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 Abstract 
  Background:  Open heart surgery with cardiopulmonary bypass is recognized as a common 
cause of acute kidney injury (AKI). The conventional biomarker creatinine is not sensitive 
enough to detect AKI until a significant decline in renal filtration has occurred. Urine neutro-
phil gelatinase-associated lipocalin (NGAL), part of an acute response to the release of tissue 
iron from cells, is an early biomarker and a predictor of AKI in a variety of clinical settings. We 
sought to evaluate the relationship between urine catalytic iron (unbound iron) and NGAL 
over the course of AKI due to cardiac surgery.  Methods:  Fourteen patients who underwent 
open heart surgery had the following measured: serum creatinine (0, 12, 24, 48 and 72 h post-
operatively), urine NGAL and urine catalytic iron (0, 8, 24 and 48 h postoperatively). Urine 
NGAL and urine catalytic iron were quantified by immunoassay and bleomycin-detectable 
iron assay, respectively. AKI was defined by the Acute Kidney Injury Network (AKIN) criteria. 
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 Results:  Urine catalytic iron increased significantly (p < 0.05) within 8 h and peaked at 24 h 
postoperatively in patients who developed AKI (n = 8, baseline 101.96 ± 177.48, peak 226.35 
± 238.23 nmol/l, p = 0.006), but not in non-AKI patients (n = 6, baseline 131.08 ± 116.21, peak 
163.99 ± 109.62 nmol/l, p = 0.380). Urine NGAL levels also peaked at 24 h with significant in-
crease observed only in AKI patients: AKI – baseline 34.88 ± 26.47, peak 65.50 ± 27.03 ng/ml, 
p = 0.043; non-AKI – baseline 59.33 ± 31.72, peak 71.00 ± 31.76 ng/ml, p = 0.100. The correla-
tion between baseline levels of urine catalytic iron and NGAL and peak levels of urine cata-
lytic iron and NGAL was r = 0.86, p < 0.0001.  Conclusion:  Urine catalytic iron appears to rise 
and fall in concert with NGAL in patients undergoing cardiac surgery and may be indicative 
of early AKI. Future research into the role that catalytic iron plays in acute organ injury syn-
dromes and its potential diagnostic and therapeutic implications is warranted. 

 Copyright © 2013 S. Karger AG, Basel 

 Introduction 

 Acute kidney injury (AKI) is a common complication in hospitalized patients and is asso-
ciated with significant morbidity and mortality including increased length of hospitalization 
and poor clinical outcomes  [1] . Data from a recent multinational multicenter study showed 
that cardiac surgery with cardiopulmonary bypass (CPB) is the second most common cause 
of AKI among hospitalized patients  [2] . Because the pathophysiology is not well established 
and there is no effective prophylaxis, early detection may be a cornerstone in dealing with 
this critical condition over the next several years.

  The use of creatinine as a biomarker for AKI is limited in that its level rises after kidney 
injury has already occurred. Moreover, the creatinine assay across laboratories has not been 
well standardized. Recently, data showed that 41.1% of patients with AKI would go undiag-
nosed by using serum creatinine alone  [3] . A novel marker that rises earlier than creatinine 
could allow for prompt detection and interventions to retard the progression of AKI.

  Proteomic analysis has uncovered a number of interesting proteins in plasma and urine 
responsible for ischemic renal injury  [4, 5] . Among these, neutrophil gelatinase-associated 
lipocalin (NGAL) is a promising transport protein that has been vigorously tested in a variety 
of patient settings as a predictor for AKI and poor clinical outcome  [6–8]  and also as a detector 
of AKI up to 48 h earlier than serum creatinine  [9] . Its role as a biomarker still needs more 
exploration in particular situations, i.e. when the baseline NGAL is elevated and when the 
results from NGAL and serum creatinine are found to be discordant   [10, 11] .

