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Skeletal muscle protein breakdown remains elevated in pediatric
burn survivors up to one year post injury
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Abstract

Acute alterations in skeletal muscle protein metabolism are a well-established event associated
with the stress response to burns. Nevertheless, the long-lasting effects of burn injury on skeletal
muscle protein turnover are incompletely understood. This study was undertaken to investigate
fractional synthesis (FSR) and breakdown (FBR) rates in skeletal muscle of pediatric burn patients
(N=42, >30% total body surface area burns) for up to 1 year after injury. Skeletal muscle protein
kinetics were measured in the postprandial state following bolus injections of 13Cg and 15N
phenylalanine stable isotopes. Plasma and muscle phenylalanine enrichments were quantified
using gas chromatography-mass spectrometry. We found that the FSR in burn patients was 2- to 3-
fold higher than values from healthy men previously reported in the literature (p<0.05). The FBR
was 4- to 6-fold higher than healthy values (p<0.01). Therefore, net protein balance was lower in
burn patients compared to healthy men from 2 weeks to 12 months post injury (p<0.05). These
findings show that skeletal muscle protein turnover stays elevated for up to 1 year after burn, an
effect attributable to simultaneous increases in FBR and FSR. Muscle FBR exceeds FSR during
this time, producing a persistent net negative protein balance, even in the postprandial state, which
likely contributes to the prolonged cachexia seen in burned victims.
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INTRODUCTION

Severe burns (>30% of the total body surface area [TBSA]) result in a pathophysiological
stress response that lasts at least 2 years post injury (1). Inflammation and chronic
adrenergic stress following burn injury are thought to contribute to increased amino acid
turnover in skeletal muscle (2-4). Increased skeletal muscle protein breakdown and
synthesis are hallmarks of the acute stress response to burns. However, increased muscle
protein synthesis does not match the increase in muscle protein breakdown after burn injury,
leading to chronic amino acid loss (5-8). This discordance in skeletal muscle proteolysis and
accretion is considered the principal culprit underlying skeletal muscle cachexia in burn
survivors.

We have previously reported that amino acid loss across the leg remains elevated in burn
survivors for as long as 9 months after the burn (9). In that study, the rates of protein
synthesis and breakdown in skeletal muscle were determined indirectly via cross-leg arterial
venous balance studies. Notably, the necessity for arterial and venous catheters, prolonged
infusion times to reach isotopic steady states (>3 h), and the measurement of blood flow
cross-leg makes these studies invasive and technically challenging to perform, particularly
in the outpatient setting. In recent years, our group has developed methodologies to
determine skeletal muscle fractional synthesis rate (FSR) and fractional breakdown rate
(FBR) during non-steady state conditions using bolus injections of two isotopically labeled
phenylalanine tracers (10). This permits the determination of FSR and FBR in a study
lasting 60 min, without the need for central lines and blood flow measurements.

In the current study, we used this novel method for determining skeletal muscle FSR and
FBR to investigate the long-term effect of burns on protein turnover in skeletal muscle. We
hypothesized that elevated skeletal muscle protein turnover, primarily increased FBR, would
persist in burn victims long into their convalescence.

MATERIALS AND METHODS

Patients

This study was approved by the Institutional Review Board at the University of Texas
Medical Branch (Galveston, TX). Informed consent was obtained from each patient’s parent
or guardian prior to enrollment in the study. Between July 2008 and March 2014, 42
subjects who met the inclusion criteria were enrolled in this study. Inclusion criteria were as
follows: children over the age of 1 year but less than 18 years, children with burns covering
more than 30% of the TBSA who were admitted to Shriners Hospitals for Children—
Galveston for acute burn care within 3 days of injury, and children able to participate in
stable isotopic studies.

Upon arrival at the hospital, all patients received standard burn care, which included fluid
resuscitation and total burn wound excision within 48 h of admission. Sequential surgical
procedures for wound grafting were performed as needed until the burn wounds were
healed. A constant infusion of insulin was administered intravenously to patients when their
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blood glucose concentration exceeded 200 mg/dl, in accordance with standard clinical
practice.

