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Effect of simvastatin on burn-induced alterations in
tissue specific glucose metabolism: Implications
for burn associated insulin resistance
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Abstract. In addition to their primary role in lowering plasma
cholesterol, statins have a variety of other actions. We
studied the effect of simvastatin treatment on burn injury-
induced changes in regional glucose metabolism. Groups of
six CD-1 mice (male, ~25 g) were subjected to full thickness
30% total body surface area (TBSA) burn injury. The
animals were treated with simvastatin at various doses (0.02,
0.2 and 2.0 ug/kg, i.p.) for seven days. The following morning,
mice were injected with '®F labeled 2-fluoro-2-deoxy-D-
glucose ('8FDG) (50 pCi) via the tail vein. Approximately
60 min after tracer injection, the animals were sacrificed and
biodistribution was measured. A sub-set of burned mice with
and without statin treatment and sham controls was injected
with ~1.0 mCi of FDG and tracer distribution was evaluated
by uPET. In addition, oral glucose tolerance tests (OGTT)
were performed in other groups of burned mice with and
without statin treatment and sham controls. In the heart and
brown adipose tissue (BAT), burn injury produced a highly
significant increase in '"®FDG accumulation (p<0.01), whereas
tracer accumulation in brain was markedly reduced (p<0.01).
In the heart and BAT, simvastatin treatment produced dose-
dependent reductions in ®FDG accumulation. In contrast,
simvastatin did not affect ¥)FDG accumulation in the brain.
There was no effect of simvastatin treatment on *FDG
accumulation in the heart, BAT or brain of sham-treated
mice. Less pronounced effects were detected in other tissues
that were studied. All animals had normal plasma glucose
levels (~90 mg/dl). The OGTTSs demonstrated insulin resistance
in burn injured mice which was reversed by statin treatment.
Our results indicate that simvastatin reverses burn-induced
increases in "FDG accumulation by the heart and BAT in a
dose-dependent manner but does not affect burn-induced
reductions of 'SFDG accumulation by the brain. These findings
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suggest that statins exert some of their effects by tissue specific
modulation of glucose metabolism.

Introduction

Over the past several years, we have performed numerous
studies of whole body and organ glucose metabolism with
8F labeled 2-fluoro-2-deoxy-D-glucose ("*FDG) in rodent
models (mice and rats) of burn injury. Among the most
common and striking findings of these studies, were alterations
of glucose metabolism in the brain and heart (1-5). In the case
of the brain, these studies demonstrated a consistent and
marked reduction in 'FDG uptake throughout the brain.
Since burn injury is associated with insulin resistance and
hyperglycemia, this finding could, at least in part, be due to
competition of endogenous glucose with "FDG for brain
uptake. However, when the raw uptake data from these studies
were corrected for glucose levels, the finding of reduced
central nervous system (CNS) metabolism persisted. These
results are surprising, since glucose is the primary substrate
for CNS energy metabolism and CNS uptake of glucose is
maintained in most pathophysiological states.

In contrast to the brain, "*FDG uptake in the myocardium
was markedly increased after burn injury. When myocardial
uptake of ®FDG was corrected for the existing hyperglycemia
associated with burn injury, the effect of the burn injury
became even more profound. Clearly, these alterations in
glucose metabolism in the brain and heart could be contributing
factors in the increase mortality of septic animals with or
without burn injury.

In addition to their primary role in lowering plasma
cholesterol, statins have a variety of other actions. Statin pre-
treatment has been shown to protect mice against sepsis-related
death (6) and this protection appears to be associated in part,
with an attenuation of pro-inflammatory cytokine production,
specifically IL-6 and TNF. Dobesh et al (7) demonstrated
that use of statins in patients prior to the development of
severe sepsis appears to produce a significant reduction in
mortality compared with patients that were not receiving
statins. In addition, it has been reported by Fogerty et al that
treatment with statins prior to injury significantly decreased
mortality and showed a trend toward reduced septic shock in
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a retrospective study of 223 elderly burn patients (8). Recently,
we demonstrated that mortality produced by sepsis in mice
with burn injury or by lipopolysaccharide challenge is greatly
attenuated by simvastatin treatment (9,10). However, the
effects of statin treatment on the metabolic derangements and
insulin resistance after burn injury or sepsis are unknown. In
the present investigation, we studied the effect of simvastatin
treatment on burn injury induced changes in regional glucose
metabolism.

