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Abstract: Background aim: Reperfusion after hemorrhagic traumatic shock (HTS) is often associated
with complications that are partly ascribed to the formation of reactive oxygen species (ROS). The aim
of our study was to compare the effects of restrictive reperfusion (RR) to rapid full reperfusion (FR)
on ROS formation and/or oxidative events. Materials and methods: Anesthetized male rats were
randomly subjected to HTS followed by FR (75 mL/kg/h) or RR (30 mL/kg/h for 40 min, followed
by 75 mL/kg/h) with Ringer’s solution (n = 8/group). Compartment-specific ROS formation
was determined by infusion of ROS scavenger 1-hydroxy-3-carboxy-2,2,5,5-tetramethyl-pyrrolidine
hydrochloride (CP-H) during resuscitation, followed by electron paramagnetic resonance
spectroscopy. Sham-operated animals (n = 8) served as controls. The experiment was
terminated 100 min post-shock. Results: Mean arterial pressure was significantly higher in the
FR compared to the RR group during early reperfusion. Only RR animals, not FR animals,
showed significantly higher ROS concentrations in erythrocytes (1951 ± 420 vs. 724 ± 75 AU) and in
liver (474 ± 57 vs. 261 ± 21 AU) compared to sham controls. This was accompanied by elevated
alanine aminotransferase and creatinine levels in RR animals compared to both shams and FR
animals, while lipid peroxidation products (thiobarbituric acid reactive substances) were significantly
increased only in the kidney in the FR group (p < 0.05). RR animals showed significantly higher
plasma peroxiredoxin-4 values when compared to the FR group (20 ± 2 vs. 14 ± 0.5 RLU). Conclusion:
Restrictive reperfusion after HTS is associated with increased ROS formation in erythrocytes and
liver compared to sham controls. Moreover, the restrictive reperfusion is associated with a more
pronounced injury to the liver and kidney, which is likely mediated by other than lipid peroxidation
process and/or oxidative stress reactions.
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1. Introduction

Hemorrhagic traumatic shock (HTS) is a major cause of death in people, regardless of
demographics. Mortality is directly associated with severe blood loss and coagulopathy as well as
secondary complications like infections and/or multiple organ failure (MOF) [1]. The pathophysiology
of HTS is complex and still not completely understood. Briefly, the massive blood loss causes
hypotension and reduced tissue perfusion with a subsequent imbalance of oxygen delivery and
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oxygen consumption [2]. Therefore, effective hemorrhage control and fluid resuscitation are the
main therapeutic approaches to improve survival. There is an ongoing discussion about optimal
resuscitation-on the one hand, about reperfusion strategies (rapid, delayed, hypotensive); and on
the other hand, about the type of fluids, such as crystalloids, colloids and blood [3]. However,
restoration of blood pressure and tissue perfusion by rapid infusion of large volumes of fluids can be
detrimental. At least under uncontrolled bleeding, the so-called full reperfusion (FR) can promote
rebleeding, dislodgment of blood clots, and additional injury to the formerly ischemic tissue [1].
In addition, reoxygenation of the formerly hypoxic cells is associated with activation of leukocytes
and release of proinflammatory proteins as well as enhanced formation of reactive oxygen species
(ROS). In general, ROS such as superoxide, hydrogen peroxide and hydroxyl anions are responsible
for damage to molecules such as proteins, lipids, and DNA. While under physiological conditions
damaging effects are counteracted by a number of antioxidants during reperfusion, these natural
defenses may be overwhelmed, and ROS can lead to additional tissue damage [4,5]. Therefore,
resuscitation strategies that minimize the release of ROS are desirable. Restrictive reperfusion (RR),
which allows restoration of blood circulation with a modest increase in blood pressure, is attractive for
prehospital settings. Using RR, different studies have described beneficial effects, such as decreased
blood loss, better splanchnic perfusion, reduced inflammation, and decreased apoptotic cell death [6–8].
In addition, Zifko et al. showed that ROS formation under restrictive reperfusion does not affect organ
function [9].

The aim of the present study was to investigate the organ-specific ROS formation during restrictive
reperfusion in comparison to full reperfusion after HTS and its potential pathophysiological relevance.

2. Material and Methods

2.1. Animals

Twenty-four male Sprague Dawley rats (390–490 g; Animal Research Laboratories,
Himberg, Austria) were kept under controlled standard conditions with free access to standard
laboratory rodent food and water during an adaptation period of at least 7 days before use in this study.
All experimental procedures were in accordance with the Guide for the Care and Use of Laboratory
Animals as defined by the National Institutes of Health and were approved by the Animal Protocol
Review Board of the city government of Vienna, Austria (MA58/6294/09/10).

2.2. Anesthesia and Instrumentation

The rats were deeply sedated in a preflooded box with 3% isoflurane for 1–2 min. To maintain
surgical depth anesthesia during the instrumentation period, 1% isoflurane was administered via mask.
The animals were positioned on a temperature-controlled surgical board (36–37 ◦C) during the entire
experiment. The left femoral vein was cannulated with a silicone catheter and connected to a three-way
stopcock for intravenous (i.v.) application of anesthetics, radical scavenger, and fluid treatment.
S-ketamine was applied i.v. at a rate of 60 mg/kg/h in combination with xylazine (2.5 mg/kg)
intramuscularly. During shock, the S-ketamine rate was reduced to 30 mg/kg/h. Left femoral artery
was cannulated for measurement of hemodynamic parameters and withdrawal of blood.

