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Context: Hyperglycemia and insulin resistance frequently occur in
critically ill patients even without a history of diabetes.

Objective: Our objective was to study the role of adipose tissue
hormonal production in the development of insulin resistance in car-
diac surgery patients.

Participants, Interventions, and Settings: Fifteen patients with
elective cardiac surgery underwent blood sampling before, at the end,
and 6, 12, 24, 48, and 120 h after the end of their operation. Epicardial
and sc adipose tissue sampling was done at the beginning and at the
end of surgery in the Department of Cardiac Surgery.

Main Outcome Measures: We measured serum concentrations and
sc and epicardial adipose tissue mRNA expression of IL-6, monocyte
chemoattractant protein-1 (MCP-1), TNF-q, leptin, resistin, and adi-
ponectin and sc and epicardial adipose tissue mRNA expression of
CD14, CD45, and CD68.

Results: The rate of insulin infusion required to maintain euglycemia
increased up to 7-fold 12 h after the operation, suggesting the devel-
opment of insulin resistance. Serum IL-6 levels increased 43-fold 12 h
after surgery. MCP-1 peaked 6-fold at the end of surgery. Smaller
peaks of TNF-a and leptin appeared 6 and 12 h after surgery, re-
spectively. Resistin levels peaked 4-fold 24 h after surgery, but adi-
ponectin levels were not significantly affected. TNF-a and CD45
mRNA expression increased markedly during the operation in sc
adipose tissue. IL-6, resistin, and MCP-1 mRNA expression increased
in both sc and epicardial adipose tissue. Leptin, adiponectin, CD14,
and CD68 mRNA expression did not change significantly.

Conclusions: Both sc and epicardial adipose tissue is a source of
proinflammatory cytokines in cardiac surgery patients and may con-
tribute to the development of postoperative insulin resistance.
(J Clin Endocrinol Metab 91: 4620-4627, 2006)

NCREASED INCIDENCE OF obesity and type 2 diabetes
worldwide stimulated intensive research focusing on the
detailed etiopathogenesis of its relationship. During the last
decade, a lot of new knowledge has been gained in this field,
including the discovery of endocrine function of adipose
tissue (1, 2). It is now generally accepted that adipose tissue
secretes numerous hormones and cytokines that can have
both insulin resistance-inducing and insulin-sensitizing ef-
fects (3, 4). Endocrine dysfunction of adipose tissue together
with an excessive ectopic lipid storage in nonadipose tissues
such as liver and muscle is now considered the major player
in the etiopathogenesis of obesity-related insulin resistance
(5, 6).

Increased blood glucose levels and decreased sensitivity to
insulin effects frequently occur also in critically ill patients
even without previous history of diabetes mellitus (7). Nu-
merous studies have documented that increased blood glu-
cose levels worsen morbidity and mortality in critically ill
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Abbreviations: ICU, Intensive care unit; MCP-1, monocyte chemoat-
tractant protein-1.
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patients (8, 9) and that intensive insulin therapy aimed at
maintaining euglycemia markedly improves the outcome of
these patients (10, 11).

The etiopathogenesis of insulin resistance in critically ill
patients is still only partially understood and likely includes
some of the mechanisms analogical or similar to that of
obesity-induced insulin resistance and other processes. Ma-
jor pathophysiological conditions underlying hyperglycemia
in critical illness include enhanced hepatic gluconeogenesis,
impaired insulin secretion, and decreased insulin sensitivity
due to anti-insulin effects of stress hormones and proinflam-
matory cytokines (7, 9, 12). The exact mechanisms at the
molecular level still remain to be elucidated.

Although the involvement of adipose tissue hormones in
the obesity-induced insulin resistance has been studied ex-
tensively (3, 4), there is scarce information about its changes
in critically ill patients. Recently, epicardial adipose tissue
has been identified as a source of several proinflammatory
cytokines and has been implicated as a possible player in the
development of coronary artery disease (13, 14). Here we
studied the dynamic changes of several proinflammatory
and antiinflammatory adipose-tissue-derived hormones
both on the systemic and local level as measured by changes
of its mRNA expression in sc and epicardial adipose tissue.
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We demonstrate that both epicardial and sc adipose tissue
becomes a significant source of proinflammatory factors after
major elective cardiac surgery operation and thus may con-
tribute to the development of insulin resistance in these
patients.

