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Cardiopulmonary bypass (CPB) is a commonly used technique in cardiac surgery. 

However, CPB is associated with acute (transient) renal dysfunction that negatively 

influences long-term survival (chapter 2). The current study aimed at unraveling the 

molecular pathogenesis of renal injury following CPB. To obtain insight into the 

pathogenesis of renal dysfunction following CPB, we performed a microarray analysis of 

renal gene expression in rat. Rats underwent CPB for 60 min or Sham procedure and 

were sacrificed at 60 min, 1 and 5 days following the procedure. Expression of 420 genes 

was significantly altered in CPB as compared to Sham surgery, of which 407 genes in the 

acute phase (60 min) following CPB. Gene-ontology analysis revealed 28 of these genes 

being involved in inflammatory responses, with high expression of genes downstream of 

mitogen activated protein-kinase (MAP-kinase) signaling pathways. Potent inducers 

identified constitute of the interleukin-6 cytokine family that consists of interleukin-6 

(IL6) and oncostatin M (OSM), which signal through the gp130-cytokine receptor 

complex. The plasma concentration of IL-6 was hugely increased by CPB as measured by 

ELISA. Expression of genes downstream of these signaling pathways that lead to 

production of chemokines, adhesion molecules and molecules involved in coagulative 

pathways were upregulated in expression. CPB induces an acute and local inflammatory 

response in the kidney, which might contribute to the induction of renal injury. The 

signaling pathways involved as suggested by gene expression analysis may represent 

pharmacological targets to limit renal injury following CPB. 
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Introduction 

Despite advances in anaesthetic and surgical management, cardiac surgery with 

cardiopulmonary bypass (CPB) is still associated with increased morbidity and mortality. 

Renal dysfunction is a serious and frequent complication of CPB that affects up to 30% of 

patients (Loef et al., 2009). A transient descrease in renal function is not only responsible for 

prolonged hospitalization, but also influences both in-hospital and long-term survival. For 

example, patients with a temporarily decline of renal function postoperatively, defined as a 

>25% increase of serum creatinine from baseline, have a substantially increased long-term 

mortality rate at 13 years of follow-up (Loef et al., 2009). Furthermore, the mortality rate 

following renal dysfunction requiring renal replacement therapy might be as high as 80% 

(Loef et al., 2009). The pathogenesis of CPB-induced renal dysfunction is considered 

multifactorial involving hemodynamic changes, an inflammatory response and nephrotoxins 

(Rosner and Okusa, 2006). Although several contributing factors have been put forward, 

including the induction of a systemic inflammatory response syndrome (SIRS) due to 

ischemia/reperfusion injury, contact of leukocytes with the artificial surfaces of the machine, 

endotoxin released from the inflamed intestine, ischemia/reperfusion, hypothermia or 

surgical trauma, the exact molecular mechanism of renal injury following CPB is still 

unexplored (Asimakopoulos, 2001; Holmes et al., 2002; Caputo et al., 2002; Kourliouros et 

al., 2010). Identification of signal transduction pathways involved in the induction of renal 

injury following CPB might lead to the discovery of promising pharmacological targets to 

prevent post-operative renal dysfunction and affect post-operative mortality as well. In 

order to unravel the molecular aspects of the local response in the kidney following CPB, we 

investigated the genome-wide expression profile in the kidney during 5 days of follow-up of 

rats that had undergone CPB.  

Materials and methods  

Animals  
This study was performed in n = 46 adult male Wistar rats with body weights of 504.9± 15.3 

g (Harlan Netherlands B.V.) housed under standard conditions with free access to food 

(standard rat chow; Hope Farms) and drinking water throughout the study period. The 

experimental protocol was approved by the Animal Ethics Committee of the University of 

Groningen, The Netherlands. 

Experimental groups and Protocol 
Animals were randomly allocated to either the healthy (pre-operative) control group or one 

of three experimental groups with different duration of the recovery period after the 

procedure, being 60 min and 1 and 5 days. Each experimental group was subdivided in two 

sub-groups: CPB and Sham. CPB animals were subjected to the full experimental protocol 

described below, including anesthesia, cannulation, extracorporeal circulation, weaning and 

the corresponding recovery period (Figure 3.1). Sham animals followed the same procedure 

except for the extracorporeal circulation, but maintained cannulated and ventilated. In order 

to evaluate the normal vascular reactivity in rats without invasive interventions, an 

additional untreated control group was examined. Animals in this group were sacrificed 

under brief isoflurane anesthesia (2.5 %) only. Anesthesia was induced with 2.5 % isoflurane 

in O2/air (1:1) before intubation and mechanical ventilation (Amsterdam Infant Ventilator; 

HoekLoos). Tidal volume was set to achieve normocapnia (verified by capnography 35-42 
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mmHg, and arterial blood gas analysis), with O2/air (1:2) at a ventilation rate of 50 min-1 (0.5 

s inspiration time). Rectal temperature was kept at 37.0 ± 0.5 °C, using an electrical heating 

pad. The left femoral artery was cannulated (26-gauge catheter) for continuous blood 

pressure monitoring. The mean arterial pressure (MAP) was kept between 70 and 100 mm 

Hg by adjusting the isoflurane concentration as necessary (typically between 2.0-2.5%). 