Patients were intubated for operations and immediately extubated after. Ventilator settings
for those who remained intubated followed ARDS-NET recommendations (11). Any
occurrence of sepsis was recorded and aggressively treated with the administration of
antibiotic/antimicrobial agents. Patients received up to 5 days of bed rest after excision and
grafting procedures. Afterward, patients ambulated daily and received occupational and
physical therapy as part of their rehabilitation.

Each patient received enteral nutrition via nasoduodenal tube during their acute
hospitalization until they were able to consume food voluntarily. Patients received
Vivonex® TEN (Sandoz Nutritional Corp., Minneapolis, MN), composed of 82%
carbohydrate, 15% protein, and 3% fat. Daily caloric intake was calculated using the
Galveston formula, which delivers 1,500 kcal/m2 TBSA burned (for burn hypermetabolism)
+ 1,500 kcal/m?2 TBSA (maintenance) (12, 13). The target caloric intake equaled 1.4 times
the patients’ resting energy expenditure, as measured by indirect calorimetry. This feeding
regimen was started at admission and continued at a constant rate until the wounds were
healed. Total caloric intake remained constant during hospitalization, and this protocol was
carried through the infusion studies. Once discharged, patients received nutritional drinks
(Boost, Nestle Health Care Nutrition) to ensure that caloric intake was 1.4 times the
measured resting energy expenditure.

For outpatient infusion studies, nutritional support was provided with 10% Travasol®
(amino acid) solution (Clintec Nutrition, Deerfield, IL). A primed dose of 0.45 ml/kg was
followed by a continuous infusion at 1.35 ml/kg/h. This primed dose was administered 1 h
prior to the first bolus injection followed by the constant infusion given through the duration
of the study. The 10% Travasol® solution contained 100 mg/ml of amino acids composed of
leucine (7.3 mg/ml), isoleucine (6 mg/ml), lysine (5.8 mg/ml), valine (5.8 mg/ml),
phenylalanine (5.6 mg/ml), methionine (4 mg/ml), tryptophan (1.8 mg/ml), alanine (20.7
mg/ml), arginine (11.5 mg/ml), glycine (10.3 mg/ml), proline (6.8 mg/ml), serine (5 mg/ml),
and lysine (0.4 mg/ml).

Stable isotope infusion procedure

Skeletal muscle protein kinetics were measured using a bolus tracer injection method. This
method was used because it is less invasive and time intensive for patients than arterial-
venous dilution approaches. We have previously found that this method produces FSR and
FBR values similar to the muscle protein synthesis and muscle protein breakdown values
derived from arterial-venous balance methodologies (10, 14).

Blood samples were collected prior to the bolus tracer injection to determine background
enrichment. A bolus injection of L-[ring-13Cg]Phe (5.56 mg/kg) and L-[1°N]Phe (5.40
mg/kg) in 3 ml of 0.45% saline were injected intravenously at 0 and 30 min, respectively.
Blood samples (1.0 ml) were taken at 5, 10, 15, 20, 29, 35, 40, 50, and 60 min. Muscle
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samples (~100 mg total) were obtained from the m. vastus lateralisat 10 and 60 min using a
suction-adapted Bergstrom needle. Muscle samples were washed in ice-cold saline to
remove visible blood, frozen in liquid nitrogen, and stored at —80°C for later processing.
Blood samples were centrifuged at 3,000 rpm for 20 min. Plasma (~0.5 ml) was aliquoted
into cryotubes and stored at —20°C for later processing.

Sample analysis

For measurement of plasma enrichment, 500 pl of plasma was pipetted into a glass tube
containing the same volume of 15% sulfasalicylic acid. These samples were centrifuged at
3,000 rpm for 10 min. Supernatants were loaded into solid phase extraction columns to
separate phenylalanine. Next, phenylalanine was eluted using 1 M ammonia hydroxide and
dried overnight in a speedvac. Phenylalanine enrichment was then determined in tert-
butyldimethylsilyl derivatives by gas chromatography-mass spectrometry (15).

