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Abstract
Objective—To determine whether treatment with the CXC chemokine receptor (CXCR) 4
agonist ubiquitin results in beneficial effects in a polytrauma model consisting of bilateral femur
fractures plus blunt chest trauma (Injury Severity Score 18-25).

Design—Treatment study.

Setting—Research Laboratory.

Subjects—Seventeen Yorkshire pigs.

Interventions—Intravenous (i.v.) injection of 1.5 mg/kg ubiquitin or albumin (=control) at 60
min after polytrauma.

Measurements and Main Results—Anesthetized, mechanically ventilated pigs underwent
polytrauma, followed by a simulated 60 min shock phase. At the end of the shock phase ubiquitin
or albumin were administered and animals were resuscitated to a mean arterial blood pressure of
70 mmHg until t = 420 min. After i.v. ubiquitin, ubiquitin plasma concentrations increased
sixteen-fold to 2870 ± 1015 ng/mL at t = 90 min and decreased with t1/2 = 60 min. Endogenous
plasma ubiquitin increased two-fold in the albumin group with peak levels of 359 ± 210 ng/mL.
Plasma levels of the cognate CXCR4 ligand stromal cell-derived factor (SDF)-1α were unchanged
in both groups. Ubiquitin treatment reduced arterial lactate levels and prevented a continuous
decrease in arterial oxygenation, which occurred in the albumin group during resuscitation. Wet
weight to dry weight ratios of the lung contralateral from the injury, heart, spleen and jejunum
were lower with ubiquitin. With ubiquitin treatment, tissue levels of IL-8, IL-10, TNFα and
SDF-1α were reduced in the injured lung and of IL-8 in the contralateral lung, respectively.

Conclusions—Administration of exogenous ubiquitin modulates the local inflammatory
response, improves resuscitation, reduces fluid shifts into tissues and preserves arterial
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oxygenation after blunt polytrauma with lung injury. This study further supports the notion that
ubiquitin is a promising protein therapeutic and implies CXCR4 as a drug target after polytrauma.
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blunt chest trauma; femur fractures; organ protection

Introduction
Ubiquitin, an intracellular post-translational protein modifier, is released into the systemic
circulation during various disease processes, including trauma and sepsis (1, 2). We have
previously shown that extracellular ubiquitin functions as an anti-inflammatory immune
modulator in trauma patients and identified ubiquitin as a natural CXC chemokine receptor
(CXCR) 4 agonist (3-6). Furthermore, we observed that low systemic ubiquitin
concentrations are associated with a higher degree of organ dysfunction and increased
morbidity and mortality in burn patients, which points towards a beneficial role of
endogenous extracellular ubiquitin after injury (7). Accordingly, we have tested the
therapeutic potential of exogenous ubiquitin and detected that ubiquitin treatment attenuated
third spacing of fluids and reduced organ injury in various species and disease models
(8-13). Importantly, the immune modulatory actions and therapeutic potential of ubiquitin
have been confirmed independently (14-18). As these findings suggest ubiquitin as a
promising protein therapeutic, rigorous preclinical testing of its therapeutic efficacy in
conditions that closely resemble the clinical scenario is required to further define its
therapeutic potential and understand its possible side effect profile.

Although we have previously demonstrated therapeutic potential of ubiquitin in trauma
models, these models either consisted of a combination of isolated injuries and arterial
hemorrhage to simulate the physiology of a severely injured patient, or resulted in a mild to
moderate injury (9, 11, 12). However, the effects of ubiquitin treatment after severe blunt
injuries without superimposed hemorrhage are unknown.

