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Abnormal Insulin Sensitivity Persists up to Three
Years in Pediatric Patients Post-Burn

Gerd G. Gauglitz, David N. Herndon, Gabriela A. Kulp, Walter J. Meyer 1lI,
and Marc G. Jeschke

Shriners Hospitals for Children (G.G.G., D.N.H., G.A.K., W.J.M., M.G.]J.), Galveston, Texas 77550; and Departments of
Surgery (D.N.H., M.G.J.) and Psychiatry (W.J.M.), University of Texas Medical Branch, Galveston, Texas 77555

Context: The acute hypermetabolic response post-burn is associated with insulin resistance and
hyperglycemia, significantly contributing to adverse outcome of these patients.

Objective: The aim of the study was to examine the persistence of abnormalities of various clinical
parameters commonly utilized to assess the degree of insulin resistance in severely burned children
for up to 3 yr after the burn injury.

Design, Setting and Patients: A total of 194 severely burned pediatric patients, admitted to our
institute between 2002 and 2007, were enrolled in this prospective study and compared to a cohort
of 95 nonburned, noninjured children.

Main Outcome Measures: Urinary cortisol, epinephrine, and norepinephrine, serum cytokines, and
resting energy requirements were determined atadmissionand 1, 2, 6, 9, 12, 18, 24, and 36 months
post-burn. A 75-g oral glucose tolerance test was performed at similar time points; serum glucose,
insulin, and C-peptide were measured; and insulin sensitivity indices, such as ISI Matsuda, ho-
meostasis model assessment, quantitative insulin sensitivity check index, and ISI Cederholm, were
calculated. Statistical analysis was performed by ANOVA with Bonferroni correction with signifi-
cance accepted at P < 0.05.

Results: Urinary cortisol and catecholamines, serum IL-7, IL-10, IL-12, macrophage inflammatory
protein-1b, monocyte chemoattractant protein-1, and resting energy requirements were signifi-
cantly increased for up to 36 months post-burn (P < 0.05). Glucose values were significantly aug-
mented for 6 months post-burn (P < 0.05), associated with significant increases in serum C-peptide
and insulin that remained significantly increased for 36 months compared to nonburned children
(P < 0.05). Insulin sensitivity indices, IS Matsuda, ISl quantitative insulin sensitivity check index, and
homeostasis model assessment were abnormal throughout the whole study period, indicating
peripheral and whole body insulin resistance. The insulinogenic index displayed physiological
values, indicating normal pancreatic g-cell function.

Conclusions: A severe burn is associated with stress-induced insulin resistance that persists not
only during the acute phase but also for up to 3 yr post-burn. (J Clin Endocrinol Metab 94:
1656-1664, 2009)

evere burns covering more than 40% of total body surface
S area (TBSA) are typically followed by a period of stress and
hyperinflammation, characterized by marked and sustained in-
creases in catecholamine, glucocorticoid, and cytokine secretion
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(1-3). Release of these mediators contributes significantly to the
hypermetabolic response after injury, defined by increases in
body temperature, oxygen consumption, and CO, production
and elevated basal energy requirements (4—6). Increased levels of

Abbreviations: AUC, Area under the curve; BMI, body mass index; HbA1c, hemoglobin
Alc; hGH, human GH; HOMA-IR, homeostasis model assessment of insulin resistance
index; IGFBP-3, IGF binding protein-3; IGl, insulinogenic index; ISI, insulin sensitivity index;
MCP-1, monocyte chemoattractant protein-1; MIP-1b, macrophage inflammatory pro-
tein-1b; OGTT, oral glucose tolerance test; QUICKI, quantitative insulin sensitivity check
index; REE, resting energy expenditure; TBSA, total body surface area.
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epinephrine, norepinephrine, dopamine, and cortisol are further
associated with enhanced hepatic gluconeogenesis and a reduced
insulin-mediated glucose uptake into skeletal muscle and adi-
pose tissue (7-9). These phenomena may lead to elevated blood
glucose levels in association with normal or elevated serum in-
sulin concentrations, a clinical state commonly defined as insulin
resistance (10, 11). Indeed, we recently showed in a large pro-
spective clinical trial including 242 severely burned children that
the hypermetabolic state during the acute phase post-burn
strongly correlated with significantly elevated serum glucose lev-
els and markedly increased serum insulin concentrations (12).

