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Therapeutic Approaches to Combatting 
Hypermetabolism in Severe Burn Injuries

Introduction
Every year, patients with burn injuries account for approximately 
500,000 hospital emergency department visits in the United States 
[1]. While most burn injuries are minor, 40,000 hospitalizations 
related to severe burn injuries occur annually [1]. Severe burn 
injuries result in metabolic inflammatory alterations that are 
similar to those presented by other major trauma patients. 
However the severity, length, and magnitude of these changes are 
most profound and prolonged in patients with burn injuries [2-4]. 
In fact, insulin resistant, hyperglycemic, hypermetabolic state of 
burn injury patients was found to persist for up to three years [5]. 
The complex condition of hypermetabolism plays a critical role 
in the healing and long-term outcomes to severe burn injury in 
a patient. Burns which encompass greater than 20% total body 
surface area (TBSA) are characterized by pathophysiological stress, 
insulin resistance, hyperglycemia and catabolism due to factors 
such as enhanced glycolysis, proteolysis, lipolysis and wasted 
substrate cycling [3, 6, 7]. As a result, the clinical complications 
following severe burn injury are unique and complex [8] and 
patients require an elaborate and carefully executed treatment 
plan to combat the challenges they face. 

There are 2 distinct phases in the post-burn hypermetabolic 

response that correspond to the phases of the severe injury 
induced stress response that was first described by Cuthbertson 
[9]. These phases of the hypermetabolic response are thought 
to be initiated by the rise in the levels of catecholamines, 
corticosteroids, and inflammatory cytokines that occurs following 
burn injury [4, 10-12]. The first phase, described as the ebb 
phase, occurs within the 48-72 hours of thermal injury. During 
this phase patients exhibit decreased cardiac output, oxygen 
consumption, metabolic rate, and are both hyperglycemic and 
glucose intolerant. The flow phase is the second of the two phases 
and occurs within the first 5 days post burn injury. This phase is 
characterized by insulin resistance, lipolysis, proteolysis, increases 
in body temperature, and a pronounced hypermetabolic state [9, 
10]. This hypermetabolic state is reflected in the rise of the basal 
metabolic rate to 140% of normal at admission. While complete 
wound healing reduces the basal metabolic rate to 130% of 
normal, the hypermetabolic state still persists at 110-120% of 
normal basal metabolic rate 3 years post burn [6, 10]. An increase 
in ATP consumption accounts for 57% of the increase in energy 
expenditure experienced by burn patients [3], while the rest may 
be attributed to increased substrate oxidation [13] , and increased 
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mitochondrial uncoupling and thermogenesis [14]. Consequently, 
carbohydrate, protein, and fat stores are mobilized to satisfy 
these prolonged heightened energy demands, thus resulting 
in hyperglycemia and whole body catabolism. This review will 
first provide an overview of the hallmarks of hypermetabolism 
in burn patients and then describe the non-pharmacological 
and pharmacological interventions used to treat this response. 
Finally, this review will summarize the therapeutic approaches to 
combat hypermetabolism post burn, and discuss future avenues 
of research (Figure 1).

Hypermetabolism Post Burn
Glucose metabolism 
There are many pathways affected in the hypermetabolic state, 
but one that dramatically affects burn outcomes is glucose 
metabolism and its ensuing insulin resistance and hyperglycemia 
[15, 16]. Impaired glucose uptake and increased hepatic glucose 
production result in hyperglycemia during the early phases of the 
hypermetabolic response to severe burn injury [17, 18]. Glycogen 
stores are quickly diminished since glycogen is constantly broken 
down to liberate glucose, resulting in high levels of circulating 
glucose [19, 20]. In addition, hepatic gluconeogenesis increases 
glucose output which contributes to the hyperglycemic state [10, 
21]. The increase in glucose production is the response to battle 
the elevated energy demands post burn injury, and to maintain 
whole body homeostasis. However, previous studies have shown 
that hyperglycemia in patients with burn injuries is linked to 
impaired wound healing, increased incidence of infection and 
sepsis, increased whole body catabolism and hypermetabolism, 
and increased incidence of pneumonia [15, 16, 22-25]. 

Accordingly, glucose control improves post-burn organ function, 
morbidity and mortality [22, 24, 25]. Insulin resistance develops 
post-burn as shown by the persistence of hyperglycemia in 
patients with burn injury despite insulin levels being twice as 
much as those found in controls [26]. In fact, insulin resistance 
has been found to remain in patients up to 3 years post-burn 
[5]. The regulation of insulin resistance has been associated with 
interleukins 1 and 6, tumor necrosis factor, endotoxin, neutrophil 
adherence complexes, nitric oxide, reactive oxygen species, 
platelet-activating factor, coagulation and complement cascades, 
but to date, no single factor could be identified as inducing this 
response [27].

Protein metabolism
The post-burn hypermetabolic response results in the 
degradation of protein of the whole body, and proteins and 
amino acids in skeletal muscle become a major source of fuel 
to provide sufficient energy. As a result, burn injury results in 
protein catabolism rates to surpass 150 g/d [7, 28] and oxidization 
of amino acids to increase by 50% in comparison to healthy 
individuals [28-30]. Consequently, muscle wasting and a decrease 
in lean body mass(LBM), up to 25% loss of LBM in uncomplicated 
burns, are hallmarks of burn injuries [10]. This muscle weakness 
not only worsens mortality but also impedes rehabilitation and 
impairs cough reflexes, extending required ventilation time, 
and preventing mobilization of these patients [31] In addition, 
decreases in LBM leads to a progressively worse clinical outcome 
and raises the probability of mortality. For example a 10% loss 
of LBM results in immune dysfunction, 20% loss of LBM impairs 
wound healing with 30% mortality, 30% loss of LBM increases 
the incidence of  pneumonia with 50% mortality, and a 40% 

Figure 1 Schematic overview of the hypermetabolic response post severe burn injury and the non-pharmacological and pharmacological 
interventions used to ameliorate this condition. 
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LBM loss translates into  100 % mortality [32]. Moreover, muscle 
wasting may contribute to the development and persistence of 
insulin resistance post-burn since 70-80% of whole body insulin-
stimulated glucose uptake occurs in skeletal muscle [33].

Lipid Metabolism
Fat stores are mobilized following burn injury in order to satisfy 
the high energy demands that result from the hypermetabolic 
state [19, 34]. Burn injury promotes lipolysis, the process by 
which hydrolysis reactions breakdown triglycerides into free fatty 
acids (FFAs) and glycerol molecules [19, 34]. These substrates 
are then used as fuel by most tissues in the body through beta-
oxidation, gluconeogenesis, and glycolysis. Unfortunately FFA 
levels overwhelm the mitochondria’s ability to metabolize the 
substrate; this in turn leads to increased fat deposition in the 
organs. Lipolysis results in increased fatty infiltration of various 
organs which has been associated with a poorer patient outcome. 
Fatty liver in particular is common among burn patients and is 
associated with increased incidence of infection and sepsis [35]. 
Furthermore, Kraft et al showed that that elevated triglyceride 
levels post-burn were associated with reduced organ function, 
impairments to glucose metabolism and worse patient outcomes 
[19]. This is in agreement with previous studies demonstrating that 
fat accumulation impedes glucose metabolism [36] and studies 
showing that FFAs contribute to insulin resistance by preventing 
glucose uptake [37]. These studies highlight the importance of 
further research into the specific mechanisms by which lipids 
induce insulin resistance and promote hypermetabolism. Sidossis 
et al. demonstrate that the subcutaneous white adipose tissue 
of pediatric burn patients under prolonged stress, greater than 2 
weeks, adopts a more thermogenic phenotype that is similar to 
that of brown adipose tissue and was associated with an increase 
in whole body metabolic rate [38]. The rise in catecholamine 
levels post-burn has been suggested to be the mediator of the 
observed increase in the lipolysis response and the appearance 
of beige adipose tissue [13, 38, 39]. In 2015, our lab published 
in Cell Reports that burn induces a transition in the phenotype 
of the subcutaneous fat from white to beige. The associated 
features were UCP1 expression which is a marker of fat browning. 
There was a drastic increase (~7-fold) in the expression UCP1 in 
fat that was excised during the patient’s last surgery (10 days to 
3 weeks post-burn). This upregulation was not detected on fat 
collected during the first surgery (0–3 days post-burn). UCP1 
expression was elevated in the subcutaneous fat, especially in 
the smaller adipocytes. Another associated feature of beige fat 
is increased mitochondrial mass. We detected that adipocytes in 
the fat collected from burned patients during their last surgery 
were enriched in mitochondria. We then showed that there is 
a significant positive correlation between IL-6 and measured 
resting energy expenditure in burned patients [40]. Therefore, 
subcutaneous fat remodeling and browning illustrates an 
underlying mechanism that helps explain the elevated energy 
expenditure observed in burn-induced hypermetabolism. Thus, 
further research into the browning of white adipose tissue 
following burn injury and the potential cytokines involved could 
lead us to elucidate the role and impact this process has in the 
hypermetabolic response and how we can block this process. 
Thus, further research into the browning of white adipose tissue 

following burn injury is required to elucidate the role and impact 
this process has in the hypermetabolic response.