The majority of severely injured patients who survive the pre-hospital phase present with
blunt polytrauma, with the combination of chest and extremity trauma being the most
common injury pattern (19, 20). Thus, the assessment of the therapeutic efficacy of ubiquitin
in a clinically relevant polytrauma model is essential to further advocate its development as
a therapeutic agent for trauma patients. Based on the effects of ubiquitin in previous models,
we hypothesized that the same dose of ubiquitin will also preserve lung function and reduce
edema formation in a large animal model designed to mimic the typical polytrauma patient
(8, 11, 13). Therefore, we evaluated the effects of exogenous ubiquitin in a polytrauma
model, consisting of bilateral femur fractures plus blunt chest trauma. When translated to
humans, this model corresponds to an injury severity score of 18-25 (abbreviated injury
scale: Extremities: 3, Chest: 3-4) (21).

Materials and Methods
General Animal Protocol

All procedures were performed according to National Institutes of Health Guidelines for Use
of Laboratory Animals and were approved by the Institutional Animal Care and Use
Committee. Seventeen male and female Yorkshire pigs (30-40 kg body weight, Michael
Fanning Farms, IN) were fasted overnight. Anesthesia was induced with 10 mg/kg ketamine,
1 mg/kg xylazine intramuscularly and maintained by continuous intravenous (i.v.) infusion
of 10 mg/kg/h ketamine, 0.25 mg/kg/h xylazine and 50 μg/kg/h fentanyl. After orotracheal
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intubation animals were mechanically ventilated (Evita XL, Draeger Medical) with
intermittent mandatory ventilation adjusted to tidal volumes of 12 mL/kg at 12-18 breaths/
min to maintain a partial pressure of CO2 (pCO2) between 35-45 mmHg. A fraction of
inspired oxygen (FiO2) of 0.4 with positive end expiratory pressure (PEEP) of 5 mmHg was
used, except where otherwise noted. Core body temperature was maintained using warming
blankets (Gaymar T/Pump 500 T/Pad). A central venous catheter (AGB+ Arrow Catheter,
Teleflex Medical) was placed in the external jugular vein for administration of fluids,
anesthesia and continuous monitoring of central venous pressure (CVP). The ipsilateral
common carotid artery was cannulated for measurements of mean arterial blood pressure
(MAP). Electrocardiography, pulse oximetry, capnography (Evita XL Capnography module,
Draeger Medical) and body temperature were monitored continuously. Arterial blood was
sampled at baseline, every 15 min for the first hour after injury and every 30 min thereafter.
Samples were analyzed for pH, pCO2, pO2, hemoglobin, sodium, potassium, chloride,
glucose and lactate using a blood gas analyzer (Stat Profile pHOx PlusL, Nova Biomedical).
Venous blood was obtained at baseline (two samples per animal in 15 min intervals) and
every 15 min for the first 60 min after injury, followed by increasing intervals (30-120 min)
for the remaining 360 min. Venous blood was collected in lithium heparin tubes (APP
Pharmaceuticals). The plasma was separated and stored at -80°C until analyses.

Polytrauma
Polytrauma consisted of bilateral open femur fractures and blunt chest trauma, as described
(9, 22, 23). Injuries were produced with a captive bolt gun (Karl Schermer), modified with
exchangeable mushroom shaped metal heads (1 and 2.5 inches in diameter). In brief, the bolt
gun with the small metal head was placed vertically against the femur and fired while the
animal was in supine position and the leg extended. The metal head perforated the skin and
produced a 2nd degree complex open femur fracture without injury of major vessels. After
both femurs were fractured, the small metal head was exchanged for the large metal head
and the bolt gun was fired against the right chest wall in the midaxillary line at the level of
the fourth intercostal space with a 45° cephalad trajectory. As confirmed by necropsy, this
resulted in lung contusion covering approximately 20-30% of the right lung without
producing hemo/pneumothoraces or displaced rib fractures. All injuries were produced
within 5 min.

