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Abstract: Severe burn profoundly affects organs both proximal and distal to the actual burn
site. Cardiovascular dysfunction is a well-documented phenomenon that increases morbidity and
mortality following a massive thermal trauma. Beginning immediately post-burn, during the ebb
phase, cardiac function is severely depressed. By 48 h post-injury, cardiac function rebounds and the
post-burn myocardium becomes tachycardic and hyperinflammatory. While current clinical trials
are investigating a variety of drugs targeted at reducing aspects of the post-burn hypermetabolic
response such as heart rate and cardiac work, there is still a paucity of knowledge regarding
the underlying mechanisms that induce cardiac dysfunction in the severely burned. There are
many animal models of burn injury, from rodents, to sheep or swine, but the majority of burn
related cardiovascular investigations have occurred in rat and mouse models. This literature review
consolidates the data supporting the prevalent role that 3-adrenergic receptors play in mediating
post-burn cardiac dysfunction and the idea that pharmacological modulation of this receptor family
is a viable therapeutic target for resolving burn-induced cardiac deficits.
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1. Introduction

Approximately 486,000 burn injuries required medical attention in the United States in 2014, with
40,000 hospitalizations and nearly 3000 burn-related deaths [1]. Burn trauma induces a hypermetabolic,
hyperinflammatory state that is characterized by muscle protein catabolism, immune dysfunction, and
organ failure [2]. In pediatric patients, this state along with elevations in catecholamine levels lasts up
to three years after injury and is associated with changes in normal cardiac function [3,4]. For nearly
five decades, burn-induced cardiac dysfunction including increased cardiac work, tachycardia,
systolic dysfunction, and elevated energy expenditure has been documented [5]. Many of these
perturbations can be attributed to cardiac 3-adrenergic receptors ([3-ARs) being activated by circulating
catecholamines, which regulate cardiac function as well as stimulate signaling pathways involved with
apoptosis, inflammation, proliferation, and glucose homeostasis [6]. Increased catecholamine levels
and the resultant hyperactivation of 3-ARs are associated with cardiac hypertrophy and dysfunction
in other patient populations [7,8].

Severe burn injury has profound effects on the entire body, often leading to multi-organ
dysfunction. The human cardiac response to burn injury is characterized by two distinct events
dubbed the ebb and flow phases. Patients suffering from severe burn injury experience depression
of cardiac contractility and output for the first 24 to 48 h following the injury, which is referred
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to as the ebb phase. However, by three days post-burn, patients enter the flow phase, in which
energy expenditure, heart rate, and cardiac work are elevated for more than a year after injury [9,10].
In pediatric burn patients, cardiac dysfunction has been associated with poorer outcomes. Branski
and colleagues confirmed the timing of the ebb and flow phases and increased cardiac output with
elevated heart rate in pediatric burn patients via transpulmonary thermodilution monitoring device
(PiCCO) [11]. Half of pediatric burn patients developed systolic dysfunction, which correlated with
longer hospital stays and more surgical interventions [12]. Furthermore, in infants sustaining large
burn injuries, right heart failure was the most common cause of death [13]. At our pediatric burn
center, 40% of massively burned patients who died from shock also had cardiovascular failure [14].
In patients who survive the burn injury, elevated catecholamine levels are associated with dramatically
increased heart rate and oxygen demand that lasts for more than one year post-burn [15,16].

Animal studies have been used to expand our understanding of burn injury at the molecular
level and identify mediators of post-injury cardiac dysfunction. Multiple studies in various rodent
and isolated cardiomyocyte models have confirmed that depressed cardiac contractility begins almost
immediately after burn injury, continues for approximately 36 h, and resolves by 72 h post-injury
(i.e., the ebb phase) [17-20]. However, there is a paucity of studies investigating the signaling changes
associated with the flow phase.

Researchers have used various animal models to explore the complexity of burn injury
pathophysiology (reviewed in [21]). Due to the complex nature of the body’s response to such
a severe injury, even large animal models such as sheep or pig do not completely replicate human
pathophysiology. Despite this caveat, the smaller animal models, particularly the rat and mouse models,
have proven useful for investigating the mechanisms underlying the pathological manifestations of
burn injury. There are two primary methods utilized in order to generate a burn injury in rodents:
Contact with a heated metal probe applied to shaved skin and scald, where the animal is placed in
a protective mold with the shaved area to be burned exposed to hot water [22,23]. In both models,
animals are anesthetized prior to injury with either a ketamine /xylazine injection or inhaled isoflurane.
The percentage of total body surface area (TBSA) burned can be adjusted by altering the number of
contacts with the probe or the size of the exposed area in the mold. In the mouse model, the TBSA
burned is limited to less than 40%, reducing the utility of this model as the hypermetabolic response
is only invoked with larger burns (>50% TBSA burned) [24]. However, the rat model can sustain
a 60% TBSA burn inducing a clinically relevant injury and subsequent hypermetabolic response
similar to those seen in severely burned patients [23]. While the principles of these models have
been standardized, a great deal of variability exists in the experimental design from study to study
including the temperature of the water or probe, the length of burn administration, and the amount of
resuscitation fluid, which can all alter post-burn outcomes. Despite these differences, the utilization of
these models has greatly advanced our understanding of burn induced signaling changes in the heart
and other organs.

2. Molecular Mechanisms Underlying Burn-Induced Cardiac Dysfunction

2.1. 3-Adrenergic Receptors

We propose that many of the characteristic cardiac perturbations following burn-induced,
persistent elevations in catecholamine release can be attributed to the 3-ARs. Although their primary
function is to modulate cardiac chronotropy, lusitropy, and inotropy through the movement of
calcium, these receptors also regulate apoptosis, inflammation, proliferation, and glucose homeostasis.
The (3-ARs also participate in cross-talk with a variety of signaling receptors including the androgen
receptor and the peroxisome proliferator-activated receptor « [25-27]. Through these and other
signaling mechanisms, prolonged activation of the B-ARs results in increased morbidity and
mortality [2]. Because of the widespread influence of 3-ARs on cardiac function and morphology,
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pharmacological modulation of 3-AR signaling may attenuate the majority of pathological signaling
that occurs following burn injury.

Prolonged catecholamine release can lead to uncoupling of 3-ARs from G proteins, decreased
3/-5'-cyclic adenosine monophosphate (cAMP) production, and altered phosphorylation and
expression of proteins involved in various downstream pathways (Figure 1). For example, p38, jun
N-terminal kinase (JNK), and extracellular signal-regulated kinase 1/2 (ERK1/2) mitogen-activated
protein kinase (MAPK) phosphorylation was significantly increased in the first 4 h after injury [28-30].
Similarly, Akt (protein kinase B) phosphorylation was also increased shortly after burn injury (peaked
at 3 h) [31]. Protein expression of both the sarcoplasmic reticulum calcium ATPase 2 (SERCA2)
and ryanodine receptor was significantly reduced after burn injury [32]. The mammalian target of
rapamycin (mTOR) phosphorylation was also significantly reduced after burn injury [33]. Many
of these proteins are involved in modulating the influx of calcium through depolarized calcium
channels, calcium-induced calcium release from the sarcoplasmic reticulum, and subsequent removal
of intracellular calcium by various measures. This movement of calcium in and out of the intracellular
space can be graphically represented by what is referred to as a calcium transient [6]. Using
cardiomyocytes isolated from burned rats, Koshy et al., observed that calcium transients were
unresponsive to additional 3-AR stimulation, indicating desensitization of the receptors [34]. Earlier
studies determined that 3-AR affinity in rat ventricular muscle was significantly decreased 7 days and
14 days after burn injury. At these time points, cAMP content was also decreased. Similar to what was
seen in the calcium transients, isoproterenol-stimulated cAMP production was decreased 24 h and
14 days post-injury [35]. Furthermore, Zhang et al., reported that burn injury depressed expression of
stimulatory G protein (Gs) mRNA as early as 3 h post-injury [36]. Thus, burn-induced depression of
cardiac function may be attributed to the inability of 3-ARs to respond to additional stimuli. There
remains controversy regarding whether the inability to respond is due to decreased receptor density or
to uncoupling of the receptors from their G protein partners. However, to date, there are no published
studies investigating whether uncoupling occurs, and there are conflicting results regarding whether
B-AR density is altered post-burn. Surprisingly, pretreatment with clonidine, an « adrenergic receptor
(x-AR) agonist, blocked burn-induced downregulation of 3-AR density, adenylyl cyclase activity, and
cAMP content. However, whether clonidine restored cardiac function was not assessed, nor was the
mechanism involved in upregulation of 3-AR density [37].
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Figure 1. Schematic of the signaling changes that are postulated to occur downstream of 3-adrenergic

receptor (3-AR) stimulation following burn injury. MAPK, mitogen-activated protein kinase; Akt,
protein kinase B; mTOR, mammalian target of rapamycin; SERCAZ2, sarcoplasmic reticulum calcium
ATPase 2; RyR, ryanodine receptor.
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2.2. Cytokines and Pro-Inflammatory Mediators

The majority of research investigating post-burn cardiac signaling changes in animal models
has focused on the inflammatory response. This response can also be regulated by 3-AR-dependent
signaling, although other receptor populations also contribute. However, many of these inflammatory
pathways cross-talk with 3-ARs, providing additional evidence that (3-ARs are key mediators
of burn-induced cardiac dysfunction. Interleukin (IL)-1 and tumor necrosis factor « (TNFw)
expression and secretion are regulated by nuclear factor k B (NFkB) and p38 MAPK which can be
activated following 3-AR stimulation [38—40]. These factors have been shown to be upregulated
in the heart following burn injury (Figure 1) [41]. TNFo secretion was increased more than
10-fold in cardiomyocytes from burned animals [17]. Inhibition of NF«B translocation into the
nucleus by IkB prevented TNF« secretion as well as normalized cardiac function after burn injury.
In addition to inducing inflammation, TNF«x perfusion into normal hearts was sufficient to severely
depress myocardial function [40]. Depressed cardiac function was also observed following IL-13
treatment despite the absence of TNF«x [42]. However, maximal cardiac dysfunction occurred with
co-administration of IL-13, TNF«, and IL-6 [43].

Toll-like receptor 4 (TLR4) also contributes to the maladaptive cardiac inflammatory response
to severe burn injury. The aforementioned burn-induced inflammatory cascade was significantly
blunted in severely burned mice genetically engineered to produce an inactive form of TLR4 [41].
The same authors also investigated the role of cluster of differentiation 14 (CD14), an endotoxin
receptor that forms a complex with TLR4. CD14 knockout significantly reduced the production of
IL-6, TNFo, and IL-1p after burn injury. Furthermore, left ventricular function was restored, as seen
through comparison to burned wildtype mice. Similar results were noted using pharmacological
inhibition of CD14 [44]. Lipopolysaccharide (LPS) and endotoxin release also contribute to burn
induced contractile dysfunction and inflammation. In cardiomyocytes isolated from burned rats, LPS
administration decreased sarcomere shortening in a dose-dependent manner, indicating impairment
of cardiomyocyte contraction [45]. The effect of LPS on sarcomere shortening was independent of
burn injury, as burn injury with LPS treatment had an additive effect [45]. Recombinant bactericidal
permeability-increasing protein (BPI) attenuated the burn pathophysiology [46]. These data indicate
that the relationship between inflammation and cardiac dysfunction may yield new targets for future
clinical investigations.

2.3. Nitric Oxide

In animal models of both ischemic-reperfusion injury and sepsis, nitric oxide (NO) is a negative
inotrope. Burn trauma also augments NO levels primarily through upregulation of inducible nitric
oxide synthase (iNOS; Figure 1). Increased NO levels lead to oxidative stress causing DNA breakage
and activation of NFkB [47]. Inflammatory cytokines such as TNFx can also promote iNOS activity.
Cytokine activation of iNOS leads to a persistent elevation of NO levels, which can contribute to
cytotoxicity and ventricular dysfunction [48].

