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Introduction. In renal tissue as well as in other organs, supranormal oxygen pressure may lead to deleterious consequences on a
cellular level. Additionally, hyperoxia-induced effect in cells and related free radicals may potentially contribute to renal failure.
The aim of this study was to analyze time-dependent alterations of rat kidney protein expression after short-term normobaric
hyperoxia using proteomics and bioinformatic approaches. Material and Methods. N = 36 Wistar rats were randomized into six
different groups: three groups with normobaric hyperoxia (exposure to 100% oxygen for 3 h) and three groups with normobaric
normoxia (NN; room air). After hyperoxia exposure, kidneys were removed immediately, after 3 days and after 7 days. Kidney lysates
were analyzed by two-dimensional gel electrophoresis followed by peptide mass fingerprinting using tandem mass spectrometry.
Statistical analysis was performed with DeCyder 2D software (p < 0.01). Biological functions of differential regulated proteins
were studied using functional network analysis (Ingenuity Pathways Analysis and PathwayStudio). Results. Expression of 14
proteins was significantly altered (p < 0.01): eight proteins (MEP1A_RAT, RSSA_RAT, F16P1_RAT, STML2_RAT, BPNTI_RAT,
LGMN_RAT, ATPA RAT, and VDACI_RAT) were downregulated and six proteins (MTUSI_RAT, F16P1 RAT, ACTG_RAT,
ACTB_RAT, 2ABA_RAT, and RABIA_RAT) were upregulated. Bioinformatic analyses revealed an association of regulated proteins
with inflammation. Conclusions. Significant alterations in renal protein expression could be demonstrated for up to 7 days even after
short-term hyperoxia. The identified proteins indicate an association with inflammation signaling cascades. MEP1A and VDACI
could be promising candidates to identify hyperoxic injury in kidney cells.

In general, hyperoxia (NH) leads to an overwhelming
production of reactive oxygen species (ROS; «O, ") which in

Oxygen toxicity is a well-known phenomenon that may result
in several severe symptoms like seizures and convulsions, car-
diovascular and gastrointestinal disorders, erythrocyte dam-
age, and retinopathy [1, 2]. Furthermore, arterial hyperoxia
may be associated with an increased mortality in critically ill
patients [3]. While hyperoxia of various organs (e.g., lungs,
brain, or retina) has been investigated sufficiently in recent
years [4, 5], molecular effects and pathway alterations in
renal tissue and kidneys due to hyperoxia are rarely studied.
Whereas there is growing evidence that normobaric hyper-
oxia has significant effects in preterm or neonatal kidneys
[6, 7], data for adults are lacking.

turn initiate an inflammatory cellular response. The degree of
damage caused by hyperoxia depends on the balance between
ROS production and the capacity of renal antioxidant systems
[8, 9]. A linear increase of ROS concentration with oxygen
tension in mitochondria has been observed [10]. <O, is
generated by the mitochondrial electron transport chain by
the transfer of an electron to molecular O,.

As another source of ROS, the nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase (NOX) family
utilizes NADPH/NADH as an electron donor to catalyze
reduction of molecular oxygen to <O, at the extracellular
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FIGURE 1: Animals analyzed and assigned to six different groups (3 groups with hyperoxia (days 0, 3, and 7) and 3 groups with normoxia
(days 0, 3, and 7)). Corresponding groups for day 0, day 3, and day 7 were compared to each other. Animals in the normoxia groups served

as controls.

side of the plasma membrane [11, 12]. These hyperoxia-
induced effects are mediated by complex sets of genes and
their products rather than being the result of only one single
gene.

The type and degree of ROS damage to kidneys and
renal tissue have not been investigated in detail yet. There
are some studies suggesting that high oxygen concentrations
in inspired air as well as resulting hyperoxia may lead
to detrimental renal effects, at least in neonatal rats [6].
However, results of previous studies on beneficial as well
as detrimental effects of hyperoxia are still controversially
discussed [2, 13, 14].

Although important molecules have been investigated
individually, a comprehensive analysis of protein expression
during and after hyperoxia exposure in the kidney has not
been performed yet but would improve our knowledge of
local and systemic effects. These effects may also play a role
during inflammation or sepsis [15-17].

The present study used the proteomic methods of two-
dimensional gel electrophoresis (2D-DIGE), peptide mass
fingerprinting via matrix-assisted laser desorption/ionization
time-of-flight tandem mass spectrometry (MALDI-TOF
MS/MS), and bioinformatic molecular network analyses to
investigate some of the complex renal protein alterations
in rats after short-term hyperoxia. These data may help to
understand, and possibly prevent, hyperoxic renal injury in
the future. It was not intended to find specific biomarkers for
hyperoxia but to find affected pathways for future biomarker
research.

2. Material and Methods

2.1. Animals. Experiments were approved by the local insti-
tutional animal research review board (Regierungsprasidium
Karlsruhe, Germany; AZ 35-9185.81/G-56/04) and were per-
formed according to the regulations of the National Institutes
of Health (NIH) guide for the use of laboratory animals.

Thirty-six male Wistar rats (Charles River Deutschland,
Sulzfeld, Germany) were kept under temperature controlled
environmental conditions at 22°C on a 14 h light-cycle fol-
lowed by a 10h dark-cycle prior to the experiments and
were fed a standard diet (Altromin C1000; Altromin, Lage,
Germany) with free access to food and water.

2.2. Study Groups. A total of N = 36 rats weighing 280 + 21g
were used in this study (Figure 1) and prepared for proteomic
analysis. After weighing, 18 animals were randomly assigned
to three NH groups and the remaining 18 rats were allocated
to three normobaric normoxia groups (NN). Following this
group formation, all animals (NH and NN) were randomly
assigned to one specific subgroup: “immediate analysis”
(NHO or NNO; day 0), “analysis at day 3” (NH3 or NN3), or
“analysis at day 7” (NH7 or NN7). This resulted in six different
groups with six animals each (Figure 1).

