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Summary 
Based on the biological significance of the ubiquitin-proteasome pathway (UPP) and its potential role during sepsis, 
burns and ischemia-reperfusion injury, we hypothesized that the systemic response to traumatic shock (TS) is 
accompanied by tissue-specific UPP alterations. Therefore, we studied tissue ubiquitin pools, chymotryptic- and tryptic-
like proteasome peptidase activities and ubiquitin-protein ligation (UbPL) rates in skeletal muscle, heart, lung, liver, 
spleen and kidney using a clinically relevant porcine model (bilateral femur fracture/hemorrhage followed by fluid 
resuscitation). TS induced a systemic reduction of tissue-specific high molecular mass ubiquitin-protein conjugates 
(>50 kDa). Free ubiquitin was unaffected. The dynamic organ patterns of ubiquitin pools paralleled the typical 
physiological response to TS and resuscitation. Reduction of ubiquitin-protein conjugates was most pronounced in heart 
and lung (p<0.05 vs. control) and accompanied by significant increases in proteasome peptidase and UbPL activities in 
these organs. Unlike all other tissues, spleen proteasome peptidase and UbPL activities were significantly reduced 10 h 
after TS. These findings support the concept that the UPP could play an important role in regulation of cell functions 
during the early whole-body response to TS. The UPP might be a therapeutic target to improve the metabolic care after 
TS, particularly in the heart, lung, and spleen. 
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Introduction 
 
 Severe trauma induces an integrated metabolic 
response and is associated with impairment of the 
function of virtually all organs and tissues of the body. 
The net effects are a progressive increase in resting and 

total energy expenditure, a significant decrease in total 
body protein independent of the patient’s energy balance, 
and organ dysfunction with a high risk of developing 
multiple organ failure and sepsis (Hasselgren 2000, 
Majetschak and Waydhas 2000, Plank and Hill 
2000,2003, Aller et al. 2004, Keel and Trentz 2005). As 
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reflected by the lack of causative therapeutic strategies, 
the molecular basis of this response is not well 
understood.  
 Several lines of evidence suggest that the 
ubiquitin-proteasome pathway may play an important 
role in regulating intermediary metabolism and cell 
function in catabolic disease states, such as sepsis, burns 
or ischemia-reperfusion injury. In skeletal muscle from 
rats with sepsis or burn injuries increased proteolysis 
correlated with increased mRNA levels of ubiquitin, 
ubiquitin activating enzyme E214k, ubiquitin protein 
ligase E3α and proteasome subunits C2 and C3 (Fischer 
et al. 2000, Fang et al. 2000, Tiao et al. 1994, Hobler et 
al. 1999a,b, Chai et al. 2002, Shen et al. 2003). Studies in 
patients with sepsis and brain-injured patients with 
hypermetabolism and negative nitrogen balance indicated 
increased mRNA levels of ubiquitin, E214k, C2 and C3 in 
skeletal muscle (Tiao et al. 1997, Mansoor et al. 1996). 
Besides the possible involvement of the ubiquitin-
proteasome system in regulating skeletal muscle 
metabolism, animal studies in various species suggested 
that it also may contribute to ischemia-reperfusion injury 
in the brain, heart and liver (Keller et al. 2000, Bulreau et 
al. 2001, Willmore and Storey 1996) and proteasome 
inhibitors have been shown to diminish organ injury 
during reperfusion in brain, heart and kidney (Phillips et 
al. 2000, Campbell et al. 1999, Takaoka et al. 1999).  
 Recently, we detected considerable differences 
of the ubiquitin system among various porcine tissues in 
physiological baseline conditions (Patel and Majetschak 
2007). Furthermore, we showed that proteasome 
peptidase activities are significantly elevated in direct 
mechanically injured human skeletal muscle (Seiffert et 
al. 2007). Although these findings suggested tissue-
specific roles of ubiquitin-proteasome pathway 
components in health and disease states and showed that 
proteasome activation contributes to the response to 
direct mechanical trauma in skeletal muscle, systemic 
effects of trauma on the ubiquitin-proteasome system in 
skeletal muscle and in other tissues are still unknown. 
Based on its major biological role in all eukaryotic cells 
(Hershko and Ciechanover 1998) and its potential role in 
sepsis, burns and ischemia-reperfusion injury in various 
organs, we hypothesized that the ubiquitin-proteasome 
system is also involved in the initial whole-body response 
to severe trauma. To test this hypothesis, we studied 
tissue ubiquitin-proteasome pathway component 
activities and ubiquitin pools in skeletal muscle, heart, 
lung, liver, kidney, and spleen remote from the site of 

