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ARTICLE INFO ABSTRACT

Aims: Acute myocardial insulin resistance is an independent risk factor for patients who undergo cardiac surgery
with cardiopulmonary bypass (CPB). However, the underlying mechanism of insulin resistance during CPB has
not been fully investigated.

Materials and methods: To explore the role of myocardial insulin resistance on the cardiac function and its un-
derlying mechanism, CPB operation and pharmacological intervention were applied in mini pigs, and myo-
cardial insulin signaling, glucose uptake, ATP production and cardiac function were examined.

Key findings: Our data showed that CPB elicited not only hyperglycemia and hyperinsulinemia, but also in-
activated Akt, and impaired the transposition of membrane glucose transporter-4 (GLUT-4), reduced glucose
uptake and ATP production in the myocardium as well, which in turn was accompanied with cardiac dys-
function. Meanwhile, linear correlations were established among reduced myocardial glucose uptake, ATP
production, and depressed cardiac systolic or diastolic function. Reactivation of Akt by SC79, an Akt agonist,
partially alleviated myocardial insulin resistance and restored post CPB cardiac function via augmenting myo-
cardial glucose uptake and ATP production.

Significance: These findings revealed that acute myocardial insulin resistance due to inactivation of Akt played a
key role in cardiac dysfunction post CPB via suppressing glucose metabolism related energy supply.
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1. Introduction

Cardiopulmonary bypass (CPB) is regarded as one of the most
meaningful clinical advances during the last five decades. It maintains
blood circulation and oxygen content of the body with a heart-lung
machine, provides a bloodless surgical field with a comparably safe
operation time for the surgeons to repair the most complex cardiac
malformations. Despite major advances on CPB technologies, more at-
tention still should be paid to the multiple insults during the operation
[1,2], such as cardiac arrest, ischemia, non-pulsatile perfusion, hypo-
tension, hemodilution, hypothermia, surgical trauma, hemorrhage, and
so on, which thereafter trigger ischemia-reperfusion injury, systemic
inflammation, multiple organ dysfunction, etc. [1,2]. Almost every
patient experience postoperative cardiac dysfunction, CPB is the
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leading contributor of mortality in hospitalized patients undergoing
cardiac surgery [3].

Several clinical studies have reported high prevalence of hypergly-
cemia and hyperinsulinemia during and after CPB [4-6], which sub-
sequently tightly associated with increased mortality as observed in
cardiac surgery patients as well [7-10]. Moreover, a number of ran-
domized controlled studies have demonstrated reduced mortality rates
in the cardiac surgery subgroup by controlling the glycemic levels with
intensive insulin therapy [11-13], and notably decreased the incidence
of low cardiac output and of atrial fibrillation [7,11,14]. These findings
suggested a possible connection between insulin resistance and post-
operative cardiac dysfunction.

However, myocardial insulin resistant due to CPB has received very
little attention. It was reported that cardiomyocytes in metabolic
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syndrome patients were more vulnerable to CPB as evidenced by severe
postoperative cardiac fibrosis [15]. Gao et al. in his study revealed that
CPB was accompanied with myocardial insulin resistance and glucose
metabolism impairment [5,16,17]. But the underlying molecular me-
chanism of myocardial insulin resistance and the interaction with post
CPB cardiac function alteration still remains unknown.

In this study, CPB operation and pharmacological intervention were
applied in mini pigs to examine the myocardial insulin signaling, glu-
cose metabolism, ATP production and cardiac function changes in order
to clarify the existence of myocardial insulin resistance and the re-
lationship with post CPB cardiac dysfunction, and also to explore the
mechanism involved in it.

2. Materials and methods
2.1. Experimental animals

The experiment was performed according to the National Institutes
of Health guidelines for the use of laboratory animals and was re-
cognized by Fourth Military Medical University Committee of animal
care. Eighteen adult male Bama mini-pigs, 8 months old, with an
average weight of 22-26kg (License No: SCXK (Su) 2011-0002,
Taizhou, China) were randomly assigned into sham group, CPB group
and CPB plus SC79 group (n = 6 in each group). Animals in sham group
were cannulated without CPB, while those in CPB group were subjected
to 150 min of CPB, as shown in Fig. 1A. In the CPB plus SC79 group,
SC79 was injected intraperitoneally (40 mg/kg) at 30 min post aorta
cross-clamp off.

