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Effect of cardiopulmonary bypass on thiol/disulfide homeostasis in
congenital heart surgery

Dogumsal kalp cerrahisinde kardiyopulmoner baypasin tiyol/disilfid homeostazisi Uzerine olan efkisi
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ABSTRACT

Background: This study aims to investigate whether thiol/disulfide
homeostasis parameters measurements could be used as a new biomarker
to predict the pre- and post-cardiopulmonary bypass oxidative status of
pediatric patients undergoing congenital heart surgery.

Methods: A total of 40 children with congenital heart disease (17 males,
23 females; mean age: 39.6+40.0 months; range, 2 to 216 months) who
underwent open-heart surgery were included. The control group consisted of
40 age- and sex-matched healthy children (18 males, 22 females; mean age:
42.8+46.6 months; range, 12 to 156 months). The patients with congenital
heart disease were divided into two groups as cyanotic patients (n=18)
and acyanotic patients (n=22). Thiol/disulfide parameters were compared
among the cyanotic, acyanotic congenital heart disease patients, and control
group preoperatively (pre-CPB). The effects of cardiopulmonary bypass on
thiol/disulfide parameters, pre-CBP, immediately after cardiopulmonary
bypass (post-CPBO0), and 24 h after cardiopulmonary bypass (post-CPB24)
were investigated.

Results: The mean native and total thiol levels in the cyanotic patients
were significantly lower than those in the acyanotic patients and control
group (p<0.0001). The cyanotic group exhibited higher disulfide levels
than the acyanotic group (p<0.01). The mean native thiol and total thiol
levels significantly decreased in the post-CPBO (p<0.0001). The mean
disulfide levels significantly increased in the post-CPBO than the pre-CPB
values (p<0.001). Post-CPB24 native and total thiol levels were elevated
compared to post-CPBO (p<0.0001). The mean disulfide levels significantly
increased in the post-CPB24 period than the post-CPBO values (p<0.001).
The survivor patients responded better to oxidative stress than non-survivor
patients.

Conclusion: Thiol/disulfide measurement is a promising biomarker in
determining the pre- and post-cardiopulmonary bypass oxidative status of
pediatric patients undergoing congenital heart surgery. The interpretation
of thiol/disulfide levels, pre- and postoperatively, may be used in predicting
mortality and outcomes of these patients earlier.

Keywords: Cardiopulmonary bypass, congenital heart defect, oxidative stress,
thiol/disulfide.

oz

Amag: Bu ¢alismada tiyol/disiilfid homeostazi parametrelerinin 6l¢limiiniin
dogumsal kalp cerrahisi geciren pediatrik hastalarda kardiyopulmoner
baypas Oncesi ve sonrast oksidatif durumu ngdrmede yeni bir biyobelirteg
olarak kullanilabilip kullanilamayacag: arastirildi.

Calisma plani: Acik kalp cerrahisi yapilan dogumsal kalp hastalig:
olan toplam 40 ¢ocuk (17 erkek, 23 kiz; ort. yas: 39.6+40.0 ay; dagilim,
2-216 ay) ¢aligmaya alindi. Kontrol grubu yag ve cinsiyet ile eslestirilmis
40 saglikli cocuktan (18 erkek, 22 kiz; ort. yas: 42.8+46.6 ay; dagilim,
12-156 ay) olusuyordu. Dogumsal kalp hastaligi olan hastalar siyanotik
olanlar (n=18) ve asiyonatik olanlar (n=22) olmak iizere iki gruba
ayrildi. Ameliyat 6ncesinde (KPB 0Oncesi) siyanotik, asiyanotik dogumsal
kalp hastaligi olan hastalar ve kontrol grubu arasinda tiyol/disiilfid
parametreleri kargilastirildi. Kardiyopulmoner baypasin tiyol/disiilfid
parametrelerin iizerine etkileri KPB oncesi, kardiyopulmoner baypastan
hemen sonra (KPBO sonrasi) ve kardiyopulmoner baypastan 24 saat sonra
(KPB24 sonrasi) incelendi.

Bulgular: Ortalama native ve total tiyol diizeyleri siyanotik hastalarda
asiyanotik hastalar ve kontrol grubuna kiyasla anlamli diizeyde daha diisiik
bulundu (p<0.0001). Disiilfid diizeyleri siyanotik hastalarda asiyanotik
hastalara kiyasla daha yiiksek idi (p<0.01). Ortalama native ve total tiyol
diizeyleri KPBO sonrasinda anlamli diizeyde azaldi (p<0.0001). Ortalama
disiilfid diizeyleri KPB oncesi degerlere kiyasla KPBO sonrasi donemde
anlamli diizeyde artt1 (p<0.001). KPB24 sonrasi donemde native ve total
tiyol diizeyleri, KPBO sonrasina kiyasla artig gosterdi (p<0.0001). Ortalama
disiilfid diizeyleri, KPBO sonrasi degerlere kiyasla KPB24 sonras1 donemde
anlamli diizeyde artti (p<0.001). Sagkalan hastalar, kaybedilen hastalara
kiyasla oksidatif strese daha iyi yanit verdi.

