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SUMMARY

Glucose homeostasis is seriously altered during stress periods such as sepsis,
trauma and surgery. Blood glucose levels rise up in critically ill patients or during the
perioperative period, without distinction between normal or diabetic patients. This
condition has been called stress hyperglycemia, and for many years it has been
considered an adaptive and beneficial response from the organism. However, new
evidences have emerged showing that this condition increases morbidity and
mortality in patients undergoing cardiac surgery and specially in those patients with
extracorporeal circulation. In this review, it was analyzed the results of different
studies of association between stress hyperglycemia and adverse outcomes of
critically ill patients, those patients exposed to extensive surgery, especially cardi-
ac surgery, as well as trauma patients. Here, the benefits of strict glycemic control
(glucose levels between 80-110 mg/dL), using intensive insulin therapy in this
group of patients are described. Additionally, the probable mechanisms of deleteri-
ous effects of the acute or chronical hyperglycemia and the most used protocols in
the glycemic management are described. It is commented the experience obtained
at the Instituto Nacional de Cardiología «Ignacio Chávez» in the management of
patients at the surgery peri- and post-operative periods.
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RESUMEN

La homeostasis de la glucosa se afecta importantemente en los períodos de
estrés como en el caso de sepsis, trauma y cirugía. Los niveles de glucosa en
sangre se elevan en el paciente críticamente enfermo o durante el perioperato-
rio, independientemente si es diabético o no. Esta condición ha sido llamada
hiperglucemia del estrés y durante mucho tiempo se consideró como una
respuesta adaptativa y benéfica, sin embargo, recientemente se ha generado
evidencia de que aumenta la morbimortalidad en particular en los pacientes
sometidos a cirugía cardíaca con circulación extracorpórea. En este trabajo
se analizan los resultados de diversos estudios de asociación entre la hiper-
glucemia del estrés y los desenlaces adversos de pacientes críticamente
enfermos, en los sometidos a cirugía mayor, en particular en cirugía cardíaca,
y en los politraumatizados. Se describen los beneficios del control estricto de la
glucemia (el mantenimiento de los niveles de glucosa en un rango de 80-110
mg/dL), utilizando la terapia intensiva con insulina en estos pacientes. Se des-
criben también los posibles mecanismos de los efectos deletéreos de la hiper-
glucemia aguda y crónica y se presentan los protocolos más utilizados en el
manejo de la glucemia. Se comenta además, la experiencia obtenida en el
Instituto Nacional de Cardiología «Ignacio Chávez» en el manejo perioperatorio
y postoperatorio de pacientes sometidos a cirugía cardíaca.
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INTRODUCTION

The glucose levels increase during stress periods as in
the case of sepsis, trauma and surgery(1). For a long time
the stress hyperglycemia had been considered as an adap-
tive and benign action; however, in recent years evidence
has been generated regarding that stress hyperglycemia
is a detrimental condition in critically ill patients and
those subjected to a major surgery or polytraumatized
patients. The surgery stress-induced hyperglycemic re-
sponse increases due to anesthetic effects and preopera-
tive emotional stress(1). These conditions, as a whole, pro-
duce an increased glucose production or release, a decrease
in the insulin secretion, resistance to this hormone and
an increase in the renal glucose reabsorption. The preop-
erative hyperglycemia degree depends on the type, se-
verity and extension of the surgical trauma to tissues(1).
During the surgery, the glycemic levels could reach lev-
els over 270 mg/dL in non-diabetic subjects and higher
than 370 mg/dL in diabetic patients(2). Apparently, pa-
tients suffering from cardiovascular disease are more sen-
sible to the increase in blood glucose. Mortality in cardi-
ac surgery is significantly correlated to blood glucose
levels, being the lowest mortality when blood glucose
level is lower than 150 mg/dL(3) and this risk increases by
17%(4) per each 18 mg/dL of increase in the glucose over
110 mg/dL. Recently, the insulin therapy has been used to
maintain the blood glucose levels between 80-110 mg/dL
as a part of the intensive cares in order to improve sur-
vival and reduce the morbidity of critically ill, high risk,
trauma or extensive surgery patients(5-12). However, the
strict glucose control (stabilization and maintenance of
glycemia as close to normal as possible) has become a
controversial subject since some recent studies reported
greater mortality in those patients who have received
intensive insulin therapy (IIT) to control blood glucose
levels(13,14).

This review compares the literature reports in which hy-
perglycemia is correlated to the results of survival and mor-
bidity of critically ill patients, the patients underwent dif-
ferent kind of surgery and, in particular, to those subjected
to cardiac surgery, emphasizing cardioprotection. The pos-
sible cytotoxic mechanisms of hyperglycemia are analyzed
in a general manner, and most used protocols for blood
glucose management are provided. Besides, it should be
mentioned the experience acquired in the National Insti-
tute of Cardiology “Ignacio Chávez” on the preoperative
and postoperative management of patients that underwent
cardiac surgery.