Experimental Groups and Treatment Protocol
A flowchart of the treatment protocol is shown in Fig. 1. After achieving stable baseline
conditions (at least 30 min after instrumentation) polytrauma was produced as described
before. To simulate a shock period of 60 min after polytrauma, animals were ventilated with
FiO2 of 0.21, PEEP 0 mmHg and no resuscitation was allowed other than the minimum
amount of lactated Ringer's solution required for delivery of anesthesia. Immediately
following the shock period (t=60 min) animals were randomized to receive 1.5 mg/kg
ubiquitin (n=8, Sigma, from bovine erythrocytes) or bovine serum albumin (n=9; control,
Sigma) in 250 mL of 0.9% NaCl i.v. with the investigator responsible for the animal care
blinded to the randomization assignment. This dose was chosen because it resulted in
therapeutically relevant effects in previous animal models (8, 9, 11-13). Bovine serum
albumin was used as a protein control from the same species (8, 9, 11, 13).

At t=60 min until t=120 min, ventilation was adjusted to FiO2 of 1.0, PEEP 0 mmHg and
resuscitation to a MAP of 70 mmHg was performed with warmed lactated Ringer's solution.
Within this period, lactated Ringer's solution was administered i.v. in bolus increments of
500mL until the MAP reached 70 mmHg. This was performed to simulate typical human
resuscitation regimens during the pre-hospital phase. At t=120 min until the end of the
experiment, animals were ventilated with FiO2 0.4, PEEP 5 mmHg and fluid administration
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was performed continuously as required to maintain the target MAP to simulate in-hospital
resuscitation. At the conclusion of the experiment (t=420 min) a saturated KCl solution was
infused via the central venous catheter for euthanasia while the animal was under general
anesthesia. Immediate necropsy was performed with tissue biopsies of the following
structures: left ventricle, directly injured lung from the right (ipsilateral) hemithorax,
uninjured lung from the left (contralateral) hemithorax, liver, spleen, kidney, jejunum and
gluteal muscle. Tissues were snap frozen and stored in liquid nitrogen until further
processing.

Blood Chemistry
Plasma samples were assayed for alanine aminotransferase (ALT), aspartate
aminotransferase (AST), blood urea nitrogen (BUN), calcium, creatinine, gamma-glutamyl
transpeptidase (GGT), glucose, total protein, total bilirubin, albumin, phosphorus, globulin,
albumin/globulin ratio, BUN/creatinine ratio using a veterinary blood chemistry analyzer
(DRI-CHEM 7000, Heska).

Complete Blood Counts (CBC)
Blood samples collected with ethylenediamine tetra-acetic acid (EDTA) were used for the
analyses of CBC on a hematology analyzer (HemaTrue, Heska).

Tissue Wet Weight to Dry Weight Ratios
The ratio of the tissue wet weight to dry weight (W/D) was determined gravimetrically, as
described (13, 24).

Tissue Extract Preparation
Snap frozen tissues were homogenized in 1/10 phosphate buffered saline, pH 7.4 (1:5
weight/volume), centrifuged (16,600g, 4°C, 30 min) and supernatants (= extracts) aliquoted,
as described (24, 25). All measurements in tissue extracts were standardized to total protein
content (26) and are reported per mg of protein.

Enzyme Linked Immunosorbent Assays (ELISA)
Ubiquitin concentrations were measured with an indirect competitive ELISA (lower
detection limit (LDL): 11 ng/mL), as described (7, 9). SDF-1α concentrations were
measured using a SDF-1α DuoSet ELISA Development kit (R&D Systems), as
recommended by the manufacturer (LDL: 9 pg/mL). Interleukin (IL)-6 (R&D Systems;
LDL: 10 pg/mL), IL-8 (R&D Systems; LDL: 4.6 pg/mL), IL-10 (Alpco Diagnostics; LDL: 3
pg/mL) and Tumor Necrosis Factor (TNF)α (R&D Systems; LDL: 3.7 pg/mL) were
measured with commercially available ELISA kits according to the manufacturers'
protocols. Measurements were performed with specimens that had not been thawed
previously after all animal experiments were completed.