  Interestingly, this 25-kDa lipocalin-2 is known to have a scavenging role for labile iron-
siderophore to prevent bacterial growth  [12] . This putative mechanism raises the possibility 
of catalytic iron for use as a biomarker for earlier detection of organ injury. Several models of 
AKI, i.e. rhabdomyolysis, cisplatin-induced kidney injury, etc.  [13] , revealed the robust role of 
catalytic iron in their pathophysiology. Furthermore, Ho et al.  [14]  recently reported proteo-
mic evidence that hepcidin-25, which is a regulator of iron homeostasis, may be protective in 
CPB patients and this was confirmed by a study from Haase-Fielitz et al.  [15]  who investigated 
urine hepcidin-25 isoforms as an early indicator in those who will not develop AKI. Therefore, 
urine catalytic iron, which is readily bound by urine NGAL or if unbound is reabsorbed at the 
level of the thick ascending limb of Henle’s loop (TAL) and cortical collecting tubule in human 
kidney  [16] , merits study as a marker of AKI.

  To our knowledge, there has been no human study regarding the relationship between 
urine catalytic iron and NGAL measured in the same patients, at the same time in the setting 
of cardiac surgery. Thus, we report serial values of both measures in a small cohort of 
unselected individuals undergoing surgery requiring CPB.
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  Methods 

 Patient Population 
 All patients of at least 18 years of age undergoing elective coronary artery bypass grafting surgery and/

or heart valve surgery with planned CPB at Providence Hospitals and Medical Centers were invited for partic-
ipation in the study. A total of 14 patients enrolled into this pilot study. We excluded patients who had an 
estimated glomerular filtration rate (GFR) of less than 30 ml/min/1.73 m 2 , underwent emergency surgery, 
were being treated for active infection (i.e. sepsis, endocarditis), or developed shock or hemodynamic 
compromise which required a vasopressor. Renal function was monitored up to 72 h postoperatively. 
Informed consent was obtained and this study was conducted in compliance with the Declaration of Helsinki. 

  Data Collection and Definition 
 Demographic and clinical data ( table 1 ) were collected for baseline at the time of admission. Serum 

creatinine, urine NGAL and catalytic iron were collected for baseline 3 h before starting surgery.
  AKI was defined by Acute Kidney Injury Network (AKIN) criteria: an elevation of serum creatinine of at 

least 0.3 mg/dl, an increase of 50% compared to baseline within 48 h or a reduction in urine output defined 
as <0.5 ml/kg/h for more than 6 h after open heart surgery.

  Sampling and Biochemical Analysis 
 For serum creatinine, blood sampling was done at 12, 24, 48 and 72 h postoperatively due to the 

schedule of laboratory work. Urine samples (6 ml) were collected in biosampler tubes at 8, 24 and 48 h after 
open heart surgery and immediately placed on ice. Samples were centrifuged (1,500 rpm, 15 min, 4   °   C) to 
remove any sediment. Patient samples were aliquoted into 3 ml tubes and were frozen at –70   °   C until used 
for biomarker analysis.

  NGAL levels were measured using a capture/detection enzyme-linked immunosorbent assay per manu-
facturer’s instructions (Kamiya Biomedical, Seattle, Wash., USA) and samples were analyzed in triplicate 
(Assay Designs Inc.). An interassay and intra-assay coefficient of variation (CV) of less than 10% was accepted. 
Serum creatinine levels (mg/dl) were determined by the St. John Providence Health System clinical labo-
ratory using colorimetric assay (Beckman Coulter Inc.). Intra-assay CV was 4.3%. A combined interassay and 
intra-assay CV of less than 10% was considered acceptable for results reporting. For CV results above an 
intra-assay CV of 10%, the test was repeated. Urine catalytic iron was measured by bleomycin-detectable 
iron assay which uses the principle of deoxyribonucleic acid degradation by bleomycin in the presence of 
catalytic iron  [17] . All reagents were pretreated with chelex using polypropylene tubes in order to avoid 
external iron contamination. Urine NGAL and catalytic iron excretion were measured in nanograms per milli-
liters and nanomoles per liter, respectively.

