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INTRODUCTION
Hyperglycemia is a common patho-

logical feature in patients with acute my-
ocardial infarction (MI), even in the ab-
sence of established diabetes mellitus
(1,2). Acute elevation of plasma glucose
is related causally to adverse outcomes
after MI in both the thrombolytic and
percutaneous coronary intervention
(PCI) eras. Although acute hyperglyce-
mia usually has been treated with inten-
sive insulin therapy or glucose-insulin-
potassium infusion, the benefits of these
strategies are not always observed in

clinical studies (2–4). In addition, the op-
timal glucose control level is still incon-
clusive to date. To resolve these prob-
lems in glucose management, it is wise
to understand the molecular mecha-
nisms by which acute hyperglycemia de-
velops after MI.

Insulin acts as a key regulator of plasma
glucose homeostasis, which increases glu-
cose uptake in peripheral tissues such as
skeletal muscle and inhibits hepatic glu-
cose production through activating insulin
signaling pathways (5,6). Insulin binding
to its specific insulin receptor (IR) leads to

its rapid tyrosine phosphorylation, which
permits recruitment of adaptor proteins
such as insulin receptor substrates (IRSs),
thereby activating the downstream signal-
ing pathways (7,8). The main pathways
stimulated by insulin are the IR/IRSs/
phosphatidylinositol 3-kinase (PI3K)/Akt
signaling pathways. If impaired, they
would result in insulin resistance.

There has been evidence indicating
that insulin resistance developed in 
insulin-responsive tissues in chronic 
diseases such as obesity and type 2 dia-
betes, including downregulated expres-
sion of insulin signaling proteins and de-
creased tyrosine phosphorylation of
these proteins (7,9,10). However, it is un-
known what happens to the insulin sig-
naling proteins in the setting of MI and
whether rapid alteration of insulin sig-
naling is the potential contributor to
acute hyperglycemia after MI.

In this study, we investigated insulin
signaling pathways in insulin responsive
tissues with the aim to clarify the poten-
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tial mechanisms of hyperglycemia after
MI. Our results demonstrated that im-
paired insulin signaling rapidly devel-
oped in liver tissue but not skeletal mus-
cle, which might lead to hyperglycemia
through increased hepatic gluconeogene-
sis after MI.

MATERIALS AND METHODS

Experimental Animals
Eight-week-old male Sprague Dawley

rats weighing 200 ± 20 g were purchased
from the experimental animal center of
Shandong University (Jinan, China). The
rats were housed at constant temperature
with a 12-h light:dark cycle and allowed
free access to standard diet plus water.
All animal experimental procedures were
carried out in accordance with the Guide
for the Care and Use of Laboratory Animals
(11) and were approved by the Institu-
tional Animal Care and Use Committee
of Shandong University.

Animals Model of MI
Rats were anesthetized with intraperi-

toneal (IP) administration of 30 mg/kg
pentobarbital sodium before surgery. Left
thoracotomy was performed in the
fourth intercostal space. MI was pro-
duced by ligation of the left anterior de-
scending (LAD) coronary artery. Sham
control rats underwent the same surgical
procedure without ligation. Myocardial
infarct area was determined by 2,3,5-
triphenyltetrazolium (TTC) staining as
described previously (12).

Unless otherwise indicated, MI and
control rats were assigned randomly to
receive an intraperitoneal injection of ei-
ther insulin (1 U/kg) or saline at the end
points (30 min after ligation or sham sur-
gery). Five minutes after the injection,
liver, left quadriceps femoris and ischemic
left and right cardiac ventricles were re-
moved rapidly, snap-frozen in liquid ni-
trogen and stored at –80°C until analysis.

For rosiglitazone (ROSI) treatment,
rats were administered with i.p. injection
of ROSI (4 mg/kg) 10 min before ligation
and all of them received an insulin injec-
tion before being killed.

Blood Analysis
During the experimental procedure,

blood was collected from the jugular
vein of the rats at the indicated time
points. Blood was placed at room tem-
perature, allowed to coagulate and then
centrifuged at 5,000g for 15 min. The re-
sulting plasma was stored at –80°C until
analysis.

