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Cyp4a14 overexpression induced by hyperoxia in female CBA mice as 
a possible contributor of increased resistance to oxidative stress
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Abstract
The benefi cial effects of hyperoxia have been noted in treatment of several diseases and pathological states. However, the 
excessive production of ROS under hyperoxic conditions can directly damage cellular macromolecules if the imbalance in 
antioxidant status exists. Cytochrome P450 (Cyp) 4a14 has an important role in the metabolism of lipids and as a source of 
ROS in oxidative stress. This study investigated the oxidant/antioxidant status as a response to hyperoxia treatment in liver 
of young CBA/Hr mice of both sexes and whether the observed response is mediated by Cyp4a14 via PPAR isoforms in a 
sex-dependent manner. The overexpression of Cyp4a14, lack of both LPO and of 4-hydroxynonenal(HNE)-protein adducts 
revealed by immunohistochemical analysis in hyperoxia-treated females indicates their greater resistance to hyperoxia com-
pared to males, which is parallelled to changes in PPARβ/δ and PPARγ expression. These results suggest the presence of 
sex-dependent changes in all investigated parameters, which points out sex-related susceptibility towards oxidative stress and 
hyperoxia treatment of various pathological conditions and diseases.
Keywords: Cyp4a14, mice, hyperoxia, lipid peroxidation, antioxidant enzymes, HNE, PPAR
Abbreviations: LPO, lipid peroxidation; PPAR, peroxisome proliferator-activated receptor; MDA, malondialdehyde; HNE, 
4-hydroxy-2-nonenal; ROS, reactive oxygen species; Cyp, Cytochrome P450.
Introduction

The benefi cial effects of hyperoxia have been noted 
in treatment of several diseases, including acute car-
bon monoxide poisoning [1] and decompression sick-
ness [2]. On the other hand, supplemental oxygen 
therapy may contribute to the development of neona-
tal diseases such as bronchopulmonary dysplasia 
(BPD), which is a major cause of mortality in prema-
ture infants [3]. Exposure to hyperoxia causes infl am-
matory response, which aggravates oxygen toxicity 
[4]. The excessive production of reactive oxygen spe-
cies (ROS) under hyperoxic conditions can directly 
ISSN 1071-5762 print/ISSN 1029-2470 online © 2009 Informa UK Ltd. (Info
DOI: 10.3109/10715760903390820
damage cellular macromolecules, resulting in cell 
damage and death [5]. The hyperoxia-induced 
increase in lipid peroxidation and its end products 
MDA and HNE is well known in numerous studies 
[6–8]. Both MDA and HNE are therefore considered 
as biomarkers of lipid peroxidation [9]. Moreover, 
hyperoxia induced increase of ROS and RNS, which 
are considered as a side-effect of breathing hyperbaric 
oxygen [10]. Thus, hyperoxia is considered to be the 
effective method for physiological increase of ROS/
RNS production in biological systems. Both malon-
dyaldehyde and four-hydroxy-2-nonenal (HNE) are 
rma Healthcare, Taylor & Francis AS)
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among the end products of lipid peroxidation (LPO) 
and are found to be involved in various pathological 
and physiological processes. Four-hydroxy-2-nonenal 
(HNE) is also considered as a ‘second toxic messen-
ger of free radicals’ [11] as well as the indicator of 
oxygen free-radical mediated membrane injury. It has 
been proposed that once the oxidant/antioxidant 
imbalance is established following hyperoxic con-
ditions, the effective protection results on the ability 
of the tissue to increase its antioxidant enzyme activ-
ity levels [12,13]. It is known that young animals are 
tolerant to hyperoxic exposure, while the adult ani-
mals are regularly susceptible to the conditions of 
hyperoxia; the reason for the loss of protective bio-
chemical response to hyperoxia that comes with age-
ing is still unknown [14]. In our previous study we 
demonstrated the presence of a different correlation 
pattern of antioxidant enzyme activity in young and 
old mice and sex-related correlation in young 
mice [15]. 

