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Abstract
Radiation exposure and burn injury have both been shown to alter glucose utilization in vivo. The
present study was designed to study the effect of burn injury combined with radiation exposure, on
glucose metabolism in mice using [18F] Fluorodeoxyglucose (18FDG). Groups of male mice
weighing approximately 30g were studied. Group 1 was irradiated with a 137Cs source (9 Gy).
Group 2 received full thickness burn injury on 25% total body surface area followed by
resuscitated with saline (2mL, IP). Group 3 received radiation followed 10 minutes later by burn
injury. Group 4 were sham treated controls. After treatment, the mice were fasted for 23 hours and
then injected (IV) with 50 µCi of 18FDG. One hour post injection, the mice were sacrificed and
biodistribution was measured. Positive blood cultures were observed in all groups of animals
compared to the shams. Increased mortality was observed after 6 days in the burn plus radiated
group as compared to the other groups. Radiation and burn treatments separately or in
combination produced major changes in 18FDG uptake by many tissues. In the heart, brown
adipose tissue (BAT) and spleen, radiation plus burn produced a much greater increase (p<0.0001)
in 18FDG accumulation than either treatment separately. All three treatments produced moderate
decreases in 18FDG accumulation (p<0.01) in the brain and gonads. Burn injury, but not
irradiation, increased 18FDG accumulation in skeletal muscle; however the combination of burn
plus radiation decreased 18FDG accumulation in skeletal muscle. This model may be useful for
understanding the effects of burns + irradiation injury on glucose metabolism and in developing
treatments for victims of injuries produced by the combination of burn plus irradiation.

Introduction
The combination of radiation and burn injury occurs when radiation exposure at a dose that
is sufficient to cause injury is combined simultaneously or successively with burn injury (1).
As pointed out by Ran et al (1), this type of combined injury would be common in a
radiation mass casualty event such as a nuclear detonation, nuclear accident or radiological
attack by terrorists. Ham et al demonstrated that X-irradiation caused a depression of the
body's defense mechanism as evidenced in part by the leucopenia that developed which can
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enable more virulent organisms to enter from a burn wound site, and produce a fatal
septicemia (2).

Glucose is a major substrate for phagocyte function and microbial killing by macrophages,
as well as wound healing. All cells in the body use glucose as a primary fuel, especially,
cells in the neuro-endocrine system, immune system and heart muscle. The use of glucose
by organs indirectly reflects their metabolic activity. Glucose is either synthesized by the
liver or comes from exogenous sources and is transported into cells where it is
phosphorylated and further processed. Radiation has been shown to alter glucose utilization
in animal models (3, 4,14,15,16,18). Glucose uptake and utilization can be explored using
the positron emitting tracer (PET) 2-fluoro-2-deoxy-D-glucose (FDG)(5). Previous studies
performed in our laboratory have shown that burn injury alters 18FDG accumulation in mice
(6), rats (7) and rabbits (8) in a variety of tissues including the brain, heart, and brown
adipose tissue. In the present study, we investigated the effect of radiation and burn injury
on glucose utilization in multiple tissues.

Materials and Methods
Mice

Eight- to 10-week-old male CD-1 mice (Charles River Laboratories) were housed with food
and water available ad libitum in a barrier facility that was maintained under specific
pathogen-free conditions. Temperature (70– 72°F), humidity (45–55%), and a 12/12-hour
light/ dark cycle were controlled. Animals were allowed to acclimatize for one week before
experimentation. The mice were kept at constant temperature for the duration of the
experiment including the hour following incubation with 18FDG. All animal studies
described here were approved and performed with strict accordance to the guidelines
established by the Massachusetts General Hospital Animal Care and Use Committee.

Burn Injury
Full thickness 25% total body surface area (TBSA) burn injury was produced as follows.
Briefly, the mice were anesthetized with ether, the dorsums were shaven, the animals were
placed in molds exposing 25 % TBSA and this area was immersed in 90°C water for 9 sec
followed by resuscitation with saline (2 ml). Sham control animals were treated similarly,
except immersion was in room temperature water.