THE FIRST STUDY OF THE STRICT GLUCOSE
CONTROL

In a study referred as a classic published in 1993, there was
provided the first evidence that the strict glucose control in
humans reduces the risk of diabetic complications on a long
term(12). This multicenter, randomized and prospective study
known by its acronym in abbreviations in English as DCCT
(Diabetes Control and Complications Trial), was performed
on 1441 patients with type I diabetes who were chosen ran-
domly to receive conventional therapy (CT) or IIT. The two
groups were formed: one of 715 patients with mild retinop-
athy and the another one of 726 patients without retinopa-
thy at the beginning of the study. Patients of two groups
were represented in the two treatments in order to establish
if IIT can prevent the retinopathy or affect the mild progres-
sion of retinopathy. The effects on renal, neurological, car-
diovascular and neuropsychological parameters and any
adverse effect also were studied.

The patients in the CT group were injected with insulin
(an insulin mixture of fast and intermediate action) one or
twice per day and the urine or blood glucose was moni-
tored; usually no daily adjustments on the insulin doses
were performed. The patients received information about
their diets and exercise and were examined every 3 months.
The objectives of the CT were: 1) absence of symptoms of
hyperglycemia; 2) absence of ketonuria; 3) preservation of
normal growth, development and ideal corporal weight; and
4) absence of recurrent or severe hypoglycemia. IIT group
received insulin 3 times daily by injection or external
pump. Adjustments in dose were made based on monitoring
blood glucose (4 times per day), food intake and exercise.
Patients in this group were examined every month and were
contacted frequently by phone to review and adjust their
insulin regime. The objectives of the IIT included prepran-
dial blood glucose levels from 70 to 120 mg/dL, postpran-
dial blood glucose levels <180 mg/dL and levels > 65 mg/
dL measured at 3 am once a week to monitor the level of
hypoglycemia; moreover values of glycated hemoglobin
(HbA1c) <6.05% were recollected. Currently this work is
considered as a reference for establishing the normal levels
of HbA1c in patients with type 1 diabetes. This molecule is
formed in proportion to the level of glucose within the eryth-
rocyte.

The importance of having controlled HbA1c levels in
patients with either type of diabetes is that they are highly
related to the incidence and/or progression of diabetic ret-
inopathy, the incidence of urine protein, the incidence loss
of touch sensations and loss of temperature(15). Patients were
followed for an average period of 6.5 years (limits between
3 and 9 years) and 99% of them had completed the study up
to that point. The DCCT study has been maintained up to
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now a day. The results obtained in this first report were that
the patients in the IIT group had average blood glucose
levels of 155 ± 30 mg/dL, compared with 231 ± 55 mg/dL of
CT group (p < 0.0001). The average values of HbA1c during
the study were significantly lower in IIT group than CT
group (7 vs 9%, p < 0.0001)

The DCCT conclusively demonstrated that in patients
with type 1 diabetes the IIT slows onset (primary preven-
tion) and slows the progression (secondary prevention) of
retinopathy associated with diabetes and it decreases other
complications associated with microvasculature such as
nephropathy and neuropathy.

IMPACT OF THE STRICT BLOOD
GLUCOSE CONTROL WITH IIT

 DURING THE CRITICAL DISEASE

The beneficial results of the DCCT study proved the ef-
fects of IIT in other patients, particularly those in critical
condition; also a clear association between hyperglycemia
and increased risk for morbidity and mortality was found.
Well controlled randomized studies are required to estab-
lish this causal relationship between hyperglycemia and the
risk of morbidity and mortality in the severely ill patients.
The first of these studies(5) was performed in Leuven, Bel-
gium by Van den Berghe et al. and published in 2001. This
study included adult patients receiving mechanical venti-
lation, admitted to the Intensive Care Unit (ICU) after ex-
tensive and complicated surgery or trauma, or after medical
complications resulting from major surgical procedures. Van
den Berghe involved 1548 patients of the ICU, where 63%
of them were cardiac surgery patients at high risk. They
maintained glucose levels between 80-110 mg/dL using a
continuous intravenous infusion of insulin. The mean was
103 mg/dL (normoglycemia) and in patients treated with
CT was 153 mg/dL. Hospital mortality decreased by 34%(5)

and there was a reduction of 40-50% in major comorbidities
when the patients were treated with IT. This groundbreak-
ing study, although was harshly criticized, promoted the
development of protocols for glucose management in the
ICU around the world.

The Leuven’s study showed that the IIT not only reduced
mortality but prevented several complications associated
with critical state of the patient such as the development of
polyneuropathy, and critical illness, as sepsis, anaemia, acute
kidney failure and hyperbilirubinemia. Patients were also
less dependent on mechanical ventilation and intensive care.
On the other hand, IIT protected the peripheral and central
nervous system from secondary damages and improved long-
term rehabilitation of patients with isolated brain injury(6).
The therapy was also associated with a substantial saving of
costs(7). A 4 years follow-up of cardiac surgery patients (63%

of the study population) showed that IIT also improved long
term outcome, as the benefit of survival was maintained
without the need for additional medical care(8).

Another recent, small (n = 61), prospective, randomized,
well controlled study(9) included a population predominant-
ly of general surgery patients. We tried to achieve glucose
levels of 80-120 mg/dL by IIT to observe whether hypergly-
cemia in glucose intolerant patients without diabetes may
increase the number of infections in the ICU. The study was
conducted in adult patients presenting hyperglycemia 
140 mg/dL, they were randomized to receive CT (180-220
mg/dL) and IIT (80-120 mg/dL) during their stay in the ICU.
The results were: average daily levels of 125 ± 36 mg/dL
with IIT compared with 179 ± 61 mg/dL in the standard
glycemic control group.