injury using a clinically relevant porcine model of 
traumatic shock.  
 
Methods 
 
Animal protocol 
 All procedures were approved by the 
institutional Animal Care and Use Committee and 
described in detail previously (Majetschak et al. 2004). 
Farm-raised crossbred fasted swine of both sexes  
(30-35 kg) were sedated with an intramuscular injection 
of 10 mg/kg ketamine and 1 mg/kg xylazine. Animals 
underwent oro-tracheal intubation and mechanical 
ventilation (Impact Portable Adult Ventilator Model 754 
(Impact Systems, West Caldwell, NJ); tidal volumes of 
12 ml/kg and 8-16 breaths/min to maintain pCO2 = 40±5 
mm Hg; FiO2 = 0.4). Anesthesia was maintained with 
continuous intravenous infusions of 10 mg/kg/h 
ketamine, 0.25 mg/kg/h xylazine, and 50 μg/kg/h 
fentanyl. Pulse oximetry (Nellcor Pulse Oximeter, 
Hayward, CA) was continuously monitored. Catheters 
were placed in the femoral artery for continuous arterial 
blood pressure monitoring (Zoll Hemodynamic Monitor, 
Burlington, MA) and external jugular vein for 
intravenous fluid administration. End-tidal CO2, heart 
rate, MAP and central venous pressure (CVP) were 
monitored continuously online. Blood gases (PaO2, 
PCO2, pH, base excess, and arterial O2 saturation), lactate 
and electrolytes (Na+, K+, Cl+, Ca+2, glucose, and 
osmolarity) were recorded at 30-60 min intervals on a 
Nova Stat Profile Ultra (Waltham, MA). Complete blood 
counts (hematocrit, white blood cell counts (WBC), 
lymphocyte, polymorphonuclear cell (PMN) and platelet 
count) were determined on an Abbott Cell-Dyne 1600 
(Abbott Park, IL). 
 Animals were subjected to one of the following 
experimental groups: 
 
1. Control 5 h (n=5): Normal saline intravenous fluid 

administration to maintain mean arterial pressure 
(MAP) of 70 mm Hg for 5 h. 

2. Control 10 h (n=5): Same protocol as for group 1 for 
10 h. 

3. Traumatic shock 5 h (n=5): Bilateral femur fractures 
and hemorrhage followed by normal saline 
intravenous fluid resuscitation to maintain a MAP of 
70 mm Hg for 5 h. 

4. Traumatic shock 10 h (n=5): Same protocol as for 
group 3 for 10 h. 
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 In the trauma groups (groups 3 and 4) bilateral 
femur fractures were produced with a captive bolt gun 
followed by a hemorrhage to a MAP of 25±1 mm Hg for 
40 min, as described previously (Majetschak et al. 2004). 
During this shock period FiO2 was 0.21.  
 At the end of observation, animals were 
sacrificed and uninjured vastus medialis muscle (fast 
glycolytic muscle with ~70 % type IIb fibers) (Rusunen 
and Puolanne 1997), heart (left ventricle), lung, liver, 
spleen, and kidney harvested, snap frozen in liquid 
nitrogen, and stored at –80 ºC.  
 
