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Abstract
Introduction: Oxidative stress (OS) seems to be an important mediator of cellular injury, from which sepsis can proceed.
Studies have demonstrated the protective effect of controlled hypothermia in sepsis. This study aimed to evaluate its effects on OS
parameters in rat hepatic and renal tissue septic after caecal ligation and puncture (CLP). Material and Methods: Three groups
were appointed (10 rats/group): C (control), SN (sepsis normothermic), and SH (sepsis hypothermic). Ten hours from CLP, the
liver and kidneys were harvested and total protein concentration, superoxide dismutase (SOD), glutathione peroxidase (GPx)
activities, lipid peroxidation level (malondialdehyde (MDA), carbonylated proteins (2,4-dinitrophenylhydrazine (DNPH), and fatty
acid profile were analysed. Results: Sepsis significantly increased SOD and GPx activities in the liver, regardless of the
temperature. In renal tissue, GPx activity increased significantly in normothermic conditions and SOD tended to decrease in
hypothermic conditions. MDA and DNPH concentrations increase in both tissues after CLP. Hypothermia significantly lowered
MDA in the liver but only changed it insignificantly in the kidneys. The DNPH in the liver and kidneys was significantly lower in
hypothermic conditions. The unsaturated-to-saturated fatty acids ratio was significantly lower in sepsis, and the fall in temperature
raised this ratio. Conclusion: Experimentally induced sepsis in rats enhances OS in the liver and kidneys. The effect of hypothermia
on OS indices is dependent on the type of tissue.
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Introduction
Sepsis is the combination of pathological infection
and physiological changes which when sufficiently
advanced is known as the systemic inflammatory
response syndrome (SIRS). Clinical complications of
sepsis vary from SIRS to septic shock and even to
multiple organ dysfunction syndrome (MODS) (21).
Sepsis describes a process that causes SIRS, highlighted
by hyperthermia, tachypnoea, tachycardia, and
leukocytosis, most often caused by affected ischaemic
tissue. The systemic inflammatory response can lead to
favourable conditions for the onset of sepsis without
being associated with any infectious cause (28).
Depending on the aggressiveness of the pathogen and
the ability of the cellular and humoral immune systems,
the pathology may progress systemically and induce

SIRS syndrome. This is the stage in which in attempts to
remove the pathogen, the body will produce severe
lesions and gradually develop MODS (9). Multiple
organ failure induced by sepsis is associated with a high
mortality rate and is clinically characterised by liver,
pulmonary, cardiovascular, renal, and gastrointestinal
dysfunctions (20, 29).
In order to study acute inflammation in animals,
several models are commonly used, such as i.p.
injections of lipopolysaccharide (LPS) endotoxin, faecal
peritonitis including caecal ligation and puncture (CLP),
and injection of live bacteria (17). In general, sepsis
animal models can be divided into three categories:
injection of an exogenous toxin; infusion or installation