Immediately before insertion of the arterial line, 250 IU kg-1 heparin was administered. The 

left carotid artery was cannulated for arterial inflow using a 22-gauge catheter. A multi-

orifice 4.5 French cannula (Desilets-Hoffmann catheter, Cook Son) was advanced into the 

right heart using the right common jugular vein for access. The tail vein was cannulated for 

the administration of intravenous anaesthetics, heparin, and protamine sulfate.  

Figure 3.1: Time-line of the experimental procedure. Shown in this scheme are the induction of anesthesia using 

volatile anaesthetics (2-3% isofluorane in O2/air), followed by preparation of the animals for extracorporeal 

circulation (± 40 minutes). Animals are ventilated during the entire procedure except during extracorporeal 

circulation (60 minutes) when animals are anesthetized using intravenous anesthesia (fentanyl, atracurium, 

midazolam). After the weaning period (± 15 minutes), animals are kept under very light anesthesia (0.8-1% 

isofluorane in O2/air) during the first hour of recovery in rder to stabilize. 

 

Extracorporeal circulation 
Subsequently, extracorporeal circulation was initiated in the CPB group for 60 min. The set-

up consisted of a glass venous reservoir, a peristaltic pump (Pericor® SF70, Verder, Haan, 

Germany), a rat membrane oxygenator (M.Humbs, Valley, Germany). The oxygenator carried 

a sterile, disposable three-layer artificial diffusion membrane, made from 

hollow polypropylene fibres (Jostra AG, Hirrlingen, Germany) and a glass counter-flow heat 

exchanger with built-in bubble trap. All components were connected with polyethylene 

tubing (1.6 mm inner diameter). The venous reservoir and heat exchanger were sterilized 

prior to use. The circuit was primed with 15 ml of HAES 60 mg ml-1 solution (Voluven®, 

Fresenius Kabi). No donor blood was used. Animals were additionally heparinized (250 IU 

kg-1) after the start of ECC. During CPB, rats were anesthetized with intravenous fentanyl (10 

µg kg-1), atracurium (0.5 mg kg-1), and midazolam (2 mg kg-1) and blood oxygen saturation 

was monitored continuously by a pulse oxymeter. Targeted CBP flow was 120 mL kg-1 min-1. 

During CPB ventilation was stopped and oxygenator gas flow was maintained at 800 ml min–

1 of O2:air mixture (1:4). Samples for blood gas analysis (0.1 µl) were drawn at four time-

points: at the end of preparation period (15 min before start of CPB), twice during the CPB 

(at 15 and 45 min), and at 45 min after the end of CPB. 

Weaning and recovery 
At the end of extracorporal circulation, CPB flow was gradually decreased and mechanical 

ventilation was initiated. Protamine (150 IU kg-1 i.v.) was administered to neutralize heparin 

and cannules were removed and wounds sutured. Animals were kept ventilated under 
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isoflurane anesthesia (0.8-1.0%) for 1 h to stabilize, followed by extubation. The total 

duration of the recovery period lasted 1 h and 24 h, and 5 days after the end of the CPB. 

Sacrification was performed under brief isoflurane anesthesia (2.5 %). Samples were snap-

frozen in liquid nitrogen and stored at -80°C until further analysis.  

Microarray and real-time PCR 
RNA isolation was performed according to the manufacturer’s instructions (RNA Isolation 

Kit, Bioké). Preceding hybridization, RNA-quality and integrity was checked on a BioAnalyzer 

2088 (Agilent, USA). In each group (n = 5-8), RNA-samples of two animals were pooled and 

randomized over the different arrays. Microarrays were performed on RatRef-12 Expression 

Beadchips (Illumina) according to the manufacturer’s protocol. After hybridization, iScan 

(Illumina) was used to scan the arrays, and Genomestudio 2009.1 (Illumina) was used to 

subtract background noise and normalize intensity values (quantile method). Next, 

Genespring GX 11.0 (Agilent) was used to analyze these normalized values. Next, although 

not strictly necessary, we confirmed our microarray results using real-time quantitative PCR. 

Eight genes were picked at random, their expression in CPB and Sham at 60 minutes 

following surgery was quantified and correlated with their expression pattern as determined 

by the microarray. RNA was isolated from spleen with the Nucleospin RNA II extraction kit 

(Macherey-Nagel) according to the manufacturer’s instructions. The concentration of RNA 

was determined spectrophotometrically at 260 nm (NanoDrop ND-1000; Thermo Scientific), 

and integrity was checked on 1% agarose gel. cDNA was synthesized by mixing 1 μg of RNA 

with 4 μl RT buffer, 0.2 μl dNTP, 0.5 μl RNasin, 1 μl Reverse Transcriptase, 1 μl random 

hexamers (Promega Benelux) in 20 μl H2O (C1000® Thermal Cycler; Biorad Laboratories). 

For the amplification of cDNA, forward and reverse sets of oligonucleotide primers were 

obtained from Biolegio. The nucleotide sequences of these primers are shown in Table 3.1. 

Genes of interest were amplified and quantified on a CFX 384® Real-Time System (Biorad 

Laboratories). Primers were checked for specificity by obtaining melting curves and the 

length of the obtained PCR products were verified on 1% agarose gels. 

