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ABSTRACT

Purpose: To investigate the effects of different conditions used during cardiopulmonary bypass (CPB) surgery on
accompanying production of cytokine and nitric oxide (NO). Methods: Patients undergoing CPB for the first time were
prospectively enrolled and divided into two groups according to CPB parameters performed: i) normothermia (36.5-
37°C) with blood cardioplegia (NB group, n=10) and ii) hypothermia (29-31°C) with crystalloid cardioplegia (HC group,
n=10). Plasma samples obtained following intubation (baseline), during (5 and 30 min) and after (4 and 24 h) CPB were
assayed for cytokines (ELISA) and NO metabolites (Griess reaction). Results: Peak concentrations of interleukin (IL)-
6 and IL-8 were reached at 4 h post CPB in both groups, but in the HC group those levelsincreased earlier and persisted
for longer (24 h) compared to baseline (P < 0.05). IL-10 levels also increased at 4 h compared to baseline, but only
significantly so in the HC group. NO metabolites were reduced in HC group at all time points compared to baseline (P <
0.05), while no significant differences were detected in the NB group. Conclusion: The association between increased
systemic levels of cytokines and reduced NO production in the HC group suggests that different myocardial protection
and/or perfusion temperature used during CPB may contribute to the extent of inflammatory response.
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RESUMO

Obijetivo: Investigar a hip6tese de que diferentes procedimentos durante o bypass cardiopulmonary (BCP) causadiferentes
niveis de citocinas (IL) e éxido nitrico (NO). Métodos: Pacientes submetidas a BCP foram prospectivamente estudadas
de acordo com bypass realizado sobre normotermia (36.5-37°C) com cardioplegia sanguinea (NB group, n=10) or
hipotermia (29-31°C) com cardioplegiacristal 6ide (HC group, n=10). Amostras de Plasmaforam obtidas apds aintubacdo
(linha de base), durante (5, 30 min) e apés (4, 24 h) o BCP. Os ensaios foram realizados através de ELISA (IL) e
metabdlitosdo NO (reacdo de Griess). Resultados: Os picos de concentracfesde |L-6 and IL-8 estavam aumentadosem
4 h p6s BCP em ambos os grupos, mas no grupo HC estes niveis aumentaram precocemente e persistiram aumentadas
por 24 h, comparado a linha de base (P<0.05). O nivel de IL-10 também teve o pico em 4 h, mas estatisticamente
significante somente no grupo HC, comparado a linha de base. Os metabdlitos do NO estavam reduzidos no grupo HC,
em todo o tempo, comparado a linha de base (P<0.05), enquanto nenhuma diferenca estatisticamente significante foi
detectada no grupo NB. Conclusdo: A associagdo entre o aumento sistémico dos niveis de citocina e a reducéo da
producdo de NO no grupo HC sugere que o tipo de protecdo miocardica e/ou temperatura de perfusdo no BCP pode ser
um fator determinante na extensao da resposta inflamatoria.

Descritores: Ponte Cardiopulmonar. Miocérdio. Perfusio. Oxido Nitrico. Citocinas.
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Introduction

Cardiac surgery with cardiopulmonary bypass
(CPB) can induce systemic inflammatory response
syndrome (SIRS), which is characterized by fever,
increased respiratory and heart rate (or aPaCO, level of
less than 32 mmHg), and an abnormal white blood cell
count. The underlying causes of SIRS include surgical
trauma, blood exposure to foreign surfaces, ischemia/
reperfusion injury, mechanical shear stress,
hemodilution, release of endotoxin and perfusion
temperature!. Several inflammatory pathways are
activated following CPB, including the complement
system, the coagulation cascade in blood, inflammatory
responsesin endothelial cells, and circulating leukocyte
adhesion processes. Although the inflammatory process
isself-limiting in most patients, excessiveinflammation
may be associated with morbidity and mortality caused
by organ dysfunction®. The clinical manifestation of
SIRS following CPB is mediated via cell-derived
cytokines that target end-organ receptors. After CPB,
elevated serum levels of the pro-inflammatory cytokines,
tumor necrosis factor (TNF)-a, interleukin (IL)-6 and
IL-8, as well as the anti-inflammatory cytokine IL-10
have been found?3. The potent vasodilator nitric oxide
(NO) has also been implicated in SIRS pathophysiol ogy.
NO production is catalyzed by inducible NO synthase
(iNOS). The inability to produce sufficient NO during
early reperfusion in CPB that is caused by temporary
endothelial cell dysfunction may be related to vasospasm
that occurs with ischemia and reperfusion*. The CPB
procedure can be performed under normothermic or
hypothermic conditions, and these perfusion
temperatures do not appear to affect the degree of
inflammatory response or hemodynamics produced®®.
However, more recently, it was reported that correcting
perioperative hypothermia decreases mortality in
experimental sepsiswhich isassociated with reduced IL-
6 levels’. In contrast, animals submitted to CPB under
moderate hypothermia had lower histological organ
damage scores compared to those treated under
normothermia. The reduced organ damage at a lower
body temperature was associated with reduced plasma
levels of TNF-&8. In addition to perfusion temperature
during CPB, cardioplegia type may influence the
production of inflammatory mediators, since the
myocardium is an important source of cytokines®°. In
the present study we examined the effects of different
myocardial protection conditions and perfusion
temperatures on the systemic inflammatory response
following CPB cardiac surgery. To do this, we assessed
systemic levels of pro- and anti-inflammatory cytokines
and NO in patients receiving CPB performed by two
different procedures: (1) normothermia with blood
cardioplegia, or (2) hypothermia with crystalloid
cardioplegia.
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Methods
Subjects