2.2. CPB procedures

Chinese experimental mini pigs were fasted for 8h and then were
anesthetized with ketamine hydrochloride (20 mg/kg, intravenous in-
jection, Beijing Chemical Reagent Company, Beijing, China) followed
by a continuous infusion of propofol (0.15mg/kg/min, LV.).
Endotracheal intubation was performed to acquire mechanical venti-
lation (volume 12-15mlL/kg, frequency 15 times/min) for the entire
experiment. A dose of heparin (400 IU/kg, thousand red biochemical
pharmaceutical, Changzhou, China) was injected into the right atrium
for anticoagulation immediately after thoracotomy. Activated clotting
time was stabilized at a value > 480 s during the operation. CPB was
established after cannulation of ascending aorta, right atrium and
postcava. CPB equipment included a disposable pediatric hollow fiber
oxygenator (D400, Dideco, Mirandola, Italy), a roller pump inducing a
non-pulsatile flow (BT600-2J, Zuofei, Shanghai, China,), a hard-shell
cardiotomy reservoir (D754, Dideco, Mirandola, Italy), a bubble trap
and an arterial blood filter. One liter of crystalloid solution (Delta
Pharma, Pfarma, Germany) was primed to the extracorporeal perfusion
circuit. A heat exchanger (BP50, PaiSite, Yang Zhou, China) was
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performed for cooling and rewarming. Core temperature was con-
tinuously maintained at 30 °C and monitored by an esophageal tem-
perature probe (JRD-D-II, RuiJi, Yancheng, China). The overall time of
CPB was set at 150 min in each pig with non-pulsatile flow index of 2.4
to 2.7 L/min/m?, and at about 60 mmHg of the mean systemic arterial
pressure. After a perfusion of 30min, ascending aorta was cross-
clamped for 90 min, and cardiac arrest was achieved with an aortic root
injection of cold (4 °C) St. Thomas cardioplegic solution (10 mL/kg) and
maintained by once injection at every 30 min interval. Artery cannu-
lation was inserted into left ventricular from left ventricular apex to
record left ventricular end systolic pressure (LVSP) and left ventricular
end diastolic pressure (LVEDP) by an electrophysiological recorder
(RM6240, Chengdu, China). Blood and left ventricular myocardial
samples were collected at pre AXC (0 min) and post-AXC (150, 180,
210 min), respectively (Fig. 1, A).

2.3. Biochemical assays

Plasma glucose was measured by glucose-oxidase photometric
method (Dialab, Vienna, Austria). Plasma insulin was determined by
chemiluminescent microparticle immunoassay on Architect i2000SR
Analyzer (Abbott Laboratories, Abbott Park, IL, USA) following the
manufacture's instruction. To exclude the influence of hemodilution,
plasma insulin and glucose concentrations were normalized by hae-
matocrit (Hct) dilution percentage using the following formula:
Correction value = measured X sample Hct/measured Hct [14]. The
insulin resistance index (IRI) was calculated by HOMA-IR which was
measured by using the formula of fasting insulin (mIU/L) X fasting
plasma glucose (mmol/1)/22.5 [18].

2.4. Measurement of cardiac glucose uptake by positron emission
tomography/computed tomography

Electrocardiogram (ECG)-gated PET/CT imaging were performed
one week before CPB and 210 min of post-AXC with a commercially
available system (Symbia T2, Siemens, Germany). The animals were
sedated with an intramuscular injection of ketamine and then
6.475 MBq/kg '®F-deoxyglucose (*®F-FDG) was injected into the ear
vein. CT images were acquired with 2-slice CT component of PET/CT
scanner. Glucose uptake images were acquired 1h after '®F-FDG in-
jection using a dual-head camera with high-resolution collimators.
Acquisition was continued for 10 min in list mode format. The dynamic
PET was acquainted for 30 min starting 1h after i.v. injection of 'SF-
FDG. Images were reconstructed on a processing station (Syngo MI
VA30A, Siemens, Germany). Glucose uptake in the myocardium was
semi-quantitatively assessed by evaluating the standardized uptake
value (SUV, activity concentration/injected dose/body weight).
Regions of interest (ROI) were obtained by drawing the areas of equal
size on the myocardium, and SUV was calculated from averaged image

Fig. 1. Acute systemic insulin resistance after CPB.

