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 Abstract
Background: Cardiac surgery with cardiopulmonary bypass is commonly associated 
with acute kidney injury and microvascular endothelial inflammation is a potential 
underlying mechanism. We hypothesized that pro-inflammatory components of plasma 
from patients who underwent CABG surgery with CPB induce endothelial adhesion 
molecule expression when incorporating altered shear stress in the in vitro model.
Methods: Clinical characteristics and markers of systemic inflammation and kidney 
injury were analysed pre- and postoperatively in 29 patients undergoing coronary 
artery bypass grafting with cardiopulmonary bypass. The effects of tumour necrosis 
factor (TNF)-a and patient plasma on the expression of endothelial inflammation and 
adhesion markers were analysed in vitro. 
Results: Plasma TNF-α was elevated 6 h post-operation (median: 7.3 pg/ml (range: 2.5 
– 94.8 pg/ml)). Neutrophil gelatinase-associated lipocalin in plasma peaked 6 h (99.8 
ng/ml (52.6 – 359.1 ng/ml)) and in urine 24 h post-operation (1.6 ng/mg (0.2 – 6.4 
ng/mg)). Urinary kidney injury molecule-1 concentration peaked 24 h post-operation 
(0.5 ng/mg (0.2 – 1.2 ng/mg). In vitro, expression of E-selectin was induced by 20 pg/
ml TNF-α. In addition, expression of interleukin-8, intercellular adhesion molecule-1 
and vascular cell adhesion molecule-1 was induced by 100 pg/ml TNF-α. Compared to 
healthy control plasma exposure, postoperative plasma did not increase the expression 
of markers of endothelial inflammation and adhesion under shear stress in vitro. 
Conclusion: Patients undergoing cardiopulmonary bypass surgery showed mild 
systemic inflammation and kidney injury. However, plasma components did not 
stimulate endothelial inflammation and adhesion molecule expression in vitro.
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1  Introduction
Cardiopulmonary bypass (CPB) allows for coronary artery bypass graft (CABG) 
surgery on the non-beating heart. The use of CPB is associated with systemic 
inflammation, a prevailing response to major surgery (1,2). During CPB, systemic 
inflammation is induced due to contact between blood components and the surface 
of the extracorporeal circuit, changes in shear stress, haemodilution and ischemia of 
the heart and other organs (3). Systemic inflammation is associated with postoperative 
organ failure, which results in reduced benefits for the patient after cardiac surgery (2). 
Postoperative organ failure can affect all organs and is associated with increased 
mortality, particularly when multiple organs are affected (4,5). Following CABG 
surgery, acute kidney injury (AKI) has an incidence of up to 30 % (6). AKI is defined 
as an abrupt loss of kidney function measured by changes in urine output and serum 
creatinine concentrations (7). The integration of kidney injury markers, such as 
neutrophil gelatinase-associated lipocalin (NGAL) and kidney injury molecule (KIM)-
1 into the risk stratification of patients has assisted in the early diagnosis of patients 
suspected of AKI following cardiac surgery (8). Moreover, work by Lassnigg et al. (2008) 
and Haase et al. (2011) strongly suggested that even minor kidney injury, though not 
recognized by AKI classification criteria, is also linked to increased morbidity in cardiac 
surgery patients (9,10). Therefore, it is important to identify mechanisms initiating and 
maintaining kidney injury and to develop preventive and therapeutic approaches for 
patients that develop AKI after undergoing CABG surgery with CPB. 
Pro-inflammatory activation of the microvascular endothelium has been observed 
in AKI in animal models of cardiac surgery using CPB and is likely involved in the 
initial adverse renal response to CPB in patients (1,11). Endothelial pro-inflammatory 
activation involves the orchestrated expression of the adhesion molecules E-selectin, 
intercellular adhesion molecule (ICAM)-1, and vascular cell adhesion molecule 
(VCAM)-1. Leukocytes express complementary sialyl-lewisX, integrins and other 
ligands and adhere to the activated endothelium. Consequently, leukocytes infiltrate the 
underlying tissue whereby inflammation is maintained and propagated. The activation 
of the endothelium can be triggered by alterations in shear stress as observed during 
shock and subsequent reperfusion (12). Contrary to laminar flow, altered shear stress 
renders the endothelium susceptible to pro-inflammatory plasma components such 
as lipopolysaccharide and tumor necrosis factor (TNF)-a, which subsequently evoke 
an inflammatory response. Endothelial interactions with cells circulating in the blood, 



620139-L-bw-Ellerman620139-L-bw-Ellerman620139-L-bw-Ellerman620139-L-bw-Ellerman
Processed on: 18-10-2023Processed on: 18-10-2023Processed on: 18-10-2023Processed on: 18-10-2023 PDF page: 64PDF page: 64PDF page: 64PDF page: 64

Chapter 4

64

which are activated by the use of CPB, are another potential source for endothelial 
activation. However, in the perioperative context, it remains unclear which of these 
factors induce the pro-inflammatory response of endothelial cells in specific organ 
injury (13,14).
In the present study using existing patient material, we hypothesized that pro-
inflammatory components of plasma from patients who underwent CABG surgery 
with CPB induce endothelial adhesion molecule expression when incorporating altered 
shear stress in the in vitro model. 