Advances in therapy strategies, based on better understand-
ing of resuscitation, enhanced wound coverage, more appropri-
ate infection control, improved treatment of inhalation injury,
and better support of the hypermetabolic response to injury have
significantly improved the clinical outcome of this unique patient
population over the past few years (13). However, severe burns
remain a devastating injury affecting nearly every organ system
and leading to significant morbidity and mortality (4). One of the
main contributors to adverse outcome of this patient population
represents its profound metabolic changes associated with insu-
lin resistance and hyperglycemia (4, 14). Multiple studies have
documented insulin resistance and its associated hyperglycemia
after trauma, myocardial infarction, stroke, or surgery (14-18).
Hyperglycemia is of serious clinical concern because it has been
frequently linked to impaired wound healing (19), increased skin
graft loss (20), increased muscle protein catabolism (21), in-
creased incidence of infections (22, 23), and mortality (14, 22—
26). Thus, recent studies have focused on elucidating potential
treatment options to overcome insulin resistance-induced hyper-
glycemia in the acute period after surgery or medical illness (17,
27).However, itis currently unknown how long these conditions
persist beyond the acute phase after injury.

Recent studies found that metabolic alterations in response to
burn injury may last for more than 12 months after the initial
event (1,2,28). Thus, we decided to conduct a prospective study
in a large cohort of pediatric patients to examine extent and
persistence of abnormalities of various clinical parameters to
define the hypermetabolic response and the degree of insulin
resistance in a large pediatric population post-burn forup to 3 yr.

Patients and Methods

Patients

A total of 194 severely burned pediatric patients, admitted to the
Shriners Hospitals for Children (Galveston, TX) between 2002 and
2007, were enrolled in this prospective study. Patients were included if
they were 0 to 18 yr of age, admitted to our institute within 7 d post-burn
injury, and had burns covering more than 40 % of their TBSA. Permission
for conducting the study was obtained from the Institutional Review
Board of the University of Texas Medical Branch, Galveston, Texas.

Admission data

On admission, the extent and degree of burn was assessed and re-
corded on a standard Lund and Browder chart by the attending burns
surgeon present. Information also recorded at the time of admission
included burn-related (date and mechanism) as well as demographic data
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(age and gender). All patients were treated in our pediatric burns inten-
sive care unit according to standardized protocols.

Patients were resuscitated if needed according to the Galveston for-
mula with 5000 cc/m? TBSA burned + 2000 cc/m? TBSA lactated Ring-
er’s solution given in increments over the first 24 h. Within 24 h of
admission, all patients underwent total burn wound excision, the
wounds were covered with available autograft skin, and any remaining
open areas were covered with homograft. After the first operative pro-
cedure, it took 5-10 d until the donor site was healed and patients were
taken back to the operation theater. This procedure was repeated until
all open wound areas were covered with autologous skin.

All patients underwent the same nutritional treatment according to
a standardized protocol. The intake is calculated as 1500 kcal/m? body
surface + 1500 kcal/m? area burned, or we assessed the need by mea-
suring the resting energy expenditure (REE) and multiplying by 1.4, with
weekly adjustments as previously published (1, 2, 29).