A. Experimental protocol. Blood samples were collected at 0
and 150, 180 and 210 min from carotid artery;

B. Plasma glucose concentration;

C. Plasma insulin concentration;

D. Insulin resistance index as calculated by HOMA-IR formula.
*P < 0.05, v.s. that at pre AXC in sham group; #pP < 0.05,
v.s. that at the same time point of post CPB in sham group;
n = 6 per group. CPB: cardiopulmonary bypass; AXC: aortic
cross-clamp.
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of '®F-FDG scan by using the following equation: voxel value within
ROI (Mbq/mL)/activity injected (Mbq)/body weight (mg). Data were
expressed as maximal SUV (SUV,,,y) in the scanning.

2.5. Western blotting

Myocardial samples were prepared by homogenizing myocardial
tissues in ice-cold lysis buffer. Heart plasma membrane (PM) fractions
were prepared as described previously [19]. Protein samples were
analyzed by western blotting. In short, frozen tissues (100 mg) were
homogenized in ice cold lysis buffer (NP40 1%, NaCl 150 mM, Tris
50 mM, NaF 1 mM, EDTA 1 mM, NazVO3; 1 mM, SOD 0.25%, PMSF 1 M,
Rocheproteinase inhibitor cocktail). Protein concentration was de-
termined by Bradford protein assay. Equal amounts (20 ug) of protein
were separated by 10% SDS-PAGE and transferred to polyvinylidene
fluoride (PVDF) membrane (Millipore, Eschborn, Germany) which was
then incubated with one of the primary antibodies at 4 °C for overnight.
Anti-IRS (1:1000 dilution), anti-PI3Kp85 (1:1000 dilution), anti-P-Akt
(Ser473) (1:1000 dilution), anti-Glut-4 (1:1000 dilution), anti-Gf3
(1:1000 dilution), and dehydrogenase (GAPDH) (1:1000 dilution) were
purchased from Santa Cruz Biotechnology. After washing by PBS, the
membrane was incubated with corresponding secondary antibody at
room temperature for 1h. Quantification of blot was done by multi-
plying the area and intensity of each band using Image J software.

2.6. Immunofluorescence for myocardial glucose transporter 4

Biopsy samples were quickly obtained and then fixed in 4% paraf-
ormaldehyde, cryoprotected in a sequential series of 10, 20, and 30%
sucrose solutions (in 1x PBS), oriented in OCT-filled molds (Tissue-
Tek, Hatfield, PA, USA), rapidly frozen, and then sectioned at 6 mm on
a Cryostat microtome (Leica Instruments, Bannockburn, IL, USA) at
—20 °C. Sections were washed with PBS, blocked in 1% bovine serum
albumin without permeabilization, and then incubated with a poly-
clonal rabbit glucose transporter-4 (GLUT4) antibody (Invitrogen,
Carlsbad, CA, USA) at 1:400 dilution for 2 h at room temperature. Slides
were washed with PBS and then incubated with Alexa Fluor 488-la-
belled goat anti-rabbit IgG (Invitrogen, Carlsbad, CA, USA) at 1:500
dilution in PBS with 0.1% bovine serum albumin for 60 min and were
examined using an OlympusIX71 inverted microscope (Olympus,
Center Valley, PA, USA) equipped with a fluorescence filter at 40 x
magnification.

2.7. Immunoprecipitation and assay of Akt activity

Akt activity was analyzed as described previously [20]. Briefly,
tissue homogenates were precleared in protein A-agarose beads (20 pl,
Santa Cruz Biotechnology, CA, USA) at 4°C for 60 min. After cen-
trifugation, the supernatants were incubated at 4 °C for 2 h with 2 ul of
anti-Akt antibody (Upstate, Charlottesville, VA, USA) and protein A-
agarose beads (30pl). Then the enzyme-antibody-protein A-agarose
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complex was washed twice by 500 pl of homogenization buffer, sub-
sequently washed twice by 500 pl of wash buffer (LiCl 0.5 M, Tris-HCl
100 mM, and sodium vanadate 2 mM, NaF 10 mM, pH 7.6), and finally
washed by 500 pl of kinase buffer (MgCl, 10 mM, HEPES 50 mM, so-
dium vanadate 0.1 mM, and DTT 2 mM, pH 7.5). The washed complex
were incubated in kinase buffer containing Crosstide as a substrate for
Akt, substrate peptide, cold ATP and 1 pCi of [y->>P] ATP at 30 °C for
10 min. After adding Laemmli sample buffer, the reaction was stopped
by boiling for 5min, and then the samples were centrifuged. The su-
pernatants were then transferred to P81 thin cellulose phosphate paper.
After 1 min reaction, the paper was washed for three times by 1%
phosphoric acid and once with water. The remaining radioactivity in
the sheet was counted with a liquid scintillation counter.