2.3. Hyperoxia Exposure. At the beginning of the experi-
ments, rats were placed into an air-sealed box (30 x 18 x
18 cm) with one small inlet hole and one small outlet
hole. For animals receiving hyperoxia, an oxygen line was
connected to the inlet providing a flow of 5L min~" of pure
medical oxygen (concentration 99.5%; medicAL, Air Liquide,
Duisburg, Germany).

Rats of the normoxia groups received 5L min~' room
air until the end of the experiments. Oxygen concentration
was measured continuously in the box for both groups. After
3 h of hyperoxia or normoxia, respectively, experiments were
terminated and the animals were immediately removed from
the box.

The rats of the NH3, NH7, NN3, and NN7 groups were
placed back into their cages and provided with food and water
ad libitum until the planned end of the experiments (3 or 7
days after the experimental start). Rats of the NHO and NNO
groups reached the defined end-point of the experiments
immediately.
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At the defined end-points of the experiments, the animals
of the specific group (immediately, 3 or 7 days after exposure
to 3-h hyperoxia) were quickly anesthetized with Sevorane
(Sevoflurane, Baxter, Unterschleissheim, Germany) in a con-
centration of 5% at room air and underwent both cardiac
puncture for blood removal, which was used for analysis
of arterial blood gases, electrolytes, hemoglobin (Rapidlab
865, Bayer Vital Diagnostics; Fernwald, Germany), blood
cell count (Advia 60; Bayer Vital Diagnostics; Fernwald,
Germany), albumin, and phosphate (Advia 2400; Bayer Vital
Diagnostics; Fernwald, Germany).

Afterwards, the abdomen was opened carefully and the
kidneys were removed for proteomic analysis as quickly as
possible, frozen in isopentane prechilled to —40 to -50°C, and
stored at —80°C until further analysis.

2.4. Sample Preparation. Each frozen kidney sample was
weighed and cut into smaller pieces. The frozen tissues of the
six samples from each time-point were pooled and grinded
with liquid nitrogen in a mortar. The tissue powder of the
pooled samples was mixed with 7ml of lysis buffer (7M
urea, 2M thiourea, 4% Chaps, 30 mM Tris pH 8.5, Roche
Complete Protease Inhibitor Cocktail, 1.2% Pefablock SC
Protease Inhibitor, 1% Sigma Protease Inhibitor Cocktail 2,
1% Sigma Protease Inhibitor Cocktail 3) and transferred
into a 15-ml reaction tube. Cells were lysed and proteins
dissolved using vigorous vortexing and sonication with 15
pulses of 1 second on ice. Samples were centrifuged for
10 min at 10 000 xg to pellet debris and insoluble material. The
supernatant was taken for further analysis.

The protein concentration of samples was determined
using a Bradford Assay [18]. According to the protein deter-
mination results with Bradford assay, 200 ug protein of each
sample was diluted with labeling buffer (30 mM Tris, pH 8.5;
7 M urea; 2 M thiourea, 4% Chaps, Roche Complete Protease
Inhibitor Cocktail, Pefablock SC Protease Inhibitor) to a final
volume of 450 yl. The samples were desalted and rebuffered
with labeling buffer using Vivaspin 500 ultrafiltration devices
with a cut-off of 5 kDa. After volume reduction samples were
present in 60 yl labeling buffer at last.

2.5. DIGE Labeling. From each sample 50 ug protein was
labeled with Cyanine Dye (Cy, CyDye) 3 (Cy3) and 50 ug
protein was labeled with Cy5. Additionally, samples were
pooled as the internal standard sample and 50 ug (15 ul;
15.1%) of this mixture was used for each labeling reaction
with Cy2. For each labeling reaction with Cy2, Cy3, and Cy5
50 pug protein (15 ul) was applied to 400 pmol CyDye. The
reactions were performed on ice for 30 min and stopped by
adding lysine and incubating for another 10 min. Labeling
was performed according to the manufacturers protocol
(FluoProbes/InterChim: 2D DIGE Cy5/3/2 Labeling Kit). The
labeling chemistry is based on minimal labeling of lysine
residues and primary amino groups of the proteins, with one
lysine residue labeled per protein on average [19].

After labeling, reactions to run in the same 2D-DIGE gel
were pooled. The final volume of each sample was adjusted to
120 pl with lysis buffer B (7 M urea; 2 M thiourea; 4% Chaps;
Roche Complete Protease Inhibitor Cocktail, Pefablock SC

Protease Inhibitor) and samples were supplemented with
0.5% Servalyte and 1.2% DeStreak Reagent (GE-Healthcare).
Finally, 330 pl of Rehydration buffer (6 M urea; 2 M thiourea;
2% Chaps; 1.2% DeStreak Reagent; 0.5v/v % Servalyte 3-10
Iso-Dalt for 2D, Roche Complete Protease Inhibitor Cocktail,
Pefablock SC Protease Inhibitor) was added to each sample.

2.6. 2D-DIGE. For the 2D-DIGE experiment, samples were
loaded directly after labeling onto six 24-cm IPG strips pH
3-10NL from Serva (T = 4%, C = 2.7%) using in-gel
rehydration for sample application. Therefore, the IPG strips
were rehydrated with 450 yl sample for 16 hours at room
temperature. Isoelectric focusing (IEF) was performed for
83 kVhin total. All steps were limited with 75 yA per strip and
performed at 20°C (IEF 100 focusing unit, Hoefer Medical
Supply).

Protein separation in the second dimension was carried
out on precast 2D HPE gels (T' = 12.5%, C = 2.7%) with
a SDS-Glycine-Tris buffer system over night. A molecular
weight standard, commercially available from Serva, was
previously labeled with Cy2. The standard comprising of
masses corresponding to 97, 67, 45, 29, 21, 12.5, and 6.5kDa,
respectively, was applied to the gel and positioned next to the
IPG strips. The six 2D-DIGE gels were run at two days with
3 gels each (HPE FlatTop Tower from Serva with a Multi-
TemplII Thermostatic Circulator and a HPE-Power Supply
1500).