Based on these observations, we wanted to compare 
this status with fatty acid metabolism and systems 
related to lipid peroxidation (LPO), such as Cyp4a14 
expression, which is found to be differentially regu-
lated in males and females [16]. Potential involvement 
of cytochrome P450 system as a source of ROS gen-
eration has also been demonstrated, but with confl ict-
ing results [17,18]. Cyp enzymes are heme-containing 
mono-oxygenases involved in the metabolism of endo-
genic substrates such as steroids, prostaglandins, bile 
acids, fatty acids and foreign xenobiotic compounds 
including most of the therapeutic drugs and environ-
mental pollutants [19,20]. Recent studies have revealed 
direct effect of oxidative stress on the induction [21,22] 
and the repression of the Cyp genes [23]. Cyp4a14 has 
been found to be involved in hepatic fatty acid dis-
posal and therefore is important in regulation of LPO 
and oxidative stress [24]. The association between 
oxidative stress and Cyp4a14 expression via peroxi-
some proliferator-activated receptor (PPAR) isoforms, 
which play key roles in lipid and glucose metabolism, 
has been observed in several studies [25,26]. PPARα 
regulates expression of various genes involved in lipid 
oxidation, mainly in liver. Also, PPARα regulates genes 
involved in maintenance of lipid homeostasis. PPARβ/δ
is implicated in membrane lipid synthesis and other 
basic cellular functions [27,28], as well as protection 
of the cell from oxidant damage by the inhibition of 
ROS production and lipid intermediates or by increas-
ing degradation of these molecules [29]. PPARγ regu-
lates processes of differentiation, inhibits tumour cell 
growth and regulates tissue infl ammation processes 
[30]. These parameters are part of a broader cellular 
response that has been associated with ageing and lon-
gevity [31]. In this study we demonstrate the presence 
of sex-dependent changes in all investigated parame-
ters, which points out sex-related susceptibility towards 
oxidative stress and hyperoxia treatment.
Materials and methods

Animals and experimental design  

For the purpose of the study, we used male and female 
CBA/Hr mice aged 1 month from the breeding colony 
of the Ruder Bošković Institute (Zagreb, Croatia). 
The animals were maintained under the following 
laboratory conditions: three to a cage; light on from 
06:00 to 18:00; 22 � 2°C room temperature; access 
to food pellets and tap water ad libitum and divided 
into two groups of nine animals each. The fi rst group 
of animals was the control group. The other group 
was subjected to normobaric oxygen (100% O2 for 
18 h) in a hyperbaric chamber. Normobaric oxygen 
conditions were carried out by fl ushing the chamber 
(Ðuro Ðaković, Slavonski Brod, Croatia) by pure oxygen 
(25 L/min for 10 min) to replace room air. Each group 
consisted of nine mice divided into three pools of three 
animals per each pool. A total of 36 animals was used 
for the experiment. Animals were euthanized by inhalation 
of ether (Kemika, Zagreb, Croatia), following cervical 
dislocation. The experiments were performed in accor-
dance with the current laws of the Republic of Croatia 
and with the guidelines of the European Community 
Council Directive of 24 November 1986 (86/609/
EEC).

Microsomal preparation

Microsomal fractions were prepared as described pre-
viously [32]. Briefl y, the liver was homogenized with 
TRIS-HCl (10 mM) and sucrose (0.25 M, pH � 7.4, 
10% w/v) using an ice-jacketed Potter-Elvehjem homog-
enizer (1300 � g). During the homogenization pro-
cedure the homogenizer was immersed into ice slurry. 
Whole liver homogenates were fractionated in a Beck-
man coulter refrigerated ultracentrifuge. All operations 
were conducted at 4°C. Subcellular fractionation was 
achieved by differential centrifugation. Samples were 
centrifuged at 1000 � g for 10 min. The supernatant 
was fractionated at 8000 � g for 20 minutes and then 
at 15 000 � g for 15 minutes. The resulting superna-
tant was centrifuged at 105 000 � g for 1 h and the 
microsomal pellet resuspended in 0.1 M potassium 
phosphate buffer (pH � 7.4), quickly frozen in liquid 
nitrogen and stored at �80°C. 

Lipid peroxidation assay

The LPO assay was carried out on liver microsomes from 
control and mice treated with 100% oxygen using a 
LPO assay kit (Bioxytech® LPO-586™, OXIS Inter-
national, Inc. Foster City, CA) according to the pro-
tocol. Polyunsaturated fatty acid peroxides generate 
malondialdehyde (MDA) and 4-hydroxyalkenals (HNE) 
upon decomposition. Measurement of MDA and HNE 
has been used as an indicator of lipid peroxidation [11]. 
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Table I. Assay ID used for the real time PCR analysis.