Thus, there is a critical need to establish the best practice for burn 
care in order to ameliorate the enhanced and prolonged effects 
of glucose, protein and lipid metabolism of the hypermetabolic 
state post-burn injury. 

Non-Pharmacological Interventions
Early wound excision and closure
Early excision and closure of the wound post burn injury is the 
most significant single treatment to alleviate the hypermetabolic 
response as the institution of this practice in burn care 
considerably attenuates the hypermetabolic response [6] and 
improves the mortality rates [4, 40]. Excision and closure of burn 
wounds surpassing 50% TBSA within the first three days of injury 
resulted in a 40% decrease in the resting energy expenditure in 
comparison with patients with similar burns whose wounds were 
excised and closed one week after injury [6]. Furthermore, early 
wound excision and closure has been shown to attenuate protein 
catabolism as wound excision and closure within 10-21 days in 
comparison to three days post burn injury resulted in an increase 
in net protein loss from 0.03 μmol to 0.07 μmol of phenylalanine 
per minute per 100 ml of leg blood volume respectively [41]. This 
was also accompanied by an increase in log counts of bacteria in 
quantitative cultures of 3 to 4.2 and an increased incidence of 
sepsis from 20% to 50% [6, 41]. This is in agreement with other 
studies suggesting that early excision and closure of burn wounds 
attenuates the resting energy expenditure and protein catabolism 
by reducing the incidence of sepsis [42-44]. However, excision 
and grafting alone cannot revise the hypermetabolic state. 

Nutrition
Nutritional supplementation is an essential component of 
treatment for burn patients as it attenuates the hypermetabolic 
response by exogenously providing the required energy supply 
and substrates. Feeding via enteral nutrition as early as possible 
after burn is paramount. However, overfeeding must be avoided 
as excess nutrition in the form of carbohydrates and fat can 
result in hyperglycemia and in fat infiltration of organs [11, 35, 
45]. Carbohydrate supplementation is necessary in preventing 
reductions in lean body mass by sparing protein from oxidation, 
and by providing the energy required for sufficient wound healing. 
Consequently, 55-60% of nutritional intake should be supplied 
in the form of carbohydrates without surpassing 5 mg/kg/min 
in adults and children [13, 28]. This recommendation accounts 
for the minimum baseline adult carbohydrate requirement of 2 
g/kg/d, [28] and the maximum glucose absorption rate which 
is 7 g/kg/d [28]. While protein recommendations for healthy 
individuals are estimated at 0.8-1 g/kg/d, protein catabolism, 
protein oxidation, and consequently the loss of lean body mass 
experienced by burn patients necessitate higher protein intakes for 
this population. The required protein intake for burned pediatric 
patients is 1.5-2 g/ kg/d and 2.5-4.0 g/kg/d for adult patients [28, 
30]. However, overfeeding of protein should be avoided as it has 
been demonstrated that there is no benefit of supplementation 
with protein in excess of the recommended 1.5-2 g/kg/d [46]. In 
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comparison to protein catabolism, the extent of lipid catabolism 
following burn injury is not significant. Furthermore, only 30% of 
the liberated free fatty acids undergoes substrate oxidation while 
the remaining 70% undergoes reesterification into triglycerides 
[47]. In addition, excessive fat supplementation not only 
promotes fat infiltration but also promotes immunosuppression 
[48]. Consequently, the Ross Tilley Burn Center recommends that 
burn patients receive less than 25% of non-protein calories in the 
form of fat. [28, 30, 49]. 

Thermoregulation
The water loss and subsequent heat loss that is generated when 
the skin barrier is compromised by burn injury contributes to the 
hypermetabolic state [50]. It is also resetting the hypothalamus. 
Patients with burn injuries compensate for the 4000 mL/
m2 of water that is lost per day [51-54] by raising core and 
skin temperatures by 2°C more than normal compared with 
unburned patients. This is accomplished by increasing the resting 
energy expenditure and basal metabolic rates via increased 
ATP consumption, increased substrate oxidation, and increased 
mitochondrial thermogenesis [3, 13, 14]. Wilmore et al [55] 
demonstrated that increasing ambient temperatures to from 25 
to 33°C decreased resting energy expenditures from a magnitude 
of 2.0 to 1.4 in patients with severe burn injury. Increasing the 
ambient temperature to 33°C allows for the patient to derive the 
energy required for vaporization from the environment rather 
than from their own metabolic and thermoregulatory processes 
[55, 56].

Exercise
Although there is evidence demonstrating that exercise improves 
the clinical outcome of patients who have experienced major 
trauma [57], exercise is not commonly incorporated into 
rehabilitation programs for this patient population [58]. Exercise 
intervention should be considered because of its effects on 
normalizing metabolism  through effects which include promoting 
an anti-inflammatory cytokine profile [59] and by improving insulin 
sensitivity and glucose uptake [60]. This is further supported by 
studies that exercise enhances glucose control, insulin sensitivity, 
body composition, cardiorespiratory fitness, lipid status, and 
blood pressure in diabetic patients [61-65]. The incorporation 
of exercise into the regimens of convalescent burn patients is 
crucial, as burn patients who undergo progressive resistance 
exercises and aerobic exercises in addition to standard of care 
experience improved muscle strength and endurance, increased 
lean body mass, increased power, and enhanced assimilation of 
amino acids into muscle proteins in comparison to patients who 
have only received standard of care [66-68]. Exercise has also 
been shown to have synergistic effects on lean body mass and 
strength when coupled with specific pharmacological agents. In 
particular, resistance exercise in combination with propranolol 
was shown to have an additive effect on the VO2 peak of pediatric 
patients with burn injuries [69]. This might be explained by 
exercise enhancing propranolol’s positive effects lean body mass 
and O2 extraction [69, 70]. Similarly, oxandrolone and exercise 
have also been shown to have synergistic effects in preventing 
deficits in the lean body mass of pediatric burn patients [71]. 

Increases in adenosine triphosphatase (ATP)-dependent processes 
such as cardiac contractility, protein synthesis, and substrate 
cycling significantly contribute to elevated metabolic rate in burn 
patients [3, 27, 34]. This suggests that O2 consumption out-paces 
ATP production post-burn injury. Since a majority of the oxygen 
consumption and 90% of ATP production in respiring cells occur 
inside the mitochondria [72], metabolism may be normalized by 
interventions restoring mitochondrial function. Porter et al have 
shown in a cohort of adults with large burns that skeletal muscle 
mitochondrial function is altered, where the coupling of oxygen 
consumption to ATP production is diminished [14], suggesting 
that skeletal muscle mitochondrial thermogenesis increases in 
burn patients. In a 2015 study by Porter et al, they showed that 
muscle mitochondrial respiratory capacity remains significantly 
lower in burn patients for 1-year post injury. Mitochondrial 
coupling control is also diminished for up to 2 years post injury in 
burn patients, resulting in greater mitochondrial thermogenesis 
[73]. Porter et al showed that resistance exercise training 
significantly improved mitochondrial respiration coupled to ATP 
production [74]. Therefore, exercise post burn could potentially 
normalize mitochondria and maintain cellular ATP levels to meet 
the metabolic demands post burn while attenuating the skeletal 
muscle thermogenesis and the associated hypermetabolism. 

