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Abstract

BACKGROUND—Several lines of evidence suggest that proteasomes, the major nonlysosomal

proteases in eukaryotes, are involved in the pathophysiology of various disease processes,

including ischemia-reperfusion injury and trauma. Recently, we demonstrated that 26S

proteasome activity is negatively regulated by adenosine triphosphate (ATP) and that proteasome

activation during ischemia contributes to myocardial injury. The regulation of tissue proteasome

activity by ATP and the potential of proteasomes as drug targets during hemorrhagic shock,

however, are unknown. Thus, we evaluated the regulation of tissue proteasome peptidase activity

and the effects of the proteasome inhibitor bortezomib in rat models of hemorrhagic shock.

METHODS—Series 1 includes animals (n = 20) hemorrhaged to a mean arterial blood pressure of

30mmHg for up to 45minutes. Series 2 includes animals hemorrhaged to a mean arterial blood

pressure of 30 mm Hg for 30 minutes, followed by bortezomib (0.4 mg/kg) or vehicle

administration (n =5 per group) and fluid resuscitation until 75 minutes. Series 3 includes animals

that underwent 40% blood volume hemorrhage, followed by 2% blood volume hemorrhage every

15 minutes until death. Bortezomib (0.4 mg/kg) or vehicle were administered 15 minutes after the

onset of hemorrhage (n = 6–7 per group). Vital signs were continuously monitored. The heart,

lung, and pectoral muscle were analyzed for proteasome peptidase activities and levels of ATP,

ubiquitin-protein conjugates, and cytokines (tumor necrosis factorα, interleukin 6, and interleukin

10).

RESULTS—In Series 1, proteasome peptidase activities in tissue extracts increased proportional

to the decrease in tissue ATP concentrations during hemorrhagic shock. Activation of proteasome

peptidase activity with decreases of the ATP assay concentration was also detectable in normal
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tissue extracts. In Series 2, systemic administration of bortezomib inhibited tissue proteasome

activities but did not affect the physiologic response. In Series 3, bortezomib inhibited tissue

proteasome activities, increased endogenous ubiquitin-protein conjugates, and prolonged survival

time from treatment from 48.5 minutes in the control group to 85 minutes (p = 0.0012).

Bortezomib treatment did not affect tissue cytokine levels.

CONCLUSION—Proteasome activation contributes to the pathophysiology of severe

hemorrhagic shock. Pharmacologic inhibition of the proteasome may provide a survival advantage

during lethal hemorrhagic shock.
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The ubiquitin proteasome pathway of protein degradation (UPP) is the major nonlysosomal

proteolytic system in eukaryotes. In this pathway, ubiquitin-protein ligase systems catalyze

the covalent ligation of ubiquitin to proteins.1 Ubiquitylation serves then as the recognition

signal for degradation of the target protein by the adenosine triphosphate (ATP)–dependent

26S proteasome. The 26S proteasome is formed from the 20S proteasome core particle, a

cylinder-shaped multimeric protein complex, and either singly or doubly capped at its ends

by a 19S regulator complex.1–4 While ATP is required for the assembly and function of the

26S proteasome complex, the 20S core particle alone is involved in the degradation of

misfolded and damaged proteins, independent of ATP or ubiquitylation.5,6

It is well established that the UPP regulates essential cellular functions, and numerous lines

of evidence suggest that it is also involved in the pathophysiology of various disease

processes, including sepsis, burns, or trauma.7–15 Multiple proteasome inhibitors have been

developed and are known to possess anti-inflammatory properties through inhibition of

nuclear factor kappa-light-chain-enhancer of activated b cells (NFκB) activation.4,16–18

