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Apoptosis during CABG surgery with the
use of cardiopulmonary bypass is prominent
in ventricular but not in atrial myocardium

W.T. Ruifrok, B.D. Westenbrink, R.A. de Boer, I.J. den Hamer, M.E. Erasmus, H.E. Mungroop,
A.H. Epema, A.A. Voors, D.J. van Veldhuisen, W.H. van Gilst

Objectives. We aimed to compare the rate of
apoptosis after cardiopulmonary bypass (CPB)
and cardioplegic arrest during coronary artery
bypass grafting (CABG) surgery between atrial
and ventricular tissue.

Methods. During CABG surgery with CPB and
cardioplegic arrest, sequential biopsies were
taken from the right atrial appendage and left
ventricular anterior wall before CPB and after
aortic cross clamp release. Change in number
of apoptotic cells and biochemical markers of
myocardial ischaemia and renal dysfunction
were assessed.

Results. CPB was associated with a tran-
sient small, but significant increase in CK
(1091+374%), CK-MB (128+38%), troponin-
T (102+13%) and NT-proBNP (1308+372%)
levels (all: p<0.05). A higher number of apop-
totic cells as assessed by caspase-3 staining was
found in the ventricular biopsies taken after
aortic cross clamp release compared with the bi-
opsies taken before CPB (5.3+0.6 vs. 14.0x1.5
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cells/microscopic field, p<0.01). The number
of apoptotic cells in the atrial appendage was
not altered during CPB. Correlation between
the duration of aortic cross clamp time and
the change in caspase-3 positive cells in the left
ventricular wall was of borderline significance
(r of 0.58, p=0.08). Similar results were ob-
tained from TUNEL staining for apoptosis.
Conclusion. CABG surgery with CPB and car-
dioplegic arrest is associated with an elevated
rate of apoptosis in ventricular but not in atrial
myocardial tissue. Ventricular tissue may be
more sensitive to detect changes than atrial tis-
sue, and may be more useful to investigate the
protective effects of therapeutic intervention.
(Neth Heart J 2010;18:236-42.)
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oronary artery bypass grafting (CABG) surgery

with cardiopulmonary bypass (CPB) and car-
dioplegic arrest is the most commonly used cardiac
surgery procedure in the Western world.! This pro-
cedure is associated with periods of oxygen depri-
vation and possibly a damaging effect to the heart.
Restoration of coronary blood flow after release of
the aortic cross clamp leads to ischaemia-reperfusion
injury. Subsequent production of reactive oxygen
species results in cardiomyocyte death due to apop-
tosis.>* These changes may cause (transient) cardiac
dysfunction,>® and therefore limiting the duration
of cardioplegic arrest may reduce cell injury.

We hypothesised that CPB and cardioplegic ar-
rest (in the setting of CABG) would cause a con-
siderable increase in the number of apoptotic cells
in the heart. We therefore studied the presence of
apoptosis in hearts of patients undergoing CABG
surgery with CPB and cardioplegic arrest and we
aimed to compare the rate of apoptosis atter CPB
and cardioplegic arrest during CABG surgery be-
tween atrial and ventricular tissue.
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Methods

Patients

Patients were eligible for this study when aged be-
tween 18 and 80 years, when admitted for elective
CABG surgery with CPB and cardioplegic arrest
for the first time for two or more vessel coronary
artery disease, and who met all the other inclu-
sion and none of the exclusion criteria as listed
in table 1. This study was approved by the Insti-
tutional Review Board of the University Medical
Center Groningen. Each participating patient has
signed informed consent.