2  Methods

2.1  Patients
Twenty-nine patients who underwent CABG surgery with CPB were selected for this 
study. These patients were the CPB subgroup of a prospective randomized controlled 
trial comparing the outcome of CABG surgery with or without CPB (15,16). CABG 
with non-pulsatile CPB was used. Blood and urine samples were obtained at the 
arrival of the patient in the operating room (“pre-op”), at 6 h (“6 h post-operation (6 
h post-op)”) and 24 h post-operation (“24 h post-op”). Arterial blood samples were 
collected in ethylenediaminetetraacetic acid (EDTA) and centrifuged at 1,000 rpm 
for 10 minutes at 4°C (Thermo Fisher Scientific, Waltham, MA, USA). The plasma 
was aliquoted and stored at -80°C for further analysis. The original study protocol was 
approved by the local Medical Ethical Committee and written consent was given by 
each patient. The study is registered on ClinicalTrials.gov (NCT01347827).

2.2  TNF-α quantification in plasma
Concentrations of TNF-α were measured in plasma using a commercially available 
multiplex immunoassay (human CVD panel 3, EMD Millipore, Corporation, Billerica, 
MA, USA) and were previously published for both cohorts with CABG surgery, with 
or without CPB (16).

2.3  Renal injury marker measurement in plasma and urine
Concentrations of the renal injury markers neutrophil gelatinase-associated lipocalin 
(NGAL) and kidney injury molecule (KIM)-1 were measured in plasma (NGAL) 
and urine (NGAL and KIM-1) samples by ELISA (Quantikine ELISA kits DLCN20, 
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DKM100, R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s 
instructions. NGAL and KIM-1 concentrations were corrected for urine creatinine 
concentration (ng/ml per mg creatinine), assessed with the Creatinine Parameter 
Assay Kit (KGE005, R&D Systems). 

2.4  Human umbilical vein endothelial cell (HUVEC) culture
HUVEC (#C2519A, Lonza, Breda, The Netherlands) were cultured in EGM-2 
BulletKit Medium (CC-3202, Lonza), in a humidified incubator at 37°C, in 5% CO2. 
In all experiments, confluent HUVEC were used at passage 5.

2.5  In vitro HUVEC stimulation with TNF-α 
To determine the effect of TNF-α on the pro-inflammatory response of endothelial 
cells, HUVEC were cultured under static conditions in 12-well plates (Corning, 
Amsterdam, The Netherlands) and starved in fetal calf serum (FCS)-free EGM-2 
BulletKit medium for 1 h. As control plasma, pooled plasma from five healthy humans 
was purchased from Innovative Research (IPLAK2E, Le-Perray-en-Yvelines, France). 
HUVEC were exposed to FCS-free medium containing 20% control plasma, 1 IU/ml 
heparin (Leo Pharma, Amsterdam, The Netherlands) and TNF-α (0.25 to 100 pg/ml, 
Boehringer Ingelheim, Ingelheim am Rhein, Germany) for 3 h. Thereafter, the medium 
was replaced by EGM-2 BulletKit medium for 1 h. The TNF-α concentrations used in 
vitro are comparable to concentration ranges reported for patient plasma during and 
after CABG surgery with CPB (16).

2.6  Experimental set-up to study HUVEC exposure to patient plasma and       
 shear stress 
An in vitro model was used to analyse the effects of combined exposure to plasma 
and shear stress on HUVEC behaviour (Figure 1). µ-Slides I0.4 Luer (80176, ibidi, 
Gräfelfing, Germany) were used as previously described (17). Confluent monolayers of 
HUVEC were starved for 1 h in FCS-free medium and, subsequently incubated with 
FCS-free medium containing 20% control or patient plasma and 1 IU/ml heparin for 
3 h. Thereafter, cells were exposed to 20 dyn/cm2 shear stress for 1 h, to mimic the 
change of shear stress inherent to the CABG surgery with CPB procedure. 
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Figure 1. Experimental set-up to analyse the effects of perioperative patient plasma 
on endothelial cells. Cells were exposed to FCS-free medium for 1 h, and subsequently 
to plasma (20 % plasma in FCS-free medium) from three perioperative time points 
(pre-op, 6 h and 24 h post-op) for 3 h. Thereafter, cells were exposed to shear stress 
(20 dyn/cm2) for 1 h and analysed for mRNA expression indicative of changes in 
endothelial integrity (housekeeping), inflammation, and adhesion behaviour.

