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Abstract

Background: Ischemia/reperfusion (I/R) injury is a common clinical problem. Although 

the pathophysiological mechanisms underlying I/R injury are unclear, oxidative damage is 

considered a key factor in the initiation of I/R injury. Findings from preclinical studies 

consistently show that quenching reactive oxygen and nitrogen species (RONS), thus limiting 

oxidative damage, alleviates I/R injury. Results from clinical intervention studies on the 

other hand are largely inconclusive. In this study, we systematically evaluated the release 

of established biomarkers of oxidative and nitrosative damage during planned I/R of kidney 

and heart in a wide range of clinical conditions.

Results: Sequential arteriovenous concentration differences allowed specific measurements 

over the reperfused organ in time. None of the biomarkers of oxidative and nitrosative 

damage (that is, malondialdehyde, 15(S)-8-iso-prostaglandin F2α, nitrite, nitrate and 

nitrotyrosine) were released upon reperfusion. Cumulative urinary measurements confirmed 

plasma findings. As of these negative findings, we tested for oxidative stress during I/R and 

found activation of the nuclear factor erythroid 2-related factor 2, the master regulator of 

oxidative stress signaling. 

Innovation: This comprehensive, clinical study evaluates the role of RONS in I/R injury in 

two different human organs (kidney and heart). Results show oxidative stress, but do not 

provide evidence for oxidative damage during early reperfusion, thereby challenging the 

prevailing paradigm on RONS-mediated I/R injury. 

Conclusions: Findings from this study suggest that the contribution of oxidative damage 

to human I/R may be less than commonly thought and propose a re-evaluation of the 

mechanism of I/R. 
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Introduction

Ischemia/reperfusion injury (I/R) is the paradoxical increase of tissue damage upon 

reperfusion of ischemic tissue. I/R is considered a major contributor to tissue damage in 

multiple clinical situations such as myocardial infarction, stroke and organ transplantation. 

The pathophysiology of I/R injury is complex and incompletely understood, and effective 

treatment is currently lacking. 

Reactive oxygen and nitrogen species (RONS) are considered key initiators of I/R injury. 

Ischemia-related metabolic adaptations and dysregulated mitochondrial homeostasis are 

thought to result in substantial RONS release upon reintroduction of oxygen. This RONS 

overload can overwhelm the endogenous antioxidant system, resulting in oxidative damage. 

This may trigger secondary processes such as a pro-inflammatory response.1-4 

It has long been supposed that antioxidant therapy mitigates I/R injury. The validity of 

this concept has been proven in numerous animal studies, which all clearly demonstrate 

that antioxidant therapy ameliorates I/R injury.5-7 Despite these findings, studies in humans 

consistently fail to show any clinically relevant effect.5, 8-11 The basis for this discrepancy 

between human and animal studies is still unclear, yet it may suggest that the contribution 

of RONS to I/R injury in humans may be less than commonly thought.

In this study, a double approach was used to evaluate the role of RONS in clinical I/R injury. 

First, release of established biomarkers of oxidative damage from the human kidney and 

heart was assessed during planned I/R. By cannulation of the efferent vein, that is, the 

renal vein during kidney transplantation and the coronary sinus during cardiac valve surgery, 

sensitive and organ-specific measurements of net changes in oxidative damage biomarkers 

over the organ were conducted. Next, as none of the biomarkers were released during the 

reperfusion phase, we tested for presence of oxidative stress during early reperfusion, 

which did show activation of nuclear factor erythroid 2-related factor 2 (Nrf2), a critical 

transcription factor in oxidative stress signaling. All together, results from these studies, 

comprising different organs, clinical settings and durations of ischemia, are highly consistent 

and do indicate oxidative stress, but no RONS-related damage during the acute reperfusion 

phase in humans, suggesting that the endogenous antioxidant system is able to cope with 

I/R related oxidative stress.
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Methods

Patients and surgical procedures
This prospective observational study involved patients undergoing renal I/R during kidney 

transplantation with living donor (LD) and deceased donor (DD) grafts, and patients 

undergoing myocardial I/R (that is, during cardiac valve surgery) with and without 

preexisting heart failure. The study protocols were approved by the local Ethics Committee, 

and written informed consent was obtained from each patient. 

Kidney transplantation

Twenty-four patients undergoing renal allograft transplantation were included: eight 

patients receiving a kidney from a LD and 16 patients receiving a kidney from a DD (nine 

brain-dead donors and seven cardiac-dead donors). LD and DD kidney transplantations were 

separately analyzed and compared because of large differences in ischemia times, pre-

transplantation graft handling, and clinical outcome between these groups. Within groups 

variability of patient and graft characteristics was small for both donor types, rendering the 

comparison more reliable. LD kidney transplantations allowed for measurements in urine 

produced by the graft directly after reperfusion, providing a more cumulative measure than 

the arteriovenous measurements. 

Kidney transplantations were performed according to the local standardized protocol. For 

technical reasons (renal vein sampling), only patients receiving a left kidney were included. 

In LDs a minimally invasive open nephrectomy was performed. The immunosuppressive 

regimen was based on induction therapy with basiliximab followed by maintenance therapy 

with tacrolimus or cyclosporine A in addition to mycophenolate mofetil and steroids. 