Enzyme-linked Immunosorbent Assay (ELISA) 
To evaluate whether the plasma concentration of interleukin-6 (IL-6) increases by CPB, we 

used a rat IL6 Quantikine ELISA kit (cat.no.R6000B, R&D Systems) to measure the 

concentration of IL-6 in heparinized blood samples (100 µl) derived from healthy control 

rats and from rats during the acute phase following either CPB or Sham procedure according 

to the manufacturer’s instructions. Plates were read on a Benchmark Plus microplate 

spectrophotometer (Bio-rad Laboratories) and significant differences were calculated as 

described below.  

Gene ontology analysis 
Gene ontology analysis is a statistical method that demonstrates which sets of genes that are 

grouped to cellular component, biological process or molecular function (called “ontologies”) 

are significantly different expressed by the experiment. Of all genes being significantly 

expressed, the fold change versus pre-operative control was calculated and gene ontology 

analysis for biological processes was performed (cut-off p < 0.10).  
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Statistics and data presentation 
Differences in blood gas parameters between groups over time are compared using a general 

linear model for repeated measures analysis using SPSS 16. Prior to analysis of the 

microarray expression profiles, probes were filtered on normalized expression values from 

20th to 100th percentile present in at least 50% of the arrays in any of the groups. Next, 

significant differences were calculated using a One-Way ANOVA with post-hoc Tukey HSD 

corrected for multiple comparisons using Benjamini Hochberg FDR using Genespring GX 

11.0 (Agilent, USA) to compare CPB to Sham (per time-point; p < 0.05 was considered 

significantly different). Differences in the plasma concentration IL6 as measured by ELISA 

were calculated using a One-Way ANOVA with post-hoc LSD in SPSS 16.  

Table 3.1: Primer sequences used for realtime PCR 
Entrez ID Symbol Definition Primer Sequence 

24494 IL1B interleukin 1 β forward 

reverse 

CTGTGGCAGCTACCTATGTC 

CACACTAGCAGGTCGTCATC 

25325 IL10 interleukin 10 forward 

reverse 

CAGCTGCGACGCTGTCATCGA 

GTCCAGTAGATGCCGGGTGGT 

60350 CD14 CD14 molecule forward 

reverse 

GCTGCCAGCCAAGCTTAGCG 

CTGACAAGCCCGCTGATCCG 

24451 HMOX1 heme oxygenase (decycling) 1 forward 

reverse 

CACCGCTCCTGCGATGGGTC 

CTGGGCTCAGAACAGCCGCC 

29187 CD69 CD69 molecule forward 

reverse 

CAGCTGGTTCAACGTGACAGGGT 

CCTCATAGGGAGGCCTTGCTGC 

114105 CXCL2 chemokine (C-X-C motif) ligand 2 forward 

reverse 

TGTTGTGGCCAGTGAGCTGCG 

CCAGGCTTCCTGGGTGCAGTTTG 

245920 CXCL10 chemokine (C-X-C motif) ligand 10 forward 

reverse 

ACGCTGAGACCCAGGGCCATA 

GTCTCAGCACTGTGGCGAGTGG 

89829 SOCS3 suppressor of cytokine signaling 3 forward 

reverse 

CACGTGTGGGCCCAACCAGA 

CCGTTCCTACCCCTTAGGACCG 

25651 SELP P selectin forward 

reverse 

CGAAAGATCAACAATAAGTGGAC 

GGTAGCAGGAGCAGGTGTAGCT 

25361 VCAM1 vascular cell adhesion molecule 1 forward 

reverse 

TAAGTTACACAGCAGTCAAATGGA 

CACATACATAAATGCCGGAATCTT 

25464 ICAM1 intercellular adhesion molecule 1 forward 

reverse 

CTGCCACCATCACTGTGTAT 

CTGACCTCGGAGACATTCTT 

Table shows sequences of primer pairs used for the realtime quantitative PCR to confirm the findings as determined 

using the microarray. 
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Results 

 

Figure 3.2: Perioperative hemodynamic values. Perioperative hemodynamic values of the different groups. MAP: 

mean arterial blood pressure; PaCO2: arterial carbon dioxide pressure; PaO2: arterial oxygen pressure; cHCO3
-: 

bicarbonate; HCT: hematocrit. Blood gas analysis was performed on arterial blood samples drawn at different time-

points during the experiment. Shown in the figures are mean ± standard error of the mean (S.E.M.). P-values 

represent significant differences between CPB and Sham over time (general linear model for repeated measures). 
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Hemodynamic and blood gas analysis 
During CPB, the mean arterial pressure (MAP) was significantly decreased compared to 

Sham treated animals. In addition, blood gas analysis demonstrated lower values for pH, 

bicarbonate (HCO3
-) and hematocrit (HCT), while arterial oxygen and carbon dioxide 

pressure (PaO2 and PaCO2) were increased as compared to Sham (p < 0.01; Figure 3.2). Upon 

recovery, all parameters returned to values not significantly different from those measured 

at baseline.  