2.7  Gene expression analysis by quantitative reverse transcriptase-PCR
Cells were harvested in TRIzol™ Reagent (Thermo Fisher Scientific) and total RNA 
was isolated according to the manufacturer’s instructions. RNA concentrations 
(OD260) were measured by NanoDrop® ND-1000 US-Vis spectrophotometer 
(NanoDrop Technologies, Rockland, DE, USA). cDNA synthesis was performed 
using random hexamer primers (Promega, Leiden, The Netherlands) and SuperScript 
III (Invitrogen, Breda, The Netherlands). The assay-on-demand primers/probe sets 
E-selectin Hs00174057_m1, GAPDH Hs99999905_m1, ICAM-1 Hs00164932_
m1, IL-6 Hs00174131_m1, IL-8 Hs00174103_m1, platelet endothelial cell adhesion 
molecule (PECAM)-1 Hs00169777_m1, VCAM-1 Hs00365485_m1 and vascular 
endothelial (VE)-cadherin Hs00174344_m1 (TaqMan® Gene Expression, Thermo 
Fisher Scientific) were used. Quantitative reverse transcriptase-PCR was carried out 
on the ViiATM 7 real-time PCR System (Thermo Fisher Scientific) with the following 
settings: 15 min 95°C, followed by 40 two-step cycles of 15 seconds at 95°C, and 
60 seconds at 60°C. Average cycle threshold values (CT) were obtained for sample 
duplicates and normalized to the housekeeping gene GAPDH. The expression relative 
to GAPDH was calculated by 2-ΔCT. Fold change in expression was calculated as 
quotient of 2-ΔCT value of the gene of interest and the 2-ΔCT value of the control plasma. 

2.8  Statistical analyses
For experiments incorporating patient-derived material non-parametric testing 
was applied, therefore, whisker-box plots were used with whiskers from 10 to 90 
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percentiles and individual points represent values below and above the cut-offs. Due to 
lacking data points, the data were analyzed with the Skillings-Mack test by using the 
R package “Skillings.Mack: The Skillings-Mack Test Statistic for Block Designs with 
Missing Observations” by Patchanok Srisuradetchai (18). Using the Durbin test, post-
hoc comparisons were done with a Bonferroni correction. Data of TNF-α stimulated 
endothelial cells were analysed by one-way analysis of variance with a Šidák correction. 
Appropriate post-hoc comparisons were done and reported only when the p-values of 
the statistical tests were significant. Differences were regarded as significant when p < 
0.05. Graph plotting and one-way analysis of variance with a Šidák correction analyses 
were performed using GraphPad Prism software 8.2.1 (GraphPad Prism Software Inc., 
San Diego, California, USA).

3  Results

3.1  Patient characteristics 
The average age of the 29 patients was 63 years (range 47-77, Table 1). Ninety percent 
were male, which is in line with the fact that more males than females undergo CABG 
surgery (19). The total procedure time was 188 ± 31 minutes and the mean CPB time 
was 82 ± 23 minutes, with average aortic cross-clamp times of 53 ± 15 minutes. As 
indicated by the preoperative European System for Cardiac Operative Risk Evaluation 
(EuroSCORE) I of 2.3 % and the post-hoc calculated EuroSCORE II of 1.1 %, this 
cohort had a low preoperative risk of postoperative mortality after cardiac surgery 
which corresponded to no observed patient mortality within 30 days post-op (11,20). 
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Table 1. Perioperative patient characteristics
Table 1. Perioperative patient characteristics 

Preoperative characteristics units numbers 
Male/female n 26/3 
Age (yrs.) Mean (range) 63 (47-77) 
Body mass index (kg/m2) Mean ± SD 28.1 ± 4.0 
Smoking n (%) 19 (66) 
European System for Cardiac Operative Risk Evaluation I Mean ± SD 2.3 ± 1.7 
Post-hoc calculated European System for Cardiac Operative 
Risk Evaluation II 

Mean ± SD 1.1 ± 0.6 

Medical and surgical history   
Cardiovascular disease   

Coronary disease  n (%) 29 (100) 
Hypertension  n (%) 10 (35) 
Percutaneous transluminal angioplasty  n (%) 2 (7) 
Myocardial infarct n (%) 0 
Pericarditis/myocarditis  n (%) 0 
Venous thrombosis n (%) 1 (3.4) 

Respiratory disease   
Chronic obstructive pulmonary disease n (%) 2 (6.9) 
Emphysema  n (%) 1 (3.4) 
Pneumonia  n (%) 1 (3.4) 

Left ventricular ejection fraction   
 < 40% n (%) 2 (7) 

40-55% n (%) 10 (35) 
55-70% n (%) 17 (59) 

Haemoglobin (mmol/L) Mean ± SD 9.1 ± 0.8 
Operative characteristics   
Cardiopulmonary bypass time (min) Mean ± SD 82 ± 23 
Aortic cross-clamp time (min) Mean ± SD 53 ± 15 
Total operation time (min) Mean ± SD 188 ± 31 
Grafts (n) Median (range) 3 (2 - 5) 
Haemodilution factor Mean ± SD 0.7 ± 0.1 
Postoperative characteristics   
Haemoglobin (mmol/L) Mean ± SD 6.2 ± 1.1 
Intensive care unit length of stay (days) Median (range) 1 (0.5 – 12) 
Hospital length of stay (days) Median (range) 9 (3 – 29) 
Reoperation n (%) 3 (10) 
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Figure 2. Markers of systemic inflammation and renal injury in plasma and urine 
from patients undergoing CABG surgery with the use of CPB. Plasma and urine were 
obtained at three perioperative time points. Measurements of TNF-α in plasma (a), 
NGAL in plasma (b) and in urine (c), and KIM-1 in urine (d) are depicted (n=29). 
Urine marker measurements were corrected for urine creatinine levels. The whisker-
box plots are shown with 10th to 90th percentile and points represent individual values 
below and above the 10th to 90th percentile cut-offs. Post-hoc comparison p-values 
are shown in the graph. 