2.7. Image Analysis. To visualize the labeled and sepa-
rated proteins after electrophoresis, the 2D-DIGE gels were
scanned at a resolution of 100 yum with a Typhoon FLA
9500 (GE Healthcare). Subsequently, to visualize the total
protein load, 2D-DIGE gels were fixed (1% citric acid, 30%
ethanol) for 60 min and stained with colloidal Coomassie
overnight (5% aluminum sulfate hydrate, 10% ethanol, 0.02%
Coomassie G250, and 2% o-phosphoric acid). After destain-
ing with deionized water until appropriate background
reduction, gels were scanned with a visual scanner (CanoScan
9900F) using a resolution of 300 dpi.

For image analysis scan files of the 2D-DIGE gels were
loaded into DeCyder 2D software (GE Healthcare, version
7.2). Spots were detected with an estimate of 5000 spots for
the 2D-DIGE gel. Subsequently, a detection area excluding
the region of strip application, molecular weight marker,
and running front was determined. Spots with a volume
below 50,000 were defined to be background. Stained crumbs
originating from the dyes were eliminated by excluding spots
with an area below 300. False positive spots, for example,
produced by dye artifacts within the gel were removed
manually. After editing the gels were normalized towards the
Cy2 channel (internal standard).

2.8. Statistical Analysis. Spot IDs were allocated to each spot
detected and matched in the 2D-DIGE gels. An average ratio
of spot volumes from different samples was calculated for
each spot ID. An average calculated ratio of 3.0 indicates a 3-
fold volume increase when compared to the reference, while
an average ratio of —3.0 represents a 3-fold decrease in spot
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FIGURE 2: (a) to (c) Comparison of the samples using a 2SD model (SD, standard deviation). Spots upregulated in the first sample of the
comparison are depicted in yellow and downregulated spots are depicted in blue. Unregulated spots are shown as grey circles. The threshold
spot volume for a regulation (>2SD < -2SD) is shown as grey lines. The red curve represents the frequency distribution of the log volume
ratios. The blue curve represents a normalized model frequency fitted to the spot ratios so that the modal peak is zero. (a) Hyperoxia versus
control at day 0. Log volume ratio (x-axis) ranges from —1.0 to +1.0; number of spots ( y-axis) ranges from 0 to 420. (b) Hyperoxia versus
control at day 3. Log volume ratio (x-axis) ranges from —1.2 to +1.0; number of spots (y-axis) ranges from 0 to 420. (c) Hyperoxia versus
control at day 7. Log volume ratio (x-axis) ranges from —1.5 to +1.9; number of spots (y-axis) ranges from 0 to 320.

volume. Unchanged spot volumes have ideally an average
ratio of 1.0.

The values of 2-fold SD (twice standard deviation) and
the corresponding thresholds of spot volumes were calculated
and documented. Using filter settings for these threshold
values, differences in the spot volumes between two samples
were identified. Differences in spot volumes were significant
if the average ratio of the compared spot volumes was above
the calculated value for 2 standard deviations (2SD; Table 1).

Subsequent data analysis with DeCyder software was
performed using a model 2SD in combination with Student’s
t-test to determine differences between the samples. The
calculation was based on spot volumes after normalization
with the signals from the internal standard sample. Based
on the total spot number of detected spots and the standard
deviation the DeCyder 2D software calculates the threshold
of regulation. In case a spot volume of a certain spot in one
sample equates the x-fold of the spot volume in a second
sample, this spot is regulated if x is above the threshold of
regulation (x > threshold or x < threshold). A value for 2SD

TaBLE 1: Standard deviation for 2D-DIGE gels (2-dimensional
difference gel electrophoresis).

Threshold for
i 2SD

Comparison regulation (2SD)
Hyperoxia 0 day vs. control o1 170

0 day

Hyperoxia 3 day vs. control )82 154

3 day

Hyperoxia 7 day vs. control 270 178

7 day

SD = standard deviation; vs. = versus.

and a threshold was calculated for each comparison (Figures
2(a)—-2(c)).

Using DeCyder 2D software, the normalized spots were
matched and the gel images were grouped according to the
samples loaded on the gels. Comparison of the samples
was performed using the 2SD threshold for regulation and
Student’s ¢-test. Differences between the samples were defined
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to be significant if the average ratio of the spot volumes was
above or below the threshold for 2SD and the spot did pass
Student’s ¢-test (p = 0.05).

2.9. Spot Identification. Specified protein spots were identi-
fied with peptide mass fingerprint (PMF) using tryptic in-
gel digestion and MALDI-TOF-MS. The spots were manu-
ally excised from the specific gels and destained using an
acetonitrile buffer. In-gel digestion was performed overnight
with 0.05-0.15 ug trypsin (Serva, sequencing grade, category
number 37283) in NH,HCOj; buffer. Peptides were cocrystal-
lized with matrix (10 mg/ml a-cyano-hydroxycinnamic acid)
onto the MALDI target. Measurement was performed with a
4800 MALDI TOF/TOF Analyzer (AB Sciex) using positive
reflector mode (detection range m/z 700-4500).

Raw data were processed with Data Explorer software
(version 4.9, AB Sciex). All spectra were externally cali-
brated using a peptide calibration standard. The measured
monoisotopic peptide masses were compared to all sequences
of SwissProt database, species Rattus norvegicus, using the
software Mascot (Matrix Science).

For all samples automatically additional MS/MS mea-
surements by fragmenting the five most intense monoisotopic
masses from the PMF spectrum were performed. The mea-
sured monoisotopic peptide masses and the fragmentation
data (MS/MS) were combined for the Mascot search.

Mascot search (peptide mass fingerprint) against rat
sequences of SwissProt (http://www.uniprot.org/uniprot/)
was performed with the following settings: Enzyme =
“trypsin,” fixed modifications = “carbamidomethyl at cys-
teine,” and variable modifications = “oxidation of methion-
ine” Monoisotopic mass values with an unrestricted protein
mass using a peptide mass tolerance of +100 ppm were used
for identification. For the Mascot database search of the
PMF MS spectrum, protein hits with scores greater than 56
were considered significant (p < 0.05) (ions score is —10 =
log(P), where P is the probability that the observed match
is a random event). In case no proteins could be identified
from the first spectrum, additional database searches of
the automatically generated MS/MS spectra were performed
(analog: p < 0.05).

