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Abstract

 Objective—To assess the effects of proteasome inhibition on the development of burn-induced 

hypermetabolism.

 Methods—Rats underwent 30–40% TBSA scald burn or sham injury. The proteasome 

inhibitor bortezomib (0.1 mg/kg) or vehicle (n=10) was administered i.p. 3×weekly starting at 2h 

(Early-Bortezomib, n=20) or 48h (Late-Bortezomib, n=13) post-burn. Body weights were 

determined weekly. Resting energy expenditures (REE) were measured at days 0 (baseline), 7, 14, 

21 and 42 post-burn. At day 42, blood and pectoral muscle were harvested. Routine blood 

chemistry parameters were analyzed. Proteasome content, proteasome peptidase activities and 

ubiquitin-protein conjugates were measured in muscle extracts.

 Results—As compared with sham-vehicle treated animals, specific proteasome activities were 

increased after burn and vehicle treatment. Bortezomib treatment inhibited proteasome activities 

and increased ubiquitin-protein conjugates after sham and burn injury. Bortezomib treatment did 

not affect REE after sham procedure. REE significantly increased by 47% within 7 days and 

remained elevated until day 42 after burn and vehicle treatment. After Early-Bortezomib 

treatment, burn-induced increases in REE were delayed and significantly reduced by 42% at day 

42, as compared with vehicle treatment. With Late-Bortezomib treatment, burn-induced increases 

in REE were also delayed but not attenuated at day 42. Mortality was 20% with vehicle, 65% 

(median survival time: 1.875 days) with Early-Bortezomib and 25% with Late-Bortezomib 

treatment after burns (p<0.05 Early-Bortezomib vs. vehicle and Late-Bortezomib).

 Conclusions—Proteasome inhibition delays development of burn-induced hypermetabolism. 

Although proteasome inhibition early after burn injury reduces the hypermetabolic response, it 

significantly increases early burn-associated mortality.
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 Introduction

Severe thermal injury induces hypermetabolism, which persists for months to years after 

complete wound closure (1–5). The hallmark of the post-burn hypermetabolic response in 

patients is increased energy expenditure with profound protein loss. Burn-induced increases 

in resting energy expenditure (REE) are correlated with the degree and size of the burn 

injury and can reach almost 200% of normal (2, 6–8). Because skeletal muscle accounts for 

the majority of body cell dry weight and body protein, muscle catabolism dominates this 

response and is associated with increased morbidity, prolonged recovery periods and 

potential mortality (1, 2, 9, 10). Although anabolic compounds seem to attenuate 

consequences of burn-induced hypermetabolism(11–14), causative pharmacological 

approaches that limit the development and duration of hypermetabolism are not available. 

Such drugs, however, are desirable as they may provide the opportunity to reduce muscle 

cachexia and improve outcomes from severe burn injuries.

Whereas the exact mechanisms leading to hypermetabolism and muscle catabolism after 

burns are not well understood, studies on muscle protein turnover suggested that exaggerated 

protein degradation is the primary effector of muscle catabolism (15).

The ubiquitin-proteasome pathway of protein degradation (UPP) is the major non-lysosomal 

proteolytic pathway in all eukaryotic cells (16). The UPP is involved in the regulation of a 

multitude of biological processes, including protein turnover, and has been shown to 

contribute to the pathophysiology of various diseases (17). Increased proteolysis via the UPP 

is thought to be a principal cause for muscle wasting in various catabolic conditions, 

including cancer cachexia, sepsis and burns (16, 18). Selective proteasome inhibitors have 

been developed, and bortezomib, a reversible proteasome inhibitor, and carfilzomib, an 

irreversible proteasome inhibitor, have been approved by the US Food and Drug 

Administration (FDA) for the treatment of multiple myeloma and mantle cell lymphoma 

(19, 20). The effects of proteasome inhibition on the development of hypermetabolism after 

burns, however, are unknown. Thus, it was the aim of the present study to determine how 

proteasome inhibition affects the development of burn-induced hypermetabolism in a rat 

scald burn model. To inhibit the proteasome, we employed the reversible FDA approved 

proteasome inhibitor bortezomib and utilized measurements of REE throughout a six week 

period as a physiologically relevant read-out for burn-induced hypermetabolism.