Plasma glucose levels were deter-
mined by glucose meter (LifeScan, Mil-
pitas, CA, USA). Plasma creatine phos-
phokinase (CPK) levels and insulin
levels were determined by enzyme-
linked immunosorbent assay (ELISA)
(Millipore, Billerica, MA, USA). Tumor
necrosis factor-α (TNF-α) levels also
were measured by ELISA (R&D Systems,
Minneapolis, MN, USA). Plasma choles-
terol and triglyceride levels were mea-
sured by colorimetric assay (Roche Diag-
nostics, Mannheim, Germany). Plasma
free fatty acid (FFA) levels were mea-
sured by an enzymatic colorimetric
method (Wako Chemicals, Neuss, Ger-
many). All the measurements were done
in triplicate.

Immunoprecipitation and Western Blot
Analysis

The frozen tissues were homogenized
with a Polytron homogenizer in lysis
buffer containing 20 mmol/L Tris (pH
7.4), 150 mmol/L NaCl, 1 mmol/L
EDTA, 1 mmol/L EGTA, 1% Triton, 0.1%
SDS and 1% protease inhibitor cocktail.
Protein concentrations were determined
using the BCA method (Beyotime,
Haimen, China).

For immunoprecipitation, 1 mg protein
was incubated with anti-IRS1 overnight.
The resulting immune complexes were
absorbed to Protein A/G-agarose (Santa
Cruz Biotechnology, Santa Cruz, CA,
USA) for another 4 h and washed three
times with lysis buffer. Immunoprecipi-
tated proteins were immunoblotted with
anti-IRS1, anti-phospho-tyrosine (P-Tyr-
100) and anti-PI3K p85 subunit, respec-
tively (Cell Signaling Technology, Bev-
erly, MA, USA).

For Western blot, 30 μg protein was
separated by SDS-PAGE and then trans-

ferred to PVDF membrane as described
previously (13). The transfers were incu-
bated with anti-IR β-subunit, anti-tyro-
sine-phospho-IR β-subunit and anti-Akt
and anti-phospho-Akt (ser 473) respec-
tively (Cell Signaling Technology), fol-
lowed by incubation with horseradish
peroxidase-conjugated secondary anti-
bodies. Protein bands were visualized by
enhanced chemiluminescence (ECL) and
quantified by densitometry using Image-
J software.

Quantitative Real-time PCR
Total RNA was extracted by homoge-

nizing frozen liver tissues in TRIzol
reagent (Invitrogen [Thermo Fisher Sci-
entific Inc., Waltham, MA, USA]) accord-
ing to the manufacturer’s instruction.
First-strand cDNA was synthesized from
total RNA using the high capacity re-
verse transcription kit (Invitrogen
[Thermo Fisher Scientific]). Quantitative
RT-PCR assay was performed using
cDNA (2 μl) and SYBR green (Life Tech-
nologies [Thermo Fisher Scientific]).
Every reaction was performed in dupli-
cate and the data were analyzed with the
2ΔΔCT method.

Primers for PEPCK, G6Pase, PGC1α
and β-actin were as follows: PEPCK, for-
ward 5′-GACTCGCCCTATGTGGTG-3′
and reverse 5′-TGGAGGCACTTGATA
AACTC-3′; G6Pase, forward 5′-CTCCG
TGCCTCTGATAAA-3′ and reverse
5′-CCACGAAAGATAGCGAGA-3′;
PGC1α, forward 5′-GGGGCACATC
TGTTCTTC-3′ and reverse 5′-CTCGG
ATTTCCTGGTCTT-3′; and β-actin, for-
ward 5′-AAGAGAGGCATCCTCACCCT-3′
and reverse 5′-TACATGGCTGGGGTG
TTGAA-3′.

Statistical Analysis
Data are presented as means ± SEM.