Urinary catecholamine and cortisol measurements

Twenty-four-hour urine collections were taken regularly throughout
acute hospital stay and during admissions for reconstructive operations
and rehabilitation services. These samples were collected and chilled by
the bedside before transport to our clinical lab for processing using HPLC
techniques. Briefly, specimens were acidified to pH 2.0 with hydrochloric
acid and 1 ml of acidified urine and were extracted on an HLB Oasis
cartridge previously conditioned with 1 ml of methanol and 1 ml of
distilled water. The cartridge was washed with a solution of 25% meth-
anol in water (pH 10.9) and eluted with 100% methanol (pH 10.9 with
ammonium hydroxide). The eluent was evaporated under a gentle stream
of air to dryness and reconstituted with 50% methanol in HPLC grade
water (pH 2.9) and submitted to HPLC analysis. HPLC analysis was
performed using a symmetry shield 3.5 pm, 4.6 X 150 mm column
(Waters Corporation, Milford, MA), with a mobile phase consisting of
30-35% methanol in water with 0.1% trifluoroacetic acid, with UV
detection at 245 nm. Urinary catecholamines were analyzed using HPLC
techniques. Extraction of the catecholamines from acidified urine sam-
ples was performed using a Bio-Rad kit (Bio-Rad, Hercules, CA), ac-
cording to the manufacturer’s instructions.

Serum cytokine and hormone measurements

Blood was collected from the burn patients at the time of admission,
preoperatively, and 5 d postoperatively, as well as during subsequent
stays for surgical and rehabilitation services for serum cytokine and hor-
mone analysis for up to 36 months post-burn. Blood was drawn in a
serum-separator collection tube and centrifuged for 10 min at 1320 rpm;
the serum was removed and stored at —70 C until assayed.

Serum hormones were determined using HPLC and ELISA tech-
niques. The Bio-Plex Human Cytokine 17-Plex panel was used with the
Bio-Plex Suspension Array System (Bio-Rad) to profile expression of
IL-1B, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL- 12p70, IL-13, IL-17,
granulocyte colony-stimulating factor, granulocyte-macrophage col-
ony-stimulating factor, interferon-y, monocyte chemoattractant pro-
tein-1 (MCP-1), macrophage inflammatory protein-1b (MIP-1b), and
TNF. The assay was performed according to the manufacturer’s
instructions.

Indirect calorimetry

As part of our routine clinical practice, all patients underwent REE
measurements within 1 wk after hospital admission, at 2 to 4 wk after
hospital admission, at discharge, and during admissions for reconstruc-
tive operations for up to 18 months post-burn. REE was measured using
a Sensor-Medics Vmax 29 metabolic cart (Sensor-Medics, Yorba Linda,
CA) as previously published (2). REE was calculated from the oxygen
consumption and carbon dioxide production by equations described
before (2). For statistical comparison, measured energy expenditure was
expressed as the percentage of the basal metabolic rate predicted com-
pared with predicted norms based upon the Harris-Benedict equation
and to body mass index (BMI) (2).
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Growth measurements

Heights and weights were measured at admission and during subse-
quent stays for reconstructive purposes and were plotted on standard
growth charts (30) to obtain the individual height and weight percentiles
for age and gender. Data are presented as percentage change from indi-
vidual height and weight percentiles at admission. Percentages of the
population plotted within each percentile ranking were then calculated.

Glucose, insulin, C-peptide, and glycosylated
hemoglobin (HbA1c) measurements before and during
oral glucose tolerance testing (OGTT)

Each patient had OGTT performed during both the acute hospital
admission and subsequent stays for reconstructive purposes. Studies
were carried out after an overnight fast before scar revision surgery. This
approach enabled us to use peripheral iv catheters placed for medical
treatment. Standard procedure consisted of a baseline blood draw for the
measurement of glucose, C-peptide, and insulin levels (fasting values),
followed by the glucose load (adjusted for weight by the formula:
weight X 1.75 X 2.96 ml of Glucola (up to 300 ml, one full bottle) and
subsequent measurements of serum glucose and insulin at 30, 60, 90, and
120 min after the glucose load.

Serum glucose concentrations were quantified using a hexokinase
assay on a Dimension Instrument (Dade Behring/Siemens Healthcare
Diagnostics, Rockville, MD). Serum insulin and C-peptide concentra-
tions were determined by common ELISA techniques (Diagnostic Sys-
tems Laboratories/Beckmann-Coulter, Webster, TX).

