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Abstract

Objective—To assess the activity of non-lysosomal proteolytic systems in skeletal and cardiac
muscle during burn induced hypermetabolism in rats.

Methods—Rats underwent 30% TBSA scald burn or sham injury and were observed for up to 42
days. Body weights and resting energy expenditures (REE) were determined weekly. Skeletal
(soleus/pectoral) muscle and hearts were harvested on days 0 (=control), 7, 14, 21 and 42 post
burn. Calpain, caspase-1, -3/7, -6, -8, -9 and proteasome peptidase activities were measured in
tissue extracts.

Results—Hypermetabolism developed within 3 weeks after burns, as documented by increased
REEs and decreased body weights on post burn days 21-42 (p<0.05 vs. control). Calpain activities
did not show significant alterations. Pan caspase activities increased by time and were
significantly elevated in skeletal and cardiac muscle extracts during hypermetabolism. Whereas
increases in caspase-1, caspase-8 and caspase-9 activities were predominantly responsible for
elevated pan caspase activities in skeletal muscle, increases in caspase-6 activities dominated in
the heart. Proteasome peptidase activities in skeletal muscle extracts were not significantly altered.
Proteasome peptidase activities in heart extracts increased time dependently and were significantly
increased during burn induced hypermetabolism.

Conclusions—Activation of caspase cascades during burn induced hypermetabolism constitutes
a uniform response in skeletal and cardiac muscle and may contribute to enhanced metabolic
protein turnover. Activation of myocardial proteasome activities may reflect persistent cardiac
stress. Further exploration of caspase cascades and the proteasome as therapeutic targets to
influence long term consequences of burn induced hypermetabolism appears justified.
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INTRODUCTION

Severe burn injury induces hypermetabolism, which persists for months after complete
wound closure (1-5). Depending on the degree of the burn injury, resting energy
expenditure (REE) increases up to 180% of normal and can remain elevated for more than
two years after injury (2, 6-8). Burn induced hypermetabolism results in muscle catabolism,
which is associated with adverse outcomes and prolonged recovery periods (1, 2, 9). The
molecular mechanisms that lead to and perpetuate burn induced hypermetabolism and
muscle catabolism, however, are complex and not well understood (1). Anabolic agents such
as oxandrolone, human growth hormone and insulin-like growth factor-1 have been used
with some success in pediatric burn patients and in animal models of burn injury in an
attempt to reverse muscle catabolism (10-15). Nonetheless, the mechanisms through which
these therapeutic interventions attenuate the deleterious effects of hypermetabolism and
muscle catabolism remain to be determined.

Studies on muscle protein turnover showed that protein degradation and synthesis are
increased in burned patients (16). Because increases in protein degradation exceeded
increases in protein synthesis, enhanced protein degradation appears as the primary effector
of muscle catabolism (16). Whereas the regulation of major proteolytic systems in human
muscle after burns is unknown, the majority of previous studies on the regulation of
proteolysis in muscle after burns in animals have focused on the acute post burn period (17—
23). Information on the temporal pattern of muscle protease activities after burns is scarce,
and the activities of important proteolytic systems in muscle during established burn induced
hypermetabolism are unknown. The understanding of the enzyme systems that may
participate in the protein degradation process, however, is essential to develop improved
strategies that attenuate the whole body protein loss and improve outcomes from severe burn
injuries. Thus, it was the aim of the present study to assess the activities of major proteolytic
systems in skeletal and cardiac muscle during burn induced hypermetabolism in rats.

