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Abstract

Background—Mitochondrial proteins and genes are damaged after burn injury in animals but

have not previously been assessed in human burn patients.

Methods—The rates of maximal muscle mitochondrial oxidative capacity(ATP production) and

uncoupled oxidation(heat production) for both palmitate and pyruvate were measured in muscle

biopsies from 40 children sustaining burns >40% body surface area and from 13 healthy children

controls.

Results—Maximal mitochondrial oxidation of pyruvate and palmitate were reduced in burn

patients compared to controls (4.0±0.2:1.9±0.1 µmolO2/citrate synthase activity/mg protein/min

pyruvate; Control:Burn;P<0.001 and 3.0±0.1:0.9±0.03 µmolO2/citrate synthase activity/mg

protein/min palmatyl CoA; Control:Burn;P=0.003). Uncoupled oxidation was the same between

groups.

Conclusions—The maximal coupled mitochondrial oxidative capacity is severely impaired after

burn injury, although there are no alterations in the rate of uncoupled oxidative capacity. It may be

that the ratio of these indicates that a larger portion of energy production in trauma patients is

wasted through uncoupling, rather than used for healing.
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Introduction

Serious injury, including burn trauma, induces a hyper metabolic response that despite over

100 years of study is still not well understood. The occurrence of increased metabolic rate

and hyperglycemia post-trauma is well documented(1–3). Hyperglycemia can be attributed

to both increased glucose production and peripheral insulin resistance (3). The increased

metabolic rate may be due to increased energy demands for advanced immune response,

tissue healing and in the case of burns, maintenance of body temperature after loss of the

skin barrier (4–6). Advances in burn care that include maintaining patient room temperatures

above 30°C, applying occlusive dressings and the use of antibiotics have decreased both the

energy requirements and the morbidity in burned patients (4). However, whereas the extent

of elevation of the resting energy expenditure has decreased from the range of 160–200% to

around 130% of expected from unburned individuals, the hyper-metabolic response persists

in burned patients maintained in a warm environment (4).

The ability of mitochondria to utilize glucose and fat for ATP production through coupled

oxidation may be related to the hyper metabolic response post-injury. Several studies of

burned rats and dogs have shown decreased tissue concentrations of ATP post-burn (7,8).

More recent studies in burned animals have found decreased maximal mitochondrial

oxidative capacity in skeletal muscle, liver and cardiac muscle compared to non-burned

animals (9–12). The typical burn hyper-metabolic response was present in all of these

animals. Deceased surgical patients had irregular hepatic mitochondria(13). These studies

indicate that severe injury is associated with decreased ATP concentrations and impaired

mitochondrial function, and that moderate surgical trauma induces changes great enough to

be seen with histology in the liver.

Mitochondrial function has not previously been assessed in human burn patients. Thus, this

study was designed to compare the mitochondrial glucose and fat oxidation rates in muscle

tissue from previously healthy burned children, with those in healthy children.

Methods

This was a prospective, cross sectional study with a patient and a control group. All

protocols were approved by the IRB at the University of Texas Medical Branch. A legal

guardian provided permission for participation of the child in the study. Assent was obtained

in children aged 0–17 when medically and ethically possible.

Patient study

Children aged 0–17 with >40% total body surface area burns that would require skin

grafting, who arrived at our hospital within 96 hours of injury were eligible. Children with

major electrical burns, renal or hepatic failure, severe sepsis or who had required

resuscitation from cardiac arrest were excluded. 40 children were enrolled consecutively

over a period of 30 months. Medical care was determined by faculty surgeons, fellows and

residents according to clinical protocols that have been previously described (14). Patients

were fed with Vivonex T.E.N. © (Novartis, Minneapolis, Minnesota −82% carbohydrate,

15% protein, 3% fat) at 1.4 times their measured resting energy expenditure. The fasted

resting metabolic rate was determined once a week in the early morning at 30°C with a V-

max 29 metabolic cart (Sensormedics, Yorba Linda, CA).

