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Abstract

In this study, we determined functional integrity and reactive oxygen species generation in mitochondria and endoplasmic reticulum
in liver of rats subjected to endotoxic shock to clarify whether intracellular reactive oxygen species (ROS) destabilize cellular integrity
causing necrosis in rats challenged with lipopolysaccharide (LPS). LPS caused drastically increased plasma levels of alanine aminotrans-
ferase, suggesting damage to plasma membranes of liver cells. Liver necrosis was confirmed by histological examination. LPS induced a
significant increase in ROS production in rat liver mitochondria (RLM), but did not impair mitochondrial function. In contrast to mito-
chondria, enzymatic activity and ROS production of cytochrome P450 were lower in microsomal fraction obtained from LPS-treated
animals, suggesting the dysfunction of endoplasmic reticulum. Protein patterns obtained from RLM by two-dimensional electrophoresis
showed significant upregulation of mitochondrial superoxide dismutase by LPS. We hypothesize that upregulation of this enzyme
protects mitochondria against mitochondrial ROS, but does not protect other cellular compartments such as endoplasmic reticulum
and plasma membrane causing necrosis.
© 2006 Elsevier Inc. All rights reserved.
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The systemic inflammation developed under septic
conditions finally culminates in multiple organ failure,
which is the direct cause of death. Oxidative stress is a
major factor contributing to the high mortality rates
associated with several diseases including endotoxic
shock. This condition can be controlled to a certain
degree by antioxidant therapies [1,2]. Increased produc-
tion of reactive oxygen species (ROS) is very often asso-
ciated with mitochondrial dysfunction [3]. Alterations of
oxygen metabolism during sepsis and other critical illness
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have been well documented and are characterized by
impaired tissue oxygen extraction and other “pathologic”
consequences of altered oxygen consumption [4-6]. Sep-
tic/endotoxic shock has previously been shown to affect
mitochondrial function and may cause multiple organ
failure [7]. Though mitochondrial function during sepsis
and endotoxic shock has been studied extensively, results
are contradictory. While some investigators have failed
to find any abnormality in mitochondrial function in sep-
tic/endotoxic shock [8-10], others have found that mito-
chondria isolated from septic/endotoxic tissues have
reduced state 3 activity and ATP synthesis activity [11-
13]. Moreover, some investigators have found that mito-
chondrial function is improved under septic conditions
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[14-16], at least during the early phase of shock [16]. In
our recent study we have shown that mitochondrial
response to lipopolysaccharide (LPS)-induced shock is
not equal in different tissues: liver mitochondria respond
with an improvement and heart mitochondria with an
impairment of their respiratory function [17]. Another
important subcellular organelle, endoplasmic reticulum,
is also influenced by endotoxic shock. It has been shown
that hepatic cytochrome P450-mediated drug metabolism
is heavily affected by sepsis in rats [18]. The hepatic cyto-
chrome P450 isoform CYP1A2 is downregulated and
inhibition of cytochrome P450 enzyme system has been
associated with an exacerbated inflammatory response
in sepsis [19]. Taking into account that the cytochrome
P450 system is another important source of ROS in liver
cells, we assumed that intracellular damage of plasma
membrane and endoplasmic reticulum could arise from
ROS generated by cytochrome P450. Therefore, in this
study we have compared function and ROS generation
of mitochondria and endoplasmic reticulum in order to
define the intracellular source of ROS responsible for
oxidative damage of the liver.

Methods

Animal model of endotoxic shock. Adult male Sprague-Dawley rats
weighing 280 + 21 g were divided into two groups to receive saline
intraperitoneally (control group; n = 8), or 20 mg/kg LPS (Escherichia coli
026:B6; n = 8). The rats were sacrificed by decapitation 16 h after injec-
tions, heparinized blood was withdrawn for biochemical analysis, and
livers were quickly extracted and placed in an ice-cold preparation buffer.
The study was approved by the local Committee on Animal Experiments
of Vienna, Austria, and was performed in accordance with the Guide for
the Care and Use of Laboratory Animals (Publication NIH 86-23; revised
1985).

Blood analysis and histological examination. Plasma levels of alanine
aminotransferase (ALT) were measured as described previously [20]. Liver
tissue was fixed in 10% formaldehyde solution for 1-2 weeks. The paraffin
blocks and later sections were prepared. The sections were stained with
hematoxylin and eosin.

