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Extracorporeal circulation (ECC), a necessary and integral
part of cardiac surgery, can itself induce deleterious effects
in patients. The pathogenesis of diffuse damage of several
tissues is multifactorial. It is believed that circulation of
blood extracorporeally through plastic tubes causes a
whole body inflammatory response and a severe shear
stress to blood cells. The aim of this study was to evaluate
the level of oxidative stress and its deleterious effect on red
blood cell (RBC) before (pre-ECC), immediately after (per-
ECC) and 24h after an ECC (24h post-ECC). Several
indicators of extracellular oxidative status were evaluated.
The ascorbyl free radical (AFR) was directly measured in
plasma using electron spin resonance (ESR) spectroscopy
and expressed with respect to vitamin C levels in order to
obtain a direct index of oxidative stress. Allophycocyanin
assay was also used to investigate the plasma antioxidant
status (PAS). Indirect parameters of antioxidant capacities
of plasma such as vitamin E, thiol and uric acid levels were
also quantified. RBC alterations were evaluated through
potassium efflux and carbonyl levels after action of AAPH,
a compound generating carbon centered free radicals. No
changes in plasma uric acid and thiols levels were
observed after ECC. However, vitamin E levels and PAS
were decreased in per-ECC and 24h post-ECC samples.
Vitamin C levels were significantly lower in 24 h post-ECC
and the AFR/ vitamin C ratio was increased. Differences in
results had been noted when measurements took account
of hemodilution. Increases of uric acid and thiols levels
were observed after ECC. Vitamin E levels were not
modified. However after hemodilution correction a
significant decrease of vitamin C level was noted in
24 h post-ECC samples as compared to per-ECC sample.
Whatever the way of measurement, vitamin C levels
decreased suggesting the occurrence of ECC induced-
oxidative stress. Concerning RBC, in the absence of AAPH,
extracellular potassium remained unchanged between
pre-, per- and 24 h post-ECC. AAPH induced a significant
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increase in extracellular potassium and carbonyls levels of
RBC membranes, which was not modified by ECC. These
results suggest the absence of alterations of RBC
membrane during ECC despite the occurrence of disturb-
ances in PAS. Such protection is of particular importance in
a cell engaged in the transport of oxygen and suggests that
RBC are equipped with mechanisms affording a protection
against free radicals.
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INTRODUCTION

Extracorporeal circulation (ECC), a necessary and
integral part of cardiac surgery, can itself induce
deleterious effects in patients. The pathogenesis of
diffuse damage of several tissues is multifactorial. It is
believed that circulation of blood extracorporeally
through plastic tubing causes a severe stress
to blood cells!"! and the whole body inflammatory
response induced by ECC is responsible for post-
operative organs dysfunctions and morbidity.*~*!
The pathogenesis of the development of organs
dysfunctions is diverse. A systemic increase of
various markers of oxidative stress has been demon-
strated during ECC."* Tt is well recognized that
oxygen free radicals are important triggers in
the evolution of an inflammatory reaction.!®!
Because a surgical operation generally enhances
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the generation of radical oxygen species and increases
mechanical shear stress on erythrocytes, we sought to
clarify the incidence of ECC on the plasma anti-
oxidant status (PAS) and on the resistance of
erythrocytes membranes to oxidative stress. Thus, in
order to examine the influence of oxidative stress
induced by ECC on red blood cells (RBC) membrane,
we evaluated the carbonyl levels and potassium leak
and the incidence of oxidative stress on RBC samples
obtained after ECC. Indeed the incubation of RBC
with a peroxyl radical generator is able to induce cell
damages responsible for an early potassium efflux
and a later hemolysis!®™ " probably due to the
formation of hemolytic holes in the membrane.!"!
This experimental approach was used in order to
study erythrocytes membranes resistances towards
oxidative stress.