2.8. ATP content assay

For ATP determination, biopsy samples were homogenized and
deproteinized with 5% trichloroacetic acid. Sample was corrected to
pH 7.4 with Tris-acetate buffer, and immediately analyzed by a biolu-
minescence assay using recombinant firefly luciferase (Invitrogen,
Carlsbad, CA, USA).

2.9. Statistical analysis

Statistical analyses were performed by GraphPad Prism (GraphPad
Software, San Diego, CA, USA). Data were recorded as mean + SEM
and analyzed by either Student's t-test or one way ANOVA. P va-
lues < 0.05 were considered as statistically significant.

3. Results
3.1. Acute systemic insulin resistance after CPB

Our previous findings indicated that CPB induced a systemic insulin
resistance [5]. In this study, plasma glucose and insulin concentrations
were first examined at different time points during the operation. The
results showed that plasma glucose and insulin levels exhibited no
differences at pre-AXC in both sham and CPB group but were sig-
nificantly increased at all time points of post AXC in CPB group com-
pared to sham group (P < 0.05, Fig. 1, B and C). In addition, insulin
resistance index at all time points of post AXC in the CPB group ap-
peared to be markedly higher compared to sham group (P < 0.05,
Fig. 1, D).

3.2. CPB blunted insulin induced myocardial glucose uptake

In order to clarify the detailed information about myocardial glu-
cose metabolic behavior, glucose uptake was determined by the dif-
ferences in the plasma glucose concentration between carotid artery
and coronary vein as previously described [21]. Myocardial glucose
uptake at pre AXC was similar in both sham and CPB groups, but

Fig. 2. CPB blunted insulin induced myocardial glucose up-
take.
A. Myocardial glucose uptake. The difference in plasma glu-
cose concentration of carotid artery and coronary venous
blood were calculated to assess myocardial glucose uptake.
B. Myocardial glucose uptake was evaluated by positron
$ $& emission tomography/computed tomography (PET/CT) using
18E.FDG. After a dosage of 10 U/kg insulin or same volume of
saline injection, myocardial glucose uptake was evaluated at
1 week before pre-AXC and 210 min of post AXC.
C. Statistical analysis of myocardial glucose uptake by PET/
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v.s. that at the same time point of post CPB in sham group; *P < 0.05, v.s. that in the same group without insulin; *P < 0.05, v.s. that at the same point in sham
group; n = 6 per group. CPB: cardiopulmonary bypass; AXC: aortic cross-clamp; SUV,,x: maximal standardized uptake value.
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significantly dropped at all time points of post AXC in CPB group
compared to those in sham group (P < 0.05, Fig. 2A). In order to
confirm this finding, myocardial glucose uptake was further evaluated
by PET/CT using '®F-FDG. Myocardial '®F-FDG accumulation was
markedly attenuated at 210 min of post AXC in CPB group compared
with that in sham group (P < 0.05, Fig. 2, B and C). Moreover, insulin
(10 U/kg, i.p., 20 min before detection) produced a robust increase of
18EFDG accumulation at pre-AXC in the heart of both the groups
(P < 0.05, Fig. 2, B and C), but failed to induce myocardial 18E_FDG
accumulation at 210 min of post AXC in CPB group, which was de-
monstrated by the lower SUV,,,x values compared with that in sham
group (P < 0.05, Fig. 2, B and C). These findings suggested that CPB
not only possessed an inhibitory effect on myocardial glucose uptake,
but also blunted the insulin induced myocardial glucose uptake.