620139-L-bw-Ellerman620139-L-bw-Ellerman620139-L-bw-Ellerman620139-L-bw-Ellerman
Processed on: 18-10-2023Processed on: 18-10-2023Processed on: 18-10-2023Processed on: 18-10-2023 PDF page: 70PDF page: 70PDF page: 70PDF page: 70

Chapter 4

70

3.2  Pro-inflammatory and renal injury markers 
A temporary increase of plasma TNF-α 6 h post-op was observed (Figure 2 a). The 
median plasma TNF-α concentrations were 3.7 pg/ml (range, 0.3 – 11.7 pg/ml) pre-op, 
7.3 pg/ml (2.5 – 94.8 pg/ml) at 6 hours (h), and 4.6 pg/ml (1.0 – 17.7 pg/ml) at 24 h 
post-op. At 6 h post-op, concentrations were higher than pre-op (p < 0.001) and 24 h 
post-op (p < 0.001). 
The median plasma NGAL concentrations were 72.8 ng/ml (range 29.3 – 199.6 ng/ml) 
pre-op, 120.8 ng/ml (52.6 – 359.1 ng/ml) at 6 h, and 99.8 ng/ml (45.4 – 272.1 ng/ml) 
at 24 h post-op (Figure 2 b). The median plasma NGAL concentrations were increased 
postoperatively. All time points were significantly different from each other, p = 0.033 for 
start vs 24 h post-op and the others p < 0.001. The median urine NGAL concentrations 
were 0.8 ng/mg (range, 0.2 – 7.1 ng/mg) pre-op, 0.8 ng/mg (0.2 – 8.5 ng/mg) at 6 
h and 1.6 ng/mg (0.2 – 6.4 ng/mg) at 24 h post-op (Figure 2 c). At 24 h post-op, 
concentrations were higher than pre-op (p = 0.002) and 6 h post-op (p = 0.019). The 
median urine KIM-1 concentrations were 0.1 ng/mg (range, 0.1 – 0.3 ng/mg) pre-op, 0.3 
ng/mg (0.1 – 1.2 ng/mg) at 6 h, and 0.5 ng/mg (0.2 – 1.2 ng/mg) at 24 h post-op (Figure 
2 d). The median KIM-1 concentrations at all time points were significantly different (p < 
0.001) from each other. Collectively, these data show postoperatively elevated marker 
concentrations of inflammation and kidney damage.

3.3  In vitro effect of low TNF-α concentrations on endothelial inflammatory    
 response
HUVEC were exposed to varying concentrations of TNF-α in vitro. The concentrations 
of TNF-α used to stimulate the HUVEC were based on the patient cohort’s range 
of plasma TNF-α (0.3 to 94.8 pg/ml) (Figure 3). In response to TNF-α exposure, 
mRNA expression of the (housekeeping) endothelial integrity markers VE-cadherin 
and PECAM-1 did not change, except for an upregulation seen for PECAM-1 mRNA 
at 5 pg/ml TNF-α (p = 0.009). The pro-inflammatory cytokine IL-6 expression varied 
with TNF-α, but was not significantly different from the unstimulated condition. A 
TNF-α concentration-dependent increase in mRNA expression was seen for the 
chemokine IL-8 and the endothelial adhesion molecules E-selectin, ICAM-1 and 
VCAM-1. Compared to the unstimulated control, mRNA expression of E-selectin 
at 20 pg/ml TNF-α (p = 0.002) and of IL-8, E-selectin, ICAM-1 and VCAM-1 at 
100 pg/ml TNF-α (p ≤ 0.001) were upregulated compared to unstimulated control. 
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Concentrations of TNF-α used in this experiment were comparable to TNF-α 
concentrations in patient plasma and were sufficient to activate HUVEC in vitro in the 
experimental set-up employed. 

Figure 3. Changes in inflammation and adhesion of HUVEC in response to TNF-α. 
Under static conditions, HUVEC were stimulated with TNF-α (0.25 to 100 pg/ml) 
for 3 h. mRNA fold-changes compared to the untreated control (dotted line at 1) of 
VE-cadherin (a) and PECAM-1 (b), IL-6 (c) and IL-8 (d), E-selectin (e), ICAM-1 (f), 
and VCAM-1 (g) are shown. Data are depicted as the mean of four biological replicates 
± SD. * control vs TNF-α stimulated. Post-hoc comparison p-values are shown in the 
graph. 
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Figure 4. Effect of patient plasma and shear stress on inflammation and adhesion 
markers of HUVEC. mRNA expression of VE-cadherin (a) and PECAM-1 (b), IL-6 
(c), IL-8 (d), E-selectin (e), ICAM-1 (f), and VCAM-1 (g) are shown as fold changes 
normalized to the healthy plasma control (dotted line at 1). The whisker-box plots are 
shown with 10th to 90th percentile and points represent individual values below and 
above the 10th to 90th percentile cut-offs. Post-hoc comparison p-values are shown 
in the graph.