MATERIALS AND METHODS

Patients

Eight patients (5 men and 3 women, aged mean 69 * 7
years) were selected for the study. All these patients
presented an angina rated at CCS III (4 cases) or CCS
IV (4 cases). The mean pre-operative left ventricular
ejection was 51 = 18%. All patients gave written
informed consent and the study protocol was
approved by the local medical ethics committee
(CCPRB-Dijon). To obtain a homogenous group,
patients with the following characteristics were
considered for the study: (1) left ventricular ejection
fraction 40% or more; (2) age 76 years or less; (3)
intraoperative aortic clamping time between 80 and
150 min. Exclusion criteria were known: corticoster-
oid use within the previous 15 days or a history of
hematologic, hepatic or renal disease.

Anesthesia and Surgery

Patients were premedicated with flunitrazepam
(0.1mg/10kg). Anesthesia was induced with mid-
azolam or etonidate, and maintained with high dose
of midazolam (50-100 wg/kg). Isoflurane was admi-
nistred if necessary.

Extra-corporeal circulation was established with
the use of roller pumps fitted with termino-capio SX
membrane oxygenators. Three patients had 2 aorto-
coronary bypasses, three patients 4 aorto-coronary
bypasses, one patient had 3 and one patient had 5
aorto-coronary bypasses. Mean ECC duration was
121 + 26 min.

Effects of ECC on Red Blood Cells

Erythrocytes Preparation

Blood samples were drawn from vein and put on
dry tubes before, per-ECC (immediately) and 24h

after ECC. Erythrocytes were separated from blood
plasma by centrifugation (5 min at 1600 rotations per
minute (RPM), at 4°C and washed 5 times with an
isotonic saline solution (NaCl 0.9%). The supernatant
and buffy coat were carefully removed after each
wash. After separation, 2ml of packed erythrocytes
were suspended in 16ml of phosphate buffer
at pH 7.4 in order to get a 10% suspension of
erythrocytes.

Measurement of Carbonyl Groups of RBC
Membranes

Different groups (n = 8) were studied:

a. erythrocytes in phosphate buffer alone taken
from the patients: pre-, per- and 24 h post-ECC;

b. Effects of AAPH (50mM) on erythrocytes
separated from blood samples drawn at the
different periods (pré-ECC, per-ECC and 24h
post-ECC).

Oxidation of proteins was carried out using the
reaction between 2,4-dinitrophenylhydrazine
(DNPH) and carbonyl groups.®! A chromophore
was obtained with an absorbance at 380nm.
A measure of 50 ul of the erythrocyte suspension
were acidified with 500 pl of 20% trichloroacetic acid
(TCA) and 500pl of acidified acetone. After
centrifugation at 11,000¢ (4°C) for 3 min, membranes
of RBC were collected. These procedure was carried
out 3 times. A measure of 500 pl of 2,4 DNPH were
added to the pellet. Samples were incubated for 1 h at
25°C with mixing every 15min. Proteins were
precipated by adding 500pl of 10% TCA and
centrifugation. The pellet was washed 3 times
using ethanol/ethylacetate mixture (1:1) and cen-
trifuged. Proteins were suspended in 1ml of 6M
guanidine (pH 2.3) and detected at 380 nm. In these
experimental conditions, the possible traces of
haemoglobin and residual reagent (DNPH) were
removed. The carbonyl content was calculated using
a molar extinction coefficient of 22,000. The total
protein content of the erythrocyte suspension was
determined by Lowry’s method.”

Measurement of Extracellular Potassium of RBC

Different groups (n = 8) were studied:

a. Erythrocytes in phosphate buffer alone taken
from the patients: pre-, per- and 24 h post-ECC;

b. Effects of AAPH on erythrocytes in presence of
AAPH (50mM final concentration) (pre-, per-
and 24 h post-ECC).

