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Systemic inflammatory response (SIR) comprises both direct effects of inflammatory
mediators (IM) and indirect effects, such as secondary circulatory failure which results
in tissue hypoxia (HOX). These two key components, SIR and HOX, cause multiple
organ failure (MOF). Since HOX and IM occur and interact simultaneously in vivo, it
is difficult to clarify their individual pathological impact. To eliminate this interaction,
precision cut liver slices (PCLS) were used in this study aiming to dissect the effects
of HOX and IM on mitochondrial function, integrity of cellular membrane, and the
expression of genes associated with inflammation. HOX was induced by incubating
PCLS or rat liver mitochondria at pO2 < 1% followed by reoxygenation (HOX/ROX model).
Inflammatory injury was stimulated by incubating PCLS with IM (IM model). We found
upregulation of inducible nitric oxide synthase (iNOS) expression only in the IM model,
while heme oxygenase 1 (HO-1) expression was upregulated only in the HOX/ROX
model. Elevated expression of interleukin 6 (IL-6) was found in both models reflecting
converging pathways regulating the expression of this gene. Both models caused damage
to hepatocytes resulting in the release of alanine aminotransferase (ALT). The leakage
of aspartate aminotransferase (AST) was observed only during the hypoxic phase in the
HOX/ROX model. The ROX phase of HOX, but not IM, drastically impaired mitochondrial
electron supply via complex I and II. Additional experiments performed with isolated
mitochondria showed that free iron, released during HOX, is likely a key prerequisite
of mitochondrial dysfunction induced during the ROX phase. Our data suggests that
mitochondrial dysfunction, previously observed in in vivo SIR-models, is the result of
secondary circulatory failure inducing HOX rather than the result of a direct interaction
of IM with liver cells.
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INTRODUCTION
Trauma, sepsis, and several types of shock are accompanied by
two key pathological events. These are drastic elevation of lev-
els of inflammatory mediators (IM), predominantly cytokines
(Clarkson et al., 2005), and secondary circulatory failure causing
tissue hypoxia (HOX) (Legrand et al., 2010). Systemic inflam-
matory response syndrome (SIRS) can be induced by either
damage-associated molecular pattern molecules (DAMPs) or
pathogen-associated molecular pattern molecules (PAMPs) caus-
ing non-infectious and infectious inflammatory responses that
are associated with elevated IM levels. In ischemia, immune
activation is mainly mediated by DAMPs, whereas in infectious
diseases it is triggered by PAMPs. Cytokines, such as tumor necro-
sis factor alpha (TNF-α), interleukin 6 (IL-6), and interferon