 Materials and Methods

 Animal Protocol

All procedures were performed according to National Institutes of Health (NIH) Guidelines 

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

Use Committee (IACUC) and the Department of Defense Animal Care and Use Review 
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Office (ACURO). Male Sprague Dawley rats (325–375g body weight, Harlan, Indianapolis, 

IN) were anesthetized with 2.5% isoflurane, shaved and placed into a template that exposes 

a dorsal body area corresponding to 30–40% of their total body surface area. A full 

thickness burn was then induced by immersion of the dorsal skin into boiling water for 17 

seconds (21). Sham animals were treated as described, except that their dorsal surface was 

immersed in tepid water. Animals were then resuscitated with crystalloid solution i.p. as per 

the Parkland formula (4 mL/kg per percent TBSA) over the first 48h after burn injury. The 

following experimental groups were performed:

1. Sham – vehicle treatment (n = 10). Animals underwent sham injury and 0.4 

mL of 0.9% NaCl (=vehicle) was injected i.p. immediately following sham 

injury.

2. Sham – bortezomib treatment (n = 13). Animals underwent sham injury and 

0.1 mg/kg of bortezomib in 0.4 mL of 0.9% NaCl was injected i.p. three times 

weekly, beginning at 2 h after sham injury

3. Burn – vehicle treatment (n = 10). Animals underwent burn injury and 0.4 mL 

0.9% NaCl was injected i.p. three times weekly, beginning at 2h after burn 

injury.

4. Burn – Early Bortezomib (n = 20). Animals underwent burn injury and 0.1 

mg/kg bortezomib in 0.4 mL 0.9% NaCl was injected i.p. three times weekly, 

beginning at 2h after burn injury.

5. Burn – Late Bortezomib (n = 13). Animals underwent burn injury and 0.1 

mg/kg bortezomib in 0.4 mL 0.9% NaCl was injected i.p. three times weekly, 

beginning at 48h after burn injury.

The dose of bortezomib was chosen based on its toxicity profile during long term 

administration in previous studies (22, 23). On day 42 after sham procedure or burn injury, 

animals were euthanized (isoflurane inhalation, bilateral pneumothorax), and pectoral 

muscle and blood were harvested. We selected pectoral muscle, a red muscle (24), as an 

uninjured skeletal muscle remote from the dorsal burn injury to exclude possible effects of 

direct thermal injury and to be able to compare results from the present study with our 

previous observations within the same time interval (25).

Muscle biopsies were snap frozen in liquid nitrogen and stored at −70°C until further 

processing. Blood was used for blood gas analyses and plasma preparation. Plasma was 

stored at −70°C until further analyses were performed.

 Resting Energy Expenditure (REE)

REE was measured using indirect calorimetry, as described (25, 26). Respiratory gas 

exchange was measured in an open-circuit respirometer (Columbus Instruments, OH). Rats 

were placed in a plexiglas metabolic chamber (4 L capacity). Air inlets and outlets contained 

columns of calcium sulfate to dry both inlet and expired air. Airflow rate was monitored 

continuously for 2 min per rat per cycle for 6 cycles (total of 12 min), and oxygen 

consumption and CO2 production were calculated by multiplying the rate of airflow by 

changes in O2 and CO2 concentrations of air entering and exiting the chamber. From these 
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values, the differences in O2 intake (DO2), CO2 (DCO2) output and REE were calculated 

using the Oxymax software (Columbus Instruments, OH). REE was measured at baseline 

(day 0) and on days 7, 14, 21 and 42 after burn injury or sham procedure, respectively.

 Blood gas analyses

Arterial blood was used for measurements of pH, pCO2, pO2, hemoglobin, sodium, glucose 

and lactate using a blood gas analyzer (Stat Profile pHOx Plus L, Nova Biomedical).