  Statistical Analysis 
 SPSS version 15.0 (SPSS Inc., Chicago, Ill., USA) was used for all statistical analyses. For non-parametric 

statistics, the Mann-Whitney U test was used to compare the AKI and non-AKI group for continuous variables, 
whereas Fisher’s exact test was used for categorical variables due to the small number of subjects. Spear-
man’s correlation was applied to correlate between urine catalytic iron and NGAL level. A p value of less than 
0.05 was considered as statistical significant. All graphs were constructed by GraphPad Prism ®  version 5.0. 
Data are presented as mean ± SD.

  Results 

 Patient Characteristics 
 Patients’ demographics, intra-operative risks of AKI, co-morbidities and operative details 

are summarized in  table 1 . Eight of fourteen patients in this study were found to have AKI 
according to the AKIN criteria. There was no significant difference observed (p > 0.05) 
between the AKI and non-AKI group except for type of surgery and duration of CPB which 
were significantly associated with postoperative AKI.
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Table 1.  Characteristics and marker levels of patients undergoing open heart surgery compared between the 
AKI and non-AKI group

Variables  All patients (n = 14) Total p value

AK I (n = 8) non-AKI (n = 6)

Patient characteristics
Age, years 74.63 ± 10.90 62.33 ± 11.96 69.36 ± 12.60 0.081
Race1 (African/White), n 4/4 3/3 12 0.704
Sex (female/male), n 4/4 4/2 12 0.627

Underlying disease
Hypertension, n 8 4 12 0.165
Dyslipidemia, n 5 3 8 0.521
Diabetes, n 3 3 6 0.529
History of CKD2, n 4 0 4 0.085
History of smoking, n 3 3 6 0.529

Details of hospitalization
Baseline hemoglobin3, g/dl 10.16 ± 1.39 11.22 ± 2.04 10.65 ± 1.74 0.534
Blood transfusion4, units 1.00 ± 0.00 1.60 ± 0.89 1.30 ± 0.67 0.310
Duration of surgery, min 310.88 ± 149.76 343.17 ± 102.72 324.71 ± 128.10 0.573
Timing of on-pump5, min 121.88 ± 67.37 25.33 ± 39.86 80.50 ± 74.25 0.012*
Cardiac catheterization6, h 10.50 ± 19.70 8.00 ± 19.60 9.43 ± 18.93 0.852
Left ventricular ejection fraction 

before operation, % 46.25 ± 8.35 45.00 ± 16.58 45.77 ± 11.52 0.943
Vasopressor use7, n 2 2 4 0.733
Length of stay, days 12.50 ± 7.29 8.33 ± 2.66 10.71 ± 5.99 0.414
Total dose of diuretics8, mg 70.00 ± 28.28 73.33 ± 30.11 71.42 ± 27.97 0.852
Coronary artery bypass graft surgery, n 7 1 8 0.026*
Heart valve surgery, n 1 5 6

Level of markers
Creatinine, mg/dl

At baseline Cr 1.14 ± 0.50 1.03 ± 0.14 1.09 ± 0.38 0.142
At 12 h postoperatively 1.44 ± 0.41 0.98 ± 0.24 1.24 ± 0.41 0.029*
At 24 h postoperatively 1.63 ± 0.68 0.95 ± 0.22 1.33 ± 0.59 0.008*
At 48 h postoperatively 1.75 ± 1.06 0.93 ± 0.19 1.40 ± 0.89 0.043*
At 72 h postoperatively 1.98 ± 0.84 0.88 ± 0.21 1.51 ± 0.85 0.005*

GFR, ml/min/1.73 m2

GFR0 49.25 ± 31.87 62.09 ± 33.14 53.32 ± 35.41 0.037*
GFR12 33.02 ± 29.58 39.02 ± 47.82 35.26 ± 40.01 0.634
GFR24 34.27 ± 23.02 40.68 ± 46.36 37.13 ± 35.28 0.847
GFR48 32.75 ± 24.96 41.34 ± 47.93 35.33 ± 34.58 0.847
GFR72 38.98 ± 30.06 47.96 ± 55.80 42.54 ± 41.57 0.852