Proteasome inhibitors have been reported to diminish ischemia-reperfusion injury in various

organs and to confer neuroprotection after intracerebral hemorrhage and traumatic brain

injury.19–23 While most studies attributed beneficial effects of proteasome inhibitors to their

anti-inflammatory actions, our recent findings suggested that proteasome inhibitors have

additional direct tissue protective properties.24 We provided evidence that ATP negatively

regulates 26S proteasome function and that activation of the myocardial 26S proteasome at

low tissue ATP levels during cold ischemia contributes to organ damage, which can be

attenuated by pharmacologic inhibition of the proteasome.24,25

It is well established that traumatic and hemorrhagic shock are associated with rapid changes

in cellular ATP levels.26,27 In connection with our observation that the 26S proteasome may

function as a cell destructive protease that is activated when the cellular energy supply

declines,24 these data led to the hypothesis that 26S proteasome activation is a

pathophysiologic mechanism, which also contributes to tissue injury after severe traumatic

and hemorrhagic shock. Furthermore, the effects of proteasome inhibition during severe

hemorrhagic shock and the early resuscitation period are unknown. Therefore, we performed

a series of pilot studies in rat models of hemorrhagic shock to assess whether proteasome

activation occurs with changes in tissue ATP concentrations and to provide initial
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information on the effects of bortezomib, a Food and Drug Administration approved

proteasome inhibitor,28 during sublethal and lethal hemorrhagic shock.

MATERIALS AND METHODS

Animal Protocols

All procedures were performed according to National Institutes of Health Guidelines for Use

of Laboratory Animals and approved by the Loyola Institutional Animal Care and Use

Committee (IACUC). Male Lewis rats (bodyweight, 250–400 g; Harlan, Indianapolis, IN)

were anesthetized with 100mg/kg ketamine, 10mg/kg xylazine intraperitoneal. This dose

allowed the animals to be deeply sedated but able to breathe spontaneously throughout the

experiment. After a midline laparotomy, the aorta was approached by a right medial visceral

rotation. The aorta was instrumented with a 22-gauge angiocatheter for monitoring of blood

pressure and blood withdrawal. The abdomen was then closed with monofilament suture.

Core body temperature was maintained using warming lamps. After achieving stable

baseline conditions (at least 5–10minutes after instrumentation), animals were randomized

to one of the following conditions.

Series 1

Animals (n = 20) were hemorrhaged to a mean arterial blood pressure (MAP) of 30 mm Hg

for up to 45 minutes. At 0, 15, 30, and 45 minutes, 5 animals were injected with cold (4°C)

University of Wisconsin solution via the implanted catheter to induce cardioplegic arrest.

Cardioplegic arrest was performed in this series to be able to assess changes in myocardial

ATP levels.24 The hearts, lungs, and pectoral muscles were harvested and snap frozen in

liquid nitrogen until further analyses.

Series 2

Animals (n = 10) were hemorrhaged to a MAP of 30 mm Hg for 30 minutes. At 30 minutes,

0.4mg/kg bortezomib (Velcade, Selleck Chemicals, Houston, TX; n = 5) or vehicle (isotonic

sodium chloride solution, n = 5) was administered intraarterial (i.a.) in a total volume of 0.5

mL. This dose was selected based on the dosing of bortezomib in previous rodent

studies.23,29 The animals were then resuscitated with isotonic sodium chloride solution until

MAP returned to 70 mm Hg. MAP was then maintained at 70 mm Hg by continuous fluid

administration for a total of 45 minutes, as required. At the end of the resuscitation period,

the animals were euthanized by rapid exsanguination. The hearts, lungs, and pectoral

muscles were harvested and snap frozen in liquid nitrogen until further analysis.

Series 3

Animals (n = 13) underwent withdrawal of 40% of the blood volume within 10 minutes.

Blood was withdrawn at a rate of approximately 1 mL/min. At 15 minutes, 0.4mg/kg

bortezomib (n = 7) or vehicle (isotonic sodium chloride solution, n = 6)was administered i.a.

in a total volume of 0.5mL. The time point of drug/vehicle administration in this model was

chosen to ensure that none of the animals dies before treatment, thus minimizing the use of

animals. Thereafter, 2% of the blood volume was withdrawn every 15 minutes until death,

as defined by asystole or disappearance of a pulse pressure. At the time of death, the hearts,
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lungs, and pectoral muscles were harvested and snap frozen in liquid nitrogen until further

analyses.