Sonug: Tiyol/disiilfid ol¢iimii dogumsal kalp cerrahisi geciren ¢ocuk
hastalarda kardiyopulmoner baypas oncesi ve sonrasi oksidatif durumu
belirlemede umut verici bir biyobelirtegtir. Tiyol/disiilfid diizeylerinin
ameliyat oncesi ve sonrasi yorumlanmasi, bu hastalarin mortalite ve
sonuglarinin erken 6ngoriilmesinde kullanilabilir.

Anahtar sozciikler: Kardiyopulmoner bypass, dogumsal kalp hastalig1, oksidatif stres,
tiyol/disiilfid.
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Among all congenital defects, the primary cause
of mortality in pediatric age groups is congenital
heart disease (CHD).! Many cardiac operations in
these patients are performed under cardiopulmonary
bypass (CPB) pump with extracorporeal circulation.
The oxidative stress response in patients undergoing
CPB is associated with worse outcomes and higher
mortality, if the organism’s antioxidant capacity cannot
be overcome with the reactive oxidative species.”
Cardiopulmonary bypass has been demonstrated to
activate multiple signaling cascades, resulting in
ischemia-reperfusion injury. Nevertheless, several
factors additionally influence the patient’s oxidative
stress response. These factors encompass the
pathophysiological characteristics of the underlying
cardiac disease (cyanotic or acyanotic), hyperoxia, and
the inflammatory reaction attributed to the artificial
surfaces of extracorporeal devices.”” The interpretation
of oxidative status pre- and postoperatively may
indicate the mortality and outcomes of the CHD
patients earlier.

Thiol (R-SH) groups of proteins are organic
molecules containing a sulfhydryl group (-SH)
which can undergo oxidation processes and form
reversible disulfide (R-SS) bonds with reactive oxidant
molecules (Figure 1).*! Recently, the thiol/disulfide
homeostasis (TDH) parameters have been considered
as an oxidative stress indicator. Several studies have
used TDH parameters as oxidative stress markers
in cardiovascular diseases.”!” Erel and Erdogan!'!
showed that the levels of total thiol and native thiol
were the indicators of the body’s antioxidant reserve

Sulfhydryl

Oxidative

capacity. In contrast, disulfide parameters reflect the
body’s response to oxidative stress.!'

In the present study, we aimed to evaluate the
dynamic TDH levels in pediatric patients with CHD
and compare these levels with those of the general
pediatric population. Additionally, by establishing the
oxidative status of CHD patients before and after CPB
using TDH parameters, we aimed to investigate the
potential correlation between the patients’ prognosis
and outcomes and their pre- and postoperative TDH
parameters.

PATIENTS AND METHODS

This two-center, prospective cohort study was
conducted at the cardiac intensive care units (CICUs)
of Koc University Hospital, School of Medicine
and the pediatric intensive care units (PICUs) of
Hacettepe University, School of Medicine in 2022. A
total of 40 children with CHD (17 males, 23 females;
mean age: 39.6+40.0 months; range, 2 to 216 months)
who underwent open-heart surgery, while the control
group consisted of 40 age- and sex-matched healthy
children (18 males, 22 females; mean age: 42.8+46.6
months; range, 12 to 156 months) who attended
the outpatient clinic and had no known chronic
illness or medication usage. The patients with CHD
were divided into two groups as cyanotic patients
(n=18) and acyanotic patients (n=22). Patients with
previously known chronic systemic conditions, such
as renal failure, end-stage renal disease, dialysis
requirements, hepatic failure, respiratory failure
(including mechanical ventilation), local or systemic
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Figure 1. Thiol/disulfide homeostasis in oxidative stress.
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infection, and inflammation were excluded from the
study. Postoperative patients requiring extracorporeal
membrane oxygenation (ECMO) were also excluded
(Figure 2).

Biochemical parameters

After enrollment in the trial, all patients’ complete
blood count and biochemistry levels were examined.
Venous blood specimens were collected from
each participant to evaluate the TDH markers. For
patients with CHD, blood samples were taken in the
operating theater immediately before CPB (pre-CPB),
immediately after CPB (post-CPBO0), and 24 h after
the surgical intervention (post-CPB24). The blood
samples of the healthy volunteers were collected
on admission at the outpatient clinic. Venous blood
samples were collected in 5 mL tubes without
gel (BD Vacutainer, NJ, USA) with a red cap to
assess TDH parameters in serum. The samples were
centrifuged at 3,000 rpm for 15 min to separate
serum and plasma, and the serum samples were
kept at —80°C until all the samples were collected.
Thiol/disulfide levels were measured by a new method
defined by Erel and Neselioglu previously.!""'? In this

method, with measuring thiol levels (referred to as
native thiol), disulfide levels were also assessed, and
the combined sum of native thiol and disulfide levels
was termed as total thiol.'" After measuring the
native thiol [SH], disulfide [SS] amounts, total thiol
[SH+SS], and the disulfide/total thiol [SS/(SS+SH)],
native thiol/total thiol [SH/(SH+SS)], and disulfide/
native thiol [SS/SH] ratios were calculated. The TDH
parameters were measured using an automated clinical
chemistry analyzer (Cobas 501, Roche Diagnostics,
Mannheim, Germany), and the results were reported
in pmol/L. During the trial timeline, the clinical
outcomes and patient information were concealed
from all laboratory staff involved in analyzing plasma
TDH measurements, including treating physicians,
investigators, and study staff.