Preparation of tissue extracts 
 Tissues were homogenized in ice-cold 1/10 
phosphate buffered saline, pH 7.4 (1:5; volume:volume) 
using a Brinkmann-Polytron-homogenizer (Best-Lab-
Deals, Raleigh,NC,USA). Homogenates were centrifuged 
(20000 g, 5 ºC, 30 min), supernatants (= extracts) 
aliquoted, and total protein concentration measured 
(Lowry et al. 1951). One aliquot was immediately used 
for peptidase assays; all others were stored frozen at  
–80 ºC until further analysis.  
 
Western blot analyses 
 Immunoblotting to ubiquitin with an anti-
ubiquitin antibody and densitometric quantification was 
described in detail previously (Majetschak et al. 2003, 
Ponelies et al. 2005, Patel and Majetschak 2007). In brief, 
50 μg extract proteins were separated by SDS-
polyacrylamide gel electrophoresis (4-15 % Tris-HCl 
gradient gels, Bio-Rad, Hercules, Ca, USA), transferred 
to PVDF membranes and probed for ubiquitin with anti-
ubiquitin (1:800, Sigma, St. Louis, MO, USA) and a 
corresponding horseradish peroxidase-labeled secondary 
antibody (1:10000, Amersham, Piscataway, NJ, USA). 
Visualization and quantification of immunoreactive 
proteins was performed with chemiluminescence 
detection (Super-Signal, Pierce, Rockford, IL, USA) 
using the ImageMaster VDS-CL system with the 
ImageQuant TL analysis software (Amersham). 
Chemiluminescence signals were compared only within 
each individual gel. Each gel contained a lane with an 
extract from the control group (control = 100 %) and the 
corresponding trauma group obtained at 5 h or 10 h, 
respectively.  Dye stain analysis (MemCode 
Reversible Protein Stain, Pierce, Rockford, IL, USA) and 
re-probing the membranes with an anti-actin antibody and 
a corresponding anti-rabbit horseradish peroxidase-
labeled antibody were performed as controls for the 

protein transfer to the blotting membranes.  
 Immunoblots were further used to analyze the 
molecular mass distribution of ubiquitin protein 
conjugates. After immunoblotting to ubiquitin and 
chemiluminescence detection, pixel densities of each lane 
were plotted against the Rf [(distance of protein 
migration) / (distance of tracking dye migration)] value 
and spline curves calculated. For each gel the 
corresponding molecular masses were calculated using 
the Rf-values of protein standards (Precision Plus Protein 
Standards, Bio-Rad). To evaluate the influence of 
traumatic shock on the molecular mass distribution of 
ubiquitin protein conjugates net molecular mass profiles 
(pixel density of the trauma group minus pixel density of 
the corresponding control group) were calculated for each 
gel, normalized using an ubiquitin standard (10 ng) which 
was run on each gel and plotted as mean ± S.E.M. for 
each group.  
 
Peptidase assays  
 Peptidase activities were measured employing 
the fluorogenic peptide substrates N-Suc-Leu-Leu-Val-
Tyr-7-amino-4-methylcoumarin (chymotryptic-like, 
CT-L) and Bz-Val-Gly-Arg-7-amino-4-methylcoumarin 
(tryptic-like, T-L) (both from Plymouth Meeting, PA, 
USA), as described recently (Patel and Majetschak 2007). 
Reaction mixtures contained 1 mM DTE, 1 mM ATP, 
5 mM MgCl2, 10 mM Tris/HCl, pH 8.0, 100 μM peptide 
substrate and 0.6 mg/ml tissue extract. Mixtures were 
incubated for 60 min at 37 ºC. Ethanol (2:1; 
volume:volume) was added, mixtures placed on ice for 
10 min and centrifuged at 16000 g, 5 ºC for 6 min. 
Supernatants were transferred into microplates (Corning, 
Acton, MA, USA) and free 7-amino-4-methylcoumarin 
cleaved from the substrates measured in a fluorescence reader 
(FLX8000, Biotek, Woburn, MA, λ excitation/emission = 
360/455 nm) against standard curves of 7-amino-4-
methylcoumarin (Sigma). To differentiate the Mg2+/ATP-
dependent 26S-proteasome from other peptidase activities, the 
Mg2+/ATP- and epoxomicin (specific proteasome inhibitor)-
dependent proportion was determined by addition of 10 mM 
EDTA (Eytan et al. 1993; Sigma) and 7 μM epoxomicin 
(Meng et al. 1999; Boston Biochem, Cambridge, MA) to the 
mixtures. Proteasome peptidase activity, determined as mol of 
7-amino-4-methylcoumarin cleaved per second and mg 
protein, was calculated (total peptidase activity minus activity 
in the presence of EDTA and epoxomicin) and expressed as 
percent of the control group ([activitytrauma/activitycontrol] x 
100). Enzyme time-progression curves showed linearity for 
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Fig. 1. Physiological chara-cteristics. TS: Traumatic shock 
period (40 min; bilateral femur fractures plus hemorrhage to 
a mean arterial pressure (MAP) of 25 mm Hg). Resuscitation: 
Intravenous fluid resuscitation to maintain MAP of 70 mm Hg. 