In Series 1 to 3, arterial blood was collected in lithium heparin tubes (APP Pharmaceuticals,

Schaumburg, IL) and used for blood gas analyses and analyses of routine laboratory

parameters.

Blood Gas Analyses and Routine Laboratory Parameters

Measurements of pH, PCO2, PO2, hemoglobin, sodium, potassium, chloride, glucose,

lactate, and bicarbonate were performed using a blood gas analyzer (Stat Profile pHOx Plus

L, Nova Biomedical, Waltham, MA).

Tissue Extract Preparation

Snap frozen tissues were homogenized in 1/10 phosphate-buffered saline, pH 7.4 (1:5 wt/

vol), centrifuged (16,600 g, 4°C, 30 minutes) and supernatants (extracts) aliquoted, as

described.13,24 Protein concentrations in the tissue extracts were determined using the DC

protein assay (Bio-Rad, Hercules, CA). All measurements in tissue extracts were

standardized to total protein content.

ATP Assay

Tissues were homogenized in 1% TCA, centrifuged (2,000 g, 10 minutes, 4°C), and

supernatants were collected. Supernatants were assayed for ATP using a bioluminescence

assay (Invitrogen, Grand Island, NY), as described.24 For the calculation of the actual tissue

ATP concentrations, the ATP concentration in extracts prepared from tissues before

hemorrhage (t = 0 minute) were considered to equal a normal cellular ATP concentration.

Proteasome Peptidase Activity

Proteasome peptidase activities (total peptidase activity minus activity in the presence of the

specific proteasome inhibitor epoxomicin) in tissue extracts were measured using the

chymotryptic-like (CT-L) fluorogenic peptide substrate N-Suc-Leu-Leu-Val-Tyr-7-amino-4-

methylcoumarin (Enzo Life Sciences, Farmingdale, NY), as described.13,24,25 Incubation

mixtures contained 50 µg of extract protein, 200 µM of the peptide substrate, and ATP at the

actual tissue concentration. All enzyme assays were performed immediately after

preparation of the tissue extracts to prevent from proteasome inactivation by freeze-thawing.

Enzyme time progression curves showed linearity for 40 minutes.

Western Blots

Western blotting with anti-ubiquitin (Sigma, St. Louis, MO; and LifeSensors, Malvern, PA)

and densitometric quantification of the chemiluminescence signals were performed as

described.13,24,25 Anti-glyceraldehyde 3-phosphate dehydrogenase (Anti-GAPDH, Applied

Biosciences, Foster City, CA) in combination with horseradish peroxidase-labeled anti-

mouse (GE Healthcare, Burr Ridge, IL) were used as protein loading control.

Chemiluminescence signals were detected with a Chemidoc imaging system and analyzed

using the Quantity One gel analyses software (BioRad, Hercules, CA).
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Enzyme-Linked Immunosorbent Assays

Interleukin 6 (IL-6), IL-10 and tumor necrosis factor α (TNF-α) were measured in tissue

extracts with commercially available enzyme-linked immunosorbent assay kits (all from

R&D Systems, Minneapolis, MN), according to the manufacturer’s protocols.

Measurements were performed with specimens that had not been thawed previously after all

animal experiments were completed.

Statistical Analysis

Data are presented as mean (SD) or median with minimum and maximum, as appropriate.

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’s post hoc test to correct for multiple testing. Data that

did not pass the normality test (α= 0.05) were analyzed with the Mann-Whitney U-test or

Kruskal-Wallace H test with Dunn’s multiple comparison posttest, as appropriate. Survival

was plotted using the Kaplan-Meier method, and survival between the groups was compared

with the log rank test. Statistical analyses, Spearman’s correlation analyses, and nonlinear

regression analyses (one-phase exponential decay) were calculated with the GraphPad Prism

program (GraphPad Software, La Jolla, CA). A two-tailed p < 0.05 was considered

significant.