Transcriptional alterations induced by CPB 
Microarray analysis demonstrated a substantial effect of CPB on genome-wide expression 

profiles in the kidney (Figure 3.3). Statistical analysis revealed 420 significant differences in 

expression of gene transcripts between CPB and Sham treated groups. While 407 of these 

genes were different in the acute phase (60 min) between CPB and Sham, only ten and four 

genes were different at day 1 and 5 following the procedure, respectively. To aid 

interpretation of the results, gene expression following CPB and Sham was normalized to 

gene expression of healthy control animals. Compared to healthy control animals, 183 genes 

were downregulated both by CPB and Sham, 158 genes were upregulated both by CPB and 

Sham, while 80 genes were oppositely affected by CPB and Sham. This finding demonstrates 

that CPB and Sham in part have similar effects on local gene expression in the kidney, but 

that differences in the procedure (i.e. extracorporeal circulation) leads to differential 

expression of subsets of genes. Of all significantly affected genes, 11 were chosen to confirm 

our microarray findings using realtime qPCR, which correlated strongly with the results 

obtained by microarray analysis (Pearson Rho2 = 0.837, p< 0.001; Table 3.2). 

Table 3.2: Correlation between microarray and realtime PCR 

Entrez ID Symbol Definition Log fold change CPB vs Sham 

   Microarray realtime qPCR 

24494 IL1B interleukin 1 β 0.87 0.80 

25325 IL10 interleukin 10 1.15 0.80 

60350 CD14 CD14 molecule 0.38 0.39 

24451 HMOX1 heme oxygenase (decycling) 1 1.00 0.80 

29187 CD69 CD69 molecule 0.64 0.59 

114105 CXCL2 chemokine (C-X-C motif) ligand 2 1.98 1.77 

245920 CXCL10 chemokine (C-X-C motif) ligand 10 0.91 1.43 

89829 SOCS3 suppressor of cytokine signaling 3 1.77 0.69 

25651 SELP P selectin 2.20 2.22 

25361 VCAM1 vascular cell adhesion molecule 1 0.70 1.06 

25464 ICAM1 intercellular adhesion molecule 1 0.64 0.48 

Table shows log fold change between CPB and Sham (acute) as measured by the microarray and by realtime qPCR. 

The gene expression changes correlate strongly (Pearson Rho2 = 0.837; p < 0.001) between the measurements 

conducted using the microarray and the realtime quantitative PCR. 

  



Chapter 3 

 

 

 

46 

Table 3.3: Genes involved in cytokine biosynthetic process and cytokine signaling pathways 

 acute day 1 day 5 

Symbol Definition CPB Sham  CPB Sham p CPB Sham p 

IL6 interleukin 6 283.4 0.8 ** 1.5 1.3 ns 0.4 2.0 ns 

IL1B interleukin 1 β 19.4 2.6 ** 1.1 0.9 ns 1.1 1.1 ns 

OSMR oncostatin M receptor 17.4 4.1 ** 1.4 1.9 ns 1.6 1.7 ns 

IL10 interleukin 10 14.2 1.0 ** 1.0 1.0 ns 1.0 1.4 ns 

CEBPB CCAAT/enhancer binding prot. β 9.3 2.3 ** 1.2 1.4 ns 1.2 1.2 ns 

SH2B2 SH2B adaptor protein 2 9.3 1.6 ** 0.5 1.3 ns 1.4 1.1 ns 

IRF1 interferon regulatory factor 1 6.2 1.5 ** 1.0 1.2 ns 1.1 0.9 ns 

KLF6 Kruppel-like factor 6 5.5 1.9 ** 1.2 1.3 ns 1.0 1.0 ns 

TLR2 toll-like receptor 2 3.4 1.1 ** 0.8 0.7 ns 0.9 0.8 ns 

TNFRSF1A TNF receptor superfamily, 1a 2.8 1.4 ** 0.9 1.3 ns 0.9 1.0 ns 

MYD88 myeloid differentiation primary  

response gene 88 

2.2 1.0 * 1.2 1.2 ns 1.2 1.0 ns 

Table shows genes involved in cytokine biosynthetic processes and cytokine mediated signaling pathways, as 

determined by gene ontology analysis (cut-off p < 0.10) performed on all significant differences between CPB and 

Sham (ANOVA and post-hoc Tukey HSD; p < 0.05). Shown in the table is the fold-change compared to healthy control 

for CPB and Sham during the acute phase (60 minutes), 1 and 5 days following the procedure; a fold-change of 1.0 

represents equal expression as observed in healthy control rats. */** indicates significant difference at p < 

0.05/0.01, ns = no significant difference between CPB and Sham (ANOVA and post-hoc Tukey HSD; p < 0.05). 

 

Table 3.4: Genes involved in defense/immune response (not cytokine synthesis or signaling) 