gamma (IFN-γ), contribute to the inflammatory response by acti-
vating pathological intracellular signaling cascades which result
in cellular dysfunction and death. While TNF-α is the most
potent activator of death pathways, IL-6 is one of the key regula-
tors of the inflammatory response in the liver. It activates acute
phase response, increasing the synthesis of C-reactive protein,
fibrinogen, and serum amyloid A, among others. Additionally,
IL-6 production has also been suggested as a common fea-
ture of ischemic injury (Kielar et al., 2005) and particularly
of liver ischemia (Tacchini et al., 2006). The inducible nitric
oxide synthase (iNOS) is typically upregulated by IM, predom-
inantly by TNF-α and IFN-γ, and plays an important role in
the onset of inflammatory response. Upregulation of iNOS has
also been demonstrated in hepatic ischemia reperfusion models
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(Isobe et al., 1999). Nitric oxide (NO), a product of iNOS activ-
ity, modulates mitochondrial function and stimulates cGMP-
dependent signaling. Heme oxygenase 1 (HO-1) is a member
of the heat shock protein family (HSP32), catalyzing enzy-
matic degradation of heme, resulting in the release of equiva-
lent amounts of biliverdin, carbon monoxide, and ferrous ion
(Tenhunen et al., 1968). Upregulation of HO-1 has been shown in
both conditions, inflammation (Bauer et al., 2003) and impaired
circulation (Duvigneau et al., 2010). Meanwhile, it is well doc-
umented that both hypoxia/reoxygenation (HOX/ROX) and IM
activate multiple transcription factors that regulate IL-6, iNOS,
and HO-1 expression. However, it is less clear which condition
has the major impact on the early upregulation of either gene.
Furthermore, both HOX (Shiva et al., 2007) and IM (Singer et al.,
2004) are often associated with impaired mitochondrial func-
tion. HOX/ischemia (Rouslin et al., 1990) as well as inflammatory
response (Duvigneau et al., 2008) has been shown to decrease ATP
levels. Damage to mitochondria is critical for many cellular func-
tions, as mitochondria are involved in a variety of other processes,
e.g., innate immune signaling (West et al., 2011), ROS production
(Murphy, 2009) and programmed cell death (Skulachev, 1999).
There is a body of literature documenting the release of alanine
aminotransferase (ALT) and aspartate aminotransferase (AST)
following liver ischemia (Lin et al., 2009) and SIRS (Izeboud
et al., 2004). In the event of cell lysis, hepatocellular enzymes
are released and can be determined in blood or in the incu-
bation medium in in vitro experiments (Lerche-Langrand and
Toutain, 2000). ALT is mainly present in the cytoplasm of hepa-
tocytes whereas AST is mostly localized in mitochondria but also
in the cytoplasm. Therefore, release of ALT predominantly indi-
cates increased permeability of the cytoplasmic membrane, while
the increased AST levels reflect both increased permeability of
the cytoplasmic membrane and mitochondrial damage. It is dif-
ficult to differentiate in vivo between the pathological impact of
IM and hypoxia on tissue functions because of systemic interac-
tions. However, it is important to gain better understanding of the
exact pathological mechanisms leading to organ dysfunction in
order to develop efficient therapeutic strategies. Precision cut liver
slices (PCLS) are a reliable in vitro model of liver tissue, maintain-
ing cell–cell and cell-extracellular matrix interactions without the
influence of systemic processes (Lerche-Langrand and Toutain,
2000). We applied this model to dissect the effects of IM and
HOX on liver cells. We hypothesized that the above described
changes in gene expression and cellular function/integrity could
partially be exclusively attributed to either HOX/ROX or IM.
Consequently, determination of these markers will help to under-
stand the dynamics of disease and choose an adequate therapeutic
strategy. Therefore, the main objective of this study was to inves-
tigate whether or not mitochondrial dysfunction, disintegrity
of cellular membranes and the expression of genes associated
with SIRS can be assigned to either HOX- or IM-dependent
pathways.

MATERIALS AND METHODS
CHEMICALS
All reagents were obtained from Sigma-Aldrich (Vienna, Austria)
unless otherwise noted.

ANIMALS
Adult male Sprague-Dawley rats (300–350 g) were purchased
from the Animal Research Laboratories, Himberg, Austria. All
animal procedures were approved by the local legislative com-
mittee and conducted according to National Institute of Health
guidelines.

WHITE BLOOD CELLS (WBC) ISOLATION AND CONDITIONED MEDIUM
GENERATION
Eight rats were anesthetized with isoflurane (Abbott, Vienna,
Austria), heparin (600 U/kg, Ebewe, Unterach, Austria) was
injected and whole full blood was withdrawn from the vena
cava and transferred into 50 ml flasks. Red blood cells were
lysed with Schwinzer lysis buffer (0.16 M NH4Cl, 0.27 mM
EDTA, 10 mM KHCO3) for 15 min at 4◦C. WBC were pel-
leted by centrifugation (10 min, 400 g, 4◦C) and washed twice in
RPMI 1640 medium. Cell pellets were resuspended to 1 × 106

cells/ml in RPMI 1640 medium. IM were generated by incu-
bation of WBC with lipopolysaccharide (LPS, E. coli Serotype
026:B6, 6 μg/ml) for 24 h at 37◦C. Finally, the cell suspen-
sion was centrifuged, the supernatant, now containing WBC-
derived cytokines (conditioned medium), was pooled and stored
at −80◦C. The cytokine pattern of the conditioned medium
determined by Myriad RBMTM (Austin, TX, USA) is shown in
Table 1.