Cardiac-specific knockout of iNOS dampened the burn-induced cardiovascular deficits observed
in wildtype mice. Similar results were obtained using pharmacological inhibition of iNOS [49].
Mitochondrial NOS levels were also significantly increased after severe burn injury [50]. Elevated NO
levels mediate the formation of compounds that alter mitochondrial respiration and compete with
calcium for binding sites on contractile proteins. The formation of these compounds can severely
depress cardiac function [51-53]. Conversely, NO also performs a vital role in cell survival by
scavenging free radicals and inhibiting bacterial invasion when levels are relatively low [54]. Thus, the
circulating concentration of NO dictates the observed effects, and overcompensation in either direction
can significantly contribute to cardiac dysfunction.

3-AR signaling is one of the regulators of cardiac NO levels. Activation of $3-ARs may lead
to NFkB translocation and promotion of hypertrophic, apoptotic, and inflammatory signaling [55].
NEFkB translocation can also occur in response to 31- and 3,-AR stimulation. Furthermore, NF«xB
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suppression dampens 3-AR-dependent hypertrophy [56]. These data further implicate 3-ARs as a key
component of impaired cardiac function following burn injury.

2.4. Calcium

Calcium homeostasis is vital for maintaining cardiomyocyte function and viability. The entry,
extrusion, and storage of calcium dictate the rate and force of contractility as well as the rate
of relaxation. There is a plethora of evidence relating changes in calcium handling to cardiac
hypertrophy and failure, and numerous studies indicate that altered calcium handling occurs following
burn injury and correlates with negative inotropy (Figure 1) [32,34,57,58]. Indeed, treatment of
isolated cardiomyocytes with burn serum in the 40% TBSA burned rat model induced hyperactivity
of ryanodine receptors, the calcium release channels that reside on the sarcoplasmic reticulum.
Hyperactive ryanodine receptors initially increase calcium release, augmenting contractility. However,
prolonged leakage of calcium from the sarcoplasmic reticulum depletes calcium stores, resulting in
depressed contractility [59,60]. Severe burn injury also decreases L-type calcium channel protein
expression, thus reducing intracellular calcium influx [61]. More recent studies have found that burn
injury decreases calcium current and contractility despite maintenance of L-type calcium channel
mRNA levels [62].

Calcium is highly cytotoxic and accumulation of intracellular calcium can lead to derangement of
signaling pathways, release of cytokines, and ventricular dysfunction. Post-burn calcium accumulation
is blocked by inhibition of protein kinase C (PKC). Moreover, burn-induced perturbations in ventricular
function are reduced by inhibiting PKC [63]. Cytosolic calcium accumulation also occurs in a 2-hit
model of burn with sepsis [64]. Increased calcium uptake into mitochondria can contribute to
myocardial inflammation and injury. Maass et al., isolated cardiomyocytes from severely burned rats
and showed that calcium accumulated in both the cytosol and the mitochondria. This mitochondrial
calcium overload also played a critical role in the release of TNFe, IL-1f3, and IL-6 [65]. Mitochondrial
calcium levels significantly increase 1 h post-burn and remain elevated 24 h post-burn [50]. Evidence
of calcium overload prior to ventricular contractile dysfunction suggests that calcium dyshomeostasis
contributes to the induction of myocardial injury and dysfunction [32]. After burn injury occurs,
Ca?* /Mg?*-ATPase and Na*/K*-ATPase activity is reduced, potentially increasing intracellular
calcium accumulation [36]. Calcium antagonists blunt burn-induced calcium accumulation, TNFx
secretion, and impairment of left ventricular function [58].

Concentrations of cytosolic free calcium have been shown to increase significantly in
cardiomyocytes isolated 24 h after burn injury. However, additional stimulation with isoproterenol,
a 3-AR agonist, does not alter the time course of the calcium transient. These data suggest that
desensitization of -ARs may contribute to calcium dyshomeostasis [34]. In other models of
disease, treatment with 3-AR antagonists resolves calcium signaling alterations caused by elevated
catecholamine levels [66]. However, the effect of 3-blockade on calcium handling can differ depending
on the antagonist used [67].

2.5. Apoptosis

Cell death by apoptosis is a highly organized and regulated process that is tailored to organismal
development and growth; unregulated apoptosis can impair organ function. Cardiac apoptosis has
been detected as early as 6 h post injury, and markers of apoptosis such as DNA fragmentation and
caspase-3 activity have been noted 3 to 12 h post-burn (Figure 1). Increased apoptosis correlates
with defects in cardiac contraction and relaxation [68,69]. Increased intracellular calcium such as is
seen following burn injury can trigger apoptosis in a multitude of tissues [58,70]. Mitochondria also
contribute to burn-induced apoptosis by releasing apoptosis-inducing factor and cytochrome c and
into the cytoplasm [71].

In a 40% TBSA burned rat model, upregulation of both apoptosis and caspase-3 activity (a common
marker of apoptosis) occurs. Pharmacological inhibition of extracellular regulated kinase and
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phosphoinositide-3 kinase further exacerbates cardiac apoptosis [30]. Similarly, others have shown
that burn injury promotes apoptotic signaling by inhibiting Akt (protein kinase B) while activating
p38 MAPK [72,73]. Attenuation of apoptosis by inhibition of p38 MAPK reduces expression of TNFa
and iNOS and decreases oxidative stress following burn injury [74,75]. Inhibition of endotoxin activity
using a recombinant N-terminal fragment of BPI can also prevent the upregulation of caspase-3 activity
caused by burn plasma administration to murine cardiomyocytes [69].

As mentioned previously, 3-AR signaling can mediate apoptosis. 31-AR primarily promotes
apoptosis while activation of (3,-AR signaling has an anti-apoptotic effect [76]. (31-AR-induced
apoptosis can occur independently of protein kinase A (PKA) activity [77]. MAPK activation and TNFx
secretion can be regulated by (3-ARs [28,38,40]. Thus, 3-AR signaling may contribute to mechanisms
underlying burn-induced apoptosis.

2.6. Sepsis

In a single institution study at the Shriners Hospital for Children®—Galveston, more than 30%
of burn patient deaths were attributed to sepsis [14]. Investigation of the molecular mechanisms
underlying sepsis can be difficult as most animal models of large burn injury alone do not develop
sepsis. Using various 2-hit models to mimic burn complicated by sepsis, Horton ef al., showed that
sepsis exacerbates both the inflammatory response and ventricular dysfunction in rats with 40% TBSA
burns [17,78]. As confirmed in a mouse 2-hit model, cardiac function is further dampened in the
presence of sepsis [79]. The type of infectious organism alters the host response; a gram-negative
challenge results in a higher mortality rate than a gram-positive challenge [80].

Decreased levels of the sarcoplasmic reticulum calcium ATPase in a burn-complicated-by-sepsis
model indicate that calcium dyshomeostasis may contribute to the development of sepsis [64].
The addition of cecal ligation and puncture to a 30% TBSA scald burn rat model resulted in an initial
augmentation of cardiac function that progressed into a hypodynamic state along with an increased
mortality rate [81]. Time elapsed between the injury and the development of sepsis may also contribute
to the severity of the cardiac response. In a study comparing aspiration pneumonia-induced sepsis
induced 48 or 72 h post-burn, earlier induction of sepsis augmented cardiac contractile dysfunction.
These changes were not seen when sepsis was induced 72 h following the burn injury; these animals
had similar cardiac function relative to the burn only group [18]. While there is not a clear connection
between (-AR signaling and the induction of sepsis, it can be appreciated that 3-AR-dependent
calcium dyshomeostasis and inflammation can contribute to the susceptibility to and progression
of sepsis.

2.7. Pharmacological Modulation

A variety of pharmaceutical agents are administered to attenuate the burn-induced
hypermetabolic response and subsequent hypercatabolism (Table 1; reviewed in [82,83]). The
majority of investigational pharmacological approaches have utilized anabolic agents (e.g., insulin,
growth hormone, oxandrolone, insulin-like growth factor) to increase lean body mass retention.
Administration of insulin (with various dosing regimens), fenofibrate, metformin, or glucagon-like
peptide has resulted in attenuation of hyperglycemia and insulin resistance, additional characteristics
of the hypermetabolic response. While many of these pharmacological modulations target components
of the 3-AR signaling pathway, few investigators have explored the use of (3-blockade to mitigate
burn-induced cardiac dysfunction. There is strong evidence that propranolol, a nonspecific 3-blocker,
improves cardiac outcomes in severely burned pediatric patients. Propranolol administration was
initially proposed because it had previously been used safely in other pediatric patient populations to
decrease heart rate. Since propranolol blocks both of the major cardiac 3-AR subtypes, in addition to
reducing heart rate and cardiac work (primarily mediated through (31-AR), propranolol administration
dampens other hypermetabolic, hypercatabolic responses to burn injury such as increased resting
energy expenditure, lipolysis (2-AR dependent signaling), and protein breakdown [2,84-88].
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This decrease in peripheral lipolysis was not observed when metoprolol, a 31-AR selective blocker,
was used [89].

Table 1. Recent pharmacotherapeutic agents used in the treatment of burn injury.

Drug Clinical Reference(s)
Propranolol [2,84-88,90-94]
Oxandrolone [95-105]
Fenofibrate [106-108]
Growth Hormone [16,92,109-123]
Insulin [124-130]
Insulin-Like Growth Factor 1 [131-137]
Ketoconazole [138]
Metformin [139-141]

Many of the aforementioned therapeutics have cardiovascular activity in addition to their primary
mechanism of action. For example, insulin administration has been shown to inhibit caspase-3, bcl2,
and p38 MAPK in burn serum-challenged cardiomyocytes, dampening burn-induced apoptosis. In the
same study, insulin administration attenuated inflammatory cytokine release [72]. Although insulin
does not directly bind to 3-ARs, studies in cardiomyocytes reveal that insulin recruits GRK2 to 3,-ARs
to modulate cAMP/PKA-dependent signaling [142]. Thus, the anti-apoptotic effects of insulin may be
partially attributed to insulin mediated inhibition of 3,-ARs. As previously mentioned, activation of
P38 MPAK and the caspases alongside generation of reactive oxygen species can occur downstream
of 3-ARs, and all have been implicated in pro-inflammatory signaling cascades. Accordingly, p38
MAPK inhibition rescues the burn-induced inflammatory response [74,75]. Similarly, improvement of
cardiac function can be obtained by pretreatment with caspase inhibitors, which reduces release of
inflammatory cytokines [143]. Antioxidant vitamin therapy also decreases the nuclear translocation of
NF«B and TNFe, IL-1§3, and IL-6 secretion from cardiomyocytes [144]. Further studies are needed to
identify novel therapeutic targets and to determine the best pharmaceutical agent for the attenuation
of burn-induced cardiac dysfunction.

Despite the overwhelming clinical data supporting the use of propranolol administration after
burn injury, the few preclinical studies that have been conducted have yielded conflicting results.
Propranolol pretreatment (3 mg/kg/day for 14 days prior to burn) in a guinea pig model, resulted
in a greater need for fluid resuscitation compared to vehicle-treated animals perhaps due to the
pretreatment predisposing the animals to depressed cardiac function [145]. Propranolol (0.75 mg/kg)
given 30 min after the burn injury (0.5 h) also significantly worsened cardiac function and contributed
to hypoperfusion-induced organ damage [146]. The timing of the administration of propranolol was
not ideal as cardiac depression occurs in response to both the anesthesia and the injury. By giving
propranolol so soon after the injury, it is possible that the animals had not recovered sufficiently
to experience the hypermetabolic response that propranolol should treat. Thus, these differences
between the clinical and preclinical studies may be primarily attributed to the study design. Ongoing
investigations by our group and others will further elucidate the molecular mechanisms of burn
induced cardiac dysfunction to better target therapeutic interventions.