 acute day 1 day 5 

Symbol Definition CPB Sham p CPB Sham p CPB Sham p 

CXCL2 chemokine (C-X-C) ligand 2 241.3 2.5 ** 1.4 2.4 ns 2.9 0.7 ns 

CXCL1 chemokine (C-X-C) ligand 1 237.6 3.1 ** 1.1 1.1 ns 0.6 1.0 ns 

SELP P selectin 160.2 1.0 * 0.5 0.9 ns 1.4 0.9 ns 

CXCL10 chemokine (C-X-C) ligand 10 59.9 7.3 ** 1.0 1.9 ns 1.3 1.3 ns 

FOS FBJ osteosarcoma oncogene 33.3 1.3 * 0.4 1.2 ns 1.6 1.6 ns 

SELE selectin E 29.7 1.5 * 1.4 0.9 ns 1.9 1.2 ns 

CCL2 chemokine (C-C) ligand 2 19.3 2.1 ** 0.5 0.7 ns 0.9 0.5 ns 

PGLYRP1 peptidoglycan recognition 

protein 1 

19.3 1.0 * 0.7 1.6 ns 0.7 1.7 ns 

CCL7 chemokine (C-C) ligand 7 13.4 1.9 ** 0.8 0.9 ns 0.9 0.7 ns 

ADORA2A adenosine A2a receptor 6.1 2.1 ** 1.5 1.0 ns 1.4 1.2 ns 

CD69 CD69 molecule 4.9 1.1 ** 0.7 1.0 ns 0.4 0.6 ns 

CCR5 chemokine (C-C) receptor 5 4.1 1.0 * 1.3 1.2 ns 1.2 1.2 ns 

CD14 CD14 molecule 3.6 1.5 ** 1.2 1.0 ns 1.0 0.9 ns 

GBP2 guanylate binding protein 2 3.3 0.8 * 1.2 1.1 ns 1.1 0.7 ns 

PLSCR1 phospholipid scramblase 1 2.8 0.7 * 1.1 1.3 ns 1.1 1.1 ns 

IFI47 interferon γ inducible prot.47 2.6 1.0 ** 1.1 0.8 ns 0.8 0.8 ns 

ADA adenosine deaminase 0.4 1.5 ** 0.7 0.6 ns 0.7 0.7 ns 

Table shows genes involved in defense/immune response (not being cytokine synthesis or signaling, see Table 1), as 

determined by gene ontology analysis (cut-off p < 0.10) performed on all significant differences between CPB and 

Sham (ANOVA and post-hoc Tukey HSD; p < 0.05). Shown in the table is the fold-change compared to healthy control 

for CPB and Sham during the acute phase (60 minutes), 1 and 5 days following the procedure; a fold-change of 1.0 

represents equal expression as observed in healthy control rats. */** indicates significant difference at p < 

0.05/0.01, ns = no significant difference between CPB and Sham (ANOVA and post-hoc Tukey HSD; p < 0.05). 
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Table 3.5: Genes involved in regulation of cellular metabolic process  

 acute day 1 day 5 

Symbol Definition CPB Sham p CPB Sham p CPB Sham p 

EGR1 early growth response 1 19.7 2.6 ** 0.5 1.2 ns 1.6 1.3 ns 

MYC myelocytomatosis oncogene 13.6 3.3 ** 1.2 1.8 ns 1.1 1.2 ns 

ZFP36 zinc finger protein 36 10.7 1.2 ** 1.2 1.2 ns 1.1 1.1 ns 

RUNX1 runt related transcription factor 1 10.1 2.2 * 1.1 1.1 ns 2.0 1.3 ns 

JUNB jun B proto-oncogene 8.1 1.6 ** 0.9 1.4 ns 1.3 1.1 ns 

SNF1LK SNF1-like kinase 6.0 0.9 * 1.1 1.2 ns 1.6 1.3 ns 

LYL1 lymphoblastic leukemia  

derived sequence 1 

0.2 1.0 ** 1.2 0.8 ns 1.3 1.0 ns 

NFKB2 nuclear factor kappa light polypept. 

gene enhancer in B-cells 2.49/p100 

4.6 1.3 ** 1.1 1.1 ns 1.0 1.1 ns 

CDC42EP2 CDC42 effector protein  

(Rho GTPase binding) 2 

3.7 1.5 * 1.2 1.2 ns 1.5 1.1 ns 

FHL2 four and a half LIM domains 2 0.3 0.7 * 1.1 0.8 ns 0.9 0.9 ns 

CCNL1 cyclin L1 3.4 1.7 ** 1.3 1.1 ns 1.4 1.4 ns 

KLF2 Kruppel-like factor 2 0.3 0.6 ** 1.3 1.1 ns 0.9 1.1 ns 

BHLHE40 basic helix-loop-helix family. 

member e40 

3.3 1.7 ** 1.2 1.0 ns 1.1 1.0 ns 

MAFK v-maf musculoaponeurotic 

fibrosarcoma  

oncogene homolog K (avian) 

2.9 1.7 ** 1.0 1.3 ns 1.1 1.2 ns 

ATF4 activating transcription factor 4 

(tax-resp. enhancer element B67) 

2.9 1.7 ** 0.9 1.1 ns 0.9 0.9 ns 

EGR2 early growth response 2 2.8 1.0 ** 1.0 0.9 ns 0.8 0.9 ns 

ANKS3 ankyrin repeat and sterile α motif  

domain containing 3 

0.4 0.8 * 1.1 0.8 ns 0.8 0.8 ns 

JUN Jun oncogene 2.6 1.2 ** 0.8 1.0 ns 0.9 0.9 ns 

ZFP36L1 zinc finger protein 36 2.3 1.0 * 0.9 1.3 ns 1.0 1.1 ns 

BTG1 B-cell translocation gene 1  

anti-proliferative 

2.3 1.2 ** 1.0 1.0 ns 1.0 1.0 ns 

BMYC brain expressed myelocytomatosis 

oncogene 

0.4 0.7 ** 0.9 0.9 ns 1.1 0.9 ns 

MRI1 methylthioribose-1-phosphate  

isomerase homolog 

0.5 0.9 * 0.9 0.8 ns 1.0 1.0 ns 

PNRC1 proline-rich nuclear receptor 

coactivator 1 

2.1 1.2 ** 0.8 0.8 ns 0.8 0.8 ns 

Table shows genes involved in regulation of cellular metabolic process (without direct immune function; these are 