NGAL, ng/ml
At baseline 34.88 ± 26.47 59.33 ± 31.72 45.36 ± 30.36 0.142
At 8 h postoperatively 59.67 ± 23.14 64.50 ± 28.18 60.21 ± 33.28 0.345
At 24 h postoperatively 65.50 ± 27.03 71.00 ± 31.76 67.86 ± 28.10 0.950
At 48 h postoperatively 44.38 ± 26.80 50.83 ± 32.49 47.14 ± 28.35 0.852

Catalytic iron, nmol/l
At baseline 101.96 ± 177.48 131.08 ± 116.21 108.05 ± 152.62 0.573
At 8 h postoperatively 159.90 ± 126.16 121.86 ± 99.99 135.73 ± 127.53 0.755
At 24 h postoperatively 226.35 ± 238.23 163.99 ± 109.62 191.56 ± 196.53 0.755
At 48 h postoperatively 196.66 ± 181.23 80.41 ± 87.28 143.16 ± 158.51 0.081

(For footnote see next page.)



11Cardiorenal Med 2013;3:7–16

 DOI: 10.1159/000346815 

 Akrawinthawong et al.: Urine Catalytic Iron and Neutrophil Gelatinase-Associated 
Lipocalin as Companion Early Markers of Acute Kidney Injury after Cardiac Surgery 

www.karger.com/crm
© 2013 S. Karger AG, Basel

  Baseline Levels and Postoperative Changes of Serum Creatinine, Urine Catalytic Iron and 
NGAL 
 Overall excursions for urine catalytic iron and NGAL are shown in  figure 1 . Urine catalytic 

iron increased significantly (p < 0.05) within 8 h and peaked at 24 h postoperatively in patients 
who developed AKI (n = 8, baseline 101.96 ± 177.48, peak 226.35 ± 238.23 nmol/l, p = 0.006), 
but not in non-AKI patients (n = 6, baseline 131.08 ± 116.21, peak 163.99 ± 109.62 nmol/l, 
p = 0.380). Those changes also remained up to at least 48 h after surgery ( fig. 2 ). Urine NGAL 
levels also peaked at 24 h with significant increase observed only in AKI patients: AKI – 
baseline 34.88 ± 26.47, peak 65.50 ± 27.03 ng/ml, p = 0.043; non-AKI – baseline 59.33 ± 31.72, 
peak 71.00 ± 31.76 ng/ml, p = 0.100. For all three markers, there was no significant difference 
found between the AKI and non-AKI group at baseline ( table 1 ). For serum creatinine, the AKI 
group showed significant change compared with the non-AKI group at 12 h after the oper-
ation and this difference persisted at least 72 h postoperatively.

  A total of 10 subjects underwent intra-operative blood transfusion. There were no differ-
ences at baseline, peak, or from baseline to peak in catalytic iron, NGAL, or serum creatinine 
(online suppl. material, see www.karger.com/doi/10.1159/000346815).
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 Values are given as mean ± SD, unless indicated otherwise. GFR was calculated by MDRD equation.
CKD = Chronic kidney disease; Cr = creatinine. 
1 Race: there are only African-American and Caucasian people in this study.
2 History of CKD: defined by the National Kidney Foundation (NKF) criteria.
3 Baseline hemoglobin: value at 24 h before operation.
4 Amount of blood transfusions since 24 h before operation until 48 h postoperatively (1 unit of red blood 

cells = 350 ml).
5 CPB pump duration: measured in minutes.
6 Prior diagnostic cardiac catheterization before the operation.
7 Number of subjects who used vasopressor (dopamine, dobutamine and norepinephrine). 
8 Furosemide treatment within 72 h after the operation.
* p value <0.05, statistically significant.