3. Limitations and Confounding Factors

Cardiac dysfunction and the post-burn hypermetabolic and hyperinflammatory states persist for
more than a year post injury in pediatric patients, well after visible healing of the injury. However,
there are very few studies with experimental designs investigating cardiac dysfunction more than 24 h
post injury. Of note, many of the animal models from earlier studies did not include resuscitation (as is
used in the patients) whereas in later studies included resuscitation with lactated Ringer’s solution.
Resuscitation protocols also varied from one bolus of resuscitation fluids administered immediately
after burn to continued administration of fluids for up to 12 h post-burn. This change in resuscitation
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practice may explain the reduced severity and persistence of cardiac dysfunction in later studies. Use
of multiple rat and mouse strains can also confound interpretation of the role and extent of post-burn
cardiac dysfunction. The size of the burn injury varied from 20% to 50%; as larger burns are associated
with cardiac and metabolic complications while smaller burns are not, these variations hinder direct
comparison of data and may contribute to the lack of agreement regarding the timing of apoptosis,
cytokine release, and cardiac dysfunction. Similarly, the fact that sepsis models rely on different times
of induction and a wide range of microorganisms for sepsis induction hinders definitive interpretation
of the effect of sepsis on burn-induced perturbations in cardiac signaling.

While a substantial amount of work has been summarized in this review, it is clear that there are
still some significant gaps in knowledge and new avenues of research to investigate. Over the last
decade there have been great advances in G-protein coupled receptor signaling that extend far beyond
cAMP /PKA dependent signaling, however, most of the burn related research has focused on this
canonical 3-AR signaling pathway. Epac mediated cAMP signaling and (3-arrestin dependent signaling
are just two possible noncanonical signaling pathways contributing to cardiac dysfunction induced by
a burn injury. Epac signaling can affect intracellular calcium handling and interleukin 6 release, both
of which has been shown to be altered after severe burn injury [147,148]. The cardioprotective effects
of 3-arrestin dependent signaling in heart failure have been demonstrated and it would be worthwhile
to determine whether this signaling cascade is activated post-burn as well as determine the effect of
therapies such as propranolol [149,150].

Biased signaling is another recently elucidated concept that should be considered both during
experimental design as well as during interpretation of results [151,152]. This concept operates on the
premise that different ligands can turn on or shut off specific effectors despite binding to the same
receptor. As mentioned previously, propranolol is the primary 3-blocker that has been investigated
in the context of burn injury. While at least one small study was conducted examining metoprolol
treatment after burn injury, there are no published results utilizing any of the newer (3-blockers in
either pre-clinical or clinical studies. Carvedilol holds particular interest as it has «-AR blocking
activity in addition to its nonspecific blockade of 3-ARs. Preclinical studies indicated that pretreatment
with «-AR agonist clonidine was beneficial in dampening the effect of burn injury on (3-ARs [37].
Thus, it is unclear whether carvedilol would improve or depress post-burn cardiac signaling and
function. Furthermore, the role of «-ARs in burn injury has not been well studied. These receptors also
respond to stimulation by circulating catecholamines and are involved in modulating cardiac function
and may be responsible for some of the observations attributed to 3-ARs [153]. As we increase our
knowledge of burn induced cardiac dysfunction and its underlying mechanisms, biased signaling
can be utilized to determine the best pharmacological treatment to improve patient outcomes and
minimize adverse events.

4. Conclusions

Cardiovascular dysfunction following burn injury is a major problem in humans and can be
replicated and studied in animals. A rapid and robust inflammatory response precedes the onset
of defects in left ventricular pressure and sarcomere shortening. Calcium dyshomeostasis and
dysregulation of NO levels also contribute to depression of cardiac contractility. Sepsis or infection
further exacerbates cardiac depression. Many of these signaling changes occur downstream of 3-ARs
and may be the result of overstimulation of these receptors by elevated circulating catecholamine
levels. Figure 1 summarizes the studies examined in this review and depicts how 3-ARs may be the
impetus for these signaling changes and the induction of cardiac dysfunction and damage.

Acknowledgments: The authors thank Kasie Cole for editing and proofreading of the manuscript. This work
was supported by grants from the National Institutes of Health (P50-GM060338, KL2RR029875, UL1RR029876,
UL1TR001439, T32-GMO008256, R01-GM112936, R01-GM056687-11, NIDRR-H133A120091) and Shriners Hospitals
for Children (84080, 80100, 84291, 80500, 84202, 71001, 79141).



Int. ]. Mol. Sci. 2016, 17, 53 9of 16

Author Contributions: Ashley N. Guillory and Robert P. Clayton conducted the literature review. Ashley N.
Guillory prepared the manuscript. David N. Herndon and Celeste C. Finnerty critiqued and edited the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

N o G

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Association, A.B. Burn incidence and treatment in the United States. Available online:
http:/ /www.ameriburn.org/resources_factsheet.php (accessed on 6 Januray 2015).

Herndon, D.N.; Hart, D.W.; Wolf, S.E.; Chinkes, D.L.; Wolfe, R.R. Reversal of catabolism by 3-blockade after
severe burns. N. Engl. ]. Med. 2001, 345, 1223-1229. [CrossRef] [PubMed]

Kulp, G.A.; Herndon, D.N.; Lee, J.O.; Suman, O.E.; Jeschke, M.G. Extent and magnitude of catecholamine
surge in pediatric burned patients. Shock 2010, 33, 369-374. [CrossRef] [PubMed]

Rona, G. Catecholamine cardiotoxicity. . Mol. Cell. Cardiol. 1985, 17, 291-306. [CrossRef]

Fozzard, H.A. Myocardial injury in burn shock. Ann. Surg. 1961, 154, 113-119. [CrossRef] [PubMed]

Katz, A.M,; Lorell, B.H. Regulation of cardiac contraction and relaxation. Circulation 2000, 102. [CrossRef]
Molkentin, J.D.; Dorn, G.W., II. Cytoplasmic signaling pathways that regulate cardiac hypertrophy.
Annu. Rev. Physiol. 2001, 63, 391-426. [CrossRef] [PubMed]

Raab, W. Key position of catecholamines in functional and degenerative cardiovascular pathology.
Am. ]. Cardiol. 1960, 5, 571-578. [CrossRef]

Papp, A.; Uusaro, A.; Parviainen, I.; Hartikainen, J.; Ruokonen, E. Myocardial function and haemodynamics
in extensive burn trauma: Evaluation by clinical signs, invasive monitoring, echocardiography and cytokine
concentrations. A prospective clinical study. Acta Anaesthesiol. Scand. 2003, 47, 1257-1263. [CrossRef]
[PubMed]

Herndon, D.N.; Tompkins, R.G. Support of the metabolic response to burn injury. Lancet 2004, 363, 1895-1902.
[CrossRef]

Branski, L.K.; Herndon, D.N.; Byrd, J.E; Kinsky, M.P; Lee, ].O.; Fagan, S.P.; Jeschke, M.G. Transpulmonary
thermodilution for hemodynamic measurements in severely burned children. Crit. Care 2011, 15, 1-10.
[CrossRef] [PubMed]

Howard, T.S.; Hermann, D.G.; McQuitty, A.L.; Woodson, L.C.; Kramer, G.C.; Herndon, D.N.; Ford, PM.;
Kinsky, M.P. Burn-induced cardiac dysfunction increases length of stay in pediatric burn patients.
J. Burn Care Res. 2013, 34, 413—419. [CrossRef] [PubMed]

Pereira, C.T.; Barrow, R.E.; Sterns, A.M.; Hawkins, HK.; Kimbrough, C.W.; Jeschke, M.G.; Lee, J.O.;
Sanford, A.P; Herndon, D.N. Age-dependent differences in survival after severe burns: A unicentric
review of 1674 patients and 179 autopsies over 15 years. J. Am. Coll. Surg. 2006, 202, 536-548. [CrossRef]
[PubMed]

Williams, EN.; Herndon, D.N.; Hawkins, HK; Lee, ].O.; Cox, R.A.; Kulp, G.A.; Finnerty, C.C.; Chinkes, D.L.;
Jeschke, M.G. The leading causes of death after burn injury in a single pediatric burn center. Crit. Care 2009,
13, R183. [CrossRef] [PubMed]

Horton, J.W.; Garcia, N.M.; White, D.].; Keffer, J. Postburn cardiac contractile function and biochemical
markers of postburn cardiac injury. J. Am. Coll. Surg. 1995, 181, 289-298. [PubMed]

Mlcak, R.P.; Suman, O.E.; Murphy, K.; Herndon, D.N. Effects of growth hormone on anthropometric
measurements and cardiac function in children with thermal injury. Burns J. Int. Soc. Burn Inj. 2005, 31,
60-66. [CrossRef] [PubMed]

Sheeran, PW.; Maass, D.L.; White, D.J.; Turbeville, T.D.; Giroir, B.P; Horton, J.W. Aspiration
pneumonia-induced sepsis increases cardiac dysfunction after burn trauma. J. Surg. Res. 1998, 76, 192-199.
[CrossRef] [PubMed]

White, J.; Thomas, J.; Maass, D.L.; Horton, ].W. Cardiac effects of burn injury complicated by aspiration
pneumonia-induced sepsis. Am. . Physiol. Heart Circ. Physiol. 2003, 285, H47-H58. [CrossRef] [PubMed]
Williams, EN.; Herndon, D.N.; Suman, O.E; Lee, J.O.; Norbury, W.B.; Branski, L.K.; Mlcak, R.P; Jeschke, M.G.
Changes in cardiac physiology after severe burn injury. J. Burn Care Res. 2011, 32, 269-274. [CrossRef]
[PubMed]

Xia, Z.F; Zhao, P.; Horton, ].W. Changes in cardiac contractile function and myocardial. Am. |. Physiol. Heart
Circ. Physiol. 2001, 280, H1916-H1922. [PubMed]


http://dx.doi.org/10.1056/NEJMoa010342
http://www.ncbi.nlm.nih.gov/pubmed/11680441
http://dx.doi.org/10.1097/SHK.0b013e3181b92340
http://www.ncbi.nlm.nih.gov/pubmed/20407405
http://dx.doi.org/10.1016/S0022-2828(85)80130-9
http://dx.doi.org/10.1097/00000658-196107000-00017
http://www.ncbi.nlm.nih.gov/pubmed/13701142
http://dx.doi.org/10.1161/01.CIR.102.suppl_4.IV-69
http://dx.doi.org/10.1146/annurev.physiol.63.1.391
http://www.ncbi.nlm.nih.gov/pubmed/11181961
http://dx.doi.org/10.1016/0002-9149(60)90121-1
http://dx.doi.org/10.1046/j.1399-6576.2003.00235.x
http://www.ncbi.nlm.nih.gov/pubmed/14616324
http://dx.doi.org/10.1016/S0140-6736(04)16360-5
http://dx.doi.org/10.1186/cc10147
http://www.ncbi.nlm.nih.gov/pubmed/21507260
http://dx.doi.org/10.1097/BCR.0b013e3182685e11
http://www.ncbi.nlm.nih.gov/pubmed/23237822
http://dx.doi.org/10.1016/j.jamcollsurg.2005.11.002
http://www.ncbi.nlm.nih.gov/pubmed/16500259
http://dx.doi.org/10.1186/cc8170
http://www.ncbi.nlm.nih.gov/pubmed/19919684
http://www.ncbi.nlm.nih.gov/pubmed/7551321
http://dx.doi.org/10.1016/j.burns.2004.08.006
http://www.ncbi.nlm.nih.gov/pubmed/15639367
http://dx.doi.org/10.1006/jsre.1998.5352
http://www.ncbi.nlm.nih.gov/pubmed/9698522
http://dx.doi.org/10.1152/ajpheart.00833.2002
http://www.ncbi.nlm.nih.gov/pubmed/12637356
http://dx.doi.org/10.1097/BCR.0b013e31820aafcf
http://www.ncbi.nlm.nih.gov/pubmed/21228708
http://www.ncbi.nlm.nih.gov/pubmed/11247809