shown in Table 1 and 3), as determined by gene ontology analysis (cut-off p < 0.10) performed on all significant 

differences between CPB and Sham (ANOVA and post-hoc Tukey HSD; p < 0.05). Shown in the table is the fold-

change compared to healthy control for CPB and Sham during the acute phase (60 minutes), 1 and 5 days following 

the procedure; a fold-change of 1.0 represents equal expression as observed in healthy control rats. */** indicates 

significant difference at p < 0.05/0.01, ns = no significant difference between CPB and Sham (ANOVA and post-hoc 

Tukey HSD; p < 0.05). 
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Gene ontology analysis 
Gene ontology (GO) analysis was used to investigate classes of genes that are involved in the 

same biological process across ± 340,000 described assocations in the GO-database (cut-off p 

< 0.10; tables 3.3–3.5). Comparing differences between Sham and CPB, gene ontology 

analysis provides initial information about signalling pathways affected by CPB. Genes 

involved in cytokine biosynthetic processes and cytokine mediated signaling pathways 

(Table 3.3; 11 genes), genes involved in defense and immune response (Table 3.4; 17 genes), 

and genes involved in regulation of cellular metabolic processes (Table 3.5; 23 genes) 

represented ontologies that were significantly affected by CPB. Gene ontologies (biological 

processes) that were significantly altered in expression by CPB were limited to the acute 

phase following surgery: no differences existed after 24 hours (Tables 3.3 – 3.5). In the acute 

phase, profound (> 10-fold) upregulation occurred of interleukin-6 (IL6; 283-fold), IL-1β 

(19-fold), oncostatin M receptor (OSMR; 17-fold), IL-10 (14-fold) (Table 3.3), chemokine (C-

X-C-motif) ligand 1 and 2 (CXCL1/2; 238- and 241-fold, respectively); P-selectin (Selp; 160-

fold), CXCL10 (60-fold), FBJ osteosarcoma oncogene (FOS; 33-fold), E-selectin (Sele; 30-fold), 

chemokine (C-C-motif) ligand 2 (CCL2; 19-fold), peptidoglycan recognition protein 1 

(PGLYRP1; 19-fold), CCL7 (13-fold) (Table 3.4), early growth response 1 (EGR1; 20-fold), 

myelocytomatosis oncogene (MYC; 14-fold), zinc finger protein 36 (ZFP36; 11-fold) and runt 

related transcription factor 1 (RUNX1; 10-fold) (Table 3.5). No genes were found profoundly 

downregulated by CPB as compared to Sham. Of the 17 genes that are profoundly 

upregulated by CPB as compared to Sham, 13 were involved in the regulation of immune 

responses (Tables 3.3 and 3.4).  

Plasma concentration of IL6 
Since expression of IL6 was grossly upregulated in the acute phase following CPB, we 

measured its plasma concentration by ELISA. In animals that underwent CPB, the plasma 

concentration of IL6 was increased more than 4400-fold (p < 0.01; Figure 3.3), while it was 

not significantly affected by the Sham procedure. 

 

Figure 3.3: The plasma concentration of 

interleukin-6 (IL-6) is substantially increased 

following CPB as compared to Sham and healthy 

controls. The concentration of IL-6 was measured in 

plasma derived from healthy control animals and in the 

acute phase after CPB or Sham procedure. Shown in the 

figure is mean ± standard error of the mean (S.E.M.). P-

values represent significant differences between the 

groups (One-Way ANOVA). 
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Discussion  

Our analysis reveals 420 genes in rat kidney to be affected by CPB. The majority of changes 

was detected at a short interval after CPB, and normalized by 1 day following CPB. Gene 

ontology analysis was performed to calculate which sets of gene were significantly affected 

by CPB and demonstrated that mainly genes involved in immune responses (acute phase 

response) and metabolic processes were significantly upregatuled by CPB as compared to 

Sham. The sequence of events following CPB can be divided in events on a molecular level 

(e.g. intracellular signaling pathways; summarized in Figure 3.4) as well as on a cellular level 

(e.g. influx of leukocytes). An important signaling pathway identified by our microarray is 

the gp130-cytokinereceptor mediated signaling pathway. This receptor can be activated by 

IL6 or OSM (grossly increased in our array) that leads via activation of MAP-kinase pathways 

to expression of adhesion molecules, (chemoattractive) cytokines and other molecules 

involved in the acute phase response. Analysis of chemokine expression profiles suggests a 

role for (resident) macrophages in the production of these cytokines. Changes in gene 

expression were normalized to levels not significantly different between CPB and Sham at 1 

day following surgery. Our study was designed and powered to identify key players in the 

etiology of kidney inflammation following CPB. However, our study may lack power to reveal 

small changes in gene expression at day 1 and 5 because of a limited number of animals per 

group. Further, the severity of renal inflammation in our model employing healthy rats is 

likely less than in older patients with co-morbidities. Nevertheless, our analysis shows that 

our approach allowed to identify the main changes in gene expression induced by CPB that 

are the initiators of the local inflammatory response in the kidney. The induction of an acute 

phase response in the kidney sets the stage for massive influx of leukocytes (neutrophils, 

lymphocytes, monocytes/macrophages), and activation of coagulation cascades.  