2.3. Hemorrhagic Traumatic Shock Model

The experimental procedure is illustrated in Figure 1. After instrumentation of the vessels,
hemodynamic parameters were allowed to stabilize for at least 5 min before baseline sampling and
the initiation of HTS. Heart rate (HR) and mean arterial blood pressure (MAP) were monitored
during the entire time of the experiment using PowerLab software system (ADInstruments Ltd.,
Oxford, UK). To simulate a trauma, a midline laparotomy was performed immediately before
the onset of hemorrhage. The incision was covered with saline-soaked gauze and closed after
20 min. Hemorrhage was initiated by manual blood withdrawal over five minutes until a MAP
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of 35 to 40 mmHg was reached. This pressure was maintained until the onset of decompensation
(after 50–90 min), a condition characterized by reversible blood pressure collapse that can be prevented
by repeated and obligatory fluid infusion.

Figure 1. Experimental set-up of hemorrhagic traumatic shock (HTS) and following reperfusion
strategies. Rats were subjected to HTS, including a midline laparotomy and hemorrhage,
to a mean arterial blood pressure (MAP) of 35–40 mmHg until reversible decompensation.
Then, the animals received a restricted reperfusion (30 mL/kg/h for 40 min to achieve a MAP of
50–55 mmHg) or a full reperfusion (75 mL/kg/h) with Ringer’s solution until a total reperfusion
volume of four times shed blood plus 20 mL was achieved. The radical scavenger CP-H
(1-hydroxy-3-carboxy-2.2.5.5-tetramethylpyrrolidine) was continuously infused during the entire
reperfusion time of 100 min. Sham-operated animals served as controls (not shown). Samples were
taken at baseline (BL), end of shock (EOS), and end of observation (EOO).

2.4. Reperfusion Strategies

At the time of decompensation, animals were randomly assigned to two different groups.
Animals assigned to the restrictive reperfusion group (n = 8) received Ringer’s solution (Fresenius
Kabi, Graz, Austria) at a rate of 30 mL/kg/h (as needed) to maintain MAP between 50 and 55 mmHg
for the first 40 min. Resuscitation was then continued using a rate of 75 mL/kg/h (four times the
shed blood volume). Animals assigned to the full reperfusion group (n = 8) received Ringer solution
at a rate of 75 mL/kg/h (four times the shed blood volume over 60 min). Thereafter, infusion was
continued at a rate of 30 mL/kg/h for 40 min. Sham-operated animals (n = 8) were subjected to the
same anesthesia and instrumentation protocol as shock-operated animals but without undergoing
HTS and reperfusion. The experiment was terminated at 100 min of resuscitation.

2.5. ROS Scavenging

For detection of superoxide and peroxynitrite radicals, the membrane permeable radical
scavenger CP-H (1-hydroxy-3-carboxy-2.2.5.5-tetramethylpyrrolidine, Noxygen Science Transfer &
Diagnostics, Germany) was administered immediately as a bolus of 9.0 mg/kg intravenously at
the onset of reperfusion, followed by a continuous infusion at the rate of 0.225 mg/kg/h during
the entire resuscitation time of 100 min. The CP-H was infused via a separate line and infusion
pump, thereby providing the same amounts/rate of CPH for each animal throughout the experiment
independent of the fluids infusion rate. The compound CP-H was dissolved immediately before use in
0.9% NaCl with 20 µM Desferal to a concentration of 5 mg/mL.
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2.6. Blood and Organ Sampling

Blood samples were obtained at baseline (BL), end of shock (EOS), and at the end of observation
(EOO). At the end of experiment, animals were sacrificed and organs (kidney, spleen, liver, heart, lung,
ileum, and colon) were harvested.

For ROS detection in red blood cells (RBC) and plasma, 3 mL of heparinized whole blood were
centrifuged (Centrifuge 5415 R, Eppendorf, Germany) at 7200 rpm for 15 min at room temperature.
The plasma supernatant and the remaining red blood cells, after removal of the buffy coat, were
aspirated into two separate syringes and frozen in liquid nitrogen. Furthermore, one aliquot of
each organ was placed in a 1-mL syringe and quickly frozen in liquid nitrogen. The frozen samples
were pressed out of the syringes and stored in tubes (Cryos, Greiner, Germany) at −80 ◦C until
EPR measurement.

The remaining tissue aliquots were frozen in liquid nitrogen and kept at −80 ◦C for thiobarbituric
acid reactive substances and myeloperoxidase analysis.

2.7. Blood Analysis

Heparinized arterial blood was used to measure pH, base excess (ABEc), lactate,
carbon dioxide (CO2), and oxygen (O2) partial pressure using an ABL 625 System blood gas analyzer
(Radiometer Medical A/S, Copenhagen, Denmark). Heparinized plasma samples were used for
measurement of creatine kinase (CK), lactate dehydrogenase (LDH), alanine aminotransferase (ALT),
creatinine (Crea), and urea with an automatic analyzer (Cobas c111, Roche Diagnostics, Austria).
Plasma samples were stored at −80 ◦C. Blood cell counts (hematocrit, erythrocytes, platelets,
and leukocytes) were determined using a CELL-DYN 1300 instrument (Abbott, Vienna, Austria).

2.8. Electron Paramagnetic Resonance (EPR) Spectroscopy

Electron paramagnetic resonance (EPR) spectroscopy was used to determine the ROS production
in frozen samples of animals receiving CP-H. CP-H is oxidized by reaction with ROS to form the stable
3-CP compound, which is detectable by EPR. The spectra were recorded at liquid nitrogen temperature
with an EPR spectrometer (MiniScope MS200, Magnatech, Berlin, Germany). The following settings
were used: microwave power 1 mW, MW attenuation 20 dB, frequency 9.5 GHz, modulation amplitude
5 G, field center 3361 G, field sweep 97 G, and sweep time 120 s.

2.9. Oxidative Stress Parameters

Thiobarbituric acid reactive substances (TBARS) concentration was determined using
QuantiChromTM TBARS assay kit (BioAssay Systems, Hayward, CA, USA). The analysis was
performed according to the manufacturer’s instructions by addition of 3 µM butylhydroxytoluol and
20 µM Desferal to the samples before homogenization to prevent further oxidation. TBARS were measured
using a POLARstar Omega fluorescence microplate reader (BMG LABTECH, Ortenberg, Germany).