3.4  Effect of patient plasma followed by altered shear stress on endothelial       
 behaviour in vitro
We next studied the effect CABG plasma has on HUVEC expression of endothelial 
integrity (housekeeping), endothelial pro-inflammatory cytokines, and endothelial 
adhesion molecules in combination with shear stress (Figure 4). Expressions of the 
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integrity markers VE-cadherin and PECAM-1, or the cytokine IL-6 and the adhesion 
molecule ICAM-1 were not observed. Pre-op plasma induced a 1.5- to 2-fold increase 
in the mRNA expressions of IL-8 (median 1.6, range 0.5 – 3.4), E-selectin (1.4, 0.4 
– 8.3), and VCAM-1 (1.3, 0.5 – 7.0) compared to control plasma. Patients’ plasma 
obtained 6 h post-op resulted in lower mRNA expression of IL-8 (median 1.1, range 0.3 
– 4.6; p = 0.007), E-selectin (1.1, 0.2 – 7.0; p = 0.007), and VCAM-1 (1.0, 0.3 – 4.8; 
p = 0.014) than pre-op plasma but similar to control plasma. Patients’ plasma obtained 
24 h post-op resulted in lower mRNA expression of IL-8 (median 0.8, range 0.3 – 2.6; 
p < 0.001), E-selectin (0.8, 0.2 – 6.8; p < 0.001), and VCAM-1 (0.7, 0.3 – 2.7; p < 
0.001) than pre-op plasma. Collectively, these data indicate that plasma from CABG-
CPB patients obtained at 6 h and 24 h post-op in combination with shear stress did not 
induce an increased endothelial adhesion molecule expression in HUVEC. 

4  Discussion 
Cardiac surgery with CPB is commonly associated with AKI and microvascular 
endothelial inflammation is a potential underlying mechanism (21–23). We hypothesized 
that pro-inflammatory components of plasma from patients who underwent CABG 
surgery with CPB induce endothelial adhesion molecule expression when incorporating 
altered shear stress in the in vitro model. Although the postoperative patient plasma 
contained elevated concentrations of markers of inflammation and kidney injury, pro-
inflammatory endothelial activation, represented by induction of IL-6, IL-8, E-selectin, 
ICAM-1, and VCAM-1, was not observed following the exposure of endothelial cells to 
postoperative plasma and altered shear stress. 
In a previous analysis of this patient cohort, the pro-inflammatory cytokines TNF-α 
and IL-6, as well as the anti-inflammatory cytokine interleukin-10 and myeloperoxidase 
temporarily increased in plasma postoperatively, while endothelial-derived soluble 
adhesion molecules E-selectin, VCAM-1, and ICAM-1 did not (16). This observation 
is partially not in line with previous reports that described a postoperative rise in both 
cytokines and soluble adhesion molecule markers (24,25). This discrepancy indicated 
that the microvasculature in patients with a low preoperative risk of postoperative 
mortality undergoing CABG surgery with CPB might not present with a pronounced 
pro-inflammatory phenotype. This was supported by the fact that only a small number 
of patients (5/29) had plasma TNF-α concentrations exceeding 20 pg/ml at a single 
time point, namely, at 6 h post-op. In patients undergoing CABG surgery with CPB, 
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TNF-α concentrations above 20 pg/ml were associated with worse outcome compared 
to lower concentrations (26). We demonstrated that TNF-α in concentrations similar 
to those observed in our cohort have caused a concentration-dependent increase 
in endothelial adhesion molecules under static conditions in vitro. Contrary to our 
expectations, the presence of cytokines such as TNF-α in patient plasma did not suffice 
to activate endothelial cells under shear stress in vitro, which is in line with previous 
findings under static conditions (27). Interestingly, out of all time points pre-op plasma 
induced the highest expression of IL-8, E-selectin and VCAM-1. This was unexpected 
as the pro-inflammatory cytokines measured in plasma where lower than those at 
6 h post-op. We can only speculate whether pre-op plasma contained unidentified 
pro-inflammatory mediators or whether post-op plasma contained unidentified anti-
inflammatory mediators that balanced out the measured pro-inflammatory marker 
concentrations. Furthermore, reasons for the absence of postoperatively increased 
adhesion molecules in response to plasma and the only temporary and moderate 
rise in cytokines may be related to advances in the anaesthetic and surgical field. 
Examples of these advances are improved biocompatibility of extracorporeal circuits 
and hemodynamic management, as well as blood ultrafiltration for cytokine removal 
and shorter durations of CPB (28,29). Other reasons may be that the presence of 
anti-inflammatory mediators such as interleukin-10 in plasma, which also peaked at 6 
h post-op, may have counterbalanced a pro-inflammatory endothelial response (16). 
This hypothesis can be studied in future studies using blocking antibodies against IL-
10 and other plasma cytokines to see whether an anti-pro inflammatory rebalancing 
takes place during cardiac surgery. Moreover, cellular whole blood components such 
as leukocytes may be accountable for postoperative pro-inflammatory endothelial 
responses (30).
The effect of CABG surgery with CPB on organs was investigated in terms of kidney 
injury markers, as AKI is a common CPB-associated complication (31). The patients 
did not fulfil classical “Kidney Disease: Improving Global Outcome” AKI criteria, but 
a rise of NGAL and KIM-1 suggested mild kidney injury at 6 h post-op, and markers 
remained elevated at 24 h post-op in urinary measurements. Both NGAL and KIM-1 
are detectable in urine within 2 to 6 h after renal injury and originate from renal tubules 
(31). Additionally, NGAL has extra-renal sources such as various inflammatory cells. 
Furthermore, the systemically measured concentrations only give limited information 
about organ-specific expression and hence, it can only be speculated whether the 
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local renal microvasculature expresses more pronounced signs of pro-inflammatory 
endothelial response in CABG patients, as observed in rat models of cardiac surgery 
using CPB (11). An animal model, which mimics human cardiac surgery with CPB 
and provides perioperative plasma and organ biopsies, might give insight into these 
mechanisms in future research (32,33).
Based on our current findings, we cannot conclude that microvascular pro-
inflammatory activation by plasma components is the mechanism underlying the 
observed postoperative increase in kidney injury markers NGAL and KIM-1 in plasma 
and urine. Alternatively, endothelial hyperpermeability facilitating microvascular 
leakage and systemic hypotension leading to ischemia/reperfusion injury are noxious 
stimuli that have been suggested to cause postoperative AKI (34–37).
This study has a number of limitations. First, the in vitro endothelial cells were exposed 
to 20% of the plasma that the patient’s vasculature was in contact with, due to the 
experimental requirement to dilute plasma in cell culture medium. This limitation is 
inherent to an in vitro model, which is assessing only a fraction of factors and also 
excluded leukocyte-endothelial interactions and soluble factors of the complement 
and coagulation systems. Secondly, other pro-inflammatory plasma factors known 
to be released during CABG surgery such as the hypochlorous acid or thioredoxin-
interacting protein were not studied. Third, the plasma samples collected at specific 
time points merely represent circulating plasmatic components at a particular time 
point, rather than the kinetics of plasma components throughout the perioperative 
time period. Only the inclusion of more time points or a large animal in vivo model will 
provide more information on events in the organ microvasculature during CABG with 
CPB. Moreover, there is a trend towards the use of pulsatile extracorporeal circulation 
in patients as this may preserve microcirculatory function better (38). Since our study 
was conducted with non-pulsatile CPB, the in vitro model also incorporated non-pulsatile 
shear stress. Further, more information on baseline health status and comorbidities 
would have given a better insight into the preoperative patient characteristics. However, 
this cohort had a low preoperative risk of postoperative mortality. Further studies may 
look at patients with a higher risk for perioperative complications, for which additional 
information on health status and comorbidities would be necessary. 
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5  Conclusion
CABG surgery with CPB patients with low preoperative risk of postoperative mortality 
postoperatively showed signs of mild systemic inflammation and kidney damage. 
Plasmatic components do not seem to be accountable for the underlying postoperative 
microvascular endothelial adhesion molecule expression. 