Signal transduction pathways involved in the acute phase response induced by CPB 
Interleukins play important signaling roles in inflammatory responses. In the kidney, 

interleukin-1β (IL1β) and IL6 are increased in expression in the acute phase (60 minutes) 

following CPB (Table 3.1). IL1β is 19-fold upregulated in CPB, while IL6 was almost 300-fold 

upregulated in CPB; the plasma concentration of IL6 increased more than 4400-fold by CPB 

as compared to healthy control, while it was not significantly increased by the Sham 

procedure. This finding does not only suggest major involvement of IL6 in the inflammatory 

response induced by CPB, but also underlines the presence of a systemic inflammatory 

response. Expression of IL6 might be induced by IL1β via activation of MAP-kinases (ERK1/2 

and p38) (Yang et al., 2008), but also by Oncostatin M (OSM) that plays an important role in 

the acute phase response in the kidney (Luyckx et al., 2009). Both OSM and IL6 can activate 

the gp130-cytokine-receptor leading to the induction of expression of IL6, fibrinogen beta 

(FGB), OSMR and Serpine peptidase inhibitor 1 (Serpine 1) (Luyckx et al., 2009) (Figure 3.4). 

Binding of IL6 to the gp130-receptor stimulates homodimerization that in turn leads to 

activation of downstream signalling pathways. Negative feedback in the pathway is supplied 

by SOCS-3, which is upregulated more than 100-fold in the acute phase (60 minutes) 

following CPB. It has been shown that plasma levels of IL6 correlate with the presence of 

renal injury following CPB (Gueret et al., 2009a). In the kidney, IL6 signals through the 

glycoprotein-130 (gp130)-cytokine-receptor, downstream Janus Kinase/signal transducer 

and activator of transcription (JAK/STAT), and mitogen activated protein kinase (MAP-

kinase) signal transduction pathways. Activation of this MAPK pathways is suggested by our 
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microarray, as the downstream transcription factors of MAPK-signaling Myc, Jun, Fos, and 

ATF-4 were upregulated by CPB. Activation of different MAPK-signaling pathways can occur 

by several stimuli, including ischemia/reperfusion and circulating cytokines and determines 

cellular faith in terms of survival or apoptosis of the cells (di Mari et al., 1999). MAP-kinases 

play an important role in signal transduction in inflammation by regulating the transcription 

of cytokines and/or growth factors (Figure 4). Thus, the changes in expression of both 

upstream activators and downstream signaling targets are highly consistent with CPB 

activating the gp130-cytokine receptor and downstream MAP-kinase signal transduction 

pathways that play a pivotal role in cell cycle regulation and expression of cytokines. 

 

Figure 3.4: Summary of major signal transduction pathways involved in renal injury following 

cardiopulmonary bypass. Activation of the interleukin-1-receptor (IL1R), gp130-cytokine receptor (interleukin-6-

receptor or oncostatin-receptor; IL6R or OSMR) activates mitogen activated protein kinases (MAP-kinases) 

extracellular signal-regulated kinase (ERK), Jun-kinase (JNK) and p38. Activation of JNK and p38 might result in 

apoptosis of the cell. Downstream signal transduction from the gp130-cytokine receptor can result in transcription 

of genes involved in the acute phase response in the kidney (fibrogen-β; FGB, OSMR; oncostatin M receptor, and 

Serpine 1), but also induces expression and activation of suppressor of cytokine signaling 3 (SOCS3) that provides a 

negative feedback loop by inhibiting the receptor. Expression of C-X-C chemokine ligand 1 and -2 (CXCL1 and -2) 

can be induced by downstream signal transduction of the IL1R in which MyD88 and the MAP-kinases ERK and p38 

play important signaling roles. Further, activation of MAP-kinases is enhanced by growth arrest and DNA-damage 

inducible gene (GADD45) and MAP-kinase kinase kinase 4 (MAP3K4) and lead via activation of transcription factors 

(Myc, Fos, Jun, ATF2 and ATF4) to transcription of several genes that are involved in the inflammatory response and 

might contribute to the development of acute kidney injury following cardiopulmonary bypass. 
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Expression of chemokines and adhesion molecules sets the stage for cellular influx 
into the kidney 
Expression of chemokines can stimulate influx of leukocytes into the kidney, thereby 

exaggerating the inflammatory response. In our analysis, C-X-C motif chemokine ligand 1 

(CXCL1), CXCL2, C-C motif chemokine ligand 2 (CCL2), CCL7, and CXCL10 were grossly 

upregulated in the acute phase following CPB (Table 3.2). The first two cytokines, CXCL1 and 

CXCL2, can stimulate attraction of neutrophils (De Filippo et al., 2008), while expression of 

CCRL2 augments the sensitivity of the neutrophils to chemokines (Galligan et al., 2004), 

which is upregulated in the acute phase following CPB (Table 3.2). Influx of 

monocytes/macrophages can be promoted by CCL2 and CCL7 (Mantovani et al., 1992; 