Gene Assay ID Product size (bp)

CYP4A14 Mm00484132_m1 71

CAT Mm00437992_m1 64
GPX-1 Mm00656767_g1 134
PPARα Mm00627559_m1 86
PPARβ/δ Mm01305434_m1 72
PPARγ Mm00440940_m1 63
GAPDH Mm99999915_m1 107
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Although the MDA is only one of several increased 
biomarkers of lipid peroxidation [33] it has high sen-
sitivity for detecting low-level polyunsaturated acid 
(PUFA) oxidation [34]. The LPO-586™ method is 
designed to assay either MDA alone or MDA in com-
bination with 4-hydroxyalkenals. In this study the MDA 
alone was measured. 

Catalase and glutathione peroxidase activities

Catalase (EC 1.11.1.6.) activity was determined accord-
ing to Aebi [35] by measuring changes in absorbance in 
the reaction mixture using the fi nal concentrations of 
10 mM H2O2 and 50 mM phosphate buffer (pH � 7.0) 
at 240 nm during the time interval of 30 s after addi-
tion of the sample. One unit of CAT was defi ned as the 
amount of enzyme which liberates half the peroxide 
oxygen from H2O2 solution in 30 s at 25°C. The activity 
was expressed as U/mg protein. 

Glutathione peroxidase (EC 1.11.1.6.) activity was 
measured by Gpx assay kit (Ransel, Randox, San Diego, 
CA) based on the method of Paglia and Valentine [36]. 
Gpx catalyses the oxidation of glutathione at a concen-
tration of 5 mmol by cumene hydroperoxide. The absor-
bance was monitored for 3 min at 340 nm. The Gpx unit 
was defi ned as the enzyme activity necessary to convert 
1 mmol of NADPH to NADP in 1 min. Gpx activity 
was expressed as U/mg protein. 

RNA isolation and quantitative real-time PCR analysis

Total RNA was extracted from a pool of three indi-
vidual mouse livers in each group using TRIzol reagent 
(Invitrogen, Carlsbad, CA) according to the manufac-
turer’s instructions. Total RNA was reverse transcribed 
using the Superscript fi rst-strand synthesis system for 
RT-PCR kit (Invitrogen) according to the manufac-
turer’s instructions. For the fi rst strand cDNA synthe-
sis, the reverse transcription reaction was performed 
on 1 μg of total RNA prepared from each pool in a 
fi nal volume of 20 μl using SuperScript™ II Rnase 
H− Reverse Transcriptase (Invitrogen, Carlsbad, CA). 
Real-time PCR analysis was carried out on an ABI 
7300 sequence detection system (Applied Biosystems, 
Foster City, CA) to quantify relative P450 mRNA 
expression of catalase, glutathione peroxidase, Cyp4a14, 
PPARα, PPARβ/δ and PPARγ in liver of mice. Primer 
length and Assay ID used for the analysis are shown in 
Table I. Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) was used as an endogenous control to nor-
malize the total amount of cDNA in each sample. 
Reactions were carried out in a total volume of 20 μl
using TaqMan® Gene Expression Master Mix reagent 
(Applied Biosystems, Foster City, CA) and 5 μl of 
cDNA for template with forward and reverse 
primers. All reactions were carried out in triplicate. 
Relative gene expression of each gene was calculated 
by using the Relative Expression Software Tool 
(REST©) which uses the Pair Wise Fixed Reallocation 
Randomization Test© to calculate result signifi cance 
[37].

Protein measurement

Protein concentration in all samples was determined 
with a standardized method by Lowry et al. [38], using 
bovine serum albumin (Sigma, St. Louis, MO) as a 
standard.