This study was approved by UFTM ethics
committee. After giving informed consent, 20 patients
undergoing elective coronary artery grafting or valve
operation were prospectively enrolled. Patients were
randomly divided into two groups: one that received
hypothermic bypass with crystalloid cardioplegia (HC
group, n=10) or normothermic bypass with blood
cardioplegia (NB group, n=10). Of the ten patients in
each group, 9 received revascularization and one avalve
change. For all patients, the following general datawere
collected: age, sex, weight, height and body mass.
Exclusion criteria were patients with severely impaired
left ventricular function (ejection fraction <40%),
previous cardiac procedures, severe systemic noncardiac
disease, recent myocardial infarction (<6 wks), infectious
disease before operation, or impaired lung, liver or renal
function.

Anesthesia and surgical techniques

Anesthetic techniques were standardized for all
patients; they received midazolam 15 mg orally 1 h
before operation. Central venous and radial artery
cannulas were inserted under local anesthesia (1%
lignocaine) and midazolam sedation (5.0 mg
intravenously). Anesthesiawas induced with sufentanyl
(0.5 mg/kg) and etomidate (0.3 mg/kg); succinylcoline
(1.5 mg/kg) was used for neuromuscul ar blockade. Lungs
were ventilated with oxygen (1 L/min) containing
isoflurane (0.5 to 1.5%), to maintain anesthesia, and
sufentanyl (0.5-1.0 mg/kg/h) and pancuronium bromide
(0.1 mg/kg). During CPB, patients received continuous
infusion of propofol (4.0 mg/kg/h) and sufentanyl (0.5-
1.0 mg/kg/h). Patients were ventilated with a tidal
volume of 6.0 - 8.0 ml/kg, aiming at normocapnia.
Perioperative antibiotic prophylaxis consisted of
cefazolin (2 g every 4 h during the procedure and every
6 h for 24 h thereafter). The extracorporeal circuit
consisted of aroller pump, a cardiotomy reservoir, and
a membrane oxygenator. The circuit was primed with
1500 ml of Ringer’slactate solution, sodium bicarbonate
and mannitol 15% (2 ml/kg). CPB was established using
ascending aortic cannulation and two-stage venous
cannulation in theright atrium. Intravenous heparin was
administered to achieve an activated clotting time of
>480 s. After the start of CPB, patientsin the HC group
were cooled to 29 to 31°C, whereas patients from NB
group were maintained at 36.5 to 37°C. Flow rates of
2.4 L/m?min were used. The management of myocardial
protection differed between the groups, as follows: in
the HC group, myocardial protection was achieved by
inducing electromechanical arrest with cold, anterograde
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crytalloid cardioplegiausing St. Thomas's | solution and
topical cooling using normal saline solution (4°C). One
liter of cardioplegiawas administered initially followed
by 300 ml every 30 min of cross-clamping or earlier,
whenever electrical activity was seen. Inthe NB group,
cardiac arrest was achieved by using intermittent
anterograde hyperkalemic warm blood cardioplegia. At
the end of bypass, anti-coagulation was reversed with
protamine sulfate in both groups. After the surgery was
completed, patients were transferred to an Intensive Care
Unit, where standard care was followed until discharge.
Extubation was performed as soon as patients were able
to maintain adequate gas exchange with normal blood
gases during spontaneous breathing, when they were
haemodynamically stable and had satisfactory renal
function.