HbAlc levels were measured using the AlcNow*InView test
(Metrika, Sunnyvale, CA).

Area under the curve (AUC) for glucose and insulin

Total glucose and insulin secretion was assessed from the area under
the 120 min curve of glucose (AUC,j,cose) and insulin (AUC;,qu15) con-
centration using the trapezoid rule.

Insulin sensitivity scores

Four indices for the assessment of insulin resistance were calculated
for the above-mentioned time periods using glucose and insulin values
during OGTT: 1) the homeostasis model assessment of insulin resistance
index (HOMA-IR) [fasting glucose (mmol/liter) X fasting insulin (mU/
liter)/22.5, according to Matthews et al. (31)]; 2) the quantitative insulin
sensitivity check index (QUICKI) [1/log fasting insulin (uU/ml) + log
fasting glucose (mg/dl), according to Uwaifo et al. (32)]; 3) the Matsuda
insulin sensitivity index (ISI) [10,000/A/Gg X Iy X G ean X Lineans Where
G and I represent the plasma glucose (mg/dl) and insulin (mU/liter) con-
centrations, respectively, expressing fasting (0) and mean OGTT con-
centrations, as described by Matsuda and DeFronzo (33)]; and 4) the
insulinogenic index (IGI) [§ insulin (0-30 min) (mU/liter)/8 glucose
(0-30 min) (mg/dl), according to Yeckel ez al. (34)].

Time points

Results obtained during the 3-yr period were divided into eight dif-
ferent time phases: <1,1t02,2t06,6t09,9t0 12,12 to 18, 18 to 24,
and 24 to 36 months post-burn. Data presented include 42 to 194 dif-
ferent measurements at each time point. If any patient had more than one
measurement performed during each time period, results were averaged
to give a single mean result for each patient at each time period. For
subsequent calculations and additional information, burn patients and
controls were divided into three age groups, 0-9.9,10-14.9, and 15-18
yr of age.

Ninety-five nonburned children, admitted to the Yale University
School of Medicine (New Haven, Connecticut) and the University of
Texas Medical Branch (Galveston, TX) that had at least one OGTT
performed or required blood and/or 24-h urine collections, were used as
normal cohort. All these nonburned patients had an OGTT performed
because they were obese, had a suspicion of gestational diabetes, or had
a family history of diabetes.

Stress-Induced Glucose Intolerance Persists up to 3 Years

J Clin Endocrinol Metab, May 2009, 94(5):1656-1664

Statistical analysis

ANOVA with post hoc Bonferroni correction, paired and unpaired
Student’s ¢ test, and x> analysis were used where appropriate. Data are
expressed as means * SD or SEM, where appropriate. Significance was
accepted at P < 0.05.

Results

Patient demographics

Characteristics of burn patients and controls at the time of
acute hospitalization are depicted in Table 1. Patients were on
average 9 yr of age and suffered from severe burn injury of 58%
TBSA burn and a third-degree burn of 46% TBSA. Average
length of intensive care unit stay was 33 d. There were consid-
erably more male patients than female patients in the burn group.
Burned patients were significantly younger and had a signifi-
cantly lower BMI compared with nonburned children (Table 1).

Urinary catecholamine and cortisol measurements

Norepinephrine and epinephrine increased by 4- and 10-fold
(P < 0.05), respectively, upon burn trauma before decreasing to
normal levels at 2 to 6 months after injury (Fig. 1, A and B). Total
urine cortisol levels increased initially to 139 * 11 ug/24 h and
then gradually decreased for the remainder of the study, al-
though they remained significantly elevated compared with nor-
mal values (Fig. 1C).