The antioxidative enzyme peroxiredoxin-4 (Prx-4) was measured in a sandwich
chemoluminescence immunoassay using two antibodies directed against a peptide that corresponds to
amino acids 42 to 54 of mouse Prx-4. Homology to amino acids 41 to 53 of rat Prx-4 was confirmed.
The assay procedure has been described earlier [10]. Liver samples were immediately frozen in liquid
nitrogen, mechanically pulverized and lysed by sonication in HEPES–sucrose buffer in order to
extract intracellular protein. The protein concentration was determined using bicinchoninic acid assay
(Thermo Scientific Pierce, Rockford, IL, USA). Results are given as relative luminescence units (RLU)
per mg of protein.

2.10. Lung Damage Parameters

Neutrophil infiltration of the lung was determined by measuring myeloperoxidase (MPO) activity
by a slight modification of the method described by Mullane et al. [11]. Briefly, approximately 100 mg
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of thawed lung tissue was placed in 1 mL 20 mM potassium phosphate buffer (pH 6.0) with 0.5%
hexadectyltrimethylammonium bromide. The tissue was homogenized, sonicated, incubated at 60 ◦C
for 2 h to remove pseudoperoxidases, and centrifuged for 15 min at 13,000× g. The supernatant was
assayed for MPO activity using kinetic spectrophotometric reaction with o-dianisidine dihydrochloride
(Sigma Chemicals Co., St Louis, MO, USA), detected at 450 nm (Spectrophotometer SLT-Spectra,
Tecan, Austria).

Pulmonary liquid infiltration was measured by determining the wet versus dry weight ratio of
the lower left lobe of the lung after drying at 110 ◦C in a vacuum oven for 48 h.

2.11. Statistical Analysis

All parameters were tested for normality (Kolmogorov–Smirnov test) prior to analysis. Statistical
evaluation of data was performed by one-way ANOVA followed by Tukey’s post-test for parametric
distribution and Kruskal–Wallis followed by Dunn’s post-test for nonparametric distribution.
Differences were considered significant if p < 0.05. For all statistical analyses, GraphPad Prism
5.01 (GraphPad Software, San Diego, CA, USA) was used. Data are represented as mean ± SEM.

3. Results

3.1. HTS and Resuscitation Results in Reproducible Alteration of Hemodynamics and Shock Parameters

Our shock model revealed reproducibility in the amount of shed blood (7% of body weight)
and shock duration and did not differ significantly between the two shock groups (Table 1). As a
consequence, hematocrit, erythrocyte, and platelet counts dropped equally in both reperfusion groups
and did not show any differences at the EOO. In addition, all parameters were significantly lower
compared to sham-operated animals (p < 0.001). Similarly, leucocyte counts decreased significantly due
to hemorrhage and reperfusion in RR and FR group (p < 0.01 and p < 0.002, respectively) but without
any difference to sham-operated animals.

Mean arterial blood pressure, heart rate and body temperature (BT) were monitored during the
entire experiment. The MAP did not show any differences between the two shock groups at baseline
and at EOS. From EOS onwards, MAP differed significantly between the two shock groups during
the early phase of reperfusion. In the RR group, MAP was significantly lower during the first 40 min
reperfusion as required by the study protocol (p < 0.001). Afterwards, blood pressure was nearly
identical (showed a similar trend) in both shock groups (Figure 2). As a consequence of hemorrhage
and decrease in blood pressure, HR dropped significantly in both shock groups at EOS and during
the first 10 min of reperfusion. However, HR did not differ between the groups during the remaining
reperfusion time (Figure 2). BT did not differ between the groups at any point of time (data not shown).

According to our shock model, arterial blood gas sampling showed metabolic acidosis at the end of
shock in both groups. The pH and base excess decreased, while carbon dioxide partial pressure (pCO2)
decreased and oxygen partial pressure (pO2) increased due to respiratory compensation. In addition,
as an indicator of tissue minor perfusion, lactate levels also increased at the time of decompensation.
There were no differences between the two shock groups, but both groups were significantly different
to the sham. However, at the end of observation, resuscitation with Ringer’s solution resulted in a
decrease of lactate to baseline levels, whereas pH, ABEc, and pO2 remain unchanged (Table 2).
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Figure 2. Chronological sequence of mean (A) arterial blood pressure (MAP) and (B) heart rate in
sham (SH), restricted reperfusion (RR), and full reperfusion (FR) group during the entire experiment.
MAP and heart rate were measured at baseline (−75 min), end of shock (0 min), and during reperfusion
until the end of observation (100 min). Data are presented as mean ± SEM, n = 8 in each group,
* indicates significance between RR and FR group, # indicates significance between sham and shock,
p < 0.05.

Table 1. Body weight, shock duration, and shed blood in sham-operated animals and animals subjected
to HTS and resuscitation.

Group Body Weight (kg) Shock Duration (min) Shed Blood (%) Shed Blood (mL)

SH 0.42 ± 0.01 78.38 ± 2.21 8.40 ± 0.84 2.5 ± 0.29
RR 0.43 ± 0.01 78.75 ± 2.28 45.05 ± 1.58 # 13.64 ± 0.67 #

FR 0.43 ± 0.01 85.00 ± 2.75 43.51 ± 2.37 # 13.18 ± 0.75 #

SH = sham-operated animals, RR = restricted reperfusion, FR = full reperfusion. Shed blood in SH due to blood sampling.
n = 8 animals in each group. Data are presented as mean ± SEM, # indicates significance versus sham, p < 0.05.

Table 2. Alteration of shock parameters in sham-operated animals and animals subjected to HTS
and resuscitation.

