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Abstract: Background. Pediatric open-heart surgery with cardiopulmonary bypass (CPB) still remains
a risky interventional procedure at high mortality/morbidity. To date, there are no clinical, laboratory,
and/or monitoring parameters providing useful information on perioperative stress. We therefore
investigated whether blood concentrations of glutathione (GSH), a powerful endogenous antioxidant,
changed in the perioperative period. Methods. We conducted an observational study in 35 congenital
heart disease (CHD) children in whom perioperative standard laboratory and monitoring parameters
and GSH blood levels were assessed at five monitoring time points. Results. GSH showed a pattern
characterized by a progressive increase from pre-surgery up to 24 h after surgery, reaching its highest
peak at the end of CPB. GSH measured at the end of CPB correlated with CPB duration, cross-clamping,
arterial oxygen partial pressure, and with body core temperature. Conclusions. The increase in
GSH levels in the perioperative period suggests a compensatory mechanism to oxidative damage
during surgical procedure. Caution is needed in controlling different CPB phases, especially systemic
reoxygenation in a population that is per se more prone to oxidative stress/damage. The findings may
point the way to detecting the optimal temperature and oxygenation target by biomarker monitoring.
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1. Introduction

Pediatric open-heart surgery with cardiopulmonary bypass (CPB) still remains a risky
interventional procedure at high mortality and morbidity [1]. Hemodynamic and thermal changes
occurring during CPB are known to trigger a cascade of events (i.e., ischemia-reperfusion injury,
surgical procedure, endothelial dysfunction, activation of complement, coagulation, and inflammatory
processes) that can lead to tissue damage [2].

The assessment of proinflammatory cytokines and intracellular biomarkers has been recently
proposed in order to offer useful information on tissue stress in the perioperative period [3]. In this
regard, it has been shown that glutathione (GSH) is essential for vascular and cardiac function and
determines cell survival [4-7]. Moreover, in humans and in animal heart failure models, exacerbated
tumor necrosis factor and soluble tumor necrosis factor receptor-1 expression was related to systemic
and cardiac GSH deficiency supporting the notion of GSH’s role in the defense against oxidative
stress [4,5,8-10].
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GSH has been detected in different biological fluids and it has been suggested that its presence
provides a good source of this protective antioxidant for newborns. GSH performs several important
physiological functions, such as (a) inactivation of oxygen-derived highly reactive species [10,11];
(b) detoxification of various types of xenobiotics and carcinogens [10,12]; (c) maintenance of the
oxidative status of other antioxidants, such as ascorbic acid and a-tocopherol [13]; and (d) cell immune
response improvement by activation of lymphocytes [14]. In this light, GSH in adults undergoing
surgical repair with CPB has been shown to increase, reflecting a cellular defense mechanism against
oxidative damage during reperfusion [15]. Conversely, data on GSH concentrations in children,
affected by congenital heart disease (CHD) and undergoing cardiac surgery, are still lacking or are
a matter of debate. Reduced GSH levels has been recently shown to play an important role in
inflammatory response [3], whereas changes in GSH blood levels were observed according to different
CPB phases (i.e., controlled anterograde low oxygen warm reperfusion before de-clamping and aortic
cross-clamping release) [15].

Therefore, in the present observational study we investigated whether, in CHD children undergoing
cardiac surgery with CPB, blood concentrations of a powerful endogenous antioxidant, namely GSH,
changed in the perioperative period.

2. Materials and Methods

We conducted an observational study at our third-level referral center for pediatric cardiac
diseases of 35 CHD children without pre-existing neurological disorders or other co-morbidities. CHD
characteristics as well as main interventions and clinical laboratory parameters recorded at admission
into the study are reported in Table 1.

Table 1. Laboratory parameters, main interventions, and general characteristics of the children with
complications of congenital heart disease (CHD) admitted into the study.

CHD (n = 35)
CHD characteristics
Tetralogy of Fallot 15
Transposition of great arteries 6
Tricuspid atresia 8
Total anomalous pulmonary venous return 6
Age (months) 30+38
Weight (kg) 11+£2
Gender (F/M) 10/25
Laboratory parameters
Hemoglobin (g/dL) 123+1.2
Hematocrit (%) 35.5+29
Platelet count (10%/mmc) 325 + 102
Creatinine (mg/dL) 043 +0.25
Urea (mg/dL) 29 + 14
LDH (UI/L) 565 + 206
CK (UI/L) 168 + 114
Glycaemia (mg/dL) 103 + 12
Neurological examination
Preoperative (normal/suspect/abnormal) 35/0/0
Postoperative (normal/suspect/abnormal) 35/0/0
Main interventions
CPB (min) 90 + 66
Filtration (n/total) 19/25
Clamping (min) 46 + 34
Circulatory arrest (n/total) 2/25
Cooling (°C) 319 +£3.1

Abbreviations: LDH, lactate dehydrogenase; CK, creatine kinase, CPB, cardiopulmonary bypass.
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Informed and signed consent from parents was obtained, before the patients’ inclusion in the
study, which was approved by the local human investigation committee (N718, EC Policlinico San
Donato Milanese, 12, 12, 2012).