2.10. Functional Network Mapping and Molecular Pathway
Analysis. In order to understand the biological context of
the detected regulation of the renal proteome, a systematic
functional network mapping and molecular pathway analysis
was carried out (Ingenuity Pathways Analysis, IPA, v3.1;
Ingenuity Systems; Redwood City, CA, USA). This web-based
application enables the exploration of pathway networks
relevant to experimental protein expression array data [20].
First, the differentially regulated proteins (focus proteins)
were uploaded and used as starting points for building biolog-
ical networks. Based on relevant protein-protein interactions
known from the published data, IPA then determined the
interactions between the focus proteins and all other proteins
in the IPA-associated database.

After mapping, IPA calculated a score for the network
according to the fit of the protein set which quantifies the
probability of the focus proteins being found together in

a network at random distribution; values above 2.0 reflect
a confidence of at least 99% for the network map which is
not coincidence. Finally, biological functions assigned to each
network were ranked according to the significance of the
individual function to the network. p < 0.05 was considered
statistically significant.

2.11. PathwayStudio. PathwayStudio (online version; Elsevier,
UK) is a decision support tool, helping researchers analyze
and visualize disease mechanisms derived from published
scientific data. Organizations use PathwayStudio to sup-
port target discovery and validation, to better understand
the underlying mechanisms of disease in the context of
literature-based and experimental evidence. PathwayStudio
offers molecular interactions tagged to viewable sentences,
along with biological inference tools that help unravel hidden
biology in experimental data or literature-based evidence. It
incorporates normalization and statistical tools along with
flexible importers to enable analysis and visualization of gene
expression, proteomics, and metabolomics data.

3. Results

3.1. Physiological Parameters. During hyperoxia exposure,
inspired oxygen fraction was >0.9 after 3 minutes and >0.98
during the remaining time for the animals in the NH groups
while the inspired oxygen fraction of the NN group remained
at 0.21 during the whole duration. Besides pO, (581 + 28
versus 98 + 12 mmHg; p < 0.01), the measured physiological
parameters did not differ between groups (NH versus NN).

3.2. Protein Expression and Identified Pathways. Using these
techniques, a total of 2,094 protein spots were identified
in the gels. Expression of 14 proteins was significantly
altered: 8 proteins were downregulated (MEPIA_RAT (p =
0.012), RSSA_RAT (p = 0.035), FI6P1_.RAT (p = 0.011),
STML2_RAT (p = 0.011), BPNT1_RAT (p = 0.011), LGMN_
RAT (p = 0.011), ATPA_RAT (p = 0.03), and VDACI_RAT
(p = 0.03)) and 6 proteins were upregulated (MTUSI_RAT
(p = 0.022), FIGPLRAT (p = 0.042), ACTG_RAT (p =
0.042), ACTB_RAT (p = 0.042), 2ABA_RAT (p = 0.012),and
RABIA_RAT (p = 0.033); Figures 3(a)-3(d); Table 2). Most
proteins were significantly regulated at day 3. In contrast, at
day 0 and day 7 only few proteins were regulated. MEP1A and
VDACI were both significantly downregulated at day 3 (IF,
—4.17 and —1.81). Five proteins reached statistical significance
but were not able to be identified by the techniques used
(Table 2).

Using IPA, several profoundly affected pathways were
identified. MEP1A, BPNTI1, PPP2R2A, RPSA, LGMN,
MTUSIL, STOML2, VDACI, and FBPI were considered by
IPA as focus proteins with a significant influence in the
pathways identified (Figure 4).

Using the significantly regulated proteins, IPA identified
affected cellular pathways in association with hyperoxia
in the kidney: tight junction signaling (p < 0.00197)
and interleukin signaling (p < 0.00318). Additionally,
macrophage-stimulating protein/RON receptor signaling
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FIGURE 3: (a) Differences of spot volumes between control and hyperoxia at day 0, found with DeCyder. (b) Differences of spot volumes
between control and hyperoxia at day 3, found with DeCyder. (c) Differences of spot volumes between control and hyperoxia at day 7, found
with DeCyder. (d) Summary of all differences of spot volumes between control and hyperoxia samples as found with DeCyder.

pathway (p < 0.000567) and remodeling of epithelial adher-
ence junctions pathway (p < 0.000961) were identified as
significantly involved in the protein alterations found during
hyperoxia. In view of diseases and disorders, the regulated
proteins were associated with an inflammatory response (p <
0.00995), renal disease (p < 0.00995), and cell death (p <
0.0214) as well as renal necrosis/cell death (p < 0.0214).

Additionally, TPA associated the regulated proteins of
the present study to the following diseases/functions in
the organism (only significantly regulated proteins are
listed): organismal death (BPNT1, ACTGIl, ACTB, VDACI,
and RPSA), proliferation of cells (ATP5A1, BPNT1, FBP],
MTUSIL RABIA, RPSA, VDACI, ACTB, and ACTGl), necro-
sis (LGMN, MEPIA, PPP2R2A, RPSA, STOML2, VDACI,
ACTB, and ATP5AL1), and cell proliferation (RAB1A, RPSA,
BPNT], and RABIA).

Using PathwayStudio, a topic map of proteins present
at day 3 was generated (Figure 5). Eight different cellular
functions were identified: cell proliferation (stimulated), cell
migration (stimulated), mitosis (inhibited), oxidative stress
(inhibited), cell death (stimulated), apoptosis (stimulated),
cell differentiation, and cell growth (inhibited). All cellular
functions could be associated with oxidative stress.

Concerning toxicological functions, renal necrosis and
cell death were found to be significantly associated with the
protein alterations observed (p < 0.00214).

