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Disruption of bone and skeletal muscle in severe burns

Gordon L Klein

Severe burn injury triggers the body’s nonspecific adaptive responses to acute insult, including the systemic
inflammatory and stress responses, as well as the sympathetic response to immobilization. These responses
trigger inflammatory bone resorption followed by glucocorticoid-induced apoptosis of osteoblasts and
probably osteocytes. Because these patients are catabolic, they suffer concomitant muscle wasting and negative
nitrogen balance. The use of anabolic agents such as recombinant human growth hormone and oxandrolone
results in improved bone mineral content and muscle strength after approximately 1 year. Use of
bisphosphonates within the first 10 days of a severe burn completely blocks the resorptive bone loss and has the
added advantage of appearing to preserve muscle protein from excessive breakdown. The mechanism for the
protective effect on muscle is not currently known. However, if the effect of bisphosphonates on muscle can be
confirmed, it raises the possibility that bone communicates with muscle.
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INTRODUCTION: BURN INJURY AS A MODEL FOR BONE
AND MUSCLE LOSS

Burninjury is arelatively uncommon condition. Severe burn
injury is more uncommon still. Furthermore, burn care is
highly specialized and care for these victims is provided
by a small group of highly frained clinicians. Moreover,
burn injury involves multiple organ system dysfunction
and, inevitably, sepsis. This involvement creates a highly
complex set of metabolic interactions. Therefore, it is
important to explain why burn injury is a good model for
bone loss and muscle catabolism.

To begin with, the relative rarity of burn injury is a rea-
son to believe that man did not evolve any responses to
deal specifically with burns. Therefore, the mechanism
or mechanisms by which humans adapt to burn injury
are nonspecific adaptive responses which might be
brought to bear in other conditions as well. These non-
specific adaptive responses result in consequent bone
and muscle loss following severe burn injury. In particu-
lar, we are referring to the inflammatory response and
the stress response, as well as in part to the response to
immobilization. And, despite the complex metabolic
abnormalities seen with severe burns, the features of
bone and muscle dysfunction in children and adults
are remarkably similar.'2

The nonspecific adaptive responses: inflammation

The first adaptive response to be discussed is the inflam-
matory response. Destruction of the skin barrier by burn
injury permits entrance of pathogenic microorganisms
directly into the bloodstream. The resultant systemic
inflammatory response, which occurs immediately follow-
ing the injury, gives rise to production of pro-inflammatory
cytokines, most notably interleukin (IL)-1p and IL-6, by peri-
pheral blood mononuclear cells.? The IL-6 can then shift
bone marrow production from erythropoietic to predomi-
nantly myelopoietic cells,® helping to sustain the inflam-
matory response.

In addition, IL-18 and IL-6 stimulate osteoblasts and,
likely, osteocytes, to produce the ligand of the receptor
activator of the nuclear franscription factor NF-«xB, other-
wise known as RANK ligand, or simply RANKL. RANKL in furn
stimulates marrow stem cells to differentiate into osteo-
clasts with a consequent increase in osteoclastogenesis
and bone resorption such that severely burned children
lose over 7% of their lumbar spine bone mineral density in
the first 3-6 weeks following the burn and about 3% of their
total body bone mineral content in the first 6 months fol-
lowing the injury.* These findings suggest that frabecular
bone may be more affected than corticalbone since lum-
bar spine is mostly frabecular bone and the total body
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consists of approximately 80% cortical bone. In a sheep
model of burn injury, histological scalloping of the bones
is detectable at 5 days post-burn, while the urinary C telo-
peptide of type | collagen, CTx, is elevated within the first
24 h.?°

At the same time, these cytokines can upregulate the
parathyroid gland calcium-sensing receptor, leading fo
hypercalciuric hypoparathyroidism® and urinary calcium
wasting,” thus making repair of the bone loss difficult.

Immobilization

Immobilization will also contribute to resorptive bone loss
at this stage.® The mechanism for this is not entirely clear
but appears to involve increased sympathetic tone,®
which may be part of the stress response.? Endogenous
glucocorticoids and caftecholamines are released as part
of thisresponse. Osteoblasts contain B, adrenergic recep-
tors,® which, when activated, will stimulate RANKL produc-
fion. This set of responses also occurs early following the
burn injury. However, when osteoblasts become apopto-
tic, which will be dealt with in the next section, it is unclear
how immobilization would continue to mediate bone loss.