Intraoperative measurements and plasma samples

Intraoperative variables included operation and
bypass time, aortic cross-clamp time and duration of
intubation. Serial blood samples (10 ml) were withdrawn
from the radial artery catheter 5 min after intubation
(baseline), 5 and 60 min after the beginning of CPB,
and 4 and 24 h after the end of CPB. The samples were
collected in EDTA-containing tubes and centrifuged at
3000 X gfor 15 min. Plasmawas collected and stored (-
70°C) until assaysfor cytokinesand NO were performed.

Cytokine measurements

The concentrations of IL-6, IL-8 and IL-10 in
plasmasampleswere determined by ELISA. Briefly, flat-
bottomed 96-well microtiter plates were coated with
specific antibody (100 pl/well) diluted in coating buffer
(1 pg/ml for IL-6 and IL-8 or 3 pg/ml for IL-10;
PharMingen, San Diego, CA) and incubated overnight
at 4°C. The plates were then washed and non-specific
binding was blocked (120 min, 37°C) with 1% bovine
serum. Non-diluted samples and standards were loaded
onto plates. Recombinant human IL-6, IL-8 and IL-10
(PharMingen, San Diego, CA) standard curves were used
to calculate the cytokine concentrations. The plates were
thoroughly washed and the appropriate biotinylated
polyclonal or monoclonal anti-cytokine antibody was
added. The plates were washed 1 h later; then avidin
peroxidase (diluted 1:5000) was added to each well for
15 min and each plate was thoroughly washed again.
Substrate (0.4 mg of o-phenylenediamine
dihydrochloride [Sigma, St. Louis, MO] + 0.4 pl of
hydrogen peroxide [Merck, Rio de Janeiro, RJ, Brazil]
per 1 ml of substrate buffer) was added and the reaction
was stopped with H,SO, (1 M). The optical density was
measured on aplate reader (SpectraMax 250 — Molecular
device, Sunnyvale, CA) at 490 nm. The optical density
in the samples was compared with standard curves and

results were expressed as picograms of each cytokine
per 1 ml of plasma.

Determination of NO metabolites

The nitrite (NO,) plus nitrate (NO,) concentration
in samples was determined by enzymatically reducing
nitrate with nitrate reductase. Briefly, non-diluted plasma
samples (50 ml) were incubated with the same volume
of reductase buffer (0.1 M potassium phosphate, pH 7.5,
containing 1 mM NADPH, 10 mM FAD and 4 U of
nitrate reductase ml-) for 20 h at 37°C. A standard nitrate
curve was obtained by incubating sodium nitrate (10 to
200 mM) with the reductase buffer. The total amount of
nitrite was then determined by the colorimetric Griess
method. Briefly, samples were incubated with the same
volume of freshly prepared Griess reagent (1%
sulphanilamide, 0.1% naphthylethylenediamine
dihydrochloride in 5% phosphoric acid). Absorbance at
550 nm was determined using a multi-well plate reader
(Multiskan MCC/340 MKII, Flow Laboratories). The
results are reported as micromoles (mM) of NO,+ NO,,.

Statistical analysis

Data were analyzed with SigmaStat software.
General characteristics or time points were compared
between groups using the Mann-Whitney test. Repeated
measures analysis of variance for paired data (Friedman’s
test) was used to assess changes over timein each group.
If significance was found, Dunnett’s post-doc test was
used for comparisons with the basal time point.
Correlations between peak levels of cytokines and NO
in each group were assessed by Spearman’s rank
correlation. In all cases P < 0.05 was considered
statistically significant.

Results
Study population

Clinical characteristics of the study groups are
summarized in Table 1. Subjects in the two groups did
not differ significantly in age, sex, total operation time,
bypass time, cross-clamp time or intubation time. The
groups also did not differ in weight, height or body mass
(data not shown). One patient (representing 10% of the
population) from the HC group died.
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TABLE 1 - Genera and intraoperative characteristics of patient groups subjected
to CPB surgery under different myocardial protection conditions and

perfusion temperatures

NB group HC group
Sex (M/F) 6/4 9/1
Age (yrs) 58.5 (54 - 80) 61 (26 - 72)
Operation time (min) 255 (155 - 465) 305 (170 - 450)
Bypass time (min) 95 (60 - 115) 81 (55 - 90)
Cross-clamp time (min) 65 (37 —90) 43.5 (29 - 80)
Intubation time (h) 11.5(5-18.2) 179 (4.1-72)

NB: normothermiawith blood cardioplegia, HC: hypothermiawith crystalloid cardioplegia. Values are

medians and range in parentheses; n=10 per group.