For measurement of phenylalanine concentration and enrichment in muscle samples, an
internal standard containing 3 umol/l of L-[ring-13Cg,1°N] Phe was added to ~30 mg of
muscle. The muscle sample was homogenized twice in 10% perchloric acid. Samples were
centrifuged at 3,000 rpm for 10 min. The supernatant was collected to measure free
intracellular (unbound) amino acid (15). Enrichment of protein-bound phenylalanine was
determined by thoroughly washing muscle pellets with saline and alcohol, drying them
overnight at 50°C (16), and hydrolyzing the dry protein pellets by an overnight incubation in
6 N HCl at 110°C. The bound protein hydrolyzate and intracellular supernatant were
processed by the same method as blood samples. Isotopic enrichments in blood and muscle
samples were measured on an Agilent 6890 gas chromatograph-mass spectrometer. lons
were selectively monitored at mass-to-charge (m/z) ratios of 336, 337, 340, 342, and 346 for
phenylalanine enrichment. Isotopic enrichments were expressed as tracer-to-tracee ratio.
Muscle concentrations of free intracellular phenylalanine were calculated from the internal
standard.

Calculations

Muscle FSR was calculated according to the precursor-product method. The value for the
precursor was the area under the decay curve for intracellular phenylalanine enrichment, and
the product was the change in bound enrichment over time (Eg. 1). FBR was calculated from
the decay in intracellular and plasma enrichment E (10), where the ratio of bound to free
intracellular phenylalanine is represented by Qp/T. The amount of free phenylalanine in the
muscle sample was measured and normalized to micromoles of free phenylalanine per gram
of muscle. It has previously been shown that one gram of dry muscle protein contains 150
pumol of phenylalanine (17). The content of protein-bound phenylalanine in one gram of
muscle was calculated by [(250 umol/g) x (percent dry protein in muscle)].

_ EB(t) - EB(0)

FSR=="3
[TER(1)AL

(0]
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Statistical analysis

A mixed multiple analysis of variance related each outcome (FSR, FBR, and net balance) to
the time points (2 wk, 4 wk, 6 mo, 12 mo) and the potentially prognostic covariates of age
and burned TBSA, blocking on subject. Differences among time points were assessed by
Tukey-adjusted contrasts. An analysis of variance was performed with a compound
symmetry correlation structure to compensate for repeated measures and with weighting per
time point to compensate for heterogeneity of variance. Values for burned patient outcomes
at each time point were compared to values from healthy subjects by student’s t-test.
Statistical analyses were performed using R statistical software (R Core Team, 2013, version
3.1.1). A 95% level of confidence was assumed. Values are reported as mean + SE.
Statistical significance was accepted when p < 0.05.

RESULTS

Muscle protein turnover was analyzed in 42 severely burned pediatric patients (30 male, 12
female) in the fed state. Their mean age was 7.1 + 4.8 years with a burn injury of 50 + 14%
TBSA. Skeletal muscle FSR was 0.11 + 0.02%/h at 2 weeks, 0.19 + 0.03 %/h at 4 weeks,
and 0.14 + 0.02 %/h at 12 months. No significant differences were detected among any time
points (Fig. 1A). However, all three values were significantly higher than muscle protein
FSR previously reported in non-burned adults by Phillips et al. (0.07 £ 0.01 %/h, p < 0.05)
(18), who used labeled phenylalanine tracers to measure protein turnover in 19 healthy
untrained young men who were also in the fed state. Similar to FSR, FBR values did not
significantly differ at 2 weeks (0.18 £ 0.02 %/h), 4 weeks (0.28 £ 0.03 %/h), 6 weeks (0.18
+ 0.02 %/h), or 12 months (0.25 £ 0.05 %/h) (Fig. 1B). These values were 4- to 6-fold
higher than those seen in healthy adults (0.05 + 0.01 %/h, p < 0.01) as previously reported
(18).