Anaesthesia

General anaesthesia was provided according to a
fixed protocol.” Premedication consisted of oral
diazepam 10 to 15 mg two hours preoperatively.
After insertion of peripheral venous and arterial
cannulae under local anaesthesia, general anaesthe-
sia was induced with sufentanil 0.5 to 1 pg/kg and
midazolam 0.05 to 0.1 mg/kg. Tracheal intuba-
tion was achieved with pancuronium 0.1 mg/kg
and the lungs were ventilated with air and oxygen
(fraction of inspired oxygen [FiO,] = 0.4). Anaes-
thesia was maintained with sufentanil, pancuron-
ium and infusion of midazolam 0.1 mg/kg/h. A
flow-directed continuous cardiac output catheter
was inserted in the right internal jugular vein, and
an indwelling bladder catheter was used for urine
collection. After induction of anaesthesia the pa-
tients received cefuroxim 1500 mg (clindamycin
600 mg when allergic to penicillin).

Fluid management

Hydroxyethyl starch 6% and saline were used to
maintain mean arterial pressure (MAP) >60 mmHg
and to maintain filling pressure and cardiac output.
Transfusion of packed red blood cells was admin-
istered at haemoglobin levels <5.0 mmol/I. Ac-
cording to standard care in our clinic, intravenous
insulin therapy was started at serum glucose levels
>8.0 mmol/1. Before institution of CPB, an acti-
vated clotting time of >400 seconds was produced
by administration of heparin (starting dose 3 mg/
kg). Patient characteristics were recorded prospec-
tively. Diuretics, mannitol and aprotinin were not
used during the entire study period.

Cardiopulmonary bypass

CPB was provided using a Stockert roller pump
with an open reservoir, a hollow fibre oxygen-
ator (Cobe optima), an arterial filter (Affinity,
Medtronic) and an inline blood monitoring system
(CDI500, Terumo). The CPB flow was maintained
at 2.4 1/min/m? and the circuit was primed with
1000 ml Ringer’s lactate, 500 ml Haes 200/0.5
10% and 50 mg heparin. Nasopharyngeal tempera-
ture was lowered to 32°C. MAP was maintained
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Table 1. Inclusion and exclusion criteria.

Inclusion criteria
Accepted for CABG surgery with CBP and cardioplegic
arrest for 2- and 3-vessel coronary artery disease
Primary CABG surgery

Haemoglobin concentration >7.2 mmol/I and <9.7
mmol/I

Man or woman between 18 to 80 years of age
Exclusion criteria

Off-pump CABG surgery

Previous MI of the anterior wall

LVEF <40%

Chronic kidney disease (serum creatinine >106
mmol/ml for all females, >133 mmol/ml for black
males, >115 mmol/ml for non-black males

Atrial fibrillation

Grand mal seizure within 1 year of enrolment
Malignant hypertension

Previous treatment with rhEPO

Blood transfusion <12 weeks before randomisation
Polycythemia vera

Pregnancy/breast feeding

Severe valvular disease (including pulmonary and
tricuspid) or left ventricular outflow obstruction, which
requires surgery

Pulmonary hypertension

Concomitant inflammatory or malignant disease
Presence of other serious medical conditions
Participation in any investigational device or drug
trial(s) or receiving other investigational agent(s)
within 30 days prior to enrolment.

CABG=coronary artery bypass graft surgery, CPB=cardiopulmonary
bypass, MI=myocardial infarction, LVEF=left ventricular ejection
fraction, rhEPO=recombinant human erythropoietin.

between 60 and 90 mmHg. Deviations were cor-
rected with phenylephrine and nitroglycerin.

Surgery and biopsies

Surgery was performed by experienced cardio-
thoracic surgeons. All patients underwent CABG
surgery with mild hypothermia (32 to 34°C).
Cardioplegia in all patients was standardised to
the crystalloid St. Thomas’ solution. The atrial bi-
opsies were taken from the right atrial appendage
and closed with prolene 4.0. Care was taken not to
squeeze the biopsy places with forceps. Ventricular
tissue samples were collected from the left anterior
ventricular wall parallel to the left anterior descend-
ing artery, each from separate sites. Under an angle
of approximately 30° using a 24 Gauge tru-cut
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needle ventricular biopsies were taken. Part was put
in 4% paraformaldehyde for 24 hours, after which it
was processed for paraftin embedding for immuno-
histological assessment. The second part was snap
frozen in liquid nitrogen for RNA isolation. The
ventricular biopsy site was closed using prolene 4.0
suture with teflon pledges. Before closure of the
chest, biopsy sites were checked for bleeding.