Western blots
Western blotting was performed as described (3, 6). Anti-phospho-extracellular signal-
regulated kinase (ERK)1 (T202/Y204)/ERK2 (T185/Y187) rabbit-IgG, anti-phospho-Akt
pan (S437) rabbit IgG and anti-ERK1/2 rabbit IgG (all from R&D Systems) were used in
combination with anti-rabbit horseradish peroxidase linked whole antibody (GE
Amersham).
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Lipid peroxidation assay
Malondialdehyde (MDA) in combination with 4-hydroxyalkenals (4-HAE) were measured
as an indicator of lipid peroxidation in the lung extracts using a commercially available
assay (No. FR 22, Oxford Biomedical Research, Oxford, MI), as described (13).

Data Analyses and Statistics
Data are presented as mean ± standard deviation (SD) or median with interquartile range
(25th/75th percentile), as appropriate. The plasma elimination half-life of ubiquitin (t1/2) was
calculated as described (9). Normal distribution was assessed with the Kolmogorov-Smirnov
test. Normally distributed data were analyzed with Student's t-test or two-way repeated
measures (mixed model) analysis of variance and Bonferroni post-hoc test to correct for
multiple testing. Data that did not pass the normality test (alpha=0.05) were analyzed with
the Mann-Whitney U test or Wilcoxon matched-pairs signed rank test, as appropriate. Data
analyses were calculated with the GraphPad Prism program (GraphPad Software). A two-
tailed p<0.05 was considered significant.

Results
After i.v. administration of ubiquitin, ubiquitin plasma concentrations increased sixteen-fold
to 2873±1015 ng/mL at t=90 min and decreased with t1/2 of 60 min (Fig. 2A). Endogenous
plasma ubiquitin increased two-fold in the albumin group with peak levels of 359±210 ng/
mL (Fig. 2A, insert). SDF-1α plasma concentrations were not affected by polytrauma or
ubiquitin treatment (Fig. 2B)

Physiological parameters at baseline and during the shock period did not differ between
animals of the ubiquitin and albumin groups (Fig. 3). During the shock period MAP
decreased by 25±9 mmHg and the heart rate by 20±17 beats/min (Fig. 3A/B). Animals
receiving albumin after polytrauma required 265±17 mL/kg of i.v. fluids to maintain a MAP
of 70 mmHg (Fig. 3C). The fluid requirements to maintain the target MAP decreased
slightly to 235±20 mL/kg among animals treated with ubiquitin (2-way ANOVA: Time:
p<0.001; Drug: p=0.0073; post-tests: p>0.05 vs. albumin for all time points). There were no
differences in central venous pressures and hematocrit values between the groups (Fig. 3D/
E).

In the albumin group arterial blood lactate levels showed a biphasic response, with an initial
peak of 3.8±1.3 mmol/L at t=120 min and an upward projecting slope with lactate
concentrations of 4.8±2.3 mmol/L at the conclusion of the observation period (Fig. 3F).
Blood lactate concentrations in the ubiquitin group reached peak levels of 3.3±0.9 mmol/L
at t=180 min and returned to baseline at the end of the experiment (Fig. 3F, p<0.05 vs.
albumin at t=390-420 min).

In both treatment groups, the ratio of arterial oxygen concentration to the fraction of inspired
oxygen (P/F) decreased during the shock period below 300 and recovered when ventilated
with FiO2 1.0 (t=60-120 min) during the simulated pre-hospital phase (Fig. 3G).
Subsequently, P/F ratios declined continuously during the final 150 min of the simulated in-
hospital resuscitation phase with albumin treatment. In contrast, with ubiquitin treatment, P/
F ratios remained constant until conclusion of the experiment (p<0.05 vs. albumin group at
t=300-420 min).