3.3. Impaired glucose uptake and reduced myocardial ATP production were
tightly associated with post CPB cardiac dysfunction

Glucose is an import source of cardiac energy substrate for the
functioning of heart, it is necessary to detect myocardial ATP content
and cardiac function, and the relationship among them was also ex-
plored. Our findings illustrated that cardiac ATP content was decreased
significantly at all time points post AXC in CPB group compared to
sham group (P < 0.05, Fig. 3, A), which was positively correlated with
myocardial glucose uptake (Fig. 3, D). Moreover, LVSP was dropped
and LVEDP was elevated significantly at all time points of post AXC in
CPB group compared to sham group (P < 0.05, Fig. 3, B and D), which
indicating attenuated cardiac systolic and diastolic functions after CPB.
The degree of post CPB cardiac dysfunction was closely correlated with
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the reduction of myocardial ATP content (Fig. 3, E and F). These
findings suggested an inhibitory effect of CPB on myocardial glucose
uptake, which contributed to the reduced cardiac ATP content, leading
to post CPB cardiac dysfunction.

3.4. Inactivation of myocardial Akt admitted blunted myocardial glucose
transporter-4 translocation after CPB

To further explore the underlying molecular mechanism of impaired
myocardial glucose uptake after CPB, insulin signaling cascade and
myocardial glucose transporter-4 (GLUT-4) were examined. Insulin
provoked the phosphorylation of insulin receptor, insulin receptor
substrate, PI3K in both sham and CPB groups (Fig. 4, A-D). But less Akt
phosphorylation and reduced Akt kinase activity were observed in CPB
group compared to sham group (P < 0.05, Fig. 4, A, E and F). Myo-
cardial membrane GLUT-4 is mainly responsible for insulin or con-
traction-mediated glucose transport via the activation of PI3K and Akt
[22]. Accordingly, our data indicated that myocardial membrane
GLUT-4 content was markedly elevated after insulin stimulation in
sham group, but not in CPB group (P < 0.05, Fig. 4, A, G and H). These
findings implied that inactivation of myocardial Akt after CPB resulted
in the blunted GLUT-4 translocation.

3.5. Reactivation of Akt improved post CPB cardiac function via increased
cardiac glucose uptake and ATP production

To further explore the role of Akt in post CPB myocardial impair-
ment of glucose uptake, ATP production and cardiac function, Akt
agonist SC79 was delivered at 30 min after aorta cross-clamp off. As
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Fig. 3. Reduced myocardial ATP production and cardiac function was associated with declined glucose uptake.

A. Myocardial ATP production.

B. Left ventricular systolic function.

C. Left ventricular diastolic function.

D. Correlation of myocardial glucose uptake and ATP production.

E. Correlation of myocardial ATP production and left ventricular systolic function.

F. Correlation of myocardial ATP production and left ventricular diastolic function.
*P < 0.05, v.s. that at pre AXC in sham group; *P < 0.05, v.s. that at the same time point of post CPB in sham group; n = 6 per group. CPB: cardiopulmonary
bypass; AXC: aortic cross-clamp; LVSP: left ventricular systolic pressure; LVEDP: left ventricular end diastolic pressure.
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Fig. 4. Inactivation of myocardial Akt admitted blunted myocardial membrane glucose transporter-4 translocation after CPB.
A. Representative western blots of myocardial insulin signaling and membrane GLUT-4.
B-E and G. Quantification of bar graphs of myocardial insulin signaling and membrane GLUT-4.

F. Myocardial Akt activity.

H. Representative immunofluorescence of cardiac GLUT-4. White arrows indicate positive immunostaining.

Samples were collected at 210 min after AXC for these experiments. *P < 0.05, v.s. that in the sham or CPB group with saline treatment; “P < 0.05, v.s. that in
sham or CPB group with saline or insulin treatment (0.075 U/kg); n = 6 per group. CPB: cardiopulmonary bypass; p: phosphorylated; IR: insulin receptor; IRS-1:
insulin receptor substrate-1; GAPDH: glyceraldehyde phosphate dehydrogenase; M-GLUT-4: membrane glucose transporter-4.

shown in Fig. 5, A-D, SC79 treatment significantly increased both
phosphorylated Akt and membrane GLUT-4 content (P < 0.05) com-
pared to CPB group. Meanwhile, myocardial glucose uptake and ATP
supply were increased after SC79 treatment (P < 0.05, Fig. 5, E-G).
Consequently, cardiac dysfunction post CPB was significantly reversed
after SC79 treatment compared to CPB group, as evidenced by the in-
creased LVSP and decreased LVEDP (P < 0.05, Fig. 5, H and I). Hence,
pharmacological activation of Akt after CPB was proved to be beneficial
in improving the cardiac function via elevated myocardial glucose up-
take and ATP production.