4. Discussion

In order to analyze the effect of hyperoxia treatment on rat
renal tissue, rat kidneys from animals at 0, 3, or 7 days
after hyperoxia or respective control treatment were used.
Subsequent analysis discovered 14 low abundant protein spots
(Table 2) that differed significantly in the hyperoxia and
control samples. Interestingly, more differences were found
at 3 days after hyperoxia treatment (4 spots) compared to
those at 7 days after treatment (1 spot) or at day 0 (3
spots). Meprin A (MEP1A) and voltage-dependent anion-
selective channel protein 1 (VDACI) seem to be the most
interesting renal tissue molecules after hyperoxic exposure.
Both proteins were downregulated at day 3 with VDACI
remaining downregulated at day 7.

4.1. General Hyperoxia Considerations. Prior studies have
demonstrated various short- and long-lasting effects of short-
term as well as long-term hyperoxia on several organs
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FIGURE 4: Exemplary protein network identified by IPA at day 3. MEPIA, BPNT1, PPP2R2A, RPSA, LGMN, MTUSI, STOML2, VDACI, and
FBP1 were considered focus proteins being significantly expressed. MEPIA is associated with interleukin. Also, TNF and TGF are members

in the network. Green = downregulation; red = upregulation.

(4,5, 7, 8], including the kidney [6]. However, the results of
several recent studies are inconclusive [13, 14, 21].

Popescu et al. have previously shown in a rat model
that a preterm hyperoxic insult results in a reduced nephron
number in adulthood. In another study of that group,
hyperoxia exposure resulted in a significant reduction in
both nephrogenic zone width and glomerular diameter and
a significantly increased apoptotic cell count [6]. Overall, this
study supports the premise that prematurely born neonates
exposed to high oxygen levels after birth are vulnerable
to impaired renal development [6]. Moreover, normobaric
hyperoxia created mild increases in renal tubular necrosis,
dilation, regeneration, and interstitial inflammation [7].

On the other hand, Sutherland and colleagues [14] ana-
lyzed the effect of long-acting hyperoxia in neonatal mice
but found no overt long-term effects of early life hyperoxia
on glomerular structure. Also Rostami et al. found no
significant impact of hyperoxia on protection from delayed
graft function [13]. Moreover, other authors even postulated

a protective effect on the kidneys through hyperoxic precon-
ditioning [21].

4.2. Meprin A. Meprin was first discovered in the early
1980s. Meprins are zinc-dependent metalloproteinases of the
astacin family that were initially isolated and characterized
from brush-border membranes of the rat kidneys [22-24].
They are abundantly expressed at the apical membranes of
the proximal tubules in the corticomedullary junction and
comprise 5% of the total proteins of kidney brush-border
membranes [23, 25].

The two isoforms Meprins A and B are highly regu-
lated and secreted. They are cell-surface homo- and het-
erooligomeric enzymes [26]. Recent progress in identify-
ing the ability of Meprin to degrade extracellular matrix
(ECM) proteins, to process proinflammatory cytokines, and
to promote leukocyte infiltration has revived further inter-
est in studying Meprin in a wide range of diseases, from
acute kidney injury (AKI) to inflammation [23]. There is
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FIGURE 5: Protein interaction 3 days after hyperoxia as identified by PathwayStudio (Elsevier, UK). Blue = downregulation; red = upregulation.

little information regarding the role of Meprin A in the
pathogenesis of significant renal syndromes such as acute
renal failure (ARF). Besides the fact that high concentrations
of Meprin may be considered as a biological marker of
ARE, little is known in conditions with reduced expression
of Meprin, as observed in the present study. MEP1A was
downregulated only at day 3 (IF —4.17). Additionally, IPA
revealed an association of MEP1A with tubular necrosis and
the protein was linked to interleukin expression (Figure 4).
However, Meprin A redistribution has been attributed to
cellular damage and promotion of inflammatory response
[27].

Other studies also reported that a reduced expression
of Meprin is detectable in inflammatory processes, for
example, in the bowel during colitis [28]. Keiffer and Bond
demonstrated that Meprins A and B cleave IL-6 to a smaller
product and, subsequently, are capable of extensive degra-
dation of the cytokine [29]. These results are consistent

with the proposition that one function of Meprin metallo-
proteases is to modulate inflammation by inactivating IL-6
[29].

Therefore, reduced expression of Meprin in the present
study could at least give an indication that there is a link
between hyperoxia and a cellular response in the kidney.

4.3. VDACL VDACI is an outer mitochondrial membrane
(OMM) protein, is crucial for regulating mitochondrial
metabolic and energetic functions, and acts as a convergence
point for various cell survival and death signals [30]. VDAC1
is also a key player in apoptosis, involved in cytochrome
¢ release and interactions with antiapoptotic proteins [30].
Weisthal and colleagues demonstrated that different apop-
tosis inducers caused VDACI overexpression. In contrast,
decreasing [Ca®*] inhibited VDAC1 overexpression [30].
However, in the present study, VDACI was less expressed
at days 3 and 7 after hyperoxia as compared to day 0. This
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could give an indication for altered mitochondrial metabolic
and energetic functions after hyperoxia. Additionally, this
protein was linked to organismal death, proliferation of cells,
and necrosis by IPA in our study.

Besides our own hypotheses, other studies also analyzed
the relevance of VDAC. Li and colleagues [31] found VDACI
to play a significant role in neuroprotection and to attenuate
both apoptotic and necrotic molecular pathways. Another
group of Chu and colleagues linked VDACI to cellular injury
in Parkinson’s disease [32]. Chen and colleagues found that
inhibition of VDACI prevents Ca®"-mediated oxidative stress
and apoptosis in the brain [33]. For the lung, Chacko et
al. found that expression of VDACI is required for full
processing and activation of caspase-8 and supports a role for
mitochondria in regulating apoptosis signaling via the death
receptor pathway [34].

Knowing these effects of VDACI, it may be possible that
reduced expression of VDACI in our study could be an
indicator of a cellular countermeasure to hyperoxia due to a
higher risk for apoptosis and cellular injury.

4.4. Bioinformatic Analyses. Interestingly, more differences
were found at 3 days after hyperoxia exposure (4 spots) than
at 7 days after exposure (1 spot) or at day 0 (3 spots). However,
it is not clear from the present point of view if the hyperoxic
protein regulation alterations are limited to the first few days
after exposure or if the proteomic technique used in this study
failed to identify further regulated proteins at day 7.