Severe Burns in Elderly 
Population aging coupled with an increased susceptibility 
to burn injury in the elderly has created the demand for burn 
care practices to change in order to accommodate elderly burn 
patients [76]. Over the last decades, morbidity and mortality in 
the Lethal Dose 50 (LD50) burn size in patients over age 65 has 
remained the same. Our lab investigated the underlying reasons 
behind such poor outcomes in elderly burn patients and compared 
them to adult burn patients. Our results illustrate that adult 
burn patients are more hypermetabolic in the first week after 
burn but then steadily decrease their metabolic needs. Elderly 
patients however, have an inverse metabolic response where 
they are less hypermetabolic during the post burn phase but 
steadily increased their metabolic needs at > 4 weeks post-burn, 
elderly patients also had a significantly increased resting energy 
expenditure compared to adults [77]. The increased metabolic 
requirements in the elderly was accompanied by hyperglycemia 
and hyperlipidemia. OGTT revealed that elderly and adult 
burn patients share the insulin resistant phenotype. However, 
metabolic profiling revealed a unique loss in the pancreatic 
function of elderly burn patients that was accompanied by a 
substantial impairment of insulin production by the beta-cells 
of the pancreas. Abnormal beta-cell function resulted in a 17% 
increase in glucose. Furthermore, by dividing patients into adult 
and elderly, we found that elderly have significantly increased 
lipolysis expressed as increased free fatty acids when compared 
to adults. We further performed a qualitative and quantitative 
analysis of free fatty acid species in the serum of adult and elderly 
burned patients approximately 10 days post-injury. We found 
that Docopentaneoic, Cis-7-Hexadecenoic, Myristic, Palmitoleic, 
Stearic and Vaccenic acids were significantly increased in elderly 
when compared to adults as well as control non-burned patients. 
Therefore, the sum of these fatty acids indicated that the levels 
of circulating fatty acids was greatly elevated in elderly patients 
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compared to adults burned and control[77]. The fatty acids profile 
in elderly burned population indicate that lowering lipolysis and 
circulating non-esterified fatty acids may be a beneficial strategy 
to diminish the consequences of thermal injury in the elderly 
population. Furthermore, reestablishing the balance in the fatty 
acid population with nutritional intervention aiming at lowering 
the percentage of saturated fatty acids and mono unsaturated fatty 
acids while increasing poly unsaturated fatty acids, may provide 
additional benefits to severely burned elderly patients[77]. Thus, 
elderly burn patients have a dramatically different physiological 
response to burns as compared to adults and this requires a 
multi-modal approach to improve the outcomes of severely 
burned elderly patients.

Patient management and the multidisciplinary 
care approach
The complex care required for a hypermetabolic patient post 
burn injury needs to be well coordinated and managed in 
a collaborative team approach. Ciccone et al, have shown 
through Project Leonardo that when the combined efforts and 
networking of all the people involved in patient care create a 
strong collaborative “health team” approach, there is noticeable 
improvement in the clinical parameters of the patients enrolled 
who achieved improved control of their disease [75]. Additionally, 
the communication and collaboration between health care staff 
and patients is essential to promote patient empowerment and 
can achieve better compliance with care recommendations [75]. 
The Chronic Care Model developed by Wagner et al, and the 
Innovative Care for Chronic Conditions, suggest that ideal care 
for chronic conditions is attained when health care providers 
interact with informed patients [76, 77]. Providing the necessary 
self-management education, assistance in implementing lifestyle 
changes that are specific to each individual, and close monitoring 
of the patient’s conditions by both the patient and health care staff 
can improve health outcomes and promote appropriate resource 
utilization [75]. Patient self-management is critical to the clinical 
outcome of chronic disease [78]. Therefore, this collaborative 
team approach can be applied to the multidisciplinary and 
complex burn team in the amelioration of hypermetabolic 
conditions in patients post severe burn. This approach is aimed to 
improve patient outcomes and reduce morbidity and mortality. 

Pharmacological Interventions
Insulin 
Hyperglycemia and insulin resistance leads to morbidity and 
mortality in severely burned patients and therefore glycemic 
control is critically important. Insulin acts to control glucose, as an 
anabolic agent and an anti-apoptotic agent that is routinely used 
to treat hyperglycemia after injury [79]. Studies conducted by 
Van den Berghe et al reported improved survival and decreased 
morbidity in critically ill patients by maintaining blood glucose 
levels at or less than 110 mg/dL through the use of intensive 
insulin regimens [80, 81]. Their results also show a reduction in 
the incidence of infections, sepsis, and sepsis-associated multi 
organ failure in surgical patients, lower kidney injury, and faster 
weaning from mechanical ventilation and discharge from the ICU 

[80-82]. After these studies, tight glycemic control has become a 
standard of care in critical illness. 

Insulin has a plethora of effects in addition to increasing cellular 
uptake of glucose, which makes insulin a very attractive agent [83]. 
Insulin has been reported to improve wound matrix formation, as 
well as inhibiting the production of proinflammatory mediators 
such as nuclear factor kappa B and I kappa B and IL-5 and IL-6 [83-
86]. Insulin has been shown to decrease donor site healing time 
due to the acceleration in the differentiation of the junctional 
mechanism necessary for dermal-epidermal adhesion, insulin 
also increase the levels of laminin and type IV collagen in the 
wound [85]. 

The survival of critically ill patients is inversely correlated 
with loss of lean body mass [87]. Moreover, the atrophy of 
ventilatory muscles, particularly in patients requiring ventilators, 
is an important problem. The principal defect appears to be an 
accelerated rate of protein breakdown, along with an insufficient 
increase in the rate of protein synthesis to fully restore protein 
balance [88]. Studies have demonstrated that insulin therapy 
can lead to altered protein kinetics in skeletal muscle and curtail 
muscle catabolism and improve protein synthesis [85, 87, 89]. 
This in turn, leads to a reduction in the loss of lean body mass. 

Regardless of the beneficial effects of insulin treatment for burn 
patients, there are increasing concerns about whether Insulin 
induces hypoglycemic events [90]. For example in follow up 
studies by Van den Berghe, the intensive insulin therapy had no 
beneficial effect on survival rates. Furthermore, such therapy was 
associated with an increase in hypoglycemic events. A study by 
Brunkhorst et al conducted on 537 patients showed that after 28 
days of treatment with intensive insulin therapy or conventional 
insulin therapy there was no significant difference between the 
two groups in the rate of death or the mean score for organ 
failure. The rate of severe hypoglycemia (glucose level, ≤ 40 mg 
per deciliter [2.2 mmol per liter]) was higher in the intensive-
therapy group than in the conventional-therapy group (17.0% 
vs. 4.1%), as was the rate of serious adverse events (10.9% vs. 
5.2%) [91]. Our lab has conducted a study to determine the ideal 
glucose target in severely burned children. It was found that 130 
mg/dl is the best glucose target because of the glucose levels 
being <150 to 160 mg/dl but preventing hypoglycemia. Following 
the recommendations from the critical care literature and other 
patient populations, it appears that a glucose range of 90 to 140 
mg/dl seems ideal for treating burn patients [90]. Moreover, the 
current surviving sepsis guidelines are calling for glucose <180 
mg/dl [92]. 

Therefore, insulin has many beneficial effects such as glucose 
control, improving wound healing and acting as an anabolic agent 
however the dangers of hypoglycemia do need to be considered.

Recombinant human growth hormone
Literature demonstrates that as the catabolic state in 
hypermetabolism continues, weight loss, lean muscle mass 
loss, weakening of the immune system and subsequently poor 
or delayed wound healing, and prolonged recovery times 
result [88, 93-95]. In severely burned children, this response is 
often illustrated by a short and long term decrease in physical 
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growth and development [96]. Growth hormone, as a pituitary 
product, improves nitrogen balance and decrease weight loss 
in hypermetabolic patients following thermal injury [97, 98]. 
Liljedahl et al. and Wilmore et al. showed that growth hormone 
caused a considerable improvement in nitrogen and potassium 
balance in the postburn period with no significant side effects 
[98, 99]. In addition growth hormone has been shown to increase 
circulating IGF- 1 levels, cell mass, and linear growth in growth 
hormone-deficient children [100]. Initially growth hormone was 
collected post mortem from human pituitary tissue however 
now it has been replaced by genetically engineered recombinant 
human growth hormone [99, 101]. Recombinant human growth 
hormone (rHGH) is known to be a potent anabolic agent [102]. 
After severe burn, rhGH decreases whole body catabolism, 
improves muscle protein synthesis, accelerates wound healing, 
improves immune function, reduce prolonged hyperactivity of 
the hepatic acute phase response, and promotes linear growth 
[103-106]. 

The anabolic effects of rHGH are thought to be mediated by IGF- 
1 because growth hormone treatment has been demonstrated 
to increase their circulating levels. IGF-I has been shown to 
enhance cell recovery, wound healing, peripheral muscle protein 
synthesis, and gut and immune function after burn injury [107-
109]. A study by Herndon et al on children between the ages 
2-18 with 40% total body surface area (TBSA) and 20% or more 
TBSA full-thickness flame or scald burns, received placebo or 0.1 
mg/kg/day recombinant human growth hormone (rHGH) until 
the first donor site healed or received 0.2 mg/kg/day rHGH or 
placebo from admission throughout hospitalization. Patients that 
received 0.2 mg/kg/day rHGH had significantly higher serum IGF-
1 levels at 4.8 ± 1.7 U/mL compared to placebos at 1.6 ± 0.4 U/mL 
and a significant decrease in donor-site healing times compared 
to placebo. Length of hospital stay was decreased in the 0.2 mg/
kg/day treatment group treatment group in comparison to the 
placebo group. This translated, for the average 60% TBSA burned 
patient, to a decrease in length of stay from 46 to 32 days [105].