We found a significant decrease in the incidence of total
nosocomial infections (p < 0.05) predominantly in non-dia-
betic surgical patients in ICU. Another observational study
conducted in a heterogeneous population of medical-surgi-
cal patients (n = 1,600), published in 2004, assessed the
impact of a strict protocol to maintain glucose in the ICU(10).
In this case, insulin was administered by intravenous (IV)
route only if glucose levels were above 200 mg/dL on two
successive measurements to try to maintain glucose below
140 mg/dL. Mean glucose levels of 131 mg/dL were reached
in the protocol period, compared with 152 mg/dL in the
baseline period. Compared with the historical control group,
hospital mortality decreased from 20.9 to 14.8%. Other pa-
rameters that decreased were: stay in the ICU, incidence of
newly developed renal damage and the number of patients
requiring transfusion of red blood cells. The implementa-
tion of this protocol also resulted in a substantial saving of
money(11). All these results were indicating the importance
of strictly controlling the blood glucose levels in order to
obtain favourable results, which led to the conduction of an
increased number of assays in critically ill patients. Poly-
traumatized patients who are in the ICU are a typical exam-
ple of critically ill patients and it has been found that high
levels of blood glucose predict mortality and stay in the
ICU in addition to determining the time of hospitalization.
This relationship also occurres in the morbidity of infec-
tion and prolonged need of mechanical ventilation(16-19).
Levels of hyperglycemia have a high predictive value for
mortality of patients with severe brain damage. It has been
found a significant relationship among high blood glu-
cose levels and deterioration of neurological status, the
decrease in pupillary reactivity, increased intracranial hy-
pertension and a longer stay in hospital(20,21). In patients
who have suffered a cerebrovascular accident, hypergly-
cemia predicts increased risk of death and poor functional
recovery in survivors(22). It has also described a strong link
between high blood glucose levels and risk for polyneuro-
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pathic disease during sepsis and systemic inflammatory re-
sponse syndrome(23).

HYPERGLYCEMIA AND THE PATIENT
UNDERGOING CARDIAC SURGERY

Cardiac surgery, along with the effect of anesthetics and
perioperative anxiety status, releases regulatory hormones
that alter the metabolism of carbohydrates, producing an
increase in glycogenolysis, increased glyconeogenesis, in-
sulin resistance and decreased secretion of this hormone
(24,25) (Figure 1).

The surgical stress response makes difficult to maintain
normoglycemia during surgery, in addition aggressive ad-
ministration of insulin has the risk of producing hypoglyce-
mia in the postoperative period when there is no stress(2). To
achieve the most benefit, it is required to maintain strict
glucose control for at least three days; it has been shown
that the impact of this strategy depends on the time required
for the application(26).

In order to assess the risk for death or congestive heart
failure after a myocardial infarction in non-diabetics and
diabetics patients, articles published from 1966 to October
1998 were analyzed in a review published in the journal
Lancet in 2000(27). Researchers identified fifteen studies that
reported either the hospital mortality or congestive-heart
failure rate in relation to the stress hyperglycemia at the
time of admission. In summary, the findings were: patients
without diabetes who had serum glucose levels of 110-144
mg/dL had a death risk (95% CI 2.9-5.4) 3.9 times higher
than patients without diabetes at lower levels of blood glu-
cose. Glucose concentrations of 144-180 mg/dL at the time

of admission were associated with an increased risk of con-
gestive heart failure or cardiogenic shock. In patients with
diabetes who had serum glucose between 180-198 mg/dL,
the death risk increased but moderately (relative risk of 1.7).
The authors concluded that stress hyperglycemia with myo-
cardial infarction is associated with a higher risk of hospital
death in both diabetic both non-diabetic patients. It was
considered that diabetes mellitus (DM) is a predictor of in-
creased mortality in patients suffering from cardiovascular
disease. Even in non-diabetic patients they have a high risk
of congestive heart failure or cardiogenic shock with stress
hyperglycemia(27).

In a recent study in patients with coronary artery disease
(CAD)(28), it was determined the degree to which the blood
glucose level is predictive of mortality in glucose intoler-
ant non-diabetic, non-diabetic and diabetic patients. The
importance of this study was to assess the risk of mortality
when the fasting blood glucose (GluA) is below the thresh-
old of diabetes (126 mg/dL).

In total, 1612 patients were included with CAD, who
underwent percutaneous coronary intervention (PCI) and
who had previously determined level GluA or a diagnosis
of DM. Patients were grouped as DM, non-DM with blood
glucose  126 mg/dL, non-DM with blood glucose 110-
125 mg/dL and normal glucose < 110 mg/dL. Survival was
determined at 2.8 ± 1.2 years. The results showed a higher
mortality rate in patients with diabetes (44/394, 11.2%, p
< 0.0001), followed by the non-diabetic patients with glu-
cose  126 mg/dL (27/283, 9.5%, p <0.001) and the group
without DM with blood glucose 110-125 mg/dL (20/305,
6.6%, P <0.04). Only 12/630 patients died in group with
normal glucose, i.e. 1.9%. This group of researchers con-
cluded that the prognosis depends on the GluA abnormal-
ities in patients with CAD undergoing PCI; additionally
they concluded that, despite the bypass, the mortality risk
associated with even slight elevations in GluA is substan-
tial, by emphasizing the importance of early detection and
treatment of risk associated with hyperglycemia. Should
be noted that, in this work, the authors propose the level of
109 mg/dL as the best cut-off point to consider an increased
risk. It is generally considered that the increase in GluA is
predictive of hospitalization in patients with heart failure
and is a factor increasing cardiovascular events compared
with chronic hyperglycemia(29,30).