PREPARATION OF PCLS
Rats were anesthetized with isoflurane and sacrificed by decapi-
tation. The liver was extracted and placed into ice cold custodiol
solution (Koehler Chemie, Bensheim, Germany) until slice prepa-
ration. Cylindrical tissue cores of 6 mm diameter were punched
from the left lateral liver lobe and embedded in 3% agarose gel.
Slices of 250 μm thickness were cut using a microtome (com-
presstome VF-300, Precisionary Instruments Inc., Greenville, NC,
USA) at room temperature. Slices were incubated in ice cold
Ringer solution (Fresenius Kabi, Graz, Austria) for 25 min in
order to wash out intracellular compounds released due to the
preparation procedure.

Table 1 | Selected cytokines present in control and conditioned

medium (CM).

Cytokine Lower limit Control CM

of detection

C-reactive protein, [μg/mL] 0.017 NDa 0.078

Interferon γ, [pg/mL] 4.6 ND 4.6

Interleukin-1 α, [pg/mL] 36 ND 288.5

Interleukin-10, [pg/mL] 45 ND 74.7

Interleukin-11, [pg/mL 27 ND 94.5

Interleukin-2, [pg/mL] 12 ND 12

Interleukin-7, [ng/mL] 0.015 ND 0.08

Tumor necrosis factor α, [ng/mL] 0.010 ND 0.59

Monocyte chemotactic protein 1,
[pg/mL]

0.996 ND 1335

aND, not detectable.
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EXPERIMENTAL MODELS BASED ON PCLS
In the HOX/ROX-model, HOX was induced by incubating
PCLS in glass vials under nitrogen flow at pO2 < 1% fol-
lowed by subsequent ROX with medium equilibrated with air
oxygen. HOX/ROX medium was supplemented with the gly-
colysis inhibitor 2-deoxy-D-glucose (DOG, 10 mM). Duration
of the hypoxic and ROX phases is indicated in figure leg-
ends. Normoxic control samples (NOX) were incubated in
the HOX/ROX medium which was equilibrated with air dur-
ing the whole incubation period. Inflammatory injury (IM-
model) was simulated by incubation of PCLS in 6 well plates
(Costar, Corning, USA) containing 1 mL conditioned medium.
Corresponding controls were incubated in normal, not pre-
conditioned, RPMI 1640 medium (NM) with or without LPS
(6 μg/ml).

PREPARATION OF ISOLATED MITOCHONDRIA
Liver mitochondria were isolated by four consecutive centrifu-
gation steps as previously described (Dungel et al., 2011). The
final pellet was resuspended in buffer containing 0.25 M sac-
charose, 10 mM Tris, 0.5 mM ethylenediaminetetraacetic acid,
and 5 mg/mL fatty acid-free bovine serum albumin (pH 7.2,
25◦C). The protein concentration was analyzed using the Biuret
method.

DETERMINATION OF ENDOGENOUS FREE IRON IN LIVER SECTIONS
Liver sections were cut (2 × 2 × 10 mm) to fit to the EPR spec-
trometer cavity and subjected to hypoxia for 1 h under nitrogen.
Sections were processed as previously described (Kozlov et al.,
1992) to determine endogenous free iron following formation of
nitrosyl iron complexes.

MITOCHONDRIAL RESPIRATION
Respiratory parameters of mitochondria were monitored
using a high resolution respirometer (Oxygraph-2k, Oroboros
Instruments, Innsbruck, Austria). Isolated mitochondria/PCLS
were incubated in buffer containing 105 mM KCl, 5 mM
KH2PO4, 20 mM Tris-HCL, 0.5 mM EDTA, and 5 mg/mL
fatty acid-free bovine serum albumin (pH 7.2, 25◦C). State 2
respiration was stimulated by the addition of either 5 mM gluta-
mate/5 mM malate or 10 mM succinate and 1 ng/ml rotenone.
Transition to state 3 respiration was induced by addition of
adenosine diphosphate (ADP, 1 mM). In experiments with
isolated mitochondria, 20 μM FeSO4 and/or 20 μM desferriox-
amine B (Desferal, Novartis, Vienna, Austria) were added to a
number of samples before the onset of hypoxia. Mitochondrial
function was determined before hypoxia [baseline (BL)], imme-
diately after hypoxia and after 15 min of ROX. To determine
mitochondrial function after hypoxia, mitochondria, incubated
under hypoxic conditions, were moved in buffer equilibrated
with air. Measurements were started immediately and were
completed 2 min later.