 Blood Chemistry

Plasma samples were assayed for total protein, cholesterol, glucose, sodium, creatinine, 

blood urea nitrogen (BUN), gamma-glutamyltranspeptidase (GGT), alanine 

aminotransferase (ALT), and alkaline phosphatase (ALP), using a veterinary blood 

chemistry analyzer (DRI-CHEM 7000 Chemistry Analyzer, Heska).

 Complete blood counts (CBC)

Heparinized blood samples were used for the analyses of CBC on a veterinary hematology 

analyzer (HemaTrue, Heska).

 Preparation of tissue extracts

Snap frozen pectoral muscles were homogenized in 1/10 phosphate buffered saline, pH 7.4 

(1:5 weight/volume), centrifuged (16,600×g, 4°C, 30min) and supernatants (=extracts) 

aliquoted, as described (27, 28). 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.

 Proteasome peptidase activities

Proteasome peptidase activities were measured employing the fluorogenic chymotryptic-like 

peptide substrate N-Suc-Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin (Suc-LLVY-AMC, 

Biomol), as described (27, 29, 30). Reaction mixtures contained 10 mM Tris/HCl, pH 7.5, 2 

mM ATP, 5 mM MgCl2, 200 µM peptide substrate and 50 µg of muscle extract protein. 

Mixtures were incubated for 40 minutes at 37°C. Ethanol (2:1; volume: volume) was added, 

mixtures placed on ice for 10 minutes and centrifuged at 16000 × g, 5°C for 6 minutes. 

Supernatants were transferred into microplates (Corning, Acton, MA) and free 7-amino-4-

methylcoumarincleaved from the substrates measured in a microplate reader (Synergy 2, 

Biotek, λexcitation/emission=340/440 nm) against standard curves of 7-amino-4-

methylcoumarin (Sigma). To differentiate the proteasome from other peptidase activities, the 

epoxomicin (specific proteasome inhibitor) sensitive proportion was determined by addition 

of 7 µM epoxomicin (Boston Biochem) to the mixtures (31). All enzyme assays were 

performed immediately after preparation of the muscle extracts to prevent proteasome 

inactivation by freeze-thawing. Enzyme time progression curves showed linearity for 40 

min. Proteasome peptidase activity (total peptidase activity minus peptidase activity in the 

presence of epoxomicin) is expressed as 7-amino-4-methylcoumarin released from the 

peptide substrate (relative fluorescence units; RFU) per 40 min and per mg of extract 

protein. Specific proteasome activity is expressed as RFU/40 min/ng 20S proteasome 
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because the 20S core particle contains the catalytic sites in free 20S particles and within the 

26S proteasome complex.

 20S proteasome enzyme linked immunosorbent assay (ELISA)

20S proteasome content in muscle extracts was quantified by ELISA, as described in detail 

previously(29). In brief, microtiter plates (NuncMaxisorb, NalgeNunc International, 

Rochester, NY) were coated with anti-20S subunit α6 (PW8100, Biomol, Plymouth 

Meeting, PA) diluted in phosphate buffer saline (PBS), pH 7.4 over-night at 4°C. After 

coating plates were blocked with PBS, 1% bovine serum albumin (Sigma, PBS-BSA). 

Standard curves were prepared employing highly purified 20S (PW8270; Biomol) diluted in 

PBS-BSA. 100 μL of standards and samples diluted 1:5 in PBS-BSA were placed in the 

wells and incubated for two hours. After washing the plates, the anti-20S “core subunits” 

(α5,α7, β1, β5, β5i, β7) (PW8155, Biomol) was added to the wells and incubated for 1 hour 

at room temperature. The plates were washed again and HRP labeled anti-rabbit (GE 

Healthcare, Piscataway, NJ) was added. After 1 hour of incubation, plates were washed 

again and the bound antibodies were detected using tetramethylbenzidine (TMB, Sigma-

Aldrich, St. Louis, MO). The reaction was stopped by addition of 100 µL 2NHCL and the 

optical densities (OD) were determined at 450/540 nm in a microplate reader (Synergy 2, 

Biotek Instruments, Winooski, VT). The 20S proteasome ELISA detects free 20S 

proteasomes and 20S proteasomes within the 26S proteasome complex (29). The lower 

detection limit was 1.5 ng/mL 20S proteasome.