Subjects and Methods
Study subjects

Fifteen patients (five men and 10 women; mean age, 68 * 3 yr; mean
body mass index, 26.6 = 1.2 kg/m?) who had major elective cardiac
surgery (10 patients with aorto-coronary bypass, five with valvular
plastique) were included in the study. Three of the patients had type 2
diabetes and were on insulin therapy, and eight of the patients had
arterial hypertension. None of the patients had malignant tumor, thy-
roid disease, or acute infectious disease. All patients on the intensive care
unit (ICU) were treated by continuous iv insulin infusion (Actrapid HM;
Novo Nordisk, Baegsvard, Denmark) using an internal glucose control
protocol to maintain normoglycemia (4.4-6.1 mmol/liter). Written in-
formed consent was signed by all participants before being enrolled in
the study. The study was approved by the Human Ethical Review
Committee, First Faculty of Medicine, and General University Hospital,
Prague, Czech Republic, and was performed in accordance with the
guidelines proposed in the Declaration of Helsinki.

Anthropometric examination and sampling

Anthropometric examination of the patients was performed at basal
state 1 d before surgery. All subjects were measured and weighed, and
body mass index was calculated.

Blood samples for hormonal measurement were taken at basal state
(before the start of anesthesia), at the end of surgery, and 6, 12, 24, 48,
and 120 h after the end of surgery. Serum was obtained by centrifuga-
tion, and the samples were subsequently stored in aliquots at —70 C until
further analysis.

Samples of the sc and epicardial adipose tissue for mRNA expression
analysis were taken at the beginning and before the end of surgery. sc
samples were from the thoracic region. All of the samples (both at the
beginning and at the end of operation) were taken from approximately
same location in all of the patients. The samples were obtained from the
tissue that had not been previously traumatized mechanically or by
cauterization to avoid the influence of local damage on tissue param-
eters. Tissue samples were collected to RNAlater reagent (QIAGEN,
Hilden, Germany) and stored at —70 C until further analysis. The av-
erage time between the withdrawal of the sample at the beginning and
at the end of surgery was 252 * 27 min.

Blood glucose was monitored in hourly intervals during first 48 h of
stay on ICU and in 1- to 4-h intervals based on the actual glucose levels
afterward. Insulin infusion was started at the time of admission to ICU
(within 5 min after the end of surgery). The insulin infusion rate was
adjusted according to an internal glucose control protocol aiming to
maintain blood glucose within euglycemic limits (4.4-6.1 mmol/liter).

Hormonal and biochemical assays

Blood glucose was measured on an ABL 700 analyzer (Radiometer
Medical A/S, Copenhagen, Denmark). Serum concentrations of insulin,
IL-6, TNF-q, leptin, and monocyte chemoattractant protein-1 (MCP-1)
were measured using human serum adipokine LINCOplex Kit (panel B)
on a Luminex200 instrument (Linco Research, St. Charles, MO). Sensi-
tivity was 1.6 pg/ml for IL-6, 85.4 pg/ml for leptin, 0.14 pg/ml for
TNF-o, 0.14 pg/ml for MCP-1, and 50.9 pg/ml for insulin. Intra- and
interassay variability of the kit was 1.4-7.9 and less than 21%,
respectively.

Serum adiponectin concentrations were measured by commercial
RIA kit (Linco Research). Sensitivity was 1.0 ng/ml, and the intra- and
interassay variability was 1.8 and 9.3%, respectively. Serum resistin
concentrations were measured by commercial ELISA kit (BioVendor,
Brno, Czech Republic, Czech Republic). Sensitivity was 0.2 ng/ml, and
the intra- and interassay variability was 3.1 and 6.5%, respectively.
Serum cortisol concentrations were measured using a cortisol RIA kit
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(Immunotech, Prague, Czech Republic). Sensitivity was 10 nmol/liter,
and the intra- and interassay variability was 5.8 and 9.2%, respectively.