Perioperative variables

The procedures were classified according to the
complexity of the surgery in line with the Risk
Adjustment for Congenital Heart Surgery-1 (RACHS-1)
scoring system.'! Preoperative variables included age,
sex, body mass index (BMI), and levels of albumin
(mg/dL), and serum creatinine (Scr) (mg/dL) were

80 patients enrolled ‘

’

40 patients
assigned to study group (CHD)

Inclusion criteria

¢ Undergoing open-hear surgery due to CHD
Exclusion criteria

¢ Chronic systemic condition

* Local/systemic infection

¢ Inflammation

* Being on ECMO

’

40 patients
assigned to control group

Inclusion criteria
¢ No chronic illness
Exclusion criteria
¢ Chronic systemic condition
¢ Local/systemic infection
¢ Inflammation

'

'

Figure 2. Study

flowchart.

Cyanotic (n=18) Acyanotic (n=22)
ALCAPA (n=1) AS (n=2)
DORV (n=2) ASD (n=5)
HLHS (n=2) AVSD (n=7)
TA (n=1) VSD (n=8)
TGA (n=4)
TOF (n=8)

CHD: Congenital heart disease; ECMO: Extracorporeal membrane oxygenation; ALCAPA: Anomalous left coronary artery from the pulmonary artery; DORV:
Double outlet right ventricle; HLHS: Hypoplastic left heart syndrome; TA: Truncus arteriosus; TGA: Transposition of great arteries; TOF: Tetralogy of Fallot;
AS: Aortic stenosis; ASD: Atrial septal defect; AVSD: Atrioventricular septal defect; VSD: Ventricular septal defect.
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recorded. The duration of CPB, aortic cross-clamp
(ACC) time, and intraoperative fluid balance were
recorded during the procedure. Postoperative variables
recorded included the Pediatric Risk of Mortality-3
(PRISM-3), Pediatric Logistic Organ Dysfunction
Score 2 (PELOD-2), maximum vasoactive inotropic
score (VISmax), Scr (mg/dL), postoperative fluid
balance (mL/kg), urine output (mL/kg), mean lactate
level (mmol/L), mixed venous saturation (%), and
mechanical ventilation time (days).'*'S! Acute kidney
injury (AKI) was defined according to the Kidney
Disease: Improving Global Outcomes (KDIGO)
classification system, with AKI categorized into Stages
1-3 based on changes in Scr and/or urine output.'”

Statistical analysis

An a priori power analysis was conducted using
G*Power version 3.1.9.7 (Heinrich-Heine-Universitét
Diisseldorf, Diisseldorf, Germany) to determine the
sample size required to test the study hypothesis. The
sample size was calculated considering the medium
or small effect size recommendation of Cohen.!®!
The results indicated the required sample size to
achieve 80% power for detecting medium effect
(effect size=0.65, a error 0.05, (3 error 0.20, distribution
ratio to groups 1 [experimental and control]) was
39 patients for each group and a total of 78.

Statistical analysis was performed using the IBM
SPSS version 23.0 software (IBM Corp., Armonk,
NY, USA). Descriptive data were expressed in

mean = standard deviation (SD), median (min-max)
or number and frequency, where applicable. The
Kolmogorov-Smirnov test was used to determine the
distribution of numerical variables. Non-parametric
methods were used for comparisons of native thiol, total
thiol, and [SS/SH] levels, while parametric methods
were used for comparisons of disulfide, [SS/(SH+SS)],
and [SH/(SH+SS)] levels. The non-parametric Mann-
Whitney U test and the parametric Student t-test were
utilized to compare the variables between the study
and control groups. The Mann-Whitney U test and
independent sample t-test were used to compare two
groups, while the Kruskal-Wallis test and analysis of
variance (ANOVA) test were used to compare more
than two groups. The relationship between categorical
variables was analyzed using the chi-square test.
Pre-CPB and post-CPB variables were compared using
the paired t-test for parametric variables and Wilcoxon
test for non-parametric variables. The Pearson
correlation coefficient was calculated to establish a
relationship between numerical variables with normal
distribution, while the Spearman correlation coefficient
was computed for non-normally distributed data. A p
value of <0.05 was considered statistically significant.