Group Time Point pH ABEc, mmol/L Lactate, mg/dL pO2, mmHg pCO2, mmHg

SH BL 7.35 ± 0.01 0.13 ± 0.61 4.8 ± 0.6 62.8 ± 2.6 47.3 ± 1.3
EOS
EOO 7.32 ± 0.01 −2.35 ± 0.85 5.3 ± 0.6 69.1 ± 2.2 45.6 ± 1.3

RR BL 7.34 ± 0.01 0.48 ± 1.07 4.1 ± 0.4 72.2 ± 10.4 48.8 ± 2.5
EOS 7.21 ± 0.01 * −14.16 ± 0.65 * 46.4 ± 3.0 * 90.2 ± 3.4 * 31.6 ± 1.7 *
EOO 7.16 ± 0.05 *,# −13.35 ± 1.32 *,# 9.6 ± 1.3 †,# 87.0 ± 6.5 * 41.2 ± 4.1

FR BL 7.34 ± 0.01 −1.08 ± 0.93 5.0 ± 0.7 60.2 ± 1.4 45.6 ± 2.1
EOS 7.17 ± 0.02 * −15.58 ± 0.73 * 37.6 ± 3.0 * 88.3 ± 4.2 * 31.3 ± 2.0 *
EOO 7.21 ± 0.01 *,# −11.85 ± 0.51 *,#,† 6.6 ± 0.8 † 80.5 ± 5.7 * 37.3 ± 1.4

SH = sham-operated animals, RR = restricted reperfusion, FR = full reperfusion. Arterial blood gases (pH, base excess
(ABEc), lactate, oxygen (pO2) and carbon dioxide (pCO2) partial pressure) were measured at baseline (BL), end of
shock (EOS) and at the end of observation (EOO). n = 8 animals in each group. Data are presented as mean ± SEM,
* indicates significance versus baseline, # indicates significance sham versus shock, † indicates significance EOS
versus EOO, p < 0.05.

3.2. Compartment-Specific Changes in ROS Formation and Oxidative Events after Hemorrhage and
Resuscitation

EPR analysis revealed organ-specific ROS formation. The highest levels were found in red
blood cells (RBC) (SH: 724 ± 75 AU; RR: 1951 ± 420 AU; FR: 1095 ± 154 AU) and the lowest in the
heart (SH: 72 ± 6 AU; RR: 62 ± 4 AU; FR: 59 ± 7 AU). Only restrictive reperfusion resulted in a
significant increase in ROS formation in RBCs and in liver (p < 0.05) when compared to sham controls
(Figure 3A,D). In the kidney, ROS levels were lower in the RR group than in the sham group but
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did not reach significance (Figure 3E). Hemorrhage and reperfusion did not affect ROS formation in
plasma heart, lung, spleen, ileum, and colon compared to sham animals (Figure 3B,C,F–I). Comparing
the two shock groups, there was no difference in ROS formation between the two reperfusion regimens
in all different compartments analyzed (Figure 3A–I).

Thiobarbituric acid reactive substances, an end product of lipid peroxidation, did not differ
between groups in liver and ileum (Figure 4A,C). However, in the kidney, TBARS were significantly
higher in the FR group when compared to sham group (Figure 4B).

Peroxiredoxin-4 (Prx-4) is an antioxidative enzyme that is increased during oxidative stress.
Prx-4 in plasma increased in both shock groups (RR: p < 0.001; FR: p < 0.01) at the end of observation
when compared to sham controls (Figure 5A). Furthermore, the RR group displayed significantly
higher plasma levels (p < 0.05) of Prx-4 when compared to the FR group (Figure 5A). However,
Prx-4 concentrations in liver did not differ between the groups (Figure 5B).

Figure 3. Compartment-specific ROS formation (A – I) in animals subjected to HTS and restricted
reperfusion (RR) or full reperfusion (FR) and sham controls (SH) at the end of experiment.
RBC = red blood cells. Data are presented as median, boxes indicate 25th and 75th percentiles,
whiskers represent the range, n = 8 in each group, * p < 0.05.

Figure 4. Thiobarbituric acid reactive substances (TBARS) formation in (A) liver, (B) kidney,
and (C) ileum in sham-operated (SH) and animals subjected to HTS and resuscitation. RR = restricted
reperfusion, FR = full reperfusion. TBARS formation was determined at the end of observation.
Data are presented as median, boxes indicate 25th and 75th percentiles, whiskers represent the range,
n = 8 in each group, * p < 0.05. The dash lines represent the average laboratory control values obtained
in 5 healthy animals.
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Figure 5. Oxidative stress measured by the antioxidative enzyme peroxyredoxin-4 (Prx-4) in plasma
(A) and liver (B) in sham-operated animals (SH) and animals subjected to HTS and resuscitation.
RR = restricted reperfusion, FR = full reperfusion. Data are presented as median, boxes indicate 25th
and 75th percentiles, whiskers represent the range, n = 8 in each group, * indicates significance at EOO
between RR versus FR, # indicates significance at EOO between SH versus both reperfusion groups,
p < 0.05. The dash line represents the average laboratory control value obtained in five healthy animals.

3.3. Cell and Organ Injury

At the end of observation, the hemorrhage- and reperfusion-induced cellular injury assessed by
creatine kinase (CK) and lactate dehydrogenase (LDH) were significantly enhanced in the RR group
compared to sham animals, with no difference between the two reperfusion regimens (Figure 6A,B).

HTS followed by reperfusion resulted in a significant increase in ALT, Crea and urea at EOO
when compared to sham (p < 0.05). In addition, Crea and ALT values were significantly higher in the
RR group when compared to the FR group (Figure 7A–C).

Myeloperoxidase (MPO), reflecting the migration of neutrophils in lung tissue, was enhanced in
both shock groups at the end of observation, reaching significance level (p < 0.001) in the RR group
compared to sham (Figure 8A). The wet/dry weight ratio reflecting liquid infiltration into the lung
tissue increased in both groups (p < 0.05 vs. sham) with no difference between groups (Figure 8).