Determination of mRNA expression

Approximately 100 mg of tissue was collected and added to 1 ml RNA
stabilization reagent (RNAlater; QIAGEN) and stored at —80 C until
further analysis. Total RNA was extracted from sc and epicardial adi-
pose tissue by homogenization with an ULTRA-TURRAX T 18 basic
(IKA Werke GmbH, Staufen, Germany) using the RNeasy lipid tissue
mini kit (QIAGEN). The RNA concentration was determined from ab-
sorbance at 260 nm (BioPhotometer; Eppendorf AG, Hamburg, Ger-
many). All samples had a 260/280-nm absorbance ratio of 1.89 = 0.1. The
integrity of the RNA was checked by visualization of 185 and 285
ribosomal bands on 1% agarose gel with ethidium bromide. Total RNA
(0.1-1 ng) was used for RT to synthesize the first-strand cDNA using the
oligo(dT),s primers following the instructions of the RevertAid First
Strand cDNA synthesis kit (Fermentas Life Science, Vilnius, Lithuania).
Measurements of adiponectin and leptin gene expression were per-
formed on a LightCycler 2.0 instrument (Roche Diagnostics GmbH,
Mannheim, Germany), using LightCycler FastStart DNA Master SYBR
Green I kit (Roche Diagnostics) and specific DNA primers. Measure-
ments of resistin, IL-6, MCP-1, TNF-«, CD14, CD45, and CD68 gene
expression were performed on an ABI PRISM 7500 instrument (Applied
Biosystems, Foster City, CA) using TagMan Universal PCR Master Mix,
NO AmpErase UNG, and specific TagMan gene expression assays (Ap-
plied Biosystems).

All PCRs for each gene were amplified separately. Controls with no
template cDNA were performed with each assay, and all samples were
run at least in duplicate. The increase in fluorescence was measured in
real time, and data were obtained as threshold cycle (C) values. To
compensate for variations in input RNA amounts and efficiency of RT,
B2-microglobulin (B2M) was used as an endogenous reference and re-
sults were normalized to these values. Relative gene exgression of genes
was calculated using the formula 2 744(CT eytokine = CTE2M)

Statistical analysis

The statistical analysis was performed on SigmaStat software (SPSS
Inc., Chicago, IL). The results are expressed as means * seM. Changes
of hormonal levels and gene expression during perioperative and post-
operative state, respectively, were evaluated using repeated-measures
ANOVA or paired ¢ test as appropriate.

Results

Blood glucose levels and insulin requirements

The mean blood glucose level during the first 48 h of stay
on the ICU was 6.5 = 0.13 mmol/liter, and mean 48-h insulin
consumption was 204 = 37.6 IU (Table 1). The average insulin
infusion rate was 4.01 = 0.77 IU/h (Table 1). Glucose con-
centrations, insulin infusion rate, and serum insulin levels
during first 48 h of the ICU stay are shown in Fig. 1.

Serum hormonal and cytokine concentrations

Serum concentrations of insulin, resistin, IL-6, MCP-1,
TNF-a, adiponectin, leptin, and cortisol at the basal state and

TABLE 1. Clinical and biochemical characteristics of the cardiac
surgery patients

n or mean * SD

No. of subjects (male/female) 15 (5/10)