Cardiac valve surgery

Myocardial I/R was studied in patients undergoing cardiac valve surgery with aortic cross-

clamping (that is, cessation of blood flow in the coronary arteries). Twenty-four patients 

scheduled for elective mitral valve annuloplasty with use of cardiopulmonary bypass were 

included: 12 patients with preexisting heart failure and 12 patients without heart failure. 

Heart failure was defined as an inadequate pump function with an echocardiographically 

estimated ejection fraction biplane below 35%12 and the presence of one or more clinical 

symptoms of heart failure (New York Heart Association classification).13 Exclusion criteria 

were perioperative corticosteroid therapy, minimal invasive surgical procedures, emergency 

cardiac operations and previous cardiac surgery. 
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Cardiac surgery was performed according to the local standardized protocol. All surgical 

procedures were performed via a midline sternotomy under normothermic cardiopulmonary 

bypass (Jostra Maquet, Maquet, Hirrlingen, Germany) with intermittent potassium-enriched 

antegrade warm-blood cardioplegia. This solution was administered every 15 to 20 minutes 

throughout the entire ischemic period. The cardiopulmonary bypass system was coated 

with a heparin softline coating. No antioxidants or other preservational or therapeutical 

substances were added. 

During cardioplegia-induced cardiac arrest (myocardial ischemia), valve surgery was 

executed. Eventually, the aortic cross-clamp was removed to restore the blood flow through 

the heart (start of reperfusion). 

Arteriovenous measurements
Arterial and venous blood samples were collected directly over the reperfused organ, that 

is, from the afferent and efferent blood vessel. Comparison of multiple biomarkers in 

these samples allowed for accurate and specific assessment of locally ongoing processes in 

the reperfusion phase.14 This method was used to determine the release of biomarkers of 

oxidative damage in both kidney and heart I/R. 

Kidney transplantation

Arterial and renal venous blood samples were obtained as described before.14 Via an 

umbilical vein catheter placed in the renal vein, blood aliquots were sampled at 30 seconds, 

3, 10 and 30 minutes after reperfusion. Paired arterial blood samples were simultaneously 

obtained via the iliac artery at 0, 3, 10 and 30 minutes after reperfusion (Figure 1A). The 

endpoint of sampling was reached 30 minutes after reperfusion by closing the abdominal 

wall. The initial urine produced by the graft in the first 10 minutes after reperfusion was 

collected directly from the graft’s ureter. Control urine was collected from the urethral 

catheter of LDs during the nephrectomy procedure before kidney ischemia was induced. 

All samples were collected in pre-cooled tubes containing ethylenediaminetetraacetic acid 

(EDTA) (BD Vacutainer, Plymouth, UK) and placed on melting ice immediately. Blood and 

urine samples were centrifuged (1.550 g, 20 min, 4ºC) within one hour after collection and 

the derived plasma or supernatant was re-centrifuged (1.550 g, 20 min, 4ºC) to deplete it 

from remaining leukocytes and platelets. Material was aliquoted and stored at -70ºC until 

analysis. 

Cardiac valve surgery

A 5 French indwelling jugular vein catheter (PICC, Arrow International Inc., REF PS-

01651, PA, USA) was inserted in the right atrium and placed in the coronary sinus during 
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cardiac surgery (Figure 1B). As all patients underwent mitral valve surgery using a vertical 

transseptal incision, the coronary sinus could easily be cannulated during the surgical 

procedure. An arterial catheter was routinely placed in the radial artery. Arterial and paired 

myocardial venous blood (coronary sinus) samples were obtained at 0, 15, 30 and 60 minutes 

after reperfusion as described recently.15 All samples were collected in pre-cooled tubes 

containing EDTA (BD Vacutainer, Plymouth, UK) and placed on melting ice immediately. 

Blood samples were centrifuged (1.550 g, 10 min, 4ºC) within one hour after collection 

and the derived plasma was re-centrifuged (10.000 g, 4 min, 4ºC) to obtain leukocyte and 

platelet poor plasma. Aliquots were stored at -70ºC until analysis. 

Figure 1. Schematic representation of the arteriovenous measurements of the kidney and heart. 
The figure shows the position of the arterial and renal venous catheter in the kidney (A), and the 
coronary sinus catheter in the heart (B). 

Biopsy collection
A pre-transplantation renal cortical biopsy was obtained just before transplantation, when 

the graft was still on ice. A paired needle biopsy of the same kidney was collected 45 

minutes after reperfusion. Myocardial biopsies were collected at start of cardioplegia-

induced cardiac arrest and a paired, second biopsy was obtained at the end of the 

ischemic period, just before reperfusion of the heart. Because of technical reasons, a post-

reperfusion biopsy could not be collected since most of the included heart failure patients 

were hemodynamically instable in the early reperfusion phase. Lifting the heart, to take 

a post reperfusion biopsy, was considered unsafe. All biopsies were snap-frozen in liquid 

nitrogen and stored at -70ºC until analysis. 