SDS-PAGE and Western blotting

Total cellular proteins (75–125 μg per lane) were 
separated using denaturing polyacrylamide gel elec-
trophoresis (SDS-PAGE) according to the method 
of Laemmli [39]. Ten per cent polyacrylamide gels 
were mounted in the Mini-PROTEAN 3 Electro-
phoresis Module AsSEbly (BIO-RAD, Hercules, 
CA) and proteins were then transferred to Immun-
Blott® PVDF membrane (BIO-RAD) and blocked 
overnight at 4°C in 5% non-fat dry milk in 50 mM 
phosphate buffer (pH � 7.8 and 0.1% Tween 20). 
The membranes were washed three times with PBS 
and incubated for 3 h at room temperature with spe-
cifi c primary antibody for CYP4A14 diluted 1:500 
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA), 
for CAT diluted 1:2000 (ab16731, Abcam, Cam-
bridge, UK), GPX diluted 1:2000 (ab16798, Abcam) 
or ERK-2 (C-14, Santa Cruz Biotechnology, Inc.). 
After being washed, the membranes were incubated 
with anti-goat horseradish peroxidase-conjugated 
secondary antibody (Santa Cruz Biotechnology, 
Inc.) diluted 1:5000 for 1 h at room temperature or 
anti-rabbit horseradish peroxidase-conjugated sec-
ondary antibody (Amersham, Buckinghamshire, 
UK) diluted 1:5000 for 1 h at room temperature. 
Blots were washed three times and bands were visu-
alized using BM Chemiluminescence blotting sub-
strate (POD) (Roche Applied Science, Mannheim, 
Germany), exposed to fi lm and digitized. For 
CYP4A14 we revealed specifi c bands of expected 
size (56 kDa), for CAT at 60 kDa, for GPX at 22 
kDa and for ERK-2 the band of 42 kDa. Expression 
of the mouse ERK-2 protein was examined as an 
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Figure 1. Effect of hyperoxia on MDA concentration in liver of 
male and female CBA mice. Data are mean � SEM from three 
pools of three mice per each sex and each treatment. ∗∗p � 0.004 
in male liver, control compared to hyperoxia.
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internal control in both sexes. The blots were 
repeated at least three times and one representative 
bolt is presented in the fi gures. 

Immunohistochemical analyses

Immunohistochemistry for the HNE-modifi ed pro-
teins was carried out on formalin-fi xed paraffi n 
embedded samples of mice livers obtained from three 
animals pre respective group. A genuine antibody 
specifi c for the HNE-histidine epitope in HNE-protein
(peptide) conjugates that gives only 5% cross-reactivity
with HNE-lysine and 4% with HNE-cysteine [40] 
was obtained from culture medium of the clone ‘HNE 
1g4’, produced by a fusion of Sp2-Ag8 myeloma cells 
with B-cells of a BALB-c mouse immunized with 
HNE-modifi ed keyhole limpet haemocyanine.

Immunohistochemistry was done in a three step 
procedure as described before [41,42] using a multi 
link LSAB kit (DAKO, Denmark) where the fi rst step 
was incubation with anti-HNE monoclonal antibodies 
(dilution 1:10) during 12 h in a refrigerator. The sec-
ond step was incubation with biotinylated secondary 
rabbit anti-mouse immunoglobulins (AB2) during 30 
min. The third step was incubation with streptavidin 
peroxidase during 30 min. Finally, the reaction was 
visualized by a DAB (3,3-diaminobenzidine tetrahy-
drochloride in organic solvent, Sigma) giving brown 
colour after 10 min, using haematoxylin (Kemika, 
Croatia) contrast staining (blue). Negative control was 
done without application of HNE-histidine specifi c 
monoclonal antibodies. 

All immunohistochemical analyses were done by a 
pathologist experienced in the HNE-immunohistoche-
mistry without prior knowledge of the study group 
design.

Statistical analysis

Data were analysed using the statistical package SPSS 
for Windows (v.16.0.) and reported as mean � SEM 
from three pools of three mice per each sex and each 
treatment. Statistical analysis of the data was done 
according to the Student’s t-test for independent sam-
ples; p � 0.05 was considered signifi cant.

Results

Effect of hyperoxia on MDA level in liver microsomes 
of male and female CBA mice

Hyperoxia induced a statistically signifi cant increase of 
malondialdehyde (MDA) concentration (p � 0.004) in 
liver microsomes of male mice in comparison with the 
control group. However, in females MDA level did not 
accumulate under hyperoxia and was even slightly 
below the control level. The difference in MDA level 
between control groups of both sexes was not signifi -
cant (Figure 1).
Effect of hyperoxia on CAT and Gpx activity in liver of 
male and female CBA mice

CAT activity showed marked increase in hyperoxia-
treated male liver (p � 0.011), while in females hyperoxia 
had no effect on CAT activity (Figure 2A). GPX activity 
had a tendency to increase in hyperoxia-treated animals 
of both sexes; however, it has reached signifi cance only in 
females (p = 0.038), when compared to the control group 
(Figure 2B). 