 Western blots

Western blotting with anti-ubiquitin (Life Sensors, Malvern, PA) was performed as 

described (27, 28, 32). Anti-glyceraldehyde 3-phosphate dehydrogenase (Anti-GAPDH; 

Applied Biosciences, Foster City, CA) in combination with HRP labeled anti-mouse (GE 

Healthcare, Burr Ridge, IL) were used as protein loading control. Chemiluminescence 

signals were detected with a Chemidoc imaging system (BioRad, Hercules, CA).

 Power analysis, data analyses and statistics

The number of animals in each group was chosen based on a power analysis that was 

calculated with the software program StatMate (GraphPad Software). Based on our previous 

observations in this animal model (25), we estimated a standard deviation of 15% for REE 

as the primary outcome variable and assumed that mortality after burn injury will be below 

30%. Thus, with a sample size of at least n = 10 animals in each group, we assumed that 7–8 

animals will survive the entire observation period. We calculated that a sample size of n=7 

provides a power of 0.8 to detect a 24.5% difference in REE between groups on a two-tailed 

p<0.05 level. As we observed unexpected mortality in the Burn – Early Bortezomib group, 

we increased the sample size accordingly to be able to analyze REE with n=7 in this group.

Data are presented as mean ± SEM. Data were analyzed with Student’s t test, one-way 

analysis of variance (ANOVA) with Holm-Sidak’s multiple comparisons test or two-way 

ANOVA with Tukey'smultiple comparisons test to correct for multiple testing, as 

appropriate. Survival was plotted using the Kaplan-Meier method and survival between 

groups was compared with the Log-rank test. Statistical analyses were calculated with the 
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GraphPad Prism program (GraphPad Software). A two-tailed p<0.05 was considered 

significant.

 Results

 Bortezomib treatment after sham procedure

The body weights and REE of animals after sham procedure and vehicle or bortezomib 

treatment are shown in Fig. 1A/B. There were no statistically significant differences between 

the sham groups at baseline (day 0). Body weights increased continuously throughout the 

observation period with vehicle and bortezomib treatment (Fig. 1A). With bortezomib, 

however, weight gain was less pronounced than with vehicle treatment (p<0.05 vs. vehicle 

on days 7–42). REE remained constant throughout the observation period with vehicle and 

bortezomib treatment (Fig. 1B). Furthermore, there were no statistically significant 

differences in blood gas analyses or in any of the routine blood chemistry parameters 

between the groups (Table 1). All animals after vehicle treatment and 12 out of 13 animals 

after bortezomib treatment survived the entire observation period (p>0.05 vehicle vs. 

bortezomib). Post-mortem necropsy of the single animal that died on day 3 after sham 

procedure and bortezomib treatment did not reveal any macroscopic abnormality of the 

internal organs.

To confirm that bortezomib treatment resulted in inhibition of the proteasome, we then 

measured proteasome peptidase activities and content in muscle extracts at day 42 (Fig. 2A–

C). While there were no statistically significant differences between vehicle and bortezomib 

treated animals in proteasome peptidase activities and content per mg of muscle extract 

protein (Fig. 2A/B), bortezomib treatment significantly reduced the specific proteasome 

peptidase activity expressed as activity per ng of 20S proteasome (Fig. 2C). Consistent with 

inhibition of the specific proteasome activity, we observed that ubiquitin-protein conjugates, 

the physiological substrates of the proteasome, were increased in muscle extracts after 

bortezomib treatment (Fig. 2D).