A muscle biopsy and a 4 hour hyperinsulinemic-euglycemic clamp, preceded by an 8 hour

fast were performed within 10 days of injury, 4 days after the children’s first debridement

and skin grafting operation. We chose this time point because of the relative standardization

of treatment for the previous 5 days, and since it did not reflect initial resuscitative efforts,
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which can vary greatly. During the clamp, insulin was infused at a rate of 1.5 mU•

kg−1•min−1 into a central vein and 20% dextrose was simultaneously infused to maintain a

plasma glucose concentration between 80–90 mg/dL. Insulin sensitivity is presented as mg

glucose infused/kg/min.

Control Study

Children undergoing open abdominal surgeries for non-metabolic illness such as hernia

repair, orchiplexy, or ureter reimplantation were chosen as our control population. A small

piece of the rectus abdominus or external oblique muscle was removed from the margin of

the site of the surgical incision site for mitochondrial oxidation analysis.

13 children served as controls. One child had a parent with type 2 diabetes, and four

additional children had a grandparent with type 2 diabetes. None of the mothers of the

children had gestational diabetes during pregnancy. All of the children were lean and had no

clinical signs of diabetes, such as polyuria, polydypsia or acanthosis nigricans.

Analysis Methods

Plasma glucose concentration was measured on an YSI 2300 Stat glucose/lactate analyzer

(YSI, Inc. Yellow Springs, OH). Serum insulin concentrations were measured using

radioactive immuno assay (Diagnostic Laboratories, Los Angeles, CA). Blood pH was

measured with a Bayer Rapid Point 400 Blood Gas analyzer (Holliston, MA). Blood urea

nitrogen and liver enzymes were measured on a Dade Behring Dimension Xpand Chemistry

analyzer (Deerfield, Il). Plasma cortisol was measured by ELISA on a Bayer Advia Centaur

(Holliston, MA)

Maximal mitochondrial oxidation of pyruvate and mitochondrial respiratory rates were

measured in fresh muscle tissue as previously described (15,16).Briefly, tissue was washed

and minced into small pieces in a relaxing solution, the incubated in a saponin solution to

permeabilize the sarcolemma membrane. Glucose oxidation was measured with 2mM of

malate and 10mM of pyruvate as substrate and 0,5mM of ADP. For the measurement of

FFA oxidation, 1mM of palmitoyl-L-carnitine was sued rather than pyruvate. All

measurements were conducted with a Clark-type electrode (Hansatech, Norfolk, UK) in a

water jacketed chamber at 30° C. These measurements are termed “maximal” as there is no

limitation of substrate or necessary co-factors, and thus the only limitation in oxidation is

from the mitochondria themselves. Following these measurements, the samples were

weighed, and the citrate synthase activity and protein contents were measured, in order to

normalize the results for mitochondrial content (17,18).

Results

Demographics from both groups are shown in Table 1. The two groups were similar with

respect to age, gender and race. The physiologic measurements from the burn patients taken

on the day of biopsy are shown in table 2. As indicated by the increased heart rates,

respiratory rates and predicted resting energy expenditure, the children with burns were

hyper-metabolic. Further, fasting glucose concentrations were elevated, and insulin

stimulated glucose uptake was depressed.

The results of the mitochondrial function tests are shown in figure 1. The state 3 maximal

mitochondrial oxidative capacity of pyruvate, representing coupled oxidation for ATP

production, was significantly (P<0.001) decreased by 50% in burned patients compared to

healthy controls (Figure 1a). The state 3 maximal palmitate oxidative capacity was reduced

by 66%. The rate of state 4, or uncoupled oxidation of both pyruvate and palmitate was

equal between the burned and the healthy groups (Figure 1b). The respiratory control ratio,
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or the ratio of state 3 to state 4 oxidation is shown in figure 1c. This ratio represents

substrate oxidation coupled to ADP use compared to the rate of uncoupled oxidation. Due to

the increased state 3 oxidation in the healthy children, the respiratory control ratio was

significantly greater (P<0.001) in healthy children for both palmitate and pyruvate compared

to burned children.