The major proteolytic systems in muscle are comprised of the lysosomal system and the
non-lysosomal calpain, caspase and proteasome systems. Lysosomal proteolysis, however, is
unlikely to be responsible for a significant proportion of metabolic protein turnover in
muscle under normal conditions and after burn injury (17, 18, 24-26). Thus, we focused our
studies on non-lysosomal proteolytic systems and measured REE along with caspase,
calpain and proteasome peptidase activities in skeletal and cardiac muscle extracts obtained
from animals after 30% total body surface area (TBSA) dorsal scald burn throughout a six
week observation period.
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MATERIALS AND METHODS

Animal protocol

All procedures were performed according to NIH Guidelines for Use of Laboratory Animals
and approved by the Loyola IACUC. Male Sprague Dawley rats (330 — 380 g body weight,
Harlan, Indianapolis, IN) were anesthetized with ketamine 100 mg/kg i.p., 2.5% isoflurane
inhalational, shaved and placed into a template that exposes a dorsal body area
corresponding to 30% TBSA. A full thickness burn was then induced by immersion of the
dorsal skin into boiling water for 25 seconds (27). We did not observe any evidence for
thermal injury of the muscles adjacent to the dorsal burn injury on any day after burn during
routine necropsy. Sham animals were anesthetized, shaved and their dorsal surface
immersed in tepid water. Animals were then resuscitated with Lactated Ringers solution i.p.
as per the Parkland formula (4 mL/kg/percent burn) over the first 24 h after burn injury.
Throughout the observation period animals had free access to standard rat chow and water.
Food consumption was quantified on days 1-3, 7, 14, 21 and 28 post burn. On days 7, 14, 21
and 42 after burn injury, animals (n=5/time point) were anesthetized (ketamine 100 mg/kg,
xylazine 10 mg/kg) and cardioplegic arrest was achieved by injection of 10 mL of 4°C
University of Wisconson solution (UW, Duramed) into the right ventricle (28, 29). The
heart, ventral pectoral and soleus muscle were rapidly excised, snap frozen in liquid nitrogen
and stored at —70°C until further processing, as described (28, 29). Tissues from sham
control animals served as controls (= day 0).

Resting energy expenditure (REE)

REE was measured using indirect calorimetry, as described (14). Respiratory gas exchange
was measured in an open-circuit respirometer (Columbus Instruments, OH). Food was
withdrawn from morning until mid-afternoon (6 h) before measuring REE. 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 10 min for 6 cycles (total of 60 min) and oxygen consumption and CO, production were
calculated by multiplying the rate of airflow by changes in O, and CO, concentrations of air
entering and exiting the chamber. From these values, the differences in O, intake (DO5),
CO, (DCOy) output and REE were calculated using the Oxymax software (Columbus
Instruments, OH). REE was measured at baseline (day 0), on day 7 after burn or sham injury
and weekly for 5 weeks thereafter.

Tissue extract preparation

Snap frozen tissues were homogenized in 1/10 phosphate buffered saline, pH 7.4 (1:5
weight/volume), centrifuged (16,600xg, 4°C, 30min) and supernatants (=extracts) aliquoted,
as described (29, 30). 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.
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Tissues were homogenized in 1% TCA, centrifuged (2000xg, 10min, 4°C) and supernatants
collected. Supernatants were assayed for ATP using a bioluminescence assay (Invitrogen),
as described (29, 31).

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 employing
the chymotryptic-like (CT-L) fluorogenic peptide substrate N-Suc-LLVY-7-amino-4-
methylcoumarin (Enzo Life Sciences, Farmingdale, NY), as described (28-30). Incubation
mixtures contained 50 g of extract protein, 200 uM 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 proteasome inactivation by freeze-thawing.
Enzyme time progression curves showed linearity for 40 min.

Calpain peptidase activity

Calpain activity in tissue extracts (total activity minus activity in the presence of calpain
inhibitor) was measured utilizing the BioVision Calpain Activity Fluorometric Assay Kit
(Milpitas CA) as per manufacturer’s instructions. In brief, 50 g of tissue extract protein in a
volume of 85 pL, 10 pL of 10 x reaction buffer and 5 pL of fluorogenic calpain substrate
(Ac-LLY-AFC) were incubated in the dark at 37°C in the presence and absence of 1 pL of
the calpain inhibitor Z-LLY-FMK. Positive controls contained 1 uL of active calpain. After
incubation, the fluorescence signal was read at Aemission/excitation 485/528 nm in a Synergy 2
microplate reader (Biotek). Enzyme time progression curves showed linearity for 60 min.
Calpain activities were calculated as relative fluorescence units per min and mg of extract
protein.