of exogenous bacteria; and modification of the
endogenous barrier of animal protection, such as
intestinal leakage, e.g. CLP or colon ascendens stent
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peritonitis. The major advantages of the CLP method are
its early silent period, moderate and delayed peak of
mediators, and multiple bacterial flora. As disadvantages,
the literature mentions the age and strain variability and
an early haemodynamic period in some models (10).
Reactive oxygen species (ROS) are believed to be
important mediators of cellular injury contributing to the
development of sepsis. The proinflammatory properties
of ROS include endothelial cell damage, formation of
chemotactic factors, recruitment of neutrophils, lipid
peroxidation, DNA damage, release of tumour necrosis
factor (TNF)-α, and interleukin (IL) 1β, and formation
of peroxynitrite (23). In the early stage of sepsis,
pro-inflammatory mediators such as TNF-α and IL-6 are
released in large quantities by various immune cell
types. This phenomenon may be amplified by an
increase in both ROS and reactive nitrogen species
(RNS) (16).
In sepsis, there are several potential sources of
reactive species, including the mitochondrial respiratory
electron transport chain, xanthine oxidase activation as
a result of ischaemia and reperfusion, the respiratory
burst associated with neutrophil activation, and
arachidonic acid metabolism. Activated neutrophils
produce superoxide as a cytotoxic agent and free radical
nitric oxide (NO). These two reactive species can react
and produce peroxynitrite, itself a powerful oxidant,
which may decompose to form the hydroxyl radical. The
recruitment and activation of neutrophils and their
adherence to endothelial cells, which stimulates the
formation of xanthine oxidase in the endothelium,
represent another source of superoxide (6, 19).
Production of NO is increased during sepsis by de novo
synthesis of the inducible form of type II nitric oxide
synthase (NOS). Although superoxide anions are
quickly converted to hydrogen peroxide under the action
of the endogenous antioxidant enzyme systems, the
reaction between superoxide anions and NO to form
peroxynitrite is far more rapid (6, 13).
Several interacting endogenous antioxidant
systems exist in order to protect against the negative
effects of ROS. These antioxidant defence systems are
tightly regulated and consist of a combination of enzyme
and non-enzyme pathways. ROS species represent a key
element in the deleterious cascade process when
endogenous antioxidant defences (superoxide dismutase
(SOD), glutathione peroxidase (GPx), and catalase
(CAT)) are overcome and/or when a redox imbalance
occurs. Oxidative stress results when ROS production
and the antioxidant protection mechanisms are
imbalanced. In general, the oxidative stress markers in
sepsis include reduced levels of antioxidant enzyme
activity, increased levels of malondialdehyde (MDA) –
a marker of lipid peroxidation – and increased levels of
carbonylated proteins – markers of oxidative
degradation of proteins (13, 16, 21).
Controlled hypothermia (HT) is one of the most
widely accepted ways available to protect tissues from
ischaemia. Applying controlled hypothermia variously