RESULTS

Proteasome Peptidase Activity During Hemorrhagic Shock (Series 1)

To assess alterations of proteasome peptidase activities in context of the tissue ATP content

during hemorrhagic shock, we selected the heart and lung as representative central organs

and skeletal muscle as representative peripheral organ. During hemorrhagic shock, arterial

lactate levels increased from 1.7 (1.4) mmol/L at baseline to 5.7 (2.0) mmol/L at the end of

the shock period (Fig. 1A). ATP levels decreased to 65% (17%) of control (t = 0 minute) at

45 minutes in the heart extracts, and to 68% (17%) in the lung extracts, respectively (Fig.

1B). In skeletal muscle extracts, ATP levels decreased to 16% (25%) of control at 45

minutes (Fig. 1B). For the measurements of proteasome peptidase activities in the tissue

extracts, an assay concentration of 2 mM of ATP was used to reflect a normal cellular ATP

concentration in lung and skeletal muscle30,31 and of 5 mM of ATP to reflect the normal

ATP concentration in the heart.32–34 The assay concentration of ATP was then adjusted

based on the percentage of decrease of the ATP concentration from baseline for proteasome

peptidase activity measurements in extracts from tissues that were harvested during

hemorrhagic shock. Under these conditions, proteasome peptidase activities increased to

253% (18%) of control at 30 minutes in heart extracts, to 127% (48%) of control at 45

minutes in lung extracts and to 397% (119%) of control at 45 minutes in skeletal muscle

extracts (Fig. 1C).

The proteasome peptidase activities correlated negatively with the determined ATP levels in

the tissue extracts (Spearman’s r = −0.89). The tissue extract proteasome peptidase activities

and ATP levels could be plotted according to a one-phase exponential decay when expressed

as percentage of control (Fig. 2A; r2 = 0.89).
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When normal tissue extracts were assayed for proteasome peptidase activities at various

ATP concentrations, reduction of ATP levels down to the low micromolar range resulted in

a 2-fold to 10-fold increase of the proteasome peptidase activities with peak activities

between 50µM and 100µM ATP (Fig. 2B). When proteasome peptidase activities were

expressed as percentage of normal (2mM ATP for skeletal muscle and lung, 5mM ATP for

heart), similar relationships between ATP levels and proteasome peptidase activities were

observed as detected in tissue extracts from the organs harvested during hemorrhagic shock

(Fig. 2C).

Proteasome Inhibition During Sublethal Hemorrhagic Shock and Resuscitation (Series 2)

To determine the effects of proteasome inhibition during resuscitation from sublethal

hemorrhage, bortezomib or vehicle were administered at the end of a 30minute shock

period, before crystalloid fluid resuscitation. All animals survived the entire observation

period. As shown in Figure 3A, the hemorrhage volume to achieve a MAP of 30 mm Hg for

30 minutes was comparable in both groups. All animals could be resuscitated to a MAP of

70 mm Hg (Fig. 3A) with comparable volumes of resuscitation fluids (Fig. 3B). In both

groups, lactate levels increased to 3 mmol/L to 4 mmol/L at the end of the shock period and

normalized with fluid resuscitation (Fig. 3B).

There were no significant differences in any other of the measured physiologic parameters

(not shown). Measurements of proteasome peptidase activities in extracts from tissues

harvested at the end of the observation period documented 70% to 85% inhibition of the

proteasome by bortezomib (Fig. 3C).