Caspase peptidase activity

Caspase activities in tissue extracts were measured utilizing the SensoLyte AFC Caspase
Sampler Fluorimetric Kit (Freemont, CA) as per manufacturer’s instructions. In brief,
incubation mixtures contained 50 pg of extract protein, 0.5 mM caspase substrates
(caspase-1 - Ac-YYVAD-7-amino-4-trifluoromethyl-coumarin (AFC), caspase-2 - Ac-
VDVAD-AFC, caspase-3/7 - Ac-DEVD-AFC, caspase-6 - Ac-VEID-AFC, caspase-8 - Ac-
IETD-AFC, caspase-9 - Ac-LEHD-AFC), and 10 mM DTT in caspase assay buffer
(SensoLyte AFC Caspase Sampler Fluorimetric Kit). Mixtures were placed in a black clear
bottom microplate and the fluorescence signals (Aexcitation/emission 380/508 nm) were
measured every 5 min for 1 hour at room temperature in a Synergy 2 microplate reader
(Biotek). Enzyme time progression curves showed linearity for 60 min. Enzyme activities
were calculated as relative fluorescence units per min and mg of extract protein and pan
caspase activity was expressed as the sum of all individual caspase activities measured.

Statistical analyses

Data are described as mean + SEM. Two-way analyses of variance (ANOVA) with
Bonferroni post-tests were used for comparisons of REEs and body weights. Enzyme
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activities at the various time points after burns were analyzed by one-way ANOVA with
Dunnett’s post-tests to compare each time point with the normal enzyme activity measured
at day 0 (=control) and with post-tests for linear trend to evaluate time dependent changes. A
two-tailed p < 0.05 was considered significant. Statistical analyses were calculated using
GraphPad Prism 5 (GraphPad Software Inc.) software.

Resting energy expenditures (REEs) and body weights

All animals recovered from the burn injury and showed normal feeding and drinking
behavior within seven days. After seven days, there were no differences in food
consumption between rats after burn or sham injury (24-26 g/day for all animals, p>0.05;
Fig. 1A). None of the animals developed wound infection after burns. REEs and body
weights of animals after burn and sham injury are shown in Fig. 1B/C. REE after burns
increased from 2.6 £ 0.1 kcal/h on day 0 to 3.1 + 0.13 kcal/h on day 28 and remained
unchanged thereafter (day 35: 3.1 £ 0.1 kcal/h; day 42: 3.1 + 0.15 kcal/h). REE remained
constant throughout the observation period in sham control animals (2.3 +0.1-2.6 £0.1
kcal/h). As compared with REEs of sham control animals, REEs were significantly elevated
after burn injury on days 21 — 42.

Body weights of sham control animals increased from 355 + 7 g on day 0 to 380 £ 9 g on
day 42. In animals after burn injuries, body weights decreased from 360 + 4 g on day 0 to
334 + 7 g on day 21 and remained between 339 £ 5 — 343 + 4 g on days 28 — 42. Compared
with that of sham injured animals, body weights of animals after burn injury were
significantly lower on days 21 — 42.

Calpain activities

There were no significant differences between calpain peptidase activities in control skeletal
or cardiac muscle extracts and extracts from tissues obtained on any day after burns
throughout the observation period (Fig. 2A-C, light grey bars). Furthermore, comparison of
calpain activities in extracts from tissues obtained at time points when REE was
significantly increased (post burn days 21 and 42 = burn induced hypermetabolism (BHM))
with those measured at day 0 and after burns before REE increased (days 7 and 14 = pre
BHM) did not reveal statistically significant differences (Fig. 2A-C, dark grey bars).