Study design and mode of sampling biopsies
Tissue samples were collected at three different
time points during surgery (figure 1). Immediately
after opening the chest, a baseline atrial biopsy was
collected. During placement of the venous cannula
(20 to 40 minutes later) a second atrial biopsy was
collected. Immediately after initiation of bypass the
first ventricular biopsy was obtained. Ten minutes
after aortic cross clamp release, the second ventric-
ular biopsy was taken. Finally, a third atrial biopsy
was obtained immediately after harvesting the sec-
ond ventricular tissue sample. Additionally plasma
and urine were collected for up to five days post-
procedure to examine release of markers of both
myocardial ischaemia and of renal function.

Monitoring and measurements during surgery

Blood pressure, heart rate, electrocardiogram,
cardiac output and mixed venous oxygen satura-
tion were monitored according to routine clinical
practice. Blood and urine samples were collected
at different time points. One day before surgery,
blood and urine were collected for screening. Fur-
thermore, pre-surgery, post-surgery, and at 2, 5,
12,24, 48, 72 and 120 hours after surgery, blood
and urine samples were collected. Markers of myo-

cardial ischaemia (creatinine kinase (CK), CK-
myoglobin (CK-MB), troponin-T, N-terminal-pro
brain natriuretic peptide (NT-proBNP)) and renal
function (creatinine) were determined. In urine
samples microalbiminuria and creatinine was de-
termined. The estimated glomerular filtration rate
(eGFR) was calculated using the modification of
diet in renal disease (MDRD) formula. All markers
were analysed in the hospital laboratory.

Histology

For apoptosis detection, we stained for caspase-3
and TUNEL. Formalin fixed paraffin sections were
incubated with an antibody that specifically recog-
nises the active form of caspase-3 as previously re-
ported.®® TUNEL staining was performed as pre-
viously described.® For quantitative analysis, active
caspase-3 positive cells or TUNEL-positive cells
were counted in six random fields per section (80
to 120 cells per field) at high-power magnification
(40x).

Statistics

Results are reported as mean + standard error of
the mean (SEM) or otherwise if stated. Because
of small samples sizes, comparisons of differences
between groups were analysed by the Wilcoxon
or Friedman tests when appropriate. The correla-
tion between aortic cross clamp time and the rate
of apoptosis in ventricular tissue was assessed us-
ing Spearman’s coefficient. A p value of <0.05 was
considered significant. All analyses were performed
using SPSS version 16.0 software (SPSS, Chicago,
IL, USA).
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Figuve 1. Study design. The figure shows the study design as descvibed in the text.
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Results

Patient characteristics

We included ten patients undergoing elective CABG
surgery with CPB and cardioplegic arrest for two-
and three-vessel disease. All patients were male,
and their age ranged from 39 to 73 years. Two pa-
tients had two-vessel disease, and eight patients had
three-vessel disease. Baseline characteristics are sum-
marised in table 2. Mean duration of the complete
procedure was 222+19 minutes with a mean perfu-
sion time of 80+80 minutes and a mean aortic cross
clamp time of 46+5 minutes. All patients recovered
well from their surgery. No rethoracotomies for
postoperative bleeding were performed. Postopera-
tive atrial fibrillation was seen in two patients. Aver-
age stay after surgery at the intensive care unit was
1.2 days. Patients were discharged from the hospital
at a mean of eight days after surgery.