Statistical significance was determined
with one-way analysis of variance
(ANOVA) followed by Student-Newman-
Keuls post hoc analysis. P < 0.05 was con-
sidered statistically significant. Data
were analyzed with use of GraphPad
Prism 5 (GraphPad Software Inc., San
Diego, CA).
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RESULTS

Increased Plasma Glucose and
Insulin Levels in Rats after MI

A rat model of experimentally induced
MI was established by permanent liga-
tion of the LAD coronary artery. The suc-
cess of ligation was confirmed by en-
larged myocardial infarct size and
increased CPK release (Figures 1A,B).
Then, the plasma levels of glucose and
insulin were measured at the indicated
time points. We found that plasma glu-
cose levels were elevated significantly at
5 min of ligation in MI rats (P < 0.01) and
increased to 2.2-fold of that in controls at
30 min of ligation (Figure 1C). Similarly,
plasma insulin levels increased rapidly
in MI rats, which were significantly
higher 10 min after ligation compared
with control rats (P < 0.05 respectively)
(Figure 1D).

Plasma cholesterol and triglyceride
levels remained comparable between MI
and control rats (Supplementary Figures
S1A, B). Plasma FFA levels decreased
gradually in MI rats, reaching the lowest
level at 30 min of ligation when the dif-
ference became significant between MI
and control groups (Supplementary Fig-
ure S1C).

Impaired Insulin Signaling Pathways in
Liver after MI

To assess the early events in the in-
sulin signaling pathways in liver tissue,
rats were killed at 35 min of MI. 1 U/kg
of insulin was used before tissues were
harvested as described in Materials and
Methods. Upon insulin stimulation, basal
expression levels of insulin signaling
proteins were comparable among the
rats, but phosphorylation levels of these
proteins were different.

Insulin-stimulated tyrosine phosphory-
lation of IR β-subunit, which is correlated
with full activation of the IR tyrosine ki-
nase (14,15), did not change significantly
in liver tissue between MI and control
rats (Figure 2A). By contrast, insulin-

stimulated tyrosine phosphorylation of
IRS1 decreased by almost 70% more in
MI rats than in controls (Figure 2B). In
addition, we analyzed the fold effect of
insulin within MI and control groups, re-
spectively, since basal tyrosine phospho-
rylation of IRS1 also was markedly ob-
served. As shown in Figure 2B, insulin
induced a 1.7-fold increase in tyrosine
phosphorylation of IRS1 in MI groups

and 2.7-fold increase in control groups,
suggesting insulin-stimulated tyrosine
phosphorylation of IRS1 decreased in MI
rats compared with controls. Upon in-
sulin stimulation, the levels of tyrosine
phosphorylation of IRS2 were compara-
ble between MI and control rats (data not
shown).

The downstream key proteins in IRS1
signaling pathways, such as the attach-

Figure 1. Changes in plasma levels of glucose and insulin in rats after MI. (A) Representa-
tive photographs of heart sections stained by 2,3,5-triphenyltetrazolium (TTC). Red staining
indicates viable tissues. Grey staining indicates infarct tissues. (B) Plasma creatine phos-
phokinase (CPK) levels at the indicated time points. (C) Plasma glucose levels at the indi-
cated time points. (D) Plasma insulin levels at the indicated time points. Values presented
are means ± SEM of 8 to 10 samples in each group. *P < 0.05 versus control group; **P <
0.01 versus control group.
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ment of PI3K p85 subunit with IRS1 and
phosphorylation of Akt on ser473, were
examined. Insulin-stimulated attachment
of PI3K p85 subunit with IRS1 was re-

duced significantly in MI rats compared
with controls. The fold effect of insulin
on IRS1-PI3K p85 subunit association
within MI and control groups was 1.6 and

12.7, respectively (see Figure 2B). Insulin-
stimulated phosphorylation of Akt
(ser473) was reduced significantly in MI
rats compared with controls. However,
the fold effect of insulin on Akt phospho-
rylation (ser473) was greater within MI
rats than within controls (56.7-fold and
19.3-fold, respectively, Figure 2C).

Taken together, our data demonstrate
that insulin signaling was not impaired
at the level of the IR in liver tissue after
MI, whereas a significant decrease of the
downstream IRS1/PI3K/Akt cascades
was detected.