 Research Quality and Ethics Statement
The authors of this manuscript declare that this scientific work complies with reporting 
quality, formatting and reproducibility guidelines set forth by the EQUATOR Network, 
notably the CONSORT 2010 Statement. The authors also attest that this clinical 
investigation was determined to require Institutional Ethics Committee review, which 
was provided by the Medical Ethical Committee of the University Medical Center 
Groningen (UMCG, The Netherlands; METc 2011/045). Finally, the authors have 
registered this clinical study with the following Clinical Trial Registry: ClinicalTrials.gov 
NCT01347827.

 Acknowledgements 
We would like to thank H.E. Moorlag and P.J. Zwiers for their excellent technical 
support and Dr E.R. Popa for her valuable help throughout the writing process of the 
manuscript (Medical Biology Section of University Medical Center Groningen). Prof. 
Dr. M.A. Mariani is acknowledged for important input in the initial randomised trial 
(Department of Thoracic and Cardiothoracic Surgery, University Hospital Groningen, 
Groningen, The Netherlands).

 Author contributions
SFE, TWLS, GT and MvM contributed to conception, design of the study and 
interpretation of the data. SFE, RMJ, KN and CLS obtained, analysed, and curated 
data. SE and MvM performed the statistical analysis. SFE wrote the first draft of the 
manuscript. All authors contributed to manuscript revision, read, and approved the 
submitted version.



620139-L-bw-Ellerman620139-L-bw-Ellerman620139-L-bw-Ellerman620139-L-bw-Ellerman
Processed on: 18-10-2023Processed on: 18-10-2023Processed on: 18-10-2023Processed on: 18-10-2023 PDF page: 77PDF page: 77PDF page: 77PDF page: 77

4

Cardiopulmonary bypass and endothelial adhesion molecule expression

77

Bibliography

1.  Warren OJ, Smith AJ, Alexiou C, Rogers PLB, Jawad N, Vincent C, et al. The 
inflammatory response to cardiopulmonary bypass: part 1-mechanisms of pathogenesis. 
J Cardiothorac Vasc Anesth. 2009;23(2):223–31. 

2.  Squiccimarro E, Labriola C, Malvindi PG, Margari V, Guida P, Visicchio G, et al. 
Prevalence and clinical impact of systemic inflammatory reaction after cardiac surgery. J 
Cardiothorac Vasc Anesth. 2019;33(6):1682–90. 

3.  Paparella D, Yau TM, Young E. Cardiopulmonary bypass induced inflammation: 
Pathophysiology and treatment. An update. Eur J Cardio-thoracic Surg. 2002;21(2):232–
44. 