Net protein balance was determined by calculating the difference between FSR and FBR.
We observed a negative net protein balance from acute hospitalization to 12 months post
burn, as elevation of muscle FBR was greater than that of FSR (Fig. 2). The net protein
balance in burn patients was —0.07 + 0.02 %/h at 2 weeks, —0.09 £ 0.04 %/h at 4 weeks,
-0.06 + 0.04 %/h at 6 months, and —0.11 + 0.05 %/h at 12 months. In contrast, healthy, non-
burned adults in the fed state showed a net positive protein balance (0.02 + 0.01 %/h, p <
0.05 vs. burn all values).

DISCUSSION

Severe burns induce acute, concurrent elevations in muscle protein synthesis and
breakdown, with the rate of breakdown outpacing synthesis to induce loss of skeletal muscle
proteins. Whether this imbalance in skeletal muscle protein metabolism persists after closure
of burn wounds remains unclear. Using a novel stable isotope approach, we found that, in
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skeletal muscle, derangements in protein metabolism persist for up to one year after burns.
In particular, our results indicate that increased muscle protein turnover following burn
injury is attributable to elevated FBR. What we found particularly interesting was the similar
increasing and decreasing pattern seen for both FSR and FBR following burn injury.
However, the magnitude of the increase in FBR was consistently greater than that of FSR,
which likely leads to a chronic loss of skeletal muscle proteins over time in burn survivors.

Consumption of protein or intravenous amino acid infusion results in hyperaminoacidemia.
This increases availability of amino acids within myocytes, where protein synthesis
incorporates some of these amino acids into bound proteins such as cellular organelles and
myofibrillar proteins. Free amino acids arising from protein catabolism also augment
intracellular amino acid concentration. When breakdown occurs at greatly elevated rates, as
seen in burned patients, the intracellular free amino acid pool becomes saturated, stimulating
protein synthesis. Our group has previously shown that intravenous amino acid infusion
does not further stimulate protein synthesis in children with massive burns (19), suggesting
that the inward flow of amino acids from feeding does not significantly augment the
availability of free intracellular amino acids. Perhaps this is because burn victims have
intracellular amino acid concentrations in skeletal muscle that are several fold higher than
those seen in healthy individuals.

Intracellular amino acid cycling (see schematic of process in Fig. 3), where amino acids
derived from breakdown are resynthesized into proteins, is known to increase in burn
victims (4, 19). Therefore, we suggest that FBR drives FSR in skeletal muscle of burn
vicitms. While this could be viewed as energetically wasteful and contributing to
hypermetabolism in burn survivors, it may be somewhat protective by preventing unchecked
amino acid loss from skeletal muscle.

Our current findings are consistent with our previous protein Kinetic data obtained from
healthy and severely burned adults (20). In this previous study, muscle protein breakdown
was 83% greater in burn victims than in healthy individuals. Similarly, muscle protein
synthesis was 50% greater in burn patients than in healthy adults, most likely due to the
significantly higher intracellular amino acid concentration in muscle of burn patients (20).
Moreover, leucine and lycine kinetics were similarly perturbed as phenylalanine kinetics in
burn victims. In this previous study, our group used the three-compartmental model
measuring arterio-venous differences in amino acid concentrations to calculate muscle
protein breakdown and synthesis. As in the current study, skeletal muscle amino acid losses
after burn could be explained by an increase in muscle protein breakdown that was not
accompanied by an elevation in muscle protein synthesis of similar magnitude. The ability
of the bolus injection method to identify the same burn-related disruption in skeletal muscle
amino acid kinetics as more contemporary constant infusion approaches suggests that this
method is a valid means of determining protein turnover in skeletal muscle after burns.

We have previously determined skeletal muscle amino acid kinetics in pediatric patients for
up to 1 year after burns using arterial-venous balance methods (9). We demonstrated that,
consistent with our current findings, the rate of amino acid appearance in the femoral vein (a
marker of skeletal muscle protein breakdown) was elevated for 9 months post injury.
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Moreover, amino acid appearance in the femoral vein occurred at a greater rate than amino
acid disappearance from the femoral artery (an index of muscle protein synthesis), resulting
in a negative protein balance across the leg. Our current study, which involves direct
measurement of skeletal muscle FSR and FBR, provides further support for the notion that
muscle cachexia in burn victims is the result of marked elevations in proteolysis.

