCP2þ /þ (n¼ 21) and UCP2�/�
animals (n¼ 21). Signals were corrected with that of b-tubulin. Animals were injected with either saline (sham; n¼ 14), G/L (720mg/kg/10 mg/kg BW i.p.)

(G/L; n¼ 14) or recombinant RAGE (10 mg i.p.; rRAGEþG/L; n¼ 14) at 12 h before G/L challenge. In all animals, analysis was carried out 6 h after

G/L exposure. Note the high protein levels of AGE and RAGE in UCP2�/� mice, which could significantly be attenuated by rRAGE pretreatment.

Values are given as means±s.e.m.; ANOVA, post hoc pairwise comparison tests: #Po0.05 vs UCP2þ /þ ; *Po0.05 vs sham; yPo0.05 vs G/L.
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Unexpectedly, however, the more pronounced liver injury in
UCP2�/� mice compared with UCP2þ /þ animals did not
further increase mortality rate.

Nevertheless, it is reasonable to state that the mitochon-
drial dysfunction-associated rise in hepatic AGE and RAGE
expression increases vulnerability of the liver to an in-
flammatory stimulus.57 It has been shown that sRAGE and
F(ab)2 fragments to block ligand binding to RAGE are cap-
able of reducing an inflammatory response.28,58 Therefore,
we used recombinant RAGE, which functions as a decoy by
binding RAGE ligands and prevents their interaction with
extracellular RAGE by blocking the receptor.28 The almost
complete abrogation of necrotic tissue damage in UCP2�/�
livers and the better survival rate of G/L-challenged UCP2�/�
mice on RAGE blockade underlines that a blockade of RAGE
diminishes hepatic vulnerability to inflammation. Interest-
ingly, after the application of rRAGE, liver injury was sig-
nificantly more reduced in UCP2�/� than in UCP2þ /þ
mice. One explanation is that blockade of RAGE by
pretreatment with rRAGE is more efficient in UCP2�/�
mice compared with UCP2þ /þ mice, as indicated by
a reduction of hepatic RAGE expression to 14% in UCP2�/�
vs 50% in UCP2þ /þ animals, respectively.

In summary, we show for the first time that mitochondrial
dysfunction leads to chronic oxidative stress, as well as
marked accumulation of AGE and rise of RAGE expression
in liver tissue. This in consequence markedly increases
hepatic response to injury. Thus, oxidative stress-dependent
AGE/RAGE interaction could represent an ideal target for
therapeutic interventions in the diseased liver.
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Lübeck) for providing us UCP2 knockout mice, Björn Kuhla (Research Unit

Nutritional Physiology ‘Oskar Kellner,’ Research Institute for the Biology

of Farm Animals (FBN), Dummerstorf) for the fruitful discussion and Berit

Blendow, Doris Butzlaff, Dorothea Frenz and Maren Nerowski (Institute for

Experimental Surgery, University of Rostock) for their excellent technical

assistance.

DISCLOSURE/CONFLICT OF INTEREST

The authors declare no conflict of interest.

1. Harman D. Aging: a theory based on free radical and radiation
chemistry. J Gerontol 1956;11:298–300.

2. Miquel J, Economos AC, Fleming J, et al. Mitochondrial role in cell
aging. Exp Gerontol 1980;15:575–591.

3. Raha S, Robinson BH. Mitochondria, oxygen free radicals, and
apoptosis. Am J Med Genet 2001;106:62–70.

4. Skulachev VP. Uncoupling: new approaches to an old problem of
bioenergetics. Biochim Biophys Acta 1998;1363:100–124.

5. Echtay KS, Roussel D, St-Pierre J, et al. Superoxide activates
mitochondrial uncoupling proteins. Nature 2002;415:96–99.

6. Boss O, Hagen T, Lowell BB. Uncoupling proteins 2 and 3: potential
regulators of mitochondrial energy metabolism. Diabetes
2000;49:143–156.

7. Mattiasson G, Shamloo M, Gido G, et al. Uncoupling protein-2 prevents
neuronal death and diminishes brain dysfunction after stroke and
brain trauma. Nat Med 2003;9:1062–1068.

8. Teshima Y, Akao M, Jones SP, et al. Uncoupling protein-2
overexpression inhibits mitochondrial death pathway in
cardiomyocytes. Circ Res 2003;93:192–200.
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