Caspase activities

Pan caspase peptidase activities in pectoral muscle extracts increased time dependently after
burns. Maximal pan caspase activities reached 525 + 173% of control (day 0) on post burn
day 21 and declined to 250 + 83% of control on post burn day 42 (Fig. 3A, light grey bars).
As compared with pan caspase activities in pectoral muscle extracts on day 0 and pre BHM
(days 7 and 14), pan caspase activities were significantly increased during BHM (days 21
and 42) (Fig 3A, dark grey bars).

Whereas we did not observe incremental increases in pan caspase activities in soleus muscle
extracts on post burn days 7 and 14, pan caspase activities were increased to 497 + 117% of
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control on post burn day 21 and decreased slightly to 370 £ 140% of control on post burn
day 42 (Fig. 3C, light grey bars). Comparison of pan caspase activities in soleus muscle
extracts between day 0, pre BHM and BHM showed significantly increased pan caspase
activities during BHM (Fig. 3C, dark grey bars).

Pan caspase activities increased time dependently in heart extracts (Fig. 3E, light grey bars).
In contrast to skeletal muscle extracts, peak pan caspase activities in cardiac extracts were
detectable on post burn day 42 (244 + 55% of control). As observed in skeletal muscle
extracts, pan caspase activities were also significantly increased in heart extracts obtained
during BHM (200 + 32% of control), as compared to control and cardiac extracts obtained
pre BHM (Fig. 3E, dark grey bars).

The individual caspase activities measured in skeletal and cardiac extracts during the post
burn observation period are shown in Fig. 3B/D/F. The increase in pan caspase activities
during BHM in pectoral muscle extracts was a result of increased caspase-1, caspase-8 and
caspase-9 peptidase activities (Fig. 3B) and of increased caspase-1, caspase-6, caspase-8 and
caspase-9 activities in soleus muscle, respectively (Fig. 3D). Whereas caspase-1 and
caspase-8 peptidase activities showed sustained increases during BHM in pectoral muscle
extracts, increases in caspase-1 and caspase-9 activities were sustained during BHM in
soleus muscle extracts. Unlike that in skeletal muscle extracts, the increase in pan caspase
activities during BHM in heart extracts was dominated by a sustained increase in caspase-6
activities (Fig. 3F). Nevertheless, caspase-1, caspase-8 and caspase-9 peptidase activities
also increased to more than 200% of control on post burn day 42 in heart extracts (Fig. 3F).

Proteasome activities

As compared with ATP levels in skeletal and cardiac extracts on day 0, ATP levels were
unchanged throughout the post burn period (data not shown). Thus, we measured
proteasome peptidase activities at a concentration of 2 mM ATP in skeletal muscle extracts
to reflect the physiological tissue ATP concentration, and at 5 mM ATP in cardiac extracts,
respectively (32-36). In pectoral and soleus muscle extracts, proteasome peptidase activities
were not significantly altered on any day after burns (Fig. 4A/B). In contrast, proteasome
peptidase activities in cardiac extracts increased time dependently to 143 + 17% on post
burn day 42 (Fig. 4C, light grey bars). Cardiac proteasome peptidase activities were
significantly higher during BHM (141 £ 9% of control), when compared with control and
the pre BHM period (114 + 8% of control).

DISCUSSION

In the present study, we provide an initial assessment of calpain, caspase and proteasome
activities in skeletal and cardiac muscle during burn induced hypermetabolism in rats.
Because the heart, pectoral and soleus muscles were not exposed to thermal injury, the
observed changes in enzyme activities can be attributed to the systemic whole body response
following burns. Our data suggest that activation of the muscle caspase system coincides
with burn induced hypermetabolism. Whereas we could not provide evidence for enhanced
calpain activities in skeletal and cardiac muscle after burns, activation of proteasome
peptidase activities during burn induced hypermetabolism was limited to cardiac muscle.
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The observed changes in REE after burn injury in rats are in good agreement with the
expected changes after burns in humans. On average, REE increased to 127.3 % of normal
between days 21-42 after 30% TBSA in rats. Based on the previously described linear
relationship between REE and %TBSA burn in patients, REEs after a similar burn injury in
humans would be expected at 129.1 % (37, 38). The hallmark of the post-burn
hypermetabolic response in patients is increased energy expenditure with profound whole
body protein loss. Because muscle accounts for over 50% of body cell dry weight and for
the majority of body protein, muscle catabolism dominates this response (1, 39). Thus, the
observed increase in REE in combination with the parallel loss of body weight of the
animals in our model documents that relevant burn induced hypermetabolism developed
within 21 days after injury and persisted throughout the observation period.