Rostami and colleagues [13] also published some evidence
for an only short-lasting protein effect of hyperoxia exposure.
These colleagues analyzed protein alteration in urine and
found most changes after 2-3 days. In their study, neu-
trophil gelatinase associated lipocalin (NGAL), interleukin
(IL1B), tumor necrosis factor (TNF-«), and transforming
growth factor-3 (TGF-8) were found to be reliable biomark-
ers for early diagnosis of kidney injury [13]. Although all
these proteins were not found in the kidney tissue of our
study, both Ingenuity Pathway Analysis and PathwayStudio
found an association with at least ILIB, TNF, and TGF
(Figure 4).

In agreement with other studies, our data also suggests
that MEP1A, which is connected in the IPA network with
IL1B, TNE and TGF (Figure 4), might be a promising
biomarker to detect hyperoxia-induced effects in the kidney.
While significantly altered pathways and signaling cascades
were identified with the present study approach, it remains
unclear if the effects observed are ultimately beneficial or
deleterious for renal tissue function.

Therefore, further studies on humans and in other easily
available tissues/materials (e.g., urine) are warranted.

4.5. Hyperoxia-Induced Protein Alterations in Other Organs.
Interactions of superoxide dismutases (SODs) with reactive
oxygen species (ROS) have important roles during hyperoxia
[35-37]. ROS toxicity has also been shown to be a common
feature underlying some respiratory diseases by initiating
inflammatory response, destruction of the alveolar-capillary
barrier, and impaired gas exchange [38, 39].
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In the lung, hyperoxia causes a massive production
of reactive oxygen species (ROS), which in turn initiate
inflammatory response, destruction of the alveolar-capillary
barrier, and impaired gas exchange [38, 39]. The excessive
production of ROS under hyperoxic conditions leads to
modifications of macromolecules and pulmonary cell death
[40, 41]. In the lung, an increased expression of the pro-
tein IFIT3 could represent a mechanism of oxygen toxicity
induced cell growth inhibition [5, 40, 41]. Furthermore, IFIT3
leads to an inhibition of interferon-3-induction and inhibits
Nuclear Factor kappa-B (NFxB) dependent gene induction
[42]. NF«B serves as a central mediator for detection of stress
and marshalling cellular defense systems [5]. These protein
alterations may counteract immune signaling of the lung and
were recently associated with cell growth inhibition, regula-
tion of apoptosis, and approval of structural cell integrity [5].

Besides pulmonary complications, cerebral effects during
hyperoxia remain to be a focus of prominent interest today,
as oxidative metabolism and the generation of ROS play
a major role in the central nervous system (CNS) [4, 43].
In the brain, hyperoxia causes a transient but significant
decrease in cerebral blood flow (CBF) [44], followed by a
later rise [45], and its major biological effects include an
induction of molecular stress responses, inflammation, and
modulation of cell death and cell growth [4, 46]. Also in
the brain, NFxB serves as a central mediator of stress and is
inhibited by hyperoxia [4] which also was demonstrated to be
associated with inflammation, Alzheimer’s disease, oxidative
stress, apoptosis, and cell death as well as cell growth, survival,
and differentiation pathways [4].

4.6. Limitations. Using the molecular techniques presented
has certain limitations. Since only low abundant protein spots
were found to have changed after exposure to hyperoxia,
interpretation of data has to be done carefully. It is always
possible that signals may originate from artificial background
staining and this can be easily missed if the signal is weak.
Since the protein samples are very complex and the high and
medium abundant proteins did not seem to be affected by the
treatment, a reduction of the complexity could be considered.

Separation of proteins in 2D gels reflecting only a smaller
window of the proteome, by, for example, using narrower
pH gradients, could reduce sample complexity. However,
using a smaller window may veil other proteins at the border
of possible detection (e.g., high or low pH or high or low
molecular mass).

An increase of the overall protein load could also be
considered in order to confirm the changes of low abundant
proteins that would then appear above the detection limit.

After analysis and identification of proteins by MALDI-
TOF mass spectrometry an additional validation of the
altered proteins by Western blot or immunohistochemistry
is often used to increase certainty of the results. We were
not able to perform such additional validation tests and,
therefore, careful interpretation of the data is required.
However, by using MALDI-TOF, tandem mass spectrometry,
and adjusted statistics (e.g., mascot score, etc.) a high validity
is achieved otherwise, used in the present study.
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5. Conclusions

The detailed characterization of organ-specific responses to
hyperoxia is critical to improving our understanding and
interpretation of alterations in cellular protein expression
of the kidney. In the present study, significant alterations
in renal protein expression could be demonstrated up to 7
days even after short-term hyperoxia. Hyperoxia treatment
apparently affected only low abundant proteins which were
mainly associated with inflammation signaling cascades.
This work has important implications in the use of
MEPIA and VDACI as potential biomarker candidates to
identify hyperoxic injury in kidney cells, for example, after
hyperoxia exposure or hyperoxia-induced organ inflamma-
tion. Whether Meprin A mediates cellular repair or indicates
tubular cell death in the kidney remains to be elucidated.
The altered proteins were identified in the renal tissue.
Therefore, future efforts could focus on detecting these pro-
teins in urine to facilitate identification of hyperoxic kidney
injuries, for example, in humans, and useful biomarkers for
identification of hyperoxia-induced cellular injury.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

References

(1] C.C. Bostek, “Oxygen toxicity: an introduction,” Journal of the
American Association of Nurse Anesthetists, vol. 57, no. 3, pp.
231-237, 1989.

[2] E. Calzia, P. Asfar, B. Hauser et al, “Hyperoxia may be
beneficial,” Critical Care Medicine, vol. 38, no. 10, pp. S559-S568,
2010.

[3] E. Damiani, E. Adrario, M. Girardis et al., “Arterial hyperoxia
and mortality in critically ill patients: a systematic review and
meta-analysis,” Critical Care, vol. 18, no. 6, 2014.