Intraoperative hyperglycemia appears to contribute as
an independent risk factor determining adverse outcomes
after cardiac surgery. The degree of association between in-
traoperative hyperglycemia and perioperative outcomes in
cardiac surgery patients was estimated in a retrospective
study conducted at the Mayo Clinic in 2005(31). The aver-
age intraoperative glycemia was considered as the indepen-
dent variable and the variable to be determined was the

Anxiety Surgery Anesthetics

Alteration of
carbohydrate metabolism

Hyperglycemia

Multiple organ damage
and complications

Insulin resistance
Glycogenolisis
Glyconeogenesis
Decreased secretion
of insulin

Figure 1. Effects that induce perioperative hyperglycemia.
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combination of death and/or any of the following events:
infections (of the sternal wound, urinary tract infection and
sepsis), neurological complications (cerebral vascular
events, coma, delirium), renal (acute kidney failure), heart
(atrial fibrillation of new onset, AV block, cardiac arrest)
and pulmonary (prolonged pulmonary ventilation, pneu-
monia), which were developed in the following 30 days af-
ter cardiac surgery. The results showed that of 409 patients
involved, who have predominantly any of the endpoints to
be evaluated were first the male and elderly individuals fol-
lowed by those with DM, subsequently those underwent
coronary artery bypass, and finally who underwent insulin
during surgery. The conclusion of this study was that intra-
operative hyperglycemia is an independent risk factor for
complications and death after cardiac surgery.

DIABETES MELLITUS AND
CARDIOVASCULAR RISK

It is known for decades that DM is an important risk factor
for cardiovascular disease. It has been reported that pro-
longed insulin resistance and increased blood glucose can
cause left ventricular hypertrophy(32), and high levels of
HbA1c are associated with increased risk for myocardial
infarction, angina, ischemic heart disease and cardiac
death(33). It was reported that a 1% increase in the HbA1c
level is associated with a 14% increase in risk of myocar-
dial infarction mortality and also with a 37% risk of mi-
crovascular complications(34). Approximately 30% of pa-
tients undergoing coronary artery surgery suffer from DM,
resulting in a 3.7% mortality at 30 days(35). Patients with
DM undergoing surgery have a greater risk of developing
nosocomial infections of any kind when the blood glu-
cose concentrations are above 198 mg/dL(36). It has been
reported that the frequency of surgical wound infections is
related to blood glucose level, increasing from 1.3% in
patients with glucose of 99-144 mg/dL to 6.7% in those
with blood glucose greater than 252 mg/dL(37). In patients
of the ICU, hyperglycemia accentuates the catabolic loss
of protein and it is suggested that this might alter the pro-
cess of wound healing(38). On the other hand, in patients
with diabetes who have more than 4 hours of acute hyper-
glycemia, there is platelet activation, endothelial dysfunc-
tion and capillary leak, this situation might explain the
increased frequency of the non-flow phenomenon after
heart attack in these patients(39). In general, diabetic pa-
tients have increased morbidity and mortality during car-
diac surgery(40,41) and there is evidence that these patients
improve in these when its blood glucose is between the
normal(42,3). These results support the hypothesis that hy-
perglycemia is a risk factor per se regardless of the degen-
erative processes associated with this disease.

POSSIBLE MECHANISMS OF THE DELETERIOUS
EFFECTS OF HYPERGLYCEMIA

Many studies of the cytotoxic effects of hyperglycemia have
been conducted in animal models and in vitro assays. Al-
though it is not possible to extrapolate these results directly
to human, this explains to some extent the mechanisms of
the deleterious effects of both acute and chronic hypergly-
cemia. Hyperglycemia causes damage through various bio-
chemical processes such as an increased glucose metabo-
lism by sorbitol pathway resulting in the formation of
polyols, an increase in the de novo synthesis of diacylglyc-
erol (DAG) which activates the protein kinase C (PKC), an
enzyme that phosphorylates several functional proteins,
there is also a rise flow in the hexosamine formation, an
augmentation of reactive oxygen species (ROS) and finally
the non-enzymatic glycosylation of proteins with the con-
sequent formation of advanced glycosylation end products
(Figure 2).
A) Sorbitol pathway: In non-diabetic persons, the excess

glucose is metabolized by glycolytic pathway and the
pentaphosphates. In diabetic patients, these two path-
ways are saturated and excess glucose is metabolized by
polyol pathway (pathway of sorbitol), where two enzymes
are involve: aldolase reductase and sorbitol dehydroge-
nase, transforming glucose to sorbitol. The excess of in-
tracellular sorbitol increases osmotic pressure, intracel-
lular edema and hypoxia. The abundance of sorbitol is
associated with cataracts, retinopathy, and diabetic neu-
ropathy(43).

B) DAG: The formation of DAG is favored by glycolysis
and the pathway of polyols, the primary activator of PKC,
and involved in the secretion of growth factors such as
tumor growth factor-beta (TGF-) producing synthesis of
extracellular matrix (ECM). The PK decreases the pro-
duction of nitric oxide and increases the synthesis of en-
dothelin 1(44). It also induces a greater expression of plas-
minogen activator factor 1 and plasminogen 1(45).