To further evaluate whether bortezomib treatment affected the inflammatory response in

tissues, we then measured a selected panel of cytokines in tissue extracts from normal

animals before hemorrhage (control) and in the tissue extracts at the end of the observation

period after vehicle or bortezomib treatment. There were no differences in TNF-α, IL-6, and

IL-10 skeletal muscle extract concentrations among the groups. As compared with control

extracts, TNF-α and IL-6 concentrations in heart extracts were higher after hemorrhagic

shock and resuscitation with bortezomib treatment, and IL-6 concentrations in lung extracts

were higher after hemorrhagic shock and resuscitation with vehicle treatment, respectively.

There were no statistically significant differences in tissue extract cytokine concentrations

between animals after hemorrhagic shock and resuscitation when treated with vehicle or

bortezomib (Table 1).

Proteasome Inhibition During Lethal Hemorrhagic Shock (Series 3)

During lethal hemorrhagic shock, blood lactate levels increased to 6 mmol/L in vehicle and

bortezomib-treated animals (Fig. 4A and B). MAP decreased to 20 mm Hg after withdrawal

of 40% blood volume before drug administration in both groups (Fig. 4C). With bortezomib

and vehicle administration, MAP recovered transiently to 40 mm Hg to 50 mm Hg and

decreased thereafter. With bortezomib treatment, however, MAP could be maintained at

significantly higher pressures (Fig. 4C), and median survival was significantly longer than

with vehicle treatment (48.5 minutes with vehicle; 85 minutes with bortezomib; p = 0.0012;

hazard ratio [95% confidence interval], 0.07 [0.013–0.34], Fig. 4D).
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Similar to Series 2, proteasome peptidase activities in extracts from tissues harvested at the

end of the experiment were significantly reduced with bortezomib treatment (Fig. 5A). To

further confirm that this reduction in proteasome peptidase activity was functionally

relevant, we then analyzed ubiquitin-protein conjugates in the tissue extracts by Western

blotting with anti-ubiquitin.Figure 5B shows representative images of Western blotting

experiments with tissue extracts, and Figure 5C shows the quantification of the

chemiluminescence signals of the bands corresponding to free ubiquitin (8.6 kD) and

ubiquitin-protein conjugates. After bortezomib treatment, endogenous levels of ubiquitin-

protein conjugates were significantly increased in heart, lung, and skeletal muscle extracts,

as compared with extracts from animals after vehicle treatment.

There were no significant differences in heart, lung and skeletal muscle extract cytokine

concentrations among the groups (Table 1).

DISCUSSION

In this pilot study, we provide initial information on the regulation of the proteasome in

context of the cellular ATP concentrations and the first assessment of the possible

therapeutic properties of proteasome inhibitors during severe hemorrhagic shock in rat

models. There are several new findings from the present study. First, organ proteasome

activity is regulated by ATP and increases proportional to the decrease in tissue ATP levels

during hemorrhage. Second, proteasome inhibition immediately before fluid resuscitation

from sublethal hemorrhagic shock does not affect the physiologic response during the early

resuscitation period. Third, proteasome inhibition during lethal hemorrhagic shock without

fluid resuscitation improves hemodynamic stability and prolongs survival time.

The magnitude and time course of the changes in ATP concentrations in heart and lung

extracts, which we detected in the present study, are in agreement with previous

observations.27,35 The significant reduction of ATP levels in pectoral muscle, a red

muscle,36 was unexpected because previous studies reported that ATP levels remained

unchanged at comparable time points after hemorrhagic shock in resting white

(gastrocnemius) and red (soleus) muscles.37,38 ATP levels in rat pectoral muscle during

hemorrhage, however, have not been studied previously, and significant decreases in ATP

levels have been described during early hemorrhagic shock in working muscle

(diaphragm).38 As the pectoral muscle is an accessory muscle of respiration39 and rats were

spontaneously breathing in our study, the rapid depletion of ATP levels likely reflects its

metabolic activity. As such, our observations are consistent with the redistribution of blood

flow away from peripheral toward central organs during hemorrhagic shock.