Combined Irradiation and Burn Injury
Mice were exposed to a 9-Gray (Gy) whole-body dose of ionizing radiation by exposure to
a 137Cs source in a Mark I Cesium 137 Irradiator (J.L. Sheperd + Associates, Glendale,
California). This system has been calibrated to produce the dose of radiation exposure based
on geometry and dosimetry by the Massachusetts General Hospital Radiation Safety Office.
The mice were placed in a circular container that held 12 mice, each separated from each
other (Figure 1). The container was turned automatically during radiation exposure to
provide a uniform dose. The dose rate of irradiation was 2.06 Gy per minute. Sham (0 Gy)
irradiated mice were placed into the irradiator for same time but without exposure to the
source. The mice were not anesthetized at any time during the radiation exposure. The sham
animals were handled in the same way in the same device with the radiation not turned on.
Approximately 10 minutes after radiation injury, groups of irradiated or non-irradiated mice
were subjected to burn injury (see above).

Blood Cultures
Four groups of six mice were prepared as described above. None of the cultures reported
here were performed on mice that had died. 24 hours after treatment, each mouse to be

Carter et al. Page 2

J Burn Care Res. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cultured was anesthetized and autopsied immediately. The chest was opened under aseptic
precautions and cardiac blood was aspirated with a sterile capillary pipette. The blood was
inoculated into 5 ml of brain-heart infusion broth and incubated for seven days. The
organisms in the positive cultures, determined by turbidity of the broth, were determined by
standard clinical microbiological techniques.

18FDG Biodistribution
Mice were fasted 23 hrs after radiation and/or burn injury. On the following morning the
animals were injected in the tail vein without anesthesia with 50µCi of 18FDG. 18FDG was
prepared by routine methods (9). Mice were sacrificed after 60 minutes and a complete
biodistribution was measured. All results were expressed as %ID/g (mean ± sem).

Statistical Analysis
The survival data were analyzed by the Log-Rank (Mantel-Cox) method. Statistical analysis
of the biodistribution data was performed by one-way analysis of variance (ANOVA) with a
linear model. Individual means were compared by Duncan’s multiple range test. Differences
with a p-value of less than 0.05 were considered to be statistically significant.

Results
Survival after burn, radiation and burn + irradiation

There were no fatalities in the burn or sham groups of mice (12 in each group) at ten days
after treatment (Figure 2). Irradiated mice began to die after 8 days, with 20% mortality by
10 days. The combination of radiation and burn injury produced increased mortality, with
90% mortality in the combined injury group by day 6 (Figure 2). Statistical analysis by the
Log-Rank (Mantel-Cox) method demonstrated significantly greater 10 day survival in the
sham group or burned group than in the mice irradiated (p < 0.01) or irradiated and burned
(p < 0.001).

Blood Cultures
None of the blood cultures of sham treated animals were positive (0/6). However, the blood
cultures of the mice subjected to burns (2/6), radiation (3/6) or burn + irradiation (6/6) were
positive for microbial growth. The primary microorganism identified was Staphylococcus
aureus.

18FDG Accumulation by various tissues after burn, radiation or burn + irradiation
Heart—Figure 3 illustrates the accumulation of 18FDG in the heart at 24 hrs after radiation
exposure, burn injury or a combination of both treatments. One-way ANOVA demonstrated
a highly significant main effect of treatment on 18FDG accumulation (F3,23 = 10.09, p <
0.0003). Radiation and burn produced small increases in 18FDG accumulation (44.02% and
52.33% respectively, which were statistically significant), whereas radiation plus burn
produced a much greater increase (1,095.44%, p < 0.001) in 18FDG accumulation than
either treatment separately.

BAT—Figure 4 illustrates the accumulation of 18FDG in BAT at 24 hrs after radiation
exposure, burn injury or a combination of both treatments. One-way ANOVA demonstrated
highly significant main effect of treatment on 18FDG accumulation (F3,29 = 23.15, p <
0.00001). Compared with sham treated animals radiation and burn produced increased
accumulation of 18FDG (346.56%; p=NS, and 1,100.94% (p<0.01) respectively). Burn
produced an increase in 18FDG accumulation that was greater than radiation (170.70%,
p<0.05). The combination of radiation exposure and burn injury produced an increase
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in 18FDG accumulation of 2,417.83%, which was greater than either burn or the radiation
exposure separately (p < 0.001).