Materials and methods

Burn injury model. Male CD-1 mice weighing 25-28 g were
purchased from Charles River Breeding Laboratories, Boston,
MA. Full-thickness, non-lethal thermal injury [30% total body
surface area (TBSA)] was produced, as described previously
(11) using a protocol approved by the Subcommittee on
Research Animal Care of the Massachusetts General Hospital.
Briefly, mice were anesthetized with ether and their backs
were shaved with animal hair clippers. Under ether anesthesia,
they were placed in molds exposing 30% TBSA followed by
emersion of the exposed area in a water bath at 90°C for 9 sec.
The animals were immediately resuscitated with saline
(15 ml/kg) by intraperitoneal injection. Sham control animals
were treated similarly, except immersion was in room temp-
erature water. After the procedures, the animals were caged
individually and food and water were provided ab libitum.

Measurement of 'SFDG uptake in tissues of mice with burn
injury. In preliminary studies, groups of six animals with
burn injury were fasted overnight before tracer injection. The
following morning, mice were injected with ®FDG (50 uCi)
via the tail vein. Approximately 60 min after tracer injection,
animals were sacrificed by cervical dislocation and complete
biodistribution was measured. Radioactivity in aliquots of the
injected was measured in parallel with tissue samples and
results were calculated as the percentage of the injected dose
per gram wet weight of tissue (% ID/g). All results were
expressed as means + SEM. Blood glucose levels were
measured with a Contour glucometer (Bayer Inc.).

Effect of simvastatin treatment on regional glucose metabolism.
Simvastatin (Merck Biosciences, Inc.) was dissolved in ethanol
at a concentration of 10 mg/ml and diluted with normal saline
to yield a final concentration of 10 xg/ml. The placebo
contained only ethanol in saline. The mice were injected with
simvastatin i.p. for seven days at doses of 0 (placebo), 0.02,
0.2 and 2.0 ug/kg.

On day seven after burn injury, when animals were
presumed to be insulin resistant (12), the mice were fasted
overnight. The following morning, mice were injected with
BEDG (50 pCi) via the tail vein. Approximately 60 min after
tracer injection, animals were sacrificed by cervical dislocation
and complete biodistribution was measured as described
above. The results were calculated as % ID/g. All results were
expressed as means + SEM. A sub-set burned and sham-
control animals was injected with a larger dose of '®FDG
(~1.0 mCi) and tracer distribution was evaluated by #PET.

MPET imaging. To further evaluate the glucose metabolism in
major organs, Positron Emission Tomography (PET) was
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Figure 1. Kinetic model for '|FDG-PET. When "FDG is injected, it is tran-
sported from plasma into cells according to the rate constant K, transported
back into plasma with the rate constant k,, phosphorylated with a rate constant
k; and dephosphorylated with a rate constant k,.

conducted in a sub-set of the animals described above; sham
controls and burned mice with or without treatment with
simvastatin at a dose of 0.2 ug/kg (n=3 each). For these studies
a larger dose of '8 FDG (~1.0 mCi) was injected.

Imaging was performed with a Concord P4 micro-PET
device. Primary imaging characteristics of the P4 camera
are average intrinsic spatial resolution of 1.75 FWHM,
63 contiguous slices of 1.21 mm separation and a sensitivity
of 1.43% for the 350-650 Kev energy window (13).

BFEDG for measuring glucose metabolism, was injected
~1 h before image acquisition. Acquisition was performed for
10 min. The list mode data re-binned to a single sinogram
and reconstructed using a filtered back projection (FBP)
algorithm using a ramp filter with a cut-off of 0.5. In all
animals, the region from the head to the base of the tail was
included in the 7.9 cm field of view of the camera. Data for
attenuation correction was measured with a rotating point
source containing >’Co. All projection data were corrected for
non-uniformity of detector response, dead time, random
coincidences, and scattered radiation. Regions of interest
(ROIs) were drawn over selected tissues and activity was
measured in nCi/ml.