Each sample was adjusted to a final volume of 5 ml
by adding phosphate buffer as needed.
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The samples were then incubated at 37°C. At T and
every 30 min during 2 h, 0.4 ml of the suspension was
drawn, added to 0.75 ml of saline solution and spinned
5min at 1500 rpm at 4°C. A measure of 0.25ml of the
supernatant was added to 4.75 ml of phosphate buffer
and extra cellular potassium was measured using
flame photometry method (Photomer 410, CIBA
Corning, France). The concentration of potassium
was expressed in nEq/mg of total proteins.

Determination of Plasma Antioxidant Status

Blood samples were collected before, immediately
after ECC and also 24h after ECC. Plasma was
prepared immediately by centrifugation of blood
at 3500 rpm for 10min at 4°C using heparin as an
anticoagulant.

Allophycocyanin Test

The oxygen radical absorbance capacity (ORAC)
of plasma was measured according to the method of
Cao et al.™® The method is based on the property
of allophycocyanin (APC) to loss its fluorescence
when damaged by oxygen radicals. In the present
work, peroxyl radicals were generated by AAPH and
ORAC was assayed as the ability of plasma to delay
the loss of APC fluorescence (Fluorimeter Kontron,
SFM). The reaction mixture (2 ml) contained 37.5nM
APC, 3mM AAPH in 0.075M phosphate buffered
saline, pH: 7.0 (Blank). A measure of 1 pl of plasma
or 1 uM Trolox were added to the mixture in sample
and reference standard, respectively. The fluore-
scence of APC at the emission of 651nm and the
excitation of 598 nm was measured every minute at
37°C until disappearance of APC fluorescence. The
ORAC value of each plasma was calculated by
measuring the net protection area under the
quenching curve of APC. One ORAC unit was
assigned the net protection provided by 1 uM final
concentration Trolox. ORAC value of the samples
was calculated as follows:

S = Area under the quenching curve.
ORAC = (Ssample - Sblank)/(sl uMTrolox — Splank)

Measurement of Plasma Vitamin C

Vitamin C was measured in plasma using the
method described by Roe and Kuether."*! Proteins
were precipitated with 10% TCA and centrifuged.
The protein-free supernatant (500 ul) was mixed
with 100 pl of 30 mg/ml dinitrophenylhydrazine in
9N sulfuric acid containing 4mg/ml thiourea and
0.5mg/ml copper sulfate and incubated at 37°C for
3h. Following the addition of 750 ul of 65% (v/v)
sulfuric acid, the absorbance was recorded at 520 nm.

Ascorbyle Radical Determination

The detection of ascorbyl radical was assayed by
electron spin resonance (ESR) spectroscopy. ESR
spectra were recorded on plasma samples with
a BRUKER ESP 300 E spectrometer using a TM110
cavity and a flat-type quartz cell with the following
instrument settings: modulation frequency =
100 Khz; modulation amplitude = 0.800G, micro-
wave power = 4mW; time constant = 0.16s; gain =
4 % 10°; scan number = 5.

Determination of Plasma Vitamin E

For vitamin E measurements (a-tocopherol), proteins
were precipitated with ethanol (v/v) and a-tocopherol
was extracted into hexane (v/v) according to the
method of Burton et al™ An external standard:
a-tocopherol (Merck, France) was used. A measure of
20l of sample were analyzed by HPLC (Kontron
system with a Kontrosil columm (150(4.6 mm, 5 um
particle sized). Mobile phase was a mixture of
heptan/isopropanol (991). a-Tocopherol was quanti-
fied by a fluorescence method (excitation: 295nm,
emission: 325nm, fluorimeter SMF25 (Kontron
Instruments, France) and Kontron autosampler 465.
Vitamin E concentrations were expressed as mg/ml
per mmol of total cholesterol. Plasma total cholesterol
concentration was determined by an enzymatic
method (Sigma diagnostics, France).

Uric Acid Measurement

Measurement of plasma uric acid was performed
using test kits (Sigma diagnostics).