RESULTS

Demographics and TDH parameters in CHD
and control groups

Table 1 provides an overview of the patient and
control groups’ characteristic features and TDH

Table 1. Characteristics and the thiol/disulfide homeostasis of CHD patients and controls

Control (n=40)

CHD (Pre-CPB) (n=40)

n % Mean+SD n % Mean+SD p

Age (month) 42.8+46.6 39.6+40.0 0.153°
Sex 0.822

Boy 18 45 17 425

Girl 22 55 23 575
Body mass index (kg/m?) 15.1+£2.44 14.62+2.50 0.124*
Albumin (mg/dL) 5.56+6.24 4.08+0.44 0.137°
SCr (mg/dL) 0.32+0.11 0.30+0.09 0.192°
Native thiol (umol/L) 445.70+25.05 303.46+65.334  0.000%*
Total thiol (umol/L) 480.84+28.76 331.52+72.86 0.000%°
Disulphide (pmol/L) 12.04+2.69 8.67+3.22 0.000%*
Disulphide/native(%) 3.93+0.98 4.71£4.29 0.028%*
Disulphid/total (%) 3.63+0.858 4.11+£0.839 0.014*=
Native/total (%) 92.73+£1.71 91.61+1.88 0.007*

CHD: Congenital heart disease; Native: Native thiol; Pre-CPB: Values just before the cardiopulmonary bypass; SD: Standard deviation;
Scr: Serum creatinine; Total: Total thiol; * Shows statistically significant (p<0.05); a: Independent sample t test; b: Mann Whitney U test.
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parameters. The CHD and control groups were similar
concerning age, sex, BMI, preoperative albumin and
Scr levels (p>0.1). However, the mean native and total
thiol levels were lower in CHD patients compared
to the control group (native thiol: 303.46+65.334 vs.
445.70+25.05, p<0.0001; and total thiol: 331.52+72.86
vs. 480.84+28.76, respectively, p<0.0001), as well as
a lower native thiol/total thiol ([SH]/[SH+SS]) ratio
(p<0.01), compared to the control group (Table 1,
Figure 3a). In contrast, the CHD group had higher
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[SSI/[SH] and [SS]/[(SH+SS)] ratios than the control
group (p<0.05 and p<0.05, respectively) (Figure 4a).

TDH parameters in cyanotic and acyanotic CHD

The mean native and total thiol levels in the
cyanotic patients were found to be significantly
lower than those in the acyanotic patients and control
group (native thiol: 287.11+73.90, 316.83+55.58,
445.70+£25.05 p<0.0001; total thiol: 314.96+83.42,
345.07+61.63, 480.84+28.76, respectively, p<0.0001)

6))
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Acyanotic Cyanotic
M Native (umol/L)

Total thiol (umol/L)

T
Control

Figure 3. Box plot shows native thiol and total thiol level
(a) Native thiol and total thiol were significantly lower in the
CHD patients, compared to the participants in the control group
(p<0.001). (b) The cyanotic CHD patients displayed native thiol
and total thiol levels lower than those of the acyanotic CHD
patients (p<0.001). (¢) The post-CPBO native thiol and total
thiol levels significantly decreased compared to the pre-CPB
levels (p=0.0001). When the post-CPBO and post-CPB24
parameters were compared, the native thiol and total thiol
levels significantly increased in the post-CPB24 measurements
(p<0.0001). In pre-CPB and post-CPB24 intervals, native thiol
and total thiol levels were similar, native thiol as well as the
total thiol levels returned to baseline (pre-CPB) levels.

CHD: Congenital heart disease; Post-CPB0: Values just at the end of
cardiopulmonary bypass at 0 h; CPB24: Values 24 h after the end of
cardiopulmonary bypass; Pre-CPB: Values just before the cardiopulmonary
bypass; CPB: Cardiopulmonary bypass.



Tanyildiz M, et al.
Thiol-disulfide pool in congenital heart surgery

(Figure 3b). Additionally, the cyanotic group
exhibited higher mean disulfide levels (8.86+2.74
vs. 8.50+3.62, p<0.01) and higher ratios of [SS]/[SH]
and [SS]/[SH+SS] compared to the acyanotic group
(p<0.05 and p<0.05) (Figure 4b).

Table 2 summarizes the characteristics, clinical
and laboratory features and TDH parameters of
individuals with cyanotic and acyanotic CHD and the
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control group participants. Regarding the RACHS-1
score, the number of acyanotic patients scored as
1 and 2 were higher than the cyanotics patients
(RACHS-1 score 1: 18.2% vs. 0, score 2: 68.2% vs.
5.6%, respectively, p<0.001). On the contrary, cyanotic
patients being scored as 3 and 4 were statistically
higher than acyanotic patients (RACHS-1 score 3:
66.7% vs. 13.6%, respectively, p<0.001). The mean
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Figure 4. Box plot shows disulfide level, disulfide/native and
disulfide/total thiol ratios (a) Disulfide levels were significantly
lower (p<0.001) in the CHD patients compared to the participants
in the control group. In contrast, the CHD group had higher
disulfide/total thiol and disulfide/native thiol ratios than the
control group (p<0.05). (b) The cyanotic group also differed
from the acyanotic group, as it had higher disulfide levels, as
well as higher ratios of disulfide/native thiol and disulfide/
total thiol (p<0.0001, p=0.028, and p=0.043, respectively).
(¢) Disulfide levels and disulfide/native and disulfide/total
ratios significantly increased post-CPB0O compared to pre-CPB
(p=0.0001, p=0.035, and p=0.024, respectively). Significantly,
the disulfide levels increased in post-CPBO0, and post-CPB24
period.