in medicine and surgery involves knowing the effects of
low temperatures on cells. Improving anaesthesia and
intensive care methods have made it more effective in
protecting vital organs (the heart, central nervous
system, etc.). Programmed body temperature reduction
entails reducing cellular metabolism, and with
decreasing oxygen consumption it prevents hypoxia and
anoxia (14). Numerous studies have demonstrated the
protective effect of controlled hypothermia in
inflammation, a protection that is achieved by inhibiting
the expression of proinflammatory cytokines and by
reducing cellular metabolism, as well as the formation
of tissue lesions in the organs (18). The effect of HT in
sepsis is still under debate. Some authors reported that
therapeutic HT would have protective effects via
modulation of the inflammatory response, attenuation of
lung injury, and a decrease in mortality. Conversely,
there are reports that the induction of mild HT was
detrimental during treatment of sepsis (22).
The objectives of our study were to evaluate the
effects of hypothermia on oxidative stress state (the
activity of SOD and GPx, lipid peroxidation level, and
total protein and protein oxidation levels) in hepatic and
renal tissue in rats where CLP sepsis was induced. Also,
in order to accurately illustrate the oxidative
modifications produced at the lipid level, a profile of the
different classes of fatty acids in the total lipid extracts
obtained from the tissues was analysed.
Material and Methods
Chemicals and reagents. All chemicals and
reagents were purchased from Merck (Darmstadt,
Germany), were of analytical grade, and were used
without further purification.
The experimental model. A total of 30 female
Wistar rats were used. The rats were kept under strictly
controlled conditions, had unrestricted access to
a regular rodent pelleted diet and tap water ad libitum,
and were acclimated to laboratory environments in
advance of the study. All animals underwent
a preoperative clinical examination to determine if they
could be included in the study. This was done by
inspection, auscultation, and thermometry. The
individuals were declared clinically healthy as the values
were within the physiological reference limits.
The experiment was conducted on three equal
groups constituted as follows: group C (controls), group
SN (sepsis normothermic), and group SH (sepsis
hypothermic). Control animals did not undergo any
intervention, and their samples were only collected at the
end of the experiment. In group SN rats, septicaemia was
induced by CLP and the group was then maintained
under normothermic conditions, in the physiological
range 35.9–37.5°C using an IR lamp in order to
compensate for the hypothermic effect of the
anaesthetic. Group SH also had septicaemia and was
maintained in mean hypothermia in the range of
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30–32°C, which was achieved by dorsally trimming the
subjects, misting them with alcohol, keeping them at an
ambient temperature between 17 and 19°C, and placing
frozen refrigerant bricks under their cages.
General anaesthesia was induced with an
intramuscular injection of xylazine (5 mg/kg), ketamine
(75 mg/kg), and tramadol (20 mg/kg). After the caecum
had been exteriorised in the surgical wound, it was
gently massaged from the base to the tip to produce
a slight distension and to bring content to the portion to
be ligated. The caecum ligament was made with
a resorbable thread (polyglycolic acid 4.0) distal to the
ileo-caecal valve so that no intestinal obstruction
occurred. The length of the caecal ligature, defined as
the distance from the distal end of the caecum to the
ligation point, determines the degree of severity.
A distance greater than 1 cm induces a high degree of
sepsis, and a ligature positioned at less than 1 cm induces
the condition moderately (25). In this experiment, we
wanted to induce acute sepsis, and therefore we
performed the ligature at 1 cm from the caecal tip. The
ligated portion was then punctured once with a 21 g
needle from one side to the other, thus making two
orifices, avoiding the heavily vascularised areas to
reduce the incidence of bleeding. After puncture, the
ligated and punctured portion was compressed slightly
to express a quantity of caecal content. After that, the
caecum was repositioned in the abdominal cavity,
avoiding contamination of the incision line with faecal
matter.
Animals were monitored clinically to detect
outward changes and to observe the development of
sepsis. Ten hours after CLP, the rats were euthanised by
lethal isoflurane doses followed by cervical dislocation.
Necropsy examinations were performed and the left
kidney and the right lateral hepatic lobe were taken for
biochemical examinations (24).
Determination of oxidative stress markers
Protein extraction. The tissue samples were
washed twice with saline buffer solution (potassium
phosphate 10 mM, pH 7.4). Afterwards, the proteins
were extracted with a potassium phosphate buffer (50
mM, pH 7.35) (12). The obtained protein extracts were
analysed for total protein content, SOD and GPx
activity, lipid peroxidation, and protein oxidation.