Thiols Plasma Levels

Thiol groups measurements were assayed according
to the method of Tietze.'® The plasma (200 wl) was
reacted with 40l 10mM of 5,5-dithio-bis-(2-
nitrobenzoic acid) (DTNB or Ellman reagent) in
600wl 0.25mM of Tris buffer. The release of
thionitrobenzoate was recorded spectrophotometri-
cally at 412nm 15min later, after centrifugation
(100 min, 3009). Results were expressed as wM.

Corrections for Plasma Dilution

The concentrations obtained in plasma were
corrected for dilution by the following equation:
Corrected value = measured value X Hct1

X (1 —Hct2)/Het2 X (1 — Het2)
where hematocrit Htc 1 is the initial hematocrit

level in the first sample before ECC and Hct 2 is the
sample hematocrit level.
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TABLE I The mean pre-, per- and post-operative (24 h) biological
status. Each data point represents the mean = SEM for samples from 8
patients

Hemoglobin ~ Hematocrit Proteinemia
g/100ml % g/l
Pre-ECC 12.77 £ 1.25 40.84 = 3.76 76.00 = 4.39
Per-ECC 9.03 = 1.68* 26.2 £4.63** 4275 + 1.82**
Post-ECC (24h) 11.86 = 1.29 34.42 + 418%  44.71 + 2.24**

*p < 0.05 compared with pre-operative values with a one-way analysis of
variance. **p < 0.001 compared with pre-operative values with a one-way
analysis of variance. #p < 0.001 compared with per-operative values with
a one-way analysis of variance.

Statistical Analysis

Results are expressed as mean * SEM. Analysis of
variance for repeated measures (ANOVA) and
Tukey’s test were used for statistical analyses.
A value of p < 0.05 was considered to be significant.

RESULTS

The mean pre-, per- and 24h post-operative
hematological status is summarized in Table I. We
observed a significant decrease of hematocrit and
proteinemia during the per- and post-ECC periods.

Estimation of Membrane Carbonyls

The carbonyl levels of RBC membranes were not
modified during pre-, per- and 24 h post-ECC periods.
When RBC were submitted to AAPH-induced
oxidative stress, carbonyl levels were significantly
increased in pre- and post-ECC samples (Fig. 1).

Potassium Leak

In the absence of AAPH, RBC did not release
potassium. AAPH induced a marked increase in
the extra-cellular concentrations of potassium.

OPre ECC
@Per ECC
W24 ECC

Carbonyl (nanomole/mg protein)

Control AAPH (120 min)

FIGURE 1 Evaluation of carbonyl levels of RBC membranes
after addition of 50mM AAPH. Each data point represents the
mean * SEM for samples from 8 patients. *p < 0.05 versus control
pre-ECC. £ p < 0.05 versus control per-ECC.

This evolution did not differ in pre-ECC, per-ECC
and 24 h post-ECC samples (Fig. 2).

Measurement of Plasma Antioxidant Capacity

The ORAC of plasma was lower in samples collected
per-ECC (212 +0.21) as compared to values
obtained before ECC (3.16 = 0.21) (p < 0.05) (Fig. 3).

Estimation of Plasma Antioxidants

Vitamin C levels were significantly lower 24 h after
ECC as compared to values pre-ECC values
(4.78 = 0.90 mg/1 versus 11.45 = 2.31 mg/1; p < 0.05).
However, when values were corrected for hemodilu-
tion, a significant decrease in plasma vitamin C
concentrations was observed 24h after ECC
(6.40 = 1.40 mg/1 versus 11.45 + 2.31 mg/1; p < 0.05)
in comparison with the values obtained immediately
after ECC.

The ascorbyl radical/vitamin C ratio was signifi-
cantly increased (p <0.05) 24h after ECC as
compared to pre-ECC values (pre-ECC: 0.76 =
0.13AU/mg/1; 24h post-ECC: 1.34 = 0.20 AU/mg/1).

A significant decrease of vitamin E levels was
observed (p < 0.01) in the course of ECC but when
values were corrected for hemodilution, no signifi-
cant difference was shown.