Int. ]. Mol. Sci. 2016, 17, 53 10 of 16

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Abdullahi, A.; Amini-Nik, S.; Jeschke, M.G. Animal models in burn research. Cell. Mol. Life Sci. 2014, 71,
3241-3255. [CrossRef] [PubMed]

White, J.; Maass, D.L.; Giroir, B.; Horton, ].W. Development of an acute burn model in adult mice for studies
of cardiac function and cardiomyocyte cellular function. Shock 2001, 16, 122-129. [CrossRef] [PubMed]
Herndon, D.N.; Wilmore, D.W.; Mason, A.D. Development and analysis of a small animal model simulating
the human postburn hypermetabolic response. J. Surg. Res. 1978, 25, 394-403. [CrossRef]

Pereira, C.T.; Herndon, D.N. The pharmacologic modulation of the hypermetabolic response to burns.
Adv. Surg. 2005, 39, 245-261. [CrossRef] [PubMed]

Loichot, C.; Jesel, L.; Tesse, A.; Tabernero, A.; Schoonjans, K.; Roul, G.; Carpusca, I; Auwerx, J;
Andriantsitohaina, R. Deletion of peroxisome proliferator-activated receptor-« induces an alteration of
cardiac functions. Am. J. Physiol. Heart Circ. Physiol. 2006, 291, H161-H166. [CrossRef] [PubMed]

Etzion, S.; Etzion, Y.; DeBosch, B.; Crawford, P.A.; Muslin, A.J. Akt2 deficiency promotes cardiac induction
of Rab4a and myocardial 3-adrenergic hypersensitivity. J. Mol. Cell. Cardiol. 2010, 49, 931-940. [CrossRef]
[PubMed]

Merkle, D.; Hoffmann, R. Roles of cAMP and cAMP-dependent protein kinase in the progression of prostate
cancer: Cross-talk with the androgen receptor. Cell Signal. 2011, 23, 507-515. [CrossRef] [PubMed]
Ballard-Croft, C.; White, D.J.; Maass, D.L.; Hybki, D.P.; Horton, ].W. Role of p38 mitogen-activated protein
kinase in cardiac myocyte secretion of the inflammatory cytokine TNF-«. Am. |. Physiol. Heart Circ. Physiol.
2001, 280, H1970-H1981. [PubMed]

Zhang, ].P,; Liang, W.Y.; Luo, Z.H.; Yang, Z.C.; Chan, H.C.; Huang, Y.S. Involvement of p38 MAP kinase in
burn-induced degradation of membrane phospholipids and upregulation of cPLA?2 in cardiac myocytes.
Shock 2007, 28, 86-93. [CrossRef] [PubMed]

Cao, W,; Xie, YH,; Li, X.Q.; Zhang, X.K.; Chen, Y.T.; Kang, R.; Chen, X.; Miao, S.; Wang, S.W. Burn-induced
apoptosis of cardiomyocytes is survivin dependent and regulated by PI3K/Akt, p38 MAPK and ERK
pathways. Basic Res. Cardiol. 2011, 106, 1207-1220. [CrossRef] [PubMed]

Song, H.P; Zhang, L.; Dang, YM.; Yan, H.; Chu, Z.G.; Huang, Y.S. The phosphatidylinositol 3-kinase-Akt
pathway protects cardiomyocytes from ischaemic and hypoxic apoptosis via mitochondrial function.
Clin. Exp. Pharmacol. Physiol. 2010, 37, 598-604. [CrossRef] [PubMed]

Ballard-Croft, C.; Carlson, D.; Maass, D.L.; Horton, ].W. Burn trauma alters calcium transporter protein
expression in the heart. J. Appl. Physiol. 2004, 97, 1470-1476. [CrossRef] [PubMed]

Lang, C.H.; Frost, R.A.; Vary, T.C. Thermal injury impairs cardiac protein synthesis and is associated with
alterations in translation initiation. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2004, 286, R740-R750.
[CrossRef] [PubMed]

Koshy, U.S.; Burton, K.P; Le, T.H.; Horton, ].W. Altered ionic calcium and cell motion in ventricular myocytes
after cutaneous thermal injury. J. Surg. Res. 1997, 68, 133-138. [CrossRef] [PubMed]

Wang, C.; Martyn, J.A. Burn injury alters 3-adrenergic receptor and second messenger function in rat
ventricular muscle. Crit. Care Med. 1996, 24, 118-124. [CrossRef] [PubMed]

Zhang, H.G.; Li, X.H.; Yang, Z.C. Effects of Panax notoginseng saponins on myocardial Gsx mRNA
expression and ATPase activity after severe scald in rats. Burns J. Int. Soc. Burn Inj. 2003, 29, 541-546.
[CrossRef]

He, HM.,; Sun, ].W.; Xiao, C.R; Song, Y.N. Effects of clonidine on myocardial 3-adrenergic receptor-adenyl
cyclase-cAMP system after scalds in rats. Zhongguo Yao Li Xue Bao 1997, 18, 146-149. [PubMed]

Cain, B.S.; Meldrum, D.R.; Meng, X.; Dinarello, C.A.; Shames, B.D.; Banerjee, A.; Harken, A.H. P38 MAPK
inhibition decreases TNF-a production and enhances postischemic human myocardial function. J. Surg. Res.
1999, 83, 7-12. [CrossRef] [PubMed]

Kher, A.; Wang, M.; Tsai, B.M.; Pitcher, ].M.; Greenbaum, E.S.; Nagy, R.D.; Patel, K.M.; Wairiuko, G.M.;
Markel, T.A.; Meldrum, D.R. Sex differences in the myocardial inflammatory response to acute injury. Shock
2005, 23, 1-10. [CrossRef] [PubMed]

Carlson, D.L.; White, D.J.; Maass, D.L.; Nguyen, R.C.; Giroir, B.; Horton, J.W. IkB overexpression in
cardiomyocytes prevents NF-kB translocation and provides cardioprotection in trauma. Am. J. Physiol. Heart
Circ. Physiol. 2003, 284, H804-HS814. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/s00018-014-1612-5
http://www.ncbi.nlm.nih.gov/pubmed/24714880
http://dx.doi.org/10.1097/00024382-200116020-00007
http://www.ncbi.nlm.nih.gov/pubmed/11508864
http://dx.doi.org/10.1016/S0022-4804(78)80003-1
http://dx.doi.org/10.1016/j.yasu.2005.05.005
http://www.ncbi.nlm.nih.gov/pubmed/16250555
http://dx.doi.org/10.1152/ajpheart.01065.2004
http://www.ncbi.nlm.nih.gov/pubmed/16461373
http://dx.doi.org/10.1016/j.yjmcc.2010.08.011
http://www.ncbi.nlm.nih.gov/pubmed/20728450
http://dx.doi.org/10.1016/j.cellsig.2010.08.017
http://www.ncbi.nlm.nih.gov/pubmed/20813184
http://www.ncbi.nlm.nih.gov/pubmed/11299196
http://dx.doi.org/10.1097/SHK.0b013e31802f9d9a
http://www.ncbi.nlm.nih.gov/pubmed/17483741
http://dx.doi.org/10.1007/s00395-011-0199-3
http://www.ncbi.nlm.nih.gov/pubmed/21706383
http://dx.doi.org/10.1111/j.1440-1681.2010.05355.x
http://www.ncbi.nlm.nih.gov/pubmed/20082630
http://dx.doi.org/10.1152/japplphysiol.01149.2003
http://www.ncbi.nlm.nih.gov/pubmed/15180978
http://dx.doi.org/10.1152/ajpregu.00661.2003
http://www.ncbi.nlm.nih.gov/pubmed/14695116
http://dx.doi.org/10.1006/jsre.1997.5032
http://www.ncbi.nlm.nih.gov/pubmed/9184671
http://dx.doi.org/10.1097/00003246-199601000-00020
http://www.ncbi.nlm.nih.gov/pubmed/8565516
http://dx.doi.org/10.1016/S0305-4179(03)00143-8
http://www.ncbi.nlm.nih.gov/pubmed/10072968
http://dx.doi.org/10.1006/jsre.1998.5548
http://www.ncbi.nlm.nih.gov/pubmed/10210635
http://dx.doi.org/10.1097/01.shk.0000148055.12387.15
http://www.ncbi.nlm.nih.gov/pubmed/15614124
http://dx.doi.org/10.1152/ajpheart.00394.2001
http://www.ncbi.nlm.nih.gov/pubmed/12578813

Int. ]. Mol. Sci. 2016, 17, 53 11 0f 16

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Bruns, B.; Maass, D.; Barber, R.; Horton, J.; Carlson, D. Alterations in the cardiac inflammatory response
to burn trauma in mice lacking a functional toll-like receptor 4 gene. Shock 2008, 30, 740-746. [CrossRef]
[PubMed]

Horton, J.W.; Maass, D.; White, J.; Sanders, B. Nitric oxide modulation of TNF-x-induced cardiac contractile
dysfunction is concentration dependent. Am. ]. Physiol. Heart Circ. Physiol. 2000, 278, H1955-H1965.
[PubMed]

Maass, D.L.; White, J.; Horton, ].W. IL-1f and IL-6 act synergistically with TNF-« to alter cardiac contractile
function after burn trauma. Shock 2002, 18, 360-366. [CrossRef] [PubMed]

Barber, R.C.; Maass, D.L.; White, D.J.; Chang, L.Y.; Horton, ].W. Molecular or pharmacologic inhibition of the
CD14 signaling pathway protects against burn-related myocardial inflammation and dysfunction. Shock
2008, 30, 705-713. [CrossRef] [PubMed]

Niederbichler, A.D.; Westfall, M.V.; Su, G.L.; Donnerberg, J.; Usman, A.; Vogt, PM.; Ipaktchi, K.R.; Arbabi, S.;
Wang, S.C.; Hemmila, M.R. Cardiomyocyte function after burn injury and lipopolysaccharide exposure:
Single-cell contraction analysis and cytokine secretion profile. Shock 2006, 25, 176-183. [CrossRef] [PubMed]
Horton, J.W.; Maass, D.L.; White, D.J.; Sanders, B.; Murphy, J. Effects of burn serum on myocardial
inflammation and function. Shock 2004, 22, 438-445. [CrossRef] [PubMed]

Enkhbaatar, P.; Murakami, K.; Shimoda, K.; Mizutani, A.; McGuire, R.; Schmalstieg, F.; Cox, R.; Hawkins, H.;
Jodoin, J.; Lee, S.; et al. Inhibition of neuronal nitric oxide synthase by 7-nitroindazole attenuates acute lung
injury in an ovine model. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2003, 285, R366-R372. [CrossRef]
[PubMed]

Wang, W.D,; Chen, Z.R; Li, R.; Lou, S.F. Nitric oxide synthesis in myocardium following burn injury in rats.
Burns J. Int. Soc. Burn Inj. 1998, 24, 455-459. [CrossRef]

White, ].; Carlson, D.L.; Thompson, M.; Maass, D.L.; Sanders, B.; Giroir, B.; Horton, ].W. Molecular and
pharmacological approaches to inhibiting nitric oxide after burn trauma. Am. J. Physiol. Heart Circ. Physiol.
2003, 285, H1616-H1625. [CrossRef] [PubMed]