Figure 6. Cellular injury in sham-operated animals (SH) and in restricted reperfusion (RR) and full
reperfusion (FR) group. (A) Plasma creatine kinase (CK) and (B) lactate dehydrogenase (LDH)
were measured at baseline (dotted line) and end of observation. Data are presented as median,
boxes indicate 25th and 75th percentiles, whiskers represent the range, n = 8 in each group, # indicates
significance at EOO between SH versus both reperfusion groups, p < 0.05. The dash lines represent the
average laboratory control values obtained in five healthy animals.
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Figure 7. Alteration of organ function in sham-operated animals (SH) and in restricted reperfusion (RR)
and full reperfusion (FR) group. Plasma alanine aminotransferase (ALT), creatinine (Crea), and urea
were measured at baseline (dotted line) and end of observation (A–C). Data are presented as median,
boxes indicate 25th and 75th percentiles, whiskers represent the range, n = 8 in each group, * indicates
significance at EOO between RR versus FR, # indicates significance at EOO between SH versus both
reperfusion groups, p < 0.05. The dash lines represent the average laboratory control values obtained
in five healthy animals.

Figure 8. (A) Migration of neutrophils and (B) pulmonary liquid infiltration into lungs in
sham-operated animals (SH) and animals subjected to HTS and resuscitation. RR = restricted
reperfusion, FR = full reperfusion. (A) Myeloperoxidase activity (MPO) and (B) wet/dry ratio was
measured in lung tissue at end of observation. Data are presented as median, boxes indicate 25th and
75th percentiles, whiskers represent the range, n = 8 in each group, # p < 0.05 versus other groups.
The dash line represents the average laboratory control value obtained in five healthy animals.

4. Discussion

It has been widely documented that damage to the tissue mediated by ischemia/reperfusion
occurs during reperfusion phase due to the activation of oxidative stress, a process initiated by one
electron reduction of molecular oxygen delivered to tissues during reperfusion. In contrast to normoxic
tissue, reoxigenation of ischemic tissue is accompanied by oxidative stress because a number of
pro-oxidant molecules are generated during ischemic phase, such as xanthine oxidase [12] or free
iron [13]. Hemorrhagic shock is associated with a global ischemia, and acute organ failure is a frequent
complication after reperfusion. Current guidelines recommend a rapid restoration of blood pressure
with subsequent restoration of tissue oxygenation. However, a rapid reperfusion/oxygenation is
supposed to be accompanied by excessive ROS release and subsequent additional cell and tissue
damage. Our present study does not confirm this assumption. By infusing the radical scavenger CP-H
followed by EPR analysis, we determined that radicals such as superoxide and peroxynitrite were
formed in individual compartments during the reperfusion period after hemorrhagic/traumatic shock.
Although it is not yet clearly defined what CP-H measures, the assay itself has the advantage that
tissue samples are measured frozen without being necessarily processed. As the assay is standardized
and reproducible, the relative changes and differences observed are shock- and reperfusion-related.
Our study showed organ-specific changes in ROS formation following HTS, which was influenced
by the mode of reperfusion. Compared to sham controls, the restrictive reperfusion (RR group)
was associated with enhanced ROS formation in RBCs and in the liver; however, this was not the case
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for rapid full reperfusion (FR group). In other compartments, such as heart, lung, spleen, intestine,
and plasma ROS, formation was similar in all three groups—sham, RR, and FR.

Our results showed trendwise lower ROS formation in kidney in the RR group compared to
sham. A possible explanation for the reduced accumulating ROS in the kidney could be that during
RR, less oxygen radicals are formed because of insufficient renal oxygenation. Our previous study [9]
has shown that a decline in perfusion is associated with a decrease in both 3-CP and CP-H-derived
3-CP concentration in kidney. It may also be that the kidney has sufficient antioxidative capacity
to protect the organ from damage caused as a consequence of minor perfusion and ROS formation.
Thus, interpretation of the kidney concentration of ROS in the RR group is limited. More importantly,
even an instant reperfusion (FR group) did not affect ROS formation when compared to the sham
controls. In addition, the elevated TBARS noted in the kidney in the FR group did not differ to
the RR group. Finally, the renal dysfunction, as assessed by the plasma creatinine concentration,
was significantly ameliorated in FR compared to the RR group. Our results are in line with the report
by Legrand et al. [14], which showed that rapid correction of the MAP (80 mmHg) with saline restored
renal blood flow and creatinine clearance in comparison to a low MAP resuscitation (40 mmHg). This
suggests that upon RR, kidney—as an organ with higher perfusion rate—suffers more from reduced
blood flow than from hypoxia. Consequently, elevated levels of creatinine observed in RR could be due
to reduced perfusion rate rather than due to kidney damage. In fact, it has been shown that glomerular
filtration rate and renal plasma flow decreased proportionally upon lowering MAP [15].

Liver cells contain high levels of mitochondria, which are believed to be the main source for
ROS formation. Therefore, it is not surprising that ROS formation is markedly increased in liver after
HTS and reperfusion in both reperfusion groups, reaching significance in the RR group. In line with
this, HTS and reperfusion induced liver injury, as reflected by an increase in ALT levels. Importantly,
this increase was significantly higher in the RR group compared to the FR group, demonstrating
that prolonged hypoxia associated with enhanced ROS formation has an amplifying influence on
HTS-induced liver injury. Two earlier studies implicating the same restricted reperfusion model
have shown no increased ROS levels in liver tissue after 40 min of restricted reperfusion by EPR
measurement [9,16]. The study by Duvingeau et al. showed no increased ROS levels in the liver after
3 h of reperfusion. The present experiment was terminated 100 min after reperfusion, an intermediate
time point, indicating a temporal transition of ROS levels during reperfusion. However, we observed
elevated TBARS concentrations in the liver. It is reasonable that the antioxidative capacity of the
organism is still efficient enough in neutralizing ROS at this early time point. However, at later time
points, this capacity may be exhausted and further tissue damage could occur due to oxidative stress.