Corrigall et al., 2001). Activation of macrophages induces expression of CCL2, CCL7 (Albright 

and Gonzalez-Scarano, 2004), CXCL1 and CXCL2 (De Filippo et al., 2008), which are induced 

by CPB as well (Table 3.2). Early upregulation of CXCL1 and CXCL2 can be induced by 

ischemia/reperfusion (Maheshwari et al., 2004), but also IL1β is able to upregulate 

expression of these cytokines, in which MyD88 and the MAP-kinases ERK1/2 and p38 play 

important signaling roles (Yang et al., 2008; De Filippo et al., 2008) (Figure 3.4). Leukocyte 

influx can be facilitated by the upregulation of E- and P-selectin, VCAM1 and ICAM1 in the 

acute phase following CPB. Since CXCL1, CXCL2, CCL2 and CCL7 are mainly produced by 

macrophages, our array data support the view that the early activation of (resident) 

macrophages induces the production of chemokines. Local production of chemokines and 

increased expression of adhesion molecules following CPB sets the stage for cellular influx 

into the kidney, thereby amplifying the inflammatory response. 

Influence of carbon dioxide pressure on inflammation following CPB 
The PaCO2 was higher during CPB as compared to Sham, which might influence the 

inflammatory response although previous studies show controversial results on the role of 

carbon dioxide. In vitro studies suggest that carbon dioxide might reduce gene expression 

due to repressed activity of NFkB-family of transcription factors (Cummins et al., 2010). 

However, prolonged exposure (24 hours) of endotoxemic rats to hypercapnia is associated 

with pro-inflammatory effects in the lungs, while hypercapnia has anti-inflammatory effects 

in the spleen (Norozian et al., 2011). Further, hypercapnia increases adhesion molecule 

expression and neutrophil adhesion in the limb of LPS-treated rabbits as compared to 

eucapnic animals (Liu et al., 2008). However, hypercapnia these animal studies was 

maintained for 24 and 4 hours, respectively, leading to a PaCO2 > 7 kPa. Thus, effects of 

hypercapnia on the immune response were reported only in models in which hypercapnia 

was of considerably longer duration and stronger magnitude than present in our study. 

Therefore, the effect of hypercapnia during CPB is likely to be of minor relevance, although 

we cannot exclude a potential influence. 
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Clinical implications 
The key molecular players of the CPB evoked renal inflammatory response identified in this 

study in rat likely play an important role in the pathogenesis of renal injury following CPB in 

humans (Asimakopoulos, 2001; Holmes et al., 2002; Caputo et al., 2002). In accord, plasma 

levels of IL6 (Gueret et al., 2009a) and activation and influx of neutrophils and monocytes 

(Rinder et al., 2003) correlate with renal injury following CPB in patients. Further, our 

analysis suggests that resident macrophages might play a more important role than 

infiltrating cells from the circulation in initiating the inflammatory response in the kidney, as 

chemokines that were upregulated in the acute phase following CPB are mainly produced by 

(resident) macrophages rather than neutrophils or lymphocytes. In turn, these chemokines 

can stimulate subsequent influx of both neutrophils, monocytes/macrophages, and 

lymphocytes. The view that resident macrophages are of prime importance seems highly 

compatible with the limited effectiveness of leukocyte depleting filters during CPB (Warren 

et al., 2008; Gu et al., 1996; Zhang et al., 2010; Fabbri et al., 2001) as leukocyte filtering 

reduces the number of circulating leukocytes but does not affect resident macrophages. 

Should resident macrophages initiate the inflammatory response, systemic immune 

suppression is anticipated to limit the local inflammation in the kidney following CPB. 

Nevertheless, administration of corticosteroids does not affect myocardial, lung and kidney 

injury or mortality (Dieleman et al., 2011; Loef et al., 2004; Morariu et al., 2005), despite the 

reduction of the CPB related systemic inflammatory response (Morariu et al., 2005). Lack of 

effectiveness of corticosteroids may well be due to the induction of acute hyperglycemia, 

which is associated with post-operative morbidity and mortality (Kawahito et al., 2010; 

Knapik et al., 2009). Thus, although inflammation seems to play an important role in the 

pathogenesis of CPB related renal injury, currently employed anti-inflammatory strategies 

do not reduce morbidity and mortality. 

Identification of pharmacological targets 
Inhibition of signaling pathways, either directed at leukocytes (e.g. resident macrophages) or 

endothelial cells in the kidney, might reduce the inflammatory response in the kidney. As 

described above, signaling through the gp130-cytokine-receptor following activation of OSM 

or IL6 and downstream activation of MAP-kinases represents an important target in renal 

inflammation following CPB. Reducing the presence of the receptor-ligand, antagonizing the 

receptor or intervening in its signal transduction might limit renal inflammation following 

CPB. Identification of pharmacological agents that successfully reduce renal injury following 

CPB does not only provide more insight into the pathogenesis of CPB-induced renal 

dysfunction and its influence on mortality, but might also improve survival following 

surgery.  

Conclusion 
Changes in gene expression of kidney occur early following CPB and represent mainly genes 

involved in inflammatory responses. The principle activation route consists of release of IL6 

or OSM by resident kidney macrophages, which in turn activate gp130-cytokine mediated 

signaling and downstream MAP-kinase pathways. Intervening with receptor activation or 

downstream signaling may represent novel therapeutic strategies to limit CPB-induced renal 

injury. 
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