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Insulin Alleviates Posttrauma Cardiac Dysfunction by Inhibiting Tumor Necrosis
Factor-a-Mediated Reactive Oxygen Species Production

Yafei Feng, MD ", Yi Liu, MD ", Dexin Wang, MD ?*, Xing Zhang, MD !, Wenchong Liu, MD !, Feng Fu, MD !, Ling
Dong, MD, PhD !, Haifeng Zhang, MD, PhD !, Jia Li, MD, PhD !, and Feng Gao, MD, PhD !

"Department of Physiology, School of Basic Medical Sciences, Fourth Military Medical University, Xi’an, China;
2 Department of Cardiology, Xijing Hospital, Fourth Military Medical University, Xi’an, China.

Objective: Clinical evidence indicates that intensive insulin treatment prevents the incidence of
multiple organ failures in surgical operation and severe trauma, but the mechanisms involved remain
elusive. This study was designed to test the hypothesis that insulin may exert anti-inflammatory and
antioxidative effects and thus alleviate cardiac dysfunction after trauma.

Design: Prospective, randomized experimental study.

Setting: Animal research laboratory.

Subjects: Sprague Dawley rats.

Interventions: Anesthetized rats were subjected to 200 revolutions at a rate of 35 rpm in Noble-Collip
drum to induce a nonlethal mechanical trauma and were randomized to receive vehicle, insulin and
insulin + wortmannin treatments.An in vitro study was performed on cultured cardiomyocytes
subjected to sham-traumatic serum (SS), traumatic serum (TS), SS + tumor necrosis factor (TNF)-a, SS
+ H>0», TS + neutralizing anti-TNF-a antibody, or TS + tempol treatments.

Measurements and Main Results: Immediate cardiac dysfunction occurred 0.5 hr after trauma
without significant cardiomyocyte necrosis and apoptosis, while serum TNF-a and cardiac reactive
oxygen species (ROS) production was increased. Importantly, incubation of cardiomyocytes with TS or
SS + TNF-o significantly increased ROS generation together with dampened cardiomyocyte
contractility and Ca®" transient, all of which were rescued by TNF-a antibody. Administration of insulin
inhibited TNF-a and ROS overproduction and alleviated cardiac dysfunction 2 hours after trauma.
Scavenging ROS with tempol also attenuated cardiac dysfunction after trauma, whereas insulin
combined with tempol failed to further improve cardiac functional recovery compared with insulin
treatment alone. Moreover, the aforementioned anti-TNF-a, antioxidative. and cardioprotective effects
afforded by insulin were almost abolished by the phosphatidylinositol 3-kinase inhibitor wortmannin.
Conclusions: These results demonstrate for the first time that mechanical trauma induces a significant
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increase in TNF-a and ROS production, resulting in immediate cardiac dysfunction. Early posttrauma
insulin treatment alleviates cardiac dysfunction by inhibiting TNF-a-mediated ROS production via a
phosphatidylinositol 3-kinase/Akt-dependent mechanism.

Keywords: cardiac dysfunction; cardioprotection; insulin; reactive oxygen species; trauma; tumor

necrosis factor-o

Severe traumatic injury is closely associated
with the onset of systemic inflammatory
response and progressive multiple organ
dysfunctions, which is the leading cause of death
in intensive care units (ICUs). Trauma including
blunt chest, abdominal and pelvic trauma
dramatically increases the risk of myocardial
infarction and often results in cardiac
dysfunction even in the absence of coronary
artery  dissection or direct mechanical
cardiomyocyte injury (1-3). Recently, it is
reported that early death from multiple organ
failure is correlated with a persistent low cardiac
index and the presence of cardiac lesion is
probably related to an increased risk of
perioperative  morbidity (4, 5). Cardiac
dysfunction has been implicated as a marker of
progression to multiple organ failure and death
from septic shock (6). However, the mechanisms
responsible for this trauma-induced cardiac
dysfunction have not been identified.