 Bortezomib treatment after burn injury

The survival curves for all animals after burn injury are shown in Fig. 3. There was 20% 

mortality with vehicle treatment. Late bortezomib treatment resulted in 25% mortality 

(p>0.05 vs. vehicle treatment). Early bortezomib treatment, however, resulted in 65% 

mortality (median survival time: 1.875 days; Hazard ratio early bortezomib/vehicle (Mantel-

Haenszel): 3.75 (95% confidence interval: 1.3 – 10.7); p = 0.0084 vs. vehicle treatment). 

Post-mortem necropsy of animals that died did not reveal macroscopic abnormalities or 

signs of infection. All surviving animals recovered from the burn injury and showed normal 

feeding and drinking behavior within seven days.

The body weights and REE of animals after burn injury and vehicle or early and late 

bortezomib treatment are shown in Fig. 1A/B. In all animals after burn injury, body weights 

remained constant and were significantly lower than after sham procedure on days 7 – 42. 

Except on post-burn day 14, where body weights were significantly lower with late 

bortezomib treatment than with vehicle treatment, there were no significant differences in 
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body weights among animals after burn injury and vehicle or early and late bortezomib 

treatment (Fig. 1A).

There were no differences in REE among the groups at baseline (day 0). As compared with 

animals after sham procedure and vehicle treatment, REE increased significantly by 48 ± 6% 

on day 7 and remained elevated until day 42 after burn and vehicle treatment (p<0.05 vs. 

sham-vehicle on days 7 – 42; Fig. 1B). After burn and early bortezomib treatment, increases 

in REE were delayed until post-burn day 21 (p>0.05 vs. sham-vehicle on days 7 and 14; 

p<0.05 vs. burn-vehicle on day 7). Furthermore, early bortezomib treatment after burns 

significantly reduced REE on day 42, as compared with animals after burn and vehicle 

treatment (increase in REE: burn-vehicle - 86 ± 22% of day 0; burn-early bortezomib – 47 

± 11% of day 0). With late bortezomib treatment after burns, increases in REE were also 

delayed until day 21. Late bortezomibtreatment, however, did not reduce the magnitude of 

the increase in REE on day 42 (increase in REE on day 42: 65 ± 14% of day 0; p>0.05 vs. 

burn-vehicle), as compared with animals after burn and vehicle treatment.

There were no significant differences in any laboratory parameters among the groups on 

post-burn day 42 (Table 1). Furthermore, the dorsal burn wounds were indistinguishable by 

gross examination and eschar separation occurred at comparable time points in animals with 

vehicle or early and late bortezomib treatment. The quantification of proteasome peptidase 

activities and content in muscle extracts after burn injury and vehicle or bortezomib 

treatment are shown in Fig 2. There were no significant differences in proteasome peptidase 

activities and content per mg of total muscle protein among the groups (Fig. 2A/B). 

Quantification of specific proteasome activities in muscle extracts revealed a significant 

increase in animals after burn injury and vehicle treatment, as compared with animals after 

sham procedure and vehicle treatment. The burn-induced increase in specific proteasome 

peptidase activities could be prevented with early and late bortezomib treatment (Fig. 2C). 

As observed after sham procedure, early and late bortezomib treatment increased the content 

of ubiquitin-protein conjugates in muscle extracts (Fig. 2E).

 Discussion

In the present study, we provide an initial assessment of the effects of proteasome inhibition 

on the development of hypermetabolism after burn injury. There are several new findings 

from the present study. First, specific proteasome peptidase activities in skeletal muscle are 

significantly increased six weeks after burn injury. Second, proteasome inhibition delays 

burn-induced increases in REE. Third, while proteasome inhibition early after burn injury 

delays and attenuates burn-induced increases in REE, it significantly increases early burn-

associated mortality.