The hepatic acute phase response can be influenced positively 
by a daily intramuscular injection of rHGH at doses of 0.2 mg/
kg during acute burn it also increases serum concentrations of 
its mediator IGF-1, and decreased donor site healing time by 
1.5 days [110, 111]. However, a major paper by Roukonen and 
Takala found that high doses of rHGH (0.10 ± 0.02 mg/kg BW) 
were associated with increased morbidity and mortality in 
critically ill patients  and there was no use in infection and sepsis 
[112]. Others demonstrated growth hormone treatment to be 
associated with adverse side effects such as hyperglycemia and 
insulin resistance [110, 113]. To verify these results, Jeschke et 
al investigated whether rHGH delivery to patients increase and 
prolong acute phase response and increase mortality. They looked 
at the interaction of rHGH and the liver on acute phase proteins, 
constitutive hepatic proteins, cytokines, and IGF-I in severely 
burned children. It has been reported that the synthesis of certain 
proteins during acute phase response can be utilized as a marker 
to predict morbidity and mortality. Jeschke et al establish that 
burned children receiving rHGM had increased serum IGF-I and 
IGFBP-3; the treatment group required significantly less albumin 
substitution to maintain normal levels compared with placebo 

[114]. Those receiving rHGH demonstrated a decrease in serum 
C-reactive protein and serum amyloid-A and an increase in serum 
retinol-binding protein compared with placebo. rHGH decreased 
acute phase proteins serum tumor necrosis factor-[alpha] and 
interleukin (IL)-1beta. Free fatty acids were elevated in burned 
children who received rHGH. Jeschke lab’s data indicate that 
given that the acute phase response contributes to mortality after 
trauma, rHGH administration appears not to increase mortality in 
severely burned children since rHGH does not increase or prolong 
the acute phase response. In contrast, rHGH might have clinical 
advantages in terms of clinical outcome because of a decreased 
acute phase response [114]. 

Metformin
Metformin has been added as an alternative to insulin in 
correcting the postburn hyperglycemic state in the clinic [115]. 
Metformin is reported to inhibit gluconeogenesis and augment 
peripheral insulin sensitivity therefore it directly counters the 
two main metabolic processes which underlie injury-induced 
hyperglycemia [92, 116, 117]. In addition, metformin has been 
rarely associated with hypoglycemic events, thus potentially 
eliminating the concern accompanying the use of exogenous 
insulin. Metformin also enhances the uptake and oxidation of 
glucose by adipose tissue as well as lipogenesis [118]. In a study 
by Gore et al; metformin was administered to patients with a 
TBSA >60%. Their results show that after 8 days of metformin 
or placebo treatment, when fasting, metformin treatment 
group had significantly reduced rate of endogenous glucose 
production and glucose oxidation as compared to the placebo 
group. After intravenous glucose administration, the metformin 
group had significantly elevated glucose clearance, attenuating 
hyperglycemia. Also during hyperinsulinemia, glucose uptake 
was significantly increased in the metformin patients, as well 
this group of patients had a significantly higher plasma insulin 
concentration [115]. A later study by Gore et al validated the 
effect of metformin on muscle protein synthesis; their results 
demonstrate an increased fractional synthetic rate of muscle 
protein and improvement in net muscle protein balance in 
metformin treated patients [116]. Hence an improved anabolic 
effect on muscle protein was displayed and therefore Metformin 
may have efficacy in critically injured patients as both, an 
antihyperglycemic and muscle protein anabolic agent. 

However, caution should be taken when using metformin as 
a therapeutic agent. Metformin (and other biguanides) are 
associated with lactic acidosis [119, 120]. When interpreting the 
increases in blood lactate levels one should take into account 
the fact that obesity and diabetes slightly raise blood lactate 
concentrations [121]. The increased blood lactate concentrations 
are potentially caused by metformin-induced conversion of 
glucose to lactate by the intestinal mucosa [122]. When the liver 
is ineffective and cannot clear lactate, more lactate gains entry 
into the systemic circulation. In burn patients there are very few 
reports that indicate that metformin is associated with lactic 
acidosis post-burn when given after complete resuscitation. 

Propanolol
The hypermetabolic response in severely burned patients in 
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associated with increase in catecholamines 10-20 fold. This 
increases myocardial oxygen consumption, increased resting 
energy expenditures, and contribute greatly to the profound 
catabolism after severe burn injury [123, 124]. It has been 
suggested that blocking  b-adrenergic stimulation after severe 
burns decreases supraphysiologic thermogenesis, tachycardia, 
cardiac work, resting energy expenditure [125]. Propanolol is 
an important β-adrenergic receptor blocker. Studies by Herndon 
et al has shown that beta-blockage reduced the heart rates and 
resting energy expenditure in the propranolol group, as compared 
with the base-line values and compared to the control group. 
In the propanolol treatment patients, the net muscle-protein 
balance was elevated by 82% above baseline values. Their results 
therefore show that in pediatric patients with burns, treatment 
with propranolol during hospitalization reduces hypermetabolism 
and reverses muscle-protein catabolism [125]. 

Catecholamine-mediate hypermetabolism, lipolysis, and fatty 
liver are critical features of the stress induced response to 
severe burns [35, 106, 123, 126-128]. The pathological signs are 
deposition of fat in the liver as well as increased liver size, which 
could range from 2- to 3-fold [126, 129]. Fatty liver may be due to 
an enhanced rate of peripheral lipolysis associated with a lack of 
increased fat oxidation [34]. The increase in basal lipolysis in burn 
patients is caused by excessive catecholamine production, which 
can be reduced by beta-adrenergic blockade with propranolol 
[34, 94]. Propanolol prevents increased peripheral lipolysis in 
thermally injured patients by hampering the activation of the 
Beta-2-adrenergic receptor [88, 130]. A study by Wolfe et al 
showed that beta-blockade using Propanolol caused a prompt 
lessening in the plasma concentration of glycerol (released due 
to lipolysis). The rate of appearance of free fatty acids also fell 
after beta-blockade, from a mean basal value of 13.3 ± 3. 1 mol/
kg/min to a low of 7.44 ± 2.33 mol/kg/min at 40 minutes after 
propranolol. In all cases after beta-blockade, the potential energy 
available in the form of plasma free fatty acids was lowered more 
than was the overall rate of energy expenditure [88, 130]. Since 
hepatic fatty acid uptake is associated to plasma free fatty acid 
availability, Barrow et al has shown that propranolol diminishes 
net fat accumulation in the liver through the reduction in hepatic 
free fatty uptake while maintaining VLDL-TG secretion and also 
without affecting fat oxidation. Barrow’s data supports the 
hypothesis that β-adrenergic blockade can reduce delivery of 
fatty acids to the liver and hepatic congestion usually found in 
severely burned children by preventing lipolysis and reducing 
hepatic blood flow [131].

Oxandrolone
The hypermetabolic response to burn injury results in the 
development of hypoandrogenemia. Despite stable luteinizing 
hormone levels, male burn patients have been shown to suffer 
from a prolonged and significant reduction in testicular steroid 
production [132-134]. This is of significance because the 
hypoandrogenemia and the elevated catecholamine and cortisol 
levels post-burn injury promotes the loss of lean body mass 
experienced by burn patients [134]. Consequently, treatment 
with oxandrolone, a synthetic analog to testosterone, should 
be considered to combat the effects of protein catabolism. In 

comparison to testosterone, oxandrolone produces only 5% of 
the masculinizing effects of testosterone, is safe to use in both 
males and females, is not hepatotoxic and is cleared by the 
kidneys, has received approval and has been effectively used in 
treating chronic wasting syndromes, including burn trauma [135]. 
Burn patients receiving oxandrolone intervention experience 
reduced muscle wasting due to an increase in protein synthesis 
[136], diminished weight loss, and increased donor site wound 
healing [137]. Jeschke et al have also shown that oxandrolone 
treatment reduces hepatic protein synthesis, maintains lean body 
mass, and results in shorter acute hospital stay [7]. Moreover, it 
has been demonstrated that oxandrolone intervention improved 
morbidity and mortality regardless of age [138-140]. Not only 
has oxandrolone been shown to be beneficial in short term 
interventions for burn patients, but long term treatment with 
oxandrolone has been shown to improve lean body mass, bone 
mineral content, and attenuate the hypermetabolic state 12 
months post burn injury [71, 141]. However oxandrolone may 
cause hepatic damage [142], impair recovery by promoting 
collagen deposition and fibrosis, and extend the requirement 
of mechanical ventilation. Consequently, treatment with 
oxandrolone necessitates careful consideration of the potential 
side effects burn patients may face.