CHD: Congenital heart disease; Post-CPB0: Values just at the end of
cardiopulmonary bypass at 0 h; Pre-CPB: Values just before the cardiopulmonary
bypass; post-CPB24: Values 24 h after the end of cardiopulmonary bypass; CPB:
Cardiopulmonary bypass.
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Table 2. Characteristics and the thiol/disulfide homeostasis of the cyanotic and acyanotic CHD patients and
controls

Acyanotic CHD (n=22) Cyanotic CHD (n=18) Control (n=40)
n % Mean+SD n % Mean+SD n % Mean+SD P

Age (month) 42.50+48.22 36+33.50 42.8+46.6 0.165°
BMI (kg/m?) 15.73+12.23 14.3+2 .47 15.1+2.44 0.26
Sex 0.131

Boy 7 31.8 10 55.6 18 45

Girl 15 682 8 444 22 55
RACHS-1 0.000*

1 4 18.2 0 0 - -

2 15 68.2 1 5.6 - -

3 3 13.6 12 667 - -

4 0 0 222 - -

5 0 0 1 5.6 - -
PRISM-3 19.95+6.43 28.5+11.50 - 0.000*
PELOD-2 28.06+18.89 59.5+26.85 - 0.000*
KDIGOmax 0.036%*

None 18 81 7 389 - -

1 0 0 1 5.6 - -

2 1 4.5 1 5.6 - -

3 3 13.6 9 50 - -
Fluid balance (mL) 117.18+£82.45 - 0.009%#®

263.38+200.94

Dialysis 0.000*

None 21 95.5 9 50 - -

Done 1 4.5 9 50 - -
CPB time (min) 57.95+23.50 105.73+52.90 - 0.000%°
ACC (min) 36.72+15.60 55.33+34.80 - 0.051°
MV (day) 1.27+2.07 15+£22.16 - 0.000%°
VISmax 0.72+0.82 1.83+.92 - 0.001*®
Lactate (umol/L) 2.57+2.43 5.27+£3.85 - 0.015%°
Mix venous (%) 61.27+12.15 52.38+19.98 - 0.383°
LOS in PICU (day) 5.00+5.18 19.66+21.72 - 0.001*®
LOS in hospital (day) 8.68+5.69 29.55+46.68 - 0.001%*®
Mortality 0.001*

None 22 100 12 66.7 -

Death 0 0 6 333 -
Scr (mg/dL) 0.30+0.14 0.4+0.02 0.32+0.11 0.18°
Albumin (mg/dL) 4.22+0.411 3.89+0.43 5.56+6.24 0.137°
Native thiol (umol/L) 316.83+£55.58 287.11+£73.90 44570£25.05 0.000%°
Total thiol (umol/L) 345.07+61.63 314.96+83.42 480.84+28.76  0.000%*
Disulphide (pmol/L) 8.50+3.62 8.86+2.74 12.04+2.69 0.01*
Disulphide/native (%) 4.423+1.06 5.05+2.08 3.93+0.98 0.028*>
Disulphide/total (%) 4.05+0.89 4.18+0.78 3.63+0.858 0.043*=
Native/total (%) 91.89+1.78 91.27+1.99 92.73+1.71 0.071%*

CHD: Congenital heart disease; SD: Standard deviation; BMI: Body mass index; RACHS-1: Risk Adjustment for Congenital Heart Surgery-1; PRISM-3:
Pediatric Risk of Mortality-3; PELOD-2: Pediatric Logistic Organ Dysfunction Score 2; KDIGO: Kidney Disease: Improving Global Outcomes; CPB:
Cardiopulmonary bypass; ACC: Aortic cross-clamp; MV: Mechanical ventilation; VISmax: Maximum vasoactive inotropic score; LOS: Length of hospital
stay; Scr: Serum creatinine; Native: Native thiol; Total: Total thiol; * Shows statistically significant (p<0.05); a: One Way ANOVA test; b: Kruskal Wallis Test,
Bonferroni correction for multiple comparisons.
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PRISM-3 and PELOD-2 scores were higher in cyanotic
patients compared to acyanotic patients (PRISM-3:
28.5+11.50 vs. 19.95+6.43, PELOD-2: 59.5+26.85 vs.
28.06+18.89, p<0.001). Regarding the development of
AKI in cyanotic and acyanotic patients, 81% of the
acyanotic patients did not develop any AKI. However,
50% of the cyanotic patients developed KDIGO
Stage 3 AKI and required dialysis. Acute kidney
injury and the need for dialysis were shown to be more
prevalent in cyanotic patients (p<0.001). The mean
CPB and ACC time were longer in cyanotic patients
than acyanotic patients (CPB time: 105.73£52.90 vs.
57.95+23.50, respectively, p<0.001, ACC: 55.33+34.80
vs. 36.72+15.60, respectively, p<0.001). Mechanical
ventilation duration, length of hospital stay (LOS) in
PICU and LOS in the hospital were also found to be
longer in cyanotic patients compared to the acyanotic
patients (Table 2) (p<0.001).