: Control 5 h : Control 10 h. : Traumatic shock 5 h. : 
Traumatic shock 10 h. N = 5 per group. A. Mean arterial 
pressure (MAP). B. Central venous pressure (CVP). C. IV 
fluids: Cumulative intravenous fluid requirements to maintain 
a MAP of at least 70 mm Hg. D. Hematocrit (HCT). E. Blood 
lactate concen-trations. * p<0.05 vs. 5 h and 10 h control 
group. Data are mean ± S.E.M. (n=5). 

 
 
 

 
60 min for both peptidase activities. Since pilot experiments 
showed that proteasome peptidase activities were 
inactivated by a single freeze (–80 °C)-thaw cycle, all 
peptidase activities were measured immediately in freshly 
prepared tissue extracts.  
 
Ubiquitin-protein ligation rates (UbPL) 
 The total UbPL in tissue extracts (final protein 
concentration 2.5 mg/ml) were measured as incorporation 
of biotinylated ubiquitin (Boston Biochem) into the sum 

of the extract proteins, as described in detail previously 
(Majetschak et al. 2000, Ponelies et al. 2005, Seiffert et 
al. 2007, Patel and Majetschak 2007). Ubiquitin protein 
ligation rates were calculated as mol of biotinylated 
ubiquitin conjugated to extract proteins per second and 
mg of protein and expressed as percent of the control 
group ([activitytrauma/activitycontrol] x 100). 
 
Statistics 
 Data are described as the mean ± SEM. One-way 
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ANOVA and t-test for independent samples were 
calculated with the SPSS 13.0 for Windows program 
(SPSS Inc., Chicago, IL). Regression analyses and spline 
curves were calculated with the Prism 4 (version 4.03) for 
Windows program (GraphPad-Software, San Diego, CA). 
A two-tailed p<0.05 was considered significant. 
 

Results 
 
Animal characteristics 
 Under the baseline conditions prior to injury, 
there were no differences in any of the measured 
physiological parameters between the groups. All 
parameters were within the normal range.  
 To maintain systemic hemodynamics after 
traumatic shock (Figs 1A and 1B), animals required 
4.8±0.5 l of fluids by 5 h (n=10) and 7.4±0.6 l by 10 h 
(n=5) (Fig. 1C). Hematocrit (baseline 26±3 %) decreased 
in the trauma group to 14±0.8 % at 5 h and 13±0.4 % at 
10 h (Fig. 1D). In the control groups, fluid requirements 
were minimal – 0.3±0.1 l by 5 h (n=10) and 0.8±0.2 l by 
10 h (n=5); hematocrit and lactate levels were stable. In 
the trauma groups, at the end of the hemorrhage period, 
lactate levels were 7.2±0.7 mmol/l (n=10) and normalized 
in all animals within 5 h (< 2 mmol/l) (Fig. 1E). All other 
physiologic parameters were similar between the trauma 
and control groups (data not shown).  
 