4.  Mazzeffi M, Zivot J, Buchman T, Halkos M. In-hospital mortality after cardiac surgery: 
Patient characteristics, timing, and association with postoperative length of intensive 
care unit and hospital stay. Ann Thorac Surg. 2014;97(4):1220–5. 

5.  Crawford TC, Magruder JT, Grimm JC, Suarez-Pierre A, Sciortino CM, Mandal K, et 
al. Complications after cardiac operations: All are not created equal. Ann Thorac Surg. 
2017;103(1):32–40. 

6.  Vives M, Hernandez A, Parramon F, Estanyol N, Pardina B, Muñoz A, et al. Acute 
kidney injury after cardiac surgery: prevalence, impact and management challenges. Int J 
Nephrol Renovasc Dis. 2019 Jul;Volume 12(1):153–66. 

7.  Koeze J, Keus F, Dieperink W, Van der Horst ICC, Zijlstra JG, Van Meurs M. Incidence, 
timing and outcome of AKI in critically ill patients varies with the definition used and the 
addition of urine output criteria. BMC Nephrol. 2017;18(1):1–9. 

8.  Perry TE, Muehlschlegel JD, Liu KY, Fox AA, Collard CD, Shernan SK, et al. Plasma 
neutrophil gelatinase-associated lipocalin and acute postoperative kidney injury in adult 
cardiac surgical patients. Anesth Analg. 2010;110(6):1541–7. 

9.  Lassnigg A, Schmid ER, Hiesmayr M, Falk C, Druml W, Bauer P, et al. Impact of 
minimal increases in serum creatinine on outcome in patients after cardiothoracic 
surgery: Do we have to revise current definitions of acute renal failure? Crit Care Med. 
2008;36(4):1129–37. 

10.  Haase M, Devarajan P, Haase-Fielitz A, Bellomo R, Cruz DN, Wagener G, et al. 
The outcome of neutrophil gelatinase-associated lipocalin-positive subclinical acute 
kidney injury: A multicenter pooled analysis of prospective studies. J Am Coll Cardiol. 
2011;57(17):1752–61. 

11.  Koning NJ, de Lange F, Vonk ABA, Ahmed Y, van den Brom CE, Bogaards S, et al. 
Impaired microcirculatory perfusion in a rat model of cardiopulmonary bypass: The role 
of hemodilution. Am J Physiol Circ Physiol. 2016 Mar 1;310(5):550–8. 

12.  van Meurs M, Wulfert FM, Knol AJ, De Haes A, Houwertjes MC, Aarts LPHJ, et al. 
Early organ-specific endothelial activation during hemorrhagic shock and resuscitation. 
Shock. 2007;29(2):1. 

13.  Andresen TK, Svennevig JL, Videm V. Soluble VCAM-1 is a very early marker of 
endothelial cell activation in cardiopulmonary bypass. Perfusion. 2002;17(1):15–21. 

14.  Eikemo H, Sellevold OFM, Videm V. Markers for endothelial activation during open 
heart surgery. Ann Thorac Surg. 2004;77(1):214–9. 

15.  Kok WF, Van Harten AE, Koene BMJA, Mariani MA, Koerts J, Tucha O, et al. A pilot 
study of cerebral tissue oxygenation and postoperative cognitive dysfunction among 



620139-L-bw-Ellerman620139-L-bw-Ellerman620139-L-bw-Ellerman620139-L-bw-Ellerman
Processed on: 18-10-2023Processed on: 18-10-2023Processed on: 18-10-2023Processed on: 18-10-2023 PDF page: 78PDF page: 78PDF page: 78PDF page: 78

Chapter 4

78

patients undergoing coronary artery bypass grafting randomised to surgery with or 
without cardiopulmonary bypass. Anaesthesia. 2014;69(6):613–22. 

16.  Jongman RM, Zijlstra JG, Kok WF, van Harten AE, Mariani MA, Moser J, et al. Off-
pump CABG surgery reduces systemic inflammation compared with on-pump surgery 
but does not change systemic endothelial responses. Shock. 2014 Aug;42(2):121–8. 

17.  Li R, Zijlstra JG, Kamps JAAM, van Meurs M, Molema G. Abrupt reflow enhances 
cytokine-induced proinflammatory activation of endothelial cells during simulated shock 
and resuscitation. Shock. 2014;42(4):356–64. 

18.  Chatfleld M, Mander A. The skillings-mack test (friedman test when there are missing 
data). Stata J. 2009;9(2):299–305. 

19.  Koch CG, Khandwala F, Nussmeier N, Blackstone EH. Gender profiling in coronary 
artery bypass grafting. J Thorac Cardiovasc Surg. 2003;126(6):2044–51. 

20.  Nashef SAM, Roques F, Sharples LD, Nilsson J, Smith C, Goldstone AR, et al. 
EuroSCORE II. Eur J Cardio-Thoracic Surg. 2012 Apr 1;41(4):734–45. 

21.  Kumar AB, Suneja M. Cardiopulmonary bypass–associated acute kidney injury. 
Anesthesiology. 2011 Apr;114(4):964–70. 

22.  Chertow GM. Independent association between acute renal failure and mortality 
following cardiac surgery. Am J Med. 1998;104(4):343–8. 