When '8FDG is injected, it is transported from plasma into
cells according to the rate constant K, transported back into
plasma with the rate constant k,, phosphorylated with a rate
constant k; and dephosphorylated with a rate constant k.
Since, ¥FDG-POs4 cannot proceed further in glycolysis or be
used for glycogen synthesis, tracer accumulation reflects
glucose utilization. The transport and metabolism of ¥FDG is
summarized by the kinetic model in Fig. 1.

Oral glucose tolerance tests. These studies were performed on
mice with burn injury, sham controls and burn-injured mice
treated with simvastatin. On the day of the experiments, food
was removed 10 h prior to administration of a 2 g/kg-glucose
solution via gavage. Glucose levels were measured on serial
whole blood samples acquired over 2 h with a Contour
glucometer (Bayer Inc.). Areas under the plasma glucose
curves (AUCs) were calculated using the trapazoidal rule.

Statistical analysis. Statistical analysis was performed by one
or two-way analysis of variance (ANOVA). Individual means
were compared by Duncan's multiple range test. Differences
with a p-value of <0.05 were considered statistically significant.

Results

Fig. 2, illustrates the pattern of ¥FDG uptake in the brain and
heart of sham-treated and burned mice at 24 and 168 h after
injury. Two-way ANOVA demonstrated highly significant
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Figure 2. ®FDG uptake in the brain and heart of sham-treated and burned mice
at 24 and 168 h after injury. Each value is the mean = SEM for 6 animals.
p<0.01 vs. sham group, “p<0.001 vs. sham group, ““p<0.001 vs. sham and
24 h groups.

effects of treatment, F,3,=110.49, p<0.0001 and tissue by
treatment interaction, F,;5=38.85, p<0.0001. In the brain,
there was a monotonic decrease in tracer uptake over the
time-course after injury. Tracer uptake was decreased by
38% compared with sham-treated control animals at 24 h
after injury (p<0.01) and decreased further by 52% compared
with sham-treated control animals at 168 h after injury
(p<0.001). In contrast, cardiac uptake of *FDG demonstrated a
monotonic increase over the time course after injury. Tracer
uptake was increased by 246% compared with sham-treated
control animals at 24 h after injury (p<0.001) and increased
further by 315% compared with sham-treated control animals
at 168 h after injury (p<0.001 vs. sham, p<0.001 vs. 24 h).

In addition to the tracer studies, observation of the behavior
of the animals revealed signs consistent with cerebral dys-
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Figure 3. 'FDG uptake in brain, heart, BAT and WAT of burn injured mice,
sham controls and burn injured mice treated with placebo or simvastatin at
doses of 0.02 (Statin-L), 0.2 (Statin-I) and 2.0 (Statin-H) ug/g. Each value is
the mean + SEM for 6 animals. Heart, “p<0.01 vs. sham; "p<0.05 vs. burn
alone; Brain, *p<0.01 vs. sham; BAT, "“p<0.001 vs. sham, *p<0.05 vs burn
alone, p<0.05 vs. simvastatin at 0.02 pg/g.

function during the first 24 h after injury, including: lethargy,
difficulty in righting after turning over, and disorientation in
movement in the cage.

The pattern of '8FDG uptake in the brain, heart, BAT and
WAT of mice treated with placebo and 3 doses of simvastatin
at 24 h after burn injury and sham-treated controls is
illustrated in Fig. 3. Two-way ANOVA demonstrated highly
significant main effects of treatment, F, ,,,=18.11; p<0.0001,
tissue Fj; ;00=123.67, p<0.0001 and tissue by treatment
interaction, F,, ,0=15.57, p<0.0001. Burn injury produced
significant increases in '®FDG uptake by heart (p<0.01) and
BAT (p<0.001) and a significant decrease in uptake by brain
(p<0.01). In both heart and BAT, simvastatin treatment
produced progressive and dose-dependent decreases in
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Figure 4. Representative '*FDG pPET images of a sham control mouse, a mouse with burn injury and a burn injured mouse treated with simvastatin at a dose

of 0.2 ug/g.
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Figure 5. Oral glucose tolerance tests from burn-injured mice, sham controls
and burn-injured mice treated with simvastatin at a dose of 0.02 and 0.2 ug/g.
Each value is the mean + SEM for 6 animals. “p<0.05, burn vs. sham and burn
vs. burn + statin; *p=NS, burn + statin vs sham; “p<0.01, burn + statin vs. sham.