Ubiquitin pools 
 Figure 2A shows a representative example for 
the analysis of trauma-associated changes of the tissue 
ubiquitin pools with heart extracts obtained at 10 h. 
While free ubiquitin appeared unchanged between the 
control and trauma group, ubiquitin protein conjugates 
were clearly decreased (Fig. 2A, lane 2). Dye stain 
analysis for total protein showed similar protein loading 
of the individual lanes and molecular mass distribution of 
the extract proteins (Fig. 2A, lanes 3 and 4).  
 The quantification of the chemiluminescence 
signals for free and total conjugated ubiquitin (Figs 2B 
and 2C) confirmed this observation and showed that 
tissue levels of free ubiquitin were not significantly 
altered after trauma in any of the tissue extracts (Fig. 2B). 
In contrast, we detected a significant decrease in ubiquitin 
protein conjugates in the heart and lung at 5 h and 10 h, 
and in skeletal muscle at 10 h after traumatic shock. 
 To further investigate whether changes in total 
ubiquitin protein conjugate levels after trauma can be 
attributed to alterations in specific conjugates, we 
analyzed the separation pattern of ubiquitin protein 
conjugates after gel electrophoresis and immunoblotting. 
Figure 3A shows the molecular mass profiles in heart 
extracts at 10 h in the control (top) and trauma group 
(bottom), while Figure 3B depicts the net molecular mass 
profile (mean pixel density of the trauma group minus 
mean pixel density of the control group), as a typical 

 
Fig. 2. A. Example of a tissue extract (heart at 10 h) with 
reduced overall levels of ubiquitin protein conjugates after 
trauma and resuscitation. α-actin: Re-probing of the membrane 
with anti-actin as additional protein loading control. Lane 1: 50 
μg of heart lysate, control 10 h. Lane 2: 50 μg of heart lysate, 
trauma 10 h. Lane 3: Total protein staining of lane 1 (protein 
loading control). Lane 4: Total protein staining of lane 2 (protein 
loading control). Left: Molecular mass standards. Ub: Ubiquitin. 
B. and C. Quantification of free (B) and conjugated ubiquitin (C) 
tissue levels by densitometry obtained from immunoblotting 
experiments. Tissue levels are given as % of the corresponding 
control group (data are mean ± S.E.M.). Light columns: Tissues 
harvested at 5 h after trauma (n=5). Dark columns: Tissues 
harvested at 10 h after trauma (n = 5). Muscle: Skeletal muscle. 
Dashed line: mean tissue levels of the control group (=100 %, 
n=5 per time point). Ub: Ubiquitin. * p<0.05 vs. control. 
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Fig. 3. Molecular mass profiles of ubiquitin protein conjugates in tissue extracts A. and B. Example for the analysis of the separation 
pattern of ubiquitin protein conjugates in tissue extracts (heart extracts, 10 h). After immunoblotting to ubiquitin and 
chemiluminescence detection, pixel densities of each lane were normalized using the pixel density of the ubiquitin standard. To obtain a 
molecular mass profile, a spline curve was calculated and plotted against the Rf ([distance of protein migration] / [distance of tracking 
dye migration]) value. For each gel the corresponding molecular masses were calculated using the Rf-values of protein standards. 
A. Top: Molecular mass profile of the separation pattern of ubiquitin protein conjugates in heart extracts from the control group at 10 h. 
Data are mean pixel density (black line) ± SEM (gray shading); n=5. Bottom: Molecular mass profile of the separation pattern of 
ubiquitin protein conjugates in heart extracts from the trauma group after 10 hours of resuscitation. Data are mean pixel density (black 
line) ± SEM (gray shading); n=5. B. For the analysis of trauma-induced alterations in ubiquitin protein conjugates the net molecular 
mass profile (pixel density of the trauma group minus pixel density of the control group; mean ± SEM) resulting from A. was calculated. 
The abscise axis shows the migration position and molecular masses of the protein standards, which correspond to the Rf-values in A. 
Main peaks are marked (vertical dashed lines) and labeled with the corresponding molecular masses. Ub: Migration position of free 
ubiquitin. C. Net molecular mass profiles of ubiquitin protein conjugates in tissue extracts at 5 h (left) and 10 h (right) after traumatic 
shock. Ordinate axis: Pixel density of the fluorescence signal (mean (black line) ± SEM (gray shading). The abscise axis shows the 
migration position and molecular masses of the protein standards. 
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example. A peak corresponding to a molecular mass of 
83 kDa clearly decreased in intensity in the trauma group, 
resulting in an inverse peak at this position in the net 
profile (Fig. 3B). In contrast, the profile in the lower 
molecular mass range (<50 kDa) was unchanged.  
 Figure 3C shows the net molecular mass 
profilesof the ubiquitin protein conjugates for the 
comparison of the control groups with the trauma groups 
at 5 h and 10 h, respectively. The molecular mass profiles 
did not show peaks that were unique for trauma in any of 
the tissue extracts. In all tissue extracts except skeletal 
muscle high molecular mass ubiquitin-protein conjugates 
(50-140 kDa) decreased at 5 h after trauma and gradually 
approached control values at 10 h. In skeletal muscle the 
ubiquitin-protein conjugate profile was unchanged at 5 h 
and showed a decrease in high molecular mass ubiquitin-
protein conjugates (87 kDa) at 10 h after trauma.  