Discussion

This is the first time that mitochondrial function has been measured in human tissue from

burned patients, as well as from normal children. The findings of reduced ATP production

following burn were not unanticipated. Previous studies in burned animals have shown a

decreased production ATP following injury. Burned mice had a 43% decrease in ATP

production compared to control animals 3 days after injury, associated with decreased

mitochondrial protein gene expression (9). Another study in animals found that burn trauma-

induced alteration in the skeletal muscle mitochondrial membrane within 15 min following

the trauma (11). ATP production was reduced by 87% in cardiac myocytes from burned rats

24 hours after injury(10). Further, the respiratory control ratio in burned dogs was half of

that seen in control animals(8). Thus, our findings are similar to what has been previously

demonstrated in animal models.

Both mitochondrial pyruvate and palmitate oxidation were reduced. Whereas a limitation of

fatty acid oxidation could have occurred because of limited transport of long-chain fatty

acids into the mitochondria through carnitine palmitate transferase-1, this could not explain

the simultaneous drop in pyruvate oxidative capacity. Since both the maximal mitochondrial

oxidative capacity of pyruvate and palmitate were decreased, there may be a dysfunction in

a process which is common to both. The metabolism of these two substrates converges at the

level of acetyl CoA, prior to entry into the citric acid cycle and then subsequent oxidative

respiration (Figure 2). Both citrate synthase and cytochrome C- oxidase have important roles

in the generation of ATP(19). Citrate synthase is the first enzyme in the citric acid cycle, and

cytochrome C is active in the electron transport chain, between complex III and IV. These

two enzymes are thus commonly examined when trying to better understand mitochondrial

dysfunction, and both have been found to be decreased in animals following burn injury(10).

However, if the defect in oxidation was solely at the level of the citric acid cycle, then one

would expect that this would affect the rate of coupled and uncoupled oxidation equally, as

the overall supply of substrate to the respiratory chain would be reduced. Thus, it is likely

that burn induced a change within the respiratory chain of the mitochondria.

Whereas the rate of ATP production is decreased in almost all models of burn, maximal

mitochondrial oxidative capacity may not be the most important finding. Previous in-vivo

studies in burned patients have found that despite the increased metabolic turnover of

pyruvate, the pyruvate oxidation rate is still below the maximum(20). Further, while lactate

levels are increased, so is the turnover of the citric acid cycle, so that the increased lactate

does not indicate that there is a deficiency in the citric acid cycle compared to the initial

steps of glycolysis, but rather that the entire pathway is up-regulated. Consistent with this

interpretation, stimulation of pyruvate dehydrogenase with dichloroacetate increased

pyruvate oxidation in burned children, which could only have occurred if the citric acid

cycle enzymes were not rate limiting(21). This is in contrast to studies of enzyme levels that

indicate that citric acid cycle enzymes are decreased, yet enzyme concentrations may not

accurately reflect the overall turnover of the citric acid cycle. Additionally, despite the

effects of a large burn injury, when studied patients are at rest in bed, they have the ability to

arise and ambulate, thereby increasing their rate of substrate oxidation significantly above

the resting level. Thus the measured values in this paper do not reflect the maximal

oxidative capacity in vivo.
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Increased oxidative phosphorylation uncoupled from ATP production, as seen in state 4

respiration, has been proposed to contribute to morbidity and mortality in burn patients, and

is estimated to account for approximately 40% of the hyper-metabolic response seen after

burn trauma(22). Uncoupling proteins 1 and 2 are proton transporters within the inner

mitochondrial membrane and have primarily been linked to increased thermogenesis

through increased proton leak (23). Increasing the temperature of burn patients rooms, thus

decreasing the need for uncoupled oxidation, improved mortality significantly (4). While we

did not observe an increase in the rate of state 4 oxidation per se in the burn patients

compared to the healthy controls, it may be the ratio of the coupled to the uncoupled

oxidation that is more related to the energy requirements in burn patients.