Effect of CPB on TDH parameters

Table 3 compares the TDH parameters of
pre-CPB, post-CPB0O, and post-CPB24 in CHD
patients. When pre- and post-CPB parameters were
compared, the mean native thiol and total thiol levels
significantly decreased in the post-CPBO (native thiol:
303.46+65.334 to 170.45+66.73, p<0.0001; total thiol:
331.52+72.86 to 187.80+67.95, p<0.0001). Conversely,
the post-CPBO disulfide levels significantly increased
compared to pre-CPB levels (p<0.05) (8.67+3.47 to
14.44+5.36; p<0.001). The mean post-CPB24 native
and total thiol levels were elevated compared to

post-CPBO (native thiol: 170.45+66.73 to 293.46+72.3,
p<0.0001; total thiol: 187.80+67.95 to 321.54+75.3,
p<0.0001). However, no statistically significant
differences were observed between pre-CPB and post-
CPB24 (native thiol: 303.46+65.334 vs. 293.46+72.3,
p=0.3; total thiol: 331.52+72.86 vs. 321.54+75.3,
p=0.36). Comparing post-CPB0O, and post-CPB24
disulfide levels significantly increased (14.44+5.36
to 15.34+3.86; p<0.001). Our results showed that
CPB exposed patients to significant oxidative stress
and decreased native and total thiol levels, whereas
disulfide levels increased after CPB as an oxidative
stress marker (Figures 3c and 4c).

Thiol-Disulfide homeostasis parameters and
their relationship with mortality

In this study, we also compared TDH parameters
between survivors and non-survivors (Table 4).
Comparing post-CPB24 TDH parameters with pre-
CPB parameters between survivors and deceased
patients, most patients, except for the deceased
ones, restored their antioxidant capacity and native
thiol, as well as the total thiol levels returned to
baseline (pre-CPB) levels. Comparing post-CPBO, and
post-CPB24 disulfide levels between survivors and
deceased patients, disulfide levels were significantly
lower in deceased patients (post-CPBO0: 14.44+5.36
vs. 10.53%1.05, p<0.05 and post-CPB24: 15.34+3.86
vs. 6.65x1.67, respectively, p<0.001), indicating that
survivors responded better to oxidative stress than
deceased patients.

Table 3. Comparison of parameters pre-CPB, immediately after CPB, and 24 h after CPB in CHD patient and

control groups

Control CHD CHD
Pre-CPB Post-CPBO
(n=40) (n=40)
Mean+SD Mean+SD Mean+SD Mean+SD t/Z )4
Native thiol (umol/L) 44570+25.05  303.46+65.334  170.45+66.73 293.46+72.3 5.48* 0.000°
Total thiol (umol/L) 480.84+28.76 331.52+72.86 187.80+67.95 321.54+75.3 5.51% 0.000°
Disulphide (wmol/L) 12.04+2.69 8.67+3.22 13.86+5.14 14.04+4.78 4.95% 0.000¢
Disulphide/native (%) 3.93+0.98 471+4.29 5.64+2.50 4.94+2.10 2.11*% 0.035°
Disulphide/total (%) 3.63+0.858 4.11+0.839 4.98+2.02 4.47+1.68 2.34% 0.024*
Native/total (%) 92.73x1.71 91.61+1.88 90.02+4.04 91.05+3.38 2.20%* 0.034*
Lactate (umol/L) - 1.12+0.72 3.57+2.29 1.53+1.21 4.08* 0.000*
Mix venous (%) - 56.5+16.09 50.4+15.82 66.1+11.14 0.22* 0.8*

CPB: Cardiopulmonary bypass; CHD: Congenital heart disease; SD: Standard deviation; Native: Native thiol; Total: Total thiol; Pre-CPB: Values just before
the cardiopulmonary bypass; Post-CPBO: Values just at the end of cardiopulmonary bypass at 0 h; Post-CPB24: Values 24 h after the end of cardiopulmonary
bypass; t: Paired sample t test; Z: Wilcoxon test; * Value related comparison of Pre-CPB and Post-CPBO; a: Paired Sample test; b: Wilcoxon test.
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Table 4. Relation of thiol/disulfide homeostasis parameters with mortality