C) Hexosamine pathway: Some of the effects of high glu-
cose may be mediated by other metabolic pathway, the
hexosamine pathway, in which fructose-6-phosphate is
converted to glucosamine-6-phosphate, and then loses
its amino group to become into glutamate(46). This study
has demonstrated that glucosamine is a structural ana-
logue of glucose and it increases the production of TGF-
 and fibronectin.

D) Increase in the production of ROS: ROS produce an in-
crease in the synthesis of various molecules involved in
the remodeling of ECM and cell proliferation in the kid-
ney(47,48). Finally, it has been shown that ROS produces
an increase in the TGF- expression and activity accord-
ingly to an increase in the production of MEC(49).
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E) Non-enzymatic glycosylation pathway of proteins: The
non-enzymatic glycosylation of proteins is an irrevers-
ible reaction in which glucose binds to the epsilon-ami-
no groups of lysine of an already formed protein, denat-
uralizing this protein and causing functional changes.
These chronically events are called advanced glycosyla-
tion end products (AGES). The AGES act through their
receptors (RAGES) producing fibronectin and collagen
type IV. Glycosylated hemoglobin is an example of this
alteration, and its determination is useful to assess glyce-
mic control of diabetic patient(43). AGES are highly relat-
ed to the development of long-term complications of di-
abetes(50) and serum levels are recognized as a marker for
monitoring treatment of patients with diabetes, especial-
ly those with kidney damage and/or vascular complica-
tions. However, the use of measurements of AGES levels
in the clinic is limited by the lack of fast and simple
analytical procedures endotheliome. It has been report-
ed that in the high concentration of glucose inhibits the
replication of endothelial cells in culture(51) and endot-
helial activation is associated with the expression of sev-
eral adhesion molecules, including E and P selectins and
intracellular- (I-CAM) and vascular adhesion molecules
(V-CAM) on the cell surface(51). Langouche et al.(52) in-
vestigated the local activation of endothelium and its
relation to the IIT, finding that insulin decreases the lev-
els of selectin E and circulating adhesion molecules, a
mechanism that helps to protect the vascular endotheli-
um of the lesion and prevent organ dysfunction.
On the other hand, hyperglycemia increases the hexoki-

nase activity, an enzyme responsible for phosphorylation
of glucose, the first step of glycolysis. This event stimulates
the production of growth factors involved in the prolifera-
tion of fibroblasts and vascular smooth muscle cells(53).

It is known that increased concentration of glucose caus-
es an increase in blood viscosity in the DM. This impairs the

mechanisms of autoregulation of blood flow by alterations
in the autonomic nervous system. Furthermore, these hemo-
dynamic changes produce degeneration of pericytes and
capillary and venular dilation, leading to an increased per-
meability of blood vessels with departure of plasma and
proteins causing endothelial injury. By reducing the blood
flow, erythrocytes tend to cluster reaching obstructing traf-
fic. It has been reported that in diabetes, erythrocyte loses
the physiological ability of deformation because its mem-
brane is made rigid by the non-enzymatic glycosylation
previously described. Increased blood viscosity is exacer-
bated by an increase in fibrinogen and globulins, which
leads to a prothrombotic state. The increase of Von Wille-
brand factor and an decreased fibrinolytic activity also con-
tributes to this situation(43). Moreover, acute hyperglyce-
mia produces in rats a low activity of tissue plasminogen
activator and high levels of plasminogen activator inhibi-
tor(54). Hyperglycemia also decreases the half-life of fibrin-
ogen and platelet aggregation and increases levels of fibrin-
opeptide A and factor VII; all these phenomena suggest
increased activation of prothrombotic factors(55,56). These
changes deserve to be taken into account when patients with
hyperglycemia are subject to surgery, as this condition is a
risk factor for cardiovascular and cerebrovascular.

On the other hand, high levels of glucose produce in-
creased markers of vascular inflammation. High levels of C-
reactive protein, interleukin 6 and tumor necrosis factor al-
pha have been reported in studies performed in vitro and in
vivo(57,58). Also the high glucose is associated with an in-
crease in the generation of reactive oxygen species (ROS)
which can induce tissue injury(59).

Moreover, Turina et al.(60) suggested that hypergly-
cemia produces the following effects on the immune sys-
tem: 1) decrease in adhesion and migration of leuko-
cytes; 2) decrease in the complement fixation; 3)
decreased phagocytosis; 4) decreased production super-
oxide radicals; 5) reduced production of cytokines and
reduced apoptosis; and 5) it is altered microvascular re-
sponse. All these effects may be responsible for increased
infection and dysfunction of various organs in diabetic
patients. Recent studies in humans(61) suggest that the
acute increase in glucose levels can have a most power-
ful impact on oxidative stress than chronic sustained
hyperglycemia.