At admission to our unit, all children underwent clinical and standard laboratory and monitoring
parameter recordings and GSH assessment. Blood samples were drawn at five predetermined times
before, during, and after surgery, namely, before the surgical procedure and anesthesia (time 0, T0);
during the surgical procedure after sternotomy and before CPB (time 1, T1); at the end of CPB (time
2, T2); at the end of the surgical procedure (time 3, T3); 24 h after the surgical procedure (time 4, T4).
The following parameters were also recorded: peripheral temperature; nasopharyngeal temperature;
pump flow rate; heart rate (HR) mean arterial systolic and diastolic blood pressure (BP); left and right
atrium BP (LA, RA); pulsed arterial oxygen tension (5a0O;); and laboratory parameters such as arterial
blood pH and oxygen (PaO,) and carbon dioxide (PaCO,) partial pressures, bicarbonate (HCO3), base
excess (BE), and hemoglobin (Hb) concentrations, hematocrit rate (Ht), platelet count, and creatinine,
urea, lactate dehydrogenase, creatine kinase, and glucose blood levels.

2.1. Anesthetic Technigue

After premedication with midazolam (Ipnovel, Roche, Milan, Italy), 0.5 mg/kg-bw (intramuscular),
induction was achieved with oxygen and 3% sevofluorane (SevoFlo, Zoetis Belgium SA,
Louvain-la-Neuve, Belgium) administered via mask (single-breath induction), followed by intravenous
sufentanil (Fentanest, Pharmacia and Upjohn, Milan, Italy) 1 (g/kg-bw) and vecuronium (Norcuron, NV
organon, Oss, The Netherlands) (0.15 mg/kg-bw). Maintenance was achieved with 3% sevofluorane
(except during CPB) and with additional doses of sufentanil (0.5 g/kg-bw) and vecuronium
(0.1 mg/kg-bw) every 3040 min. During CPB, in the absence of sevofluorane, additional midazolam at
0.2 mg/kg-bw dosage was given. Sufentanil infusion at 0.25 g/kg-bw was continued in the intensive
care unit for sedation [16].

2.2. Cardiopulmonary Bypass Management

The study population underwent a CPB procedure according to our protocols [16]. CPB was
established after systemic heparinization (3 mg/kg-bw) by standard single-stage aortic and bicaval
cannulation, and maintained via non-pulsatile pump flow with a membrane oxygenator (Dideco
Laboratories, Modena, Italy). Flow velocity was kept at 120-150 mL/kg-bw, and mean arterial
blood pressure at 45 mmHg; hypothermia was attained by core and surface cooling. Three patients
were operated in deep hypothermic circulatory arrest (DHCA) (19 + 7 min) and the minimum
temperature reached was 25 °C. Mean rewarming time was calculated from the final temperature
during hypothermic circulatory arrest to 36.5 °C. The pump priming solution was composed of
electrolyte solutions (Normosol-R 250 to 650 mL, Abbott Hospital Products, Abbott Park, IL, USA
or Plasma-Lyte A, Travenol Laboratories, Inc., Deerfield, IL, USA), albumin (25%), heparin 1000 to
5000 units in the total solution, sodium bicarbonate (25-30 mEq/L), and packed red blood cells or fresh
frozen plasma. A standard total circuit prime volume was used, according to body weight, varying
from 400 mL (bw < 4.5 kg), to 600 mL (bw > 4.5 kg and bw < 7.5 kg) and to 700 mL (bw > 7.7 kg).
Packed red blood cells (200 to 500 mL) were transfused as needed to maintain a hematocrit level above
30% during CPB. Protamine (1 mg for each mg of heparin) was administered at the end of CPB. The
a-stat regimen was used, and the PaCO, maintained between 35 and 40 mmHg, without mathematical
correction for the effects of the temperature, by varying the membrane oxygenator gas flow [16].

Modified ultrafiltration (MUF) was routinely performed before removal of arterial and venous
cannulae. In the CPB circuit, the arterial line was connected to the inlet and the venous line to the
outlet of the ultrafilter. As the patient was separated from the CPB, the clamp was removed from the
inlet of the filter, allowing the blood to flow through the arterial line to the filter (10-15 mL/kg/min)
and, finally, from a venous line to the RA. The filter allows the passage of molecules smaller than
65 kD molecular weight. When it was necessary to maintain the intravascular volume and stabilize the
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hemodynamics, the blood returned via the venous reservoir and the venous cannula to the RA. This
technique was performed until the Ht achieved the target of 35% [17].