Effect of hyperoxia on CAT and Gpx mRNA and 
protein level in liver of male and female CBA mice

Real-time PCR analysis showed that hyperoxia had no 
effect on either CAT or Gpx mRNA level in the liver 
of both sexes (Figure 3). However, we observed marked 
differences between males and females in CAT protein 
level: control females had overall higher CAT protein 
level than control males (p � 0.001), even with the 
signifi cant decrease observed in hyperoxia treated 
females compared to control (p � 0.0056). In males 
CAT protein level was signifi cantly increased upon 
hyperoxia treatment (p � 0.0018). There was no 
change in GPX protein level in either of the sexes 
upon treatment (Figures 4A and B). 

Effect of hyperoxia on Cyp4a14 gene and protein 
expression in liver

Real-time PCR analysis showed that hyperoxia 
induced sex-dependent changes in the gene expres-
sion of Cyp4a14, with the increase in females more 
than 16-fold (16.7, p � 0.0325) and decrease in 
males to 5-fold when compared to control (0.199; p
� 0.033) (Figure 5). Protein content of Cyp4a14 
followed the pattern of gene expression in both sexes 
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Figure 2. Effect of hyperoxia on hepatic CAT (A) and Gpx (B) activity in male and female CBA mice. Data are mean � SEM from three 
pools of three mice per each sex and each treatment. For CAT in males ∗p � 0.011 compared to control; for Gpx in females ∗p � 0.038 
compared to control.
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with doubled decrease in males (p � 0.001) and 
signifi cant increase in females (p � 0.002) in hyper-
oxia treated animals (Figure 6). 

Effect of hyperoxia on PPARα, PPARβ/δ and PPARγ
gene expression in liver

Hyperoxia induced diverse changes in the gene 
expression of all three PPAR isoforms in the liver of 
CBA mice, as revealed by real-time PCR analysis. 
We found down-regulation of PPARβ/δ in both sexes, 
with a signifi cant decrease of almost 3-fold in females 
(F � 0.345; p � 0.001); PPARγ also exhibited a 
strong decrease of 2.5-fold in males, but without 
signifi cance due to great individual variations, while 
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Figure 3. Real-time PCR analysis of CAT and Gpx gene expression 
in liver of male and female CBA mice exposed to hyperoxia. Data 
are mean � SEM from three pools of three mice per each sex and 
each treatment. The relative fold-change compared to control 
(defi ned as 1) was calculated using the 2–ΔΔCT method as described 
in Material and methods.
in females there was no signifi cant change in the 
expression upon hyperoxia, although the fold-change 
was increased about 1.5 when compared to control 
animals, due to great individual variations. Also, 
there was no statistically signifi cant changes between 
hyperoxia-treated males and females (F = 2.423; 
p = 0.113). PPARα isoform remained unchanged 
in both sexes when compared to control animals 
(Figure 7).

Effect of hyperoxia on 4-hydroxynonenal(HNE)-protein 
adducts in liver

Immunohistochemical fi ndings of 4-hydroxynonenal
(HNE)-protein adducts in the livers of control mice 
and of the experimental group exposed to hyperoxia 
are presented in Figure 8. In control male mice occa-
sionally HNE-protein adducts were noticed in the 
endothelium, mostly of the central vein, and in 
perivascular hepatocytes. In control female mice, 
HNE-protein adducts were even less present than in 
males and were less pronounced. Hyperoxia did not 
cause any particular changes in female mice, while 
in males the presence of HNE-protein adducts was 
mostly noticed within the blood vessels, as indicated 
in Figure 8.