Insulin Signaling Pathways in Skeletal
Muscle and Heart Did Not Change
Significantly after MI

The insulin signaling pathways in the
skeletal muscle of rats were studied. As
in the liver studies, 1 U/kg of insulin
was used. Upon insulin stimulation, ty-
rosine phosphorylation of IR β-subunit
was reduced slightly in MI rats, but the
difference did not reach significance be-
tween MI and control rats. Besides this
finding, we did not observe any changes
for insulin signaling proteins in skeletal
muscle of MI rats compared with con-
trols (Figure 3).

Local insulin signaling in the heart, an-
other insulin-sensitive organ, also was
investigated. After 1 U/kg of insulin was
injected, no measurable phosphorylation
of IRS1 or Akt was detected. Next, we
used different doses of insulin to evalu-
ate its ability to induce Akt phosphoryla-
tion (ser473) in heart tissue. The response
to insulin was graded, with slight phos-
phorylation of Akt at 0.5 U/kg of insulin
injection and marked phosphorylation
at 10 U/kg and 20 U/kg of insulin injec-
tion (Supplementary Figure S2). Thus,
10 U/kg of insulin was injected.

Insulin-stimulated tyrosine phospho-
rylation of IR β-subunit, tyrosine phos-
phorylation of IRS1, attachment of 
PI3K p85 subunit with IRS1 and phos-
phorylation of Akt (ser473) were com-
parable in heart tissue between MI and
control rats. However, the fold effect of
insulin on tyrosine phosphorylation of
IR β-subunit, tyrosine phosphorylation of

Figure 2. Alteration of insulin signaling cascades in liver tissue of rats after MI. (A) Tyrosine
phosphorylation of IR β-subunit. Liver tissue lysates were separated by SDS-PAGE, and Western
blot was performed using specific anti-tyrosine-phospho-IR β-subunit and anti-IR β-subunit. 
(B) Tyrosine phosphorylation of IRS1 and attachment of PI3K p85 subunit with IRS1. Liver tissue
lysates were immunoprecipitated with specific anti-IRS1 and then subjected to Western blot
using specific anti-IRS1, anti-phospho-tyrosine (P-Tyr-100) and anti-PI3K p85 subunit. (C) Serine
phosphorylation of Akt (ser 473). Liver tissue lysates were separated by SDS-PAGE and West-
ern blot was performed using specific anti-phospho-Akt (ser 473) and anti-Akt. Left panel,
representative immunoblots are shown. Right panel, quantification of phosphorylation blots
relative to their corresponding loading. (A) Tyrosine phosphorylation of IR β-subunit relative to
IR β-subunit, (B) Tyrosine phosphorylation of IRS1 relative to IRS1 and IRS1-p85 subunit relative
to IRS1, (C) Serine phosphorylation of Akt (ser 473) relative to Akt. IP, immunoprecipitation; IB,
immunoblotting; I, insulin (with insulin stimulation); B, basal (without insulin stimulation). Values
presented are means ± SEM of 4 to 5 samples in each group. *P < 0.05 versus control group
with insulin stimulation. #P < 0.05 versus control group without insulin stimulation.
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IRS1, IRS1-PI3K p85 subunit association
and phosphorylation of Akt (ser473)
within MI and control groups were 
different (tyrosine phosphorylation of 
IR β-subunit: 1.4-fold and 1.3-fold
within MI and controls, respectively;
IRS1-PI3K p85 subunit association: 0.9-
fold and 2.5-fold within MI and controls,
respectively; Akt phosphorylation: 3.3-
fold and 17.2-fold within MI and con-
trols, respectively). Interestingly, the
basal Akt phosphorylation (ser473) was
increased in heart tissue of MI rats com-
pared with controls, indicating that
 ischemia induces Akt activation in the
injured heart of MI rats independent of
insulin stimulation (Figure 4).