Preparation of liver homogenates and isolated mitochondria. The rats
were killed by decapitation, livers were quickly extracted and moved to
ice-cold preparation buffer (containing 0.25 M sucrose, 10 mM Tris-HCI,
0.5mM EDTA (pH 7.2), and 0.5 g/l essentially fatty-acid free bovine
serum albumin). A piece of left liver lobe was weighted, minced with
scissors and homogenized in a motor-driven Potter—Elvehjem homoge-
nizer in the preparation buffer (1/9 = w/v). Rat liver mitochondria (RLM)
were prepared as described previously [21].

Isolation of microsomes. A part of each rat liver was rinsed with buffer
(150 mM KCI, 50 mM Tris, pH 7.4), minced with scissors, and homoge-
nized on ice in a motor-driven Potter—Elvehjem homogenizer with three
volumes of buffer. The crude homogenate was centrifuged at 8750g for
15 min at 4 °C. Microsomes were sedimented from the 8750g supernatant
by centrifugation at 165,000g for 38 min at 4 °C [22]. After two washing
steps, microsomes were dispersed in the buffer to provide a protein con-
centration of approximately 30 mg/ml.

Mitochondrial function. Respiratory parameters were determined in
liver homogenates and suspensions of isolated mitochondria with a
Clark-type oxygen electrode (Oroboros Ltd, Austria). Liver homoge-
nates (5mg wet tissue/ml) and RLM (0.5mg protein/ml) were
incubated in a buffer consisting of 105mM KCI, 20 mM Tris-HCI,
1 mM diethylenetriaminepentaacetic acid, 5 mM KH,PO,4, and 1 mg/ml
fatty acid-free bovine serum albumin (pH 7.4, 25 °C). Respiration was

stimulated either by the addition of 5mM glutamate plus 5mM
malate (homogenates; RLM) or 10mM succinate (RLM) in the
presence of rotenone (1 pg/ml). The latter was used to prevent electron
transport from and to complex I. The transition to state 3 respiration
was induced by the addition of 200 uM ADP.

Cytochrome P450 function. The activity of the microsomal cytochrome
P450 system was assessed from the O-dealkylation of 7-ethoxycoumarin to
the fluorescent molecule 7-hydroxycoumarin using fluorescence spectros-
copy [23]. Microsomal protein (1.25 mg) was resuspended in 2 ml of 0.1 M
Tris-buffer (pH 7.6) supplemented with 100 uM of 7-ethoxycoumarin. The
suspension was placed in a fluorescence cell and a time scan was initiated
to obtain the baseline slope (excitation 360 nm, emission 460 nm). After
150 s NADPH (50 uM) was added to start the metabolic reaction
increasing fluorescence due to the formation of 7-hydroxycoumarin. At
500 s 1 uM 7-hydroxycoumarin was added for calibration purposes. The
results were expressed in nanomoles 7-ethoxycoumarin dealkylated per
minute and per milligram microsomal protein.

Measurement of cytochrome P450 and cytochrome bs contents. Micro-
somal protein (2 mg) was suspended in 1 ml air-saturated buffer (100 mM
P;, pH 7.0). A reference spectrum of the suspension from 350 to 650 nm
was recorded in a cell with 1 cm light path using an SLM Aminco dual-
wavelength photometer. After addition of dithionite (10 mM) and bub-
bling the solution with CO gas for 20 s the cytochrome P450 differential
spectrum was obtained. The amount of cytochrome P450 was calculated
from the absorption difference between 450 and 490 nm using an extinc-
tion coefficient of 91 cm™' mM ™! [24]. The content of cytochrome bs was
determined upon addition of NADH (0.2 mM) and calculated from the
absorption difference 424 nm minus 409 nm using an extinction coefficient
of 185cm™' mM ™! [24].

ROS generation. The rates of ROS generation in mitochondrial and
microsomal suspensions were detected in the presence of 250 uM of 1-
hydroxy-3-carboxy-pyrrolidine (CPH). Upon reaction with ROS, CPH is
transformed into a stable CP" radical (3-carboxy-proxyl) which can be
detected by electron paramagnetic resonance (EPR) spectroscopy as
described previously [25]. EPR spectra were recorded at 22 °C with a
Bruker EMX spectrometer (BioSpin GmbH, Germany) in a flat cell. The
general settings were: microwave frequency 9.777 GHz, modulation fre-
quency 100 kHz, modulation amplitude 2 G, microwave power 1 mW,
gain 5Xx 10°, time constant 40 ms, sweep time 41.9s. Mitochondria
(0.55 mg/ml) were incubated for 20 min at 22 4 1.5 °C in the incubation
buffer identical to the buffer used for determination of respiratory
parameters. The microsomal reaction mixture (5.5 mM glucose-6-phos-
phate, 0.67 U/ml glucose-6-phosphate dehydrogenase, 1.5 mg protein/ml
microsomes, 5 mM diethylenetriaminepentaacetic acid, and 250 uM
CPH, final volume 500 pl) was saturated with air and incubated for
20 min at 25 °C. The reaction was started by the addition of 0.38 mM
NADP™.