Discussion

In this study, we investigated the involvement of 
Cyp4a14 and PPAR isoforms with respect to different 
oxidant/antioxidant status followed by hyperoxia treat-
ment in liver of 1 month old CBA mice of both sexes. 
Although we found sex-dependent differences in MDA 
level, the differences in HNE-protein adducts in livers 
exposed to hyperoxia were observed only to a minor 
extent and were considered unsignifi cant. Therefore, 
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we may conclude from these experiments that we found 
no pathological changes in the liver of mice upon hyper-
oxia treatment revealed by immunohistochemical 
examination. However, the sex-related difference was 
found at the physiological level by observing the sig-
nifi cant differences in the MDA level and CAT activ-
ity, which are usually increased as a consequence of 
oxidative stress [43,44]. Males had higher MDA con-
tent followed by a marked increase in CAT activity 
and protein level, while in females there was no change 
neither in MDA nor CAT level upon hyperoxia treat-
ment. The observed increase in CAT level implies the 
presence of oxidative stress in males because CAT 
plays the important role in organism’s coping with the 
increased generation of ROS [45] as opposed to Gpx, 
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Figure 5. Effect of hyperoxia on CYP4a14 gene expression in liver 
of male and female CBA mice. Data are mean � SEM from three 
pools of three mice per each sex and each treatment. The relative 
fold-change compared to control (defi ned as 1) was calculated using 
the 2−ΔΔCT method as described in Materials and methods. For 
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which has a major antioxidant role in physiological 
conditions [46]. The observed discrepancy between the 
RNA, protein and activity of CAT and Gpx in our study 
could be the result of post-transcriptional processes 
of mRNA by which target gene expression could be 
modulated [47,48]. However, this phenomenon can-
not be explained solely by the alteration in the individual 
antioxidant enzyme status. Rather, their cooperation 
and mutual relationship in response to hyperoxia as well 
as the contribution of other factors should be taken into 
account. MDA and HNE, as the end products of LPO, 
are both considered as biomarkers of lipid peroxidation 
and oxidative stress. Since MDA is found to be elevated 
in hyperoxia conditions [8,49], we determined the levels 
of MDA as the end product of lipid peroxidation
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treatment. For males ∗∗∗p � 0.001; for females ∗∗p � 0.002 
compared to control. Expression of the mouse ERK-2 protein was 
examined as an internal control.
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and biomarker of oxidative stress since MDA has high 
sensitivity for detecting low-level polyunsaturated acid 
(PUFA) oxidation. HNE is found to be involved in 
various pathological and physiological processes and 
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Figure 7. Effect of hyperoxia on the expression of PPARα, PPARβ/δ and 
PPARγ gene expression in male and female CBA mice. Data are mean 
� SEM from three pools of three mice per each sex and each treatment. 
The relative fold-change compared to control (defi ned as 1) was 
calculated using the 2−ΔΔCT method as described in Materials and 
methods. For PPARβ/δ in females ∗∗∗p � 0.001 compared to control.

Figure 8. Immunohistochemical fi ndings of 4-hydroxynonenal(HNE)-
protein adducts were noticed in the endothelium, mostly of the cen
HNE-protein adducts were even less present than in males and were 
female mice, while in males the presence of HNE-protein adducts wa
(PAP-DAB staining giving yellow to brown immunopositivity with th
endothelial cells; B, blood vessel content.
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is also considered as the indicator of oxygen free-
radical mediated membrane injury. The concept of 
HNE as a toxic messenger was changed to the con-
cept of HNE as a bioactive marker of LPO and oxida-
tive stress following development of new methods 
[50]. Hyperoxia did not have very prominent effects 
on the presence of the HNE-protein adducts in the 
liver. Most likely, that is due to the intense liver 
metabolism which prevents development of HNE in 
amounts exceeding its enzymatic (by aldehyde and 
alcohol dehydrogenases) or non-enzymatic (by gluta-
thione) removal. Namely, we evaluated the possible 
presence of HNE-protein adducts in various normal 
tissues of both humans and animal origin, among 
which normal liver tissue appears to be almost free 
from the HNE-protein adducts [51]. The possibility 
that liver eliminates HNE-protein adducts rapidly 
could also explain why in male mice hyperoxia resulted 
in development of pronounced HNE-immunopositiv-
ity within the blood vessels, but not in the hepatocytes. 
Therefore, the possible role of the blood in removal 
of the cytotoxic products of lipid peroxidation from 
the affected tissues, in particular the liver, should be 
further studied. This could help better understanding 
of the benefi cial effects of hyperoxia, which are yet 
not understood as in the case of rats exposed to the 
focal brain ischemia treated afterwards by hyperbaric 
protein adducts in the liver. In control male mice occasionally HNE-
tral vein, and in perivascular hepatocytes. In control female mice, 
less pronounced. Hyperoxia did not cause any particular changes in 
s mostly noticed within the blood vessels, as indicated on the fi gure 
e blue contrast staining, magnifi cation 400×). HE, hepatocytes; EN, 
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oxygenation [52]. Interestingly, in these animals also 
HNE-protein adducts were only present moderately 
and were mostly associated with the blood vessels 
specimens, being infl uenced only to a minor extent 
by hyperoxia, in spite of the benefi cial effects of hyper-
oxia for the brain functional recovery. Hence, further 
studies on the possible effects of both hypoxia and 
hyperoxia on the metabolism of the HNE-protein 
adducts and biological effects of the aldehyde are 
needed to help us understand oxidative homeostasis 
and the role of HNE-protein adducts in it. 