tracer uptake. In BAT, uptake was significantly reduced by
simvastatin at 0.2 ug/g compared to burn alone (p<0.05) and
by simvastatin at 0.2 and 2 ug/g compared to simvastatin at
0.02 pug/g (p<0.01). In contrast, tracer uptake in brain was not
affected by simvastatin treatment. Burn injury with or without
simvastatin had no effect on ¥FDG uptake by WAT. Minor
non-statistically significant effects of simvastatin treatment
were detected in the other tissues that were sampled. There
were no effects of simvastatin treatment on any tissues of
sham-treated control animals (data not shown).

Fig. 4 illustrates representative '*FDG uPET images of a
sham control mouse (left), a mouse with burn injury (middle)
and a burn injured mouse treated with simvastatin at a dose of
0.2 pug/g (right). After injury there was intense tracer uptake
in BAT that was associated with significant reductions in
uptake by all other tissues, including the brain. After treatment
with simvastatin, '8FDG uptake in BAT returned toward the
level observed in sham-treated mice and uptake in the brain
was partially normalized (Fig. 3). Similar results were observed
in all animals that were studied.

The results of oral glucose tolerance tests performed in
burn-injured mice, sham controls and burn-injured mice treated
with simvastatin at a dose of 0.2 ug/g are illustrated in Fig. 5.
Two-way ANOVA demonstrated highly significant effects of
treatment, F, ;,,=56.33; p<0.0001, time Fe.16s=33.39; p<0.0001
and treatment by time interaction, F, ;4,=1.89; p<0.05. At the
first time point, blood glucose levels were higher in burned
mice compared with sham-treated controls (p<0.005) but
levels in the burn and burn + simvastatin groups were not
significantly different. At 5 min, glucose levels increased in
all 3 groups of mice (burned vs. sham; p<0.02, burned vs.
burned + simvastatin and burned + simvastatin vs. sham;
p=NS). At 10 min, glucose levels increased further in all 3
groups (burned vs. sham, p<0.02; burned vs. burned +
simvastatin, p<0.02; burned + simvastatin vs. sham, p=NS).
At 15 min there was a further increase in glucose levels
(burned vs. sham, p<0.005; burned vs. burned + simvastatin,
p<0.02; burned + simvastatin vs. sham, p=NS). At 30 min
there was a slightly further increase in glucose levels (burned
vs. sham, p<0.05; burned vs. burned + simvastatin, p<0.02;
burned + simvastatin vs. sham, p=NS). Peak glucose levels
appeared to be achieved in all groups of mice between 15 and

BONARB et al: STATINS AND BURN-INDUCED ALTERATIONS IN GLUCOSE METABOLISM

1500

L ok
E *
1
2 1000
4
i T
500 i """
SHAM BURN BURN+STATIN  BURN+STATIN
{Low Dose) (High Dose)

Figure 6: Glucose AUCs from oral glucose tolerance tests in burn injured
mice, sham controls and burn injured mice treated with simvastatin at a
doses of 0.2 pg/g. Each value is the mean + SEM for 6 animals. ‘p<0.01 vs.
burn group, “p<0.001 vs. sham group; *p=NS vs. sham group.

30 min. At 60 min glucose levels decreased in all groups
(burned vs. sham; p<0.05, burned vs. burned + simvastatin;
p<0.02, burned + simvastatin vs. sham; p=NS). At the final
time of measurement, glucose levels continued to decrease
and the differences among all groups was statistically
significant; most probably due to the low variance of the
measurements at this time point (burned vs. sham, p<0.005;
burned vs. burned + simvastatin, p<0.02; burned + simvastatin
vs. sham, p<0.005).

An additional group of 5 mice with burn injury that were
studied with a lower dose of simvastatin (0.02 pg/kg) yielded
a similar but less pronounced effect. For the purpose of clarity,
these results were not included in Fig. 5.