Spleen—Figure 5 illustrates the accumulation of 18FDG in spleen at 24 hrs after radiation
exposure, burn injury or a combination of both treatments. One-way ANOVA demonstrated
a highly significant main effect of treatment on 18FDG accumulation (F3,23 = 7.42, p <
0.002). Radiation exposure and burn increased accumulation of 18FDG in the spleen by
26.64% and 27.01% (however the effects were not statistically significant). Radiation
exposure was associated with greater 18FDG accumulation than burn; (p<0.05). The
combination of radiation exposure and burn produced an increase in 18FDG accumulation
that was greater than burn (p<0.001) or sham treatment (p<0.01).

Brain—Figure 6 illustrates the accumulation of 18FDG in brain at 24 hrs after radiation
exposure, burn injury or a combination of both treatments. One-way ANOVA demonstrated
a highly significant main effect of treatment on 18FDG accumulation (F3,23 = 13.40, p <
0.0001). Radiation exposure, burn and the combination of treatments produced significant
(p<0.001) reductions in 18FDG accumulation (39.55%, 48.57% and 47.71% respectively).
The effects of irradiation, burn and radiation plus burn were not significantly different.
Therefore, the combined burn + irradiation did not have additional effects compared with
the individual treatments. Both insults might affect brain glucose metabolism through the
same pathway. If this pathway is impaired by irradiation, burn injury had no additional
effect.

Gonads—Figure 7 illustrates the accumulation of 18FDG in the gonads at 24 hrs after
radiation exposure, burn injury or a combination of both treatments. One-way ANOVA
demonstrated a highly significant main effect of treatment on 18FDG accumulation (F3,23 =
5.76, p < 0.0005). Radiation exposure, burn and the combination of treatments produced
significant reductions in 18FDG accumulation; 39.27% (p<0.01), 33.09% (p<0.05) and
46.20%; (p<0.01) respectively) compared to the shams. The effects of irradiation, burn and
radiation plus burn were not significantly different compared to each other.

Skeletal Muscle—Figure 8 illustrates the accumulation of 18FDG in skeletal muscle at 24
hrs after radiation exposure, burn injury or a combination of both treatments. One-way
ANOVA demonstrated highly significant main effect of treatment on 18FDG accumulation
(F3,23 = 8.42, P < 0.0001). Burn injury stimulated the accumulation of 18FDG (+ 78.27%, p
< 0.001). Compared with burn alone radiation exposure and burn plus radiation
reduced 18FDG accumulation by 22.14% and 46.15% respectively (p<0.01). Radiation had
no additional effect on skeletal muscle glucose metabolism in burn + radiation 24h after
burn.

DISCUSSION
The present study was inspired by investigations in our laboratory that were aimed at
determining the role of bone marrow stem cells in cutaneous burn wound healing. The
approach was to use a well established technique for eliminating resident bone marrow stem
cells in mice and replacing them by intravenous injection of bone marrow cells from donor
mice. The initial studies employed SKH-1 hairless mice that were irradiated and injected
with bone marrow cells from green fluorescent mice so that the bone marrow cells could be
tracked in vivo by imaging. The standard protocol was to irradiate the mice, inject the bone
marrow cells, and wait approximately 3 weeks before subjecting the animals to burn injury.
In the course of these studies, we observed that the combination of irradiation followed by
burn injury dramatically increased mortality. The radiation dose used in these studies
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produced no lethality during the first 6 days in un-burned mice, in agreement with a
previous report (10). The present study expanded upon these observations and focused on
changes in glucose metabolism in a variety of tissues using 18FDG at one day after radiation
and burn injury when no changes in survival were observed.

Palmer et al have examined the effect of combined radiation and burn injury in mice (11).
Mice were subjected to a single dose of 0, 2, 4, 5, 6, or 9 Gray (Gy) followed by a 15%
TBSA scald burn. These authors found that all mice receiving <4 Gy of radiation with burn
survived the combined injury. However, they found that higher doses of radiation (5, 6, and
9 Gy) followed by scald injury were associated with a dose-dependent increase in mortality
(34, 67, and 100%, respectively). In addition, they observed (11) a decrease in circulating
white blood cells in burned, irradiated, and combined injury (5 Gy and burn) mice by 48
hours post-injury compared with sham controls (49.7, 11.6, and 57.3%, respectively). The
authors also found that circulating interleukin- 6 and tumor necrosis factor-α were increased
by combined injury at 48 hours post-injury compared with the other treatment groups.