A B
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Laboratory plasma measurements
To validate the method of arteriovenous measurements and to assess whether there is 

oxygen consumption by the reperfused organ, the oxygen saturation level was assessed in 

arterial as well as venous blood samples of a LD by means of a routinely used validated blood 

gas analyzer. The extent of RONS-mediated damage was evaluated by measuring different 

well established biomarkers of oxidative and nitrosative damage by state of the art stable 

isotope dilution gas chromatography-mass spectrometry (GC-MS) and gas chromatography-

tandem mass spectrometry (GC-MS/MS) methods. Malondialdehyde (MDA) and 15(S)-8-iso-

PGF2α are widely recognized biomarkers of lipid peroxidation.16 In humans, nitrite and 

nitrate are reliable indicators of nitric oxide synthesis and frequently measured breakdown 

products of RONS.16-18 

MDA and total 15(S)-8-iso-prostaglandin F2α (15(S)-8-iso-PGF2α), that is, free and esterified 

15(S)-8-iso-PGF2α, were assessed with an extensively validated GC-MS/MS method as 

described previously.19, 20 In parallel, the thiobarbituric acid-reactive substances (TBARS) 

method was used to detect MDA in plasma as well as in urine samples.21 Free 15(S)-8-

iso-PGF2α in urine was measured by GC-MS/MS.20 Nitrite and nitrate were measured 

simultaneously by GC-MS in plasma and urine aliquots as described elsewhere in detail.19, 

22 The prostaglandin E2 (PGE2) concentration in urine was measured by GC-MS/MS after 

immunoaffinity column chromatography extraction.20 Urinary parameters were corrected 

for creatinine excretion.23 Study samples were analyzed alongside quality control (QC) 

samples as described previously.19, 22, 23 The MDA plasma concentration in the QC samples was 

determined to be 57.3 ± 7.8 nmol/L (mean ± standard deviation (SD), n = 25) corresponding 

to an imprecision (relative SD) of 13.7 %. The total 15(S)-8-iso-PGF2α plasma concentration 

in the QC samples was determined to be 157 ± 6.4 pmol/L (mean ± SD, n = 10) corresponding 

to an imprecision of 4.1%. In the QC samples for plasma nitrite and nitrate (n = 30), 

accuracy and imprecision were 90% to 112% and below 6%, respectively. 3-Nitrotyrosine in 

proteins, a biomarker of nitrosative damage, was measured by ELISA in accordance with 

the manufacturer’s instructions (Biotech nitrotyrosine EIA, Oxis, Portland, Oregon, USA).16

Nrf2/ARE pathway

Nrf2 activation was assessed in whole-cell lysate. Snap-frozen renal biopsies were 

homogenized and whole-cell extracts were prepared according to the manufacturers’ 

instructions (Nuclear extract kit, Active Motif, Carlsbad, CA, USA). Next, activated Nrf2 in 

cell lysates was quantified by DNA-binding ELISA according to the manufacturers’ instructions 

(TransAM Nrf2, Active Motif, Carlsbad, CA, USA). Total RNA was extracted from renal or 

myocardial tissues as described earlier, using glyceraldehyde phosphate dehydrogenase 

(GAPDH) as internal control.24 For expression profiling, the integrity of each RNA sample 
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was examined by Agilent Lab-on-a-chip technology using the RNA 6000 Nano LabChip kit and 

a bioanalyzer 2100 (Agilent Technologies, Amstelveen, The Netherlands). RNA preparations 

were considered suitable for array hybridization only if samples showed intact 18S and 

28S rRNA bands, and displayed no chromosomal peaks or RNA degradation products (RNA 

Integrity Number >8.0).25 Subsequent microarray analysis was performed using Illumina 

whole-genome gene expression BeadChips (Illumina BeadArray®, San Diego, CA, USA) 

according to instructions of the manufacturer at Service XS (Leiden, The Netherlands). 

Selected probes from the canonical Nrf2 pathway were used as an input for pathway analysis 

through the Ingenuity Pathway Analysis suite (http://www.ingenuity.com). Hierarchical 

clustering and heatmap visualization were carried out using Hierarchical Clustering Viewer 

and Heatmap Viewer modules within the GenePattern analysis suite.26-28

Histological analyses
In kidney biopsies collected before and after reperfusion, presence of various antioxidant 

enzymes and RONS generation by xanthine oxidase (XO) was assessed. Antioxidant enzymes 

superoxide dismutase (SOD) and peroxidases (catalase and glutathione peroxidase) were 

measured by histochemical methods as described previously in detail.29 The XO activity was 

measured in renal tissue, based on the generation of superoxide anions from hypoxanthine, 

as described earlier.30 Specificity of the assay was demonstrated by inhibition of XO by 

allopurinol. Rat liver tissue was included as positive control. 

Statistical analysis
Statistical analysis was performed with the Statistical Package for the Social Sciences 16.0 

(SPSS Inc., Chicago, IL, USA). All data in the text and tables are expressed as mean ± SD. 

Patient characteristics were compared by paired t-test. The area under the curve (AUC) 

was calculated for the arterial and venous curve. AUC’s and urinary measurements were 

compared by using the Wilcoxon signed rank test. Differential expression of probes was 

assessed using unpaired moderated t-test (LIMMA) through the Remote Analysis Computation 

for gene Expression data (RACE) suite at http://race.unil.ch.31 A P value less than 0.05 was 

considered significant. Graph error bars indicate the standard error of the mean (SEM).