Previous animal studies suggested that muscle proteasome activities, and possibly calpain
activites, are elevated 24 — 72 hours after burn injury (17, 19, 23, 40). Information on the
activities these enzymes in muscle throughout longer time periods after burns has as yet not
been reported.

As ATP has direct regulatory effects on proteasome function, we first determined tissue
ATP levels after burns to be able to measure proteasome activities at the actual tissue ATP
concentration (41). The observation that ATP tissue levels were not affected after burn
injury is consistent with previous nuclear magnetic resonance spectroscopy measurements of
post burn muscle ATP levels (42). We found that proteasome and calpain activities were not
significantly altered in skeletal muscle after burns when measured at day 7 post burn and
weekly thereafter. This observation suggests that the previously described activation of these
enzyme systems may occur transiently during the acute inflammatory response to burn
injury (17, 19, 23, 40). Furthermore, our data argue against the assumption that globally
enhanced calpain or proteasome enzyme activities in skeletal muscle are responsible for the
enhanced protein turnover and protein loss that results in hypermetabolism and muscle
catabolism after burns.

Skeletal muscle caspase activities have previously been studied for up to 14 days after burn
injury in rats and mice (20, 21, 43). Whereas caspase-3 peptidase activities in abdominal
muscle continuously increased during seven day post burn observation periods (21, 43),
transient increases in caspase-3, caspase-8 and caspase-9 activities with peak activities at
post burn day four have been reported in tibialis anterior muscle during a 14-day observation
period after burns (20). Caspases exist in latent forms in cells; caspase activation occurs
through autoproteolytic processing and subsequent activation of other downstream latent
caspases by activated caspases, leading to activation of the caspase cascades (44). Thus, in
the present study we utilized pan caspase activities as a global indicator of the activation
status of this highly regulated enzyme system. Our findings that pan caspase activities
increase within three weeks after burns in skeletal muscle and remain elevated during burn
induced hypermetabolism are consistent with previous observations in abdominal muscle
during shorter time periods (21, 43). As caspases play essential roles during induction and
execution of apoptosis, our data further support the notion that muscle apoptosis contributes
to the development and perpetuation of burn induced hypermetabolism and muscle wasting
(20-22, 43, 44). In addition, caspases can cleave hundreds of cellular proteins, including
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actin (26, 45, 46). Caspase cleavage of proteins is thought to generate peptide fragments
carrying C- or N-terminal PEST motifs (sequences rich in Pro, Glu, Asp, Ser and Thr),
which can function as initiation sites for proteasomal degradation (45-47). Therefore, it
appears possible that increased caspase activities in muscle during burn induced
hypermetabolism lead to an increase in cellular substrates for proteasomal degradation,
which in turn would result in enhanced metabolic protein turnover. As such, enhanced
proteasomal degradation of proteins would be a result of increased cellular substrate
concentrations and not detectable in in vitro enzyme activity assays with test substrates.

Our observation that the increases in caspase activities in skeletal and cardiac muscle were
differentially regulated and that proteasome activation was only detectable in cardiac muscle
is in agreement with previous observations on post burn muscle caspase activities and the
differences of individual muscles to respond with changes in protein turnover (20, 21, 23,
43, 48).