2.3. GSH Measurement

Levels of nonproteic thiol groups were measured in 200 pL of blood, in accordance with the
method presented by Hu [18], with partial modifications. This spectrophotometric assay is based on
the reaction of thiol groups with 2,2-dithio-bis-nitrobenzoic acid (DTNB) in absolute ethanol to give a
colored compound absorbing at A = 412 nm. Since the DTNB method is strongly affected by pH, the
possibility of avoiding acids (trichloroacetic or sulfosalicylic acid) to precipitate proteins represents a
remarkable advantage to ensure the accuracy of the assay. We then carried out the removal of proteins
with an excess of absolute ethanol, followed by centrifugation at 3000g for 10 min at room temperature.
Each value represents the mean + SD of three experimental determinations for each sample. Results
were expressed as micromoles per milliliter of blood.

2.4. Neurological Follow-up

Neurological examination was performed daily according to Prechtl [19]. Each child was assigned
to one of three diagnostic groups—normal, suspect, abnormal. A child was considered to be abnormal
when one or more of the following neurological syndromes were unequivocally present: (a) increased or
decreased excitability (hyperexcitability syndrome, convulsion, apathy syndrome, coma); (b) increased
or decreased motility (hyperkinesia, hypokinesia); (c) increased or decreased tonus (hypertonia,
hypotonia); (d) asymmetries (peripheral or central); (e) defects of the central nervous system; (f) any
combination of the above. When indications of the presence of a syndrome were non-conclusive or if
only isolated symptoms were present (e.g., mild hypotonia or only a slight tremor), the children were
classified as suspect. Abnormal and suspect cases were excluded from the study:.

2.5. Statistical Analysis

For the calculation of sample size, we used GSH changes as the main parameter. As no basic
data are available for a studied population, we assumed a decrease of 0.5 SD in GSH to be clinically
significant. Indeed, considering o« = 0.05 and using a two-sided test, we estimated a power of 0.80
recruiting 33 CHD patients. We added n = 2 cases to allow any dropout. The sample size was
calculated by using nQuery Advisor (Statistical Solutions, Saugus, MA, USA), version 5.0. The
Kolmogorov-Smirnov test showed values having a Gaussian distribution, and data were expressed as
the mean (SD). Statistical significance was assessed using one-way ANOVA for repeated measures
(followed by the post-hoc Tukey test for multiple comparisons) and the unpaired f-test when only two
groups were compared. Linear regression analysis was used for correlation between GSH and CPB
and laboratory parameters. Statistical significance was set at p < 0.05.

3. Results

Monitoring and laboratory variables at the predetermined perioperative time points are shown in
Table 2. Clinical parameters recorded during surgery remained within limits regarded as within the
reference ranges during this type of procedure. No significant differences from TO to T4 (p > 0.05, for
all) were observed regarding hemoglobin concentration; hematocrit rate; arterial blood pH, PaCO,,
HCO;3, BE, and SaO,; HR; LA BP; RA BP; systolic and diastolic BP; and glucose blood levels. PaO,
showed a pattern, from T0 to T4, characterized by a significant (p < 0.01, for all) progressive increase in
concentration reaching its highest peak at T2 (p < 0.001) and progressively decreasing at the end of
surgery up to 24 h after the surgical procedure (Table 2).
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Table 2. Laboratory parameters at different monitoring time points (before the surgical procedure,
T0; during the surgical procedure before CPB, T1; at the end of CPB, T2; at the end of the surgical
procedure, T3; 24 h after the surgical procedure, T4) in children admitted into the study. Data are given

as mean = SD.

Parameters TO T1 T2 T3 T4
Hemoglobin (g/dL) 11.7 £ 22 115+24 11+£29 11.1+14 11.8+15
Hematocrit rate (%) 359+38 33.8+54 329 +6.3 334 +42 345 +47

pH 7.36 +0.10 7.36 +0.10 7.38 +0.08 7.39 + 0.08 7.42 +0.07

PaCO, (mmHg) 36.9 £ 6.6 354 +3.9 344 +£5.5 355+5.1 36.2+5.9

PaO, (mmHg) 101 + 37 144 + 78 * 211 +101* 163 + 96 * 155 + 86 *
HCOj3 (mmol/L) 22.1+3.1 222 +39 21.1+3.2 21.2+19 222 +1.8
BE (mmol/L) 02+25 -1.8+3.6 -3.0+21 -05+07 1.5+15
Sa0, (mmHg) 949 + 8.8 93.8+72 973+ 1.8 92.7 £2.6 953 +5.5
Heart rate (bpm) 104 + 11 113+ 14 121 + 14 122 +12 125+ 19
LA BP (mmHg) 8.0+ 3.9 77+4.0 9.2+35 95+42 9.3+4.0
RA BP (mmHg) 9.1+22 87+1.6 8.8+2.1 9.8 +23 10+2.8
Systolic BP (mmHg) 88 +12 87 + 17 86 + 14 95 + 15 96 + 13
Diastolic BP (mmHg) 42 + 11 53 + 10 54 + 10 56 + 10 57 + 11
Glycaemia (mg/dl) 103 £ 12 118 £ 11 130 + 19 125 + 15 119 + 14

*p <0.05vs. TO. Abbreviations: arterial carbon dioxide partial pressure, PaCO5; arterial oxygen partial pressure,
PaOy; arterial bicarbonate level, HCOj3; base excess, BE; arterial oxygen saturation, SaO,; left atrium, LA; blood
pressure, BP; right atrium, RA.