Proteasome peptidase activities 
 In the control groups chymotryptic-like 
proteasome peptidase activities (pmol . s-1 . mg1, n=5 per 
tissue) were 1140±130 at 5 h and 895±46 at 10 h in 
skeletal muscle, 3540±144 and 3040±162 in heart, 1093± 
121 and 803±123 in lung, 1873±362 and 1421±181 in 
liver, 2908±182 and 5060±72 in kidney and 1192±341 
and 1567±267 in spleen at 5 h and 10 h, respectively. 
Tryptic-like proteasome peptidase activities (pmol . s-1 . 
mg1, n=5 per tissue) in tissue extracts of the control 
groups at 5 h and 10 h were 222±24 and 251±31 in 
skeletal muscle, 962±138 and 1188±63 in heart, 388±92 
and 330±35 in lung, 526±65 and 571±35 in liver, 630±165 
and 660±24 in kidney, and 310±52 and 368±28 in spleen.  
 The proteasome peptidase activities of the 
individual tissue extracts at 5 and 10 h after trauma 
relative to the corresponding control groups are shown in 
Figure 4. Proteasome peptidase activities were not 
significantly affected by trauma in skeletal muscle and 
kidney. In contrast, proteasome peptidase activities were 
significantly altered after trauma in the heart, lung, liver 
and spleen. While chymotryptic and tryptic-like 
proteasome peptidase activities in the heart increased at 
5 h and returned to baseline at 10 h after trauma, in the 
lung both proteasome peptidase activities significantly 
increased 10 h after trauma. In the liver only the 
chymotryptic-like proteasome activity was significantly 
elevated at 10 h after trauma, whereas tryptic-like 
proteasome activity was unchanged. Unlike all other 
tissues, chymotryptic- and tryptic-like proteasome 
peptidase activities significantly decreased at 10 h after 
trauma in spleen. 

 
Fig. 4. Proteasome peptidase activities after traumatic shock in 
percent of the corresponding control groups. Proteasome activity 
was discriminated measuring the Mg2+/ATP- and epoxomicin-
dependent proportion of total tissue extract peptidase activities. 
Shaded columns: Chymotryptic-like proteasome peptidase 
activity. Open columns: Tryptic-like proteasome peptidase 
activity. Dashed line: Mean proteasome peptidase activity of the 
control group (=100 %, n=5 per time point). * p<0.05 vs. 
control. Data are mean ± S.E.M. 
 