We detected the highest ROS formation in the circulation, namely in the red blood cells (RBC)
and not in organs. As mentioned above, the main ROS source in cells is mitochondria. Despite lacking
mitochondria, ROS are continuously produced in RBCs due to the oxygen carrier capacity of
hemoglobin and high O2 tension in arterial blood [17]. The increased ROS formation in the RR
group is most likely due to increased auto-oxidation of hemoglobin. Scavenging superoxide radicals
by CP-H does not affect the ROS generated by HTS and reperfusion. Thus, one may assume that
radicals other than superoxide, such as peroxynitrite, are involved. Puppo and Halliwell estimated
that oxyhemoglobin and methemoglobin caused formation of OH− radicals from H2O2 [18]. However,
in the present study, we did not specify the amounts of OH− radical. This remains to be characterized
in further studies.

Oxidative stress is defined as an imbalance between ROS formation and the antioxidative capacity
of the organism. We evaluated plasma levels of the antioxidative enzyme peroxiredoxin-4 (Prx-4),
which is notably the only secreted isoform of the Prx family in humans and animals [19,20]. Prx-4 is
augmented during oxidative stress [21]. In our study, Prx-4 levels were elevated in plasma during
reperfusion with the RR group, showing significantly higher Prx-4 levels than the FR group. In general,
oxidative stress is tissue-dependent, and processes in plasma and RBCs can differ. Prx-1 to Prx-6 may
be expressed in different tissues and cell compartments where they exert their antioxidant and other
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functions. Prx-4 is ubiquitously expressed with highest expression in the pancreas, liver, and heart.
However, in the present study, prx4 levels did not differ between sham and shock groups. In RBCs,
Prx-2 (not Prx-4) is one of the most prominent antioxidants [22]. There is not necessarily a link between
high ROS content in RBCs and increased Prx-4 levels in plasma. Prx4 secretion could lead to a loss of
intracellular or membrane-bound Prx4, which would result in a changed capacity to remove H2O2,
to regulate redox mechanisms or to participate in signaling pathways in the cellular vicinity. Thus,
we speculate that prolonged minor perfusion that occurs during RR leads to more oxidative stress than
fast reperfusion, resulting in enhanced release of prx4.

Numerous studies have suggested that oxidative stress is also involved in the pathogenesis of
cardiovascular diseases. Abbasi et al. have given evidence that elevated Prx4 levels are associated with
higher risk of incident cardiovascular disease [23]. However, in our study, direct RONS measurement
by EPR showed the lowest ROS levels in the heart, maybe due to the fact that the heart—as the most
vital organ—is still perfused enough during shock and reperfusion. This circumstance is also displayed
by plasma CK levels, which increased equally in both reperfusion groups when compared to sham.

Despite equal ROS formation, neutrophil infiltration into the lungs was more pronounced in
the FR group. Nevertheless, lung edema after HTS and reperfusion did not differ between the RR
and FR groups. One may assume that the HTS-induced lung permeability changes observed in the
present study are not directly related to the ROS formation in the lung. In this respect, it is important
to note that CP-H treatment according to our protocol scavenges the ROS that are potentially formed
in organs.

In the present study, TBARS concentration in liver and kidney were not in line with the findings
of direct ROS formation detected in organs. While ROS formation in liver was significantly higher
in the RR group compared to sham animals, TBARS did not differ between the groups. Similarly,
lower ROS formation in the kidney was paralleled by elevated TBARS. TBARS are the product of lipid
peroxidation; their accumulation indicates the damage to biomembranes. The absence of a coincidence
between liver damage marker (ALT) and TBARS indicate that lipid peroxidation was probably not
the leading process resulting in increased ALT release in the RR group. Recently, an activation of a
number of signaling cascades, such as hypoxia inducible factor (HIF) and vascular endothelial factor
(VEGF), has been suggested to be key mechanisms in the ROS action in hypoxia reperfusion [24,25].

Considering the gut as a possible source in the development of MOF [26], we determined oxidative
events in the ileum by assessing ROS formation and TBARS. The RR regime has been associated with
a delay in MAP recovery (MAP significantly lower in the RR group than in FR within the first 40 min),
most likely paralleled by lower perfusion rate of organs in the RR group compared to the FR group.
We found no significant differences between the shock and the sham groups in the present study.
The lack of adverse effect on ileum might be due to the higher resistance of rats to the under perfusion.
However, ROS and TBARS levels showed an ascending trend when compared to sham, indicating the
susceptibility of this organ to HTS and reperfusion.

Our data suggest that only the restrictive reperfusion after HTS is associated with increased ROS
formation in erythrocytes and liver compared to the sham controls. Moreover, compared to the full
reperfusion, the restrictive reperfusion is associated with more pronounced liver and kidney injury.
Possible contribution of ROS to liver damage is most likely due to ROS-mediated signaling rather than
due to oxidative damage of biomolecules, e.g., by lipid peroxidation. Increased levels of creatinine in
blood are due to low rate of kidney perfusion rather than kidney tissue damage. Increased release
of the antioxidant enzyme peroxiredoxin-4 into plasma can be a good marker of enhanced oxidative
stress due to prolonged minor perfusion.

Author Contributions: C.P., A.K. and S.B. were involved in conceptualization of the study; C.P., A.Z., M.J., A.K.,
J.S. (Joachim Struck), and S.B. established methods and performed Experiments: J.M., C.P., and A.Z. validated
the results. C.P., M.J., J.S. (Janin Schulte), and M.S. performed analysis; C.P., A.Z., A.K., and S.B. prepared the
original draft of manuscript. C.P., A.K., S.B., and J.S. (Janin Schulte) reviewed and edited the final version of the
manuscript; S.B. supervised the project.