Body mass index (kg/m?) 26.2 + 2.54
Age (yr) 68 + 10

Baseline blood glucose (mmol/liter) 6.61 + 2.31
Mean blood glucose (mmol/liter) 6.58 = 0.40
Insulin dose (IU/24 h) 102.5 = 58.2
Insulin infusion rate (IU/h) 4.02 £ 235
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Fic. 1. Blood glucose levels, insulin infusion rate, and serum insulin
levels in cardiac surgery patients. Samples for insulin measurements
were taken at baseline (before the start of anesthesia, marked as —6
h), immediately after the end of surgery (time 0), and 6, 12, 24, 48, and
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during the postoperative period up to 120 h after surgery are
shown in Figs. 1 and 2, respectively. All of the serum hor-
monal concentrations with the exception of adiponectin were
significantly affected by the operation. The time pattern of
changes of insulin and IL-6 was very similar. Both insulin
and IL-6 levels increased moderately after the operation,
peaked 6 and 12 h after surgery, respectively, and remained
two to three times elevated even 120 h after surgery (Figs. 1
and 2). Serum TNF-a showed a two-peak pattern, with in-
crements at 6 and 20 h after the end of surgery (Fig. 2). Leptin
levels doubled 6 h after the end of surgery, peaked 12 and
24 h after surgery, respectively, and normalized until 120 h
after surgery (Fig. 2). MCP-1 levels peaked at the end of
surgery (3-fold increase over the baseline) and returned to
basal levels 48 h after the operation (Fig. 2). Resistin levels
showed the slowest pattern of increase with peaks 24 and
48 h after surgery, respectively, remaining still 2-fold ele-
vated 120 h after the end of the operation (Fig. 2). In contrast,
serum adiponectin concentrations tended to decrease only
during the operation and returned to preoperative levels
120 h after the end of surgery (Fig. 2). None of the changes
of adiponectin levels reached statistical significance. Serum
cortisol levels increased after the end of surgery, peaked 12 h
after the end of surgery, and normalized 120 h after the end
of surgery (Fig. 2).

Changes of mRNA expression of selected adipose tissue-
derived hormones and cytokines

At baseline, TNF-a mRNA expression was significantly
higher in epicardial relative to sc adipose tissue, whereas no
significant differences between the two adipose tissue depots
were found for leptin, adiponectin, resistin, MCP-1, and IL-6
expression (Fig. 3). In contrast, surgery induced major in-
creases in IL-6 and MCP-1 mRNA in both sc and epicardial
adipose tissue (Fig. 3). Resistin mRNA expression also sig-
nificantly increased postoperatively in both sc and epicardial
adipose tissue, although this increase was quantitatively less
significant relative to IL-6 and MCP-1. TNF-a mRNA ex-
pression increased in sc but did not significantly change in
epicardial adipose tissue (Fig. 3). No significant changes in
sc or epicardial adipose tissue expression of leptin or adi-
ponectin mRNA were detected (Fig. 3).

Changes of mRNA expression of immunocompetent
cell markers

mRNA expression of CD14 (macrophage and monocyte
marker), CD45 (monocyte, T lymphocyte, B-lymphocyte, and
granulocyte marker), and CD68 (macrophage, monocyte,
and polymorphonuclear cell marker) was measured in both
sc and epicardial adipose tissue at the beginning and at the
end of surgery. All three markers were detectable in both sc

120 h after the end of surgery. Samples for blood glucose measure-
ments were taken at baseline (before the start of anesthesia, marked
as —6 h) and then hourly for first 48 h after the end of surgery and
1-4 hourly for the next 72 h. For clarity, the graph shows only
4-hourly values for the first 48 h and 12-hourly values for the next
72 h. Values are mean = SE with n = 15 per group. Statistical sig-
nificance is from repeated-measures ANOVA; *, P < 0.05 vs. baseline
value.
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FiG. 2. Serum concentrations of resis-
tin, IL-6, MCP-1, TNF-«, adiponectin,
leptin, and cortisol in cardiac surgery
patients. Samples were taken at base-
line (before the start of anesthesia,
marked as —6 h), immediately after the
end of surgery (time 0), and 6, 12, 24, 48,
and 120 h after the end of surgery. Val-
ues are mean * SE with n = 15 per
group. Statistical significance is from
repeated-measures ANOVA; * P <0.05
vs. baseline value.

and epicardial adipose tissue, indicating the presence of im-
munocompetent cells in both adipose tissue depots (Fig. 4).
The presence of CD68-positive cells was further confirmed
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(data not shown).
At baseline, CD45 and CD68

mRNA expression was

higher in epicardial vs. sc depot (Fig. 4). Operation increased

CD45 expression in sc adipose tissue relative to baseline
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values but did not affect its mRNA expression in epicardial
adipose tissue or CD14 and CD68 mRNA in any adipose
tissue depot (Fig. 4).