Serum cytokines

Serum levels of IL-5, IL-6, IL-7, IL-8, IL-10, IL-12, TNF,
MIP-1b, and MCP-1 were significantly increased for up to 6
months post-burn compared with values of nonburned children.
Although levels of IL-5,1L-6, IL-8, and TNF decreased to normal
values at approximately 9 months after injury, the serum levels
of IL-7, 1L-10, IL-12, MIP-1b, and MCP-1 remained signifi-
cantly elevated for up to 36 months post-burn when compared
with values of controls (Fig. 1, D and E). Levels of IL-2, IL-4,
granulocyte colony-stimulating factor, granulocyte-macrophage

TABLE 1. Patient demographics
Nonburned
Patients controls

n 194 95
Age (yr) 8.8 +5.3° 132 +3.6
Gender (female/male) (%) 26/74° 68/32
TBSA (%) 579 +14.7 N/A
TBSA 3rd-degree (%) 455 + 231 N/A
LOS (d) 32.9 + 231 N/A
Type of burn 13/151/3/27 N/A

(electrical/flame/electrical-flame/

scald) (n)
Mortality (%) 0 N/A
Inhalation injury (Y/N) (%) 13/87 N/A
BMI (kg/m?) 18.1 = 3.97 243 £56

Data are presented as means = sb or percentage. LOS, Length of stay; N/A, not
available.

2 Statistically significant difference between patients vs. nonburned controls, P < 0.05.
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FIG. 1. Severe burn injury leads to significant alterations of the metabolic
response. A and B, Urinary epinephrine and norepinephrine increase initially after
burn injury and then decrease to normal levels at around 2 months after injury.
C, Twenty-four-hour total urine cortisol levels increase upon burn injury and
remain significantly elevated for up to 36 months. D and E, Proinflammatory
cytokines are significantly elevated for up to 36 months in response to burn
injury. Histograms depict serum concentrations of IL-6 or MCP-1 at steady-state
levels. F, REE % predicted increases upon burn injury and decreased over time
but remains significantly elevated up to 18 months after injury. Normal range
depicted at base of graph (shaded area). Bars represent means; error bars
correspond to sem. Asterisks denote statistical difference between burned
children vs. nonburned children, P < 0.05.

colony-stimulating factor, and interferon-y did not differ from
values of nonburned children (data not shown).

Indirect calorimetry

Predicted REE increased significantly post-burn, gradually
decreased over time, but remained significantly elevated for 18
months after burn injury, indicating marked hypermetabolism
(Fig. 1F).

Hormones

Serum levels of both IGF-I and IGF binding protein-3
(IGFBP-3) decreased significantly immediately post-burn and re-
mained diminished for 2 months post-burn before increasing to
normal levels at 9 months after injury (Table 2). Human GH
(hGH) decreased by 2-fold in response to burn injury and re-
mained significantly decreased for 36 months after injury (Table
2). We did not find any statistically significant differences for
IGF-I, IGFBP-3, and hGH between the three age groups char-
acterized above (data not shown).

TABLE 2. Hormones

24 to 36 months

18 to 24 months

12 to 18 months
218.35 + 161.83
4114.04 + 1965.65

9 to 12 months

248.45 + 192.71
4023.22 = 1947.12

6 to 9 months
224.37 + 181.35

2 to 6 months
234.57 = 262.94
3845.65 = 2314.34

1 to 2 months

124.97 + 126.237

<1 month
72.01 = 60.51%
1752.32 + 978.807

Nonburn controls

229.27 = 160.84
3861.62 + 2081.45

197.48 + 146.82
3695.35 + 1835.72

183.09 + 178.22
3788.04 + 1391.14

IGF-I (ng/ml)
IGFBP-3 (ng/ml)

hGH (ng/ml)

3953.09 + 2186.86

2289.49 + 1503.467

jcem.endojournals.org

0.86 = 1.50?

1.07 = 1.587

1.18 = 1.497

0.94 = 1.41°

1.74 = 1.10° 1.48 = 1.657 1.27 = 1.52°9 1.15 = 1.657

3.92 +523

Data are presented as means = sp.