There were no differences in leukocyte counts or any of the other routine blood chemistry
parameters between groups at baseline or at the conclusion of the experiment (Tab. 1).
Furthermore, plasma TNFα and IL-10 levels were similar in both groups throughout the
experiment (data not shown).
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At the end of the experiment, W/D ratios of the uninjured contralateral lung, heart, spleen
and jejunum were significantly lower in animals treated with ubiquitin, as compared with
albumin treatment (Fig. 4). Although W/D ratios of the directly injured lung, liver, kidney
and skeletal muscle were also lower with ubiquitin treatment, these differences did not reach
statistical significance for the individual organs/tissues. Nevertheless, when the relative
changes of W/D ratios of the sum of all organs/tissues (albumin group=1) were calculated as
a parameter of the global organ/tissue effects of the treatment, the median W/D ratio was
0.922 (0.81/0.98) (25th/75th percentile) with ubiquitin treatment (p<0.0001 vs. albumin).

Because ubiquitin treatment improved arterial oxygenation and reduced W/D ratios of the
contralateral uninjured lung, we then sought to evaluate whether exogenous ubiquitin also
affects cellular signaling events in the lung, which have been shown previously to be
modulated by CXCR4 activation in cell systems (6). As shown in Fig. 5A/B, we detected in
Western blotting experiments with extracts from uninjured contralateral lungs that
phosphorylation of ERK1/2 was slightly (p=0.09) and of Akt significantly reduced with
ubiquitin treatment (p=0.008), as compared with albumin treatment. Differences in the
phosphorylation status of ERK1/2 and Akt between the groups were not detectable in
Western blotting experiments with extracts from directly injured lungs (Fig. 5C/D).

Furthermore, we measured tissue levels of MDA/4-HAE and a selected panel of pro- and
anti-inflammatory cytokines/chemokines as surrogate markers of tissue injury and
inflammation in lung extracts (Fig. 6). In the albumin group, levels of MDA/4-HAE, IL-6,
IL-8, IL-10 and SDF-1α were similar in extracts from lungs ipsi- and contralateral to the
injury (p>0.05 for all). With albumin treatment, TNFα levels were significantly lower in the
directly injured lung (3.9 (2.8/6.7) pg/mg (median with 25th/75th percentile)), as compared
to the uninjured, contralateral lung (10.3 (7.4/12.2) pg/mg (median with 25th/75th

percentile), p=0.0028; Fig. 6E). While ubiquitin treatment did not affect levels of MDA/4-
HAE in extracts from directly injured and contralateral lungs, it reduced IL-8 levels in
extracts from the contralateral lung and IL-8, IL-10, TNFα and SDF-1α levels in extracts
from directly injured lungs, as compared with albumin treatment.

Discussion
In the present study, we provide an initial assessment of the therapeutic efficacy of ubiquitin
in a model of blunt polytrauma. The injuries in our model were chosen to mimic the most
common injury pattern in patients (19, 20). In the absence of hemorrhagic shock, animals
showed a 30% reduction of MAP during the shock phase and an increase of arterial lactate
concentrations. The transient decrease in heart rate despite the presence of relative
hypotension during the shock phase likely reflects concomitant cardiac contusion after blunt
chest trauma (27). Furthermore, animals were fluid dependent to maintain hemodynamics
and arterial oxygenation decreased continuously during resuscitation in the control group.
The persistent fluid requirements and increases in arterial lactate levels suggest that animals
were not stabilized within 6 hours of resuscitation. This documents that the blunt injuries
were able to induce a relevant systemic response. Although fluid requirements of the injured
pigs were higher than the expected resuscitation volumes in humans, the injuries in our
model created a condition that closely resembled typical clinical characteristics of a
polytrauma patient.

While the majority of endogenous plasma ubiquitin probably originates from its passive
release from cells undergoing physiological turnover under normal conditions and from
damaged cells and tissues after trauma, the cognate CXCR4 ligand SDF-1α is a
constitutively and abundantly expressed chemokine (2, 28, 29). The plasma levels of
endogenous ubiquitin and of SDF-1α that we detected at baseline, and of ubiquitin after
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polytrauma, are consistent with previous findings in animals and humans (3, 7, 9, 30-32).
The determined plasma concentrations of ubiquitin after i.v. administration and its systemic
half-life of 60 min are in agreement with the pharmacokinetic properties that we described
previously (8, 9, 11).