Total protein concentration. It was determined by
spectrophotometric assay, using the biuret reaction
adapted for an extract obtained from animal tissue (12).
Absorbance values were measured at 560 nm with
a Jenway 6315 UV–vis spectrophotometer (Bibby
Scientific Ltd (now Cole Parmer Ltd.), Stone, UK). The
results were interpreted according to a bovine serum
albumin standard curve expressed in mg/g of tissue.
GPx and SOD activities. They were determined
using the Ransel and Ransod commercial kits,
respectively (Randox Laboratories Ltd., Crumlin, UK),
according to the manufacturer’s instructions. In both
cases, a MasterPlus Screen semiautomatic analyser
(Hospitex Diagnostics S.r.l., Firenze, Italy) was used.
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Lipid peroxidation level. The assay was based on
the interaction between the MDA and thiobarbituric acid
(TBA) (12). Basically, 1 mL of protein extract was
added to 2 mL of TBA reagent (15% trichloroacetic acid
and 0.375 % thiobarbituric acid in 0.25 N HCl). Samples
were maintained at 100°C for 15 min, cooled, and centrifuged
for 10 min at 1,000 g. The absorbance of pink MDATBA adduct was measured at 535 nm with the Jenway
6315 UV–vis spectrophotometer. The results were
expressed in µmol/mg of proteins and were obtained
using an average absorption of 1.56 × 105 M−1 cm–1/24.
Protein oxidation level (carbonylated proteins).
Carbonylated protein concentration was determined
using a method based on the reaction of carbonyl groups
with 2,4-dinitrophenylhydrazine (20). The assays of
protein carbonyls involved derivatisation of the carbonyl
group with 2,4-dinitrophenylhydrazine, which forms
2,4-dinitrophenylhydrazone product (DNPH), measured
at 370 nm with the same spectrophotometer. Results
were expressed in nmoles DNPH/mg of proteins and
were obtained using an average absorption of
21 mM−1cm−1.
Total lipid extraction and determination of the
fatty acid profile. The extraction of total lipids was
performed using a 2:1 mixture of chloroform:methanol
(11). The profile of the different classes of fatty acids
(saturated fatty acids (SFAs), unsaturated fatty acids
(UFAs), monounsaturated fatty acid (MUFAs), and
polyunsaturated fatty acids (PUFAs) in the total lipid
extracts was analysed. Production of the fatty acid
methyl esters (FAMEs) of the lipids was by acidcatalysed transesterification using 1% sulphuric acid in
methanol (8). The methylated fatty acids were
determined with a gas chromatograph (GC) coupled to
a mass spectrometer (MS) (Clarus 600 T GC-MS, Perkin
Elmer, Waltham, MA, USA) (26). A volume of 0.5 μL
of sample was injected into a 60 m × 0.25 mm i.d.,
0.25 μm film thickness SUPELCOWAX 10 capillary
column (Supelco Inc., part of MilliporeSigma, St. Louis,
MO, USA). The operating conditions were as follows:
injector temperature 210°C, helium carrier gas flow rate
0.8 ml/min, split ratio 1:24, oven temperature 140°C
held for 2 min and thereafter increased to 220°C at
7°C/min held for 23 min, electron impact ionisation
voltage 70 eV, trap current 100 μA, ion source
temperature 150°C, and mass range 22–395 m/z
(0.14 scans/s with an intermediate time of 0.02 s
between them). The FAMEs were identified by
comparing their retention times with those of known
standards in the 37-component FAME Mix (Supelco
no. 47885-U) and comparing the resulting mass spectra
to those in the NIST MS Search 2.0 database. The
amount of each fatty acid was expressed as the
percentage of total fatty acid content.
Statistical analysis. The results are presented as
means ± standard deviation of measurements of the
samples analysed individually in triplicate. Statistical
analysis was performed using Statistic 5.0 for Windows
software. Groups were compared by Student’s t-test and
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two way analysis of variance, and differences were
considered significant at p < 0.05.
Results
The data obtained in protein concentration analysis
(Fig. 1) showed that different variations appeared
depending on the type of tissue and temperature
conditions. Thus, in the case of hepatic tissue, the sepsis
in normothermic conditions induced an insignificant
decrease in protein concentration (208.06 ± 11.75 mg/g
tissue vs. 183.30 ± 21.35 mg/g tissue, p > 0.05). In rats
kept under hypothermic conditions, a normalisation of
the concentration was observed, values being produced
similar to that in the control group (208.06 ± 11.75 mg/g
tissue vs. 249.50 ± 11.80 mg/g tissue, p > 0.05) and
significantly higher than that in the normothermic group
(249.50 ± 11.80 mg/g tissue vs. 183.30 ± 21.35 mg/g
tissue, p < 0.05). Kidney tissue variation was not
different to that observed in the liver, with sepsis causing
an insignificant increase in protein concentration in the
normothermic group (114.57 ± 7.86 mg/g tissue vs.
118.12 ± 9.93 mg/g tissue, p > 0.05). Hypothermia
affected the concentration of proteins, the values being
significantly increased compared to the normothermic
group (129.84 ± 6.56 mg/g tissue vs. 118.12 ± 9.93 mg/g
tissue, p < 0.05) and to the control (129.84 ± 6.56 mg/g
tissue vs. 114.57 ± 7.86 mg/g tissue, p < 0.05).