2 Statistically significant difference between patients vs. nonburned controls, P < 0.05.
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Heights and weights

TABLE 3.

1to 2 2to 6 6to9 9 to 12 12 to 18 18 to 24 24 to 36
months months months months

months

<1
month
—27

Stress-Induced Glucose Intolerance Persists up to 3 Years

months
—42

months

Admit

-23 —28 40 —48
637
—24
537

—41

-32

% Change in heights from admit

Below mean height (%)

76
=27

81°

707
=21

607 697 78° 61
—47 -19

—-49

36

-20
50° 582

56

-34
80° 75° 69° 51

42

% Change in weights from admit

Below mean weight (%)

Data are presented as means = sp.

2 Statistically significant difference between patients vs. nonburned controls, P < 0.05.
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Heights and weights

On admission, the patient population fell essentially within a
normal distribution pattern for both height and weight (Table 3).
Thirty-six percent of the patient population fell below the 50th
percentile (the mean) for height at admission, whereas the per-
centage of burned children that fell below the 50th percentile for
height was significantly greater for up to 2 yr post-burn (Table
3), indicating a profound growth delay in this patient popula-
tion. Forty-two percent of the patients included into this study
were below the mean for weight at admission, whereas the
percentage of burned children that fell below the 50th per-
centile for weight was significantly greater for up to 3 yr post-
burn (Table 3).

Fasting serum glucose, insulin, C-peptide, and HbA1c
measurements

Fasting serum glucose increased significantly post-burn and
decreased to normal levels at 6 months after injury (Fig. 2A).
Fasting insulin levels displayed a lag phase after burn injury be-
fore gradually increasing to significant levels of 12 = 3 uIU/ml
at 6 to 9 months post-burn and remained significantly elevated
for 36 months after the burn injury (Fig. 2B). Fasting C-peptide
levels increased upon burn injury and remained significantly el-
evated throughout the time period studied compared with values
of nonburned children (Fig. 2C). HbAlc levels of patients in-
cluded in this study did not differ from values of nonburned
children (Fig. 2D).

OGTT

Two-hour glucose levels initially increased to a significant
level of 127 = 6 mg/dl upon burn injury and remained signifi-
cantly elevated for 9 months post-burn, with a dip at 2 months
after injury (Fig. 3A). Calculations of the area under the 120-

o
3>

© ©
o o

©
a

Fasting Glucose (mg/dl)

6
E 5
2
g 2
= o
- = 3
2 <
-
%) 22
o
£ 1
50.2

0

Time (months post burn) Time (months post burn)

FIG. 2. Burn trauma leads to hyperglycemia and elevated fasting serum insulin
concentrations, indicating insulin resistance. Histograms depict fasting serum
concentrations of glucose (A), insulin (B), and C-peptide (C). D, HbA1c in burned
pediatric patients is not statistically significant from nonburned children. Bars
represent means; error bars correspond to sem. Asterisks denote statistical
difference between burned children vs. nonburned children, P < 0.05.
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soon after complete wound closure. Now, recent studies found
that the hypermetabolic response to burn injury may last for
more than 12 months after the initial event (1, 2,28, 38) and may
lead to persistent hyperglycemia and insulin resistance, signifi-
cantly contributing to the incidence of morbidity and mortality
in this patient population (4, 10, 11, 14).

Several methods are available to evaluate insulin sensitivity in
humans. Although hyperinsulinemic-euglycemic clamp studies
are considered to be the “gold standard” for quantifying periph-
eral and hepatic insulin sensitivity (39), clamp studies are, due to
their risks, costs, and invasiveness, frequently avoided in a pe-
diatric population. The OGTT is the most commonly used
method to evaluate whole body glucose tolerance in vivo and has
been shown to correlate well with results from the hyperinsu-
linemic-euglycemic clamp (33), and it was thus chosen for our
study.