Conclusion and Future Directions
A severe burn is a devastating injury that affects almost every 
organ system, leading to morbidity and mortality, and is 
accompanied by a hallmark hypermetabolic response which 
persists for 1 to 2 years after the initial burn injury [44, 143]. 
Prolonged hypermetabolism is detrimental and is characterized 
by multi-organ dysfunction, muscle protein breakdown, blunted 
growth, insulin resistance and a higher risk of infection [44, 
143]. Treating post burn hypermetabolism is of high importance 
for both the acute stage and rehabilitative stage of the patient. 
Furthermore, the elderly population is a vulnerable group that 
requires a multi-modal approach to improve the outcomes since 
they display a hypermetabolic response which differs from that 
of adult burn patients. Early excision and closure of the burn 
wound post burn injury is extremely important in alleviating 
the hypermetabolic response and improving mortality and 
morbidity [4, 6, 40]. Nutrition is crucial in supplying the energy 
supply required for wound recovery, and for the attenuation 
of hypermetabolism and protein catabolism. Despite being 
commonly overlooked, increasing ambient temperatures 
reduces resting energy expenditure and attenuates the effects 
of the hypermetabolic response [55, 56]. Exercise is important 
to consider in rehabilitation regimens to improve lean body 
mass, muscle strength and general patient outcome [66-68]. 
Non-pharmacological therapies by themselves are often times 
not enough to alleviate the hypermetabolic condition and 
pharmacological interventions are necessary. 

Several options are available such as insulin, recombinant growth 
hormone, metformin and propanolol and oxandrolone. They all 
have their merits but one must consider not only the benefits 
of the pharmacological drug but also the adverse events and if 
those adverse events will worsen the hypermetabolic state or 
the duration of healing. Combination therapies are also proving 
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to be quite promising in optimizing desired results and reducing 
the adverse effects. For example, since rHGH has the deleterious 
side effect of increasing hyperglycemia and increasing free 
fatty acids; we studied rHGH and propanol to determine if this 
combination of drugs can be used without deleterious side 
effects. Our results demonstrate that the combination of rHGH 
plus propranolol exerted positive effects on the inflammatory 
and the hypermetabolic response without causing the adverse 
effects associated with rHGH administration alone [10]. Future 
directions also look towards identifying biomarkers of the 
hypermetabolic state to predict patient outcomes and mortality. 
These biomarkers could also be used to design a treatment plan 
which would be tailored to the individual patient based on their 
biomarker profile this would lead to aggressive treatments when 
necessary, greater patient monitoring and improved survival and 
recovery. In 2014 we conducted a prospective cohort study on 230 

severely burned children with 30%>TBSA to evaluate biomarkers. 
Their results illustrated that survivors and non-survivors display 
significant differences in critical markers of inflammation and 
metabolism at each time point. Non-survivors had significantly 
higher serum levels of IL-6, IL-8, granulocyte colony-stimulating 
factor, monocyte chemoattractant protein-1, c-reactive protein, 
glucose, insulin, blood urea nitrogen, creatinine, and bilirubin 
[144]. Furthermore, non-survivors had a huge increase in 
hypermetabolic response that was associated with increases in 
organ dysfunction and sepsis in comparison to the survivors [144]. 
Further research initiatives in the field of hypermetabolism post 
severe burn injury is warranted to find the optimal combination 
of pharmacological treatments, non pharmacological care and 
potential biomarkers to establish a highly personalized treatment 
plan for burn patients which reduce mortality, improve healing 
time and in turn lead to a high quality of life for such patients. 



ARCHIVOS DE MEDICINA
ISSN 1698-9465

2015
Vol. 1 No. 1:6

9© Under License of Creative Commons Attribution 3.0 License

Journal of Intensive and Critical Care 
ISSN 2471-8505

References
1 Association AB (2015) Burn incidence and treatment in the United 

States: 2015 fact sheet.

2 Jeschke MG, Herndon DN (2014) Burns in children: standard and 
new treatments. Lancet 383: 1168-1178.

3 Yu YM, Tompkins RG, Ryan CM, Young VR (1999) The metabolic basis 
of the increase of the increase in energy expenditure in severely 
burned patients. JPEN J Parenter Enteral Nutr 23: 160-168.

4 Herndon DN, Tompkins RG (2004) Support of the metabolic response 
to burn injury. Lancet 363: 1895-1902.

5 Gauglitz GG, Herndon DN, Kulp GA, Meyer WJ 3rd, Jeschke MG 
(2009) Abnormal insulin sensitivity persists up to three years in 
pediatric patients post-burn. J Clin Endocrinol Metab 94: 1656-1664.

6 Hart DW, Wolf SE, Chinkes DL, Gore DC, Mlcak RP, et al. (2000) 
Determinants of skeletal muscle catabolism after severe burn. Ann 
Surg 232: 455-465.

7 Jeschke MG, et al (2013) Pathophysiology of Burn Injury, in Burn Care 
and Treatment. Springer Vienna 13-29. 

8 Wilmore DW (1976) Hormonal responses and their effect on 
metabolism. Surg Clin North Am 56: 999-1018.

9 Cuthbertson DP, Angeles Valero Zanuy MA, León Sanz ML (2001) 
Post-shock metabolic response. 1942. Nutr Hosp 16: 176-182.

10 Jeschke MG, Chinkes DL, Finnerty CC, Kulp G, Suman OE, et al. (2008) 
Pathophysiologic response to severe burn injury. Ann Surg 248: 387-401.

11 Mecott GA, Al-Mousawi AM, Gauglitz GG, Herndon DN, Jeschke MG 
(2010) The role of hyperglycemia in burned patients: evidence-based 
studies. Shock 33: 5-13.

12 McCowen KC, Malhotra A, Bistrian BR (2001) Stress-induced 
hyperglycemia. Crit Care Clin 17: 107-124.

13 Wolfe RR, Herndon DN, Jahoor F, Miyoshi H, Wolfe M (1987) Effect of 
severe burn injury on substrate cycling by glucose and fatty acids. N 
Engl J Med 317: 403-408.

14 Porter C, Herndon DN, Børsheim E, Chao T, Reidy PT, et al. 
(2014) Uncoupled skeletal muscle mitochondria contribute to 
hypermetabolism in severely burned adults. Am J Physiol Endocrinol 
Metab 307: E462-467.

15 Gore DC, Chinkes D, Heggers J, Herndon DN, Wolf SE, et al. (2001) 
Association of hyperglycemia with increased mortality after severe 
burn injury. J Trauma 51: 540-544.

16 Gore DC, Chinkes DL, Hart DW, Wolf SE, Herndon DN, et al. (2002) 
Hyperglycemia exacerbates muscle protein catabolism in burn-
injured patients. Crit Care Med 30: 2438-2442.

17 Gore DC, Ferrando A, Barnett J, Wolf SE, Desai M, et al. (2000) Influence 
of glucose kinetics on plasma lactate concentration and energy 
expenditure in severely burned patients. J Trauma 49: 673-677.

18 Wolfe RR, Miller HI, Spitzer JJ (1977) Glucose and lactate kinetics in 
burn shock. Am J Physiol 232: E415-418.

19 Kraft R, Herndon DN, Finnerty CC, Hiyama Y, Jeschke MG (2013) 
Association of postburn fatty acids and triglycerides with clinical 
outcome in severely burned children. J Clin Endocrinol Metab 98: 
314-321.

20 Wolfe RR, Durkot MJ, Allsop JR, Burke JF (1979) Glucose metabolism 
in severely burned patients. Metabolism 28: 1031-1039.

21 Rennie MJ (1985) Muscle protein turnover and the wasting due to 
injury and disease. Br Med Bull 41: 257-264.

22 Hemmila MR, Taddonio MA, Arbabi S, Maggio PM, Wahl WL (2008) 
Intensive insulin therapy is associated with reduced infectious 
complications in burn patients. Surgery 144: 629-635.

23 Jeschke MG, Klein D, Thasler WE, Bolder U, Schlitt HJ, et al. (2008) 
Insulin decreases inflammatory signal transcription factor expression 
in primary human liver cells after LPS challenge. Mol Med 14: 11-9. 

24 Jeschke MG, Kulp GA, Kraft R, Finnerty CC, Mlcak R, et al. (2010) Intensive 
insulin therapy in severely burned pediatric patients: a prospective 
randomized trial. Am J Respir Crit Care Med 182: 351-359.

25 Pham TN Warren AJ, Phan HH, Molitor F, Greenhalgh DG, et al. 
(2005) Impact of tight glycemic control in severely burned children. J 
Trauma 59: 1148-1154.

26 Cree MG, Aarsland A, Herndon DN, Wolfe RR (2007) Role of 
fat metabolism in burn trauma-induced skeletal muscle insulin 
resistance. Crit Care Med 35: S476-483.