Tumor necrosis factor (TNF)-a is an
important and potent proinflammatory factor that
causes myocardial injury and cardiac
dysfunction under various pathologic conditions
including endotoxemia, acute heart failure and
trauma (7-9). Recent evidence indicates that
reactive oxygen species (ROS) take the center
stage to orchestrate TNF-a-mediated inflammatory
responses (10) and cardiac dysfunction (11). The
interaction between oxidative stress and TNF-a
expression is reported to be implicated in the
development and progression of cardiac
dysfunction and failure by depressing
mitochondrial function and impairing myocardial
contractility (12). Although Tao et al reported
that trauma-induced apoptotic cardiomyocyte
death contributed to cardiac dysfunction 24
hours after trauma in the isolated perfused heart
(13), the mechanisms underlying immediate
posttraumatic cardiac dysfunction have not been
defined.

In 2001, a landmark clinical study involving
critically ill patients with cardiac surgery,
multiple trauma, and severe burnsshowed that
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intensive insulin therapy significantly reduced
mortality and prevented the incidence of multiple
organ failure (14). Several subsequent clinical
trials have confirmed the clinical benefits of
intensive insulin therapy among critically ill
surgical patients (15, 16). Our previous studies
have demonstrated that insulin, in addition to its
metabolic modulation, exerts an anti-inflammatory
effect in myocardial ischemia/reperfusion (17,
18). However, little is known about the role of
insulin in the cardioprotection against
trauma-induced, TNF-o and ROS-mediated
injury. Therefore, this study was designed to

determine  whether insulin may prevent
posttrauma myocardial injury and preserve
cardiac function and to investigate the

underlying mechanisms.

Materials and Methods

Induction of severe traumatic injury in adult
male rats

The experiments were performed in
accordance with the National Institutes of Health
Guidelines for the Use of Laboratory Animals
and were approved by the Fourth Military
Medical University Committee on Animal Care.
Male SpragueDawley rats (180-220 g) were
anesthetized with sodium pentobarbital (60
mg/kg intraperitoneally) and were placed in a
Noble-Collip drum (200 revolutions at a rate of
35 rpm) to induce a severe nonlethal mechanical
trauma (MT) as previously described (19, 20).
Sodium pentobarbital supplementation was
provided at 10 mg/kg intraperitoneally about 2
hours after trauma to ensure that the rats were
under anesthetic during the entire experiment,
while they were normally active in their cages 12
hours posttrauma. The 24-hours survival rate is
95%. Sham-traumatic rats were subjected to the
same revolution but taped on the inner shelf of
the drum, thus avoiding traumatic injury. A
polyethylene catheter (PE-50) was inserted into
the left ventricular cavity through the right
carotid artery. Mean arterial blood pressure



(MABP), left ventricular systolic pressure
(LVSP), left ventricular end diastolic pressure
(LVEDP), and the maximal positive and
negative values of the instantaneous first
derivative of left ventricular pressure (+dP/dtmax
and —dP/dtmax)were measured during the whole
experiment. Left ventricular developed pressure
(LVDP) was calculated by LVSP minus LVEDP.
Traumatic rats were randomized to receive one
of the following solutions by intravenous
infusion: 1) vehicle (0.9% NaCl, 4 ml/kg/hr, 10
min after trauma); 2) insulin (glucose 250 g/L,
insulin 60 U/L, potassium 80 mmol/L, 4
ml/kg/hr beginning 10 min after trauma) (21); 3)
insulin + wortmannin (a specific inhibitor for
phosphatidylinositol 3-kinase (PI3K), 15 pg/kg,
right before trauma); 4)etanercept (a fusion
protein blocker of TNF-a, peritoneal infusion, 8
mg/kg % 1,2, and 16 hr before trauma) (22); 5)
insulin + etanercept; 6) tempol, asuperoxide
dismutase mimetic (Sigma,St. Louis, MO; 30
mg/kg 5 min before trauma) (23); 7) insulin
+tempol. Blood samples were drawn at 30 min
and 1, 2, and 4 hours after traumatic injury.
Blood glucose was measured by a glucose meter
(Life-Scan, Milpitas, CA).

Determination of myocardial necrosis and
apoptosis

Serum creatine kinase (CK) activity was
determined spectrophotometrically at 340 nm.
Cardiac Troponin [ (cTnl) analysis was
determined by an established immunoassay
(Access 2 Accu Tnl, Beckman Coulter, Fullerton,
CA). Myocardial apoptosis was analyzed by
TUNEL (terminal deoxynucleotidyl transferase
dUTP nick end labeling) assay using an in situ
cell death detection kit (Roche Molecular
Biochemicals, = Mannheim, Germany) as
previously described (17).