Alteration of Gluconeogenesis in Liver
Tissue after MI

Gluconeogenesis plays a key role in
the regulation of hepatic glucose pro-
duction, which is modulated by
IRS1/PI3K/Akt signaling in hepatocytes
(16,17). Thus, we further examined the
mRNA expression of gluconeogenesis
rate-limiting enzymes PEPCK, G6Pase
and PGC1α in liver tissue by quantita-
tive RT-PCR assay. We found that the
relative mRNA levels of PEPCK and
G6Pase were slightly higher in liver tis-
sue of MI rats than those in controls,
whereas the mRNA levels of PGC1α re-
mained comparable between these two
groups (Supplementary Figure 3). These
results suggest that the gluconeogenesis
is at least partially elevated in liver tis-
sue of MI rats.

Increased Plasma TNF-α Levels in Rats
after MI

TNF-α, an important proinflammatory
cytokine, is associated with the develop-
ment of insulin resistance in chronic dis-
eases. However, it was unknown
whether TNF-α would be increased
enough to contribute to the insulin resist-
ance rapidly developed after MI. Thus,
we examined plasma TNF-α levels by
ELISA. MI rats exhibited significantly in-
creased plasma levels of TNF-α com-
pared with controls (11.83 pg/mL and
4.06 pg/mL, P < 0.01; Figure 5).

ROSI Ameliorated Hepatic Insulin
Resistance after MI

To test whether impairment of insulin
signaling pathways in liver tissue was re-
sponsible for elevated plasma glucose
levels, rats were administrated with in-
sulin sensitizer ROSI. As expected, ROSI
significantly restored tyrosine phospho-
rylation of IRS1 and phosphorylation of
Akt (ser473) in liver tissue of MI rats.
Moreover, the restoration of Akt phos-
phorylation almost reached the levels
shown in controls (Figure 6). Next, we
determined the effect of ROSI on hepatic
gluconeogenesis, and found that it signif-
icantly inhibited the mRNA expression
of PEPCK and G6Pase (Supplementary
Figure S4).

ROSI Reduced Plasma Glucose and
Insulin Levels after MI

Finally, we examined the effect of ROSI
on plasma glucose and insulin levels. As
shown in Figure 7, MI rats with ROSI ad-
ministration exhibited decreased glucose
levels, which were markedly lower 15 min
after ligation than in rats without ROSI
administration. Similar trends were ob-
served for plasma insulin levels, with the
difference becoming significant 20 min
after ligation between MI rats with and
without ROSI administration. Neither the
plasma glucose or insulin levels in MI rats
with ROSI administration were signifi-
cantly different from controls. These re-
sults indicates that ROSI could ameliorate
metabolic dysfunction after MI.

Figure 3. Alteration of insulin signaling cascades in skeletal muscle of rats after MI. Tyrosine
phosphorylation of IR β-subunit and IRS, and serine phosphorylation of Akt (ser 473). Skele-
tal muscle tissue lysates were subjected to immunoprecipitation and/or Western blot using
specific antibodies. Left panel, representative immunoblots are shown. Right panel, quan-
tification of phosphorylation blots relative to their corresponding loading. Tyrosine phos-
phorylation of IR β-subunit relative to IR β-subunit, tyrosine phosphorylation of IRS1 relative
to IRS1, serine phosphorylation of Akt (ser 473) relative to Akt. IP, immunoprecipitation. IB, im-
munoblotting. I, insulin (with insulin stimulation). B, basal (without insulin stimulation). Values
presented are means ± SEM of 4 to 5 samples in each group. *P < 0.05 versus control
group with insulin stimulation. #P < 0.05 versus control group without insulin stimulation.
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DISCUSSION
In the present study, we observed a

rapid development of hyperglycemia in
rats after MI, consistent with previous re-
ports (2,18,19). Corticosteroids and cate-
cholamines have been considered pri-
mary contributors to MI-induced
hyperglycemia (2,20). However, studies
aimed to establish correlation between
plasma glucose levels and the change of
corticosteroids and catecholamines in re-
sponse to acute injury have produced in-
consistent results, suggesting other possi-
ble mechanisms are involved (21,22).