Fig. 1. Total proteins concentration in the liver and kidneys for each
experimental condition (C – control; SN – sepsis normothermic; SH – sepsis
hypothermic). * – different from control (P < 0.05); ** – different from
SN (p < 0.05). Values are expressed as means ± SD

Figs 2A and 2B present changes in the profiles of
antioxidant enzymes activity in the liver and kidneys. In the
liver, GPx activity increased statistically significantly in
both groups with sepsis versus the control group,
regardless of the temperature (3.05 ± 0.49 U/mg of
proteins vs. 1.42 ± 0.15 U/mg of proteins, p < 0.05 for
SN and 2.58 ± 0.16 vs. 1.42 ± 0.15, p < 0.05 for SH).
SOD activity was increased significantly in the liver by
inducing sepsis, both in normal and hypothermic
conditions (14.17 ± 0.73 mU/mg of proteins vs. 8.44 ±

0.65 mU/mg of proteins, p < 0.05 for SN and 14.60 ±
2.49 vs. 8.44 ± 0.65, p < 0.05 for SH). It has also been
observed that hypothermia did not induce significant
changes in hepatic GPx or SOD activities.
In renal tissue, GPx activity increased statistically
significantly only in the group with sepsis maintained
in normothermic conditions versus the control
(1.42 ± 0.009 U/mg of proteins vs. 1.25 ± 0.10 U/mg of
proteins, p < 0.05 for SN and 1.28 ± 0.11 U/mg of
proteins vs. 1.25 ± 0.10 U/mg of proteins, p > 0.05 for
SH). SOD activity increased statistically significantly in
sepsis versus the control in normothermic conditions
(14.72 ± 1.33 mU/mg of proteins vs. 17.35 ± 1.32 mU/mg of
proteins, p < 0.05 for SN) but decreased in hypothermic
conditions (14.72 ± 1.33 mU/mg of proteins vs. 12.43 ±
1.30 mU/mg of proteins, p < 0.05 for SH compared with
the control and 17.35 ± 1.33 mU/mg of proteins vs. 12.43
± 1.30 mU/mg of proteins, p < 0.05 for SH compared
with SN).
Figs 3A and 3B show changes between the profiles
of MDA and DNPH concentrations in the liver and
kidneys during the experiment. An increase in MDA
concentration was seen in all organs after CLP. For the
liver, the determined values were 0.93 ± 0.12 µmol/mg
of proteins vs. 3.59 ± 0.13 µmol/mg of proteins,
(p < 0.05) in normothermic conditions and 0.928 ± 0.12
µmol/mg of proteins vs. 2.94 ± 0.051 µmol/mg of
proteins (p < 0.05) in hypothermic conditions. For renal
tissue, the values were 1.39 ± 0.05 µmol/mg of proteins
vs. 5.43 ± 0.10 µmol/mg of proteins (p < 0.05) in the
SN group and 1.39 ± 0.05 µmol/mg of proteins
vs. 5.48 ± 0.30 µmol/mg of proteins (p < 0.05) in the SH
group. Under hypothermia the SH group showed
significantly lower MDA compared with the SN group
in the liver (2.94 ± 0.051 µmol/mg of proteins vs. 3.59 ±
0.13 µmol/mg of proteins, p < 0.05) but no statistically
significant differences were observed in the kidneys
(5.48 ± 0.30 µmol/mg of proteins vs. 5.43 ± 0.10 µmol/mg
of proteins, p > 0.05).
In the liver, the DNPH concentration increased
after CLP, shown in the values 6.93 ± 0.27 nmol/mg of
proteins vs. 15.46 ± 0.32 nmol/mg of proteins (p < 0.05)
in the SN group and 6.93 ± 0.27 nmol/mg of proteins vs.
12.15 ± 0.15 nmol/mg of proteins (p < 0.05) in the SH
group. In the kidneys, the values were 6.22 ± 0.17
nmol/mg of proteins vs. 23.58 ± 0.40 nmol/mg of
proteins (p < 0.05) in the SN group and 6.22 ± 0.17
nmol/mg of proteins vs. 12.01 ± 0.10 nmol/mg of
proteins (p < 0.05) in the SH group. Under hypothermic
conditions, the level of carbonylated proteins was
statistically significantly lower compared to this level
under normothermic conditions for both tissues (Fig. 3).
The results of fatty acid analysis in total lipid
extracts are detailed in Fig. 4, Fig. 5, Table 1, and Table
2. From Table 1 and the chromatograms it is clear that
the main fatty acids determined in lipid extracts obtained
from tissues varied with both the type of tissue analysed
and the experimental conditions.
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Fig. 2. GPx and SOD activity in the liver (A) and kidneys (B) for each experimental condition (C – control; SN – sepsis normothermic; SH – sepsis
hypothermic). * – different from control (p < 0.05); ** – different from SN (p < 0.05). Values are expressed as means ± SD

Fig. 3. MDA and DNPH concentrations in the liver (A) and kidneys (B) for each experimental condition (C – control; SN – sepsis normothermic;
SH – sepsis hypothermic). * – different from control; ** – different from SN (p < 0.05). Values are expressed as means ± SD