In the current study, we observed that the combination of burn injury plus previous (9 Gy)
radiation exposure dramatically increased mortality. This was associated with an increased
incidence in bacteremia especially in the mice subjected to both burn and radiation injury.
Formation of superoxide anion (O2

−) after ionizing radiation is one of the major
determinants of lethality of whole-body radiation exposure (12). Burn injury has also been
shown to increase free radical formation, including superoxide anion (13), which results in
an activation of superoxide dismutase (14). Abdel-Mageed et al (10) demonstrated that
intravenous administration of mesenchymal stem cells genetically modified with
extracellular super oxide dismutase (to eliminate increased superoxide formation) improved
survival in irradiated mice. The increased mortality in the burn + radiation group may be
related to the increased production of O2

− by the combined injury and the inability of the
burn + radiation group to effectively dispose of this toxic material.

Previous investigations have evaluated the effect of radiation on glucose utilization.
Cividalli studied the effect of gamma irradiation on glucose utilization of human
erythrocytes (15) and found that exposure of red blood cells to gamma radiation did not alter
glucose utilization but did increase potassium release by the cells. Sedlakova et al (16)
studied the conversion of U-14C-glucose to total lipids, fatty acids and triglyceride glycerol
in epididymal adipose tissue of rats X-irradiated with a single whole body dose of 14.4 Gy.
In adipose tissue of the irradiated rats, incorporation of 14C-glucose into all the lipid
fractions was raised throughout the time of observation (300–600% of the control value). Jo
et al (17) exposed two-month-old C57BL/6 mice to whole-body radiation at a single dose (5
gray [Gy]) and found that the mRNA levels of glucose transporter 4 (GLUT4) in gonadal
white fat was lower in the gamma-irradiated groups vs. un-irradiated animals.

In the current study, we found that radiation plus burn injury stimulated 18FDG
accumulation in the heart to a greater degree than either treatment separately. This may
reflect a greater stress response at the cardiac level with the combined injury, which plays a
role in the increased mortality. This may reflect an increased burden to cardiac function
because of the acute hemodynamic disturbance caused by thermal injury leading to a
significant change of glucose uptake by the heart muscle in combined irradiation and burn
injury.

The combination of burn plus radiation both produced a decrease in 18FDG accumulation in
the brain. Kesner et al reported that exposure of mice to 12 Gy to one half of the body
resulted in decreased 18FDG accumulation in the brain (18). d’Avella et al (19) used
[14C]-2-deoxy-D-glucose autoradiography to study the effect of whole-brain x-radiation on
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local cerebral glucose utilization in the rat brain. In comparison with control and sham-
irradiated animals, cerebral metabolic activity was diffusely decreased after irradiation.
Statistically significant decreases in metabolic activity were observed in 13 of 27 brain
regions studied. In general, the brain areas with the highest basal metabolic rates showed the
greatest percentage of decrease in glucose utilization.

In the current study, either burn, irradiation or burn + irradiation showed a decrease
in 18FDG uptake by the gonads. The reduced glucose uptake to certain extent reflects the
reduced metabolic activity in the tissue. It has been reported that the gonad hormone
secretion was significantly reduced in acute response to critical illness(20). These
adaptations in the acute phase are considered to be beneficial for short-term survival.

Our present study also demonstrated that radiation and radiation + burn produced
significantly greater increases in 18FDG uptake than the shams. Glucose is the major fuel for
macrophages. Hence, the increased 18FDG uptake in these groups may represent the attempt
of the mice to compensate for development of life threatening sepsis. This interpretation is
supported by the survival data, where we found that the radiation or the combination of
radiation + burn produced significant mortality, while burn injury alone did not have any
effect on survival.

In the current study, the combination of burn plus radiation produced greater 18FDG
accumulation by BAT compared with either treatment separately. The lateral hypothalamic
area of the brain is involved in several aspects of autonomic regulation, including
thermoregulation and energy expenditure. The mechanism(s) for activation of BAT
thermogenesis are assumed to be via the sympathetic nervous system (21). Burn injury
elevates epinephrine and norepinephrine levels (22) and gamma radiation has been shown to
alter the release of norepinephrine in the hippocampus (23). Hence, the changes in 18FDG
accumulation by BAT produced by burn plus radiation injury may be related to combined
effects of these treatments on catecholamine levels.