Determination of TNF-a and ROS production

Myocardial and serum contents of TNF-a
were measured using enzyme-linked
immunosorbent assay kits (R&D Systems,
Minneapolis, MN). The oxidative fluorescent
dye dihydroethidium (Wako Chemical, Osaka,
Japan) was used to evaluate the spatial
distribution of superoxide throughout the heart as
previously described(24). Myocardial H>O> was
detected by Amplex Red assay (Molecular
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Probes, Invitrogen, Carlsbad, CA) following
manufacturer's instructions.

Measurements of cell shortening, Ca?*
transients, and ROS generation in isolated
cardiomyocytes

Single ventricular cardiac myocytes were
isolated from the hearts of adult male rats by a
standard enzymatic technique, as previously
described (25). Isolated cardiac myocytes were
incubated with one of the following agents for 30
min: 1) sham-traumatic serum (SS); 2) traumatic
serum (TS); 3) SS + TNF-a (50 ng/ml); 4) SS +
H>O, (50 pumol); 5) TS + neutralizing
anti-TNF-a antibody (5 pg/ml); 6) TS + tempol
(10 mmol). Cells were then loaded with the Ca®*
indicator fluo-4/AM (5 uM, Molecular Probes)
for 10 min. For measurement of cellular
contractility, cells were placed in a chamber
perfused with Tyrode solution and electrically
field-stimulated at 1 Hz with 5 ms square pulse
using platinum electrodes (26). Ca?" transients
and cell shortening were recorded with an
inverted confocal microscope (LSM 710, Zeiss,
Germany). Two dimensional (2D) confocal
images were recorded using a 40%1.3 numerical
aperture oil-immersion lens with excitation at
488 nm and emission at > 505 nm.

ROS generation in cells was assessed using
cell permeable ROS-sensitive fluorescentprobe
5-(=6)-chloromethyl-2’,7’-dichlorodihydrofluore
scein diacetate (CM-DCF). Cardiomyocytes
were exposed to different treatments for 30 min
and then were loaded with 5 uM DCF in
Tyrode’s solution for 30 min at 37°C. Cell
fluorescence was immediately measured with an
upright confocal microscope (LSM 700, Zeiss,
Germany).

Western Blotting

Proteins were extracted from freshly
collected heart tissue of rats 2 hours after trauma.
The phosphorylated Akt (pAkt), PI3K and
phosphorylated GSK-3p (pGSK-3[3) were probed
with specific antibodies (Cell Signaling, Santa
Cruz, CA) as reported in our previous study (27).
The pAkt, or pGSK-3 immunoblots, were then
stripped with strip buffer at 50°C for 30 min and
reblotted for total Akt or GSK-3p.

Statistical Analysis
Statistical comparison was made using



analysis of variance followed byBonferroni vs. 4935 + 183 mmHg/s) and -dP/dtmax (2663 £
correction as a post hoc analysis. Data were 198 vs. 3910 + 147 mmHg/s) compared with the
presented as mean = SEM. P values less than sham-traumatic group (all p < 0.01)(Figure 1).
0.05 were considered to be statistically However, no signs of direct mechanical damage
such as pericardial bleeding or contusion were
observed in the hearts of traumatic rats. Neither
serum cTnl production nor CK activity increased
Results in traumatic rats compared with sham-traumatic
rats (both p > 0.05) at 0.5 hour after trauma

significant.

Trauma caused immediate cardiac : 10 :
dysfunction without significant cardiomyocyte (Figure 2A and B). In addition, myocardial
injury apoptosis was not found in both traumatic and