Significantly, we found in this study that burned children
displayed markedly elevated levels of fasting glucose for 6
months post-burn. However, HbA1c values of our patients were
within the normal range at admission and throughout the study,
suggesting that these patients did not suffer from persistently
elevated blood glucose levels before or during the burn injury.
Fasting insulin levels displayed a lag phase before increasing to
significant levels at 6 to 9 months, potentially contributing to this
state of hyperglycemia post-burn. Fasting C-peptide serum lev-
els, however, increased immediately upon burn injury, indicating
enhanced proinsulin secretion in response to elevated glucose
levels. The IGI, a commonly used index for B-cell function, also
revealed normal values for severely burned children throughout
the time period studied, indicating normal pancreatic B-cell func-
tion (34). Increased levels of secreted proinsulin in combination
with lacking elevations of serum insulin levels upon burn injury
may suggest enhanced insulin breakdown during the acute hy-
permetabolic response to burn (40). Interestingly, although glu-
cose levels returned to normal values subsequently, the levels of
insulin and C-peptide remained significantly elevated through-
out the entire length of the study. Total glucose and insulin se-
cretion upon glucose challenge, assessed from the AUC during
OGTT as well as the 2-h values for serum glucose and serum
insulin, showed similar patterns of their secretion profile during
the fasted state. ISI Matsuda, recently found to be a good pre-
dictor for the development of diabetes (41), displayed patholog-
ical values for 3 yr post-burn when compared with nonburned
children. Values obtained from HOMA and QUICKI indicated
peripheral insulin resistance throughout the whole time period
studied (33).

The exact cause of post-burn insulin resistance is still inade-
quately understood, and the biochemical pathways are poorly
defined. Marked increases in endogenous stress hormones and
inflammatory mediators have been causally associated with in-
jury-induced insulin resistance (28, 42—46). To provide glucose,
a major fuel source to vital organs, release of these stress medi-
ators opposes the anabolic actions of insulin (47). By enhancing
adipose tissue lipolysis (48) and skeletal muscle proteolysis (49),
they increase gluconeogenic substrates, including glycerol, ala-
nine, and lactate, thus contributing to augmented hepatic glucose
production in burned patients (7, 9, 50). Catecholamine-medi-
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ated enhancement of hepatic glycogenolysis, as well as direct
sympathetic stimulation of glycogen breakdown, may further
aggravate the hyperglycemia in response to stress (7). Cat-
echolamines have also been shown to impair glucose disposal via
alterations of the insulin signaling pathway and glucose trans-
porter-4 translocation in muscle tissue, resulting in peripheral
insulin resistance (9, 51). Cree et al. (52) showed an impaired
activation of insulin receptor substrate-1 at its tyrosine binding
site and an inhibition of AKT in muscle biopsies of children at 7 d
post-burn. Catecholamines may also stimulate p38 MAPK, caus-
ing the release of inflammatory cytokines, such as TNF (53).
Inflammatory cytokines such as TNF, IL-6, and MCP-1 have
been shown to activate nuclear inhibitor of nuclear factor-«xB-
kinase-B (53), which in turn may lead to inhibition of insulin
action through modification of signaling properties of insulin
receptor substrates, contributing to liver and skeletal muscle
insulin resistance (54-56). However, in this study, exact caus-
ative association and timely correlation between increases of
the respective mediators and their effects on glucose metab-
olism remains challenging. Increases of urinary catecholamine
levels and serum levels of IL-5, IL-6, IL-8, and TNF were most
elevated within the first 2 months post-burn and thus corre-
lated closely with the observed initially elevated glucose val-
ues. Levels of urinary cortisol and serum levels of IL-7, IL-10,
IL-12, MIP-1b, and MCP-1, however, remained significantly
elevated for 36 months post-burn and may thus considerably
contribute to persistently increased insulin and C-peptide lev-
els (Fig. 4).