LIVER ENZYME ASSAY
ALT and AST levels were analyzed in the incubation medium
after PCLS incubations using a Cobas c 111 reader (Roche, Basel,

Switzerland). Samples were taken at different time points as
indicated in figure legends.

cDNA SYNTHESIS AND RT-PCR
RNA was isolated from snap frozen PCLS using illustra RNAspin
Mini RNA Isolation Kit (GE Healthcare, Buckinghamshire, UK).
The amount of extracted RNA was determined spectrophoto-
metrically at 260 nm and purity was assessed by the 260/280 nm
ratio on an Eppendorf BioPhotometer plusUV/Vis (Eppendorf,
Hamburg, Germany). RNA integrity was controlled by micro-
capillary gel analyzes using Agilent Bioanalyzer 2001 System and
RNA6000 nano LabChip Kit (Agilent Technologies, Santa Clara,
CA, USA). 1 μg of total RNA was used for cDNA synthesis.
cDNA was generated using Superscript™ II RNAse H- reverse
transcriptase (200U/reaction; Invitrogen; Carlsbad, CA, USA)
and anchored oligo-dT-primers (3.5 μmol/L final concentra-
tion). Successful cDNA generation was checked by conventional
PCR using GAPDH specific primers, as described elsewhere
(Duvigneau et al., 2003). Equal aliquots from each cDNA were
pooled to generate an internal standard (IS) which was used
as reference for the quantification. Analysis of gene expres-
sion was performed by means of qPCR. Primer pairs for the
analysis of HO-1 are described elsewhere (Duvigneau et al.,
2008). Primer paires for the analysis of IL6 and iNOS were
newly designed. Further details regarding settings and valida-
tion of the qPCR assays in adhering to MIQE guidelines can
be found in the supplementary material (Table S1; Figure S1).
qPCR was carried out on a CFX96™ (Bio-Rad, Hercules, CA,
USA). Each reaction contained SYBR® green I as reporter (0.5×,
Sigma, USA), iTaq™ polymerase™ (0.625 U/reaction; BioRad),
the primers (250 μnmol/l each, Invitrogen) with a final con-
centration of 200 μmol/l dNTP (each) and 3 mmol/l MgCl2
in the provided reaction buffer with a final volume of 12 μl.
All samples were measured in duplicates. Each plate contained
corresponding randomly assigned RT-minus controls (10% of
all samples investigated), the no-template-control (NTC), as
well as the IS. Data were analyzed using the inbuilt software
CFX manager (Version 2.0, Bio-Rad) in the linear regression
mode. Expression of target genes was calculated against the
IS using a modified comparative ��Cq method (Schmittgen
and Livak, 2008). First the gene specific Cqs were substracted
from the mean Cq of the IS obtained for the same gene giv-
ing rise to �Cq. The values were than substracted from the
normalization factor, which was calculated by averaging the
�Cqs of the internal reference genes, of the same sample
(��Cq). The obtained ��Cq values of the replicates were
averaged and expressed as 2ˆ-DDCq in fold changes relative to
the IS.

STATISTICAL ANALYSIS
Data are displayed as mean ± SEM. All parameters were tested
for normality (Kolmogorov–Smirnov test) prior to analysis.
Statistical analysis of data was performed by one way ANOVA
followed by LSD post-hoc test in normally distributed data and
Kruskal–Wallis combined with Mann–Whitney test in groups
showing a non-Gaussian distribution. Calculations were per-
formed using SPSS 15 software (SPSS Inc., USA). The number
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of independent samples (n) is indicated in figure legends. The
significance level was set at 0.05 and is indicated as ∗p < 0.05,
∗∗p < 0.01; ∗∗∗p < 0.001.