200 sham-traumatic rats (data not shown). All these

The traumatic procedure (i.e.,
data showed that mechanical trauma caused

revolutions at a rate of 35 rpm) used in this study
caused a significant cardiac dysfunction in rats immediate cardiac dysfunction as early as 0.5
as early as 0.5 hour after trauma, as manifested ~ hour after trauma but without significant
by lowered LVDP (105.4 + 4.1 vs. 128.7 £ 2.6  cardiomyocyte necrotic and apoptotic injury,
mmHg), decreased MABP (88.4 + 8.1 vs. 116.3  indicating that trauma may possibly do direct
+ 3.4 mmHg), and reduced +dP/dtm.x (3059 + 75  damage on cardiomyocyte contractility.
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Figure 1. Insulin alleviates trauma-induced cardiac dysfunction in rats. Rats subjected to a nonlethalmechanical
trauma were randomized to receive vehicle, insulin and insulin plus wortmannin treatments. Cardiac function, containing
(A) left ventricular developed pressure (LVDP), (B) mean arterial blood pressure (MABP), (C)maximal positive and (D)
negative values of the instantaneous first derivative of LVP (+dP/dtmax and —dP/dtmax) changes were monitored 0.5 h, 1 h,
2 h, 3 h and 4 h after trauma. Data are presented as mean = SEM, n=6 rats in each group. “p< 0.01 vs. Sham; *p< 0.05,
#ip<0.01 vs. MT+V; "p< 0.05, "*p< 0.01 vs. MT+]. Sham, sham-traumatic; MT, mechanical trauma; V, vehicle; I, insulin;

W, wortmannin.
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Figure 2. Insulin inhibits myocardial necrosis and apoptosis in rats 2hr after trauma. Rats were subjected to
mechanical trauma and myocardial necrosis containing (A) cardiac troponin I (cTnl) and (B) creatine kinase (CK)
activity were measured 0.5 h, 1 h and 2 h after trauma, and (C) myocardial apoptosis was detected 2 h after trauma. Data
are presented as mean = SEM, n=6 rats in each group. "*p< 0.01 vs. Sham; *p< 0.05, #p< 0.01 vs. MT+V; "p< 0.05, *'p<
0.01 vs. MT+I. Sham, sham-traumatic; M T, mechanical trauma; V, vehicle; I, insulin; W, wortmannin.

Trauma induced myocardial TNF-a and ROS
overproduction

Inflammatory cytokines and oxidative stress
are indicated to play roles in cardiac dysfunction,
so both TNF-a and ROS production were
measured in the present study. Compared with
the sham-traumatic group, both serum (12.7 +
0.9 vs. 3.1 £ 0.9 pg/mg protein, p < 0.01) and
cardiac TNF-a production (13.8 + 1.0 vs. 5.7 +
1.1 pg/mg protein, p < 0.01) in the traumatic rats
began to increase as early as 0.5 hour after
trauma, in parallel with significant cardiac
dysfunction, and continued to increase rapidly up
to 2 hours and then slightly from 2 to 4 hours
after trauma (Figure 3). ROS was measured as
H>O> in the hearts of traumatic rats. Compared
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with the sham group (304 £ 4.1 nmol/mg
protein), myocardial H>O» production markedly
increased in traumatic rats at 0.5 hour (77.2 +
14.1 nmol/mg protein, p < 0.01), reaching a peak
at 2 hours (142.4 £ 14.0 nmol/mg protein) after
trauma (Figure 4A). To further determine the
cellular origin of ROS production in traumatic
hearts, superoxide anion generation was detected
by dihydroethidium staining. As shown in Figure
4C, the intensity of  dihydroethidium
fluorescence in cardiac samples of traumatic rats
was markedly higher compared with that in the
sham-traumatic myocardium 2 hours after
trauma. All these dada provided strong in vivo
evidence that TNF-o and ROS overproduction
was induced in the hearts from traumatic rats.
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Figure 3. Insulin inhibits serum and cardiac tumor necrosis factor (TNF)-a overproduction induced by trauma.
(A) Serum and (B) cardiac TNF-o was detected 0.5 h, 1 h, 2 h and 4 h after trauma using enzyme-linked immunosorbent
assay kits.Data are presented as mean + SEM, n=6 rats in each group. “p< 0.01 vs. Sham. #p< 0.01 vs. MT+V; *p<
0.01 vs. MT+I. Sham, sham-traumatic; MT, mechanical trauma; V, vehicle; I, insulin; W, wortmannin.
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Figure 4. Insulin decreases myocardial reactive oxygen species (ROS) generation after trauma. (A) Cardiac H,O,
production was monitored 0.5 h, 1 h, 2 h and 4 h after trauma and (B) was determined in traumatic rats with different
treatments 2 h after trauma using Amplex Red. (C) Dihydroethidium (DHE) fluorescence was detected in the hearts
from traumatic rats 2 h after trauma and images were obtained using fluorescence microscope (x 200
magnification).Data are presented as mean + SEM, n=6 rats in each group. “p< 0.05,”p< 0.01 vs. Sham; *p< 0.05, #p<
0.01 vs. MT+V; "p< 0.05, “p< 0.01 vs. MT+I. Sham, sham-traumatic; MT, mechanical trauma; V, vehicle; I, insulin; E,
etanercept; W, wortmannin.