Results

Patient characteristics and outcome
Patient characteristics for kidney transplantation and cardiac valve surgery are summarized 

in Tables 1 and 2, respectively. One-year patient and graft survival was 100% for the patients 

who underwent kidney transplantation. One-year survival was also 100% for all patients who 

underwent cardiac valve surgery.
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Table 1. Transplantation and outcome characteristics in living donor and deceased donor 

kidney transplantations
LD DD P value

n 8 16
Recipient age (years) mean ± SD 41.1 ± 10.5 54.6 ± 12.2 0.02
Recipient gender (% male) 38 (n = 3) 56 (n = 9) 0.39
Cause renal failure

ADPKD
Renal fibrosis
MPG
IgA nephropathy
BM nephropathy
Hypertension
FSG
Unknown

2 (25%)
2 (25%)
1 (13%)
1 (13%)

0
0
0

2 (25%)

4 (25%)
1 (6%)
1 (6%)
1 (6%)
2 (13%)
2 (13%)
1 (6%)
4 (25%)

Donor age (years) mean ± SD 43.9 ± 10.6 53.5 ± 16.1 0.14
Donor gender (% male) 75 (n = 6) 44 (n = 7) 0.15
Cause of death donor

BDD: trauma
BDD: SAH
BDD: hypoxic
CDD: traumatic brain injury
CDD: intracranial hemorrhage
CDD: SAH

N/A
3 (19%)
2 (13%)
3 (19%)
2 (13%)
4 (25%)
2 (13%)

Preservation fluids HTK (n = 8) UW (n = 11)
HTK (n = 5)

0.001

CIT (min) mean ± SD 179.1 ± 18.6 1117.7 ± 299.1 < 0.001
WIT (min) mean ± SD 34.0 ± 6.3 33.5 ± 6.1 0.85

Abbreviations: ADPKD, Autosomal Dominant Polycystic Kidney Disease; BDD, Brain-Dead Donor; BM, 
Basement Membrane; CDD, Cardiac-Dead Donor; CIT, Cold Ischemia Time; DD, Deceased Donor; FSG, 
Focal Segmental Glomerulosclerosis; HTK, Histidine–Tryptophan–Ketoglutarate; LD, Living Donor; MPG, 
Membranous Glomerulonephritis; SAH, Subarachnoid Hemorrhage; UW, University of Wisconsin; WIT, 
Warm Ischemia Time. 

Table 2. Characteristics of patients with and without preexisting heart failure undergoing 

cardiac surgery
Heart failure No heart failure P value

n 12 12
Gender 
     (% male)

75 (n = 9) 42 (n = 5) 0.11

Age (years)
     Mean ± SD

66.75 ± 8.91 62.68 ± 11.65 0.20

Ischemia time (min) 
     Mean ± SD

128.25 ± 50.66 127.00 ± 32.62 0.89

Duration ICU stay (h)*

     Mean ± SD 
62.50 ± 40.75 31.58 ± 23.90 0.02

Abbreviation: ICU, Intensive Care Unit.
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Validation of arteriovenous measurements
The methodology of the arteriovenous sampling is schematically shown in Figure 1. The 

principle of the method is illustrated by arterial and venous oxygen saturation levels 

measured during early reperfusion, showing an effective and consistent consumption of 

oxygen (Figure 2).

Figure 2. A typical example of arteriovenous oxygen saturation differences during reperfusion of 
the kidney. 
Arterial and renal venous oxygen saturation was measured during the first 30 minutes of reperfusion. 
The consistently lower venous oxygen saturation level indicates the uptake of oxygen by the reperfused 
kidney, demonstrating its immediate metabolic activity.   

Biomarkers of oxidative damage 
Renal I/R is not associated with oxidative damage 

MDA and 15(S)-8-iso-PGF2α were measured as established biomarkers of RONS-mediated 

damage. Arteriovenous measurements of MDA did not indicate its release from the kidney 

during the first 30 minutes of reperfusion of LD kidneys by either GC-MS (P = 0.17; Figure 

3) or TBARS method (P = 0.06). Urinary MDA levels (TBARS method) were also assessed in 

the first urine produced immediately after reperfusion (LDs only) as an aggregate measure 

of total MDA formation in the kidney. The MDA levels in this first urine collected after 

reperfusion were similar to the control urine, that is, urine produced by the kidney before 

its removal from the donor (P = 0.40). 
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Figure 3. Arterial and venous plasma concentrations of MDA.
(A) Arterial and renal venous plasma MDA concentrations during the first 30 minutes of reperfusion in 
living donor kidney transplantation as determined by GC-MS/MS showed no MDA release (p = 0.17); (B) 
No MDA release was observed when determined by TBARS method either (p = 0.06); (C) Arterial and 
myocardial venous plasma MDA concentrations during the first 60 minutes of reperfusion in patients 
with preexisting heart failure showed no release from the myocardium (p = 0.05). In fact, venous MDA 
levels tended to be lower than the arterial levels in patients with preexisting heart failure; (D) In 
patients without preexisting heart failure MDA was not released either (p = 0.43).

Minimal release was observed for 15(S)-8-iso-PGF2α from reperfused LD kidney grafts (P = 

0.03). However, clinically more vulnerable DD kidneys did not show any 15(S)-8-iso-PGF2α 

release upon reperfusion (P = 0.16; Figure 4). Arteriovenous measurements over the non-

ischemic kidney in LDs, that is, before donor nephrectomy, revealed no release of 15(S)-

8-iso-PGF2α (P = 0.69), demonstrating that its post-reperfusion release is specific for I/R. 

Urinary 15(S)-8-iso-PGF2α levels were not influenced by reperfusion (P = 0.35; Table 3). 