4. Discussion

Despite major advances last decades in the technology and medi-
cation applied during CPB for the prevention of side effects, a high
prevalence of cardiac dysfunction post-CPB still existed and is positively
correlated with mortality in hospitalized patients undergoing open
heart surgery (cardiovascular surgery with CPB) [2,3]. In present study,
we have demonstrated that acute myocardial insulin resistance was
partly responsible for post CPB cardiac dysfunction. The detailed mo-
lecular mechanism underlying the post CPB cardiac dysfunction in-
cludes blunting of myocardial membrane GLUT-4 transportation by
acute myocardial insulin resistance via inactivation of Akt. These me-
chanisms in turn results in the impairment of myocardial glucose up-
take, insufficient ATP supply, and thereafter post CPB cardiac dys-
function. This was further validated by the linear correlation among
myocardial glucose uptake, ATP production and cardiac function after
CPB. Pharmacological activation of Akt by SC79 treatment alleviated
acute myocardial insulin resistance after CPB, increased membrane

GLUT-4, myocardial glucose uptake and ATP production, and thus
ameliorated post CPB cardiac dysfunction.

Since invented in 1953, the technology of CPB has been vastly
ameliorated and currently majority of the patients were able to well
tolerate the procedures. However, inevitably multiple severe insults,
such as systemic inflammation and hypotension, non-pulsatile perfu-
sion, stress response, coagulation disturbance, body temperature rise
and fall, hemodilution, hyperinsulinemia and hyperglycemia, mechan-
ical trauma, etc. still exist [5,6,14,23]. Previous studies demonstrate
that cardiac dysfunction caused by CPB was positively correlated with
increased morbidity and mortality in patients undergoing cardiac sur-
gery [24,25].

The exact mechanism of cardiac dysfunction post CPB is still
somewhat controversial. Some believe that CPB lead to a severe sys-
temic inflammatory response, resulting in myocardial injury and car-
diac dysfunction [5]. For years, multiple strategies have been explored
to regulate and minimize the side effects of inflammation, which in-
clude optimized design of the mechanics, rational pharmacological in-
terventions, utilize miniaturized CPB circuits, use of leukocyte filters,
etc. [26-29].

However, study by Augoustides JG observed a little effect on cardiac
dysfunction by suppression inflammatory response [30], although
morbidity seemed to be low. Some believe that hyperglycemia during
CPB is an independent risk factor for myocardial damage and cardiac
dysfunction in patients undergoing cardiac surgery [31]. It is possible to
ameliorate hyperglycemia through removal of glucose in the priming
fluid by ultrafiltration followed by the addition of a balanced electro-
lyte solution [32]. However, a previous study observed little effect of
“balanced ultrafiltration” on cardiac dysfunction, although there was a
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Fig. 5. Reactivation of Akt improved post CPB cardiac function via increased cardiac glucose uptake and ATP production.

A. Representative western blots of myocardial Akt and membrane GLUT-4 with or without SC79 treatment after 30 min of aorta cross-clamp off.

B and C. Quantification bar graphs of myocardial Akt and membrane GLUT-4 with or without SC79 treatment.

D. Representative immunofluorescence of myocardial membrane GLUT-4 with or without SC79 treatment. White arrows indicate positive immunostaining.

E. Myocardial glucose uptake evaluated by positron emission tomography/computed tomography (PET/CT) using '®F-FDG with or without SC79 treatment at

210 min of post AXC.

F. Statistics of myocardial glucose uptake by PET/CT. Data were expressed as SUVpax.

G. Myocardial ATP production.
H. Left ventricular systolic function.
I. Left ventricular diastolic function.

Samples were collected at 210 min after AXC for these experiments. *P < 0.05, vs. that in CPB group; n = 6 per group. CPB: cardiopulmonary bypass; p: phos-
phorylated; GAPDH: glyceraldehyde phosphate dehydrogenase; M-GLUT-4: membrane glucose transporter-4; AXC: aortic cross-clamp; SUV,.x: maximal standardized
uptake value; LVSP: left ventricular systolic pressure; LVEDP: left ventricular end diastolic pressure.

decreased cardiac inflammatory factor and lactate concentration [33].