POSSIBLE MECHANISMS OF TOXICITY IN
MYOCARDIAL

When the diabetes progresses, the excessive availability of
lipids and fatty acids and the uptake thereof may exceed the
heart’s capacity to use these substrates, which could result
in lipid accumulation within the cardiomyocyte. It has been

Glycolysis Polyols Ages ROS Hexosamines

Hyperglycemia

DAG

PKC

Sorbitol

Edema
and hypoxia

Deleterious
effects

Figure 2. Signaling pathways that lead to deleterius effects
of hyperglycemia.
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shown previously that the progression of diabetes is associ-
ated with a dramatic decrease of expression of PPAR-g (per-
oxisome proliferator-activated receptor-gamma). It produc-
es insulin resistance with accumulation of lipids in the
cardiomyocyte causing a phenomenon known as lipotoxic-
ity. This lipotoxicity accumulates (ROS), induced nitric
oxide and apoptosis, leading to cardiac dysfunction(62).
While the accumulation of lipids is deleterious, the exces-
sive accumulation of metabolites of glucose is associated
with several pathologies and is called glycotoxicity. Exces-
sive intake of glucose induces insulin resistance in multiple
organs such as skeletal muscle, liver and adipose tissue.
One hypothesis is that through the hexosamine pathway,
important pathway in the deleterious role of hyperglyce-
mia, insulin resistance to glucose is increased; this is in-
duced also by fats. The increase in this pathway in turn
causes an increase in the glycosylation of proteins involved
in insulin transduction signal. This is the case of insulin
receptor substrates (IRS-1 and IRS-2), which would alter the
activation of phosphatidylinositol-3-kinase (PI3-kinase) and
and decrease the activation of Akt kinases(63).

Chronic hyperglycemia is associated with the forma-
tion of AGES and the generation of ROS; moreover the
excessive generation of free radicals can affect the homeo-
stasis of calcium channels, the mitochondrial function and
the activation of DNA transcription factors and initiate
apoptosis(64).

In addition to the participation of the mechanisms previ-
ously described, several physiological studies have shown
that hyperglycemia may have direct deleterious effects on
ischemic myocardium through several mechanisms. High
levels of glucose in patients with acute coronary syndromes
are associated with high concentrations of free fatty acids,
insulin resistance and alterations in myocardial glucose use,
thus increasing oxygen consumption and therefore is-
chemia(65). In turn, the high concentrations of free fatty ac-
ids increase the incidence of malignant ventricular arrhyth-
mias(66). Kersten et al. have shown a decrease in collateral
circulation and increased infarct size during severe hyperg-
lycemia(67,68). Animal studies show that high glucose may
abolish the ischemic preconditioning and promote apopto-
sis(68). Hyperglycemia is also associated with elevated blood
pressure and ST-segment elevation in rats; these anomalies
are corrected by reversing hyperglycemia(69). Marfella et
al.(70) have reported the same hemodynamic and electrocar-
diographic effects in healthy humans, as well as increased
circulating catecholamines during hyperglycemia artificial-
ly induced in these volunteers (glucose > 270 mg/dL). In
diabetic patients, postprandial hyperglycemia is associated
with myocardial perfusion defects due to microvascular
dysfunction; this condition lowers the glycemic control(71,72).

One of the main causes of the hyperglycemia complica-

tions is caused by increased levels of ROS. The electron
transport chain of mitochondria is the site of production of
these radicals during hyperglycemia(73). The high concen-
tration of glucose causes an increase in the mitochondrial
metabolism altering respiratory chain and causing hyper-
polarization of these organelles and the overproduction of
ROS(74). Elevated levels of the ROS open mitochondrial
membrane transition pore and cause cell death by apopto-
sis(75,76). Hyperglycemia increases the production of ROS
through the hexosamine pathway, causing resistance to in-
sulin. This is due to those molecules involving in receiving
the signal from the cascade of second messengers of this
molecule are glycosylated(77,78).

In ventricular myocytes incubated in a high glucose con-
centration medium, production of ROS and the concentra-
tion of proinflammatory cytokines were increased dramati-
cally and the number of myocytes was increased with
apoptosis and necrosis(79). Recent evidence suggests that
increased production of ROS caused by hyperglycemia pro-
duces phosphorylation of insulin receptors, which alters the
ability of binding to PI3-kinase and activate it, thereby re-
ducing the activation of AKt kinases generating insulin re-
sistance when the cascade thereof is blocked.

Taking this evidence, it is very likely that hyperglyce-
mia is the main mechanism responsible for the increase in
ischemia-reperfusion injury in animals treated with high
concentrations of glucose.

In this regard, Verma(80) demonstrated that cellular inju-
ry is higher in human ventricular cells when they are sub-
jected to conditions of hyperglycemia. When energy sub-
strates are administrated in combination with insulin and
glucose for the heart, beneficial additive effect is achieved
along with glucose control (81,82).

This is evidenced by the use of the glucose-insulin-po-
tassium (GIK) infusion is associated with improved outcomes
after cardiac surgery(83,84). Strict blood glucose control in
hospitalized patients dates back nearly 50 years with the
work by Sodi-Pallares(85). The strategy of combining the
administration of GIK with continuous infusion of insulin
(glucose clamp) in patients undergoing cardiac surgery has
shown to have a low frequency of atrial fibrillation, less use
of inotropic agents, reduced need for pacemaker, shorter
stay in intensive care, fewer myocardial ischemic events,
and fewer cases of kidney failure, wound infection and post-
operative death(86,87).