Apoptosis in atria and ventricles

Figures 2A and B show the rate of apoptosis in the
right atrial appendage and left ventricular wall as
determined by caspase-3 and TUNEL staining. In
the left ventricle, significantly more caspase-3 posi-
tive cells were counted in the biopsies taken after
aortic cross clamp release compared with the num-
ber of caspase-3 positive cells found in the biopsies
taken before the start of CPB (5.3+0.6 vs. 14.0+1.5
cells per microscopic field, p<0.01). Similar results
were obtained from TUNEL staining (32.5+4.0 vs.
44 .9+4.6 cells per microscopic field, p<0.05). In
the atria, the number of caspase-3 positive cells was
not altered during surgery (1.4+0.3 vs. 1.9+0.5 vs.
1.8+0.6 cells per microscopic field; p=NS). This
was confirmed by TUNEL staining (23.1x4.1 vs.
22.2+2.1 vs. 25.3+£3.8 cells per microscopic field;
p=NS). Correlation between aortic cross clamp
time and the change in ventricular caspase-3 posi-
tive cells showed a trend towards a positive correla-
tion with an r of 0.58 (p=0.08; figure 2F). Similar
results were obtained from the TUNEL staining
(data not shown).

Cardiac enzymes and renal function

CPB was associated with a transient small, but sig-
nificant increase in CK, CK-MB, troponin-T and
NT-proBNP levels (all: p<0.05). CK-MB levels and
troponin-T levels reached their maximum after two
and five hours, respectively, and returned to baseline
within 120 hours post-surgery (percentage change:
128+38% and 102+13%, respectively; figures 3A
and B). CK levels peaked at 48 hours post-surgery
(percentage change 1091+374%). Maximum NT-
proBNP levels were found at 72 hours post-CABG
(percentage change 1308+372%; figures 3C and
D). Serum creatinine levels decreased shortly after
the procedure and returned to baseline after 120
hours. Accordingly, eGFR levels were higher at two
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Table 2. Baseline characteristics.

n=10

(average+SEM)

General
Age (years) 60+3.4
Sex (% male) 100
Race (Caucasian, %) 100
No. of diseased vessels 2.8+0.1
Height (cm) 177+1.8
Weight (kg) 85.1+2.7
BMI (kg/mm?) 2740.5
Blood pressure (mmHg) 146/73+£6/3
Heart rate (beats/min) 70£5
Medical history
Previous myocardial infarction (%) 20
Previous CABG surgery (%) 0
Previous PCI (%) 20
Diabetes mellitus (%) 40
History of hypertension (%) 70
Obesity (%) 80
History of hypercholesterolemia (%) 20
Smoking (%) 10
Family history* 40
Renal dysfunction 0
Medication
B-blocker (%) 100
ACE inhibitor (%) 20
Statin (%) 80
Diuretic (%) 10
Nitrate (%) 20
Calcium antagonist (%) 30
AT1-antagonist (%) 30
Acetylsalicylic acid (%) 100
Other anticoagulants (%) 10
SEM=standard error of the mean, BMI=body mass index,
CABG=coronary artery bypass graft surgery, PCl=percutaneous
coronary intervention, AT1-antagonist=type | angiotensin Il receptor
antagonist. *A positive family history was defined by the presence of
a composite endpoint (myocardial infarction, revascularisation, chro-
nic heart failure, stroke and death) in first-degree family members
before the age of 50 (males) or 60 (females).

hours post-surgery with a return to baseline at day
5 (figures 3E and F). Other measurements showed
no or very little fluctuation in time.

Discussion

We demonstrate that CABG surgery with CPB and
cardioplegic arrest causes an increased rate of apop-
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Figure 2. Number of apoptotic cells duving cavdiopulmonary bypass. (A) Number of caspase-3+ and TUNEL+ cells in the atria. (B)
Number of caspase-3+ and TUNEL+ cells in the ventricles. (C and D) Immunohistological examples of caspase-3+ staining in atria
(C) and ventricles (D). (E) Percentage change in caspase-3+ and TUNEL+ cells during cavdiopulmonary bypass in atria and ven-
tricles. (F) Linear vegression of aovtic cvoss clamp time and change in caspase-3+ cells in the ventrvicles. Base=baseline: atrial biopsy
taken after opening chest, pre=biopsies taken during placement of the venous cannula (for atvial biopsy) and just after going on
carvdiopulmonary bypass (for ventvicular biopsy), post=biopsies taken 10 minutes after aovtic cvoss clamp velease. * p<0.05, ** p<0.01.

tosis in ventricular but not in atrial myocardial tis-
sue. Thus, it seems that ventricular myocardium is
more vulnerable to cardioplegic arrest. In addition,
our data suggest that studies with pharmacological
interventions aimed at salvaging apoptosis during
cardioplegic arrest should use ventricular biopsies
rather than atrial biopsies.