Liang, W.Y,; Tang, L.X.; Yang, Z.C.; Huang, Y.S. Calcium induced the damage of myocardial mitochondrial
respiratory function in the early stage after severe burns. Burns . Int. Soc. Burn Inj. 2002, 28, 143-146.
[CrossRef]

Beckman, J.S.; Beckman, T.W.; Chen, ].; Marshall, PA.; Freeman, B.A. Apparent hydroxyl radical
production by peroxynitrite: Implications for endothelial injury from nitric oxide and superoxide.
Proc. Nat. Acad. Sci. USA 1990, 87, 1620-1624. [CrossRef] [PubMed]

Ferdinandy, P.; Danial, H.; Ambrus, I.; Rothery, R.A.; Schulz, R. Peroxynitrite is a major contributor to
cytokine-induced myocardial contractile failure. Circ. Res. 2000, 87, 241-247. [CrossRef] [PubMed]
Moncada, S.; Palmer, RM.; Higgs, E.A. Nitric oxide: Physiology, pathophysiology, and pharmacology.
Pharmacol. Rev. 1991, 43, 109-142. [PubMed]

Gaboury, J.; Woodman, R.C.; Granger, D.N.; Reinhardt, P.; Kubes, P. Nitric oxide prevents leukocyte
adherence: Role of superoxide. Am. |. Physiol. 1993, 265, H862-H867. [PubMed]

Gauthier, C.; Leblais, V.; Kobzik, L.; Trochu, ].N.; Khandoudi, N.; Bril, A.; Balligand, J.L.; Le Marec, H. The
negative inotropic effect of 33-adrenoceptor stimulation is mediated by activation of a nitric oxide synthase
pathway in human ventricle. J. Clin. Investig. 1998, 102, 1377-1384. [CrossRef] [PubMed]

Freund, C.; Schmidt-Ullrich, R.; Baurand, A.; Dunger, S.; Schneider, W.; Loser, P.; El-Jamali, A.;
Dietz, R.; Scheidereit, C.; Bergmann, M.W. Requirement of nuclear factor-«B in angiotensin ii- and
isoproterenol-induced cardiac hypertrophy in vivo. Circulation 2005, 111, 2319-2325. [CrossRef] [PubMed]
Klein, G.L.; Enkhbaatar, P; Traber, D.L.; Buja, L.M.; Jonkam, C.C.; Poindexter, B.]J.; Bick, R.]J. Cardiovascular
distribution of the calcium sensing receptor before and after burns. Burns J. Int. Soc. Burn Inj. 2008, 34,
370-375. [CrossRef] [PubMed]

White, D.J.; Maass, D.L.; Sanders, B.; Horton, ] W. Cardiomyocyte intracellular calcium and cardiac
dysfunction after burn trauma. Crit. Care Med. 2002, 30, 14-22. [CrossRef] [PubMed]

Luo, X.; Deng, J.; Liu, N.; Zhang, C.; Huang, Q.; Liu, J. Cellular mechanism underlying burn serum-generated
bidirectional regulation of excitation-contraction coupling in isolated rat cardiomyocytes. Shock 2011, 35,
388-395. [CrossRef] [PubMed]


http://dx.doi.org/10.1097/SHK.0b013e318173f329
http://www.ncbi.nlm.nih.gov/pubmed/18496236
http://www.ncbi.nlm.nih.gov/pubmed/10843894
http://dx.doi.org/10.1097/00024382-200210000-00012
http://www.ncbi.nlm.nih.gov/pubmed/12392281
http://dx.doi.org/10.1097/SHK.0b013e31816f6caa
http://www.ncbi.nlm.nih.gov/pubmed/18461018
http://dx.doi.org/10.1097/01.shk.0000192123.91166.e1
http://www.ncbi.nlm.nih.gov/pubmed/16525357
http://dx.doi.org/10.1097/01.shk.0000142252.31006.c5
http://www.ncbi.nlm.nih.gov/pubmed/15489636
http://dx.doi.org/10.1152/ajpregu.00148.2003
http://www.ncbi.nlm.nih.gov/pubmed/12763743
http://dx.doi.org/10.1016/S0305-4179(98)80003-X
http://dx.doi.org/10.1152/ajpheart.00061.2002
http://www.ncbi.nlm.nih.gov/pubmed/12738625
http://dx.doi.org/10.1016/S0305-4179(01)00088-2
http://dx.doi.org/10.1073/pnas.87.4.1620
http://www.ncbi.nlm.nih.gov/pubmed/2154753
http://dx.doi.org/10.1161/01.RES.87.3.241
http://www.ncbi.nlm.nih.gov/pubmed/10926876
http://www.ncbi.nlm.nih.gov/pubmed/1852778
http://www.ncbi.nlm.nih.gov/pubmed/8214120
http://dx.doi.org/10.1172/JCI2191
http://www.ncbi.nlm.nih.gov/pubmed/9769330
http://dx.doi.org/10.1161/01.CIR.0000164237.58200.5A
http://www.ncbi.nlm.nih.gov/pubmed/15870116
http://dx.doi.org/10.1016/j.burns.2007.04.010
http://www.ncbi.nlm.nih.gov/pubmed/17869425
http://dx.doi.org/10.1097/00003246-200201000-00003
http://www.ncbi.nlm.nih.gov/pubmed/11902254
http://dx.doi.org/10.1097/SHK.0b013e3182000379
http://www.ncbi.nlm.nih.gov/pubmed/21063240

Int. ]. Mol. Sci. 2016, 17, 53 12 of 16

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Jiang, X.; Liu, W.; Deng, ]J.; Lan, L.; Xue, X;; Zhang, C.; Cai, G.; Luo, X,; Liu, J. Polydatin protects
cardiac function against burn injury by inhibiting sarcoplasmic reticulum Ca?* leak by reducing oxidative
modification of ryanodine receptors. Free Radic. Biol. Med. 2013, 60, 292-299. [CrossRef] [PubMed]

Kawai, K.; Kawai, T.; Sambol, ].T.; Xu, D.Z.; Yuan, Z.; Caputo, EJ.; Badami, C.D.; Deitch, E.A.; Yatani, A.
Cellular mechanisms of burn-related changes in contractility and its prevention by mesenteric lymph ligation.
Am. ]. Physiol. Heart Circ. Physiol. 2007, 292, H2475-H2484. [CrossRef] [PubMed]

Sambol, J.; Deitch, E.A.; Takimoto, K.; Dosi, G.; Yatani, A. Cellular basis of burn-induced cardiac dysfunction
and prevention by mesenteric lymph duct ligation. J. Surg. Res. 2013, 183, 678-685. [CrossRef] [PubMed]
Tan, J.; Maass, D.L.; White, D.J.; Horton, J.W. Effects of burn injury on myocardial signaling and cytokine
secretion: Possible role of pkc. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2007, 292, R887-R896. [CrossRef]
[PubMed]

Ballard-Croft, C.; Maass, D.L.; Sikes, P.J.; Horton, J.W. Sepsis and burn complicated by sepsis alter cardiac
transporter expression. Burns J. Int. Soc. Burn Inj. 2007, 33, 72-80. [CrossRef] [PubMed]

Maass, D.L.; White, ].; Sanders, B.; Horton, J.W. Role of cytosolic vs. mitochondrial Ca?* accumulation in
burn injury-related myocardial inflammation and function. Am. J. Physiol. Heart Circ. Physiol. 2005, 288,
H744-H751. [CrossRef] [PubMed]

George, I.; Sabbah, H.N.; Xu, K.; Wang, N.; Wang, ]. B-adrenergic receptor blockade reduces endoplasmic
reticulum stress and normalizes calcium handling in a coronary embolization model of heart failure in
canines. Cardiovasc. Res. 2011, 91, 447-455. [CrossRef] [PubMed]

Rehsia, N.S.; Dhalla, N.S. Mechanisms of the beneficial effects of 3-adrenoceptor antagonists in congestive
heart failure. Exp. Clin. Cardiol. 2010, 15, e86-e95. [PubMed]

Zhang, J.P; Ying, X.; Liang, W.Y.; Luo, Z.H.; Yang, Z.C.; Huang, Y.S.; Wang, W.C. Apoptosis in cardiac
myocytes during the early stage after severe burn. . Trauma 2008, 65, 401-408. [CrossRef] [PubMed]
Carlson, D.L.; Lightfoot, E.; Bryant, D.D.; Haudek, S.B.; Maass, D.; Horton, J.; Giroir, B.P. Burn plasma
mediates cardiac myocyte apoptosis via endotoxin. Am. ]. Physiol. Heart Circ. Physiol. 2002, 282,
H1907-H1914. [CrossRef] [PubMed]

Lightfoot, E., Jr.; Horton, J.W.; Maass, D.L.; White, D.J.; McFarland, R.D.; Lipsky, P.E. Major burn trauma in
rats promotes cardiac and gastrointestinal apoptosis. Shock 1999, 11, 29-34.

Lu, X.; Costantini, T.; Lopez, N.E.; Wolf, P.L.; Hageny, A.M.; Putnam, J.; Eliceiri, B.; Coimbra, R. Vagal nerve
stimulation protects cardiac injury by attenuating mitochondrial dysfunction in a murine burn injury model.
J. Cell. Mol. Med. 2013, 17, 664—671. [CrossRef] [PubMed]

Lv, G.F; Dong, M.L.; Hu, D.H.; Zhang, WE; Wang, Y.C.; Tang, C.W.; Zhu, X.X. Insulin-mediated inhibition
of p38 mitogen-activated protein kinase protects cardiomyocytes in severe burns. J. Burn Care Res. 2011, 32,
591-599. [CrossRef] [PubMed]

Huang, Y.; Zheng, J.; Fan, P.; Zhang, X. Transfection of antisense p38« gene ameliorates myocardial cell injury
mediated by hypoxia and burn serum. Burns J. Int. Soc. Burn Inj. 2007, 33, 599-605. [CrossRef] [PubMed]
Zhang, J.P; Ying, X.; Chen, Y,; Yang, Z.C.; Huang, Y.S. Inhibition of p38 MAP kinase improves survival of
cardiac myocytes with hypoxia and burn serum challenge. Burns J. Int. Soc. Burn Inj. 2008, 34, 220-227.
[CrossRef] [PubMed]

Kita, T.; Ogawa, M.; Sato, H.; Kasai, K.; Tanaka, T.; Tanaka, N. Role of p38 mitogen-activated protein kinase
pathway on heart failure in the infant rat after burn injury. Int. J. Exp. Pathol. 2008, 89, 55-63. [CrossRef]
[PubMed]

Communal, C.; Singh, K.; Sawyer, D.B.; Colucci, W.S. Opposing effects of 31- and (3;-adrenergic receptors on
cardiac myocyte apoptosis : Role of a pertussis toxin-sensitive G protein. Circulation 1999, 100, 2210-2212.
[CrossRef] [PubMed]

Gu, C.; Ma, Y.C,; Benjamin, J.; Littman, D.; Chao, M.V,; Huang, X.Y. Apoptotic signaling through the
-adrenergic receptor. A new gs effector pathway. J. Biol. Chem. 2000, 275, 20726-20733. [CrossRef]
[PubMed]

Horton, ].W.; Maass, D.L.; White, D.J.; Minei, ].P. Bactericidal / permeability increasing protein attenuates
the myocardial inflammation/dysfunction that occurs with burn complicated by subsequent infection.
J. Appl. Physiol. 2007, 103, 948-958. [CrossRef] [PubMed]