Insulin administered at the GIK solution to restore nor-
moglycemia may be cardioprotective, as anti-inflammato-
ry, vasodilatory and antiapoptotic effects have been de-
scribed(88). Several mechanisms have been proposed to
explain how GIK solution may be cardioprotective. Opie(89)

has suggested two main mechanisms: decrease in the con-
centration of free fatty acids (by decreased lipolysis) and
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increase in glycolysis. Although free fatty acids are the domi-
nant substrate for the myocardial cells under aerobic condi-
tions, under conditions of ischemia occurs a shift in metab-
olism towards consumption of glucose and long chain free
fatty acids can have deleterious effects. The metabolism of
fatty acids can produce lactate and hydrogen ions, leading
to cellular acidosis; and as they are responsible for the re-
duction of myocardial contractility, also they can cause di-
astolic dysfunction and decrease the threshold of the myo-
cardium as regards arrhythmias(89). The GIK solution
increases availability and facilitates glucose uptake in car-
diomyocytes; on the other hand, insulin has anti-inflamma-
tory and antioxidant effects(88) and vasodilator effect by
releasing nitric oxide(90,91). Insulin also inhibits platelet
aggregation and has profibrinolitic effects(92); the cardio-
protective mechanism of insulin is complex. The possible
protective mechanisms of insulin are listed in Table I(92). In
experimental studies it has been observed that GIK can re-
verse the damage caused by hypoxia on vascular contrac-
tion through the mechanism of nitric oxide, where it was
observed that GIK expanded coronary arteries and allowed
a best infusion during an infarction(93).

In summary, we believe that the effects of GIK are bene-
ficial at the level of metabolic support for the heart in case
of suffering, but perhaps it is more difficult to have a fine
glycemic control compared to IIT, since glucose is adminis-
tered in addition to the existing in the body, and response
times are difficult to control. Perform a blood glucose mea-
sure before the beginning of venoclysis with GIK would be
beneficial.

PROTOCOLS FOR
HYPERGLYCEMIA MANAGEMENT

It has published a great variety of protocols on the use of
insulin to treat perioperative hyperglycemia(3,5,94-96) and it
is possible that different institutions require protocols based
on the type of patient, availability of personnel and physi-
cal plant. In general, the insulin infusion is appropriate for
the type 1 diabetics patients hospitalized for acute illness,
when it can not be administered orally at least 24 h before
surgery or in case of patients who will undergo general an-
esthesia for more than 2 h. Although there are significant
differences in insulin requirements in different patients, in-
sulin IV is more predictable than insulin SC.

Diabetic patients undergoing coronary bypass surgery
with extracorporeal circulation (ECC) require special men-
tion. Hypothermia that occurs during this process may pro-
duce insulin resistance and is very likely to need higher
doses of insulin. During warming, insulin resistance is re-
duced and it is need to adjust dosages. Historically, the in-
sulin infusion protocols were based on the glucose blood

concentration in patient and the infusion rate was changing
with fixed increments for all patients(97). In clinical practice
this type of protocols rarely work because they do not take
into account the differences in insulin sensitivity in patients.
A young woman with type 1 DM prepared for a surgical
procedure requires fewer changes in insulin dose as com-
pared to a patient of 60 years with type 2 DM undergone
cardiac surgery with ECC. It has been observed that although
the blood glucose is within normal level, it is required to
adjust insulin infusion in order to prevent hypoglycemia.
For example, if glucose is lowered from 200 to 130 mg/dL
for an hour is needed to decrease the infusion in order to
prevent hypoglycaemia <60 mg/dL in the next hour. The
ideal insulin infusion protocols are based not only on the
current glucose level but also on the insulin sensitivity and
speed with which the change was made. The ideal protocol
for the use of IV insulin should be easy, effective, safe, and
applicable throughout the hospital. The goals of glucose
control should be (in mg/dL): Perioperative 110-140, surgi-
cal 110-140, medical ICU 140-180, pregnancy > 100. There
are several published protocols, some examples are: Van
der Berghe(5), Portland(3), Markovitz(94), Yale(95), GRIP(96).
Several of them have been developed to achieve strict glu-
cose control, including computer-controlled algorithms(96),
these algorithms are comparable to those performed manu-
ally in predetermined tables. The risk of hypoglycemia is
the greatest barrier to the implementation of these protocols
within the perioperative period and the risk/benefit ratio is
an issue that is still discussing.

IIT AND THE RISK OF HYPOGLYCEMIA

Severe hypoglycemia (<40 mg/dL) and prolonged it can
cause convulsions, coma and irreversible brain damage, as
well as and cardiac arrhythmias. The risk of hypoglycemia
is a potential danger when insulin infusion is administrated
in the perioperative infusion although early symptoms of
hypoglycemia is easily recognized(98). This risk increases
from 0.8 to 5.1% in the surgical intensive care(5) and from
3.1 to 18.7% in the intensive medical therapy(99). Patients
in medical intensive care represent a population of patients
with more pronounced pathology than those of surgical ther-
apy. In particular, patients with sepsis have a higher risk of
hypoglycemia 11.9% (2.9% for CT and 19% for IIT) versus
3.9% in patients without sepsis (1.2% and 6.8% with TC
IIT)(100). The strongest argument of this work is that IIT can
cause severe hypoglycemia. In that sense, it has been report-
ed that serum glucose levels below 100 mg/dL are deleteri-
ous and this situation is considered as the transition point
from 100 to 109 mg/dL.