The expression of Cyp4a14 exhibited sex-depen-
dent changes upon hyperoxia treatment, with signifi -
cant suppression of both gene (20% of control) and 
protein level (15% of control) in males. However, in 
females hyperoxia had the opposite effect, where it 
strongly increased mRNA level ~ 9-fold, which was 
followed by the increase in protein level of 44%. This 
fi nding emphasizes the sex-dependent pattern of 
Cyp4a14 expression in regulation of oxidant status 
upon hyperoxic exposure: males exhibited the reduc-
tion of Cyp4a14 on both RNA and protein level 
which resulted in increased LPO and susceptibility 
towards the oxidative stress, while unchanged LPO in 
females could be a consequence of strong upregula-
tion of Cyp4a14, proposed to be involved in hepatic 
fatty acid disposal, which depletes the liver of sub-
strate for LPO [24]. The observed sex-related differ-
ences in Cyp4a14 expression are the consequence of 
a sexually dimorphic pituitary growth hormone secre-
tory pattern which regulates many sex-dependent 
liver genes and several Cyp genes as well [16,53]. 
Also, Cyp4a14 proteins are important intermediates 
in an adaptive response to the imbalance of hepatic 
lipid metabolism [54]. The upregulated expression of 
Cyp4a14 was established in the liver of young mutant 
long-lived Snell mice and was maintained in the mid-
dle-aged and aged mutants as well, which suggests 
that the increased activity of Cyp4a14 among other 
genes constitutes favourable physiological status for 
increased longevity [55]. These and other data pro-
vide evidence for a positive relationship in animals 
with higher Cyp4a14 content and their greater ability 
to cope with oxidative stress, which could also be 
linked with the greater resistance of female mice to 
oxidative stress observed in our study. Cyp4a14 
metabolizes fatty acid derivatives and is modulated 
via PPAR. PPARα isotype is abundant in liver and 
activated by fasting and by chronic high-fat dieting 
[56]. PPARα also controls oxidative stress and infl am-
mation in the cardiovascular system [57]. Real-time 
PCR analysis in our study showed neither induction 
nor suppression of PPARα in both sexes. However, 
PPARβ/δ was found to be down-regulated, with 
marked decrease in females. Since this isoform may 
protect the cell from oxidant damage either by inhibi-
tion of ROS production or inhibition of lipid inter-
mediates [29], its down-regulation might be the 
possible cause of increased LPO in males. However, 
this explanation does not fi t for females, where the 
decrease in the expression of PPARβ/δ is not followed 
by increased LPO. There is a possible link between 
reduction of PPARγ expression and increased LPO in 
males, since it is known that alterations in oxidant 
metabolism resulting in oxidative stress down-
regulate PPARγ expression and are inversely corre-
lated with LPO [58]. In accordance with Li et al. [59], 
we found sex-related differences in PPAR activation. 
However, it seems that Cyp4a14 up-regulation 
demonstrated in this study is not mediated by the 
activation of PPARα, but rather by sex-related down-
regulation of PPARβ and PPARγ expression, but fur-
ther experiments have to be done in order to confi rm 
this hypothesis. Nevertheless, this could indicate the 
possible role of these two isoforms on the sex-depen-
dent expression of Cyp4a14 and therefore different 
susceptibility towards oxidative stress in male and 
female young mice. 

Our study points out the sex-dependent susceptibility 
towards oxidative stress, which could have further impact 
on designing various strategies in supplemental oxygen 
therapy treatment in males and/or females. However, 
additional studies are required to clarify the possible 
relationships between PPAR isoforms, Cyp4a14 and 
antioxidant enzyme system with respect to sex-related 
responses to oxidative stress. These fi ndings may play 
an important role in understanding the question of 
the mechanisms of these physiological functions in 
relation to hyperoxia treatment of various pathological 
conditions and diseases. 
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