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Abstract

Introduction

Genetic polymorphisms are important in explaining the wide interpatient variability that

exists in the development of acute kidney injury (AKI) post cardiac surgery. We hypothe-

sised that polymorphisms in 4 candidate genes, namely angiotensin-converting enzyme

(ACE), apolipoprotein-E (ApoE), interleukin-6 (IL-6), and tumour necrosis factor-alpha

(TNF-α) are associated with AKI.

Methods

870 patients who underwent cardiac surgery in Singapore were analysed. All patients who

fulfilled stage 1 KDIGO criteria and above were considered to have AKI. This was investi-

gated against various demographic, clinical and genetic factors.

Results

Increased age, history of hypertension, anaemia and renal impairment remained important

preoperative risk factors for AKI. Intraoperatively, longer cardiopulmonary bypass (CPB)

time and the use of intra-aortic balloon pump (IABP) were shown to be associated with AKI.

Among the genetic factors, ACE-D allele was associated with an increased risk of AKI while

IL6-572C allele was associated with a decreased risk of AKI.

Conclusion

ACE-D allele was associated with the development of AKI similar to other studies. On the

other hand, IL6-572C was shown to have a protective role against the development of AKI,

contradictory to studies done in the Caucasian population. This contradictory effect of IL6-

572C is a result of a complex interplay between the gene and population specific modulating
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factors. Our findings further underscored the necessity of taking into account population

specific differences when developing prediction models for AKI.

Introduction

Acute kidney injury (AKI) is a common complication after cardiac surgery, occurring in up to

17 to 49% of patients, as depicted in previous studies. It is associated with significant morbidity

and mortality, increased length of hospitalisation and imposes a significant healthcare burden.

Furthermore, 2 to 6% of patients require dialysis after developing AKI post cardiac surgery,

with a significant number progressing to end stage renal disease [1–7].

The mechanisms involved in the development of AKI after cardiac surgeries are complex.

They principally revolve around the interplay between acute and chronic clinical factors [1–7].

Acute insults sustained by the kidney include those related to cardiopulmonary bypass (CPB)

and atheroembolism, both of which results in ischemic and/or inflammation mediated renal

injury. Chronic risk factors such as diabetes, hypertension, and pre-existing renal impairment

heighten the risk posed by these acute insults.

With AKI posing a significant healthcare burden, several authors have developed risk strati-

fication models for AKI. The goals of such models have been to identify the “at risk” patient

for developing AKI. It is believed that early intervention can reduce the severity of kidney

injury among such “at risk” patients [8,9].

However the current models are based on clinical factors which only explain a small part of

interpatient variability and susceptibility. Stafford-Smith et al found that a combined clinical

and genetic model was able to explain up to 20% of the variability in the development of AKI

[10]. The genetic polymorphisms that were identified included angiotensin-converting

enzyme (ACE), interleukin-6 (IL-6), apolipoprotein-E (ApoE), and tumour necrosis factor-

alpha (TNF-α). Further studies have since been completed, supporting the role genetic poly-

morphisms play in the pathogenesis of AKI [11–14].

Currently there are no prediction models that cater to our Southeast Asian population.

With a view of developing our own population specific model in the future, we investigated

whether polymorphisms in ACE, IL-6, ApoE and TNF-α genes had similar effects on AKI

after cardiac surgery.

Methods

Study population

With SingHealth Centralised Institutional Review Board (CIRB) [IRB number 2008/137/D]

approval and written informed consent from the patients, we prospectively followed up 1000

patients who had undergone cardiac surgery (coronary artery bypass grafting (CABG), valve

surgery or combined CABG and valve surgery) between August 2008 and July 2010 at the two

main tertiary heart centres in Singapore.

Patients who were already on either haemodialysis or peritoneal dialysis were excluded.

Patients who were not of Chinese, Malay or Indian ethnicity were also excluded from analysis.

Data collection

All perioperative data were prospectively collected and collated in a secure central database.

Full time personnel who were blinded to the study details analysed the outcomes.
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Renal function assessment and perioperative renal data

The primary outcome was post-operative AKI as defined by Kidney Disease: Improving Global

Outcomes (KDIGO) [15]. Pre-operative serum creatinine level was obtained within 7 days of

surgery or repeated within 24 hours prior to surgery if there were material changes in the

patient’s condition. The peak post-operative serum creatinine was obtained within 7 days after

surgery. All patients who fulfill KDIGO stage 1 and above (ie, had at least a 50% increase from

the pre-operative baseline serum creatinine level to the peak post-operative serum creatinine

level), were considered to have AKI.

Anaesthesia and surgical management

Perioperative surgical management and clinical practices at both institutions were similar and

followed international practices. Typically, anaesthesia was induced with intravenous induc-

tion agents (etomidate or propofol) and maintained with a balanced anaesthetic regime of

low-dose fentanyl (10–20μg/kg) and volatile agents (primarily sevoflurane). Conventional

CPB circuits with roller pumps, membrane oxygenators, heat exchangers, venous reservoirs,

cardiotomy suction and arterial blood filters were used. The volumes of priming solution used

in the CPB circuits were typically between 1300 and 1400mL. Cardiac bypass perfusion targets

were mild-to-moderate hypothermia (32–35˚C), haematocrit levels of�22%, activated clotting

times of>400 seconds, glucose levels of<10mmol/L, non-pulsatile flow rate of 2.2–2.4L/min/

m2, and mean arterial pressure of 50-70mmHg. Myocardial protection was achieved with cold

blood cardioplegia. Aprotinin was not used in any of the patients.