AUCG:s for the curves in Fig. 5, including the results of the
low-dose simvastatin study, are illustrated in Fig. 6. One-way
ANOVA revealed a highly significant main effect of treatment,
F;36=8.10; p<0.0005. These data indicate that the AUC for
the burned mice was significantly higher than for the sham
controls (p<0.005) and the AUC for the burn + higher dose
simvastatin group was significantly lower than the burn group
(p<0.01). The AUC for the burn + lower dose simvastatin
group tended to show a modest reduction compared to the burn
group, however, the difference was not statistically significant
(p=0.12). The AUCs for both simvastatin groups were not
significantly different from the sham controls or each other.

Discussion

Statins were originally designed to inhibit production of
cholesterol by the liver. However, subsequent to their
introduction into clinical practice several additional actions
have been identified. For example, statins have been shown
to have a protective effect in patients with severe sepsis, as
demonstrated by a significant reduction in mortality compared
with patients not receiving statins (7) and in burned mice
subjected to cecal ligation and puncture (9).

The present study clearly demonstrated the effects of
statins in reducing burn injury induced alterations in glucose
metabolism by brain, heart and BAT and their effect on
improving glucose tolerance. It is not immediately clear why
statins should also be involved in the correction of burn
induced insulin resistance as evidenced by changes we
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observed in oral glucose tolerance tests, or the reduction in
burn-induced stimulation of "*FDG uptake by heart and BAT.

Severely burned and other critically ill patients exhibit
insulin resistance which complicates their management. We
have demonstrated that burn injury produces insulin resistance
in mice (11), rats (12) and rabbits (unpublished data). These
studies have demonstrated that hepatic production of glucose
becomes resistant to insulin induced reduction in glucose
production. Hence, one possible mechanism for statin mediated
correction of burn induced insulin resistance may be related to
alterations in hepatic glucose production after injury. We have
also demonstrated that burn injury to mice results in increased
phosphorylation of IRS-1 at serine residues, which would
contribute, in part to the burn induced insulin resistance (11).

The effect of statins in ameliorating insulin resistance in
numerous other pathophysiological conditions have been
reported in previous studies of human subjects and animals.

Guclu et al (14) studied the effects of pravastatin on insulin
resistance in patients with metabolic syndrome and impaired
glucose tolerance (IGT), using the Homeostasis Model
Assessment (HOMA) test, insulin sensitivity indices and
glucose half activation time (glucose t,,,). The study population
consisted of 25 women who were diagnosed with metabolic
syndrome. At baseline and 10 weeks after daily oral treatment
with pravastatin (20 mg/day), waist/hip circumference, body
weight, arterial blood pressure, plasma glucose, total
cholesterol, triglyceride, high density lipoprotein (HDL)-
cholesterol, transaminases, glycosylated hemoglobin (A1C)
and insulin levels were measured and HOMA and insulin
tolerance testing was performed after 12 h of fasting. After
treatment with pravastatin, there were significant decreases in
arterial blood pressure and baseline insulin levels. In contrast,
there was an increase in insulin sensitivity and a decrease in
glucose t,,. Related to the improvement in these parameters,
statistically significant decreases were also observed in HOMA,
postprandial and fasting glucose levels and A1C values
(P<0.0001). These authors concluded that pravastatin treatment
may be an effective approach for treating insulin resistance.

Lalli et al (15) examined the effect of lovastatin on
insulin sensitivity and signaling in the liver and muscle of
rats maintained on a high-fat diet (HFD) for 4 weeks. Their
results indicated that lovastatin treatment resulted in a marked
improvement in insulin sensitivity characterized by an increase
in glucose disappearance rate during insulin tolerance tests.
This increase in insulin sensitivity was associated with an
increase in insulin-induced insulin receptor (IR) tyrosine
phosphorylation and a parallel decrease in IR serine phos-
phorylation and association with PTP1B. They also
demonstrated that lovastatin treatment was associated with an
increase in insulin-stimulated insulin receptor substrate (IRS)
phosphatidylinositol 3-kinase/Akt pathway in the liver and
muscle of HFD-fed rats in parallel with a decrease in the
inflammatory pathway (c-jun N-terminal kinase and Ikf kinase
(IKK8)/IkB/NF-kB) related to insulin resistance.