In recent decades, advances in the standard of clinical care for burn victims have
significantly increased survival. However, our current data show that these patients
experience profound alterations in skeletal muscle protein metabolism for as long as 1 year
following burn injury (Fig. 2). This chronic muscle proteolysis contributes to the profound
cachexia seen in burn survivors, which delays recovery and negatively affects quality of life.
Therapeutic strategies aimed at improving skeletal muscle protein balance and thus mass,
will likely be efficacious in reducing morbidity in burn victims.

Previous studies have shown that a number of pharmacological interventions increase
muscle protein synthesis in burn victims (21-23), leading to a better match between the rates
of muscle protein breakdown and muscle protein synthesis. Diaz and colleagues recently
reviewed the effects of oxandrolone and propranolol on skeletal muscle protein turnover in
burn victims (24). It was noted that most pharmacological interventions increase the
efficiency of muscle protein synthesis but have little effect on protein breakdown. Given that
excessive muscle protein breakdown is the overriding phenotype of the massively burned
patients, interventions to reduce catabolism of muscle protein may be more useful in
preserving lean mass in burn victims.

One limitation of the current study is that muscle protein kinetics in burned children were
unable to be compared to those in healthy non-burned children due to ethical issues involved
in performing invasive studies in otherwise healthy children. However, we were able to
compare data from burned children to data from healthy non-burned young men (18), which
are likely similar to healthy children. This particular study was preferred for our healthy
control comparison because their FSR and FBR were measured while subjects were in the
fed state, which would eliminate any assumptions we would have to make if they were
fasted. Although their methods were different, previous studies show that there were no
significant differences between the bolus injection and constant infusion method (10, 14).
Additionally, this was a cohort study. A total of 42 patients were included in the study, but
each individual was not included in each time point. Some cases were deemed unsafe for
patients to be studied, and some patients were lost to follow up at 6 and 12 months. Not all
42 patients were represented equally in all 4 groups. However, our mixed analyses of
covariance were blocked on subjects to compensate for repeated measures, which should
help compensate for this problem. Future prospective studies are warranted to study the
same patients over time. With that said, the stable isotope bolus injection method used here
allows skeletal muscle protein turnover to be determined in a study lasting less than 2 h,
without requiring the catheterization of the femoral artery and vein or the measurement of
blood flow. This provides a less invasive and time-consuming approach for quantifying
skeletal muscle amino acid kinetics in clinical populations. Further, these future studies can
investigate the cellular pathways responsible for this deviation in protein turnover we
observed in severely burned patients.
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In conclusion, we demonstrated that protein turnover remains elevated for up to 1 year
following severe burn injury. Chronically elevated skeletal muscle catabolism is not
matched by a similar increase in muscle protein synthesis, causing persistent loss of skeletal
muscle amino acids. We suggest that chronically elevated FBR is responsible for muscle
cachexia observed in burn survivors. Investigation of novel therapies that blunt skeletal
muscle proteolysis to improve protein net balance will likely hasten the recovery of burn
survivors.
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Fig. 1. Comparison of protein turnover in pediatric burn patients and healthy adults
Fractional synthesis rate (FSR) (A) and fractional breakdown rate (FBR) (B) were elevated

in burn patients. Tp=0.05, *p<0.05, and **p<0.01 vs. healthy. Data from healthy men was
from Phillips et al. (18).
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Fig. 2. Comparison of net protein balancein pediatric burn patients and healthy adults
Net balance was calculated as the difference of FBR from FSR. *p<0.05 and **p<0.01 vs.

healthy.
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Fig. 3. Schematic of amino acid (AA) recycling
Elevated protein breakdown stimulates release of AAs from bound protein. This increases

the availability free intracellular AAs, driving incorporation of the same AAs back into
bound protein. The intracellular free AA pool is largely augmented by protein breakdown
and not affected by influx of AA from exogenous sources. Diagram is adapted from Diaz et
al. (24).

Shock. Author manuscript; available in PMC 2016 November 01.