Urinary PGE2 was measured as marker of cyclooxygenase-2 (COX-2) activity. PGE2 levels in 

the first urine collected after reperfusion were higher than those of the control urine, that 

is, urine produced by the kidney prior to its removal from the donor (P = 0.02; Figure 5). 

This shows that in contrast to the absence of apparent oxidative damage, oxidative stress 

appears to be increased after renal reperfusion. 
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Figure 4. Arterial and venous plasma concentrations of 15(S)-8-iso-prostaglandin F2α.
(A) Arterial and renal venous plasma 15(S)-8-iso-PGF2α concentrations during the first 30 minutes of 
reperfusion in living donor (LD) kidney transplantation showed a small, but significant release from 
the kidney (P = 0.03); (B) In deceased donor (DD) kidney transplantation, 15(S)-8-iso-PGF2α was not 
released from the reperfused kidney during the first 30 minutes of reperfusion (P = 0.16); (C) Arterial and 
myocardial venous plasma 15(S)-8-iso-PGF2α concentrations during the first 60 minutes of reperfusion 
in patients with preexisting heart failure showed a small, but significant release from the myocardium 
(P = 0.02); (D) In patients without preexisting heart failure, 15(S)-8-iso-PGF2α was not released from 
the reperfused heart during the first 60 minutes of reperfusion (P = 0.18).
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Table 3. AUC venous minus AUC arterial (delta AUC) of the measured plasma biomarkers for 

oxidative and nitrosative damage during the early reperfusion phase.
Kidney transplantation Cardiac valve surgery

Delta AUC* LD DD LD Urine† Heart
failure

No heart 
failure

Oxidative damage
Malondialdehyde (nmol/L×min)
     (P value)

138.2 
(0.17)

Not 
measured (0.40)

-4544
(0.05)

1758
(0.43)

15(S)-8-iso-PGF2α (pmol/L×min)
     (P value)

356
(0.03‡)

-1306
(0.16) (0.35)

1056
(0.02‡)

934
(0.18)

Nitrosative stress and damage
Nitrite (nmol/L×min)
     (P value)

308
(0.50)

-910
(0.87) (0.06)

-6949
(0.002)

-5878
(0.03)

Nitrate (μmol/L×min)
     (P value)

-36
(0.50)

77
(0.98) (0.69)

-14
(0.53)

75
(0.81)

Nitrotyrosine (nmol/L×min)
     (P value)

-113
(0.93)

Not 
measured

Not
measured

Not
measured

Not
measured

* Delta AUC: AUC venous minus AUC arterial (P value) of the measured plasma markers during the early 
reperfusion phase. A positive number indicates a release from the reperfused organ, whereas a negative 
number indicates an uptake of the biomarker. 
† Results in urine indicate P values of the difference of the pre- and post reperfusion measure. 
‡ Significant venous release (P < 0.05).
Abbreviation: AUC, area under the curve.

Figure 5. Prostaglandin E2 excretion in urine. 
Creatinine-corrected levels of prostaglandin E2 (PGE2) in the first urine collected after reperfusion 
(post) were higher than those of control urine (pre), that is, urine produced by the kidney before its 
removal from the donor (P = 0.02). 
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Myocardial I/R is not associated with oxidative damage

Results of myocardial I/R resembled those of the kidney. There was no myocardial MDA 

release during the first hour after reperfusion in both patients with and without heart 

failure (P = 0.05 and P = 0.43, respectively; Table 3, Figure 3). In fact, venous MDA levels 

tended to be lower than arterial levels in patients with preexisting heart failure. 15(S)-8-

iso-PGF2α showed a small local release early after reperfusion in patients with preexisting 

heart failure (P = 0.02; Figure 3). In contrast, arteriovenous measurements of 15(S)-8-iso-

PGF2α in patients without preexisting heart failure did not indicate a local release during 

the first hour after reperfusion (P = 0.18; Table 3).

Figure 6. Arterial and venous plasma concentrations of nitrite.
(A) Arterial and renal venous plasma nitrite concentrations during the first 30 minutes of reperfusion 
in living donor kidney transplantation showed no release from the kidney (p = 0.50); (B) In deceased 
donor kidney transplantation nitrite was not released either during the first 30 minutes of reperfusion 
(p = 0.87); (C) Arterial and myocardial venous plasma nitrite concentrations during the first 60 minutes 
of reperfusion in patients with preexisting heart failure showed no myocardial release. However, a 
myocardial uptake was observed (p = 0.002); (D) Similarly, in patients without preexisting heart failure 
a myocardial nitrite uptake instead of a release was observed (p = 0.03).
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Biomarkers of nitrosative damage
No evidence for nitrosative damage in human kidney transplantation

Nitrite concentrations were equal in renal arterial and venous blood samples (LDs P = 0.50, 

DDs P = 0.87; Figure 6). Likewise, nitrate was not released from the reperfused graft either 

(LDs P = 0.50, DDs P = 0.98; Figure 7). These findings were confirmed by the additional 

measurement of plasma nitrotyrosine in LD kidney grafts, indicating no such release (P = 

0.93, Figure 8). The integral urinary measurement of nitrite and nitrate remained similar 

after reperfusion in LD kidney transplantations (P = 0.06, P = 0.69 respectively; Table 3). 