Fig. 4. GC-MS chromatogram of the FAMEs from total lipids of the liver (SH – sepsis hypothermic group)
analysed with a BPx-70 column. Peaks of fatty acids: (1) palmitic (16:0); (2) palmitoleic (16:1 n–7); (3)
stearic (18:0); (4) oleic (18:1 n–9); (5) linoleic (18:2 n–9); and (6) arachidonic (20:4 n–6)
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Fig. 5. GC-MS chromatogram of the FAMEs from total lipids of kidneys (SN – sepsis normothermic group)
analysed with a BPx-70 column. Peaks of fatty acids: (1) myristic (14:0); (2) palmitic (16:0); (3) palmitoleic
(16:1 n–7); (4) stearic (18:0); (5) oleic (18:1 n–9); (6) linoleic (18:2 n–6); and (7) arachidonic (20:4 n–6)
Table 1. Fatty acid composition of total lipids determined by GC-MS in the liver and kidneys for each experimental condition (C – control;
SN – sepsis normothermic; SH – sepsis hypothermic)
Fatty acid %
Fatty acid
Myristic (14:0)
Palmitic (16:0)
Palmitoleic (16:1 n–9)
Palmitoleic (16:1 n–7)
Stearic (18:0)
Oleic (18:1 n–9)
Oleic (18:1 n–7)
Linoleic (18:2 n–9)
Arachidonic (20:4 n–6)
a

C

Liver
SN

SH

nd
26.61 ± 1.21
0.16 ± 0.08
0.96 ± 0.12
18.02 ± 1.13
8.48 ± 0.32
2.71 ± 0.13
14.12 ± 0.5
28.94 ± 0.89

nd
24.48 ± 1.03
0.19 ± 0.06
0.92 ± 0.19
29.69 ± 1.65
5.15 ± 0.19
1.94 ± 0.16
13.49 ± 0.29
24.15 ± 0.91

nd
23.17 ± 0.98
0.17 ± 0.11
0.98 ± 0.11
26.65 ± 1.16
8.43 ± 0.28
1.4 ± 0.09
12.88 ± 0.33
26.32 ± 1.41

a

C
0.17 ± 0.09
7.17 ± 0.21
0.8 ± 0.09
0.26 ± 0.07
0.53 ± 0.03
69.22 ± 1.69
4.01 ± 0.24
13.01 ± 0.31
4.83 ± 0.12

Kidneys
SN
1.01 ± 0.01
24.53 ± 1.06
0.21 ± 0.05
3.92 ± 0.24
6.88 ± 0.29
50.16 ± 1.53
3.3 ± 0.52
9.85 ± 0.22
0.14 ± 0.06

SH
0.15 ± 0.01
9.71 ± 0.42
0.78 ± 1.01
nd
0.62 ± 0.13
67.62 ± 0.63
3.59 ± 0.12
13.4 ± 0.52
4.12 ± 0.16

– % of total fatty acids; nd – not detected. Values are mean ± standard deviation of samples analysed individually in triplicate

Table 2. Statistical analysis of fatty acid distribution in total lipids for each experimental condition (C – control; SN – sepsis normothermic;
SH – sepsis hypothermic)
Type of tissues/group
Liver
Kidneys

C
SN
SH
C
SN
SH

 SFAs
44.63 ± 1.79
54.17 ± 1.65*
49.82 ± 1.84*,**
7.87 ± 0.53
32.42 ± 1.27*
10.48 ± 0.67*,**

 MUFAs
12.31 ± 0.46
8.19 ± 0.29*
10.98 ± 0.36*,**
74.29 ± 2.93
57.59 ± 1.95*
72.00 ± 2.63**

Fatty acid/% a
 PUFAs
43.06 ± 1.46
37.63 ± 1.38*
39.19 ± 1.65
17.84 ± 0.55
9.99 ± 0.37*
17.52 ± 0.51

 UFAs
55.37 ± 2.13
50.19 ± 1.98*
45.83 ± 1.73*,**
92.13 ± 3.69
67.58 ± 2.24*
89.52 ± 3.33**

 UFAs /  SFAs
1.24
0.84*
1.007**
11.70
2.08*
8.54**

a

– % of total fatty acids; * – different from control; ** – different from SN (P < 0.05); SFAs – saturated fatty acids; MUFAs – monounsaturated
fatty acid; PUFAs – polyunsaturated fatty acids; UFAs – unsaturated fatty acids. Values are mean ± standard deviation of samples analysed
individually in triplicate