No overt neurological injury was observed in surviving patients during the first week after surgery.
In CHD children, GSH blood levels were measurable at all monitoring time points. GSH showed a
pattern characterized by a progressive increase from TO (before surgery) to T4 (at 24 h after surgery),
reaching its highest peak at T3 (at the end of CPB) and remaining at high levels up to T4 (p < 0.01, for

all) (Figure 1).
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Figure 1. GSH concentrations (uM/mL) expressed as median and 5°-95° centiles at different monitoring
time points: before the surgical procedure (T0); during the surgical procedure after sternotomy and
before CPB (T1); at the end of CPB (T2); at the end of the surgical procedure (T3); and at 24 h after the
surgical procedure (T4) in congenital heart disease children. GSH was significantly (*p < 0.01, for all)
higher at T3 and T4 vs. TO monitoring time points.

No significant differences (p > 0.05, for both) in GSH levels were shown from TO to T2. Moreover,
in order to evaluate the potential side effects of PaO, on GSH levels, we calculated the PaO,/GSH ratio.
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The PaO,/GSH pattern was characterized by a significant (p < 0.05, for all) increase from TO to T3,
whereas no differences (p > 0.05) were found between TO and T4.

Linear regression analysis showed a significant correlation between GSH levels measured at the
end of CPB (T2). In particular, a positive significant correlation was found with CPB duration (R = 0.72;
p < 0.001), with cross-clamping (R = 0.62, p < 0.001), and with PaO, (R = 0.53; p = 0.002), whereas
a negative significant correlation was observed with body core temperature (R = -0.49; p = 0.012)
(Figures 2-4).

350
R=0.72; P<0.001

CPB (min)

0,0 0,1 0,2 03 0.4 0,5 0,6 0,7
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Figure 2. Correlation between GSH concentrations (uM/mL) measured at the end of cardiopulmonary
bypass (CPB) procedure and CPB duration (min). There was a significant positive correlation (R = 0.72;
p <0.001).
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Figure 3. Correlation between GSH concentrations (uM/mL) measured at the end of cardiopulmonary
bypass (CPB) procedure and body core temperature (°C) during CPB. There was a significant negative
correlation (R = —-0.49; p = 0.012).
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Figure 4. Correlation between GSH concentrations (uM/mL) measured at the end of cardiopulmonary
bypass (CPB) procedure and cross-clamping duration (min). There was a significant positive correlation
(R = 0.62; p < 0.001).

Moreover, an identical pattern was found when PaO,/GSH was correlated with CPB duration
(R=0.56; p = 0.004), with cross-clamping (R = 0.51, p < 0.010), and with body core temperature
(R=0.68; p < 0.001).

4. Discussion

It is widely known that congenital heart diseases are the most frequent malformations, affecting
1-20 infants in 1000 live births [1]. According to CHD characteristics, they may account for up to 15% of
mortality, as well as about 4.8% of short-term and 40-50% of long-term developmental abnormalities at
school age [1,20,21]. However, there are still no conclusive clinical, laboratory, or monitoring parameters
able to provide useful information on perioperative stress [22-25]. In this setting, open-heart surgery
and CPB are commonly accepted to cause harmful effects on whole body organs. Vascular resistance
impairment, intra/postoperative hypoperfusion leading to ischemia reperfusion injury, and systemic
inflammation are known to enhance an oxidative stress reaction in the perioperative period [26].

In the present study, we found that the blood levels of a well-established marker of oxidative stress,
namely GSH, significantly increased during surgical procedure by CPB, remaining constantly elevated
up to 24 h after surgery. Furthermore, GSH levels measured at the end of the CPB procedure positively
correlated with CPB, cross-clamp duration, and PaO,, whereas a negative correlation was observed
with body core temperature. These results are, in part, in agreement with previous observations
in adults and in children [15,27], showing increased GSH levels in the postoperative period and in
the different CPB phases. Discrepancies are in relation to the different monitoring time points, CPB
procedure, and patient recruitment [15].

The finding of elevated GSH levels in the perioperative period warrants further consideration. In
particular, increased GSH levels during CPB procedure are (1) related to enhanced oxidative damage
due to hypoxia or hyperoxia insults during CPB itself [2]; (2) correlated with the complexity of surgical
procedures, especially in those cases requiring DHCA [23]; (3) temperature-dependent due to changes
in the oxygen-hemoglobin dissociation curve, enhancing hemoglobin affinity for oxygen with an
increase in reduced/oxidized glutathione ratio [28]; and, (4) related to the use of hyperoxic anesthesia
that stimulates the production of reactive nitrogen and oxygen species (RNOS) by neutrophils and
mitochondria [29].