Figure 7. Arterial and venous plasma concentrations of nitrate.
(A) Arterial and renal venous plasma nitrate concentrations during the first 30 minutes of reperfusion 
in living donor kidney transplantation showed no release from the kidney (p = 0.50); (B) In deceased 
donor kidney transplantation nitrate was not released either during the first 30 minutes of reperfusion 
(p = 0.98); (C) Arterial and myocardial venous plasma nitrate concentrations during the first 60 minutes 
of reperfusion in patients with preexisting heart failure showed no myocardial release (p = 0.53); (D) 
Similarly, in patients without preexisting heart failure no myocardial nitrate release was observed (p 
= 0.81).
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Figure 8. Arterial and venous plasma concentrations of nitrotyrosine.
These was no release of nitrotyrosine from living donor kidney grafts during early reperfusion (p = 0.93).

No evidence for nitrosative damage after reperfusion of the myocardium

Arterial nitrite concentrations were higher than venous concentrations in both patient 

groups during the early reperfusion phase (P = 0.002 preexisting heart failure, P = 0.03 no 

preexisting heart failure; Figure 6), excluding myocardial nitrite release. Nitrate did not 

change over the reperfused myocardium in both patient groups (P = 0.53 preexisting heart 

failure, P = 0.81 no preexisting heart failure; Table 3, Figure 7).

Oxidative stress
Kidney

Since the above-mentioned results indicated no extracellular evidence for RONS-mediated 

damage, we tested for the occurrence of oxidative stress during I/R by assessing activation 

of Nrf2, the master regulator of the antioxidant stress response. Activation of Nrf2 was 

quantified, as well as the upregulation of Nrf2 responsive genes, heme oxygenase-1 (HMOX-

1), NAD(P)H quinone oxidoreductase (NQO1), and glutathione S-transferase A2 (GSTA2) 

in pre- and post biopsies collected from both kidney and heart (Figure 9). Using a DNA 

binding ELISA for activated Nrf2, we found clear activation of this transcription factor upon 

reperfusion (P = 0.01; Figure 10), while Nrf2 gene expression increased as well in both LD 

and DD kidney grafts (P = 0.03, P = 0.04 respectively; Figure 11). Pathway-based analysis 

of Nrf2 downstream genes (Ingenuity Pathway Analysis suite, Figure 12) showed highly 

significant (P = 7.06*10-12) upregulation of the cannonical antioxidant responsive element 

(ARE) pathway in kidneys from LDs.
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Figure 9. Schematic representation of the nuclear factor erythroid 2-related factor 2 / antioxidant 
responsive element pathway and antioxidant responsive element induced gene expression. 
Environmental stress exerts oxidative stress on cells through production of reactive oxygen and 
nitrogen species (RONS). The oxidative stress response is largely coordinated by a transcription factor, 
nuclear factor erythroid 2-related factor 2 (Nrf2). Under homeostatic conditions, there is only an 
inactive minimal basal level of Nrf2-directed gene expression under tight control of protein Keap 1. 
RONS lead to the activation of mitogen-activated protein kinases (such as MAPK, ERK, p38), protein 
kinase C (PKC), phosphatidylinositol 3 kinase (PI3K), and others, which phosphorylate Keap1 and Nrf2. 
The Keap1-Nrf2 complex is then disrupted and the transcriptionally active Nrf2 is translocated to the 
nucleus where it binds to antioxidant responsive elements (AREs) in association with Maf proteins. This 
results in an increase of the transcriptional expression of Nrf2-inducible genes such as those encoding 
heme oxygenase-1 (HMOX1), NAD(P)H quinone oxidoreductase (NQO1), and glutathione S-transferase 
A2 (GSTA2). Together, these proteins scavenge RONS and limit oxidative damage. 

Figure 10. Nuclear factor erythroid 2-related factor 2 activation upon renal reperfusion.
Nuclear factor erythroid 2-related factor 2 (Nrf2) in renal tissue was significantly converted to its 
activated form after reperfusion (P = 0.01) during living donor (LD) kidney transplantation. 
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Figure 11. Changes in renal expression of nuclear factor erythroid 2-related factor 2 gene.
Renal expression of nuclear factor erythroid 2-related factor 2 (Nrf2) gene in biopsies collected before 
(pre) and 45 minutes after (post) reperfusion during living donor (LD) and deceased donor (DD) kidney 
transplantation. Y-axis shows the relative change in gene expression as calculated by log(1/2ddCt), where 
the dCt is the Ct of studied gene minus the Ct of GAPDH, and ddCt is dCt of post-biopsy minus dCt of 
pre-biopsy. A positive number indicates an increase in expression after reperfusion, whereas a negative 
number indicates a downregulation after reperfusion. Expression of the transcription factor Nrf2 gene 
NFE2L2 was significantly upregulated after reperfusion in both LD (P = 0.03) and DD (P = 0.04) kidney 
grafts. 