A significant increase in plasma uric acid was
observed after correction by hemodilution
(94.89 £13.91 per-ECC; 53.79 =11.29 pre-ECC;
p < 0.05).

The global plasma concentration of thiols did not
vary during ECC, but a significant increase of thiol
levels were observed after ECC when values were
corrected for hemodilution (827 + 53 uM per-ECC
versus 513 * 20 uM pre-ECC; p < 0.01) (Table 1II).

DISCUSSION

During cardiopulmonary bypass surgery where the
heart of the patient is transiently arrested the surgical
procedure, the blood is removed from systemic
venous circulation and pumped through an extra-
corporeal oxygenator before going back to the
systemic arterial circulation. Cardiopulmonary
bypass is often associated with the development of
myocardial dysfunctions and it is known that these
patients are subjected to a high degree of surgical
risk.l'”! The present study was planned to study
whether ECC was associated with an oxidative stress
and with modifications of RBC functions. Our results
indicate a significant decrease of plasma antioxidant
capacities 24 h after ECC which may be attributed to
the development of an oxidative stress. Our findings
are in accordance with previous results obtained
in our group demonstrating that a systemic
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FIGURE2 Potassium leak. RBC were exposed to 50 mM AAPH. Each data point represents the mean + SEM for samples from 8 patients.

*p < 0.001 versus control.

oxidation stress occurred in patients undergoing
heart surgery, illustrated by the increase alkyl and
alkoxyl radicals detected and quantified by ESR
spectroscopy.!'! which may be attributed to the
“persistant” activation of neutrophils.[***~'*! How-
ever, it is important to note that in our experimental
conditions, the assay procedure using AAPH reveals
mainly the contribution of hydrosoluble antioxi-
dants. The popularity in the use of the thermolabile
azo initiator derives from the constant and easily
quantitated rate of radical production.

Concerning the variations in plasma thiols, they
reflect changes in tissue thiols resulting from
oxidative stress induced injury. In the present
study, we observed an increase of corrected plasma
thiol levels after ECC as already been noticed by
Castelli et al* Plasma antioxidant compounds
levels were corrected in order to account for the
hemodilution that occurs during ECC. In this way,
the increase of corrected plasma thiol levels after
ECC may be due to a release of glutathione (GSH)
from cells such as RBC. This hypothesis is in
agreement with studies of Ferrari et al*'! who
showed in patients subjected to aortocoronary

4 -
351 1
g 3
E *
g 257 5 OPre ECC
Q 21 i @Per ECC
2 151 W24 ECC
z 1.
1 -
051
0 . .
Pre ECC Per ECC 24 ECC

FIGURE 3 Total plasma antioxidant capacity pre, per and 24h
after ECC. Each data point represents the mean + SEM of samples
from 8 patients. *p < 0.05 versus pre-ECC.

bypass, an increase of plasma total glutathione
(GSH + GSSG) and a decrease of the GSH/GSSG
ratio indicating the presence of an oxidative stress.
Usually, the protection of human plasma against free
radical injury is offered by a wide spectrum of
antioxidants. We showed here that the PAS was
decreased during ECC, reflecting a reduced capacity
of plasma to protect its environment from free
radical injuries.

In our work, the corrected plasma vitamin C
concentration decreased 24h after ECC while no
changes in corrected plasma vitamin E levels was
observed. The same results were reported by Ballmer
et al.?? Tt has been proposed that AFR can be used as
a marker for the oxidation of vitamin C and as a non
invasive indicator of oxidative stress.”>~**! The
increase of ascorbyl radical/vitamin C ratio
observed in our study seems to reflect the degree
of oxidative stress associated to the ECC. Moreover,
it is known that vitamin C regenerates vitamin E by
reducing tocopherol radical which is produced when
vitamin E scavenges a peroxyl radical; the result of
this reaction being the formation of AFR. When
plasma is exposed to a free radical generating