  Fig. 1.  Time trend for urine cata-
lytic iron and NGAL for all pa-
tients (n = 14). 
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  Fig. 3.  Scatter plot of the pairs of 
‘baseline urine NGAL and baseline 
urine catalytic iron’, also ‘peak of 
urine NGAL and peak of urine cat-
alytic iron’ (r = 0.86, p < 0.0001; 
Spearman’s correlation). 

  Fig. 2.  Postoperative change of 
urine NGAL, urine catalytic iron 
and serum creatinine according 
to the development of AKI ( *  p < 
0.05 compared with baseline at 
time zero). 
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  Correlation of Urine Catalytic Iron and NGAL 
 There was a graphical trend of urine catalytic iron and urine NGAL levels observed post-

operatively ( fig. 1 ). Using Spearman’s correlation with matched data between urine catalytic 
iron and urine NGAL at both baseline and peak level, a strong correlation was observed 
between these two biomarkers ( fig. 3 ; r = 0.86, p < 0.0001).

  Discussion 

 In our prospective pilot study, the majority of recruited patients was elderly and had low 
GFR at baseline. The significant association between coronary artery bypass graft and 
duration of CPB with AKI was found here as in previous studies  [18, 19] . Serum creatinine 
measurements showed that AKI persisted at least 72 h after surgery. As expected, urine cat-
alytic iron in those that developed AKI remained elevated compared to baseline for at least 
48 h postoperatively. The fact that there was no significant difference in urine NGAL and cata-
lytic iron level between the AKI and non-AKI group is consistent with our very small sample 
size and the large known variation in NGAL levels  [20] .

  In recent years, there has been a growing body of knowledge regarding novel biomarkers 
for AKI such as NGAL, hepcidin, alpha-1 microglobulin and fatty acid-binding proteins, pointing 
toward catalytic iron as an important player in the pathophysiology of AKI. NGAL is a well-
known siderophore-binding lipocalin that is released in response to free iron in cytosol or the 
pericellular spaces of the kidney to promote intracellular iron accumulation  [21] . Its role is to 
prevent intracellular iron depletion which is a mechanism for cellular apoptosis. Hepcidin, 
which is also expressed in apical tubular epithelium of the TAL and cortical collecting duct  [22]  
and recognized as a central regulator of iron homeostasis  [23] , was found to be an early 
predictive marker to rule out AKI in CPB patients  [15] . Alpha-1 microglobulin, which is a 
marker indicating proximal tubular injury, has the role in heme degradation that contributes 
to toxic renal injury by released free iron  [24, 25] . Fatty acid-binding protein is also a high-
affinity heme-binding protein that was found to be increased in relation to the patients who 
developed AKI after cardiac surgery  [26] . Considering all of this supporting evidence, catalytic 
iron in urine, which is the product of the target organ that we are investigating, is a reasonable 
promising candidate for early biomarkers of AKI. Interestingly, free iron release is the earliest 
observed signal for the elevation of other biomarkers associated with AKI. This observation 
accentuates the rationale of urine catalytic iron being a measurable determinant of AKI.

  The pathogenesis of AKI in cardiac surgery with CPB is still a conundrum  [2, 27] . Poorly 
liganded iron can be released from the myocardium, rise as a result of hemolysis with CPB, and 
possibly be locally produced in the kidney as part of the pathophysiology of AKI. Possible 
explanations of how free iron causes AKI in this context include oxidative stress via the Haber-
Weiss reaction and hemolysis due to pump use causing depletion of nitric oxide (NO). In 
patients undergoing CPB, there are elevations of markers of systemic inflammation  [28–30]  
and significant hemolysis  [18, 31, 32] . Old-stored red blood cell transfusion also potentially 
contributes free hemoglobin which has been found to scavenge NO  [33] . Since NO is a potent 
vasodilator, depletion of NO causes vasoconstriction, exacerbating the poor tissue perfusion 
already present in the transient low-cardiac output state during the transition off the pump 
 [21] . Moreover, heme release increases catalytic iron levels  [34] . Those free iron ions catalyze 
the Haber-Weiss reaction under the acidic milieu caused by tissue hypoxia to generate hydroxyl 
radicals that injure renal cells. It has been known that a high concentration of ferrous (Fe 2+ ) 
iron exerts a cytotoxic effect, especially in the proximal tubule  [35–38] . It stands to reason that 
decreasing urinary iron excretion could decrease the rate of kidney function deterioration  [39, 
40] . Those proposed mechanisms may explain a recent study which showed that the volume 