27 Gauglitz GG, Herndon DN, Jeschke MG (2008) Insulin resistance 
postburn: underlying mechanisms and current therapeutic 
strategies. J Burn Care Res 29: 683-694.

28 Rodriguez NA, Jeschke MG, Williams FN, Kamolz LP, Herndon 
DN (2011) Nutrition in burns: Galveston contributions. JPEN J 
Parenter Enteral Nutr 35: 704-714.

29 Martindale RG, McClave SA, Vanek VW, McCarthy M, Roberts P, et 
al. (2009) Guidelines for the provision and assessment of nutrition 
support therapy in the adult critically ill patient: Society of Critical 
Care Medicine and American Society for Parenteral and Enteral 
Nutrition: Executive Summary. Crit Care Med 37: 1757-1761.

30 Rousseau AF, Losser MR, Ichai C, Berger MM (2013) ESPEN 
endorsed recommendations: nutritional therapy in major burns. 
Clin Nutr 32: 497-502.

31 Arora NS, Rochester DF (1982) Respiratory muscle strength and 
maximal voluntary ventilation in undernourished patients. Am 
Rev Respir Dis 126: 5-8.

32 Chang DW, DeSanti L, Demling RH (1998) Anticatabolic and 
anabolic strategies in critical illness: a review of current treatment 
modalities. Shock 10: 155-160.

33 DeFronzo RA, Jacot E, Jequier E, Maeder E, Wahren J, Felber JP 
(1981) The effect of insulin on the disposal of intravenous glucose. 
Results from indirect calorimetry and hepatic and femoral venous 
catheterization. Diabetes 30: 1000-1007. 

34 Wolfe RR, Herndon DN, Peters EJ, Jahoor F, Desai MH, et al. (1987) 
Regulation of lipolysis in severely burned children. Ann Surg 206: 
214-221.

35 Barret JP, Jeschke MG, Herndon DN (2001) Fatty infiltration of the 
liver in severely burned pediatric patients: autopsy findings and 
clinical implications. J Trauma 51: 736-739.

36 Petersen KF, Befroy D, Dufour S, Dziura J, Ariyan C, et al. (2003) 
Mitochondrial dysfunction in the elderly: possible role in insulin 
resistance. Science 300: 1140-1142.

37 Dresner A, Laurent D, Marcucci M, Griffin ME, Dufour S, et al. 
(1999) Effects of free fatty acids on glucose transport and IRS-
1-associated phosphatidylinositol 3-kinase activity. J Clin Invest 
103: 253-259.

38 Sidossis LS, Porter C, Saraf MK, Børsheim E, Radhakrishnan RS, 



ARCHIVOS DE MEDICINA
ISSN 1698-9465

2015
Vol. 1 No. 1:6

This article is available in: http://criticalcare.imedpub.com/archive.php10

Journal of Intensive and Critical Care 
ISSN 2471-8505

et al. (2015) Browning of Subcutaneous White Adipose Tissue in 
Humans after Severe Adrenergic Stress. Cell Metab 22: 219-227.

39 Herndon DN, Nguyen TT, Wolfe RR, Maggi SP, Biolo G, et al. (1994) 
Lipolysis in burned patients is stimulated by the beta 2-receptor for 
catecholamines. Arch Surg 129: 1301-1304.

40 Patsouris D, Qi P, Abdullahi A, Stanojcic M, Chen P. et al. (2015) Burn 
Induces Browning of the Subcutaneous White Adipose Tissue in 
Mice and Humans. Cell Rep 13: 1538-1544.

41 Merrell SW, Saffle JR, Sullivan JJ, Larsen CM, Warden GD (1987) 
Increased survival after major thermal injury. A nine year review. Am 
J Surg 154: 623-627.

42 Hart DW, Wolf SE, Chinkes DL, Beauford RB, Mlcak RP, et al. 
(2003) Effects of early excision and aggressive enteral feeding on 
hypermetabolism, catabolism, and sepsis after severe burn. J Trauma 
54: 755-761.

43 Pruitt BA Jr, McManus AT, Kim SH, Goodwin CW (1998) Burn wound 
infections: current status. World J Surg 22: 135-145.

44 Murray CK, Loo FL, Hospenthal DR, Cancio LC, Jones JA, et al. (2008) 
Incidence of systemic fungal infection and related mortality following 
severe burns. Burns 34: 1108-1112.

45 Hart DW, Wolf SE, Mlcak R, Chinkes DL, Ramzy PI, et al. (2000) 
Persistence of muscle catabolism after severe burn. Surgery 128: 
312-319.

46 Kulp GA, Tilton RG, Herndon DN, Jeschke MG (2012) Hyperglycemia 
exacerbates burn-induced liver inflammation via noncanonical 
nuclear factor-ÎºB pathway activation. Mol Med 18: 948-956.

47 Mullen JL, Buzby GP, Waldman MT, Gertner MH, Hobbs CL, et 
al. (1979) Prediction of operative morbidity and mortality by 
preoperative nutritional assessment. Surg Forum 30: 80-82.

48 Wolfe RR, Klein S, Carraro F, Weber JM (1990) Role of triglyceride-
fatty acid cycle in controlling fat metabolism in humans during and 
after exercise. Am J Physiol 258: E382-389.

49 Cunningham-Rundles S, McNeeley DF, Moon A (2005) Mechanisms 
of nutrient modulation of the immune response. J Allergy Clin 
Immunol 115: 1119-1128.

50 Prelack K, Dylewski M, Sheridan RL (2007) Practical guidelines for 
nutritional management of burn injury and recovery. Burns 33: 14-24.

51 Caldwell FT Jr, Wallace BH, Cone JB, Manuel L (1992) Control of the 
hypermetabolic response to burn injury using environmental factors. 
Ann Surg 215: 485-490.

52 Barr PO, Birke G, Liliedal' SO (1968) [The treatment of thermal burns 
with dry, warm air]. Eksp Khir Anesteziol 13: 39-43.

53 Barr PO, Birke G, Liljedahl SO, Plantin LO (1969) Studies on burns. 
X. Changes in BMR and evaporative water loss in the treatment of 
severe burns with warm dry air. Scand J Plast Reconstr Surg 3: 30-38.

54 Caldwell FT (1962) Metabolic Response to Thermal Trauma: II. 
Nutritional Studies with Rats at Two Environmental Temperatures. 
Ann Surg 155: 119-126.

55 Zawacki BE, Spitzer KW, Mason AD Jr, Johns LA (1970) Does increased 
evaporative water loss cause hypermetabolism in burned patients? 
Ann Surg 171: 236-240.

56 Wilmore DW, Mason AD Jr, Johnson DW, Pruitt BA Jr (1975) Effect 
of ambient temperature on heat production and heat loss in burn 
patients. J Appl Physiol 38: 593-597.

57 Herndon DMD (1981) Mediators of Metabolism. Journal of Trauma-
Injury Infection & Critical Care 21: 701-704. 

58 Disseldorp LM, Nieuwenhuis MK, Van Baar ME, Mouton LJ (2011) 
Physical fitness in people after burn injury: a systematic review. Arch 
Phys Med Rehabil 92: 1501-1510.

59 Diego AM, Serghiou M, Padmanabha A, Porro LJ, Herndon DN, et al. 
(2013) Exercise training after burn injury: a survey of practice. J Burn 
Care Res 34: e311-317.

60 Petersen AM, Pedersen BK (2005) The anti-inflammatory effect of 
exercise. J Appl Physiol (1985) 98: 1154-1162.

61 Dela F, Mikines KJ, von Linstow M, Secher NH, Galbo H (1992) Effect 
of training on insulin-mediated glucose uptake in human muscle. Am 
J Physiol 263: E1134-1143.

62 Umpierre D, Ribeiro PA, Kramer CK, Leitão CB, Zucatti AT, et al. (2011) 
Physical activity advice only or structured exercise training and 
association with HbA1c levels in type 2 diabetes: a systematic review 
and meta-analysis. JAMA 305: 1790-1799.

63 Snowling NJ, Hopkins WG (2006) Effects of different modes of exercise 
training on glucose control and risk factors for complications in type 2 
diabetic patients: a meta-analysis. Diabetes Care 29: 2518-2527.

64 Church TS, Blair SN, Cocreham S, Johannsen N, Johnson W, et al. 
(2010) Effects of aerobic and resistance training on hemoglobin A1c 
levels in patients with type 2 diab.

65 Sigal RJ, Kenny GP, Boulé NG, Wells GA, Prud'homme D, et al (2007) 
Effects of aerobic training, resistance training, or both on glycemic 
control in type 2 diabetes: a randomized trial. Ann Intern Med 147: 
357-369.