Conversion of xanthine reductase to XO and accumulation of hypoxanthine during ischemia 

has been proposed as a major source of oxygen radicals during I/R injury. Histochemical 

analysis of kidney biopsies collected before and after reperfusion did not indicate the 

XO activity in renal tissue, whereas ample XO activity and abundant hypoxanthine were 

observed in the positive control (rat liver, Figure 13).
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Figure 12. Nrf2 downstream genes.
Pathway-based analysis of Nrf2 downstream genes showed highly significant upregulation of the 
cannonical antioxidant responsive element (ARE) pathway in kidneys from living donors (p = 7.06*10-12).
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Figure 13. Xanthine oxidase activity.
Histochemical analysis showing minimal xanthine oxidase activity in pre and post perfusion kidney 
biopsies. Liver biopsies showing xanthine oxidase activity in the presence (left) and absence of 
hypoxanthine (middle) are included as a positive control. Staining in the absence of hypoxanthine 
implies endogenous hypoxanthine. Specificity of the analysis is shown by including the xanthine oxidase 
inhibitor allopurinol (right). 

Antioxidant enzyme activities
SOD and peroxidase activities (catalase and glutathione peroxidase) were evaluated by 

histochemical analyses of kidney biopsies taken before and 45 minutes after reperfusion. 

Results of this analysis show abundant and similar antioxidant activities before and after 

reperfusion (Figure 14). 
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Figure 14. Endogenous antioxidant enzymes. 
Histochemical analysis showing the endogenous antioxidant enzyme systems superoxide dismutase, and 
peroxidases (catalase and gluthathione peroxidase) are active in pre and post perfusion kidney biopsies.

Discussion

Oxidative damage is long considered a key factor in the initiation of I/R injury. Although 

animal studies repeatedly showed the involvement of free radicals in I/R injury, studies 

in humans are scarce, and results of clinical intervention studies using antioxidants are 

inconclusive. Our study shows minimal release of markers of oxidative and nitrosative 

damage, and did not indicate upregulation of the classical oxidative response genes in both 

heart and kidney I/R. Results of our study are highly consistent and suggest that the role 

of oxidative and nitrosative damage in the initiation of clinical I/R injury may be less than 

commonly thought. 

RONS have long been held responsible for the initiation and propagation of I/R injury in 

many different tissue types, including the kidney, liver, and heart.32 Initial studies date 

back to 20 years ago when an increase in lipid peroxidation was shown after experimental 
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reperfusion of rat kidneys.33 Since then, further animal studies have supported a role for 

oxidative damage in I/R.34-36 In contrast, studies in humans are scarce and findings are 

inconclusive. In a clinical study of Grech et al, it was confirmed that RONS are formed after 

I/R.37 By using direct spin trapping methods, they demonstrated an immediate free radical 

production during the first four hours after myocardial reperfusion. However, whether RONS 

actually lead to tissue damage was not studied. Further studies on oxidative damage in 

I/R injury in humans show conflicting results. Zahmatkesh et al. showed that after kidney 

transplantation circulating lipid peroxidation biomarkers rise in peripheral blood.38 Whether 

this can be attributed to oxidative damage in the kidney itself or in any other part of the body 

can not be distinguished by peripheral measurements. Some studies involving myocardial 

I/R used more specific methods, that is, arteriovenous measurements over the reperfused 

heart, after percutaneous transluminal coronary angioplasty (PTCA). F2-isoprostanes were 

released from the reperfused myocardium after PTCA.39, 40 However, results on MDA release 

were contradictory, showing no myocardial release after PTCA 41 and low extent MDA release 

during coronary artery bypass grafting.42 

Although available antioxidant intervention studies are limited and results are inconclusive, 

antioxidant treatment appears a potential therapy to study in humans. Somehow, only 

few trials using antioxidants in human I/R injury are known, and it seems reasonable that 

a certain amount of publication bias has been introduced. El-Hamamsy et al. showed 

that administration of the antioxidant N-acetylcysteine around human coronary artery 

bypass surgery did not lead to improvement in clinical endpoints or decreased release 

of biochemical markers.10 Administration of tirilazad mesylate, a nonglucocorticoid 

21-aminosteroid inhibiting lipid peroxidation, to patients with acute ischemic stroke even 

increased the end-point of death instead of having beneficial effects.8 In kidney I/R only 

two clinical trials have been published using antioxidants in renal transplantation. Pollak et 

al. administered SOD intravenously before and one hour after reperfusion, but no beneficial 

effects were observed with respect to early graft function.43 One year later, Land et al. 

administered a single, higher intravenous dose of SOD, immediately before reperfusion. The 

results demonstrated a significant reduction in first acute rejection.44 However, up to now, 

none of both observations have been confirmed in other studies or have led to application 

in daily practice. 

Thus, despite encouraging results of antioxidant I/R therapy in animals, published clinical 

studies lack an appreciable, clinically relevant effect thus far.5, 8-11 Let alone minor differences 

in clinical set up, there appears to be a mechanistic disparity in the role of oxidative 

damage and endogenous antioxidant capacity in I/R injury between animals and humans. 

An explanation could be derived from studies on ageing that have shown that organisms 
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with large mass-specific metabolic rate, such as mice, have a relative high RONS production 

and a weak capacity to maintain homeostasis compared with humans.45 This difference in 

homeostatic capacity may explain differences in the role of oxidative damage between 

species as well. Thus, it can be suggested that endogenous antioxidant systems in humans 

are sufficiently equipped to handle the excess RONS load during clinical reperfusion, thus 

preventing damage. A finding that is supported by abundant SOD and peroxidases activities 

before and after I/R. 