Stress

Following acute bone resorption, by approximately two
weeks post-burn, osteoblasts disappear from the bone sur-
face’ and markers of bone marrow stem cell differentiation
into osteoblasts are significantly reduced.” At approxi-
mately the same time, urinary deoxypyridinoline excretion,
a biomarker specific for bone resorption, is reduced,? indi-
cating that bone has become hypodynamic with both
decreased formation and decreased resorption. These

hypodynamic changes occur despite the continued high
circulating concentrations of IL-14 and IL-62 indicating that
the osteoblasts, and, likely, the osteocytes, are apoptotic.
While there is not as yet direct evidence supporting osteo-
cyte apoptosis, there is certainly failure to generate quan-
fities of RANKL sufficient to maintain normal bone resorption.
The most likely explanation for this particular set of changes
is the increased production of endogenous glucocorti-
coids, with 24-h urine-free cortisol excretion ranging from
3-8 times the upper limit of normal.??

Concomitant with the abnormal bone dynamics is mus-
cle wasting resulting from increased muscle protein break-
down and nitrogen-wasting.'® Using a standard protocol
for stable isotope study of muscle protein kinetics,'' an
infusion of labeled phenylalanine is given intfravenously
over 8 h. Phenylalanine is neither synthesized nor oxidized
by muscle; therefore, once a steady state has been estab-
lished, the rate of labeled phenylalanine disappearance
from arterial blood is considered an index of muscle protein
synthesis and the rate of labeled phenylalanine appear-
ance in venous blood is considered a measure of muscle
protein breakdown. In a typical study, labeled phenylalo-
nine is infused intravenously over 8 h. Over the last 3 h,
unlabeled amino acids are also infused. This provides addi-
tional substrate for muscle protein synthesis; normally, what
is seen is a spike in synthetic rate. However, inevitably, mus-
cle protein breakdown exceeds muscle protein synthesis.'®
Both endogenous glucocorticoids and pro-inflammatory
cytokines have been implicated in the breakdown of skel-
etal muscle'? (Figure 1).

Thus, both the systemic inflammatory response and the
stress response to severe burn injury may confribute to the
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Figure 1. Schematic diagram illustrating the effect of burn injury on the inflammatory and stress responses and their effect on bone. BMC, bone mineral
content; BMD, bone mineral density; CaSR, extracellular calcium sensing receptor; IL, interleukin; PTH, parathyroid hormone.
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loss of both bone and muscle. This possibility raises the issue
of whether loss of muscle confributes to the loss of bone
and vice versa.

TREATMENT WITH ANABOLIC AGENTS

Because burned children are hypermetabolic, with resting
energy expenditure ranging from 1.2 to 1.8 times normal,
anabolic agents initially appeared to be the treatment of
choice. The only anabolic agents that were available for
study in pediatric populations, were recombinant human
growth hormone and oxandrolone, a non-aromatizable
androgen that had previously had limited use in pediatrics.
Of interest is that children were shown to have fransient
growth hormone deficiency following severe bumns,'® the
explanation for which was not readily apparent. This fran-
sient deficiency was associated with low circulating con-
cenfrations of insulin-like growth factor 1 (IGF-1), generally
considered to be anabolic to bone. Treatment with
recombinant human growth hormone at a dose of
0.05 mg-kg™' per day subcutaneously quickly raised IGF-
1 concentrations in the blood to normal levels. However,
while serum concentrations of osteocalcin were also ini-
fially low, raising circulating IGF-1 concentrations in the
blood failed to raise osteocalcin concentration in the
blood to normal levels.'® The failure of an anabolic agent
to produce arise in serum osteocalcin concentrationin the
presence of normal circulating levels of IGF binding protein
3raises the question of the effect of inflammatory cytokines
and endogenous glucocorticoids and catecholamines on
the IGF-1 receptor. This has yet to be addressed.

What was learned from the studies involving recombin-
ant human growth hormone and oxandrolone'*+" is that
improvement in lean body mass by measurement with
dual energy X-ray absorptiometry, usually indicating mus-
cle mass, precedes improvement in bone mass by about
3-6 months, the entire process taking about 12 months
after initiating therapy. This finding suggests that skeletal
loading following increased muscle mass as a result of
freatment with anabolic agents confributes to increased
bone mass and that muscle may be the primary factor in
improving bone mineral content. Inasmuch as recombin-
ant human growth hormone is a glucocorticoid antagonist
and elevated endogenous glucocorticoid production per-
sists for approximately 1 year following burn injury,'® it is
possible that the reason that it takes 12 months to begin
to see a positive effect on bone mass is due to persistence
of glucocorticoid interference with the anabolic agents.

VITAMIN D DEFICIENCY

Also of note is that vitamin D has an effect on muscle func-
tion via the genomic and non-genomic expression of the
vitamin D receptor in muscle fibers; vitamin D receptor
signaling may play a role in myoblast differentiation and
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proliferation.!” So, what are the effects of the post-burn
vitamin D status on muscle and, therefore, on bone? This
is very difficult to determine. Inasmuch as vitamin D Binding
Protein is low in acutely burned adults,! it is difficult to know
whether serum 25-hydroxyvitamin D concentrations are
fruly low or an artifact resulting from the low serum con-
centrations of vitamin D Binding Protein and albumin. This
question will be partially addressed below.