Altogether, it is reasonable to conclude that the increased release of GSH into systemic circulation
in CHD children who had undergone open heart surgery can be considered as a compensatory
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mechanism to oxidative damage. The fact is of relevance bearing in mind that GSH is implicated the
most in the protection against oxidative injury in glia, astrocytes, and neurons [30]. The mechanism
through which GSH exerts its antioxidant action is, at this stage, not fully elucidated. One explanation
resides in hypoxia or hyperoxia insults able to trigger the cellular GSH content, increasing the effect of
N-acetylcysteine on repletion of GSH and further increasing key enzyme activities that regulate GSH
production, glutamate cysteine ligase, and glutathione synthase [31,32]. In this light, it is reasonable
to suggest that high GSH levels in blood may be the expression of a cascade of events affecting the
glutathione/glutathione-oxidized ratio, which is hypoxia or hyperoxia mediated. Of note, high GSH
levels in systemic circulation enhance its antioxidant capacity, thus reducing the proteins” defense
mechanisms by oxidative damage. Another explanation resides in therapeutic strategies performed in
the perioperative period such as transfusions (red blood cells, platelets), which contribute to redox
imbalance being an important source of RNOS [33,34]. Finally, the possibility that therapeutic strategies
such as anesthesia and fluid balance management can somewhat affect GSH levels must be taken
into account. The fact is of relevance bearing in mind that (i) perioperative therapeutic strategies
performed did not contain any thiol group, and (ii) fluid management was not responsible for any
hemodilution/concentration phenomenon. Since no significant differences in Hb and Ht rate were
observed at monitoring time points, these findings argue against the hypothesis.

In the present study, we also found that GSH increases in the perioperative period as PaO, peaks.
Therefore, in order to limit the potential influence of oxygenation on GSH levels, we calculated the
PaO,/GSH ratio. The PaO,/GSH ratio pattern increased during surgery up to the end of the procedure
when it started to decrease, being superimposable to preoperative levels. The PaO,/GSH ratio showed
a positive correlation with CPB duration, cross-clamping, and body core temperature.

The finding of a correlation between GSH and PaO, deserves further consideration. In particular,
increased GSH has shown the following: (i) in animal models, controlled normoxic reoxygenation
limited brain injury [35]; (ii) in CHD children, lipid peroxidation increased and antioxidant reserve
capacity decreased, being maintained by endogenous radical scavengers such as GSH [35-40]; and
(iii) during CPB, increased oxygen toxicity affected endothelial permeability [2,35]. Altogether, it is
reasonable to suggest that the higher GSH levels occurring during systemic reoxygenation in CHD
children may be indicative of a compensatory mechanism due to CPB and hyperoxia-mediated stress.

Lastly, we found that the PaO,/GSH ratio was superimposable to the one detected at the
preoperative time point. The explanation may reside in the decay of PaO, levels at 24 h after surgery
and explained by the short half-life of GSH (about 10 min) [41].

Finally, the present study shows some limitations. The main ones reside in the small population
studied that did not allow to correct for the occurrence of cyanotic and non-cyanotic CHD and in the
lack of an expanded oxidative stress evaluation with other biomarkers such as glutathione disulfide,
non-protein bind iron and lipid hydroperoxides. Further studies in this regard are awaited.

In conclusion, the present data on elevated GSH levels, in CHD children undergoing open heart
surgery and CPB, suggest that caution is needed in controlling different CPB phases such as DHCA,
core body temperature, and systemic reoxygenation in a population that is per se more prone to CNS
stress or damage. The findings may lead to further investigation to detect the “optimal” temperature
and PaO, target [40] by monitoring biomarkers as much as possible to avoid perioperative CNS stress
or damage.
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Abbreviation List

BE base excess

BP blood pressure

CHD congenital heart disease

CPB cardiopulmonary bypass

DHCA deep hypothermic circulatory arrest

DTNB 2,2-dithio-bis-nitrobenzoic acid

GSH glutathione

Hb hemoglobin

HCO;3 bicarbonate

HR heart rate

Ht hematocrit rate

LA BP left atrium BP

MUF Modified ultrafiltration

PaCO, arterial carbon dioxide partial pressure

PaO, arterial oxygen partial pressure

RA BP right atrium BP

RNOS reactive nitrogen and oxygen species

Sa0O, pulsed arterial oxygenation

VSD ventricular septal defect

References

1.  Hsia, TY,; Gruber, PJ. Factors influencing neurologic out-come after neonatal cardiopulmonary bypass:
What we can and cannot control. Ann. Thorac. Surg. 2006, 81, 52381-52388. [CrossRef] [PubMed]

2. Gazzolo, D.; Abella, R.; Marinoni, E.; Di Iorio, R.; Livolti, G.; Galvano, E; Pongiglione, G.; Frigiola, A.;
Bertino, E.; Florio, P. Circulating biochemical markers of brain damage in infants complicated by ischemia
reperfusion injury. Cardiovasc. Hematol. Agents Med. Chem. 2009, 7, 108-126. [CrossRef] [PubMed]

3. Guo, R.; Hou, W,; Dong, Y.; Yu, Z,; Stites, J.; Weiner, C.P. Brain injury caused by chronic fetal hypoxemia is
mediated by inflammatory cascade activation. Reprod. Sci. 2010, 17, 540-548. [PubMed]