Trauma-induced TNF-a and ROS production We further tested the hypothesis that
decreased cardiomyocyte contraction and mechanical trauma may directly impair the
Ca?" transients contractile function of cardiomyocytes and
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investigated the roles of TNF-a and ROS. As neutralization of TNF-o with an anti-TNF-a
shown in Figure 5, the addition of TS to cardiac antibody markedly recovered Ca?" transient and
myocytes caused approximately a 50% decrease contractile response in TS-treated cells.
in cardiomyocyte contractility and a 60% Furthermore, addition of H»O» to SS-treated
decrease in Ca®" transient compared with cardiac cardiomyocytes inhibited, whereas elimination

myocytes cultured with SS. However, incubation of ROS with tempol improved, Ca?" transient
of cardiomyocytes with SS supplemented with amplitude and contractile amplitude. These
TNF-a significantly decreased Ca®' transient results indicated that increased TNF-a and ROS
amplitude (2.54 + 0.21 vs. 5.05 £ 0.24 in SS concentration in traumatic animals dampened

group, p < 0.01) and contractile amplitude (3.65 cardiomyocyte  contraction by  inhibiting
+0.32% vs. 7.88 £0.67% in SS group, p < 0.01), intracellular Ca?" transients, which may lead to
both of which were comparable with those seen immediate cardiac dysfunction after trauma.

in cardiomyocytes treated with TS, while
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Figure 5. Tumor necrosis factor (TNF)-a and reactive oxygen species (ROS) overproduction
causedcardiomyocyte depression after trauma. Isolated adult rat cardiomyocytes were loaded with fluo-4 and
incubated with Tyrode’s solution containing the following factors: sham-traumatic serum (SS, 10%), traumatic serum(TS,
10%), SS + TNF-a (50 ng/ml), SS + H202 (50 uM), TS + neutralizing anti-TNF-a antibody (5 pg/ml), TS + tempol (10
mmol) at 37°C for 30 min. (A) Representative images from Linescan confocal images of Ca?" transients in cells. (B and
C) Average results. Ca?* transient amplitude was indexed by AF/Fo (Fo refers to the fluo-4 signal at rest). Data are
presented as mean = SEM, n=30 to 40 cells in each group. “p< 0.01 vs. SS; *p< 0.05, *p< 0.01 vs. TS.

ROS generation in cardiomyocytes was etanercept. As showed in Figure 4, B and C,
mediated by TNF-a etanercept significantly reduced myocardial ROS
To further dissect the causative relationship production as measured by both Amplex Red

between trauma-induced TNF-a and ROS assay (78.6 = 12.0 vs. 142.4 =+ 14.0 nmol/mg
generation, traumatic rats were pretreated with protein, p < 0.05) and dihydroethidium staining
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(3.83 £ 0.40 vs. 6.83 £ 0.60, p < 0.01) 2 hours
after trauma compared with the vehicle-treated
group, suggesting the possibility that myocardial
ROS generation may attribute to trauma-induced
TNF-a production.

To obtain more evidence to support that
traumatic injury activates ROS generation within
cardiomyocytes and trauma-induced ROS
generation is mediated by TNF-o, adult rat
cardiaomyocytes were incubated with SS or TS,
and ROS generation was assessed. As shown in
Figure 6, incubating cardiomyocytes with TS or
exposing cardiomyocytes to SS supplemented
with TNF-o significantly increased DCF
fluorescence intensity compared with SS-treated
cardiomyocytes, which was almost completely
blocked with anti-TNF-a antibody or the ROS
scavenger tempol. Taken together, these data
indicated that ROS generation in cardiomyocytes
was causatively linked to overproduction of
TNF-a induced by trauma.