[4] J. Hinkelbein, R. E. Feldmann Jr., and A. Kalenka, “Time-
dependent alterations of cerebral proteins following short-term
normobaric hyperoxia,” Molecular and Cellular Biochemistry,
vol. 339, no. 1-2, pp. 9-21, 2010.

[5] O.Spelten, W. A. Wetsch, G. Wrettos, A. Kalenka, and J. Hinkel-
bein, “Response of rat lung tissue to short-term hyperoxia: a
proteomic approach,” Molecular and Cellular Biochemistry, vol.
383, no. 1-2, pp. 231-242, 2013.

[6] C.R.Popescu, M. R. Sutherland, A. Cloutier et al., “Hyperoxia
exposure impairs nephrogenesis in the neonatal rat: role of HIF-
la,” PLoS ONE, vol. 8, no. 12, Article ID e82421, 2013.

[7] D. Torbati, G. H. Tan, S. Smith et al., “Multiple-organ effect of
normobaric hyperoxia in neonatal rats,” Journal of Critical Care,
vol. 21, no. 1, pp. 85-93, 2006.

[8] T. M. Asikainen and C. W. White, “Pulmonary antioxidant
defenses in the preterm newborn with respiratory distress
and bronchopulmonary dysplasia in evolution: implications for
antioxidant therapy;,” Antioxidants and Redox Signaling, vol. 6,
no. 1, pp. 155-167, 2004.

[9] G. Tang, J. E. White, R. J. Gordon, P. D. Lumb, and M.-FE. Tsan,
“Polyethylene glycol-conjugated superoxide dismutase protects

(10]

(11]

(12]

(13]

(16]

(18]

(20]

(21]

[22]

(23]

(24]

1

rats against oxygen toxicity,” Journal of Applied Physiology, vol.
74, no. 3, pp. 1425-1431, 1993.

J. E Turrens, “Mitochondrial formation of reactive oxygen
species,” The Journal of Physiology, vol. 552, no. 2, pp. 335-344,
2003.

J. D. Lambeth, “NOX enzymes and the biology of reactive
oxygen,” Nature Reviews Immunology, vol. 4, no. 3, pp. 181-189,
2004.

X. Zhang, P. Shan, M. Sasidhar et al., “Reactive oxygen species
and extracellular signal-regulated kinase 1/2 mitogen-activated
protein kinase mediate hyperoxia-induced cell death in lung
epithelium,” American Journal of Respiratory Cell and Molecular
Biology, vol. 28, no. 3, pp. 305-315, 2003.

Z. Rostami, B. Einollahi, and M. H. Ghadiani, “Does living
donor hyperoxia have an impact on kidney graft function after
transplantation,” Nephro-Urology Monthly, vol. 5, no. 3, pp. 835-
839, 2013.

M. R. Sutherland, M. O’Reilly, K. Kenna et al,, “Neonatal
hyperoxia: effects on nephrogenesis and long-term glomerular
structure,” The American Journal of Physiology—Renal Physiol-
ogy, vol. 304, no. 10, pp. F1308-F1316, 2013.

J. Hinkelbein, R. E. Feldmann Jr., A. Peterka et al., “Alterations
in cerebral metabolomics and proteomic expression during
sepsis,” Current Neurovascular Research, vol. 4, no. 4, pp. 280-
288, 2007.

J. Hinkelbein, R. E. Feldmann Jr., C. Schubert et al., “Alterations
in rat serum proteome and metabolome as putative disease
markers in sepsis,” The Journal of Trauma, vol. 66, no. 4, pp.
1065-1075, 2009.

]. Hinkelbein, A. Kalenka, C. Schubert, A. Peterka, and R.
E. Feldmann Jr.,, “Proteome and metabolome alterations in
heart and liver indicate compromised energy production during
sepsis,” Protein and Peptide Letters, vol. 17, no. 1, pp. 18-31, 2010.
M. M. Bradford, “A rapid and sensitive method for the quanti-
tation of microgram quantities of protein utilizing the principle
of protein dye binding,” Analytical Biochemistry, vol. 72, no. 1-2,
pp. 248-254, 1976.

R. P. Tonge, J. Shaw, B. Middleton et al., “Validation and
development of fluorescence two-dimensional differential gel
electrophoresis proteomics technology;” Proteomics, vol. 1, no.
3, pp. 377-396, 2001.

I. C. Gerling, S. Singh, N. L. Lenchik, D. R. Marshall, and
J. Wu, “New data analysis and mining approaches identify
unique proteome and transcriptome markers of susceptibility to
autoimmune diabetes,” Molecular and Cellular Proteomics, vol.
5, no. 2, pp. 293-305, 2006.

H. Wahhabaghai, B. Rasoulian, M. Esmaili et al., “Hyperoxia-
induced protection against rat’s renal ischemic damage: relation
to oxygen exposure time,” Renal Failure, vol. 31, no. 6, pp. 514-
521, 2009.

C. Herzog, R. Seth, S. V. Shah, and G. P. Kaushal, “Role
of meprin a in renal tubular epithelial cell injury; Kidney
International, vol. 71, no. 10, pp. 1009-1018, 2007.

G. P. Kaushal, R. S. Haun, C. Herzog, and S. V. Shah, “Meprin
A metalloproteinase and its role in acute kidney injury; The
American Journal of Physiology—Renal Physiology, vol. 304, no.
9, pp. F1150-F1158, 2013.

A.J. Kenny and J. Ingram, “Proteins of the kidney microvillar
membrane. Purification and properties of the phosphorami-
don-insensitive endopeptidase (‘endopeptidase-2’) from rat
kidney;” Biochemical Journal, vol. 245, no. 2, pp. 515-524, 1987.



12

(25]

[26]

[27

(31]

(34]

[36]

(37]

[38

(39]

J. S. Bond, G. L. Matters, S. Banerjee, and R. E. Dusheck,
“Meprin metalloprotease expression and regulation in kidney,
intestine, urinary tract infections and cancer,” FEBS Letters, vol.
579, no. 15, pp. 3317-3322, 2005.