Discussion
Some of the postulated molecular mechanisms of
sepsis progression are linked to the imbalance between
ROS production and cellular antioxidant systems. Proinflammatory effects of ROS include endothelial
damage, neutrophil recruitment, cytokine release, and
mitochondrial damage. Accumulation of neutrophils is
a phenomenon that occurs relatively early in the liver
during the development of sepsis. Liver neutrophil
recruitment is the result of a complex interaction
between
neutrophils,
sinusoidal
endothelium,
hepatocytes, and Kupffer cells. Neutrophils accumulated

in the liver cause the secretion of proteolytic enzymes
and ROS. They may also induce the production of
proinflammatory cytokines and chemokines, all
contributing to an oxidant–antioxidant imbalance. Thus,
the sepsis state induces changes in the activity of the
enzymatic antioxidant systems in the target organs,
including the liver (2, 21, 27).
SOD is the enzyme that catalyses the conversion of
the superoxide anion into hydrogen peroxide, the
substrate specific for catalase and GPx. If a high level of
SOD activity occurs at the cellular level without
a proportional increase in the activity of catalase and/or
GPx, a large amount of hydrogen peroxide accumulates
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intracellularly and in metallic catalysis can generate the
hydroxyl radical, known as the most harmful ROS. Two
possible mechanisms can explain this asymmetric
growth. The first mechanism assumes that in the CLP
sepsis model there is an increase in the level of IL-1,
TNF, and LPS in the peritoneal fluid and plasma, proinflammatory molecules that increase mRNA-SOD
expression. The second mechanism is based on the idea
that catalase activity can be inhibited by superoxide,
which is produced in large amounts in sepsis. It was
demonstrated that after sepsis induction, there was
an imbalance between the antioxidant enzymes CAT and
SOD, which was followed by oxidative damage in the
major organ systems (the lungs, diaphragm, heart, liver,
and kidneys). Also, a significant increase in SOD after
CLP in the lungs and kidneys was observed. In addition,
it was demonstrated that sepsis did not alter GPx activity
in the liver (2). Our data are consistent with these in
terms of the activity of SOD in the kidneys but are
contradictory in terms of GPx renal activity.
MDA is one of the most frequently used indicators
of lipid peroxidation mediated by free oxygen radicals,
and is thought to damage cell membrane integrity
substantially (12, 22, 23). Our data are in accordance
with reports that indicate there is a marked increase in
the level of lipid and protein degradation in all target
organs in rats where sepsis has been induced by the CLP
technique (29). This amplification of MDA formation
can be explained by the fact that the GPx enzyme has
lower activity, lipid peroxides being the specific
substrate of this enzyme. Another study determined the
level of lipid and protein oxidation as well as the
production of superoxide in liver cells after CLP. It was
observed that the lipid oxidation level increased from
6 to 48 h. In addition, the level of carbonylated proteins
showed the same profile as lipid degradation, increasing
significantly at 6 h after the procedure (20).
The effects of hypothermia in sepsis have been
studied in various models, and the results obtained in the
present study are consistent with those in the literature.
Hypothermia reduced the level of tissue lipid
peroxidation in the liver and lung tissue, supporting the
idea that the beneficial effect of hypothermic therapy is
partially mediated by its antioxidant effect (22).
Oxidative degradation of proteins due to ROS
accumulation at the cellular level leads to various
functional consequences such as the inactivation of
some enzymes and increased susceptibility to
aggregation (precipitation) and proteolysis. The
oxidative modification of proteins is primarily initiated
by reaction with hydroxyl radicals, but it is further
dependent on the concentration of the radical superoxide
anion and the hydrogen peroxide in the medium. In
cellular systems, oxidation of proteins can also occur
under the action of some carbonyl radicals or products
formed by lipid peroxidation processes. An increase in
the level of oxidation of unsaturated fatty acids therefore
leads to an increase in the degree of oxidation of proteins
(4). Protein oxidation can occur along with membrane
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damage due to lipid peroxidation, leading to altered
membrane permeability, protein structure modification,
and functional alterations. Also, oxidative lesions of the
mitochondrial membrane may occur, leading to membrane
depolarisation and decoupling of oxidative phosphorylation
with alteration of cellular respiration (19).
Metabolic dysfunctions during sepsis include
alterations in lipid metabolism and decreased fatty acid