Early insulin treatment not only alleviated
cardiac dysfunction but also decreased
subsequent myocardial injury after trauma

As shown in Figure 1, compared with the
vehicle-treated group, administration of insulin
immediately following the induction of trauma
tended to alleviate cardiac dysfunction 0.5 hour
after trauma and significantly improved the
recovery of cardiac function as evidenced by
increased LVDP, MABP, +dP/dtm.x and -dP/dtmax
1 hr after trauma and thereafter. Moreover,
insulin  treatment  significantly  blunted
myocardial injury as evidenced by decreased
serum c¢Tnl production, CK activity, and
cardiomyocyte apoptosis 2 hours after trauma
(all p < 0.01) (Figure 2). These results
demonstrated that early insulin treatment not
only alleviated cardiac dysfunction but also
decreased subsequent myocardial injury in
traumatic rats.

In an effort to minimize the side effects
induced by large dose and continuous infusion of
insulin such as hypoglycemia, insulin was
administrated immediately following trauma in
the form of 250 g/L glucose, 60 U/L of insulin
and 80 mmol/L of potassium as our previous
study (27), and blood glucose was monitored.
Among all the different treatment groups
including  sham-traumatic, traumatic, and
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insulin-treated groups, there were no significant
differences in blood glucose at the same time
points (all p > 0.05).

SS+TNF-a SS+H,0,

TS+antiTNF-a TS+tempol

DCF fluorescence unit

Figure 6. Myocardial reactive oxygen species (ROS)
generation is mediated by tumor necrosis factor
(TNF)-a after trauma. ROS levels in isolated
cardiomyocytes were measured by confocal microscopy
after staining with CM-DCF (x 400 magnification). Data
are presented as mean + SEM, n=30-40 cells in each
group. “p< 0.01 vs.sham-traumatic serum (SS); *'p<
0.01 vs.traumatic serum (TS).

Insulin inhibited TNF-o-mediated ROS
production induced by trauma

Since insulin treatment protected the heart
against traumatic injury without lowering the
blood glucose level in traumatic rats, we
hypothesized that insulin therapy may exert
some direct benefits, i.e., anti-inflammatory and
antioxidative effects in addition to its glycemic
control. As shown in Figure 3, early treatment
with insulin tended to decrease serum and
cardiac TNF-a production 0.5 hour after trauma,
and this anti-TNF-a effect was more significant
at 1, 2, and 4 hours. Furthermore, treatment with
insulin also significantly attenuated myocardial
H>O» production (73.2 + 14.1 vs. 142.4 + 14.0
nmol/mg protein, p < 0.05) and reduced
dihydroethidium fluorescence intensity (3.50 +
0.43 vs. 6.83 £ 0.60, p < 0.01) in the rat hearts 2



hours after trauma (Figure 4, B and C). However,
cotreatment with insulin and etanercept failed to
further decrease myocardial ROS production in
traumatic rats compared with insulin treatment
alone (p > 0.05), suggesting that insulin
treatment inhibited TNF-a-mediated ROS
production in the hearts of traumatic rats.

Causal relationship  between  insulin’s
antioxidative and cardioprotective effects

To investigate the cause-effect relationship
between insulin’s antioxidative and
cardioprotective effects in traumatic rats, tempol
was used to scavenge superoxide anions in the
traumatic rats, and cardiac function was
observed 2 hours after trauma, at which LVDP
dropped to the lowest point. Compared with
vehicle-treated traumatic rats, pretreatment with
tempol  significantly  alleviated  cardiac
dysfunction as evidenced by higher LVDP,
increased MABP, and improved +dP/dtmsx and
-dP/dtmax (all p < 0.01) (Figure 7). However, the
combination of insulin with tempol treatment
failed to further improve the recovery of cardiac
function in traumatic rats (p > 0.05) compared
with insulin treatment alone, suggesting that the
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antioxidative property elicited by insulin
contributed, partially at least, to its
cardioprotective effects against traumatic injury.