Whether oxidative damage is indeed prevented in human I/R injury was assessed in this 

study. RONS have a transient nature and are difficult to assess in vitro and in vivo.22 

Consequently, we measured more stable oxidation products caused by RONS to determine 

the extent of oxidative damage in I/R injury. By combining multiple biomarkers, a footprint 

of oxidative and nitrosative damage could be reconstructed. Arteriovenous concentration 

differences of various established oxidative and nitrosative damage biomarkers were 

sequentially measured during reperfusion in kidney transplantation. To exclude organ- and 

procedure-specific findings, kidney results were compared with a different clinical setting, 

that is, myocardial I/R. 

Arteriovenous measurements did not indicate release of oxidative or nitrosative damage 

biomarkers upon reperfusion of both the kidney and heart with the sole exception of a 

minimal and transient release of 15(S)-8-iso-PGF2α in a selection of patients. Although 

the arteriovenous measurements provide important information on local processes in the 

reperfused organ, sensitivity may be restricted by dilution of released biomarkers because 

of high flow rates. Therefore, accumulation of oxidative damage markers was measured 

in urine produced by the transplanted kidney (LD) during the first minutes of reperfusion. 

Urinary measurements were in accordance to plasma findings, showing no release of 

oxidative or nitrosative damage biomarkers, including 15(S)-8-iso-PGF2α. 

In the absence of other markers, it can be questioned whether venous 15(S)-8-iso-PGF2α 

release observed in subgroups of patients in this study reflects oxidative damage or 

alternatively reflects activation of inflammatory pathways. Since all other markers refute 

oxidative damage, it is highly unlikely that 15(S)-8-iso-PGF2α is the sole reflection of 

oxidative damage. Altogether, the multiple biomarkers of oxidative and nitrosative damage 

showed no consistent release upon reperfusion, denying RONS-mediated tissue damage. 

Absence of venous release of oxidative and nitrosative damage markers may suggest that 

oxidative and nitrosative stress during I/R is less pronounced than commonly thought or may 

even be absent. We evaluated activation of Nrf2, the master regulator in cellular oxidative 
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defense pathways, in a DNA-binding ELISA that exclusively measures the activated form 

of this transcription factor. Moreover, the activation of the conical downstream pathway 

of Nrf2 was evaluated through pathway analysis. Clear increases in Nrf2 activation and its 

downstream pathway show that oxidative stress does occur during I/R. 

Evaluation of the XO activity, an often referred source of oxygen radicals in I/R injury, did 

not indicate XO activity in human kidney, although abundant XO was found in rat liver. 

These observations are in line with previous reports showing abundant XO activities in 

rodent tissue but not in human tissue.46 XO therefore appears not to be a prominent source 

of RONS generation in human tissue. 

Limitations 
This is a clinical study, and as such, procedures and timing were dictated by the operative 

procedures. We did include two clinically distinct situations of I/R to identify universal 

mechanisms of free radical-mediated damage after reperfusion. In human kidney 

transplantation, I/R included extremes in both short and long cold ischemia duration, the 

use of antioxidant preservation fluids, corticosteroids, and other immunosuppressive drugs. 

In cardiac surgery, I/R involved a normothermic ischemic period, and no antioxidants, 

corticosteroids, or other immunosuppressive drugs were administered. Throughout this 

whole spectrum of clinical conditions, independent of antioxidant use or immunosuppression, 

results unequivocally showed no dominant role of oxidative and nitrosative damage in 

human I/R injury. 

Sampling in our study was restricted to less than an hour post-reperfusion. This time window 

should be adequate as it is generally assumed that I/R injury is an acute process, initiated 

directly after reperfusion.18 This notion is supported by spin trap experiments indicating 

free radical formation within 15 minutes after reperfusion.37 Yet, we can not exclude that 

I/R injury is less acute than commonly thought and that oxidative damage occurs after an 

hour of reperfusion. 

A second limitation of the study is that it largely relies on repetitive measurement of 

arteriovenous concentration differences. Although this methodology has the advantage of 

specificity, and has been proven effective in elaborating the inflammatory response after 

I/R.14, 47 the high flow rates over the organs may compromise the sensitivity. To compensate 

for this limitation, we considered an evaluation of the first urine produced after I/R and 

measurement of the classical redox response genes relevant. 
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In conclusion, the findings from this study do not indicate a dominant role for RONS-induced 

damage in the pathophysiology of early I/R injury. The production of RONS during I/R is 

explicitly not questioned by our findings. In fact, Nrf2 activation and the higher PGE2 levels in 

post-transplantation urine indicate increased COX activity after reperfusion, suggesting that 

oxidative stress does occur during early reperfusion. Yet, the generated RONS apparently do 

not induce tissue damage in human I/R. These observations suggest an efficient antioxidant 

system, providing an explanation for the limited efficacy of antioxidant therapy in human 

I/R. Altogether, this study challenges the prevailing paradigm of prominent involvement of 

oxidative damage in the initiation of human I/R injury. 

Innovation
I/R injury is a common clinical problem, complicating myocardial infarction, cardiovascular 

surgery, and organ transplantation. As such, it is of great importance to unravel the exact 

pathophysiological mechanisms leading to I/R injury. This comprehensive clinical study 

systematically assessed the putative role of oxidative stress in human I/R injury in two 

diverse clinical settings. Findings for all biomarkers studied were highly consistent and 

did not indicate release of markers of oxidative damage from the reperfused organs nor 

did we observe upregulation of redox-response genes. As such, this study questions the 

involvement of RONS in the pathophysiology of I/R injury in humans.
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