2-DE DIGE and protein identification. Samples were diluted with
30 mM Tris-HCl, 9 M urea, 4% CHAPS (w/v), pH 8.5, and labelled
with CyDyes® according to the instructions of the manufacturer (GE
Health Care, Uppsala, Sweden; 8 nmol dye/mg protein). Two samples
(labelled with Cy3 and CyS5, respectively) and one internal standard (a
pool of all samples, labelled with Cy2) were applied on each gel. 2-
DE was performed as has been previously described [26] as a com-
bination of isoelectric focusing in the pH-range of 4-10 in the first
and of SDS-PAGE in 10-15% T gradients in the second dimension.
Following electrophoresis, gels were scanned on a Typhoon 9400
imager and evaluated with DeCyder Software V5.02 (all GE Health
Care), including filtering out of differentially expressed protein spots
and statistical evaluation. Potentially interesting spots were identified
by nanoHPLC-MS/MS protein sequencing as described previously
[26].

Statistical methods. The data are presented as means = SEM. The
calculations were made with the software Origin 6.1 (Microcal Inc.) and
MS Excel (Microsoft Corp.). Kolmogorov—Smirnov test was used to test
that a variable is normally distributed. Significance was determined by ¢
test for normally distributed values and by Mann—Whitney test for other
values. The significance level was set at 0.05.
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Results

Sixteen hours after LPS injection typical signs of organ
failure were confirmed by histological examination. Multi-
ple focal necrosis and cell infiltration were observed in liv-
ers obtained from LPS-treated rats (Fig. 1A). The levels of
ALT, a common marker of necrosis were drastically
increased in blood (Fig. 1B).

Fig. 2A shows a typical curve of oxygen uptake by mito-
chondria. Fig. 2B shows that respiratory control values
measured in mitochondrial suspensions were always lower
than those in fresh liver homogenates. Respiratory control
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value was always higher in the corresponding LPS sample
compared to control in both mitochondrial suspension
and in homogenate.

A significant increase in ROS generation rate in mito-
chondria from LPS-treated rats was observed in the pres-
ence of both mitochondrial complex I and complex II
substrates (Fig. 3A). This increase was more pronounced
with the complex I substrates (glutamate/malate) than with
the complex II substrate (succinate). In contrast to mito-
chondria, we found that the rate of ROS formation was
significantly lower in microsomes from LPS-treated rats
compared to controls (Fig. 3B).
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Fig. 1. Histological and biochemical markers of necrosis in control rats (CON) and rats treated with lipopolysaccharide (LPS). (A) A typical result of
histological examination of liver by means of light microscopy with hematoxylin and eosin staining. Abbreviations: SD, distension of Disse’s spaces; FN,
focal necrosis; CI, cellular infiltration (polymorphonuclear neutrophils). (B) Levels of alanine aminotransferase (ALT) in plasma of control and LPS

challenged rats. %p < 0.05.
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Fig. 2. Respiratory activity of mitochondria determined in liver homogenates and liver mitochondria obtained from control rats (CON) and rats treated
with lipopolysaccharide (LPS). The experiments were performed in the presence of glutamate/malate (5 mM/5 mM). (A) Typical curves of oxygen
concentration ([O,]) and oxygen consumption ([d[O,])/d7) observed in liver homogenate or mitochondrial suspension. (B) Effect of LPS challenge on the
respiratory control values of liver mitochondria determined in homogenates and isolated mitochondria. *p < 0.01.
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Fig. 3. Effect of LPS challenge on the generation of reactive oxygen species (ROS) in rat liver mitochondria (A) and in rat liver microsomal fraction (B).
Mitochondrial ROS were determined in the presence of either glutamate/malate (5 mM/5 mM) or succinate (10 mM). Microsomal ROS were determined
in the presence of glucose-6-phosphate dehydrogenase and 0.38 mM NADP™. (Inset) Electron spin resonance signal of the 3-carboxy-proxyl (CP").

“p<0.01.

There was no significant difference between mitochon-
dria from LPS-treated and control animals in state 4 respi-
ration (Table 1). In contrast, the respiration in state 3 was
significantly faster in mitochondria from LPS-treated ani-
mals compared to controls (Table 1) with both gluta-
mate/malate and succinate. In contrast to elevated
mitochondrial function we observed a decrease in P450
and bs contents (Table 1). Monooxygenase activity of
P450 (CYP1A2) was decreased in LPS-treated animals
compared to controls (Table 1).