Insulin inhibited TNF-a and ROS production
via the PI3K/Akt-dependent mechanism

As illustrated in Figure 8, treatment with
insulin caused a two-fold increase in Akt
phosphorylation and a 2.2-fold increase in
GSK-3p phosphorylation, one of the downstream
targets of Akt, in the myocardium 2 hours after
trauma compared with the vehicle-treated group.
Cotreatment with wortmannin, completely
blocked the insulin-induced Akt and GSK-3f
phosphorylation in the myocardium of traumatic
rats. There were no significant differences in
total Akt and GSK-3p expression among all the
groups. More importantly, insulin’s anti-TNF-a
(Figure 3), ROS inhibitory (Figure 4, B and C),
myocardial protective (Figure 2) and cardiac
function improvement actions (Figure 1) were all
abolished by cotreatment with wortmannin.
These results indicated that insulin exerted the
anti-TNF-q, anti-oxidative and cardioprotective
effects through the PI3K/Akt dependent pathway.
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Figure 7. Causal relationship between insulin’s antioxidative and cardioprotective effects. (A) LVDP, (B) MABP,
(C) +dP/dtmax and (D) -dP/dtmax Were measured in traumatic rats with treatment of insulin, tempol or insulin plus tempol
2 h after trauma. Data are presented as mean + SEM, n=6 rats in each group. “p< 0.01 vs. Sham; #p< 0.05, #p< 0.01 vs.
MT+V. Sham, sham-traumatic; M T, mechanical trauma; V, vehicle; I, insulin; T, tempol.
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Figure 8. Expression of PI3K, phosphorylation of Akt and GSK-3p by in vivo insulin treatment and its
modification by wortmannin.Western blot analysis of (A) PI3K, (B) pAkt and (C) pGSK-3p were performed in
myocardium of traumatic rats with different treatments at 2 h after trauma. Data are presented as mean + SEM, n=6 rats
in each group. #p< 0.01 vs. MT+V; *p< 0.01 vs. MT+]. Sham, sham-traumatic; MT, mechanical trauma; V, vehicle; I,

insulin; W, wortmannin.

Discussion

The major findings of the present study are
as follows: first, traumatic injury caused serum
TNF-a and cardiac ROS overproduction as early
as 0.5 hour after trauma, which dampened
cardiomyocyte contractility and Ca?" transients
and resulted in immediate cardiac dysfunction;
second, early insulin treatment not only
alleviated immediate cardiac dysfunction but
also reduced subsequent myocardial necrotic and
apoptotic injury in traumatic rats; finally, our

data has indicated that insulin-afforded
cardioprotection against traumatic injury is
attributed to, partially at least, insulin’s

anti-TNF-o and antioxidative effects via a
PI3K/Akt-mediated mechanism, suggesting the
possible role of insulin as a potent organ
protector in multiple clinical applications.

There is considerable evidence that TNF-a
plays a significant role in the cardiac dysfunction
associated with endotoxemia, chronic heart
failure, and myocardial infarction (28-30). A
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recent study found that administration of TNF-a
to both isolated cardiomyocytes and isolated
whole heart preparations depressed contractile
function (31). In the present study, both serum
and cardiac TNF-a levels elevated immediately
(0.5 hr) after trauma, along with significant
cardiac dysfunction. Our data were supported by
some recent clinical studies that reported an
increase in both serum level of TNF-a (32, 33)
and plasma level of soluble TNF receptor 2 (34)
at an early stage after severe trauma, although
intense inflammatory processes usually occurs
one day after traumatic injury (35).

A variety of in vitro and in vivo trauma
models have shown that TNF-a mediated
apoptosis could be responsible for gradual
cardiac damage (36, 37). Recent studies
suggested a time correlation between the
generation of ROS and appearance of cardiac
dysfunction in acute cardiac damage (38). Our
results indicated that TNF-a may cause an acute
impairment of cardiac dysfunction by immediate



induction of ROS after trauma. This rapid ROS
generation induced by TNF-a may involve
several mechanisms, including the immediate
toxic effect of TNF-a and its effects on
mitochondrial function in cardiac myocytes (30,
39). Furthermore, oxidative stress has been
reported to exert a predominant effect on cardiac
Ca?" transients and sarcomere function,
contributing to the contractile dysfunction of
ventricular myocytes (40, 41).