Control CHD CHD CHD
Pre-CPB (n=40) Post-CPBO (n=40) Post-CPB24 (n=40)
Mean+SD Mean+SD Mean+SD Mean+SD
(pmol/L) (pmol/L) (pmol/L) (pmol/L)
Native [mortality (-)] (n=34) 445.70+25.05 315.19+63.82 181.92+66.02 310.56+64.44
Native [mortality (+)] (n=6) - 236.98+12.92 105.48+1.66 196.51+11.92
Z -2.652 -3.447 -3.409
p 0.006° 0.000° 0.000°
Total thiol [mortality (-)] (n=34) 480.84+28.76 344.48+71.38 199.26+67.47 341.25+63.46
Total thiol [mortality (+)] (n=6) - 258.05+12.67 122.81+£3.68 209.83+10.34
Z -2.652 -3.258 -3.864
p 0.00° 0.000° 0.000°
Disulphide [mortality (-)] (n=34) 12.04+2.69 8.67+£3.47 14.44+5.36 15.34+£3.86
Disulphide [mortality (+)] (n=6) - 8.66+1.14 10.53+1.05 6.65+1.67
t 0.004 1.764 5.377
p 0.997 0.046* 0.000°

CHD: Congenital heart disease; Pre-CPB: Values just before the cardiopulmonary bypass; Post-CPBO: Values just at the end of cardiopulmonary bypass
at 0 h; Post-CPB24: Values 24 h after the end of cardiopulmonary bypass; SD: Standard deviation; Native: Native thiol; a: Independent sample t test;

b: Mann-Whitney U test.

Correlation analysis between post-CPB24 TDH
parameters and variables

A positive correlation was observed between post-
CPB24 total and native thiol levels, mixed venous
saturation, and albumin levels (p<0.01 and p<0.05,
respectively). Conversely, a negative correlation was
identified with CPB time, ACC time, lactate levels,
LOS, PRISM-3, PELOD-2, and RACHS-1 scores
(p<0.05) (Table 5).

DISCUSSION

In the present study, we compared the pre- and
post-CPB TDH parameters in pediatric CHD patients.
Post-CPBO levels of native thiol and total thiol were
significantly lower than pre-CPB levels. Our results
indicated that CPB exposed patients to significant
oxidative stress, resulting in a sharp decline in native and
total thiol levels due to the consumption of antioxidant
capacity. However, disulfide levels increased after CPB
as an oxidative stress marker and continued to rise
with the maximum level measured in the post-CPB24
period. This indicates that the oxidative stress response
initiates during CPB and persists for 24 h, resulting in
a shift in TDH balance toward disulfide formation due
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to thiol oxidation. These findings are in line with the
study by Sanri et al.,® in which they examined TDH
parameters in patients undergoing on-pump coronary
artery bypass grafting at three distinct time points:
pre-ischemia, ischemia, and post-ischemia periods.
During the ischemia period, thiol levels decreased
while disulfide levels increased, showing a significant
correlation between disulfide levels and ACC time. By
the end of the ischemia, both thiol and disulfide levels
increased.

The current study showed that individuals with
CHD had significantly lower levels of native thiol and
total thiol than the control group (p<0.001). It indicates
that their antioxidant reserve capacity is lower than
the healthy population. Our results are consistent
with the previous studies. Farias et al.'”! showed that
CHD patients were constantly exposed to oxidative
stress due to cardiac and respiratory problems from
early infancy, leading to a lower antioxidant capacity
than healthy children. Rokicki et al.,” examining the
antioxidant capacity of CHD patients, found higher
oxidative markers and lower antioxidant capacity than
the normal population. In our study, we classified the
CHD patients into cyanotic and acyanotic groups, and
we found that native thiol and total thiol levels were
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Table 5. Correlation analysis between post-CPB24 thiol/disulfide homeostasis parameters and variables
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CPB: Cardiopulmonary bypass; Post-CPB24: Values 24 h after the end of cardiopulmonary bypass; SH: Native thiol; SH: Total thiol; SS: Disulfide; LAC: Lactate; Mix: Mix venous saturation; LOS: Length of hospital stay; PRISM:

Pediatric risk of mortality score; PELOD: Pediatric logistic organ dysfunction; RACHS: Risk adjustment of congenital heart surgery; * Correlation is significant at 0.05; ** Correlation is significant at 0.01.