RESULTS
THE EFFECT OF HOX/ROX AND IM ON MARKERS OF HEPATOCYTE
DAMAGE (ALT AND AST)
Initially the experimental HOX/ROX-PCLS and IM-PCLS mod-
els were standardized. Standardization of the models is based
on a significant elevation of ALT release as a basic marker of
hepatocyte damage. In the IM-PCLS model significantly ele-
vated ALT levels were observed following 4 h of incubation
with IM (Figure 1A), while AST levels remained unchanged
(Figure 1C). In the HOX/ROX-PCLS model pronounced and
statistically significantly elevated ALT and AST levels were
observed after 1 h of hypoxia. No further release of ALT or
AST was observed after subsequent ROX (1 h) (Figures 1B,D).
To analyze whether IM induced inflammatory response in
PCLS, we tested the expression of genes associated with
inflammation.

CHANGES IN GENE EXPRESSION IN PCLS FOLLOWING HOX/ROX AND
INCUBATION WITH IM
IM led to an upregulation of iNOS (Figure 2A) and IL-
6 (Figure 2E) but did not change HO-1 gene expression
(Figure 2C). In contrast, in the HOX/ROX model we did not
observe any increase in iNOS gene expression (Figure 2B) but
HO-1 (Figure 2D) and IL-6 (Figure 2F) were significantly upreg-
ulated. A shorter HOX-phase (0.5 h) and longer ROX-phase (1.5 h)
increased expression of HO-1 (Figure 2D) and IL-6 (Figure 2F).

THE EFFECT OF HOX/ROX AND IM ON RESPIRATORY FUNCTION OF
MITOCHONDRIA IN PCLS
Incubation with IM did not impair mitochondrial respiration
(Figures 3A,C). Incubation with LPS showed a trend to increas-
ing rate of mitochondrial respiration with glutamate/malate, a
complex I substrate (Figure 3A). However, HOX/ROX led to a
decrease in state 3 respiration, reflecting ATP synthesis, by a fac-
tor of 15.4 when mitochondria respired with glutamate/malate
(Figure 3B) and by a factor of 3.3 when mitochondria respired
with succinate (Figure 3D), a complex II substrate.

FIGURE 1 | Effect of IM (A,C) and HOX/ROX (B,D) on the release of ALT

(A,B) and AST (C,D) from PCLS. (A,C) PCLS were incubated in NM only or
NM containing LPS or LPS+IM at 37◦C. ALT/AST samples were taken
after 4 h incubation. (B,D) PCLS were incubated in NM which was either
equilibrated with air (NOX, ROX) or nitrogen (HOX). The medium for ALT/AST
analysis was taken at the end of the hypoxic phase (1 h) and the end of the

subsequent reoxygenation phase (1 h HOX + 1 h ROX). Data are expressed
as mean ± SEM of at least n = 4 and as a percentage of control. ∗∗p < 0.01;
∗∗∗p < 0.001. Abbreviations used: ALT, alanine aminotransferase; AST,
aspartate aminotransferase; NM, normal medium; LPS, lipopolysaccharide;
IM, inflammatory mediators; NOX, Normoxia; HOX, Hypoxia; ROX,
reoxygenation; PCLS, precision cut liver slices.
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FIGURE 2 | Effect of IM (A,C,E) and HOX/ROX (B,D,F) on gene expression

of iNOS (A,B), HO-1 (C,D) and IL-6 (E,F). PCR analysis samples were
collected after 4 h of PCLS incubation in NM only or NM containing LPS or
LPS + IM at 37◦C (A,C,E) or after 2 h of PCLS incubation in NM which was
either equilibrated with air (NOX, ROX) or nitrogen (HOX) (B,D,F). Data are
expressed as mean ± SEM of at least n = 4. ∗p < 0.05; ∗∗p < 0.01,

∗∗∗p < 0.001. mRNA expression is represented as fold increase of
the corresponding control. Abbreviations used: iNOS, inducible nitric oxide
synthase; HO-1, heme oxygenase 1; NM, normal medium; LPS,
lipopolysaccharide; IM, inflammatory mediators; NOX, Normoxia; HOX,
Hypoxia; ROX, reoxygenation; PCLS, precision cut liver slices; ND,
not detectable.