Different studies use either atrial or ventricular
tissue to show apoptosis,'®1? but no comparison
has been made. Our study shows clear differences
in the rate of apoptosis between ventricular and
atrial myocardial tissue. Furthermore, manipulat-
ing myocardial tissue, for example with forceps,
induces apoptosis. In our study, care was taken
to only use biopsies of non-manipulated tissue to
avoid induction of apoptosis by manipulation.

Apoptosis has been considered to be one of the
mechanisms of cardiomyocyte loss during CPB and
cardioplegic arrest, such as in CABG surgery.'®!*
Apoptosis during CPB and cardioplegic arrest can
be triggered by several mechanisms, including isch-
aemia-reperfusion injury' and release of cytokines
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and inflammatory factors.”® Longer aortic cross
clamp time correlates, as shown in this and other
studies, with an increase in number of apoptotic
cells.’ This increased loss of cells might contribute
to an impaired contractility of the heart.!® Several
strategies are being tested to ensure a lower rate
of apoptosis, by reducing aortic cross clamp time
as much as possible, or using cytoprotective agents
against ischaemia-reperfusion injury.'”-!8

Prevention of apoptosis during CPB: proposal for
an intervention trial

We postulate that apoptosis during CABG surgery
is a maladaptive effect of CPB and cardioplegic
arrest and might be amendable for intervention.
Under normal circumstances erythropoietin
(EPO) and its receptors (EPOR) have a relative-
ly low expression in non-haematopoietic tissue.'
However, expression of EPO and EPOR is rapidly
increased in response to hypoxia and increased re-
active oxygen species.??! Numerous studies have
shown that EPO has cytoprotective effects??* and

Netherlands Heart Journal, Volume 18, Number 5, May 2010
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Figuve 3. Time conrse of markers of myocavdial ischaemin and venal function. (A) Time conrse of creatinine kinase-myoglobin (CK-
MB) pre- and post-surgery. (B) Time course of troponin-T pre- and post-surgery. (C) Time course of creatinine kinase (CK) pre- and
post-surgery. (D) Development of NT-pro-BNP pre- and post-surgery. E) Time course of creatinine pre- and post-suvgery. (F) Time
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EPOR signalling pathways are associated with cell
survival.?>?® Since EPO reduces apoptosis, we pos-
tulate that EPO administration may have salutary
effects on the heart in the setting of cardiac sur-
gery employing CPB and cardioplegic arrest. We
therefore started a prospective, randomised clin-
ical trial in which patients are randomised to EPO
(60,000 IU) or placebo (clinical trials protocol ID
NCT00524901) before cardiac surgery employing
CPB and cardioplegic arrest, which aims to prove
the anti-apoptotic effects of EPO. Patients are in-
cluded according to the inclusion and exclusion
criteria summarised in table 1.

Conclusions

We conclude that CABG surgery with CPB and
cardioplegic arrest is associated with an elevated
rate of apoptosis in ventricular tissue. Ventricular
tissue may be more sensitive to detect changes than
atrial tissue, and may be more useful to investi-
gate the protective effects of therapeutic interven-
tions. We speculate that the observed increase in

Netherlands Heart Journal, Volume 18, Number 5, May 2010

apoptosis may be amendable to anti-ischaemic and
antiapoptotic agents. EPO may be useful in this re-
spect, as it has established antiapoptotic effects and
the EPOR is expressed in the heart.
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