 

 
Fig. 5. Ubiquitin protein ligation rates (UbPL) after traumatic 
shock. UbPL are expressed as percent of the corresponding 
control group. Light columns: Tissues harvested at 5 h after 
trauma (n=5). Dark columns: Tissues harvested at 10 h after 
trauma (n=5). Muscle: Skeletal muscle. Dashed line: mean tissue 
levels of the control group (=100 %, n=5 per time point). 
* p<0.05 vs. control. Data are mean ± S.E.M. 
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Ubiquitin-protein ligation 
 Figure 5 shows the total UbPL in the tissue 
extracts after trauma relative to the control groups. 
Significant trauma-associated changes in UbPL were not 
detectable in skeletal muscle, liver and kidney. In heart 
and lung extracts UbPL was significantly increased at 5 h 
and returned to levels of the uninjured control group at 
10 h after trauma. Similarly to the findings on proteasome 
peptidase activity measurements, spleen was the only 
tissue in which UbPL were significantly decreased 10 h 
after trauma.  
 

Discussion 
 
 This is the first demonstration that the ubiquitin-
proteasome system is systemically altered following 
traumatic shock in a clinically relevant animal model. 
Traumatic shock induced a systemic reduction of tissue-
specific high molecular mass ubiquitin-protein conjugates 
(> 50 kDa), whereas tissue levels of free ubiquitin were 
not affected. This reduction was most pronounced in 
heart and lung and accompanied by significant increases 
in proteasome peptidase and UbPL activities in these 
organs. In contrast to all other tissues, trauma induced a 
significant reduction of proteasome peptidase and UbPL 
activities in the spleen.  
 A combined insult of bilateral femur fracture 
plus hemorrhage followed by standard intensive care 
treatment created a pathophysiological condition in the 
laboratory that was similar to that in blunt trauma 
patients. As most commonly seen in patients with severe 
orthopedic trauma, these animals were fluid-dependent 
and hemodynamically unstable. The initial lactate levels 
after the shock period of approx. 7 mmol/l underscore the 
injury severity (Manikis et al. 1995, Moomey et al. 
1999).  
 Several previous studies on ubiquitin-
proteasome system alterations suggested that mRNA 
levels of components of the multiple enzymes in this 
pathway do not necessarily reflect protein expression or 
enzyme activities (Hasselgren 2000, Jagoe and Goldberg 
2001, DeRuisseau et al. 2005). Therefore, in this study, 
we used a classical biochemical approach for the 
assessment of the ubiquitin-proteasome system, 
measuring protein levels and enzyme activities in cell 
free extracts. The limitations of these measurements have 
been discussed in detail recently (Seiffert et al. 2007, 
Patel and Majetschak 2007).  
 The finding of this study that free ubiquitin 