ANTI-RESORPTIVES

Bisphosphonates have had limited use in children in part
due to concern regarding the length of time this class of
drugs remains in bone. Their only application following clin-
ical trials has been with osteogenesis imperfecta. Given
their apparent safety and efficacy, a randomized con-
frolled double-blind study was carried out in burned chil-
dren and the drug pamidronate was shown to completely
prevent the resorptive bone loss* with the effect of one or
two doses given acutely post-burn lasting for up to 2
years.?° The continued bone mineral accretion observed
in these children is presumably due to continued modeling.
This result was understandable given the pathophysiology
of bone loss described above. What happened next, how-
ever, was surprising and is sfill not fully understood.

Because several of the subjects who participated in the
randomized controlled study of pamidronate also partici-
pated in the stable isotope infusion studies of muscle pro-
tein kinetics, the results from these latter studies that were
performed in subjects receiving pamidronate or placebo
confrols were reviewed.

The muscle protein kinetfic studies were carried out
according to the protocol previously described.!" Data
were available only in a small number of subjects.'?
However, what was found was really quite surprising.
Firstly, the muscle protein synthetic rate, which invariably
rises when unlabeled amino acids are infused, did not
increase in the group receiving pamidronate. Further-
more, muscle protein breakdown was significantly lower
in the pamidronate group than in the placebo group des-
pite a large standard deviation seen in both groups.'? The
net muscle protein balance, synthesis minus breakdown,
was, as expected, negative in the subjects receiving plo-
cebo, but positive in those who received pamidronate.'?

To check that these differences were not an artifact of
the stable isotope protocol, residual muscle biopsy speci-
mens for fiber diameter, an indirect measure of muscle
strength, were determined. These studies demonstrated
that the subjects receiving pamidronate had significantly
greater muscle fiber diameter of their vastus lateralis biop-
sies than did their placebo controls.'? Additionally, we
looked at lower limb muscle strength by measuring peak
forque at 9 months post-burn in some of the subjects
who participated in the randomized controlled study of
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pamidronate. Although the number of participants was
small, analysis of the data showed that those who had
received pamidronate had lower limb peak torque values
equivalent fo physically fit age-matched controls while
those who received placebo tended to have less lower
limb strength by ANOVA.'2 Thus, pamidronate administra-
tion appeared to do something to improve muscle protein
kinetics, but whate

Before discussing possible explanations of the effect of
pamidronate on muscle, it is necessary to return to the
question of vitamin D and the effect of progressive vitamin
D deficiency on muscle mass. D deficiency develops due
to the failure of the skin to synthesize normal quantities of
vitamin D3 fromits 7-dehydrocholesterol precursor on ultra-
violet radiation exposure.?! Because the administration of
pamidronate appears to promote positive muscle protein
balance in the presence of vitamin D deficiency, it is not
likely that the D deficiency plays a major role in burn-
induced sarcopenia, at least in the early stages. As the
deficiency progresses, it is possible that it plays a role in
continued muscle weakness during recuperation. How-
ever, this question has not been investigated.

POSSIBLE EXPLANATIONS FOR THE APPARENT EFFECTS
OF PAMIDRONATE ON MUSCLE

At present there are no definitive answers to the question
posed by the pamidronate study. Any answer other than
the one that would suggest selection bias due to the smalll
number of subjects enrolled in both the randomized cli-
nical trial and the stable isotope infusion protocols and
the retrospective nature of the examination'? would
invoke a new paradigm. Possible explanations for the
effect of bisphosphonates on muscle include: (i) extra-
osseous effects of pamidronate; (i) a paracrine effect of
bone on muscle; or (iii) effects of bisphosphonates on the
bone microenvironment.

Because the pharmacokinetics of bisphosphonates
suggests that they can be released from bone and re-
enter the blood,?? there is a possibility that they can be
taken up by other tissues, including muscle. Another pos-
sibility, according to the work of Bellido and Plotkin,?® is
that bisphosphonates prevent osteocyte apoptosis. If in
fact the osteocytes are preserved, they may produce a
factor or factors with a paracrine effect on muscles to
help maintain muscle mass and function. Finally, prelim-
inary data from Guise?* indicate that the bone micro-
environment adversely affects muscle in breast cancer
patients with bone metastases, resulting in a chain of
events that cause calcium leakage from muscle and
resulting in muscle weakness. These events appear
to be blocked by administration of bisphosphonates.
Could a similar mechanism be operative following burn
injury?
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All of these possibilities require investigation, but patients
who suffer from osteoporosis and sarcopenia would be
well served if treatment for bone loss also resulted in pre-
servation of muscle mass.
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