Elevated levels of these cytokines and urinary cortisol were
accompanied by significant increases in REE for 18 months, in-
dicating a sustained hypermetabolic response and decreases of
endogenous anabolic hormones, including IGF-I, IGFBP-3, and
GH. Aside from the suggested mechanisms underlying impaired
insulin sensitivity post-burn, the decreases in muscle mass, dur-
ing both the acute and convalescent phases after injury, may
significantly contribute to this persistent insulin resistance be-
cause skeletal muscle has been shown to be responsible for 70—
80% of whole body insulin-stimulated glucose uptake (57). In
contrast to starvation, in which lipolysis and ketosis provide
energy and protect muscle reserves, burn injury considerably
reduces the ability of the body to use fat as an energy source.

Cortisol

IL-5, IL-6, IL-8, TNF

Inflammation
IL-7, IL-10, IL-12, MIP-1b, MCP-1 |

[Catecholamines } Stress response

Resting Energy Expenditure

ilses! 1M
L T A
chdbatial MW WM
2t06 12t0 18 240 36
Time (months post-burn)

Hypermetabolism

Insulin resistance

FIG. 4. The metabolic response to burn injury over time. Bars depict significantly
elevated values for inflammatory serum cytokines, urinary catecholamines and
cortisol, REE, as well as serum glucose, insulin and C-peptide levels during the
acute hospital stay and for 36 months after the burn injury when compared with
nonburned children.
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Skeletal muscle is thus the major source of fuel in the burned
patient, which leads to marked wasting of lean body mass within
days after injury (4, 58) as shown in our burned patients. The
correlation between hyperglycemia and muscle protein catabo-
lism has been supported by the study of Flakoll et al. (59) in
which an isotopic tracer of leucine was used to index whole-body
protein flux in normal volunteers. The group showed a signifi-
cant increase in proteolysis rates occurring without any alter-
ation in either leucine oxidation or nonoxidative disposal (an
estimate of protein synthesis), suggesting a hyperglycemia-in-
duced increase in protein breakdown. Flakoll ez al. (59) further
demonstrated that elevations of plasma glucose levels resulted in
a marked stimulation of whole body proteolysis during hyper-
insulinemia. Impaired efficacy of insulin as a muscle protein an-
abolic agent post-burn, may in turn contribute to this persistent
protein catabolism, subsequently leading to the weight loss and
growth delay observed in our pediatric patient population for up
to 3 yr after thermal injury.

Burn patients included in this study were significantly younger
than children in the control group; however, it is unlikely that this
age difference is clinically or biologically important because fast-
ing glucose and insulin levels in our normal cohort fall within the
reference range reported for children of this age (60, 61). Indeed,
we stratified our burn and control patients by age and did not
find any statistically significant differences regarding GH serum
levels, glucose and insulin values during OGTT, as well as the
calculated insulin sensitivity scores between the three age groups
characterized above.

Because substantially more male patients were included in
the present study, we stratified the parameters measured by
gender and did not find any statistical significance between the
two gender groups. Burned children also displayed a signifi-
cantly lower BMI compared with our nonburned controls. A
current study in 946 patients, however, just demonstrated that
increasing BMI was significantly associated with insulin re-
sistance (62).

Conclusion

Burn injury encompassing more than 40% of the TBSA leads
to a period of increased hypermetabolism, catabolism, and
marked inflammation accompanied by alterations in insulin sen-
sitivity that persist for up to 3 yr after the initial burn injury.
Although glucose values of our study patients returned to levels
of nonburned children 6 months after injury, these children dis-
played characteristics of impaired insulin sensitivity for up to 3
yr post-burn. We therefore suggest that burned children should
be carefully monitored for the development of diabetes mellitus
for a prolonged time after the recovery from injury because med-
ical intervention may be warranted. Given that metabolic alter-
ations and persistent protein catabolism may result in growth
delay and may be associated with post-burn insulin resistance,
thus significantly contributing to adverse outcome of this patient
population, therapeutic intervention to reverse these metabolic
alterations post-burn may significantly improve the clinical out-
come of this unique patient population.
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