The most important finding of this study is that both
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Fia. 3. mRNA expression of resistin, IL-6, MCP-1, TNF-q, adiponectin, and leptin in sc and epicardial adipose tissue samples taken at the
beginning (black bars) and at the end (white bars) of surgery. Values are mean * St with n = 15 per group. Statistical significance is from paired
or unpaired ¢ test; *, P < 0.05 vs. baseline expression in the same adipose tissue depot; +, P < 0.05 for sc vs. epicardial adipose tissue taken

at the beginning of surgery.

amounts of proinflammatory factors after activation of the
immune system and stress axis by major cardiac surgery.
Epicardial adipose tissue as a source of inflammatory me-
diators under basal conditions has been identified previously
(13, 14), although it has not yet been described how adipose
tissue responds to a major stressor such as cardiac surgery.

Here we measured classical proinflammatory cytokines

such as TNF-a, more recently discovered substances such as
resistin and MCP-1, and the only known adipose tissue-
derived factor with major insulin-sensitizing and antiinflam-
matory properties, adiponectin, together with circulating in-
sulin and cortisol levels. Surgery markedly increased the
amount of exogenous insulin necessary to maintain eugly-
cemia as well as circulating insulin levels, suggesting the
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development of insulin resistance. It has to be noted that the ~ surgical patients has been documented by others previously
level of insulin resistance has not been directly measured in (15, 16). Circulating concentrations of all proinflammatory
this study, but its presence in the postoperative period in  factors increased markedly during the postoperative period.
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Even more interestingly, the increase of the above-mentioned
hormones appeared not only on the systemic level but also
on the level of mRNA expression in adipose tissue as early
as 4 h after surgery.

Another important finding of this study is the time pattern
of the changes of proinflammatory cytokines levels. MCP-1
concentrations peaked as early as after the end of the oper-
ation followed by later peaks of TNF-«, IL-6, and resistin,
respectively. These findings are in agreement with the con-
cept of infiltration of adipose by macrophages that is initiated
by the adipose tissue production of MCP-1 (17, 18). Activated
macrophages that migrate to the adipose tissue produce
proinflammatory cytokines and thus markedly contribute to
the overall immune system activation. Excessive infiltration
of adipose tissue by activated macrophages in obesity is
considered one of the reasons for increased production of
proinflammatory adipokines seen in obesity and type 2 di-
abetes (17-19). Here we measured mRNA expression of three
immunocompetent cell markers, CD14, CD45, and CD68, to
assess the role of this process in the production of proin-
flammatory cytokines. We found that mRNA expression of
CD45, the marker of the presence of monocytes, T- and B-
lymphocytes, and granulocytes, increased in sc but not epi-
cardial adipose tissue at the end of surgery. In contrast, the
other two markers, CD14 and CD68, were not affected by the
operation. This suggests that even in relatively lean subjects
participating in our study, a significant amount of immu-
nocompetent cells is present in both sc and epicardial adipose
tissue at the beginning of surgery. The lack of an acute
increase of two of three immunocompetent cell markers at
the end of surgery may indicate that both immunocompetent
cells chronically residing in adipose tissue and those migrat-
ing there as a result of surgery are involved in the increased
production of proinflammatory cytokines by adipose tissue.
Taken together, our data suggest that adipose tissue may
represent an important source of immunocompetent cells
used to respond to different forms of stressors including
metabolic stress in obesity and surgical stress in cardiac
surgery patients as demonstrated here.

Although the possible involvement of epicardial adipose
tissue in the production of IL-6, TNF-a, and MCP-1 has been
described previously (13, 20), its role in the production of
resistin has not been extensively studied so far. In the only
report available, Baker et al. (14) found resistin expression in
epicardial adipose tissue comparable to that in abdominal sc
and visceral adipose tissue and higher than in gluteal sc
adipose tissue. Here we did not see significant differences in
resistin mRINA expression between epicardial and sc adipose
tissue from the thoracic region and found a postsurgical
increase in its expression in both sc and epicardial adipose
tissue.