Furthermore, there are people who think that the molecular me-
chanisms of cardiac dysfunction after CPB include deficiency of cellular
metabolites during cardiac arrest, and interstitial and intracellular
edema, intracellular calcium overload [2,34], oxidative stress [35,36]
post CPB. The main focus of previous studies on myocardial protection
during open heart surgery is the precise ingredients of ideal cardio-
plegic solutions, which induce metabolic arrest, and maintains an ap-
propriate metabolic environment (preventing the loss of cellular me-
tabolites, providing metabolic material, include fructose,
phosphocreatine, oxygen and other substrates, and preventing inter-
stitial and intracellular edema). A large number of researches have
demonstrated that the comparison of different compositions of cardio-
plegic solutions and different administration techniques (single vs. in-
termittent vs. continuous; antegrade, retrograde, or combined) to ex-
plore a way to reduce post-cardiac dysfunction after CPB[37-41] [].
Despite all the efforts, post-CPB myocardial dysfunction still exists, so it
is important to recognize that this impairment represents a complex
mechanism that cannot simply be resolved by modulating myocardial
metabolism during cardiac arrest and by adapting the ingredient of
cardioplegic solution [2]. So, are there any other more important fac-
tors we have neglected that contributed to post CPB cardiac

dysfunction? In present study, we further explored the molecular me-
chanism of myocardial insulin resistance. Our results showed that the
inactivation of Akt exhibited even at 30 min after aortic cross-clamp off
in the myocardium of CPB group, which thereafter blunted the trans-
location of GLUT-4, and insulin stimulated glucose uptake. These
findings provided direct evidence of acute myocardial insulin resistance
may contribute to post CPB cardiac dysfunction.

It has been well recognized that the role of perioperative insulin
resistance in the prognosis of patients undergoing cardiac surgery
cannot be ignored, which is tightly correlated with postoperative car-
diac dysfunction [6,10,42]. In accordance with this, our data re-
presented overt decline in the cardiac function as evidenced by de-
creased LVSP and elevated LVEDP shortly after the surgery. Recording
pressure-volume data could better isolate the contribution of preload
vs. myocardial contractility on cardiac function. The validity of such
analysis is dependent on a rapid and accurate measurement of LV vo-
lume and pressure simultaneously. The defect, in this article, there is no
record measured Pressure-volume relationships, we will adopt the
Pressure-volume relationships in our future study. Clinical and animal
studies have demonstrated that myocardial insulin resistance inducing
impairment of glucose utilization is one of the primary causes of cardiac
dysfunction after myocardial ischemia reperfusion [43,44]. Since CPB
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procedure per se is an artificially introduced ischemia and reperfusion
process, and could be speculated that myocardial insulin resistance
might play an important role in cardiac dysfunction after CPB. As
mentioned, decreased myocardial glucose uptake due to reduced
transmembrane translocation of GLUT-4 occurred shortly after CPB,
which in turn resulted in the insufficient production of myocardial ATP.
Moreover, there was a linear correlation between reduced myocardial
ATP production and the degree of cardiac dysfunction in CPB group.
Therefore, a clear relation was established that acute myocardial insulin
resistance elicited a blunt in the uptake of cardiac glucose, resulted in
cardiac dysfunction due to insufficient ATP production after CPB.