14Cardiorenal Med 2013;3:7–16

 DOI: 10.1159/000346815 

 Akrawinthawong et al.: Urine Catalytic Iron and Neutrophil Gelatinase-Associated 
Lipocalin as Companion Early Markers of Acute Kidney Injury after Cardiac Surgery 

www.karger.com/crm
© 2013 S. Karger AG, Basel

of a red blood cell transfusion is independently associated with AKI in patients who underwent 
CPB-using cardiac surgery  [41] . However, such findings were not observed in our study. There 
was no significant difference in the rise of catalytic iron and NGAL between blood-transfusion 
and non-blood-transfusion groups. Also, no correlation between the transfused blood volume 
and peak level of biomarkers was observed (see online suppl. material). Since there is no 
reported active secretion of free iron from renal tubules, there are three possibilities to explain 
how catalytic iron leaks into urine. First, there is the overspill mechanism from hemolysis 
combining with activated heme oxygenase-1, the heme catabolism enzyme, in hypoxic 
condition  [42]  overwhelming iron reabsorption at the TAL and collecting ducts  [16] . Second, 
there is decreased reabsorption of iron in the tubules as AKI progresses. Third, there is elevated 
local release of free iron from mitochondria of damaged renal cells  [43]  occurring primarily in 
the proximal tubule and the TAL, where a high number of mitochondria are found  [44] . Taken 
together, the existing evidence regarding the role of catalytic iron in AKI pathogenesis of 
cardiac surgery with CPB and iron leakage under such conditions strongly support urine cata-
lytic iron as a potential early biomarker for AKI in open heart surgery patients.

  This is the first study investigating urine catalytic iron and urine NGAL simultaneously in 
open heart surgery patients. Our study displays a correlation between urine catalytic iron and 
NGAL levels and indicates that monitoring urine catalytic iron serially from baseline to post-
operative phase can potentially detect AKI earlier than using the conventional marker serum 
creatinine or the novel marker urine NGAL. Furthermore, a combination of these markers 
may allow clinicians to overcome the limits of each marker when used individually and more 
effectively identify AKI in cardiac surgery patients.

  Our study has all the limitations of pilot studies with very small sample sizes. Urine 
output was not available in the postoperative phase, eliminating its potential use in diag-
nosing AKI using AKIN criteria; however, Prowle et al. [44] have suggested that only creat-
inine is often sufficient and thus obviating urine output criteria. Next, the earliest time of 
measurement of urine catalytic iron and NGAL postoperatively was 8 h, eliminating the possi-
bility of earlier detection of a rise in these biomarkers. Also, our urinary markers were not 
adjusted for urinary dilution. Lastly, the serum catalytic iron was not measured, which could 
have been used to correlate with urine catalytic iron levels or to verify the proposed spillover 
effect of iron potentially released by the heart or from hemolysis as a contributor to AKI [45]. 
Although catalytic iron seems to be a key player in the common pathway of tissue injury, this 
finding should not be extrapolated into other clinical contexts associated with AKI due to the 
unique pathophysiology in each setting.

  Our findings show that baseline and postoperative serial urine catalytic iron measure-
ments are valuable indicators of AKI after open heart surgery. Urine catalytic iron levels are 
highly correlated with NGAL levels. Further research is warranted regarding urine catalytic 
iron and its relationship to AKI. Our findings suggest the possibility of iron chelation as an 
approach to prevent or lessen cardiac surgery-associated AKI.
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