Resistin was originally discovered as an adipocyte-
derived hormone increased in obesity and was suggested to
link obesity to insulin resistance (21). Additional studies
revealed that its major role in humans may lie in its proin-
flammatory rather than insulin resistance-inducing action
and that in humans it is produced by activated immuno-
competent cells rather than adipocytes (22-25). Here we
show for the first time that resistin behaves similarly to other
proinflammatory cytokines, being increased by operational
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stress. Thus at least in cardiac surgery patients, it may in
concert with other proinflammatory factors contribute to the
development of insulin resistance. The exact source of resis-
tin and other proinflammatory cytokines within the adipose
tissue (adipocytes vs. immunocompetent cells in the stroma-
vascular fraction) has not been addressed in this study. How-
ever, our preliminary data on another group of cardiac sur-
gery patients indicate that resistin is produced almost
exclusively by the stroma-vascular fraction (our unpublished
data), which is in agreement with previously published data
in visceral adipose tissue of lean humans (25). Taken to-
gether, the finding of increased adipose tissue mRNA ex-
pression of proinflammatory cytokines underlines its possi-
ble contribution in the development of insulin resistance of
critically ill patients.

In addition to proinflammatory mediators, adipose tissue
also produces adiponectin, a protein hormone with signifi-
cant insulin-sensitizing, antiinflammatory, and antiathero-
sclerotic properties (4, 26, 27). In contrast to proinflammatory
factors such as resistin, IL-6, TNF-a, and MCP-1 markedly
affected by the cardiac surgery, no significant changes were
detected in serum adiponectin levels or its adipose tissue
mRNA expression. This suggests that in contrast to resistin,
IL-6, TNF-a, and MCP-1, the changes in circulating adi-
ponectin levels are probably not involved in the etiopatho-
genesis of insulin resistance in critically ill patients. How-
ever, it has to be noted that by measuring total adiponectin
levels we may have missed the changes of its circulating
fractions that can also modulate insulin sensitivity as was
demonstrated previously (28).

Despite an attractive hypothesis of a significant role for
adipose tissue-derived factors as important players in the
insulin resistance of critically ill patients, it is important to
interpret our findings cautiously. First, mRNA expression of
adipose tissue-derived factors was measured only in sc ad-
ipose tissue in the thoracic region and epicardial adipose
tissue in our study, and it is unknown whether such changes
also appear in other fat deposits. Second, circulating mono-
cytes and macrophages activated by the operation can also
significantly contribute to the circulating pool of proinflam-
matory cytokines. It is also important to note that many other
factors in addition to proinflammatory cytokines such as
cortisol, catecholamines, GH, and other stress-related factors
can significantly contribute to the development of insulin
resistance in critically ill patients (29). For example, cortisol
has been found to induce insulin resistance in both muscle
(30) and liver (31), and its decrease by adrenalectomy under
experimental conditions markedly decreased hyperglycemia
and improved insulin sensitivity in different rodent models
of insulin resistance (32, 33). Conversely, increased cortisol
levels in patients with endogenous hypercortisolism such as
Cushing syndrome induce insulin resistance that disappears
after normalization of cortisol levels by appropriate treat-
ment (33, 34). Cortisol levels were significantly elevated in
the postoperative period in our study and therefore very
likely contributed to the development of insulin resistance
together with other stress-induced hormones (29).

In summary, we have demonstrated that both sc and epi-
cardial adipose tissue becomes an important source of proin-
flammatory factors in patients with major cardiac surgery.
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These factors together with other hormonal and metabolic
changes contribute to the development of insulin resistance
in these patients. Our finding suggests that therapeutic ap-
proaches suppressing proinflammatory factor production in
adipose tissue may represent a new modality of prevention
and/or treatment of insulin resistance in critically ill patients.
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