Tao, W.; Maass, D.L.; Johnston, W.E.; Horton, ].W. Murine in vivo myocardial contractile dysfunction after
burn injury is exacerbated by pneumonia sepsis. Shock 2005, 24, 495-499. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.freeradbiomed.2013.02.030
http://www.ncbi.nlm.nih.gov/pubmed/23499836
http://dx.doi.org/10.1152/ajpheart.01164.2006
http://www.ncbi.nlm.nih.gov/pubmed/17237243
http://dx.doi.org/10.1016/j.jss.2013.01.065
http://www.ncbi.nlm.nih.gov/pubmed/23465433
http://dx.doi.org/10.1152/ajpregu.00555.2006
http://www.ncbi.nlm.nih.gov/pubmed/16990486
http://dx.doi.org/10.1016/j.burns.2006.06.009
http://www.ncbi.nlm.nih.gov/pubmed/17137718
http://dx.doi.org/10.1152/ajpheart.00367.2004
http://www.ncbi.nlm.nih.gov/pubmed/15388497
http://dx.doi.org/10.1093/cvr/cvr106
http://www.ncbi.nlm.nih.gov/pubmed/21493701
http://www.ncbi.nlm.nih.gov/pubmed/21264074
http://dx.doi.org/10.1097/TA.0b013e31817cf732
http://www.ncbi.nlm.nih.gov/pubmed/18695479
http://dx.doi.org/10.1152/ajpheart.00393.2001
http://www.ncbi.nlm.nih.gov/pubmed/11959658
http://dx.doi.org/10.1111/jcmm.12049
http://www.ncbi.nlm.nih.gov/pubmed/23577721
http://dx.doi.org/10.1097/BCR.0b013e31822dc3f2
http://www.ncbi.nlm.nih.gov/pubmed/21841492
http://dx.doi.org/10.1016/j.burns.2006.09.009
http://www.ncbi.nlm.nih.gov/pubmed/17467911
http://dx.doi.org/10.1016/j.burns.2007.03.009
http://www.ncbi.nlm.nih.gov/pubmed/17693026
http://dx.doi.org/10.1111/j.1365-2613.2007.00561.x
http://www.ncbi.nlm.nih.gov/pubmed/18005133
http://dx.doi.org/10.1161/01.CIR.100.22.2210
http://www.ncbi.nlm.nih.gov/pubmed/10577992
http://dx.doi.org/10.1074/jbc.M000152200
http://www.ncbi.nlm.nih.gov/pubmed/10767282
http://dx.doi.org/10.1152/japplphysiol.00606.2006
http://www.ncbi.nlm.nih.gov/pubmed/17585043
http://dx.doi.org/10.1097/01.shk.0000183431.78973.cd
http://www.ncbi.nlm.nih.gov/pubmed/16247338

Int. ]. Mol. Sci. 2016, 17, 53 13 of 16

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Horton, ].W. A model of myocardial inflammation and dysfunction in burn complicated by sepsis. Shock
2007, 28, 326-333. [CrossRef] [PubMed]

Goto, M.; Samonte, V.; Ravindranath, T.; Sayeed, M.M.; Gamelli, R.L. Burn injury exacerbates hemodynamic
and metabolic responses in rats with polymicrobial sepsis. J. Burn Care Res. 2006, 27, 50-59. [CrossRef]
[PubMed]

Abdullahi, A.; Jeschke, M.G. Nutrition and anabolic pharmacotherapies in the care of burn patients.
Nutr. Clin. Pract. 2014, 29. [CrossRef] [PubMed]

Rojas, Y.; Finnerty, C.C.; Radhakrishnan, R.S.; Herndon, D.N. Burns: An update on current pharmacotherapy.
Expert Opin. Pharmacother. 2012, 13, 2485-2494. [CrossRef] [PubMed]

Herndon, D.N.; Barrow, RE.; Rutan, T.C.; Minifee, P; Jahoor, F.; Wolfe, R.R. Effect of propranolol
administration on hemodynamic and metabolic responses of burned pediatric patients. Ann. Surg. 1988, 208,
484-492. [CrossRef] [PubMed]

Minifee, PK.; Barrow, R.E.; Abston, S.; Desai, M.; Herndon, D.N. Improved myocardial oxygen utilization
following propranolol infusion in adolescents with postburn hypermetabolism. . Pediatr. Surg. 1989, 24,
806-811. [CrossRef]

Williams, EN.; Herndon, D.N.; Kulp, G.A.; Jeschke, M.G. Propranolol decreases cardiac work in a
dose-dependent manner in severely burned children. Surgery 2011, 149, 231-239. [CrossRef] [PubMed]
Herndon, D.N.; Rodriguez, N.A.; Diaz, E.C.; Hegde, S.; Jennings, K.; Mlcak, R.P.; Suri, J.S.; Lee, ]J.O.;
Williams, EN.; Meyer, W.; et al. Long-term propranolol use in severely burned pediatric patients:
A randomized controlled study. Ann. Surg. 2012, 256, 402-411. [CrossRef] [PubMed]

Finnerty, C.C.; Herndon, D.N. Is propranolol of benefit in pediatric burn patients? Adv. Surg. 2013, 47,
177-197. [CrossRef] [PubMed]

Herndon, D.N.; Nguyen, T.T.; Wolfe, R.R.; Maggi, S.P; Biolo, G.; Muller, M.; Barrow, R.E. Lipolysis in burned
patients is stimulated by the 3 2-receptor for catecholamines. Arch. Surg. 1994, 129, 1301-1305. [CrossRef]
[PubMed]

Baron, PW.,; Barrow, R.E.; Pierre, E.J.; Herndon, D.N. Prolonged use of propranolol safely decreases cardiac
work in burned children. J. Burn Care Rehabil. 1997, 18, 223-227. [CrossRef] [PubMed]

Gore, D.C.; Honeycutt, D.; Jahoor, F.; Barrow, R.E.; Wolfe, R.R.; Herndon, D.N. Propranolol diminishes
extremity blood flow in burned patients. Ann. Surg. 1991, 213, 568-574. [CrossRef] [PubMed]

Jeschke, M.G.; Finnerty, C.C.; Kulp, G.A.; Przkora, R.; Mlcak, R.P; Herndon, D.N. Combination of
recombinant human growth hormone and propranolol decreases hypermetabolism and inflammation
in severely burned children. Pediatr. Crit. Care Med. 2008, 9, 209-216. [CrossRef] [PubMed]

Jeschke, M.G.; Norbury, W.B.; Finnerty, C.C.; Branski, L.K.; Herndon, D.N. Propranolol does not increase
inflammation, sepsis, or infectious episodes in severely burned children. J. Trauma 2007, 62, 676-681.
[CrossRef] [PubMed]

Porro, L.J.; Al-Mousawi, A.M.; Williams, F.; Herndon, D.N.; Mlcak, R.P.; Suman, O.E. Effects of propranolol
and exercise training in children with severe burns. J. Pediatr. 2013, 162, 799-803. [CrossRef] [PubMed]
Barrow, R.E.; Dasu, M.R.; Ferrando, A.A.; Spies, M.; Thomas, S.J.; Perez-Polo, ].R.; Herndon, D.N. Gene
expression patterns in skeletal muscle of thermally injured children treated with oxandrolone. Ann. Surg.
2003, 237, 422-428. [CrossRef] [PubMed]

Hart, D.W,; Wolf, S.E.; Ramzy, PI.; Chinkes, D.L.; Beauford, R.B.; Ferrando, A.A.; Wolfe, R.R.; Herndon, D.N.
Anabolic effects of oxandrolone after severe burn. Ann. Surg. 2001, 233, 556-564. [CrossRef] [PubMed]
Jeschke, M.G.; Finnerty, C.C.; Suman, O.E.; Kulp, G.; Mlcak, R.P.; Herndon, D.N. The effect of oxandrolone on
the endocrinologic, inflammatory, and hypermetabolic responses during the acute phase postburn. Ann. Surg.
2007, 246, 351-362. [CrossRef] [PubMed]

Murphy, K.D.; Thomas, S.; Mlcak, R.P; Chinkes, D.L.; Klein, G.L.; Herndon, D.N. Effects of long-term
oxandrolone administration in severely burned children. Surgery 2004, 136, 219-224. [CrossRef] [PubMed]
Pham, T.N.; Klein, M.B.; Gibran, N.S.; Arnoldo, B.D.; Gamelli, R.L.; Silver, G.M.; Jeschke, M.G.; Finnerty, C.C.;
Tompkins, R.G.; Herndon, D.N. Impact of oxandrolone treatment on acute outcomes after severe burn injury.
J. Burn Care Res. 2008, 29, 902-906. [CrossRef] [PubMed]

Porro, L.J.; Herndon, D.N.; Rodriguez, N.A; Jennings, K.; Klein, G.L.; Mlcak, R.P.; Meyer, W].; Lee, ].O.;
Suman, O.E.; Finnerty, C.C. Five-year outcomes after oxandrolone administration in severely burned children:
A randomized clinical trial of safety and efficacy. . Am. Coll. Surg. 2012, 214, 489-502. [CrossRef] [PubMed]


http://dx.doi.org/10.1097/01.shk.0000238064.54332.c8
http://www.ncbi.nlm.nih.gov/pubmed/17529909
http://dx.doi.org/10.1097/01.bcr.0000192568.77001.b1
http://www.ncbi.nlm.nih.gov/pubmed/16566537
http://dx.doi.org/10.1177/0884533614533129
http://www.ncbi.nlm.nih.gov/pubmed/24829299
http://dx.doi.org/10.1517/14656566.2012.738195
http://www.ncbi.nlm.nih.gov/pubmed/23121414
http://dx.doi.org/10.1097/00000658-198810000-00010
http://www.ncbi.nlm.nih.gov/pubmed/3052328
http://dx.doi.org/10.1016/S0022-3468(89)80541-X
http://dx.doi.org/10.1016/j.surg.2010.05.015
http://www.ncbi.nlm.nih.gov/pubmed/20598332
http://dx.doi.org/10.1097/SLA.0b013e318265427e
http://www.ncbi.nlm.nih.gov/pubmed/22895351
http://dx.doi.org/10.1016/j.yasu.2013.02.001
http://www.ncbi.nlm.nih.gov/pubmed/24298851
http://dx.doi.org/10.1001/archsurg.1994.01420360091012
http://www.ncbi.nlm.nih.gov/pubmed/7986160
http://dx.doi.org/10.1097/00004630-199705000-00008
http://www.ncbi.nlm.nih.gov/pubmed/9169945
http://dx.doi.org/10.1097/00000658-199106000-00006
http://www.ncbi.nlm.nih.gov/pubmed/2039287
http://dx.doi.org/10.1097/PCC.0b013e318166d414
http://www.ncbi.nlm.nih.gov/pubmed/18477935
http://dx.doi.org/10.1097/TA.0b013e318031afd3
http://www.ncbi.nlm.nih.gov/pubmed/17414346
http://dx.doi.org/10.1016/j.jpeds.2012.09.015
http://www.ncbi.nlm.nih.gov/pubmed/23084706
http://dx.doi.org/10.1097/01.SLA.0000055276.10357.FB
http://www.ncbi.nlm.nih.gov/pubmed/12616128
http://dx.doi.org/10.1097/00000658-200104000-00012
http://www.ncbi.nlm.nih.gov/pubmed/11303139
http://dx.doi.org/10.1097/SLA.0b013e318146980e
http://www.ncbi.nlm.nih.gov/pubmed/17717439
http://dx.doi.org/10.1016/j.surg.2004.04.022
http://www.ncbi.nlm.nih.gov/pubmed/15300183
http://dx.doi.org/10.1097/BCR.0b013e31818ba14d
http://www.ncbi.nlm.nih.gov/pubmed/18849836
http://dx.doi.org/10.1016/j.jamcollsurg.2011.12.038
http://www.ncbi.nlm.nih.gov/pubmed/22463890