4. Adamy, C.; Mulder, P.; Khouzami, L.; Andrieu-Abadie, N.; Defer, N.; Candiani, G.; Pavoine, C.; Caramelle, P;
Souktani, R.; Le Corvoisier, P; et al. Neutral sphingomyelinase inhibition participates to the benefits
of Nacetylcysteine treatment in post-myocardial infarction failing heart rats. J. Mol. Cell Cardiol. 2007,
43,344-353. [CrossRef] [PubMed]

5. Yucel, D.; Aydogdu, S.; Cehreli, S.; Saydam, G.; Canatan, H.; Senes, M.; Cigdem Topkaya, B.; Nebioglu, S.
Increased oxidative stress in dilated cardiomyopathic heart failure. Clin. Chem. 1998, 44, 148-154.

6. Haddad, J.J.; Harb, H.L. L-gamma-Glutamyl-L-cysteinyl-glycine (glutathione; GSH) and GSH-related
enzymes in the regulation of pro- and anti-inflammatory cytokines: A signaling transcriptional scenario for
redox(y) immunologic sensor(s)? Mol. Immunol. 2005, 42, 987-1014. [CrossRef] [PubMed]

7. Franco, R.; Schoneveld, O.J.; Pappa, A.; Panayiotidis, M.I. The central role of glutathione in the
pathophysiology of human diseases. Arch. Physiol. Biochem. 2007, 113, 234-258. [CrossRef] [PubMed]

8.  Bourraindeloup, M.; Adamy, C.; Candiani, G.; Cailleret, M.; Bourin, M.C.; Badoual, T.; Su, ].B.; Adubeiro, S.;

Roudot-Thoraval, F.; Dubois-Randé, ].L.; et al. N-acetylcysteine treatment normalizes serum tumor necrosis
factor-alpha level and hinders the progression of cardiac injury in hypertensive rats. Circulation 2004,
110, 2003-2009. [CrossRef]


http://dx.doi.org/10.1016/j.athoracsur.2006.02.074
http://www.ncbi.nlm.nih.gov/pubmed/16731107
http://dx.doi.org/10.2174/187152509787847119
http://www.ncbi.nlm.nih.gov/pubmed/19355873
http://www.ncbi.nlm.nih.gov/pubmed/20360591
http://dx.doi.org/10.1016/j.yjmcc.2007.06.010
http://www.ncbi.nlm.nih.gov/pubmed/17707397
http://dx.doi.org/10.1016/j.molimm.2004.09.029
http://www.ncbi.nlm.nih.gov/pubmed/15829290
http://dx.doi.org/10.1080/13813450701661198
http://www.ncbi.nlm.nih.gov/pubmed/18158646
http://dx.doi.org/10.1161/01.CIR.0000143630.14515.7C

Diagnostics 2019, 9, 118 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Damy, T.; Kirsch, M.; Khouzami, L.; Caramelle, P.; Le Corvoisier, P.; Roudot-Thoraval, F; Dubois-Randé, J.L.;
Hittinger, L.; Pavoine, C.; Pecker, F. Glutathione deficiency in cardiac patients is related to the functional
status and structural cardiac abnormalities. PLoS ONE 2009, 4, e4871. [CrossRef]

Hayes, ].D.; McLellan, L.I. Glutathione and glutathione-dependent enzymes represent a co-ordinately
regulated defence against oxidative stress. Free Radic. Res. 1999, 31, 273-300. [CrossRef]

Miyamoto, Y.; Koh, Y.H.; Park, Y.S.; Fujiwara, N.; Sakiyama, H.; Misonou, Y.; Ookawara, T.; Suzuki, K;
Honke, K.; Taniguchi, N. Oxidative stress caused by inactivation of glutathione peroxidase and adaptive
responses. Biol. Chem. 2003, 384, 567-574. [CrossRef] [PubMed]

Huber, WW.; Parzefall, W. Thiols and the chemoprevention of cancer. Curr. Opin. Pharmacol. 2007, 7, 404-409.
[CrossRef] [PubMed]

Ciocoiu, M.; Badescu, M.; Paduraru, I. Protecting antioxidative effects of vitamins E and C in experimental
physical stress. J. Physiol. Biochem. 2007, 63, 187-194. [CrossRef] [PubMed]

Hadzic, T,; Li, L.; Cheng, N.; Walsh, S.A.; Spitz, D.R.; Knudson, C.M. The role of low molecular weight thiols
in T lymphocyte proliferation and IL-2 secretion. J. Immunol. 2005, 175, 7965-7972. [CrossRef] [PubMed]
Calza, G,; Lerzo, F,; Perfumo, F,; Borini, I.; Panizzon, G.; Moretti, R.; Grasso, P.; Virgone, A.; Zannini, L. Clinical
evaluation of oxidative stress and myocardial reperfusion injury in pediatric cardiac surgery. J. Cardiovasc.
Surg. (Torino) 2002, 43, 441-447.