66 Balducci S, Zanuso S, Nicolucci A, Feo PD, Cavallo T, et al. (2010) 
Effect of an intensive exercise intervention strategy on modifiable 
cardiovascular risk factors in subjects with type 2 diabetes mellitus: 
a randomized controlled trial: the Italian Diabetes and Exercise Study 
(IDES). Arch Intern Med 170: 1794-1803. 

67 Neugebauer CT, Serghiou M, Herndon DN, Suman OE (2008) Effects 
of a 12-week rehabilitation program with music & exercise groups 
on range of motion in young children with severe burns. J Burn Care 
Res 29: 939-948.

68 Suman OE, Mlcak RP, Chinkes DL, Herndon DN (2006) Resting energy 
expenditure in severely burned children: Analysis of agreement 
between indirect calorimetry and prediction equations using the 
Bland-Altman method. Burns 32: 335-342. 

69 Suman OE, Spies RJ, Celis MM, Mlcak RP, Herndon DN (2001) Effects 
of a 12-wk resistance exercise program on skeletal muscle strength 
in children with burn injuries. J Appl Physiol (1985) 91: 1168-1175. 

70 Porro LJ, Al-Mousawi AM, Williams F, Herndon DN, Mlcak RP, et al. 
(2013) Effects of propranolol and exercise training in children with 
severe burns. J Pediatr 162: 799-803.

71 Gore DC, Honeycutt D, Jahoor F, Barrow RE, Wolfe RR, et al. (1991) 
Propranolol diminishes extremity blood flow in burned patients. Ann 
Surg 213: 568-573.

72 Przkora R, Herndon DN, Suman OE (2007) The effects of oxandrolone 
and exercise on muscle mass and function in children with severe 
burns. Pediatrics 119: e109-116.

73 Mootha VK, Bunkenborg J, Olsen JV, Hjerrild M, Wisniewski JR, et al. 
(2003) Integrated analysis of protein composition, tissue diversity, 
and gene regulation in mouse mitochondria. Cell 115: 629-640.



ARCHIVOS DE MEDICINA
ISSN 1698-9465

2015
Vol. 1 No. 1:6

11© Under License of Creative Commons Attribution 3.0 License

Journal of Intensive and Critical Care 
ISSN 2471-8505

74 Porter C, Herndon DN, Børsheim E, Bhattarai N, Chao T, et al. (2015) 
Long-Term Skeletal Muscle Mitochondrial Dysfunction is Associated 
with Hypermetabolism in Severely Burned Children. J Burn Care Res .

75 Porter C, Reidy PT, Bhattarai N, Sidossis LS, Rasmussen BB (2015) 
Resistance Exercise Training Alters Mitochondrial Function in Human 
Skeletal Muscle. Med Sci Sports Exerc 47: 1922-1931.

76 Pham TN, Kramer CB, Wang J, Rivara FP, Heimbach DM, et al. (2009) 
Epidemiology and outcomes of older adults with burn injury: an 
analysis of the  National Burn Repository. J Burn Care Res 30: 30-36.

77 Jeschke MG, Patsouris D, Stanojcic M, Abdullahi A, Rehou S, et 
al. (2015) Pathophysiologic Response to Burns in the Elderly. 
EBioMedicine 2: 1536-1548.

78 Ciccone MM, Aquilino A, Cortese F, Scicchitano P, Sassara M, 
et al. (2010) Feasibility and effectiveness of a disease and care 
management model in the primary health care system for patients 
with heart failure and diabetes (Project Leonardo). Vasc Health Risk 
Manag 6: 297-305.

79 Organization WH (2002) Innovative Care for Chronic Conditions: 
Building Blocks for Action. Geneva, Switzerland: World Health 
Organization. 

80 Wagner EH (1998) Chronic disease management: what will it take to 
improve care for chronic illness? Eff Clin Pract 1: 2-4.

81 Anderson RM, Funnell MM (2010) Patient empowerment: myths and 
misconceptions. Patient Educ Couns 79: 277-282.

82 Tuvdendorj D, Zhang XJ, Chinkes DL, Aarsland A, Kulp GA, et al. (2011) 
Intensive insulin treatment increases donor site wound protein 
synthesis in burn patients. Surgery 149: 512-518.

83 Van den Berghe G, Wilmer A, Hermans G, Meersseman W, Wouters 
PJ, et al. (2006) Intensive insulin therapy in the medical ICU. N Engl J 
Med 354: 449-461.

84 van den Berghe G, Wouters P, Weekers F, Verwaest C, Bruyninckx F, 
et al. (2001) Intensive insulin therapy in critically ill patients. N Engl J 
Med 345: 1359-1367.

85 Van den Berghe G, Wouters PJ, Bouillon R, Weekers F, Verwaest C, 
et al. (2003) Outcome benefit of intensive insulin therapy in the 
critically ill: Insulin dose versus glycemic control. Crit Care Med 31: 
359-366.

86 de Oliveira Martins J, Meyer-Pflug AR, Alba-Loureiro TC, Melbostad 
H, Costa da Cruz JW, et al. (2006) Modulation of lipopolysaccharide-
induced acute lung inflammation: Role of insulin. Shock 25: 260-266.

87 Cuschieri J, Bulger E, Grinsell R, Garcia I, Maier RV (2008) Insulin regulates 
macrophage activation through activin A. Shock 29: 285-290.

88 Pierre EJ, Barrow RE, Hawkins HK, Nguyen TT, Sakurai Y, et al. (1998) 
Effects of insulin on wound healing. J Trauma 44: 342-345.

89 Przkora R, Herndon DN, Finnerty CC, Jeschke MG (2007) Insulin 
attenuates the cytokine response in a burn wound infection model. 
Shock 27: 205-208.

90 Sakurai Y, Aarsland A, Herndon DN, Chinkes DL, Pierre E, et al. (1995) 
Stimulation of muscle protein synthesis by long-term insulin infusion 
in severely burned patients. Ann Surg 222: 283-294.

91 Wolfe RR (1986) Nutrition and metabolism in burns. In: Shoemaker 
W (edr) Critical Care. CA: Soc Crit Care Med.  

92 Ferrando AA, Chinkes DL, Wolf SE, Matin S, Herndon DN, et al. (1999) 
A submaximal dose of insulin promotes net skeletal muscle protein 
synthesis in patients with severe burns. Ann Surg 229: 11-18.

93 Brunkhorst FM, Engel C, Bloos F, Meier-Hellmann A, Ragaller M, et 
al. (2008) Intensive insulin therapy and pentastarch resuscitation in 
severe sepsis. N Engl J Med 358: 125-139.

94 Jeschke MG (2013) Clinical review: Glucose control in severely 
burned patients - current best practice. Crit Care 17: 232.

95 Dellinger RP, Levy MM, Rhodes A, Annane D, Gerlach H, et al. (2013) 
Surviving sepsis campaign: international guidelines for management 
of severe sepsis and septic shock: 2012. Crit Care Med 41: 580-637.

96 Alexander JW (1986) William A. Altemeier lecture. Nutrition and 
infection. New perspectives for an old problem. Arch Surg 121: 
966-972.

97 Herndon DN, Curreri PW, Abston S, Rutan TC, Barrow RE (1987) 
Treatment of burns. Curr Probl Surg 24: 341-397.

98 Volenec FJ, Clark GM, Mani MM, Kyner J, Humphrey LJ (1979) 
Metabolic profiles of thermal trauma. Ann Surg 190: 694-698.

99 Rutan RL, Herndon DN (1990) Growth delay in postburn pediatric 
patients. Arch Surg 125: 392-395.

100 Herndon DN, Curreri PW (1978) Metabolic response to thermal 
injury and its nutritional support. Cutis 22: 501-506, 514.

101 Wilmore DW, Moylan JA Jr, Bristow BF, Mason AD Jr, Pruitt BA Jr (1974) 
Anabolic effects of human growth hormone and high caloric feedings 
following thermal injury. Surg Gynecol Obstet 138: 875-884.

102 LILJEDAHL SO, GEMZELL CA, PLANTIN LO, BIRKE G (1961) Effect of 
human growth hormone in patients with severe burns. Acta Chir 
Scand 122: 1-14.

103 Collipp PJ, Thomas CV (1957) Metabolism. 

104 Jiang ZM1, He GZ, Zhang SY, Wang XR, Yang NF, et al. (1989) Low-
dose growth hormone and hypocaloric nutrition attenuate the 
protein-catabolic response after major operation. Ann Surg 210: 
513-524.

105 Cuthbertson DP,  Shaw GB, Young FG (1941) The anterior pituitary 
gland and protein metabolism. II. The influence of anterior pituitary 
extract on the metabolic response of the rat to injury. J Endocrinol 
2: 468-474. 