We demonstrated previously that chymotryptic-, tryptic-, and caspase-like 26S proteasome

activities are activated as ATP levels decrease, whereas 20S proteasome activity is

unaffected by variations of the ATP concentration.24 Subsequently, these findings have been

confirmed independently and further supported by measurements in cell systems.40 Our

findings on proteasome peptidase activities in tissue extracts during hemorrhagic shock and

the observed regulation of proteasome peptidase activity in normal tissue extracts by ATP in

the present study further support the concept that the cellular energy content determines the
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activation status of a major proteolytic system. In combination with previous reports on the

regulation of proteasomes from various species and cellular sources,24,25,40 the present study

suggests that this regulation of the 26S proteasome by ATP is a general pathophysiologic

mechanism applicable to all organs and tissues.

As documented by enzyme activity measurements and Western blot analyses of endogenous

ubiquitin-protein conjugates, the physiologic substrates of the 26S proteasome, the

administered dose of bortezomib was able to inhibit the heart, lung, and skeletal muscle

proteasome by 70% to 85%. This degree of proteasome inhibition is consistent with the

pharmacokinetic properties and the pharamacodynamic effect of the standard clinical dose

of bortezomib in patients (Food and Drug Administration Application number 021602-

S015) and has been shown to produce beneficial effects after ischemia-reperfusion injury in

animals.41,42 While we did not observe beneficial or adverse effects of bortezomib during

the early resuscitation period after sublethal hemorrhagic shock, the same dose of drug

administered during lethal hemorrhagic shock improved MAP and prolonged survival time.

This may suggest that enhanced proteasomal degradation of cellular target proteins occurs as

tissue ATP levels deplete progressively during exsanguination. This further implies that

pathologic activation of the proteasome contributes to cardiovascular collapse during severe

hemorrhagic shock.

As the UPP regulates a myriad of essential intracellular functions, including regulation of

important signaling pathways and protein turnover, multiple mechanism likely contribute to

the pathophysiologic effects of proteasome inhibition in the present study. Anti-

inflammatory properties of bortezomib, however, seem unlikely to be responsible because

its beneficial actions were detectable very early after hemorrhage and measurements of

inflammation markers in tissues did not provide evidence for significant effects during this

period. Thus, the identification of the molecular mechanisms leading to improved survival

during lethal hemorrhagic shock remains a challenge and is beyond the scope of this pilot

study.

Another limitation of the present study is the short observation period in the sublethal

hemorrhagic shock model. Nevertheless, these experiments document that bortezomib

treatment was not associated with obvious adverse effects on cardiovascular function, which

have been reported after repetitive dosing.43

Taken together, the present study suggests that the tissue ATP concentration determines the

activity of the 26S proteasome and that proteasome activation during lethal hemorrhagic

shock contributes to cardiovascular collapse. In combination with previous studies in other

model systems, the present study implies activation of the 26S proteasome as a new

pathophysiologic mechanism, which contributes to organ system failure under conditions

that are associated with decreases of the cellular ATP content. Proteasome inhibition during

severe hemorrhagic shock may provide a survival benefit and, thus, could be useful for the

exsanguinated trauma victim to buy time until fluid resuscitation and blood products become

available. Based on the results of this pilot study and the organ protective effects of

proteasome inhibitors in previous models of ischemia-reperfusion and traumatic brain

injuries,19–21,23 further evaluation of the effects of proteasome inhibitors during longer
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periods of resuscitation from hemorrhagic shock and studies on the molecular mechanisms

leading to improved outcomes seem justified.
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Figure 1.
A, MAP (mm Hg, mean [SD]; open circles) and arterial lactate concentrations (mmol/L,

mean [SD]; grey squares), n = 20, 15, 10, and 5 at 0, 15, 30, and 45 minutes, respectively. B,