The persistent increases in REE during the six week observation period and the lack of 

weight gain in animals after burn injury document that our model was able to induce 

hypermetabolism within a clinically relevant time frame. Furthermore, the magnitude of the 

increase in REE that we observed in animals compares well with increases in REE that have 

been measured with indirect calorimetry in patients with similar burn sizes (33, 34).
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Although the UPP has been suggested to be involved in the pathophysiology of burn-

induced hypermetabolism and muscle cachexia, information on the regulation of the skeletal 

muscle proteasome after burn injury is sparse. While increases in skeletal muscle 

proteasome activities per mg of total protein have been observed within 7 days after burns in 

rats by others (35, 36), evidence for persistent proteasome activation during documented 

burn-induced hypermetabolism and within clinically relevant time periods is lacking. We 

have previously described that skeletal muscle proteasome peptidase activities per mg of 

protein were not significantly altered within a six week post-burn time period (25), which is 

consistent with the findings of the present study. Normalization of proteasome peptidase 

activities to proteasome content in the present study, however, revealed significantly 

increased specific proteasome activities in skeletal muscle extracts from animals with 

documented post-burn hypermetabolism. Thus, our findings now provide initial biochemical 

evidence for persistent activation of the skeletal muscle proteasome after burn injury, which 

justifies studies on the role of the proteasome as a drug target during burn-induced 

hypermetabolism.

As documented by enzyme activity measurements and analyses of endogenous intracellular 

protein substrates of the proteasome, bortezomib treatment reduced skeletal muscle 

proteasome activity after sham and burn injury. Although there were no significant 

differences in survival after sham procedure with and without bortezomib treatment, one of 

the animals after bortezomib treatment died. Preclinical toxicity studies showed that the 

maximum safe level of proteasome inhibition by bortezomib is approximately 90% and that 

proteasome inhibition beyond this threshold results in severe gastrointestinal toxicities and 

lethal hemodynamic consequences (37–39). In our study, bortezomib treatment after sham 

injury inhibited specific proteasome activity on average by 86%. Therefore, it is possible 

that the safety threshold level for bortezomib was exceeded in the single non-surviving 

animal after sham procedure. After burn injury, bortezomib treatment inhibited specific 

proteasome activities by 73–76%, as compared with vehicle treatment. This degree of 

inhibition resulted in specific proteasome activities that were comparable with normal 

activities in animals after sham procedure, suggesting that intrinsic drug toxicity is unlikely 

to account for the observed mortality with early bortezomib treatment after burn injury. This 

assumption is further supported by the finding that late bortezomib treatment was not 

associated with increased mortality after burns, when compared with vehicle treated 

animals.

The acute response to burn injury is traditionally referred to as the ebb or shock phase, 

which is characterized by a hypodynamic-hypometabolic state and lasts for 12–24 h after 

burn (40, 41). The ebb phase is then followed by the flow phase, which persists for months 

to years after burns and is characterized by hypermetabolism and net protein loss. Therefore, 

our findings suggest that adequate proteasome function during the ebb phase after burns is 

essential for survival.

Besides the roles of the UPP in the regulation of protein turnover, it is also involved in the 

regulation of a multitude of other essential cellular functions, including a broad variety of 

intracellular signaling pathways and regulation of inflammation (42). Thus, the identification 

of the predominant mechanisms through which proteasome inhibition alters REE and 
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induces mortality after burns in particular, and by which proteasome inhibition influences 

any other cellular function in normal and pathological conditions in general, remains a 

challenge. Proteasome inhibitors are known to have profound anti-inflammatory and 

immune suppressive actions (43, 44). Thus, it may be speculated that inhibiting the acute 

inflammatory response during the ebb phase after burns contributed to the observed 

mortality with early bortezomib treatment.

As documented by measurements of REE, hypermetabolism developed within 7 days post-

burn and persisted during the six week observation period. Whereas early and late 

bortezomib treatment delayed the increase in REE, only early bortezomib treatment 

significantly affected the magnitude of the burn-induced hypermetabolic response. These 

findings have several implications. Our data imply that the UPP contributes to post-burn 

hypermetabolism and document that pharmacological modulation of a major proteolytic 

pathway can reduce increases in REE. Furthermore, these findings suggest that molecular 

events during the initial phase after burns determine the magnitude of the hypermetabolic 

response weeks after injury.