Despite the evidence in favours of the IIT, it is still not
accepted as a convincing strategy to be used in intensive
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care units. Recently some studies were interrupted by the
events of hypoglycemia (glucose less than 40 mg/dL). It is
true that the IIT allows a stricter hyperglycemia control but
presents the risk of hypoglycemia.

IMPORTANCE OF ACHIEVING NORMOGLYCEMIA

In clinical studies on the effect of IIT is impossible to
separate completely the impact of the insulin infusion
versus the blood glucose control; however it seems that
both have beneficial effects. In this regard, in a study in a
rabbit with prolonged critical condition (101), it is evalu-
ated the relative impact of maintaining normoglycemia
versus the effects of insulin are not related to glycemia.
In this work, the blood glucose was manipulated inde-
pendently of insulin levels; additionally the impact of
both conditions on mortality, myocardial contractility
and on endothelial function in isolated aortic rings, liver
and kidney, and in the leukocyte function was observed.
The results showed that glycemic control had a greater
impact on the survival of animals than insulin per se,
whereas the insulin level does not contribute to survival.
Clinical data are consistent with these experimental ob-
servations, however, the relative beneficial effect of both
compounds is still to be determined.

EXPERIENCE IN THE DEPARTMENT OF
ANESTHESIOLOGY ON STRICT GLYCEMIC

CONTROL

The Department of Anesthesiology, National Institute of
Cardiology “Ignacio Chávez”, began the study of the im-
portance of perioperative glycemic control in diabetic and

nondiabetic patients with a work published in 1985(102). In
this study, the perioperative management of diabetic pa-
tients in cardiac surgery is investigated.

In total, 24 diabetic patients were included and divid-
ed into 5 groups: one group was administered with 10 to
50 units bolus insulin depending on its blood sugar. For
the remaining 4 groups, a continuous pump infusion at
doses of 2.5, 5.0, 7.5, and 10.0 units/hour was adminis-
trated, respectively. A group of 10 non-diabetic patients
who had been monitored for the level of glycemia was
included. In groups of insulin infusion was found that
the 5 units/hour dose was the best for controlling blood
glucose with figures similar to those of non-diabetic pa-
tients and a lower morbidity in both groups. This pio-
neering work showed that by strictly controlling blood
glucose using insulin infusion, better results in patients
undergoing cardiac surgery are obtained. In another study
conducted in 1996, 20 non-diabetic patients with ischem-
ic heart disease undergoing coronary bypass with extra-
corporeal circulation were included and divided into two
groups(103). The 10 patients of group I received GIK solu-
tion (10% glucose, insulin 20 units, 60 meq KCl; 1000
mL) at a 16 mL/min rate. Group II did not receive GIK. In
both groups, all the hemodynamic parameters derived
from pulmonary artery catheter (Swanger-Ganz), arterial
line and central venous pressure were studied. It was found
that these parameters were best in the GIK group as com-
pared to the control group, these parameters were: cardi-
ac index, left ventricular work index and the stroke vol-
ume, among other measured parameters. It was concluded
that the use of GIK solution produces better hemodynam-
ic results in patients undergoing coronary bypass with
extracorporeal circulation.

Table I. Effects of the insulin.92

Reduces production of free radicals
Attenuates the inflammatory action of glucose
Decreases the production of inhibitory migration factor of macrophages
Reduces the harmful actions of tumor necrosis factor
Inhibits the production of non-esterified free fatty acids
Potentiates the possible release of nitric oxide synthase
Decreases the production of protein p-47, wich is a key protein in the NADP oxidase
Anti-apoptotic effect by activating the fosfatidol-3-kinase AKT pathway
Decreases the concentration of cytokines, the 1-protein of monocytes chemical-attractants and the plasminogen activa-
ting factor, especially noticed in patients with exogenous obesity
In experimental models it has been observed that the peptide stimulates d-6-desaturasa and d-5-desaturasa, which are
essential in the formation of prostaglandin E2 and its precursors, antiplatelet, powerful vessel dilator and suppress the
formation of tumor necrosis factor and interleukin 2
Neuroprotective effect against cerebral ischemia and spinal cord, together with insulin, growth factor and activation of
NF-B y Janus Kinase 8JAK
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In a review published in 2006(104) about the GIK and the
cardioprotective effects of insulin emphasizes the effects of
insulin on coronary blood flow and treatment of hypergly-
cemia with this solution.

A study on the hyperglycemia control using GIK solu-
tion in 40 non-diabetic patients undergoing cardiac sur-
gery(105) with extracorporeal circulation and divided into 4
groups was recently published in 2008. All patients received
10% glucose; differences were in the insulin and K doses, as
well as in the infusion rate.

It was found that with GIK solution with 40 units of insu-
lin to 50 mL / hour, there is a better control of hyperglyce-
mia in the GIK than 20 units of insulin.A better hyperglyce-

mia control in the GIK was observed using GIK solution
with 40 units insulin at 50 mL/hour as compared to 20 units
insulin.

Some of the mechanisms described so far on the deleteri-
ous effects of hyperglycemia especially in patients under-
going cardiac surgery are shown in this review. The large
number of evidence on that normoglycemia prevents ad-
verse outcomes and provides cardioprotección, leads us to
propose the strict blood glucose control as part of standard
perioperative care in order to reduce infections, reduce the
length of stay in ICU. On the other hand, all previously
described benefits produce best outcomes y prevent possi-
ble future damage.
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