tissue levels were maintained in all organs and tissues 
examined is in agreement with the deleterious effects of 
free ubiquitin depletion described previously (Hanna et 
al. 2003). We recently reported that levels of conjugated 
ubiquitin significantly decreased in human peripheral 
blood mononuclear cells, while free ubiquitin remained 
unchanged during sepsis (Ponelies et al. 2005). Thus, 
impaired ubiquitin homeostasis with a decline of 
ubiquitin protein conjugate levels in response to 
inflammatory stimuli, such as sepsis or severe injury and 
resuscitation, may represent a uniform cellular response 
of tissue- and organ-specific magnitude. From a clinical 
standpoint, the dynamic organ pattern of the cellular 
ubiquitin pools paralleled the typical physiological 
response to severe trauma and resuscitation in animals 
and patients, in which hemodynamic instability and third 
spacing of fluids into tissues as clinical correlates for the 
systemic response to trauma usually resolve with 
adequate fluid resuscitation. 
 While formation of ubiquitin chains has been 
shown to signal the target protein for the 26S proteasome, 
monoubiquitylation fulfills non-catabolic functions 
(Hicke 2001, Sigismund et al. 2004). Although detection 
of conjugated ubiquitin does not differentiate multi-
ubiquitin chains, multi-site monoubiquitylation or 
monoubiquitylation, the finding that exclusively higher 
molecular mass conjugates were reduced after trauma 
could suggest that these proteins preferentially consisted 
of 26S proteasome substrates and support our finding of 
proteasome peptidase activity activation in heart, lung 
and liver. This assumption would be consistent with the 
finding that proteasome inhibition causes accumulation of 
high molecular mass ubiquitin-protein conjugates (Meng 
et al. 1999).  
 On the other hand, systemic reduction of high 
molecular mass ubiquitin-protein conjugates was most 
pronounced at 5 h after trauma, while at this time point 
increased proteasome peptidase activities were detectable 
only in the heart. One possible explanation for this lack of 
correlation could be a lower sensitivity of the proteasome 
peptidase assay to detect significant alterations. However, 
it has been shown previously that the influence of the 
proteasome on the regulation of cellular ubiquitin pools is 
probably small and that ubiquitin protein ligase systems 
and de-ubiquitylating enzymes are likely to be the major 
determinants of ubiquitin homeostasis (Haas and Bright 
1987, Patel and Majetschak 2007). Since UbPL activity 
was significantly increased in heart and lung and 
unchanged in all other tissues at this time point, the 
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results of the present study could point towards a decisive 
role of de-ubiquitylating enzymes after traumatic shock 
(Weissman 2001, Ponelies et al. 2005).  
 In agreement with previous findings from other 
investigators in murine splenic B-lymphocytes (Samy et 
al. 1999), tryptic- and chymotryptic-like proteasome 
peptidase activities were significantly reduced after 
traumatic shock in spleen. In connection with the 
significant reduction of the UbPL activity, these findings 
suggest that the ubiquitin-proteasome pathway regulation 
is distinct from other tissues in the immune system and 
may reflect the profound immunosuppression which 
occurs after trauma and hemorrhage in patients and has 
also been shown previously in this model (Majetschak et 
al. 2004).  
 In contrast to direct mechanically injured 
skeletal muscle (Seiffert et al. 2007), in the present study 
we were unable to detect significant alterations in 
proteasome peptidase and UbPL activities in skeletal 
muscle remote from the site of injury at similar time 
points. Although we cannot exclude proteasome 
activation or attenuation of UbPL activity in skeletal 
muscle at later time points or with higher overall severity 
of injury, these findings indicate distinct direct and 
remote effects of trauma on the ubiquitin-proteasome 
system. They further support the hypothesis that the 
ubiquitin-proteasome system might be a therapeutic 
target to influence muscle loss in critically ill blunt 
trauma patients, in which large proportions of muscle are 
exposed to direct trauma (Seiffert et al. 2007).  
 Based on the physiological tissue distribution of 
the ubiquitin system, we recently inferred the lung as an 

organ in which perturbations of ubiquitin-proteasome 
pathway components may contribute to disease processes 
(Patel and Majetschak 2007). The significant effects of 
traumatic shock on the lung ubiquitin-proteasome 
pathway now provide further evidence for this 
hypothesis. Similarly and in line with previous reports on 
the contribution of the ubiquitin-proteasome system to 
ischemia-reperfusion injury of the heart (Campbell et al. 
1999, Bulreau et al. 2001), the findings from the present 
study also infer a pathophysiological role of the 
myocardial ubiquitin-proteasome pathway during the 
early whole-body response to trauma. 
 In conclusion, the present study shows tissue-
specific alterations of cellular ubiquitin pools and 
ubiquitin-proteasome pathway component activities 
during the early post-traumatic period. These findings 
support the concept that the ubiquitin-proteasome system 
could play an important role in regulation of cell 
functions during the early whole-body response to 
trauma. If this concept can be confirmed, strategies which 
target the ubiquitin system could promote reestablishing 
ubiquitin homeostasis as a novel approach to improve the 
metabolic care after severe trauma and in critical illness, 
particularly in the heart, lung and spleen. 
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