Molecules 2018, 23, 2195 12 of 13

Funding: This research received no external funding.

Acknowledgments: The authors would like to thank Anna Khadem and Christine Kober for technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kauvar, D.S.; Wade, C.E. The epidemiology and modern management of traumatic hemorrhage: US and
international perspectives. Crit. Care 2005, 9 (Suppl. 5), S1–S9. [CrossRef] [PubMed]

2. Hierholzer, C.; Billiar, T.R. Molecular mechanisms in the early phase of hemorrhagic shock.
Langenbecks Arch. Surg. 2001, 386, 302–308. [CrossRef] [PubMed]

3. Santry, H.P.; Alam, H.B. Fluid resuscitation: Past, present, and the future. Shock 2010, 33, 229–241. [CrossRef]
[PubMed]

4. Girn, H.R.; Ahilathirunayagam, S.; Mavor, A.I.; Homer-Vanniasinkam, S. Reperfusion syndrome: Cellular
mechanisms of microvascular dysfunction and potential therapeutic strategies. Vasc. Endovasc. Surg. 2007,
41, 277–293.

5. Anaya-Prado, R.; Toledo-Pereyra, L.H. The molecular events underlying ischemia/reperfusion injury.
Transplant. Proc. 2002, 34, 2518–2519. [CrossRef]

6. Bahrami, S.; Zimmermann, K.; Szelenyi, Z.; Hamar, J.; Scheiflinger, F.; Redl, H.; Junger, W.G. Small-volume
fluid resuscitation with hypertonic saline prevents inflammation but not mortality in a rat model of
hemorrhagic shock. Shock 2006, 25, 283–289. [CrossRef] [PubMed]

7. Lu, Y.Q.; Cai, X.J.; Gu, L.H.; Wang, Q.; Huang, W.D.; Bao, D.G. Experimental study of controlled fluid
resuscitation in the treatment of severe and uncontrolled hemorrhagic shoc. J. Trauma 2007, 63, 798–804.
[CrossRef] [PubMed]

8. Varela, J.E.; Cohn, S.M.; Diaz, I.; Giannotti, G.D.; Proctor, K.G. Splanchnic perfusion during delayed,
hypotensive, or aggressive fluid resuscitation from uncontrolled hemorrhage. Shock 2003, 20, 476–480.
[CrossRef] [PubMed]

9. Zifko, C.; Kozlov, A.V.; Postl, A.; Redl, H.; Bahrami, S. Rons formation under restrictive reperfusion does not
affect organ dysfunction early after hemorrhage and trauma. Shock 2010, 34, 384–389. [CrossRef] [PubMed]

10. Schulte, J.; Struck, J.; Bergmann, A.; Kohrle, J. Immunoluminometric assay for quantification of peroxiredoxin
4 in human serum. Clin. Chim. Acta 2010, 411, 1258–1263. [CrossRef] [PubMed]

11. Mullane, K.M.; Kraemer, R.; Smith, B. Myeloperoxidase activity as a quantitative assessment of neutrophil
infiltration into ischemic myocardium. J. Pharmacol. Methods 1985, 14, 157–167. [CrossRef]

12. Nanduri, J.; Vaddi, D.R.; Khan, S.A.; Wang, N.; Makerenko, V.; Prabhakar, N.R. Xanthine oxidase mediates
hypoxia-inducible factor-2alpha degradation by intermittent hypoxia. PLoS ONE 2013, 8, e75838. [CrossRef]
[PubMed]

13. Dungel, P.; Perlinger, M.; Weidinger, A.; Redl, H.; Kozlov, A.V. The cytoprotective effect of nitrite is based on
the formation of dinitrosyl iron complexes. Free Radic. Biol. Med. 2015, 89, 300–310. [CrossRef] [PubMed]

14. Legrand, M.; Mik, E.G.; Balestra, G.M.; Lutter, R.; Pirracchio, R.; Payen, D.; Ince, C. Fluid resuscitation
does not improve renal oxygenation during hemorrhagic shock in rats. Anesthesiology 2010, 112, 119–127.
[CrossRef] [PubMed]

15. Weening, J.J.; van der, W.A. Effect of decreased perfusion pressure on glomerular permeability in the rat.
Lab. Investig. 1987, 57, 144–149. [PubMed]

16. Duvigneau, J.C.; Kozlov, A.V.; Zifko, C.; Postl, A.; Hartl, R.T.; Miller, I.; Gille, L.; Staniek, K.; Moldzio, R.;
Gregor, W.; et al. Reperfusion does not induce oxidative stress but sustained endoplasmic reticulum stress in
livers of rats subjected to traumatic-hemorrhagic shock. Shock 2010, 33, 289–298. [CrossRef] [PubMed]

17. Cimen, Y. Free radical metabolism in human erythrocytes. Clin. Chim. Acta 2008, 390, 1–11. [CrossRef]
[PubMed]

18. Puppo, A.; Halliwell, B. Formation of hydroxyl radicals from hydrogen peroxide in the presence of iron.
Is haemoglobin a biological Fenton reagent? Biochem. J. 1988, 249, 185–190. [CrossRef] [PubMed]

19. Okado-Matsumoto, A.; Matsumoto, A.; Fujii, J.; Taniguchi, N. Peroxiredoxin IV is a secretable protein with
heparin-binding properties under reduced conditions. J. Biochem. 2000, 127, 493–501. [CrossRef] [PubMed]