Cytokine assay

The systemic production of IL-6, IL-8 and IL-10
was evaluated at different time points during (5 and 30
min, T1 and T2) and after (4 and 24 h, T3 and T4) bypass
and compared to baseline levels (T0). The basal
concentrations of the cytokines were below the limit of
detection in most patients for IL-6 (Figure 1) and IL-10
(Figure 3), but were detected in 80% patients from both
groups for IL-8 (Figure 2). Thus, basal systemic levels
of IL-6 and IL-10 were below the limit of sensitivity in
our assay, since low levels are not likely attributable to
a problem with the assay because the cytokines were
detected in some patient samples, as observed by
maximum values, and in the control curve. In both the
HC and NB groups, plasma IL-6 (Figure 1) and IL-8
(Figure 2) reached peak concentrations 4 h after the end
of bypass. In the NB group, IL-6 and IL-8 levels were
significantly elevated only at 4 h compared to baseline,
and then returned to control values at 24 h later (Figures
1 and 2, panel A, respectively). In the HC group,
significantly increased cytokine levels were detected at
5 and 30 min after the beginning of bypass compared to
baseline, and, for IL-6 and IL-8, persisted for 24 h
thereafter (Figures 1 and 2, panel B, respectively).
Furthermore, peak levels of IL-6 were significantly
higher in HC than NB groups, and a significant
correlation (p < 0.01) was found between peak levels of
IL-6 and IL-8. Regarding IL-10, although plasmalevels
peaked at 4 h in both groups, statistical significance was
detected only for HC group compared to baseline
(Figure 3).

Plasma nitrate concentration

Plasma sampl es, obtained at the same time as blood
collection for the cytokine assay, were also tested for
NO,+ NO, levels. In NB group these concentrations were
not altered compared to baseline, but in HC group, NO
metabolites were significantly reduced at all time points
evaluated compared to the basal median value
(Figure 4).
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FIGURE 1 - Plasma IL-6 concentrations during and after
bypass. Patients were submitted to bypass
under normothermiawith blood cardioplegia
(n=10, panel A) or hypothermia with
crystalloid cardioplegia (n=10, panel B).
Time pointsfor the assay were: baseline (after
intubation, TO), 5 and 30 min after bypass
start (T1 and T2), and 4 and 24 h after the
end of bypass (T3 and T4). The 25" and 75"
percentiles are represented by abar centered
about the median; ranges are depicted by the
error bars. *P < 0.05 compared to baseline
(Friedman test followed by Dunnett), TP <
0.05 compared to the same time point from
NB group in panel A (Mann-Whitney)
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FIGURE 2 - Plasma |L-8 concentrations during and after

bypass. Patients were submitted to bypass
under normothermiawith blood cardioplegia
(n=10, panel A) or hypothermia with
crystalloid cardioplegia (n=10, panel B).
Time pointsfor the assay were: baseline (after
intubation, TO), 5 and 30 min after bypass
start (T1 and T2), and 4 and 24 h after the
end of bypass (T3 and T4). The 25" and 75"
percentiles are represented by abar centered
about the median; ranges are depicted by the
error bars. *P < 0.05 compared to baseline
(Friedman test followed by Dunnett’s test)
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FIGURE 3 - PlasmalL-10 concentrations during and after

bypass. Patients were submitted to bypass
under normothermiawith blood cardioplegia
(n=10, panel A) or hypothermia with
crystalloid cardioplegia (n=10, panel B).
Time pointsfor the assay were: baseline (after
intubation, TO), 5 and 30 min after bypass
start (T1 and T2), and 4 and 24 h after the
end of bypass (T3 and T4). The 25" and 75"
percentiles are represented by abar centered
about the median; ranges are depicted by the
error bars. *P < 0.05 compared to baseline
(Friedman test followed by Dunnett’s test)
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FIGURE 4 - Plasma nitrite plus nitrate concentrations
during and after bypass. Patients were
submitted to bypass under normothermia
with blood cardioplegia (n=10, panel A) or
hypothermia with crystalloid cardioplegia
(n=10, panel B). Time points for the assay
were: baseline (after intubation, T0), 5 and
30 min after bypass start (T1 and T2), and 4
and 24 h after the end of bypass (T3 and T4).
The 25" and 75" percentiles are represented
by a bar centered about the median; ranges
are depicted by the error bars. *P < 0.05
compared to baseline (Friedman test
followed by Dunnett’s test)