Whereas myocardial proteasome and calpain activities after burns have not been studied
previously, activation of myocardial caspase cascades and induction of apoptosis has been
described in short term burn models (49-51). The findings of the present study suggest that
activation of caspase cascades is a uniform response during burn induced hypermetabolism
in skeletal and cardiac muscle. Furthermore, post burn hypermetabolism is accompanied by
cardiac stress, as manifested by long term increases in heart rate, cardiac output and
myocardial oxygen consumption (52). As activation of the proteasome occurs during
adaptation of the heart to hemodynamic overload (53), the observation that proteasome
activities were elevated during post burn hypermetabolism likely corresponds to sustained
cardiac stress and implies activation of molecular pathways that can lead to cardiac
hypertrophy and failure (53-55).

In the present study, we have utilized crude tissue extracts for enzyme activity
measurements. The enzyme activities, therefore, reflect the activities of the sum of enzymes
released from muscle and non-muscle cell populations that were present in the tissue
biopsies. As the tissue extracts, however, were prepared from uninjured muscles remote
from the dorsal burn injury, confounding effects of enzymes released from small amounts of
local non-muscle cells or infiltrating leukocytes appear negligible.

Our study is limited by the small sample size at each of the multiple time points in
combination with a considerable variability of some of the enzyme activities measurements,
in particular calpain. Based on the observed variability in the present study, we calculate that
our sample size provided a power of 0.8 to detect a minimal difference of 80% between
groups on a two tailed p<0.05 level.

Another limitation of the present study is that it does not address the mechanisms leading to
the observed changes in caspase and proteasome activities. Various mechanisms, however,
have been associated with protease activation and muscle catabolism, such as inflammation,
acidosis, abnormal insulin signaling or glucocorticoids (56-58). Although these mechanisms
may have also contributed to the observed changes in our model, further studies are required
to define their relative contribution after burns.
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In conclusion, our findings suggest that activation of the caspase system during development
and perpetuation of burn induced hypermetabolism constitutes a uniform response in
skeletal and cardiac muscle, which may, at least partially, contribute to enhanced metabolic
protein turnover. Activation of proteasome activities in the heart after burns likely reflects
persistent cardiac stress. Our data justify further exploration of caspase cascades and the
proteasome as therapeutic targets to reduce detrimental long term consequences of burn
induced hypermetabolism.
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Fig. 1.

Food consumption (g/day) (A), resting energy expenditures (REE, kcal/h) (B) and body
weights (g) (C) after 30%TBSA burn. Grey squares: burn. Open circles: sham control. N=5-
6 per group, mean = SEM. *: p<0.05 vs. sham control.
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Fig. 2.

Cslpain activities after 30% TBSA burn. Enzyme activities are expressed as % of uninjured
control (day 0); mean £ SEM. Light grey bars: Calpain activities at the individual time
points. N = 5/time point. Dark grey bars: Calpain activities before (pre-, post burn days 7
and 14) and during burn induced hypermetabolism (BHM; post burn days 21 and 42). A.
Pectoral muscle. B. Soleus muscle. C. Cardiac muscle.
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Fig. 3.

Caspase activities after 30% TBSA burn. Enzyme activities are expressed as % of uninjured
control (day 0); mean £ SEM. N = 5/time point. A/C/E: Pan caspase activities. Light grey
bars: Pan caspase activities at the individual time points. Dark grey bars: Pan caspase
activities before (pre-, post burn days 7 and 14) and during burn induced hypermetabolism
(BHM; post burn days 21 and 42). *: p<0.05 vs. day 0 (control). B/D/F: Individual caspase
activities, as shown in the graph. There was no detectable caspase-2 activity in pectoral
muscle extracts. A/B: Pectoral muscle. C/D: Soleus muscle. E/F: Cardiac muscle.
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Fig. 4.

Pr%teasome activities after 30% TBSA burn. Enzyme activities are expressed as % of
uninjured control (day 0); mean £ SEM. Light grey bars: Proteasome activities at the
individual time points. N = 5/time point. Dark grey bars: Proteasome activities before (pre-,
post burn days 7 and 14) and during burn induced hypermetabolism (BHM; post burn days
21 and 42). A. Pectoral muscle. B. Soleus muscle. C. Cardiac muscle. *: p<0.05 vs. day 0
(control).
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