-oxidation. Consequently, plasma free fatty acids
increase, resulting in intensified tissue lipolysis in
organs such as the liver, kidneys, heart, and skeletal
muscles. This brings in harmful consequences for
patients with diverse pathological conditions (15).
A marked increase in the levels of stearic acid
(18:0) in the liver of rats with sepsis maintained in
normothermic and hypothermic conditions was found.
In contrast, there was a significant decrease in oleic acid
(18:1), linolenic acid (18:3), and arachidonic acid (20:4).
In renal tissues a marked increase in the levels of
palmitic acid (16:0), stearic acid (18:0), and oleic acid
(18:1) was only observed in rats with sepsis maintained
in normothermic conditions. In parallel, there was
a significant decrease in oleic acid (18:1), linolenic acid
(18:3), and arachidonic acid (20:4). However, following
the hypothermia the fatty acid composition was brought
back to near normal.
Lipid accumulation in cells that are not equipped
with the molecular tools to handle large lipid loads has
been associated with cellular injury and dysfunction.
This process has been termed lipotoxicity and has been
linked to dysfunction in multiple organs, including the
liver, heart, skeletal muscles, and pancreas. The
principal determinant of lipotoxicity seems to be
excessive intracellular free fatty acid content, leading to
accumulation of potentially toxic metabolites such as
fatty acyl-CoA, diacylglycerol, and ceramides.
Lipotoxic cellular dysfunction and injury occur through
several mechanisms, including the generation of ROS,
multiple organellar damage, disruption of intra-cellular
signalling pathways, release of proinflammatory and
profibrotic factors, and lipid-induced apoptosis
(lipoapoptosis) (7).
From the statistical analysis of data obtained for
different types of fatty acids, it is observed that induced
sepsis in rats maintained under normal temperature
conditions (SN) raised SFAs significantly and
concomitantly diminished all types of UFAs, so that the
UFA:SFA ratio was significantly lower than that of
the control group. In the hypothermic group (SH), there
were statistically significant decreases in SFAs and
MUFAs. In the case of PUFAs, the reduction was not
statistically significant compared with the control group.
The decrease in temperature caused changes in the fatty
acid profile compared to normothermic rats. Thus, the
content of SFAs and MUFAs and the UFA:SFA ratio
increased to a statistically significant extent.
For both types of analysed septic tissue, the most
severe decrease was observed in the PUFA content.
Long chain PUFAs such as arachidonic acid play
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an important role in various biological functions, being
essential components in membranes of eukaryotic cells
and maintaining their fluidity, flexibility, and selective
permeability. All cell membranes are particularly
vulnerable to oxidation due to high concentrations of
PUFAs. The main substrate of lipid peroxidation is
constituted by PUFA components of subcellular and
cellular membranes. Most associated studies employed
the traditional TBA assay for estimation of the degree of
lipid peroxidation. It is now known that the TBA assay
should be conducted in the presence of an antioxidant in
order to avoid artificial lipid peroxidation during the
assay. In the heated acidic medium of the TBA assay
under aerobic conditions, biological samples would be
more susceptible to artificial oxidation. The
determination of PUFA content and the ratio of UFAs to
SFAs are the other methods that can be used in order to
determine the extent of lipid peroxidation (1, 3, 5). Our
study results obtained by analysing peroxidation level by
the MDA method correlate with those obtained by
determining the UFA:SFA ratio.
The increase in oxidative stress in septic rat livers
and kidneys was confirmed by an increase in SOD and
GPx activity and correlated with an increase in the
concentration of MDA, a decrease in UFA/SFA ratio,
and an increased level of protein oxidation. The effects
of hypothermia on the oxidative stress indices in
experimentally induced sepsis in rats are dependent on
the type of tissue. Hypothermia does not induce
significant changes in enzyme antioxidant activity, with
differences being insignificant between septic rats under
normal temperature conditions and those under low
temperature conditions, both in the liver and kidneys. In
the liver, a slight decrease in MDA concentration in the
hypothermic group was observed compared to the
normothermic group. In the kidneys, regardless of the
temperature at which the animals were kept, the MDA
concentration increased significantly compared to the
control. Under hypothermic conditions the decrease in
the DNPH concentration was significantly higher in the
case of renal tissue than in that of the liver.
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