Discussion

This study investigated the effect of two conditions
during CPB, namely perfusion temperature and
cardioplegia type, on the systemic production of
cytokinesand NO. Patientsundergoing CPB under either
of these conditions showed elevated levels of each
cytokine studied, however the time course of these
increases differed. Cytokine levelswere elevated earlier
and longer in patients with hypothermic bypass with
crystalloid cardioplegia. Furthermore, NO production
was reduced under these latter conditions. Thus,
perfusion temperature and cardioplegiatype significantly
affected the systemic inflammatory response. Our results
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show that cardiac surgery with CPB increased the
systemic production of cytokines and that pro- and anti-
inflammatory systems can be activated simultaneously.
These results reinforce previous reports?®. We also
showed that peak levels of all cytokines occurred 4 h
after the end of bypass, again concordant with other
studies®5®. It is important to note that the groups in our
study presented similar general characteristics, intra-
operative parameters, and mortality rates. Increased
systemic levels of IL-6 and IL-8 in CPB patients have
been associated with myocardial reperfusion injury? and
inferior clinical outcomein adults'. They have also been
correlated with impaired cardiovascular and respiratory
function in children'2. Moreover, transcardiac IL-6 and
IL-8 are negatively correlated to cardiac index
suggesting that reducing cardiac inflammatory reaction
improves post-ischemic cardiac function®®. Importantly
we found that systemic production of pro-inflammatory
cytokines increased regardless of the perfusion
temperature or cardioplegiatype, but the time course of
these elevations differed between groups. Patients with
hypothermic perfusion and crystalloid cardioplegia had
elevated plasma concentrations of IL-6 and IL-8 that
were detected earlier and persisted longer, up to 24 h
after CPB, than those with normothermic perfusion and
with blood cardioplegia. In the former patients, peak
levels of IL-6 correlated with IL-8 suggesting that, in
addition to a temporal association, production of one
cytokine could have triggered manufacture of the other
to mediate the systemic inflammatory response. IL-10
production was only significantly increased in patients
with hypothermic perfusion and crystalloid cardioplegia
Thisincrease most likely indicates a counter-regulatory
mechanism for the intense pro-inflammatory response
observed in these patients. The effect of perfusion
temperature and cardioplegiatype during bypass on the
development of SIRS has been investigated previously,
but results are unclear. Some reports did not find
differences in serum cytokine levels between patients
with normothermic and hypothermic bypass®, while
others found a more rapid declinein IL-8 plasma levels
in the former®. The use of blood cardioplegia, compared
to crystalloid cardioplegia, has been mainly associated
with increased myocardial protection. In the former,
reduced IL-6 levels were observed during and after
bypasswith superior cardiac index® and |ower expression
of TGF-b associated with decreased endothelial
damage®®. Although increased levels of inflammatory
cytokines were observed, which could induce iNOS
activity, the systemic production of NO was reduced in
HC patients compared to baseline. These results seem
to be contradictory, however, increased concentrations
of 1L-10, which inhibits iNOS, could have been
responsible, at least in part, for the reduced levels of
NO. Reduced NO production during bypass has been
reported previously. In patients submitted to CPB under
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hypothermia, respiratory changes indicative of
pulmonary dysfunction coincided with decreased
exhaled NO®. Another study in patients that received
bypass with different degrees of hypothermia showed
reduced plasma NO levels until the first post-operative
day followed by recovery®. Thisresult isin accord with
our findings in that reduced NO concentrations were
found in HC patients until 24 h after the end of CPB.
Treatment of patients with inhaled NO at low
concentrations during and after bypass'’, or with NO
donor during reperfusion®®, reduced myocardial injury?’
and the cardiac inflammatory reaction, as assessed by
IL-6, IL-8 and TNF-a levels®. In line with this report,
our study showed an association between systemically
reduced NO production and increased duration of
elevated cytokine levels in patients with hypothermia
and crystalloid cardioplegia, although no significant
differences were detected in clinical outcome between
these patients and those with normothermia and blood
cardioplegia. Blood cardioplegic solution supplemented
with L-arginine, the substrate for NO synthesis, was
associated with reduced release of biochemical markers
of myocardial damage, suggesting improved myocardial
protection®®. A limitation of the present study isthe small
number of patients. These low numbers do not allow an
accurate assessment of clinical outcome. Also, the study
design precludes evaluation of the individual role of
perfusion temperature or cardioplegiatype. In addition,
considering that the definition of hypothermia and
normothermia has been heterogeneous between
authors®, and that additives in cardioplegic solutions
would provide added protection, this could hinder an
accurate comparison of results between various groups.

Conclusions

These results describe an association between
reduced systemic production of NO and increased IL-6,
IL-8 and IL-10 levelsin CPB patients with hypothermia
and crystalloid cardioplegia. Our findings suggest that
the temperature perfusion and/or cardioplegia type are
determining factors for the intensity of the systemic
inflammatory response. Further studies with a larger
patient population are needed to determine whether these
factors affect the clinical outcome.
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