106 Gore DC, Honeycutt D, Jahoor F, Wolfe RR, Herndon DN (1991) Effect 
of exogenous growth hormone on whole-body and isolated-limb 
protein kinetics in burned patients. Arch Surg 126: 38-43.

107 Hart DW, Herndon DN, Klein G, Lee SB, Celis M, et al. (2001) 
Attenuation of posttraumatic muscle catabolism and osteopenia by 
long-term growth hormone therapy. Ann Surg 233: 827-834.

108 Herndon DN, Barrow RE, Kunkel KR, Broemeling L, Rutan RL (1990) 
Effects of recombinant human growth hormone on donor-site 
healing in severely burned children. Ann Surg 212: 424-429.

109 Jarrar D, Wolf SE, Jeschke MG, Ramirez RJ, DebRoy M, et al. (1997) 
Growth hormone attenuates the acute-phase response to thermal 
injury. Arch Surg 132: 1171-1175.

110 Clemmons D (1994) Insulin-like growth factor-1 as an anabolic agent 
in catabolic states. Ann Intern Med 120: 596-597. 

111 Huang KF, Chung DH, Herndon DN (1993) Insulinlike growth factor 1 
(IGF-1) reduces gut atrophy and bacterial translocation after severe 
burn injury. Arch Surg 128: 47-53.

112 Strock LL, Singh H, Abdullah A, Miller JA, Herndon DN (1990) The 
effect of insulin-like growth factor I on postburn hypermetabolism. 
Surgery 108: 161-164.



ARCHIVOS DE MEDICINA
ISSN 1698-9465

2015
Vol. 1 No. 1:6

This article is available in: http://criticalcare.imedpub.com/archive.php12

Journal of Intensive and Critical Care 
ISSN 2471-8505

113 Williams FN, Jeschke MG, Chinkes DL, Suman OE, Branski LK, et 
al. (2009) Modulation of the hypermetabolic response to trauma: 
temperature, nutrition, and drugs. J Am Coll Surg 208: 489-502.

114 Wu C, Amini-Nik S, Nadesan P, Stanford WL, Alman BA (2010) 
Aggressive fibromatosis (desmoid tumor) is derived from 
mesenchymal progenitor cells. Cancer Res 70: 7690-7698.

115 Ruokonen E, Takala J (2002) Dangers of growth hormone therapy 
in critically ill patients. Curr Opin Clin Nutr Metab Care 5: 199-209.

116 Branski LK, Herndon DN, Barrow RE, Kulp GA, Klein GL, et al. (2009) 
Randomized controlled trial to determine the efficacy of long-term 
growth hormone treatment in severely burned children. Ann Surg 
250: 514-523.

117 Jeschke MG, RE Barrow, DN Herndon (2000) Insulinlike growth 
factor I plus insulinlike growth factor binding protein 3 attenuates 
the proinflammatory acute phase response in severely burned 
children. Ann Surg 231: 246-252. 

118 Gore DC, Wolf SE, Herndon DN, Wolfe RR (2003) Metformin blunts 
stress-induced hyperglycemia after thermal injury. J Trauma 54: 
555-561.

119 Gore DC, Herndon DN, Wolfe RR (2005) Comparison of peripheral 
metabolic effects of insulin and metformin following severe burn 
injury. J Trauma 59: 316-322.

120 Stumvoll M, Nurjhan N, Perriello G, Dailey G, Gerich JE (1995) 
Metabolic effects of metformin in non-insulin-dependent diabetes 
mellitus. N Engl J Med 333: 550-554.

121 Cigolini M, Bosello O, Zancanaro C, Orlandi PG, Fezzi O, et al. (1984) 
Influence of metformin on metabolic effect of insulin in human 
adipose tissue in vitro. Diabete Metab 10: 311-315.

122 Bailey CJ, Turner RC (1996) Metformin. N Engl J Med 334: 574-579.

123 Luft D, Schmülling RM, Eggstein M (1978) Lactic acidosis in biguanide-
treated diabetics: a review of 330 cases. Diabetologia 14: 75-87.

124 Bailey CJ, Nattrass M (1988) Treatment--metformin. Baillieres Clin 
Endocrinol Metab 2: 455-476.

125 Bailey CJ, Wilcock C, Day C (1992) Effect of metformin on glucose 
metabolism in the splanchnic bed. Br J Pharmacol 105: 1009-1013.

126 GOODALL M, STONE C, HAYNES BW Jr (1957) Urinary output of 
adrenaline and noradrenaline in severe thermal burns. Ann Surg 
145: 479-487.

127 Wilmore DW, Aulick LH (1978) Metabolic changes in burned 
patients. Surg Clin North Am 58: 1173-1187.

128 Herndon DN, Hart DW, Wolf SE, Chinkes DL, Wolfe RR (2001) 
Reversal of catabolism by beta-blockade after severe burns. N Engl 
J Med 345: 1223-1229.

129 Barrow RE, Mlcak R, Barrow LN, Hawkins HK (2004) Increased liver 
weights in severely burned children: comparison of ultrasound and 
autopsy measurements. Burns 30: 565-568.

130 Arturson G (1977) Prostaglandins in human burn wound secretions. 
Burns 3: 112-118. 

131 Linares HA (1982) A report of 115 consecutive autopsies in burned 
children: 1966-80. Burns Incl Therm Inj 8: 263-270.

132 Talaat SM, Beheri G el-D, Zaki MS, el-Bolkainy MN (1973) Prevention 
of early histopathological changes in the liver in extensive burns. Br 
J Plast Surg 26: 132-139.

133 Aarsland A, Chinkes D, Wolfe RR, Barrow RE, Nelson SO, et al. (1996) 
Beta-blockade lowers peripheral lipolysis in burn patients receiving 
growth hormone. Rate of hepatic very low density lipoprotein 
triglyceride secretion remains unchanged. Ann Surg 223: 777-787.  

134 Barrow RE, Wolfe RR, Dasu MR, Barrow LN, Herndon DN (2006) 
The use of beta-adrenergic blockade in preventing trauma-induced 
hepatomegaly. Ann Surg 243: 115-120.

135 Lephart ED, Baxter CR, Parker CR Jr (1987) Effect of burn trauma on 
adrenal and testicular steroid hormone production. J Clin Endocrinol 
Metab 64: 842-848.

136 Woolf PD (1992) Hormonal responses to trauma. Crit Care Med 20: 
216-226.

137 Ferrando AA, Sheffield-Moore M, Wolf SE, Herndon DN, Wolfe RR 
(2001) Testosterone administration in severe burns ameliorates 
muscle catabolism. Crit Care Med 29: 1936-1942.

138 Demling RH, DeSanti L (1997) Oxandrolone, an anabolic steroid, 
significantly increases the rate of weight gain in the recovery phase 
after major burns. J Trauma 43: 47-51.

139 Hart DW, Wolf SE, Ramzy PI, Chinkes DL, Beauford RB, et al. (2001) 
Anabolic effects of oxandrolone after severe burn. Ann Surg 233: 
556-564.

140 Demling RH, Seigne P (2000) Metabolic management of patients 
with severe burns. World J Surg 24: 673-680.

141 Wolf SE, Edelman LS, Kemalyan N, Donison L, Cross J, et al. (2006) 
Effects of oxandrolone on outcome measures in the severely 
burned: a multicenter prospective randomized double-blind trial. J 
Burn Care Res 27: 131-139.

142 Demling RH, DeSanti L (2003) Oxandrolone induced lean mass 
gain during recovery from severe burns is maintained after 
discontinuation of the anabolic steroid. Burns 29: 793-797. 

143 Demling RH, DeSanti L (2001) The rate of restoration of body weight 
after burn injury, using the anabolic agent oxandrolone, is not age 
dependent. Burns 27: 46-51.

144 Pham TN, Klein MB, Gibran NS, Arnoldo BD, Gamelli RL, et al. (2008) 
Impact of oxandrolone treatment on acute outcomes after severe 
burn injury. J Burn Care Res 29: 902-906.

145 Jeschke MG, Finnerty CC, Suman OE, Kulp G, Mlcak RP, et al. (2007) 
The effect of oxandrolone on the endocrinologic, inflammatory, and 
hypermetabolic responses during the acute phase postburn. Ann 
Surg 246: 351-360.

146 Reiss E, Pearson E, Artz CP (1956) The metabolic response to burns. 
J Clin Invest 35: 62-77.

147 Jeschke MG, Gauglitz GG, Finnerty CC, Kraft R, Mlcak RP, et al. (2014) 
Survivors versus non-survivors post-burn: differences in inflammatory 
and hypermetabolic trajectories. Ann Surg 259: 814-823.