20. Wood, Z.A.; Schroder, E.; Robin, H.J.; Poole, L.B. Structure, mechanism and regulation of peroxiredoxins.
Trends Biochem. Sci. 2003, 28, 32–40. [CrossRef]

http://dx.doi.org/10.1186/cc3779
http://www.ncbi.nlm.nih.gov/pubmed/16221313
http://dx.doi.org/10.1007/s004230100242
http://www.ncbi.nlm.nih.gov/pubmed/11466573
http://dx.doi.org/10.1097/SHK.0b013e3181c30f0c
http://www.ncbi.nlm.nih.gov/pubmed/20160609
http://dx.doi.org/10.1016/S0041-1345(02)03471-1
http://dx.doi.org/10.1097/01.shk.0000208808.03148.ea
http://www.ncbi.nlm.nih.gov/pubmed/16552361
http://dx.doi.org/10.1097/TA.0b013e31815202c9
http://www.ncbi.nlm.nih.gov/pubmed/18090008
http://dx.doi.org/10.1097/01.SHK.0000094036.09886.9b
http://www.ncbi.nlm.nih.gov/pubmed/14560114
http://dx.doi.org/10.1097/SHK.0b013e3181d8e578
http://www.ncbi.nlm.nih.gov/pubmed/20844412
http://dx.doi.org/10.1016/j.cca.2010.05.016
http://www.ncbi.nlm.nih.gov/pubmed/20493180
http://dx.doi.org/10.1016/0160-5402(85)90029-4
http://dx.doi.org/10.1371/journal.pone.0075838
http://www.ncbi.nlm.nih.gov/pubmed/24124516
http://dx.doi.org/10.1016/j.freeradbiomed.2015.08.012
http://www.ncbi.nlm.nih.gov/pubmed/26415027
http://dx.doi.org/10.1097/ALN.0b013e3181c4a5e2
http://www.ncbi.nlm.nih.gov/pubmed/19996951
http://www.ncbi.nlm.nih.gov/pubmed/3613526
http://dx.doi.org/10.1097/SHK.0b013e3181aef322
http://www.ncbi.nlm.nih.gov/pubmed/19503022
http://dx.doi.org/10.1016/j.cca.2007.12.025
http://www.ncbi.nlm.nih.gov/pubmed/18243141
http://dx.doi.org/10.1042/bj2490185
http://www.ncbi.nlm.nih.gov/pubmed/3342006
http://dx.doi.org/10.1093/oxfordjournals.jbchem.a022632
http://www.ncbi.nlm.nih.gov/pubmed/10731722
http://dx.doi.org/10.1016/S0968-0004(02)00003-8


Molecules 2018, 23, 2195 13 of 13

21. Schulte, J.; Struck, J.; Kohrle, J.; Muller, B. Circulating levels of peroxiredoxin 4 as a novel biomarker of
oxidative stress in patients with sepsis. Shock 2011, 35, 460–465. [CrossRef] [PubMed]

22. Ogasawara, Y.; Ohminato, T.; Nakamura, Y.; Ishii, K. Structural and functional analysis of native
peroxiredoxin 2 in human red blood cells. Int. J. Biochem. Cell Biol. 2012, 44, 1072–1077. [CrossRef]
[PubMed]

23. Abbasi, A.; Corpeleijn, E.; Postmus, D.; Gansevoort, R.T.; de Jong, P.E.; Gans, R.O.; Struck, J.; Schulte, J.;
Hillege, H.L.; van der, H.P.; et al. Peroxiredoxin 4, a novel circulating biomarker for oxidative stress and
the risk of incident cardiovascular disease and all-cause mortality. J. Am. Heart Assoc. 2012, 1, e002956.
[CrossRef] [PubMed]

24. Hu, Z.; Dong, N.; Lu, D.; Jiang, X.; Xu, J.; Wu, Z.; Zheng, D.; Wechsler, D.S. A positive feedback loop between
ROS and Mxi1-0 promotes hypoxia-induced VEGF expression in human hepatocellular carcinoma cells.
Cell Signal. 2017, 31, 79–86. [CrossRef] [PubMed]

25. Marin, J.J.G.; Lozano, E.; Perez, M.J. Lack of mitochondrial DNA impairs chemical hypoxia-induced
autophagy in liver tumor cells through ROS-AMPK-ULK1 signaling dysregulation independently of HIF-1α.
Free Radic. Biol. Med. 2016, 101, 71–84. [CrossRef] [PubMed]

26. Sobhian, B.; Jafarmadar, M.; Redl, H.; Bahrami, S. Hemorrhage- and resuscitation-related alterations in
gastrointestinal circulation: Effect of a low dose of L-NMMA. Shock 2005, 23, 243–247. [PubMed]

Sample Availability: No custom made compound was used in this study.

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1097/SHK.0b013e3182115f40
http://www.ncbi.nlm.nih.gov/pubmed/21283059
http://dx.doi.org/10.1016/j.biocel.2012.04.008
http://www.ncbi.nlm.nih.gov/pubmed/22537912
http://dx.doi.org/10.1161/JAHA.112.002956
http://www.ncbi.nlm.nih.gov/pubmed/23316297
http://dx.doi.org/10.1016/j.cellsig.2017.01.007
http://www.ncbi.nlm.nih.gov/pubmed/28065785
http://dx.doi.org/10.1016/j.freeradbiomed.2016.09.025
http://www.ncbi.nlm.nih.gov/pubmed/27687210
http://www.ncbi.nlm.nih.gov/pubmed/15718922
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Material and Methods 
	Animals 
	Anesthesia and Instrumentation 
	Hemorrhagic Traumatic Shock Model 
	Reperfusion Strategies 
	ROS Scavenging 
	Blood and Organ Sampling 
	Blood Analysis 
	Electron Paramagnetic Resonance (EPR) Spectroscopy 
	Oxidative Stress Parameters 
	Lung Damage Parameters 
	Statistical Analysis 

	Results 
	HTS and Resuscitation Results in Reproducible Alteration of Hemodynamics and Shock Parameters 
	Compartment-Specific Changes in ROS Formation and Oxidative Events after Hemorrhage and Resuscitation 
	Cell and Organ Injury 

	Discussion 
	References