Previous studies reported that the
trauma-hemorrhage model, in which hemorrhage
was induced in rats that underwent laparotomy
and were bled to a MABP of 35-40 mm Hg for
approximately 90 minutes, has led to
significantly decreased cardiac output, heart
performance, and circulating blood volume (42,
43). In the present study, Noble-Collip drum
trauma, which has been widely accepted and
used to mimic blunt trauma injuries, such as
crush injury, contusion and bruise, did not result
in a sharp decline of MABP (88.4 + 8.1 mm Hg),
and there was no obvious bleeding except that
30% of traumatic rats showed a slight intestinal
hemorrhage. These results indicated that
hypovolemia was not the main cause for
traumatic injury in rats exposed to Noble-Collip
drum, although hypovolemia might partially
contribute to TNF-a overproduction and cardiac
dysfunction. In addition, both cardiac function
and serum TNF-a in this traumatic model tended
to recover at 12 hours and returned normal at 24
hours after trauma in our preliminary experiment,
which was different from a previous study with
milder traumatic model that induced delayed
cardiomyocyte apoptosis and cardiac dysfunction
(13).

A clinical trial has shown that tight
glycemic control by intensive insulin therapy
decreases mortality and prevents the incidence of
multiple organ failure in surgical ICUs (14).
However, the results of a recent meta-analysis
fail to support widespread adoption of intensive
insulin therapy in critical illness because of the
increased risk of hypoglycemia, while the results
support that this therapy may be beneficial to
patients admitted to a surgical ICU (44). In the
present study, insulin-glucose-potassium (GIK)
administrated in traumatic rats inhibited TNF-a
and ROS overproduction, improved cardiac
dysfunction without significantly decreasing the
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blood glucose level. Furthermore, a previous
study performed in isolated cardiomyocytes
demonstrated that insulin exerted a direct
positive inotropic effect by increasing the Ca>*
transient of cardiomyocytes (45). All these data
indicated that insulin treatment, in addition to its
glycemic modulation, exerted direct
cardiomyocyte protection and thus may benefit
surgical ICU patients.

The possible mechanisms through which
insulin reduces ROS production and oxidative
stress include preventing the increase of lipid
peroxidation (46), attenuating mitochondrial
alteration (47), promoting the elimination of
ROS (48), maintaining the status of cellular
antioxidant enzymes or proteins (49) and so on.
The previous study from our laboratory reported
that insulin  showed antioxidative and
antinitrative  effect by  inhibiting = O%
overproduction, thus attenuating myocardial
ischemia/reperfusion-induced cardiomyocyte
injury (50). In the present study, insulin
increased Akt and GSK-3f phosphorylation and
decreased TNF-a and ROS production after
trauma, which was blocked by wortmannin,
indicating that in vivo treatment with insulin

exerted a cardioprotective effect via the
PI3K/Akt pathway.
Limitation

In the present study, we focused mainly on
acute  cardiac  dysfunction induced by

TNF-a-mediated ROS overproduction in blunt
traumatic injuries. Besides oxidative stress,
activation of the cytokine receptor/signaling
pathways such as C-reactive protein, signal
transducer and activator of transcription 3 and
toll-like receptor, and the alteration of
myocardial Ca?"-handling protein expression
have been proved to play an important role in

acute  cardiac  dysfunction induced by
inflammatory stimuli (51-54). Further
investigations to elucidate the molecular

mechanism of early inflammatory response after
trauma may lead to targeted inflammation
control at an early posttraumatic stage for better
organ protection in traumatic patients.

Conclusions
The present study demonstrates that
trauma-induced, TNF-oa-mediated ROS



overproduction directly impairs cardiomyocyte
contractility and thus results in immediate
cardiac dysfunction, while early posttrauma
insulin treatment alleviates immediate cardiac
dysfunction and reduces subsequent myocardial
necrotic and apoptotic injury by inhibiting
TNF-a and ROS production. The
anti-inflammatory and antioxidative properties
elicited by insulin, together with insulin’s
metabolic modulations on myocardium and
prevention of stress hyperglycemia, should
render insulin as a potent cardioprotector against

traumatic  injury. Our findings  support
GIK/insulin  administration as a valuable
adjunctive  strategy in  multiple clinical

applications such as trauma, severe burn, sepsis,
and acute myocardial infarction.
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