ACCUMULATION OF FREE IRON UPON HYPOXIA
Since iron is known to induce mitochondrial dysfunction, we
determined whether or not free iron levels are increased during
1 h of hypoxia. One hour of hypoxia in liver sections resulted in
an increase in intracellular free iron levels by approx. 20 nmol/g
tissue (Figure 4). In the following experiments we tested the
effect of 20 nmol/ml ferrous ion concentration on mitochondrial
function.

THE EFFECT OF HOX/ROX AND IRON ON RESPIRATORY FUNCTION OF
ISOLATED RAT LIVER MITOCHONDRIA
To better understand the mechanisms of mitochondrial dys-
function under hypoxic conditions and the impact of free

iron, we performed experiments with isolated mitochondria. No
decrease of respiratory activity of mitochondria was observed
following 15 min of hypoxic conditions (Figure 5). The pres-
ence of iron (Fe) in the hypoxic phase did not influence
respiratory activity at this time point. However, after 15 min
of ROX mitochondrial function was drastically impaired. The
addition of iron chelator desferrioxamine B (Df) abolished
the difference in respiration rates between samples with and
without iron.

DISCUSSION
The aim of this study was to clarify the impact of two pathophysi-
ologic stressors, IM and HOX/ischemia that typically accompany

www.frontiersin.org June 2013 | Volume 4 | Article 138 | 5

http://www.frontiersin.org
http://www.frontiersin.org/Mitochondrial_Research/archive


Weidinger et al. Mitochondria under hypoxia and inflammation

FIGURE 3 | Effect of IM (A,C) and HOX/ROX (B,D) on the mitochondrial

state 3 respiration. PCLS mitochondria were stimulated with glutamate +
malate (A,B) or succinate (C,D). Transition to state 3 respiration was induced
by addition of ADP (1 mM). Mitochondrial function was determined after 4 h
of PCLS incubation in NM only or NM containing LPS or LPS + IM at 37◦C

(A,C) or after 2 h of PCLS incubation in NM which was either equilibrated
with air (NOX, ROX) or nitrogen (HOX) (B,D). Data are expressed as mean ±
SEM of at least n = 4. ∗∗∗p < 0.001. Abbreviations used: NM, normal
medium; LPS, lipopolysaccharide; IM, inflammatory mediators; NOX,
Normoxia; HOX, hypoxia; ROX, reoxygenation; PCLS, precision cut liver slices.

FIGURE 4 | (A,B) Accumulation of free iron in liver sections under
hypoxia. The sections were treated with nitrite solution and frozen for
EPR analysis either immediately after preparation (control) or after
incubation for 1 h at 37◦C under nitrogen (1 h hypoxia). The difference
in free iron concentration between control and 1 h hypoxia was approx.

20 nmol/g tissue (A). The amplitudes (Fe) of the g = 2.03 peak were
measured in the EPR spectra (B) of control liver sections (dotted line)
and after 1 h hypoxia (full line) to determine the concentration of
nitrosyl iron complexes. Data are expressed as mean ± SEM of n = 3.
∗p < 0.05.

SIRS, and compromise liver function. Since both stressors are
strongly linked to and influenced by each other, their effects can-
not be dissected in vivo. Most in vitro models, however, lack
the complexity of liver tissue, and the observed responses may

therefore not reflect the in vivo situation. In this study we have
used PCLS in which liver structures are kept intact, including the
different liver cell types. This in vitro model allowed us to dis-
tinguish between the effects of IM and HOX/ROX on liver cells,
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FIGURE 5 | Effect of HOX, ROX, and free iron on state 3 mitochondrial

respiration rate. The baseline (BL) represents the respiration of freshly
isolated mitochondria. Furthermore, mitochondria were incubated either
under air (NOX) or under nitrogen (HOX) with 20 μM FeSO4 (Fe) or without
(CO) for 15 min. Subsequently, all samples were incubated under air for
further 15 min (ROX). A group of samples received 20 μM desferrioxamine
B (Df) immediately after onset of hypoxia. Data are expressed as mean ±
SEM of at least n = 5. ∗p < 0.05; ∗∗p < 0.01. Abbreviations used: NOX,
Normoxia; HOX, Hypoxia; ROX, reoxygenation; BL, Baseline; CO, control,
Fe, FeSO4; Df, desferrioxamine B.