Indeed, the balance between energy supply and the energy utiliza-
tion, while maintaining the normal function of all other organs has
allowed the organism to improve the protection ability and prevent
against ischemia-reperfusion injury and systemic inflammatory re-
sponse, and most importantly eliminate the complications and mor-
tality. Fatty acids is the major substrates utilized by the myocardium,
and glucose accounts for about 20-30% ATP production in healthy
adult heart, but the mechanism is different in reperfusion after myo-
cardial infarction [45,46]. Uptake and oxidation of carbohydrates was
reported to be increased during the immediate reperfusion phase fol-
lowing myocardial infarction [47]. Numerous studies have shown that
ATP produced by oxidation of glucose was the most economic and ef-
ficient way of myocardial energy metabolism around infracted myo-
cardium [47]. The ATP produced by glycolysis supports the ionic pump
functions [48], and the ATP produced by glucose oxidation supports the
systolic and diastolic functions of myocardium [49]. The optimal me-
tabolism and efficiency of ischemic myocardium are highly dependent
on ATP produced by glucose oxidation. Several measures were taken to
improve the production of ATP in myocardium, which include the ad-
dition of fructose and phosphocreatine to cold priming fluid. However,
it could not significantly improve cardiac function because all of the
above methods could not fundamentally solve the problem of myo-
cardial glucose utilization. So it is important to figure out the under-
lying molecular mechanisms of myocardial insulin resistance to im-
prove myocardial glucose utilization in patients undergoing CPB.

Insulin signaling involves a cascade of events, which were initiated
via binding of insulin to its cell surface receptor, that subsequently
autophosphorylate the receptor and activate the receptor tyrosine ki-
nases leading to tyrosine phosphorylation of insulin receptor substrates
(IRS). Phosphorylation of tyrosine residues of IRS-1 transduces signal
from IR to PI3K-Akt [50,51]. Damage of insulin signaling pathway
molecules leading to insulin resistance. In obesity and diabetes, de-
crease of insulin-stimulated tyrosine phosphorylation of insulin re-
ceptor and IRS-1 and reduced PI3-kinase activity contribute to myo-
cardial insulin resistance [52,53]. However, compared with gradually
understanding of insulin resistance in diabetics, the potential me-
chanism of acute myocardial insulin resistance in patients undergoing
CPB is poorly understood. The mechanism of acute myocardial insulin
resistance is complex and might involve a variety of pathogenic cau-
sative factors and intracellular signaling pathways. Previous studies
demonstrate that the volatile anesthetic isoflurane and intramuscular
telazol (tiletamine and zolazepam) and xylazine impair insulin sensi-
tivity of skeletal muscle [54]. In this study we found that the doses
given to CPB are slightly higher when compared to the sham group, but
the two groups of comparative differences were not significant (not
shown in this article). So the impaired insulin sensitivity of myocardial
not induced by the anesthetic of propofol.

Several clinical studies provided the proof that tight glucose control
by intensive insulin therapy acts as a beneficial strategy for post CPB
complications [55-57], but it remains controversial for the reason of
hypoglycemia and potassium metabolic disorder [4]. Insulin sensitizer,
rosiglitazone, a synthetic agonist of peroxisome proliferator-activated
receptor-y has been widely used for the treatment of type 2 diabetes and
insulin resistance [58], which was also reported to mitigate the myo-
cardial insulin resistance and ameliorate the myocardial impairment
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during CPB by increasing the amount of GLUT-4 expression [16]. In-
activation of Akt played a central role in CPB by inducing acute myo-
cardial insulin resistance. SC79, a small molecule that favors the acti-
vation of Akt by specifically binding to its PH domain [59] was selected
to reactivate myocardial Akt in this study. It has reported that SC79
activated Akt and protected primary murine myocardiocytes from
OGD/re-oxygenation in vitro [60] and H9¢2 myocardial cells, but not in
vivo of rat hearts [61]. In this study, we demonstrate that SC79 treat-
ment after CPB was sufficient to activate the blunted Akt signaling,
resulting in the increased myocardial membrane GLUT-4 level, aug-
mented glucose uptake, and ATP production, which ultimately im-
proved post CPB cardiac function. Therefore, targeting the reactivation
of blunted insulin signaling, especially inactivation of Akt, may serve as
a novel strategy to improve post CPB cardiac dysfunction.

In conclusion, these findings suggest that acute myocardial insulin
resistance after CPB is a key detrimental factor in post CPB cardiac
function, which blunts myocardial glucose uptake and ATP production
via Akt inactivation. However, reactivating myocardial Akt ameliorates
glucose uptake and energy supply, and ultimately favors the recovery of
post operative cardiac function. These findings provided the proof that
Akt inactivation induced acute myocardial insulin resistance after CPB
is responsible for the post CPB cardiac dysfunction, which can also be a
potential therapeutic target for the recovery of patients undergoing
CPB.
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