TABLE II Plasma parameters during ECC. Each data point
represents the mean + SEM for samples from 8 patients

Pre-ECC Per-ECC 24h Post-ECC
Vitamin C (uc) mg/1 11.45+231 8.58 £1.68 4.78 =0.90*
Vitamin C (cor) mg/1 11.45 231 18.29 £3.88 6.40 = 1.40%
Ascorbyl radical/vit 0.76 =0.13 0.92 +0.18 1.34 £0.20*
C AU/mg/1
Vitamin E (uc) mg/1 9.76 =1.07 6.13 £0.84* 4.96 +0.56*
Vitamin E (cor) mg/1 9.76 £1.07 12.42 =295 7.05+1.19
Vitamin E/Cholesterol 2.06 =0.28 2.09 +0.35 3.14 £0.57
(mg/1/mmol)
Uric acid (uc) mg/1 53.79 =11.29 48.89 =8.99 48.38 +11.67
Uric acid (cor) mg/1 53.79 £11.29 94.89 =13.91* 66.16 =18.26
Thiols (uc) pM 513 +20 422 +36 432 +35
Thiols (cor) puM 513 =20 827 + 53** 554 +63

uc = crude values uncorrected for hemodilution. cor = corrected values
using hematocrit. AU = Arbitrary Unit. * p < 0.05 versus Pre ECC, ** p <
0.01 versus Pre ECC, $ p < 0.05 versus Per ECC.
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system, lipid peroxidation does not occur until all of
the vitamin C has been oxidized.?*! In our present
study, we also noticed an increase in corrected
plasma uric acid levels after ECC, these results being
consistent with others works.”*?”! It has been
postulated that the antioxidant properties of uric
acid were of biological importance in vivo.?%%
Uric acid is derived from adenine and guanine-based
purine compounds through the action of the
xanthine oxidoreductase. Systemic uric acid could
also derive from a cellular free radical attack on
nucleic acid compounds or could be the result of
restricted perfusion of peripheral tissues during
ECC, leading to adenosine triphosphate and adeno-
sine degradation.

Red cell membrane may be considered as a
particularly interesting object for the study of
oxidative attack during ECC.*®?1 These cells
constitute a large stock of oxygen from which the
potentially dangerous free radicals may be derived.
The echinocytic shape transformation of RBC during
cardiopulmonary bypass has already been
reported.®®! Origins of these alterations remain
uncertain but several evidences suggest that oxi-
dative stress associated with the inflammatory
reaction may be implicated. Lipid peroxidation
mediated by free radicals is known to be one of the
important causes of cell membrane damages such as
increase of membrane fluidity and permeability. In
our study, we did not notice major changes of RBC
membrane functions during ECC since carbonyl
formation and K* leak were not affected by ECC.
However, after AAPH stimulation, carbonyl levels
were significantly increased in RBC membranes
taken before and after ECC. These observations
could be explained by the release of cell outer
membrane fragments following the action of pumps.
AAPH generates carbon centered free radicals in a
temperature and time dependent manner.”®! For
concentrations lower than 25mM, potassium efflux
is a good indicator for early membrane damages
significant hemolysis occurring after two hours.[?’!
No change in potassium efflux induced by AAPH
was observed in our study after ECC as compared to
pre-ECC samples. These observations are in accord-
ance with previous studies reported by Reinhart
et al® studying the influence of ECC on RBC
deformability and membrane lipids. An increase of
lipid peroxidation was not demonstrated and the
ratio saturated /unsaturated fatty acids remained
constant during ECC. These authors noted that the
deformability of RBC, as assessed by the resistance to
filtration of washed RBCs through pores, was not
affected by ECC.

In conclusion, the present results suggest that an
oxidative stress is still present in plasma 24 h after
ECC but has no effect on RBC functions. Such
protection on these RBC is of particular importance

suggesting that these cells are equipped with
mechanisms affording protection against the for-
mation and the propagation of free radicals.
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