G. P.Bertenshaw, J. P. Villa, J. A. Hengst, and J. S. Bond, “Probing
the active sites and mechanisms of rat metalloproteases meprin
A and B, Biological Chemistry, vol. 383, no. 7-8, pp. 1175-1183,
2002.

J. Bylander, Q. Li, G. Ramesh, B. Zhang, W. B. Reeves, and J.
S. Bond, “Targeted disruption of the meprin metalloproteinase
beta gene protects against renal ischemia-reperfusion injury in
mice,” The American Journal of Physiology—Renal Physiology,
vol. 294, no. 3, pp. F480-F490, 2008.

M. Coskun, A. K. Olsen, T. L. Holm et al., “TNF-«a-induced
down-regulation of CDX2 suppresses MEPIA expression in col-
itis,” Biochimica et Biophysica Acta—Molecular Basis of Disease,
vol. 1822, no. 6, pp. 843-851, 2012.

T.R. Keiffer and J. S. Bond, “Meprin metalloproteases inactivate
interleukin 6,” The Journal of Biological Chemistry, vol. 289, no.
11, pp. 7580-7588, 2014.

S. Weisthal, N. Keinan, D. Ben-Hail, T. Arif, and V. Shoshan-
Barmatz, “Ca**-mediated regulation of VDACI expression
levels is associated with cell death induction,” Biochimica et
Biophysica Acta—Molecular Cell Research, vol. 1843, pp. 2270-
2281, 2014.

J. Li, J. Lu, Y. Mi et al,, “Voltage-dependent anion channels
(VDACs) promote mitophagy to protect neuron from death in
an early brain injury following a subarachnoid hemorrhage in
rats,” Brain Research, vol. 1573, pp. 74-83, 2014.

Y. Chu, J. G. Goldman, L. Kelly, Y. He, T. Waliczek, and J. H.
Kordower, “Abnormal alpha-synuclein reduces nigral voltage-
dependent anion channel 1 in sporadic and experimental
Parkinson’s disease,” Neurobiology of Disease, vol. 69, pp. 1-14,
2014.

H. Chen, W. Gao, Y. Yang et al,, “Inhibition of VDACI prevents
Ca’"-mediated oxidative stress and apoptosis induced by 5-
aminolevulinic acid mediated sonodynamic therapy in THP-1
macrophages,” Apoptosis, vol. 19, no. 12, pp. 1712-1726, 2014.

A. D. Chacko, E Liberante, I. Paul, D. B. Longley, and D. A.
Fennell, “Voltage dependent anion channel-1 regulates death
receptor mediated apoptosis by enabling cleavage of caspase-8,”
BMC Cancer, vol. 10, article 380, 2010.

O. Hori, J. Brett, T. Slattery et al., “The receptor for advanced
glycation end products (RAGE) is a cellular binding site for
amphoterin: mediation of neurite outgrowth and co-expression
of rage and amphoterin in the developing nervous system,” The
Journal of Biological Chemistry, vol. 270, no. 43, pp. 25752-
25761, 1995.

H. C. Koo, J. M. Davis, Y. Li et al., “Effects of transgene expres-
sion of superoxide dismutase and glutathione peroxidase on
pulmonary epithelial cell growth in hyperoxia,” The American
Journal of Physiology—Lung Cellular and Molecular Physiology,
vol. 288, no. 4, pp. L718-1726, 2005.

Y. Li, W. Zhang, L. L. Mantell, J. A. Kazzaz, A. M. Fein, and S.
Horowitz, “Nuclear factor-«B is activated by hyperoxia but does
not protect from cell death,” The Journal of Biological Chemistry,
vol. 272, no. 33, pp. 20646-20649, 1997.

A. S. Slutsky, “Lung injury caused by mechanical ventilation,”
Chest, vol. 116, pp. 95-15S, 1999.

A. B. Waxman, O. Einarsson, T. Seres et al., “Targeted lung
expression of interleukin-11 enhances murine tolerance of 100%

(41]

[42]

(43

Disease Markers

oxygen and diminishes hyperoxia-induced DNA fragmenta-
tion,” Chest, vol. 116, supplement 1, pp. 8S-9S, 1999.

L. L. Mantell, S. Horowitz, J. M. Davis, and J. A. Kazzaz,
“Hyperoxia-induced cell death in the lung—the correlation of
apoptosis, necrosis, and inflammation,” Annals of the New York
Academy of Sciences, vol. 887, pp. 171-180, 1999.

M. A. O'Reilly, “DNA damage and cell cycle checkpoints in
hyperoxic lung injury: braking to facilitate repair,” American
Journal of Physiology—Lung Cellular and Molecular Physiology,
vol. 281, no. 2, pp. L291-L305, 2001.

Y. Li, C. Li, P. Xue et al., “ISG56 is a negative-feedback regulator
of virus-triggered signaling and cellular antiviral response;
Proceedings of the National Academy of Sciences of the United
States ofAmerz’ca, vol. 106, no. 19, pp. 7945-7950, 2009.

B. Halliwell, “Reactive oxygen species and the central nervous
system,” Journal of Neurochemistry, vol. 59, no. 5, pp. 1609-1623,
1992.

M. Scholer, C. Lenz, W. Kuschinsky, K. E. Waschke, R. Knels,
and T. Frietsch, “Increased arterial oxygen content by artificial
haemoglobin induces a decrease in regional cerebral blood
flow and decreased regional cerebral oxygen delivery,” European
Journal of Anaesthesiology, vol. 26, no. 3, pp. 245-252, 2009.

D. N. Atochin, I. T. Demchenko, J. Astern, A. E. Boso, C. A.
Piantadosi, and P. L. Huang, “Contributions of endothelial and
neuronal nitric oxide synthases to cerebrovascular responses to
hyperoxia,” Journal of Cerebral Blood Flow and Metabolism, vol.
23, no. 10, pp. 1219-1226, 2003.

P. J. Lee and A. M. K. Choi, “Pathways of cell signaling in
hyperoxia,” Free Radical Biology and Medicine, vol. 35, no. 4, pp.
341-350, 2003.