ATP concentrations in heart (open bars), lung (light grey bars), and pectoral muscle (dark

grey bars) extracts. Data are given as percentage of control (t = 0 minute, mean [SD]). N = 5

per time point. C, CT-L proteasome peptidase activities in heart (open bars), lung (light grey

bars), and pectoral muscle (dark grey bars) extracts measured at the actual tissue ATP
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concentration. Data are given as percentage of the control (t = 0 minute, mean [SD]). N = 5

per time point. *p <0.05 versus control (t = 0 minute).
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Figure 2.
A, Correlation between ATP levels and CT-L proteasome peptidase activities in heart (open

squares), lung (light grey squares), and pectoral muscle (dark grey squares) extracts. Data

from Figure 1B and C. r2 = 0.89. B, CT-L proteasome peptidase activities (pmol/min/50 µg)

in normal heart (open squares), lung (dark grey squares), and pectoral muscle (dark grey

squares) extracts measured at various ATP concentrations. Data are presented as mean (SD),

n = 3 to 5. C, Correlation between assay ATP concentrations and CT-L proteasome
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peptidase activities. Data from B. Peptidase activities measured at 2mM (lung and pectoral

muscle) and 5mM (heart) ATP were considered to equal 100%. r2 = 0.82 to 0.96.
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Figure 3.
Effects of bortezomib in a Wiggers model of sublethal hemorrhagic shock and resuscitation.

Black symbols, bortezomib group (n = 5). Open symbols, vehicle group (n = 5). Data are

presented as mean (SD). The arrows indicate the time point of bortezomib/vehicle

administration. A, Blood volume (BV) hemorrhaged (mL/kg) to achieve a MAP of 30 mm

Hg for 30 minutes (circles) and MAP (mm Hg; squares). B, Resuscitation fluid requirements

(mL/kg) to maintain MAP of 70 mm Hg (circles) and arterial blood lactate levels (mmol/L;

squares). C, CT-L proteasome peptidase activates in heart (open bars), lung (light grey
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bars), and pectoral muscle (dark grey bars) extracts in % of the vehicle group (100%). *p <

0.05 versus vehicle group.
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Figure 4.
Effects of bortezomib in a model of lethal hemorrhagic shock. Grey squares, bortezomib

treatment (n = 7). Open circles, vehicle treatment (n = 6). Data are presented as mean (SD).

The arrows indicate the time point of bortezomib/vehicle administration. A, Percentage of

blood volume hemorrhaged. B, Arterial blood lactate levels (mmol/L). C, MAP (mm Hg). *

p < 0.05 versus vehicle. D, Survival curve.

Bach et al. Page 18

J Trauma Acute Care Surg. Author manuscript; available in PMC 2014 October 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 5.
Proteasome peptidase activities and ubiquitin-protein conjugates in tissue extracts after

lethal hemorrhagic shock. Data are presented as mean (SD). A, CT-L proteasome peptidase

activates in heart (open bars), lung (light grey bars), and pectoral muscle (dark grey bars)

extracts in percentage of the vehicle group (100%). *p < 0.05 versus vehicle group. B,

Ubiquitin immunoreactivity in tissue extracts (Lanes 1/2, heart; Lanes 3/4, lung; Lanes 5/6,

pectoral muscle) after lethal hemorrhagic shock. Western blots with anti-ubiquitin (top) and

anti-GAPDH (bottom, protein loading control). Lanes 1/3/5, vehicle treatment. Lanes 2/4/6,
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bortezomib treatment. Each lane contains 50 µg of protein. The migration position of protein

standards is shown on the left. Ub, free ubiquitin. C, Quantification of the

chemiluminescence signals for free ubiquitin and ubiquitin-protein conjugates from Western

blotting experiments, as in B. The ratio between ubiquitin-protein conjugates (Ub-P) and

free ubiquitin (Ub) is expressed as percentage of the vehicle-treated group. Open bars, heart;

light grey bars, lung; dark grey bars, pectoral muscle. n = 3 to 5, mean (SD). *p < 0.05

versus vehicle group.
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