lower in cyanotic patients than in acyanotic patients.
In contrast, disulfide levels were higher in cyanotic
patients than in acyanotic patients. In a previous study,
similar results showed that native thiol and total thiol
levels were lower in CHD patients than in healthy
individuals and disulfide levels were markedly higher
in cyanotic patients than in acyanotic patients.”"
Clinical outcomes for children with cyanotic CHD
are known to be worse than those with acyanotic
CHD. In our study, cyanotic CHD patients had also
worse peri- and postoperative outcomes than acyanotic
patients. A potential reason for this may be that
patients with cyanotic CHD are more difficult to
treat and at greater surgical risk, as scored with the
RACHS-1 score. Another important reason may be
cyanotic patients’ lower antioxidant capacity than
acyanotic patients. It is evident that cyanotic patients
experience hypoxia, ischemia-reperfusion injury,
and oxidative stress more frequently than acyanotic
patients from early infancy. Additionally, compared to
acyanotic patients, cyanotic patients have considerably
higher levels of oxidative markers.?>*! Temel et
al.?!l demonstrated that TDH parameters served as
indicators of oxidative stress and exhibited distinct
characteristics among cyanotic and acyanotic CHD
patients and controls. Sogut et al.?* showed similar
results to our study. They found that native and total
thiol levels were lower in cyanotic patients compared
to acyanotic patients. In contrast, disulfide levels were
higher in cyanotic patients in their study.? They also
compared pre- and postoperative TDH parameters.
However, they did not investigate the relationship
between the prognosis or outcomes of CHD patients
and the pre- and postoperative TDH parameters. In
our study, we compared TDH parameters before CPB
between deceased and surviving patients. We found
that native and total thiol levels were lower in deceased
patients, with the lowest levels observed during the
post-CPBO period. Among the survivors, there was no
statistically significant difference in native and total
thiol parameters between pre-CPB and post-CPB24,
indicating that these values returned to their baseline
levels (pre-CPB) within the initial 24 h after CPB.
However, post-CPB24 parameters of native and total
thiol levels showed a marked decrease in deceased
patients compared to pre-CPB levels, indicating their
inability to restore these levels during the post-CPB24
period. In the postoperative period, disulfide thiol
levels were notably higher in the survivors than
in the deceased patients, underscoring the superior
response of survivors to oxidative stress compared to
the deceased patients. This finding suggests that TDH
parameters can serve as predictors of mortality.
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In the current study, both antioxidant capacity
and antioxidant response and the ability to maintain
this response throughout the period of exposure to
oxidative stress significantly affected mortality and
morbidity. Patients with low baseline antioxidant
capacity undergoing additional procedures, such as
CPB and ACC, that increase the oxidative stress load
and who cannot create an adequate oxidative response
may experience life-threatening consequences. The
longer the ACC and CPB time, the higher the risk
of oxidative stress and related complications.! In
our study, we found a negative correlation between
post-CPB24 native thiol and total thiol levels versus
ACC and CPB time (r=-0.438 and r=-0.459; r=-0.461,
and r=-0.469, respectively, p<0.01).

It is important to highlight that CPB and
oxidative stress can trigger inflammation and severe
endothelial injury. This, in turn, leads to dysfunction
in endothelial progenitor cells, a cytokine storm,
and systemic inflammatory response syndrome.?6-28
Subsequently, this cascade prompts the formation
of microthrombi and platelet aggregation, which
hampers organ perfusion. This progression ultimately
reduces cardiac contractility and culminates in low
cardiac output syndrome. The TDH parameters hold
significant potential to serve as early and reliable
biomarkers, functioning as prognostic indicators in
the future. Given their impact on mortality, the
early identification of impaired TDH could pave
the way for timely interventions, including plasma
exchange, continuous hemodiafiltration, vasoactive
agents and antioxidants, and immunomodulation. By
evaluating TDH parameters and their derivatives,
assessing patients’ preoperative antioxidant
capacity is feasible. This, in turn, permits the
implementation of scheduled antioxidant treatments
(e.g., vitamin C, thiol-containing antioxidants such
as N-acetylcysteine, glutathione, and taurine) in
elective surgeries. This proactive approach aims to
enhance antioxidant capacity leading to the surgical
procedure.?®?11 Evaluating patients’ antioxidant
capacities and oxidative responses by TDH parameters
during the intra- and postoperative period of intensive
care follow-ups may predict morbidity and mortality.
Standardized use of TDH parameters requires more
clinical studies to reach a consensus, and we believe
that the current study can pioneer further conducted
studies.

The main limitation to this study is its small
sample size. Having data from only two different
centers, the results of this study cannot be
generalized for the entire CHD population. The
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second limitation is studying TDH with well-known
oxidative stress markers, such as total oxidant status,
total antioxidant status, and malondialdehyde, which
may better reveal its value as an oxidative stress
marker in CHD patients.® Another limitation is
that we only evaluated pre-CPB and post-CPB0, and
post-CPB24 thiol levels. Thiol parameters before,
during, and after dialysis were not evaluated for
patients who required dialysis, nor were thiol levels
evaluated before, during, and after AKI for AKI
patients. Additionally, we excluded patients who
required ECMO, since our study focused only on
the oxidative stress effect of CPB. However, ECMO
itself is known to contribute to oxidative stress.
Future studies should evaluate the effect of ECMO
on thiol/disulfide parameters.

In conclusion, our study results suggest that
thiol/disulfide measurements hold promising
evidence for their use as a biomarker in determining
the pre- and post-cardiopulmonary bypass oxidative
status of patients undergoing congenital heart disease
surgery. Moreover, the interpretation of thiol/disulfide
levels has emerged as a candidate biomarker for
predicting the outcomes of these patients.
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