In mitochondrial proteomes analysed by 2D-electropho-
resis we have found few spots that were significantly chan-
ged after LPS treatment compared to control. The spot
encircled in Fig. 4A was one of them; it was previously

Table 1
Effect of LPS challenge on functional parameters of rat liver mitochondria
and endoplasmic reticulum

s

Control LPS p

State 4 respiration (nmol O,/mg

protein/min)
Glutamate/malate 6.3+£0.5 4.9+0.6 0.1133
Succinate 13.54+0.6 13.6 +0.9 0.8926
State 3 respiration (nmol O,/mg

protein/min)
Glutamate/malate 464 +24 61.8£39 0.0018
Succinate 628 +29 852+5.0 0.0004

Cytochrome content (nmol/mg
total protein)

Cytochrome P450 1.237£0.074 0.791 £ 0.046 0.0001
Cytochrome bs 0.350 £0.012 0.281 £0.015 0.0035
P450 activity (pmol 7- 13.5+2.0 59+1.8 0.0117

hydroxycoumarin/min/mg
total protein)

* Significance level.

identified as mitochondrial superoxide dismutase (Mn-
SOD) [26]. A quantitative estimation revealed that this
enzyme was definitely upregulated on the protein level sug-
gesting an increase in SOD activity (Fig. 4B).

Discussion

The present study demonstrated an opposite behavior of
two intracellular ROS sources in a model of endotoxic liver
injury: an increased generation of ROS in mitochondria
and a decreased ROS generation in endoplasmic reticulum.
Since antioxidants ameliorate the tissue damage [2,27,28]
we can expect that enhanced ROS production in LPS-treat-
ed animals can contribute to the damage of liver cells and
focal necrosis formation as it was confirmed by increased
levels of ALT in blood (Fig. 1A) and histological examina-
tion (Fig. 1B), respectively. The examination of mitochon-
drial and microsomal function revealed an improvement of
mitochondrial function in LPS-treated compared to con-
trol animals. The latter is in agreement with our previous
publication [17]. In contrast the activity of cytochrome
P450 was reduced (Table 1), which is in line with previous
publications [18,19]. The cytochrome P450 system depends
on the NADPH:cytochrome b5 reductase as cooperating
enzyme. Both heme enzymes were shown to release ROS
under certain pathophysiological conditions, which involve
the reductive activation of xenobiotics [22,29,30]. In this
study we have shown that LPS challenge results in a
decrease in the tissue levels of both proteins (Table 1), indi-
cating endoplasmic reticulum dysfunction. Therefore, the
source of increased ROS generation (mitochondria), and
the target of ROS (presumably endoplasmic reticulum
and plasma membrane) do not belong to the same intracel-
lular compartment. The fact that mitochondria produce
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Fig. 4. Effect of LPS challenge on the expression of mitochondrial SOD in liver mitochondria. (A) A typical 2D-electrophoresis of rat liver mitochondria.
(B) Comparison of mitochondrial SOD expression (in Arbitrary Units) control and LPS-treated rats. **p < 0.005.

increased levels of ROS without damaging themselves can
be explained by the existence of a mechanism protecting
mitochondria toward their own ROS. It is commonly
accepted that the primary ROS species produced by mito-
chondria is O3, which can be dismutated in vivo by SOD.
Therefore, the increased expression of SOD observed in
this study (Fig. 4) is a possible explanation for the resis-
tance of mitochondria from LPS-treated rats to their own
ROS. Tt has been shown that increase in SOD activity sig-
nificantly diminishes damaging consequences of oxidative
stress [31-34]. Based on the data presented here and in
the literature we suggest the following hypothesis of how
intracellular ROS can lead to liver necrosis under
endotoxic shock. It starts with an adaptive upregulation
of mitochondrial function in liver cells, probably, via
expression of ATP-synthase [26]. This results in an
improved coupling of oxidative phosphorylation, which
in turn increases mitochondrial ROS production as a side
product of respiration. Increased ROS production is due
to increased membrane potential of hyperactive mitochon-
dria as it has been suggested in a number of publications
[35,36]. Increased production of mitochondrial ROS does
not damage mitochondria because they are protected by
upregulated mitochondrial SOD. This fact has been
already reported as an increase in SOD activity [28,37].
We have shown upregulation of SOD expression on the
protein level. We suppose that plasma membrane and
endoplasmic reticulum are not as strongly protected
against ROS as mitochondria. Therefore, mitochondrial
ROS damage plasma membrane and endoplasmic reticu-
lum. Further studies will be required to accept or reject this
mechanism.
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