23.  Kandler K, Jensen ME, Nilsson JC, Møller CH, Steinbrüchel DA. Acute kidney injury 
is independently associated with higher mortality after cardiac surgery. J Cardiothorac 
Vasc Anesth. 2014;28(6):1448–52. 

24.  Balčiūnas M, Bagdonaitė L, Samalavičius R, Baublys A. Markers of endothelial dysfunction 
after cardiac surgery: Soluble forms of vascular-1 and intercellular-1 adhesion molecules. 
Medicina (B Aires). 2009 Jun 8;45(6):434. 

25.  Onorati F, Rubino AS, Nucera S, Foti D, Sica V, Santini F, et al. Off-pump coronary artery 
bypass surgery versus standard linear or pulsatile cardiopulmonary bypass: endothelial 
activation and inflammatory response. Eur J Cardio-thoracic Surg. 2010;37(4):897–
904. 

26.  Abacilar F, Dogan OF, Duman U, Ucar I, Demircin M, Ersoy U, et al. The changes and 
effects of the plasma levels of tumor necrosis factor after coronary artery bypass surgery 
with cardiopulmonary bypass. Heart Surg Forum. 2006 Aug 1;9(4):E703-9. 

27.  Vallely MP, Bannon PG, Hughes CF, Kritharides L. Endothelial expression of intercellular 
adhesion molecule 1 and vascular cell adhesion molecule 1 is suppressed by postbypass 
plasma containing increased soluble intercellular adhesion molecule 1 and vascular cell 
adhesion molecule 1. J Thorac Cardiovasc Surg. 2002;124(4):758–67. 

28.  Sarkar M, Prabhu V. Basics of cardiopulmonary bypass. Indian J Anaesth. 2017 
Apr;61(9):760. 

29.  Barry AE, Chaney MA, London MJ. Anesthetic management during cardiopulmonary 
bypass: A systematic review. Anesth Analg. 2015;120(4):749–69. 

30.  Hall R. Identification of inflammatory mediators and their modulation by strategies 
for the management of the systemic inflammatory response during cardiac surgery. J 
Cardiothorac Vasc Anesth. 2013;27(5):983–1033. 

31.  Chew STH, Hwang NC. Acute kidney injury after cardiac surgery: A narrative review of 
the literature. J Cardiothorac Vasc Anesth. 2019;33(4):1122–38. 

32.  Madrahimov N, Boyle EC, Gueler F, Goecke T, Knöfel AK, Irkha V, et al. Novel mouse 
model of cardiopulmonary bypass. Eur J Cardio-thoracic Surg. 2018;53(1):186–93. 

33.  Hirao S, Masumoto H, Minatoya K. Rat cardiopulmonary bypass models to investigate 



620139-L-bw-Ellerman620139-L-bw-Ellerman620139-L-bw-Ellerman620139-L-bw-Ellerman
Processed on: 18-10-2023Processed on: 18-10-2023Processed on: 18-10-2023Processed on: 18-10-2023 PDF page: 79PDF page: 79PDF page: 79PDF page: 79

4

Cardiopulmonary bypass and endothelial adhesion molecule expression

79

multi-organ injury. Clin Surg. 2017;2(1):1509. 
34.  Koning NJ, Overmars MAH, Van Den Brom CE, Van Bezu J, Simon LE, Vonk ABA, 

et al. Endothelial hyperpermeability after cardiac surgery with cardiopulmonary bypass 
as assessed using an in vitro bioassay for endothelial barrier function. Br J Anaesth. 
2016;116(2):223–32. 

35.  Hilbert T, Duerr GD, Hamiko M, Frede S, Rogers L, Baumgarten G, et al. Endothelial 
permeability following coronary artery bypass grafting: An observational study on the 
possible role of angiopoietin imbalance. Crit Care. 2016;20(1):1–13. 

36.  Dekker NAM, van Leeuwen ALI, van Strien WWJ, Majolée J, Szulcek R, Vonk ABA, et al. 
Microcirculatory perfusion disturbances following cardiac surgery with cardiopulmonary 
bypass are associated with in vitro endothelial hyperpermeability and increased 
angiopoietin-2 levels. Crit Care. 2019 Dec 11;23(1):117. 

37.  Aronson S, Phillips-Bute B, Stafford-Smith M, Fontes M, Gaca J, Mathew JP, et al. The 
association of postcardiac surgery acute kidney injury with intraoperative systolic blood 
pressure hypotension. Anesthesiol Res Pract. 2013;2013(1):1–7. 

38.  Millar JE, Fanning JP, McDonald CI, McAuley DF, Fraser JF. The inflammatory response 
to extracorporeal membrane oxygenation (ECMO): A review of the pathophysiology. 
Crit Care. 2016;20(1):1–10. 



620139-L-bw-Ellerman620139-L-bw-Ellerman620139-L-bw-Ellerman620139-L-bw-Ellerman
Processed on: 18-10-2023Processed on: 18-10-2023Processed on: 18-10-2023Processed on: 18-10-2023 PDF page: 80PDF page: 80PDF page: 80PDF page: 80


	Chapter 4