Int. ]. Mol. Sci. 2016, 17, 53 14 of 16

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Przkora, R.; Herndon, D.N.; Suman, O.E. The effects of oxandrolone and exercise on muscle mass and
function in children with severe burns. Pediatrics 2007, 119, e109—e116. [CrossRef] [PubMed]

Przkora, R.; Jeschke, M.G.; Barrow, R.E.; Suman, O.E.; Meyer, W.J.; Finnerty, C.C.; Sanford, A.P; Lee, J.;
Chinkes, D.L.; Mlcak, R.P.; et al. Metabolic and hormonal changes of severely burned children receiving
long-term oxandrolone treatment. Ann. Surg. 2005, 242, 384-391. [CrossRef] [PubMed]

Thomas, S.; Wolf, S.E.; Murphy, K.D.; Chinkes, D.L.; Herndon, D.N. The long-term effect of oxandrolone on
hepatic acute phase proteins in severely burned children. J. Trauma 2004, 56, 37-44. [CrossRef] [PubMed]
Tuvdendorj, D.; Chinkes, D.L.; Zhang, X.J.; Suman, O.E.; Aarsland, A.; Ferrando, A.; Kulp, G.A,;
Jeschke, M.G.; Wolfe, R.R.; Herndon, D.N. Long-term oxandrolone treatment increases muscle protein
net deposition via improving amino acid utilization in pediatric patients 6 months after burn injury. Surgery
2011, 149, 645-653. [CrossRef] [PubMed]

Wolf, S.E.; Thomas, S.J.; Dasu, M.R,; Ferrando, A.A.; Chinkes, D.L.; Wolfe, R.R.; Herndon, D.N. Improved
net protein balance, lean mass, and gene expression changes with oxandrolone treatment in the severely
burned. Ann. Surg. 2003, 237, 801-811. [CrossRef] [PubMed]

Cree, M.G.; Zwetsloot, ]J.J.; Herndon, D.N.; Qian, T.; Morio, B.; Fram, R.; Sanford, A.P.; Aarsland, A.;
Wolfe, R.R. Insulin sensitivity and mitochondrial function are improved in children with burn injury during
a randomized controlled trial of fenofibrate. Ann. Surg. 2007, 245, 214-221. [CrossRef] [PubMed]

Elijah, LE.; Borsheim, E.; Maybauer, D.M.; Finnerty, C.C.; Herndon, D.N.; Maybauer, M.O. Role of the
PPAR-« agonist fenofibrate in severe pediatric burn. Burns J. Int. Soc. Burn Inj. 2012, 38, 481-486. [CrossRef]
[PubMed]

Cree, M.G.; Newcomer, B.R.; Herndon, D.N.; Qian, T.; Sun, D.; Morio, B.; Zwetsloot, J.J.; Dohm, G.L.;
Fram, R.Y; Mlcak, R.P; et al. PPAR-a agonism improves whole body and muscle mitochondrial fat oxidation,
but does not alter intracellular fat concentrations in burn trauma children in a randomized controlled trial.
Nutr. Metab. 2007, 4. [CrossRef] [PubMed]

Aili Low, J.E,; Barrow, R.E.; Mittendorfer, B.; Jeschke, M.G.; Chinkes, D.L.; Herndon, D.N. The effect of
short-term growth hormone treatment on growth and energy expenditure in burned children. Burns J. Int.
Soc. Burn Inj. 2001, 27, 447-452. [CrossRef]

Barret, ].P.; Dziewulski, P; Jeschke, M.G.; Wolf, S.E.; Herndon, D.N. Effects of recombinant human growth
hormone on the development of burn scarring. Plast. Reconstr. Surg. 1999, 104, 726-729. [CrossRef] [PubMed]
Branski, L.K.; Herndon, D.N.; Barrow, R.E.; Kulp, G.A.; Klein, G.L.; Suman, O.E.; Przkora, R.; Meyer, W., I1L;
Huang, T.; Lee, J.O.; et al. Randomized controlled trial to determine the efficacy of long-term growth hormone
treatment in severely burned children. Ann. Surg. 2009, 250, 514-523. [PubMed]

Chrysopoulo, M.T.; Jeschke, M.G.; Ramirez, R.J.; Barrow, R.E.; Herndon, D.N. Growth hormone attenuates
tumor necrosis factor « in burned children. Arch. Surg. 1999, 134, 283-286. [CrossRef] [PubMed]

Connolly, C.M.; Barrow, R.E.; Chinkes, D.L.; Martinez, J.A.; Herndon, D.N. Recombinant human growth
hormone increases thyroid hormone-binding sites in recovering severely burned children. Shock 2003, 19,
399-403. [CrossRef] [PubMed]

De Oliveira, G.V.; Sanford, A.P.; Murphy, K.D.; de Oliveira, H.M.; Wilkins, J.P.; Wu, X.; Hawkins, HK.;
Kitten, G.; Chinkes, D.L.; Barrow, R.E.; et al. Growth hormone effects on hypertrophic scar formation:
A randomized controlled trial of 62 burned children. Wound Repair Regen. 2004, 12, 404-411. [CrossRef]
[PubMed]

Gilpin, D.A.; Barrow, R.E; Rutan, R.L.; Broemeling, L.; Herndon, D.N. Recombinant human growth hormone
accelerates wound healing in children with large cutaneous burns. Ann. Surg. 1994, 220, 19-24. [CrossRef]
[PubMed]

Herndon, D.N.; Hawkins, H.K.; Nguyen, T.T; Pierre, E.; Cox, R.; Barrow, R.E. Characterization of growth
hormone enhanced donor site healing in patients with large cutaneous burns. Ann. Surg. 1995, 221, 649-659.
[CrossRef] [PubMed]

Herndon, D.N.; Pierre, E.J.; Stokes, K.N.; Barrow, R.E. Growth hormone treatment for burned children.
Horm. Res. 1996, 45, 29-31. [CrossRef] [PubMed]

Jarrar, D.; Wolf, S.E.; Jeschke, M.G.; Ramirez, R.J.; DebRoy, M.; Ogle, C.K.; Papaconstaninou, J.; Herndon, D.N.
Growth hormone attenuates the acute-phase response to thermal injury. Arch. Surg. 1997, 132, 1171-1176.
[CrossRef] [PubMed]


http://dx.doi.org/10.1542/peds.2006-1548
http://www.ncbi.nlm.nih.gov/pubmed/17130281
http://dx.doi.org/10.1097/01.sla.0000180398.70103.24
http://www.ncbi.nlm.nih.gov/pubmed/16135924
http://dx.doi.org/10.1097/01.TA.0000108636.63225.63
http://www.ncbi.nlm.nih.gov/pubmed/14749563
http://dx.doi.org/10.1016/j.surg.2010.12.006
http://www.ncbi.nlm.nih.gov/pubmed/21333314
http://dx.doi.org/10.1097/01.SLA.0000071562.12637.3E
http://www.ncbi.nlm.nih.gov/pubmed/12796576
http://dx.doi.org/10.1097/01.sla.0000250409.51289.ca
http://www.ncbi.nlm.nih.gov/pubmed/17245174
http://dx.doi.org/10.1016/j.burns.2011.12.004
http://www.ncbi.nlm.nih.gov/pubmed/22226866
http://dx.doi.org/10.1186/1743-7075-4-9
http://www.ncbi.nlm.nih.gov/pubmed/17451602
http://dx.doi.org/10.1016/S0305-4179(00)00164-9
http://dx.doi.org/10.1097/00006534-199909010-00017
http://www.ncbi.nlm.nih.gov/pubmed/10456525
http://www.ncbi.nlm.nih.gov/pubmed/19734776
http://dx.doi.org/10.1001/archsurg.134.3.283
http://www.ncbi.nlm.nih.gov/pubmed/10088569
http://dx.doi.org/10.1097/01.shk.0000051758.08171.bc
http://www.ncbi.nlm.nih.gov/pubmed/12744480
http://dx.doi.org/10.1111/j.1067-1927.2004.012407.x
http://www.ncbi.nlm.nih.gov/pubmed/15260805
http://dx.doi.org/10.1097/00000658-199407000-00004
http://www.ncbi.nlm.nih.gov/pubmed/8024354
http://dx.doi.org/10.1097/00000658-199506000-00004
http://www.ncbi.nlm.nih.gov/pubmed/7794069
http://dx.doi.org/10.1159/000184825
http://www.ncbi.nlm.nih.gov/pubmed/8805026
http://dx.doi.org/10.1001/archsurg.1997.01430350021003
http://www.ncbi.nlm.nih.gov/pubmed/9366708

Int. ]. Mol. Sci. 2016, 17, 53 150f 16

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Jeschke, M.G.; Barrow, R.E.; Herndon, D.N. Recombinant human growth hormone treatment in pediatric
burn patients and its role during the hepatic acute phase response. Crit. Care Med. 2000, 28, 1578-1584.
[CrossRef] [PubMed]

Low, J.E; Herndon, D.N.; Barrow, R.E. Effect of growth hormone on growth delay in burned children:
A 3-year follow-up study. Lancet 1999, 354, 1789. [CrossRef]

Przkora, R.; Herndon, D.N.; Suman, O.E,; Jeschke, M.G.; Meyer, W.J.; Chinkes, D.L.; Mlcak, R.P; Huang, T.;
Barrow, R.E. Beneficial effects of extended growth hormone treatment after hospital discharge in pediatric
burn patients. Ann. Surg. 2006, 243, 796-803. [CrossRef] [PubMed]

Suman, O.E.; Mlcak, R.P.; Herndon, D.N. Effects of exogenous growth hormone on resting pulmonary
function in children with thermal injury. J. Burn Care Rehabil. 2004, 25, 287-293. [CrossRef] [PubMed]
Suman, O.E.; Thomas, S.J.; Wilkins, J.P.; Mlcak, R.P.; Herndon, D.N. Effect of exogenous growth hormone
and exercise on lean mass and muscle function in children with burns. J. Appl. Physiol. 2003, 94, 2273-2281.
[CrossRef] [PubMed]

Aarsland, A.; Chinkes, D.L.; Sakurai, Y.; Nguyen, T.T.; Herndon, D.N.; Wolfe, R.R. Insulin therapy in burn
patients does not contribute to hepatic triglyceride production. J. Clin. Investig. 1998, 101, 2233-2239.
[CrossRef] [PubMed]

Ferrando, A.A.; Chinkes, D.L.; Wolf, S.E.; Matin, S.; Herndon, D.N.; Wolfe, R.R. A submaximal dose of
insulin promotes net skeletal muscle protein synthesis in patients with severe burns. Ann. Surg. 1999, 229,
11-18. [CrossRef] [PubMed]

Fram, R.Y.; Cree, M.G.; Wolfe, R.R.; Mlcak, R.P.; Qian, T.; Chinkes, D.L.; Herndon, D.N. Intensive insulin
therapy improves insulin sensitivity and mitochondrial function in severely burned children. Crit. Care Med.
2010, 38, 1475-1483. [CrossRef] [PubMed]

Gauglitz, G.G.; Toliver-Kinsky, T.E.; Williams, EN.; Song, J.; Cui, W.; Herndon, D.N.; Jeschke, M.G. Insulin
increases resistance to burn wound infection-associated sepsis. Crit. Care Med. 2010, 38, 202-208. [CrossRef]
[PubMed]

Gore, D.C.; Wolf, S.E.; Herndon, D.N.; Wolfe, R.R. Relative influence of glucose and insulin on peripheral
amino acid metabolism in severely burned patients. J. Parenter. Enter. Nutr. 2002, 26, 271-277. [CrossRef]
Jeschke, M.G.; Kulp, G.A.; Kraft, R.; Finnerty, C.C.; Mlcak, R.; Lee, ].O.; Herndon, D.N. Intensive insulin
therapy in severely burned pediatric patients: A prospective randomized trial. Am. J. Respir. Crit. Care Med.
2010, 182, 351-359. [CrossRef] [PubMed]