Abella, R.; Satriano, A.; Frigiola, A.; Varrica, A.; Gavilanes, D.W.A.; Zimmermann, L.J.; Vles, H.].S.; Florio, P;
Calevo, M.G.; Gazzolo, D. Adrenomedullin alterations related to cardiopulmonary bypass in infants with
low cardiac output syndrome. J. Matern. Fetal Neonatal Med. 2012, 25, 2756-2761. [CrossRef] [PubMed]
Ziyaeifard, M.; Alizadehasl, A.; Massoumi, G. Modified ultrafiltration during cardiopulmonary bypass and
postoperative course of pediatric cardiac surgery. Res. Cardiovasc. Med. 2014, 3, e17830.

Hu, M. Measurement of protein thiol groups and glutathione in plasma. Methods Enzymol. 1994, 233, 380-382.
Prechtl, H.ER. Assessment methods for the newborn infant: A critical evaluation. In Psychobiology of Human
Newborn; Stratton, D., Ed.; Wiley Chichester: London, UK, 1982; pp. 21-52.

Strobel, A.M.; Lu le, N. The Critically ill infant with congenital heart disease. Emerg. Med. Clin. North. Am.
2015, 33, 501-518. [CrossRef]

Kansy, A.; Tobota, Z.; Maruszewski, P.; Maruszewski, B. Analysis of 14,843 neonatal congenital heart surgical
procedures in the European Association for Cardiothoracic Surgery congenital database. Ann. Thorac. Surg.
2010, 89, 1255-1259. [CrossRef]

Serpero, L.D.; Bellissima, V.; Colivicchi, M.; Sabatini, M.; Frigiola, A.; Ricotti, A.; Ghiglione, V.; Strozzi, M.C.;
Livolti, G.; Galvano, F; et al. Next generation biomarkers for brain injury. . Matern. Fetal Neonatal Med. 2013,
26,44-49. [CrossRef] [PubMed]

Abella, R.; Varrica, A.; Satriano, A.; Tettamanti, G.; Pelissero, G.; Gavilanes, A.D.; Zimmermann, L.J.; Vles, H.].;
Strozzi, M.C.; Pluchinotta, ER; et al. Biochemical markers for brain injury monitoring in children with or
without congenital heart diseases. Cns. Neurol. Disord. Drug Targets. 2015, 14, 12-23. [CrossRef] [PubMed]
Gazzolo, D.; Abella, R.; Marinoni, E.; Di Iorio, R.; Livolti, G.; Galvano, F.; Frigiola, A.; Temporini, F;
Moresco, L.; Colivicchi, M.; et al. New markers of neonatal neurology. J. Matern Fetal Neonatal Med. 2009,
22,57-61. [CrossRef]

Gazzolo, D.; Michetti, F; Bruschettini, M.; Marchese, N.; Lituania, M.; Mangraviti, S.; Pedrazzi, E.;
Bruschettini, P. Pediatric concentrations of S100B protein in blood: age- and sex-related changes. Clin. Chem.
2003, 49, 967-970. [CrossRef] [PubMed]

McDonald, C.I; Fraser, ].E.; Coombes, ].S.; Fung, Y.L. Oxidative stress during extracorporeal circulation.
Eur |. Cardiothorac Surg. 2014, 46, 937-943. [CrossRef] [PubMed]

Turker, ES.; Dogan, A.; Ozan, G.; Kibar, K.; Erisir, M. Change in free radical and antioxidant enzyme levels
in the patients undergoing open heart surgery with cardiopulmonary bypass. Oxid. Med. Cell Longev. 2016,
2016, 1783728. [CrossRef] [PubMed]

Alva, N.; Azuara, D.; Palomeque, J.; Carbonell, T. Deep hypothermia protects against acute hypoxia in vivo in
rats: A mechanism related to the attenuation of oxidative stress. Exp. Physiol. 2013, 98, 1115-1124. [CrossRef]
Turrens, J.E; Freeman, B.A.; Crapo, J.D. Hyperoxia increases H,O, release by lung mitochondria and
microsomes. Arch. Biochem. Biophys. 1982, 217, 411-421. [CrossRef]


http://dx.doi.org/10.1371/journal.pone.0004871
http://dx.doi.org/10.1080/10715769900300851
http://dx.doi.org/10.1515/BC.2003.064
http://www.ncbi.nlm.nih.gov/pubmed/12751786
http://dx.doi.org/10.1016/j.coph.2007.05.005
http://www.ncbi.nlm.nih.gov/pubmed/17644484
http://dx.doi.org/10.1007/BF03165781
http://www.ncbi.nlm.nih.gov/pubmed/18309774
http://dx.doi.org/10.4049/jimmunol.175.12.7965
http://www.ncbi.nlm.nih.gov/pubmed/16339532
http://dx.doi.org/10.3109/14767058.2012.718393
http://www.ncbi.nlm.nih.gov/pubmed/22881718
http://dx.doi.org/10.1016/j.emc.2015.04.002
http://dx.doi.org/10.1016/j.athoracsur.2010.01.003
http://dx.doi.org/10.3109/14767058.2013.829688
http://www.ncbi.nlm.nih.gov/pubmed/24059552
http://dx.doi.org/10.2174/1871527314666150116114648
http://www.ncbi.nlm.nih.gov/pubmed/25613500
http://dx.doi.org/10.1080/14767050903181468
http://dx.doi.org/10.1373/49.6.967
http://www.ncbi.nlm.nih.gov/pubmed/12765999
http://dx.doi.org/10.1093/ejcts/ezt637
http://www.ncbi.nlm.nih.gov/pubmed/24482384
http://dx.doi.org/10.1155/2016/1783728
http://www.ncbi.nlm.nih.gov/pubmed/28101295
http://dx.doi.org/10.1113/expphysiol.2012.071365
http://dx.doi.org/10.1016/0003-9861(82)90519-7