since they can be studied separately. Inflammation affects hep-
atocytes via IM which are formed by activated immune cells in
the blood and by Kupffer cells residing in liver tissue. To simu-
late the effects of systemic inflammation, we used IM generated
ex vivo by white blood cells treated with LPS. To simulate effects
of IM produced by Kupffer cells, we stimulated PCLS directly
with LPS. Both models (HOX/ROX and IM) caused damage to
liver cells as seen from increased levels of ALT. Examination
of AST levels in both models showed an increase only in the
HOX model, suggesting mitochondrial damage. Interestingly, in
the HOX model both AST and ALT accumulated during the
hypoxic phase, while ROX did not change these values. This
suggests that the release of these enzymes is not due to reper-
fusion induced oxidative damage. Alternatively, the damage to
biomembranes under hypoxic conditions may be due to depri-
vation of ATP and subsequent release of calcium ions. Calcium
activates phospholipases, which cause the increase in membrane
permeability. It has been shown that the inhibition of phos-
pholipase A2 abolishes the release of ALT in dogs subjected to
liver ischemia/reperfusion during reperfusion (Ogata et al., 2001).
We did not observe any effects of LPS, although the dose of
LPS used in our experiments was reported to induce the release
of ALT in in vivo (Duvigneau et al., 2008). The fact that only
the HOX model induced an increase in AST suggests that HOX
predominantly causes mitochondrial dysfunction. This assump-
tion was supported by data relating to the respiratory activity
of mitochondria in PCLS. IM did not significantly compromise
mitochondrial function, while HOX induced a drastic impair-
ment of respiratory activity. Interestingly, this effect was more
pronounced in the presence of glutamate/malate, a substrate
of complex I, than in the presence of succinate, a substrate of