Our findings from the present study suggest that ubiquitin treatment improves metabolic
homeostasis, reduces third spacing of fluids into tissues and preserves arterial oxygenation
during resuscitation following blunt extremity and chest trauma. Ubiquitin treatment has
been shown to improve resuscitation and reduce organ injury in models of extremity trauma
plus hemorrhage (9), fluid percussion brain injury plus hemorrhage (11), isolated brain
injuries (12), lung ischemia reperfusion injury (13), brain ischemia reperfusion injury (14)
and now in a polytrauma model with blunt chest trauma. In the present study ubiquitin
treatment did not result in any adverse effects or acute toxicity, as assessed by its effects in
routine blood chemistry parameters. This finding is in agreement with previous animal
studies, in which ubiquitin treatment for up to two weeks was well tolerated and did not
result in noticeable side effects (10). Collectively, these data advocate development of
ubiquitin as a protein therapeutic and justify further studies that are required for a transition
into the clinical arena, such as assessment of its long term effects on outcomes and dose-
response experiments with escalating dosing regimens to assess the toxicity and
pharmacological side effect profile.

In contrast to the therapeutic efficacy of exogenous ubiquitin, which has been documented
in several disease models and species, the molecular mechanisms through which exogenous
ubiquitin mediates its physiological effects remain poorly defined. In line with previous
studies on tissue cytokine expression, our findings from the present study on cytokine/
chemokine levels in lung extracts also suggest that ubiquitin treatment modulates the local
inflammatory response (13, 16). Interestingly, these effects were more pronounced in the
lung ipsilateral of the mechanical impact. In context of the assumption that extracellular
ubiquitin functions as an endogenous opponent of damage-associated molecular pattern
molecules (2), it might be speculated that these findings reflect attenuation of the
inflammatory response that is induced by the local release of alarmins from the
mechanically damaged lung tissue.

Recently, we identified extracellular ubiquitin as a natural agonist of CXCR4 (4-6, 33).
Although CXCR4 is known to play pleiotropic roles in the immune system (34), its
regulation and function during the inflammatory response to trauma is unknown. The
finding that tissue levels of the cognate CXCR4 ligand SDF-1α were significantly reduced
in extracts from lungs ipsilateral of the injury after ubiquitin treatment suggests that
activation of CXCR4 with ubiquitin results in a negative feedback loop that controls the
expression of SDF-1α.

The affinity of SDF-1α for CXCR4 (Kd 1.5 - 54 nM (35-40)) is higher than the affinity of
ubiquitin (Kd ∼ 100 nM (4, 6)). Nevertheless, SDF-1α plasma concentrations were not
affected by polytrauma and ubiquitin concentrations exceeded those of SDF-1α by more
than 500-fold post injury. In addition, previous studies showed that plasma SDF-1α is
rapidly inactivated (41, 42). This suggests that extracellular ubiquitin functions as the
biologically relevant CXCR4 agonist in the systemic circulation after polytrauma.
Furthermore, the effects of exogenous ubiquitin on lung W/D ratios and arterial oxygenation
that have been described in the present and previous studies correspond well with the high
expression of CXCR4 in the lung (8, 11, 13, 29).