Diagnostics 2019, 9, 118 11 of 11

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Ben-Yoseph, O.; Boxer, P.A.; Ross, B.D. Assessment of the role of the glutathione and pentose phosphate
pathways in the protection of primary cerebrocortical cultures from oxidative stress. J. Neurochem. 1996,
66,2329-2337. [CrossRef]

Rahman, Q.; Abidi, P.; Afaq, F,; Schiffmann, D.; Mossman, B.T.; Kamp, D.W.; Athar, M. Glutathione redox
system in oxidative lung injury. Crit. Rev. Toxicol. 1999, 29, 543-568. [CrossRef]

Ko, YE,; Lee, LH,; So, HM.; Kim, H.V,; Kim, Y.H. Mechanism of glutathione depletion during simulated
ischemia-reperfusion of H9¢2 cardiac myocytes. Free Radic. Res. 2011, 45, 1074-1082. [CrossRef]

Rosa, S.; Bristor, M.; Topanotti, M.; Tomasi, C.; Felisberto, F.; Vuolo, E.; Petronilho, F,; Pizzol, F.D.; Ritter, C.
Effect of red cell transfusion on parameters of inflammation and oxidative stress in critically ill patients.
Rev. Bras. Ter. Intensiva. 2011, 23, 30-35. [CrossRef]

Krotz, E; Sohn, H.Y.; Pohl, U. Reactive oxygen species: Players in the platelet game. Arter. Thromb Vasc Biol.
2004, 24, 1988-1996. [CrossRef]

Buckberg, G.D. Studies of hypoxemic/reoxygenation injury: I. Linkage between cardiac function and oxidant
damage. J. Thorac. Cardiovasc. Surg. 1995, 110, 1164-1170. [CrossRef]

Kirklin, ].W,; Barratt-Boyes, B.G. Cardiac surgery: Morphology, Diagnostic Criteria, Natural History, Techniques,
Results and Indication; Churchill Livingston Inc.: New York, NY, USA, 1993; p. 77.

Morita, K.; Ihnken, K.; Buckberg, G.D. Studies of hypoxemic/reoxygenation injury: With aortic clamping.
XII. Delay of cardiac reoxygenation damage in the presence of cyanosis: A new concept of controlled cardiac
reoxygenation. J. Thorac. Cardiovasc. Surg. 1995, 110, 1265-1273. [CrossRef]

Del Nido, PJ.; Mickle, D.A.; Wilson, G.J.; Benson, M.L.; Coles, ].G.; Trusler, G.A.; Williams, W.G. Evidence of
myocardial free radical injury during elective repair of tetralogy of Fallot. Circulation 1987, 76, V174-V179.
Schurr, A. Lactate, glucose and energy metabolism in the ischemic brain. Int J. Mol Med. 2002, 10, 131-136.
[CrossRef]

Arrica, M.; Bissonnette, B. Therapeutic hypothermia. Semin. Cardiothorac. Vasc. Anesth. 2007, 11, 6-15.
[CrossRef]

Hong, S.Y; Gil, HW.; Yang, ].O.; Lee, E.Y.; Kim, HK.; Kim, S.H.; Chung, YH.; Hwang, S.K.; Lee, ZW.
Pharmacokinetics of glutathione and its metabolites in normal subjects. ]. Korean Med. Sci. 2005, 20, 721-726.
[CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1046/j.1471-4159.1996.66062329.x
http://dx.doi.org/10.1080/10408449991349276
http://dx.doi.org/10.3109/10715762.2011.595407
http://dx.doi.org/10.1590/S0103-507X2011000100006
http://dx.doi.org/10.1161/01.ATV.0000145574.90840.7d
http://dx.doi.org/10.1016/S0022-5223(95)70002-1
http://dx.doi.org/10.1016/S0022-5223(95)70013-7
http://dx.doi.org/10.3892/ijmm.10.2.131
http://dx.doi.org/10.1177/1089253206297409
http://dx.doi.org/10.3346/jkms.2005.20.5.721
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Anesthetic Technique 
	Cardiopulmonary Bypass Management 
	GSH Measurement 
	Neurological Follow-up 
	Statistical Analysis 

	Results 
	Discussion 
	References