In another investigation, Naples et al (16) studied the effect
of rosuvastatin treatment of insulin resistant hamsters to
determine if this treatment can induce improvements in hepatic
and whole body insulin sensitivity. Treatment with rosuvastatin
at 10 mg/kg/day for 10 days significantly reduced fasting
insulin (-59%) and triglyceride (-50%) levels in fructose-fed
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hamsters (p<0.05). Following an intraperitoneal (i.p.) glucose
challenge, rosuvastatin-treated hamsters exhibited enhanced
glucose clearance compared to untreated hamsters maintained
on the high-fructose diet [area under curve (AUC) = 1,772+223
vs. 2,413+£253 mM min, respectively; p<0.002] with a
significant reduction in 2 h post-challenge glucose (n=5,
p<0.02). Rosuvastatin-treatment also significantly improved
sensitivity to an i.p. insulin challenge (AUC=314+39 vs.
195+22 mM min for rosuvastatin-treated and fructose-fed
hamsters, respectively; p<0.04, n=3). At the molecular level,
significant increases in tyrosine-phosphorylation of the hepatic
insulin receptor and IRS-1 were observed for rosuvastatin-
treated hamsters (+37 and +58%, respectively) compared to
fructose-fed controls following an intravenous (i.v.) bolus of
insulin (p<0.05). Increases in IR and IRS-1 phosphorylation
were also observed in muscle and adipose tissue. Analysis of
hepatic Akt phosphorylation and mass revealed a small
(25%) increase in serine phosphorylation of Akt with no
significant change in Akt mass, although serine-phos-
phorylation and mass of Akt2 were significantly increased
(+32%,p=0.03, and +42%, p=0.01, respectively). Interestingly,
expression of PTP-1B, a key negative regulator of insulin
signaling, showed a non-significant trend toward reduction in
liver and was significantly reduced in adipose tissue (-20 and
-37%, respectively). The authors suggested that statin-treatment
increases whole body and peripheral tissue insulin sensitivity
via improved cellular insulin signal transduction.

Abe et al (17) demonstrated that pravastatin did not
increase plasma adiponectin levels although normal mice
treated with pravastin did show such an increase. Adiponectin
is an insulin sensitizing factor derived from adipocytes. When
obese mice were treated with pravastitin, the increase in
mRNA expression of proinflammatory genes, including
MCPI1 and IL-6 in adipose tissue was attenuated. It was
pointed out that macrophages accumulate in adipose tissue
with increased body weight and the levels of these cells
correlated with measures of insulin resistance. Since
macrophages in adipose tissue are the major source of pro-
inflammatory cytokines, there may be a link between
inflammation and insulin resistance, at least in obese mice.
The authors suggested that it may be the anti-inflammatory
effect of statin treatment that helps reduce insulin resistance
in this model.

Inflammatory activity in fat tissue has recently been
implicated in the mechanism(s) of insulin resistance and
obesity-related metabolic dysfunction. In a recent study,
Vitseva et al (18) biopsied abnormal subcutaneous
abdominal fat from 16 obese subjects (age 39+11 years, BMI
49+14 kg/m?) and studied Toll-like receptors (TLRs) which
are know to play a key role in innate immune responses and
are involved in the mechanisms of inflammation. Their
findings demonstrated that TLRs are inducible in adipose
tissue and are linked with downstream NF-kB activation and
cytokine release. They also suggested that adipose stores play
a dynamic role in the regulation of inflammation and innate
immunity in human subjects via modulation of the TLR/NF-xB
regulatory pathway.

In vitro studies have demonstrated that statins are able to
decrease the activation of NF-kB by increasing the expression
of the NF-kB inhibitory protein IkB, resulting in reduced
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cytokine production (19) and therefore, for example, reduced
iNOS expression and iNOS-mediated NO production (20).
Very recently we observed that burn injury to mice leads to
activation of NF-xB transcription in BAT in two different
transgenic models (unpublished data). In this study, statin
treatment reduced burn-induced stimulation of NF-«xB
activation in BAT, as measured by luciferase activity. Whether
the reduction in burn-induced changes in glucose tolerance and
NF-«B expression produced by statin treatment are related to a
suppression of inflammation by statin was not determined.
Clearly, these issues require further investigation.
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