An association between decreased mitochondrial function and insulin resistance has been

shown in several circumstances, including type 2 diabetes and aging (24,25). The burned

children had reduced insulin stimulated glucose uptake when compared to similar

hyperinsulinemic-euglycemic clamps in healthy children (26). This work demonstrates yet

another model in which insulin resistance may be related to mitochondrial function. It could

be that the increases in proton release relative to ATP generation, primarily through

uncoupling protein-1, lead to increased reactive oxygen species, and damage to lipid

products. The relation between decreased state 3 oxidation and/or increased state 4 oxidation

with a decreased state 3/state 4 ratio and increased protein oxidation has been demonstrated

in several models (27,28). It is theorized that the increased protons can trigger increases in

tumor necrosis alpha, which in turn can inhibit insulin signaling through protein kinase C

(29,30).

In conclusion, muscle mitochondrial function is significantly decreased in burn patients

compared to healthy controls. The oxidative capacity of both pyruvate and fat in the

mitochondria was reduced by more than 50% one week following burn, while the capacity

for uncoupled oxidation was maintained. These changes were seen in concomitantly with

decreased insulin sensitivity.
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Figure 1. Coupled and uncoupled maximal mitochondrial function and the ratio of coupled to
uncouple mitochondrial function
(A) Maximal mitochondrial state 3 oxidative respiration (ATP production) from pyruvate

and palmitate. The coupled oxidation was significantly higher in healthy children (P<0.001)

(B) Uncoupled mitochondrial oxidation from pyruvate and palmitate. There was no

difference between the groups.

(C)The efficiency of mitochondrial ATP production relative to uncoupled heat production

from pyruvate and palmitate. The ratio of ATP production to uncoupled respiration was

significantly greater in healthy children (P<0.001)
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Figure 2. Pathway of production of ATP from both glucose and free fatty acids
A representation of a muscle cell is shown. Glucose and FFA are broken down in the cytosol

to pyruvate and fatty acyl CoA, respectively. Pyruvate can then cross the mitochondrial

membranes, and is converted to acyl CoA via pyruvate dehydrogenase. Fatty Acyl CoA is

transferred across the outer mitochondrial membrane via carnitine palmatyl transferase-1

(CPT-1) and becomes fatty acyl carnitine that is then transferred across CPT-2 and return to

fatty acyl CoA. Fatty acyl CoA is a substrate for β-HAD, which breaks off acyl groups to

form acetyl CoA. Acetyl CoA enters the tricarboxcylic acid cycle (TCA) and produces

multiple metabolites which enter the electron transport chain of 4 key cytochromes to form

protons. The protons are then used by ATP-ase to charge ADP into ATP via coupled

respiration, or are transferred by uncoupling protein -1 to produce heat, via uncoupled

oxidation.
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Table 1

Demographics

Demographic data of study participants

Demographics Patients Controls

Number 40 13

Age (Years) 7±1 8±2

Male/female 33/7 9/3

Total TBSA 65±2 -

3rd degree TBSA 56±4 -

Race (H/W/B) 32/7/1 4/6/3

Am J Surg. Author manuscript; available in PMC 2012 October 24.
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Table 2

Physiological measurements on the day of biopsy in burned patients

Clinical measurements from the day of biopsy. Data are Means ± SEM.

Vitals

Min Heart rate (bpm) 136±3

Max Heart rate (bpm) 169±2

Respiratory rate (bpm) 24±1

Blood Counts

Hemoglobin (g/dL) 12–16 10.6±0.2

Hematocrit (%) 33–50 30.8±0.5

WBC count (CMM) 4.5–10.5 11.5±0.7

Renal and Hepatic Function

pH 7.40 7.43±0.01

BUN (mg/dL) 7–23 14.3±1.1

Creatinine (mg/dL) 0.7–1.7 0.5±0.05

Alkaline Phos (U/L) 34–122 121±7

AST (U/L) 9–51 96±15

ALT (U/L) 13–40 92±14

GGT (U/L) 7–66 85±17

Metabolic

Fasted REE (kcal/m2) 1470±61

Predicted REE(kcal/m2) 1061±48

Percent Predicted REE 156±10

AM cortisol 7–18 23±4

Fasted glucose (mg/dL) 109±2

Fasted insulin (µU/mL) 7±3

M-value (mg glucose infused/kg.min) 5.9±4
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