We have shown previously that activation of CXCR4 with ubiquitin and with SDF-1α lead
to increased phosphorylation of ERK1/2 and Akt in the human monocytic cell line THP-1
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(6). Increased phosphorylation of ERK1/2 and Akt occurred within 5-10 min and returned to
baseline levels within 30 min (6). However, we were unable to detect increased
phosphorylation of ERK1/2 and Akt in lung extracts at 6h after ubiquitin treatment. A
possible explanation is that we have missed the time period of transient activation of these
signaling pathways. The reduced phosphorylation of Akt that we detected in lungs
contralateral from the injury after ubiquitin treatment could then be interpreted as a
compensatory down-regulation of Akt phosphorylation following initial activation.
Alternatively, CXCR4 mediated effects on Akt and ERK could be differentially regulated
among different cell types and depend on the local inflammatory environment. In order to
address these questions, detailed time course analyses of the ERK and Akt phosphorylation
status in various organs and tissues would be required. However, such experiments are not
feasible in a large animal polytrauma model and beyond the scope of our study.

In conclusion, the present study provides evidence that ubiquitin treatment during the early
resuscitation period is advantageous and attenuates physiological consequences that occur
during the inflammatory response to blunt polytrauma in a large animal model. In
combination with the beneficial effects of exogenous ubiquitin in previous animal models,
these data provide a strong rationale for future studies on the pharmacological properties,
therapeutic window and long term effects of ubiquitin.

SDF-1α, a protease resistant bioengineered form of SDF-1α, a SDF-1α-IgG fusion protein
and a SDF-1α mimetic peptide have also been shown to result in beneficial effects in models
of acute infectious and sterile inflammation in vivo (43-46). Thus, the currently available
data on the therapeutic properties of the CXCR4 agonists ubiquitin and SDF-1α point
towards CXCR4 as a new drug target for the treatment of trauma patients.
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Fig. 1. Flowchart of the experimental protocol
MAP: mean arterial blood pressure. i.v.: intravenous. Shock: simulated shock period. EMS:
simulated pre-hospital emergency medical services. *: except minimum amount of lactated
Ringer's solution required for delivery of anesthesia.
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Fig. 2. Ubiquitin (A) and SDF-1α (B) plasma concentrations after polytrauma
Data are mean ± SD. Arrows indicate the time points of polytrauma (PT) and drug
administration (Ub – ubiquitin; Alb – albumin). Black squares: Ubiquitin treatment, n = 8.
Open circles: Albumin treatment (= control), n = 9. Shock: shock period (t = 0 – 60 min).
Resuscitation: Resuscitation period (t = 60 – 420 min). Insert in A: Endogenous ubiquitin
plasma levels in the control group.
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Fig. 3. Physiological responses to polytrauma
Data are mean ± SD. Arrows indicate the time points of polytrauma (PT) and drug
administration (Ub – ubiquitin; Alb – albumin). Black squares: Ubiquitin treatment, n = 8.
Open circles: Albumin treatment (= control), n = 9. A. Mean arterial blood pressure (MAP,
mmHg). B. Heat rate (beats/min). C. I.v. fluid requirements to maintain MAP of 70 mmHg
(mL/kg). D. Central venous pressure (CVP, mmHg). E. Hematocrit (%). F. Arterial lactate
concentrations (mmol/L). G. Ratio of arterial oxygen concentration to the fraction of
inspired oxygen (P/F). *: p<0.05 vs. control (2-way ANOVA/Bonferroni post-hoc).
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Fig. 4. Wet weight to dry weight (W/D) ratios of individual organs
Boxes extend from the 25th to 75th percentile; the horizontal line shows the median; the
cross indicates the mean. Error bars show the minimum and maximum. Alb: Albumin group
(open boxes; n = 9). Ub: Ubiquitin group (grey boxes; n = 8). Significant differences
between the groups are indicated.
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Fig. 5. Phosphorylation of ERK1/2 and Akt in lung extracts
A. Extracts (100 μg/lane) from uninjured lungs were analyzed by Western blotting with anti-
phospho (p) Akt, anti-pERK1/2 and anti-ERK1/2 (protein loading control). Each lane
contains a lung extract from an animal after albumin (Alb; lanes 1-3) or ubiquitin (Ub, lanes
5-7) treatment (lane 4: empty). The migration positions of standard proteins are shown on
the right. B. and C. Desitometric quantification of the chemiluminescence signals of the
ratio between pAkt to ERK1/2 (B) and pERK1/2 to ERK1/2 (C) in extracts from uninjured
lungs, as in A. N = 6 animals per group (Alb: Albumin treatment – open boxes = 100%; Ub:
Ubiquitin treatment – grey boxes). Boxes extend from the 25th to 75th percentile; the
horizontal line shows the median; the cross indicates the mean. Error bars show the
minimum and maximum. Significant differences between the groups are indicated. D.
Extracts (100 μg/lane) from injured lungs were analyzed by Western blotting with anti-
phospho (p) Akt, anti-pERK1/2 and anti-ERK1/2 (protein loading control). Each lane
contains a lung extract from an animal after albumin (Alb; lanes 1-3) or ubiquitin (Ub, lanes
5-7) treatment (lane 4: empty). The migration positions of standard proteins are shown on
the right. The higher variation of the ERK signal at equal total protein loading among the
specimens, as compared to A., can be explained by variations of the proportion of blood that
is present in injured lungs. B. and C. Desitometric quantification of the chemiluminescence
signals of the ratio between pAkt to ERK1/2 (B) and pERK1/2 to ERK1/2 in extracts from
injured lungs, as in D. N = 6 animals per group (Alb: Albumin treatment – open boxes =
100%; Ub: Ubiquitin treatment – grey boxes). Boxes extend from the 25th to 75th percentile;
the horizontal line shows the median; the cross indicates the mean. Error bars show the
minimum and maximum.
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Fig. 6. Surrogate markers of tissue injury and inflammation in lung extracts
Data are expressed per mg of total protein. Boxes extend from the 25th to 75th percentile; the
horizontal line shows the median; the cross indicates the mean. Error bars show the
minimum and maximum. Significant differences between the groups are indicated. Alb:
Albumin treatment (open boxes; n = 9). Ub: Ubiquitin treatment (grey boxes; n = 8). A.
Malondialdehyde (MDA)/4-hydroxyalkenals (4-HAE); nmol/mg). B. IL-6; pg/mg. C. IL-8;
pg/mg. D. IL-10; pg/mg. E. TNFα; pg/mg. F. SDF-1α; pg/mg.
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Table 1
Blood chemistry and leukocyte counts