During recent years several lines of evidence have suggested that the proteasome is also 

intricately involved in the regulation of lipid and carbohydrate metabolism and itself 

controlled by metabolic factors, such as O-linked N-acetylglucosamine(45–47). Thus, it 

appears possible that early proteasome inhibition during the ebb phase was able to attenuate 

activation of other molecular effectors that contribute to and ultimately determine the 

magnitude of the post-burn hypermetabolism, whereas such cascades were already activated 

with delayed proteasome inhibition that was initiated during the flow phase. The exact 

molecular mechanisms through which proteasome inhibition modulates REE and also 

induces mortality after burn injury, however, remain to be determined.

In conclusion, our findings provide evidence for the involvement of the proteasome in the 

pathophysiology of burn-induced hypermetabolism and demonstrate that proteasome 

inhibition can delay and attenuate post-burn increases in REE. The therapeutic window 

during which proteasome inhibition reduces the magnitude of the hypermetabolic response, 

however, appears to be limited to the ebb phase after burns, during which proteasome 

inhibition significantly increases burn-associated mortality. Our findings highlight the risks 

of inhibiting an essential proteolytic pathway early after burn injury and suggest that global 

proteasome inhibition does not provide a clinically feasible approach to reduce burn-induced 

hypermetabolism.
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Figure 1. 
(A) Body weights (g) after sham procedure and burn injury. Open circles: vehicle treatment 

– sham procedure (n=10). Grey circles: bortezomib treatment – sham procedure (n=12–13). 

Black squares: burn, vehicle treatment (n=8–10). Light grey squares: burn, early bortezomib 

treatment (n=7–20). Dark grey squares: burn, late bortezomib treatment (n=9–13). Data are 

mean ± SEM. ϕ p<0.05 sham procedure and vehicle treatment vs. sham procedure and 

bortezomib treatment. *: p<0.05 burn vs. sham procedure and vehicle treatment. #: p<0.05 

burn and vehicle treatment vs. burn and late bortezomib treatment. (B) Resting energy 

expenditures (REE, kcal/h/g) after sham procedure and burn injury. Same symbols and 

sample sizes as in (A). Data are mean ± SEM. *: p<0.05 vs. burn and vehicle treatment. #: 

p<0.05 vs. sham procedure and vehicle treatment.
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Figure 2. 
Proteasome peptidase activities, proteasome content and ubiquitin-protein conjugates in 

skeletal muscle extracts after sham procedure and burn injury (day 42). Sham procedure and 

vehicle treatment, n = 10. Sham procedure and bortezomib (Bo) treatment, n = 7. Burn and 

vehicle treatment, n=6. Burn, early Bo treatment, n = 6. Burn, late Bo treatment, n=6. (A) 

Proteasome peptidase activity (RFU/40 min/mg). (B) 20S proteasome concentration (ng 20S 

proteasome/mg protein). (C) Specific proteasome activity (RFU/40min/ng 20S proteasome). 

*: p<0.05 vs. sham procedure and vehicle treatment. (D) Top: Western blot analysis of 

ubiquitin-protein conjugates (>40kDa) in skeletal muscle extracts from uninjured animals 

after vehicle (−) and bortezomib (+) treatment. Bottom: Blots were re-probed with anti-

GAPDH as a protein loading control. Migration positions of molecular mass standards are 

indicated on the left. (E) Top: Western blot analysis of ubiquitin-protein conjugates 

(>40kDa) in skeletal muscle extracts from animals after burn and vehicle (−) or early and 

late bortezomib (+) treatment. Bottom: Blots were re-probed with anti-GAPDH as a protein 

loading control. Migration positions of molecular mass standards are indicated on the left.
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Figure 3. 
Survival after burn injury. Black squares: vehicle treatment (n=10). Light grey squares: Early 

bortezomib treatment (n=20). Dark grey squares: Late bortezomib treatment (n=13).
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