complex II. This is in line with previous publications carried out
in in vivo models showing a decrease in mitochondrial function
upon ischemia/reperfusion (I/R) due to inhibition of complex I
and cytochrome c release (Kuznetsov et al., 2004). Mitochondrial
dysfunction might be mediated by changes in iron availability,
as both iron deficiency and iron excess impair mitochondrial
function (Walter et al., 2002). This is in accordance with reports
suggesting the involvement of iron in a transient defect in mito-
chondrial function observed 8 h after challenge with endotoxin
(Duvigneau et al., 2008). Moreover, the release of iron has been
suggested to be a key event during oxidative mitochondrial dam-
age and hepatocellular injury (Uchiyama et al., 2008). Free iron
concentration in fresh liver sections was about 30 nmol/g tissue
which is in line with previously published data (Kozlov et al.,
1992). It has also been shown that free iron occurs in the fer-
rous form. Exposure of liver specimens to warm ischemia for
1 h resulted in an increase of free iron levels of 20 nmol/g tissue
compared to controls, which is in accordance with previous pub-
lications (Sergent et al., 2005). This concentration was used in
this study with isolated mitochondria in order to test whether or
not this particular concentration of iron can induce the changes
we have observed in experiments with PCLS. To clarify whether
iron-mediated mitochondrial damage occurs under HOX or dur-
ing ROX we used equal short-term HOX and ROX induction
(15 min each) with or without adding iron ions. State 3 respi-
ration did not change compared to baseline immediately after
HOX phase, but was drastically decreased after 15 min of ROX,
suggesting that ferrous iron did not impair mitochondrial func-
tion under hypoxic conditions. The decrease in state 3 respiration
during ROX was more pronounced in the presence of iron ions.
The iron chelator desferrioxamine B increased mitochondrial res-
piration rates to the levels of NOX controls in samples with or
without iron. The latter suggests that endogenous iron ions may
contribute to the mitochondrial damage. Interestingly, mitochon-
dria in NOX controls had a lower respiration rate than samples
subjected to HOX, suggesting that the mechanisms of mitochon-
drial damage in this model are strictly oxygen dependent. In the
IM model we found a significant upregulation of iNOS after 4 h.
Others have reported increased iNOS levels after 3 h of LPS stim-
ulation (Olinga et al., 2001). However, the concentration of LPS
used in the cited study was 15 times higher than in our study.
Coincidence between upregulation of iNOS and increased release
of ALT in our suggests, that damage to hepatocyte membrane
occurs in this model in association with the immune response,
without affecting mitochondria, since neither the mitochondrial
function nor AST levels were affected. These data show that
iNOS is a very reliable marker for the inflammatory response.
Application of HOX/ROX did not result in an upregulation of
iNOS. Thus, our data suggest that the activation of iNOS in HOX
models previously reported (Duvigneau et al., 2010) is due to
secondary inflammatory response rather than due to hypoxia.
HO-1 expression was rapidly upregulated only in the HOX model,
but not in the IM model, even though the incubation period
was longer in the latter model. We conclude that early upregu-
lation of HO-1 is primarily responsive to changes in the redox
balance, presumably via HIF-1α and Nrf2. Previous studies doc-
umented an upregulation of HO-1 both during SIRS and hypoxia
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in the liver in different in vivo models (Bauer et al., 2003;
Duvigneau et al., 2010). Here we show that HO-1-upregulation
is oxygen rather than IM dependent. Therefore, the increase
of HO-1 mRNA seen under conditions of SIRS, have to be
attributed primarily to disturbed oxygen delivery to the tar-
get cells, due to hypoxia and an inhibition of mitochondrial
function. This suggests that activation of HO-1 in SIRS mod-
els is mainly due to secondary circulatory failure rather than
due to a direct interaction with IM. The predominant pathway
of HO-1 regulation is the Nrf2-dependent pathway. It has been
shown that Nrf-2 is upregulated during the post-ischemic ROX
phase (Leonard et al., 2006). In addition, it has been shown
that NF-kB may also be involved in the upregulation of HO-1,
although these data are still controversial [reviewed in Paine et al.
(2010)].

In contrast to iNOS and HO-1 which were upregulated only
in one of the two models, IL-6 responded to both hypoxia and
IM. This can be explained by the fact that numerous signal-
ing pathways are known to activate IL-6 mRNA expression, via
NF-kB, JNK, C/EBP/(NF)-IL6 and CREB-dependent pathways.
It has already been shown that hypoxia induces the (NF)-IL-6
pathway (Yan et al., 1995). In addition, IL-6 may be upregulated
by a number of IM via NF-kB-dependent pathway similarly to
iNOS (Hur et al., 1999; Li and Verma, 2002). Thus, IL-6 synthe-
sis may be activated by both IM and impaired oxygen delivery.
Shortening of the HOX-phase (0.5 h) and extension of the ROX-
phase (1.5 h) strongly increased expression of both HO-1 and
IL-6, suggesting that either HOX-phase inhibits or ROX-phase
activates gene expression most likely through decreased ATP
levels.

In summary, in this study we distinguished between the patho-
logical impacts of hypoxia and direct interaction of IM with
parenchymal cells in PCLS based models. These in vitro mod-
els can be used to analyze other parameters accompanying either
SIRS or circulatory failure. In addition our data show that accu-
mulation of free iron in hypoxic tissue is critical for mitochondrial
function. This is in line with previous reports showing benefi-
cial effects of iron chelators in hypoxia models (Arkadopoulos
et al., 2010) and sepsis models (Srinivasan et al., 2012). A
clear understanding of whether HOX or IM dependent path-
ways predominantly cause organ failure in certain pathologic
states will contribute to the development of new effective therapy
approaches.

The major limitation of this study is that experiments were
performed at a defined set of conditions of either hypoxia (e.g.,
duration of HOX and ROX) or inflammation (e.g., concentra-
tion of IM and incubation time). The balance between HOX-
dependent and IM-dependent processes may depend on the
severity of a disease or an experimental model.
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