We first investigated the early alter-
ation of insulin signaling pathways in in-
sulin responsive tissues after MI. Our re-

sults showed significantly impaired in-
sulin signaling in liver tissue 30 min after
MI, but no measurable impairments in
skeletal muscle, suggesting that insulin
signaling pathways are more sensitive to
being affected in liver tissue. Moreover, it
should be noted that this pattern of 
tissue-specific development of insulin 
resistance might be due to a time-
 dependent response to MI. Suppression
of insulin signaling in liver tissue is
achieved rapidly, whereas inhibition of
signaling in skeletal muscle may be de-
layed. Studies on other acute conditions
have demonstrated that severe impair-
ment of insulin signaling occurred in
liver tissue as soon as 15 min after

trauma injury. By contrast, development
of skeletal muscle insulin resistance was
not detectable until 60 min after trauma
(21,23–25). Thus, the undetected changes
in insulin signaling pathways in skeletal
muscle could not rule out the possibility
that the pathways would be impaired 
as time continues; this needs be further
confirmed.

This MI-induced hepatic insulin resist-
ance might not result from an IR defect
since there were no measurable changes
in IR protein levels or insulin-stimulated
tyrosine phosphorylation of the IR. By
contrast, significantly compromised 
insulin-stimulated IRS1 tyrosine phos-
phorylation was detected after MI, fol-
lowed by the impaired attachment of
PI3K p85 subunit with IRS1. IRS1 has
been reported to be a predominant target
for the development of chronic insulin
resistance, in which IRS1 protein levels,
IRS1 tyrosine phosphorylation and/or
IRS1-PI3K association have been reported
to be downregulated (8,26,27). However,
in our study, there were no changes in
IRS1 protein levels after MI, but a
marked decrease in insulin-stimulated
IRS1 tyrosine phosphorylation. Thus,
IRS1 tyrosine phosphorylation may be a
sensitive site that is easily affected, char-
acterized by rapid onset, developing in
minutes in the setting of MI. There is a
paradox regarding insulin-stimulated
phosphorylation of Akt when analyzing
the current data in different ways, which

Figure 4. Alteration of insulin signaling cascades in heart tissue of rats after MI. Tyrosine
phosphorylation of IR β-subunit and IRS1 and serine phosphorylation of Akt (ser 473). Heart
muscle tissue lysates were subjected to immunoprecipitation and/or Western blot using
specific antibodies. Left panel, representative immunoblots are shown, Right panel, quan-
tification of phosphorylation blots relative to their corresponding loading. Tyrosine phos-
phorylation of IR β-subunit relative to IR β-subunit, tyrosine phosphorylation of IRS1 relative
to IRS1,serine phosphorylation of Akt (ser 473) relative to Akt. IP, immunoprecipitation; IB,
immunoblotting; I, insulin (with insulin stimulation); B, basal (without insulin stimulation). Val-
ues presented are means ± SEM of 4 to 5 samples in each group. *P < 0.05 versus control
group with insulin stimulation. #P < 0.05 versus control group without insulin stimulation.

Figure 5. Alteration of plasma TNF-α levels
in rats after MI. Plasma TNF-α levels were
measured by ELISA. Values presented are
means ± SEM of 8 to 10 samples in each
group. *P < 0.05 versus control group.
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needs further confirmation. To sum up,
we favor the idea that MI-induced he-
patic insulin resistance is generated from
modifications in IRS1 tyrosine phospho-
rylation, leading to its impaired function
and, ultimately, to disruption of insulin
signal transduction in the downstream.

We also assessed the transcriptional
levels of the gluconeogenesis rate-limit-
ing enzymes regulated by insulin signal-
ing in liver tissue (16,17). The mRNA ex-
pression of PEPCK and G6Pase were
elevated significantly, indicating that
there is a rapid shift to increase hepatic
glucose production in response to MI.
Thus, hepatic insulin resistance would
lead to an increase in hepatic gluconeo-
genesis and glucose production, which
may be an important mechanism for in-
creased plasma glucose levels after MI.