Wu, X.; Thomas, S.J.; Herndon, D.N.; Sanford, A.P.; Wolf, S.E. Insulin decreases hepatic acute phase protein
levels in severely burned children. Surgery 2004, 135, 196-202. [CrossRef] [PubMed]

Debroy, M.A.; Wolf, S.E.; Zhang, X.J.; Chinkes, D.L.; Ferrando, A.A.; Wolfe, R.R.; Herndon, D.N. Anabolic
effects of insulin-like growth factor in combination with insulin-like growth factor binding protein-3 in
severely burned adults. J. Trauma 1999, 47, 904-911. [CrossRef] [PubMed]

Huang, K.F.; Chung, D.H.; Herndon, D.N. Insulinlike growth factor 1 (IGF-1) reduces gut atrophy and
bacterial translocation after severe burn injury. Arch. Surg. 1993, 128, 47-54. [CrossRef] [PubMed]

Jeschke, M.G.; Barrow, R.E.; Herndon, D.N. Insulinlike growth factor I plus insulinlike growth factor binding
protein 3 attenuates the proinflammatory acute phase response in severely burned children. Ann. Surg. 2000,
231, 246-252. [CrossRef] [PubMed]

Jeschke, M.G.; Barrow, R.E.; Suzuki, E; Rai, J.; Benjamin, D.; Herndon, D.N. IGF-1/IGFBP-3 equilibrates
ratios of pro- to anti-inflammatory cytokines, which are predictors for organ function in severely burned
pediatric patients. Mol. Med. 2002, 8, 238-246. [PubMed]

Strock, L.L.; Singh, H.; Abdullah, A.; Miller, ].A.; Herndon, D.N. The effect of insulin-like growth factor I on
postburn hypermetabolism. Surgery 1990, 108, 161-164. [PubMed]

Wolf, S.E.; Barrow, R.E.; Herndon, D.N. Growth hormone and IGF-I therapy in the hypercatabolic patient.
Bailliere's Clin. Endocrinol. Metab. 1996, 10, 447-463. [CrossRef]

Wolf, S.E.; Woodside, K.J.; Ramirez, R.J.; Kobayashi, M.; Suzuki, F.; Herndon, D.N. Insulin-like growth
factor-I1/insulin-like growth factor binding protein-3 alters lymphocyte responsiveness following severe
burn. J. Surg. Res. 2004, 117, 255-261. [CrossRef]

Jeschke, M.G.; Williams, EN.; Finnerty, C.C.; Rodriguez, N.A.; Kulp, G.A.; Ferrando, A.; Norbury, W.B,;
Suman, O.E,; Kraft, R.; Branski, LK.; et al. The effect of ketoconazole on post-burn inflammation,
hypermetabolism and clinical outcomes. PLoS ONE 2012, 7. [CrossRef] [PubMed]


http://dx.doi.org/10.1097/00003246-200005000-00053
http://www.ncbi.nlm.nih.gov/pubmed/10834715
http://dx.doi.org/10.1016/S0140-6736(99)02741-5
http://dx.doi.org/10.1097/01.sla.0000219676.69331.fd
http://www.ncbi.nlm.nih.gov/pubmed/16772783
http://dx.doi.org/10.1097/01.BCR.0000124792.22931.D7
http://www.ncbi.nlm.nih.gov/pubmed/15273470
http://dx.doi.org/10.1152/japplphysiol.00849.2002
http://www.ncbi.nlm.nih.gov/pubmed/12588788
http://dx.doi.org/10.1172/JCI200
http://www.ncbi.nlm.nih.gov/pubmed/9593779
http://dx.doi.org/10.1097/00000658-199901000-00002
http://www.ncbi.nlm.nih.gov/pubmed/9923795
http://dx.doi.org/10.1097/CCM.0b013e3181de8b9e
http://www.ncbi.nlm.nih.gov/pubmed/20400899
http://dx.doi.org/10.1097/CCM.0b013e3181b43236
http://www.ncbi.nlm.nih.gov/pubmed/19770742
http://dx.doi.org/10.1177/0148607102026005271
http://dx.doi.org/10.1164/rccm.201002-0190OC
http://www.ncbi.nlm.nih.gov/pubmed/20395554
http://dx.doi.org/10.1016/j.surg.2003.08.018
http://www.ncbi.nlm.nih.gov/pubmed/14739855
http://dx.doi.org/10.1097/00005373-199911000-00015
http://www.ncbi.nlm.nih.gov/pubmed/10568720
http://dx.doi.org/10.1001/archsurg.1993.01420130051009
http://www.ncbi.nlm.nih.gov/pubmed/8418780
http://dx.doi.org/10.1097/00000658-200002000-00014
http://www.ncbi.nlm.nih.gov/pubmed/10674617
http://www.ncbi.nlm.nih.gov/pubmed/12359954
http://www.ncbi.nlm.nih.gov/pubmed/2382218
http://dx.doi.org/10.1016/S0950-351X(96)80575-1
http://dx.doi.org/10.1016/S0022-4804(03)00305-6
http://dx.doi.org/10.1371/journal.pone.0035465
http://www.ncbi.nlm.nih.gov/pubmed/22606232

Int. ]. Mol. Sci. 2016, 17, 53 16 of 16

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

Gauglitz, G.G.; Herndon, D.N.; Jeschke, M.G. Insulin resistance postburn: Underlying mechanisms and
current therapeutic strategies. J. Burn Care Res. 2008, 29, 683-694. [CrossRef] [PubMed]

Gore, D.C.; Wolf, S.E.; Herndon, D.N.; Wolfe, R.R. Metformin blunts stress-induced hyperglycemia after
thermal injury. J. Trauma 2003, 54, 555-561. [CrossRef] [PubMed]

Gore, D.C.; Wolf, S.E.; Sanford, A.; Herndon, D.N.; Wolfe, R.R. Influence of metformin on glucose intolerance
and muscle catabolism following severe burn injury. Ann. Surg. 2005, 241, 334-342. [CrossRef] [PubMed]
Fu, Q.; Xu, B.; Parikh, D.; Cervantes, D.; Xiang, Y.K. Insulin induces IRS2-dependent and GRK2-mediated
2AR internalization to attenuate 3 AR signaling in cardiomyocytes. Cell Signal. 2015, 27,707-715. [CrossRef]
[PubMed]

Carlson, D.L.; Maass, D.L.; White, J.; Sikes, P.; Horton, ].W. Caspase inhibition reduces cardiac myocyte
dyshomeostasis and improves cardiac contractile function after major burn injury. J. Appl. Physiol. 2007, 103,
323-330. [CrossRef] [PubMed]

Horton, ].W.; White, D.J.; Maass, D.L.; Hybki, D.P.; Haudek, S.; Giroir, B. Antioxidant vitamin therapy alters
burn trauma-mediated cardiac NF-«B activation and cardiomyocyte cytokine secretion. J. Trauma 2001, 50,
397-408. [CrossRef] [PubMed]

Horton, ].W.; White, D.J.; Hunt, J.L.; Purdue, G.F. Effects of propranolol administration on cardiac responses
to burn injury. J. Burn Care Rehabil. 1993, 14, 630-638. [CrossRef] [PubMed]

Xiao, R.; Lei, Z.Y.; Dang, Y.M.; Huang, Y.S. Prompt myocardial damage contributes to hepatic, renal, and
intestinal injuries soon after a severe burn in rats. J. Trauma 2011, 71, 663-672. [CrossRef] [PubMed]
Metrich, M.; Lucas, A.; Gastineau, M.; Samuel, J.L.; Heymes, C.; Morel, E.; Lezoualc'h, F. Epac mediates
-adrenergic receptor-induced cardiomyocyte hypertrophy. Circ. Res. 2008, 102, 959-965. [CrossRef]
[PubMed]

Chen, C.; Du, J.; Feng, W.; Song, Y.; Lu, Z.; Xu, M,; Li, Z.; Zhang, Y. $-adrenergic receptors stimulate
interleukin-6 production through Epac-dependent activation of PKC5/p38 MAPK signalling in neonatal
mouse cardiac fibroblasts. Br. |. Pharmacol. 2012, 166, 676-688. [CrossRef] [PubMed]

Patel, P.A.; Tilley, D.G.; Rockman, H.A. 3-Arrestin-mediated signaling in the heart. Circ. J. 2008, 72, 1725-1729.
[CrossRef] [PubMed]

Noor, N.; Patel, C.B.; Rockman, H.A. 3-Arrestin: A signaling molecule and potential therapeutic target for
heart failure. J. Mol. Cell. Cardiol. 2011, 51, 534-541. [CrossRef] [PubMed]

Luttrell, L.M.; Maudsley, S.; Bohn, L.M. Fulfilling the promise of “biased” G protein-coupled receptor
agonism. Mol. Pharmacol. 2015, 88, 579-588. [CrossRef] [PubMed]

Wisler, ].W,; Xiao, K.; Thomsen, A.R.; Lefkowitz, R.J. Recent developments in biased agonism. Curr. Opin.
Cell Biol. 2014, 27, 18-24. [CrossRef] [PubMed]

Shannon, R.; Chaudhry, M. Effect of x1-adrenergic receptors in cardiac pathophysiology. Am. Heart . 2006,
152, 842-850. [CrossRef] [PubMed]

@ © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons by Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1097/BCR.0b013e31818481ce
http://www.ncbi.nlm.nih.gov/pubmed/18695610
http://dx.doi.org/10.1097/01.TA.0000026990.32856.58
http://www.ncbi.nlm.nih.gov/pubmed/12634538
http://dx.doi.org/10.1097/01.sla.0000152013.23032.d1
http://www.ncbi.nlm.nih.gov/pubmed/15650645
http://dx.doi.org/10.1016/j.cellsig.2014.11.018
http://www.ncbi.nlm.nih.gov/pubmed/25460042
http://dx.doi.org/10.1152/japplphysiol.01255.2006
http://www.ncbi.nlm.nih.gov/pubmed/17431085
http://dx.doi.org/10.1097/00005373-200103000-00002
http://www.ncbi.nlm.nih.gov/pubmed/11265018
http://dx.doi.org/10.1097/00004630-199311000-00008
http://www.ncbi.nlm.nih.gov/pubmed/8300698
http://dx.doi.org/10.1097/TA.0b013e31822175f6
http://www.ncbi.nlm.nih.gov/pubmed/21909000
http://dx.doi.org/10.1161/CIRCRESAHA.107.164947
http://www.ncbi.nlm.nih.gov/pubmed/18323524
http://dx.doi.org/10.1111/j.1476-5381.2011.01785.x
http://www.ncbi.nlm.nih.gov/pubmed/22103274
http://dx.doi.org/10.1253/circj.CJ-08-0734
http://www.ncbi.nlm.nih.gov/pubmed/18838825
http://dx.doi.org/10.1016/j.yjmcc.2010.11.005
http://www.ncbi.nlm.nih.gov/pubmed/21074538
http://dx.doi.org/10.1124/mol.115.099630
http://www.ncbi.nlm.nih.gov/pubmed/26134495
http://dx.doi.org/10.1016/j.ceb.2013.10.008
http://www.ncbi.nlm.nih.gov/pubmed/24680426
http://dx.doi.org/10.1016/j.ahj.2006.05.017
http://www.ncbi.nlm.nih.gov/pubmed/17070143
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Molecular Mechanisms Underlying Burn-Induced Cardiac Dysfunction 
	-Adrenergic Receptors 
	Cytokines and Pro-Inflammatory Mediators 
	Nitric Oxide 
	Calcium 
	Apoptosis 
	Sepsis 
	Pharmacological Modulation 

	Limitations and Confounding Factors 
	Conclusions 