Baseline t = 420 min

Alb Ub Alb Ub

ALP (U/L) 140±13 147±20 115±18 127±19

ALT (U/L) 35.8±11 38.0±4.8 25.2±5.2 28.3±6.1

GGT (U/L) 32.4±5.4 35.0±4.4 26.2±2.6 27.0±3.2

Bilirubin (mg/dL) 0.1±0.0 0.1±0.0 0.1±0.0 0.1±0.0

Glucose (mg/dL) 109±20 91.2±33.4 78.8±11.5 78.5±14.9

Protein (g/dL) 5.1±0.9 5.0±0.5 3.4±0.9 3.3±0.2

Albumin (g/dL) 3.0±0.4 3.2±0.4 2.0±0.7 2.1±0.2

Globulin (mg/dL) 2.0±0.6 1.8±0.2 1.3±0.2 1.3±0.2

BUN mg/dL 6.7±1.5 8.1±2.5 8.8±2.0 11.2±4.6

Creatinine (mg/dL) 0.8±0.1 1.0±0.1 0.7±0.1 0.9±0.3

Ca2+ (mg/dL) 9.3±0.3 9.2±0.5 8.7±2.0 11.2±4.6

Phosphorus (mg/dL) 9.2±0.4 9.1±0.6 9.5±0.5 9.8±0.8

Leukocytes (×103/μL) 16±4 15±6 15±4 13±4

Data are mean ± SD. Alb: Albumin group (n = 9). Ub: Ubiquitin group (n = 8). There were no statistically significant differences between the
groups at baseline and at the end of the experiment (t=420 min).
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