Hepatic insulin resistance acting as the
potential contributor to hyperglycemia
after MI was further confirmed by ROSI
administration in our study. ROSI is a
member of the thiazolidinedione class
that serves as a potent peroxisome prolif-
erator-activated receptor-γ (PPAR-γ) ago-
nist (28). It shows favorable effects on
glycemic control by potentiating insulin
signaling and ameliorating insulin resist-

ance in the process of type 2 diabetes
(29,30). In this study, we observed that
ROSI markedly restored insulin signaling
and inhibited gluconeogenesis in liver
tissue of MI rats. In addition, plasma lev-
els of glucose and insulin were reduced
after ROSI administration. It appears that
ROSI could be an appropriate candidate
to improve MI-induced hepatic insulin
resistance and ultimately reduce hyper-
glycemia. It should be noted that the

dose of ROSI may be higher as compared
to previous studies, in which ROSI was
usually administered via oral gavage.
Moreover, in a large scale meta-analysis,
long-term use of ROSI has been proved
to be associated with an increased risk in
heart failure and myocardial infarction
indicated in type 2 diabetic patients (31),
whereas this association has not been
supported by subsequent prospective
clinical studies (32,33). Considering the
controversy of ROSI in clinical practice,
its beneficial effect on insulin signaling
and hyperglycemia needs to be con-
firmed in further studies.

The fold effect of insulin on phospho-
rylation of Akt within MI rats was mark-
edly lower than that within controls,
though insulin-stimulated phosphoryla-
tion of Akt was comparable between MI
and control rats. It can be deduced that
the fold effect of insulin was largely due
to increased basal phosphorylation of
Akt in the injured heart tissue. As one of
the most important protein kinases at the
core of cell signaling downstream, Akt is
activated by a number of factors, includ-
ing insulin, insulin-like growth factor
and cytokines (34). The activation of Akt
raises the possibility that it plays an im-
portant role in injured cardiac tissue,
which is independent of insulin stimula-
tion. Studies have shown that acute hy-
perglycemia favored enhancing the con-

Figure 6. The effect of ROSI on insulin signaling cascades in liver tissue of rats after MI. (A)
Tyrosine phosphorylation of IRS1. (B) Serine phosphorylation of Akt (ser 473). Rats were ad-
ministered with ROSI (4 mg/kg) and all of them received insulin injection before being
killed. Upper panel, representative immunoblots are shown. Lower panel, quantification of
phosphorylation blots relative to their corresponding loading. Tyrosine phosphorylation of
IRS1 relative to IRS1, serine phosphorylation of Akt (ser 473) relative to Akt. Values pre-
sented are means ± SEM of 4 to 5 samples in each group. *P < 0.05 versus control group.
#P < 0.05 versus MI group.

Figure 7. The effect of ROSI on plasma levels of glucose and insulin in rats after MI. (A) Plasma
glucose levels at the indicated time points, (B) Plasma insulin levels at the indicated time
points. Values presented are means ± SEM of 8 to 10 samples in each group. *P < 0.05 versus
control group. #P < 0.05 versus MI group.
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centration gradient-dependent facilita-
tive glucose transport into injured heart
tissue to maintain energy supply in the
setting of MI (35). It merits further inves-
tigation into whether this process is via
activating Akt signaling.

That the impairment of insulin signal-
ing occurs in the remote organs follow-
ing MI is certainly recognized but poorly
understood. Since circulating and local
inflammatory cytokines are always ele-
vated after MI in humans and experi-
mental models (36), they may serve as
important mediators of tissue-to-tissue
cross-talk, which may extend beyond the
injured heart to other tissues. Indeed, we
found plasma TNF-α increased in MI
rats. Another example for tissue-to-tissue
cross-talk is cardio-renal syndromes in
which MI induces decreased function in
kidney (37). Thus, there are various sys-
temic interactions and network in the
body.

CONCLUSION
In summary, we demonstrate that im-

pairment of insulin signaling pathways
rapidly develops in liver tissue but not
skeletal muscle in a rat MI model. He-
patic insulin resistance leads to hypergly-
cemia through increased hepatic gluco-
neogenesis after MI. These findings may
improve our understanding of the molec-
ular mechanisms responsible for acute
hyperglycemia development after MI
and provide new insights for future ther-
apeutic targets. Therapy aimed at poten-
tiating hepatic insulin signaling may be
beneficial for MI-induced hyperglycemia.
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