The primary hypothesis of our study was that radiation exposure complicates the effects
traumas such as burn injury, including survival. This is based in part, on data following the
bombing of Hiroshima and Nagasaki, where thermal injury (burns) concurrent with radiation
exposure was observed (1). In early animal models (e.g. rat, guinea pig, mice), radiation
exposure was shown to dramatically increase mortality, in part due to the effect of the
irradiation on host defense mechanism(s) including suppression of bone marrow precursors.
This phenomenon led to the development of bone marrow stem cell therapies to rescue
irradiated animals and the subsequent clinical approaches to treating conditions such as
leukemia and radiation exposure (24).

In previous studies it was demonstrated that in animals exposed to both radiation and
cutaneous wound injuries, there is increased susceptibility to infection, delayed wound
healing and decreased survival time (25,26,27). Kiang et al (26) suggested that there is
enhancement of iNOS protein in the skin and ileum of mice subjected to the combination of
radiation and wound injury as compared with either treatment separately. We have
previously demonstrated that burn injury elevates nitric oxide and iNOS enzymatic activity
in rats subjected to burn injury (28). Hence, the increased mortality observed in irradiated +
burned mice may be related to increased free radical production, including nitric oxide,
produced by the combined treatment.

In summary, our results demonstrate that the combination of radiation exposure plus burn
injury produce a significant reduction in survival after 6 days and in 18FDG accumulation by
several tissues at 24 hrs after the treatment. The alterations of glucose utilization by various
tissues and organs may reflect, at least in part, acute immediate responses to the insults of
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burn injury, irradiation injury and combined burn + irradiation. The data suggest that both
burn and irradiation independently caused significant stress to metabolic alterations in major
organs of the host; burn injury to a host suffering from radiation injury caused a more severe
stress response. Using PET, this model may be useful in providing a better understanding of
the effects of burns + radiation injury on glucose metabolism and for developing treatments
for victims of injuries produced by the combination of burn plus radiation exposure.
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Figure 1. Device for holding mice for radiation exposure
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Figure 2. Percent (%) Survival in Radiation and Burn Treated Mice
Groups of 12 mice were subjected to sham, burn, radiation or combined burn and radiation
injury as described in the methods section. The survival was recorded for each group. * p <
0.01 sham, irradiated or burned mice vs burn plus irradiated mice; ** p < 0.01 burn plus
irradiated mice vs. all other groups, sham, burned mice or irradiated mice.
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Figure 3. Effect of radiation and burn injury on 18FDG Accumulation in the heart
The mice were treated as described in methods. There were six mice in each group. Values
are expressed as % Injected Dose per gram tissue, mean ± SEM. *p< 0.001 burned or
irradiated mice vs. sham controls; **p<0.0001 mice with burn plus irradiation vs. sham
controls, burned mice and irradiated mice.
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Figure 4. Effect of radiation and burn injury on 18FDG Accumulation in the brown adipose
tissue (BAT)
The mice were treated as described in methods. There were six mice in each group. Values
are expressed as % Injected Dose per gram tissue, mean ± SEM. **p< 0.01 vs. all other
groups. +p <0.05 vs. irradiated mice; ++p<0.01 vs. shams.
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Figure 5. Effect of radiation and burn injury on 18FDG Accumulation in the spleen
The mice were treated as described in methods. There were six mice in each group. Values
are expressed as % Injected Dose per gram tissue, mean ± SEM. **p< 0.001 vs. burn alone;
*p<0.05 vs. burn alone; + p<0.01 vs. sham.
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Figure 6. Effect of radiation and burn injury on 18FDG Accumulation in the brain
The mice were treated as described in methods. There were six mice in each group. Values
are expressed as % Injected Dose per gram tissue, mean ± SEM. ++p< 0.001 vs. all other
groups.
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Figure 7. Effect of radiation and burn injury on 18FDG Accumulation in the gonads
The mice were treated as described in methods. There were six mice in each group. Values
are expressed as % Injected Dose per gram tissue, mean ± SEM. **p< 0.01 vs. sham;
*p<0.05 vs. sham.
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Figure 8. Effect of radiation and burn injury on 18FDG Accumulation in skeletal muscle
The mice were treated as described in methods. There were six mice in each group. Values
are expressed as % Injected Dose per gram tissue, mean ± SEM. *p< 0.01 vs. sham; +p<0.01
vs. burn.
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