Candidate polymorphism selection and isolation of genomic DNA

Genetic polymorphisms in 4 candidate genes which had been shown to be associated with

AKI–namely angiotensin-converting enzyme (ACE), apolipoprotein E (ApoE), interleukin-6

(IL-6) and tumour necrosis factor-alpha (TNF-α)–were analysed in 2 batches (June to July

2011 for the first batch while the second batch was done from July to October 2013).

Blood samples were collected preoperatively and genomic DNA was isolated using the

Maxwell 16 MDx Research System, namely the Maxwell 16 MDx Instrument and the Maxwell

16 Blood DNA Purification Kit (Promega, WI, USA).

Polymerase chain reaction (PCR) was used to detect the 2 ACE gene alleles, insertion (I)

and deletion (D), corresponding to 490 and 190bp PCR products respectively. PCR products

were then separated using gel electrophoresis.

The PCR restriction fragment length polymorphism (RFLP) method was used to identify

the ε2, ε3, and ε4 genotypes of ApoE gene. Restriction enzyme Hhal was used to digest the

PCR products and the RFLP fragments were then separated using gel electrophoresis.

TaqMan SNP Genotyping Assays (Applied Biosystems Inc, Foster City, CA, USA) were

used to identify the genotypes of the IL-6 -572G/C and TNF-α -308A/G genes separately via

the 7500 Fast Real-Time PCR System (Applied Biosystems Inc, Foster City, CA, USA). After

PCR amplification, an endpoint plate reading using the Sequence Detection System Software

(Applied Biosystems Inc, Foster City, CA, USA) was done for the measurements of fluores-

cence density, to plot the fluorescence (Rn) values based on the signals from each well. The

plotted fluorescence signals indicate which alleles were in each sample.

Genetic analysis

For the ACE gene, homozygote and heterozygote carriers of the ACE-D allele were grouped

together and compared with patients without the ACE-D allele. Likewise for the ApoE gene,
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homozygote and heterozygote carriers of the ApoE ε4 allele were grouped together and com-

pared with patients without any ApoE ε4 allele. For the IL-6 gene, carriers of the 572C allele

(572CC and 572GC) were compared with patients of the 572GG genotype. Finally, for TNF-α
gene, carriers of 308A allele (308AA and 308GA) were compared with patients of the 308GG

genotype.

Statistical analysis

The quantitative data were presented as mean±sd, while the qualitative data with frequency/

percentage. Exploratory analyses were performed with independent t-test, Mann-Whitney test

or chi-square tests, depending on the nature of data. A confirmatory analysis was performed

with the generalized structural equation model (gSEM) [16], with demographics (age, gender,

ethnicity), medical history (e.g., hypertension, diabetes, anaemia, renal disease), intraoperative

factors (e.g., cardiopulmonary bypass time) and genetic factors included as covariates. The

proposed model is essentially a network of equations, which could help to ascertain a covari-

ate’s direct and indirect effects on the outcome. The final model was developed with a back-

ward elimination procedure (removal probability�0.05). The cut-points of quantitative

covariates (e.g., age, CPB time, eGFR) were identified based on the maximisation of the sensi-

tivity and specificity. Analysis was done with IBM SPSS v.22.0 (IBM Corp, Illinois, USA) and

Stata MP v.14 (Stata Corp, Texas, USA). All statistical analyses were conducted at 5% level of

significance.

Results

Between August 2008 and July 2010, a total of 1000 patients who underwent cardiac surgery

consented for blood sampling for genetic analysis. However, 25 samples were technically

unsuitable for analysis, and 105 patients were excluded as they were either on dialysis preoper-

atively (n = 42) or were not of Chinese, Malay or Indian ethnicity (n = 63). As such, the data of

870 patients were collated for analysis (Fig 1).

379 out of the 870 patients (43.6%) developed AKI–which was significantly associated with

double the highest creatinine level in 7 days (183.2 vs 90.7 μmol/L, p<0.001) and more than

10-fold increased need for dialysis initiation (6.9% vs 0.6%, p<0.001) (Table 1).

As depicted in Table 1, patients with AKI were generally older (62.2 vs 57.1 years; p<0.001)

and of non-Chinese ethnicity (35.1% vs 25.3%; p = 0.007), but there was no significant gender

(p = 0.59) or anthropometric differences (p>0.05). Exploratory analyses showed that patients

with AKI also had a higher prevalence of diabetes mellitus (51.7% vs 42.6%, p = 0.007), hyper-

tension (83.4% vs 65.6%, p<0.001), renal impairment (76.3% vs 55.0%, p<0.001), myocardial

infarction (61.2% vs 47.9%, p<0.001), congestive cardiac failure (25.9% vs 16.1%, p<0.001),

lower preoperative left ventricle ejection fraction (48.3% vs 51.4%, p = 0.001), and a lower pre-

operative haemoglobin count (12.9 vs 13.8 g/dL, p<0.001). Intraoperatively, they had a longer

CPB time (123.3 vs 102.4 min, p<0.001), longer aortic cross clamp time (67.7 vs 56.7 min,

p<0.001), and a lower haematocrit during CPB (22.7% vs 24.1%; p<0.001). Patients with AKI

were also associated with an increased likelihood of red blood cell transfusion (45.1% vs 22.8%,

p<0.001) and initiation of intra-aortic balloon pump (IABP) (18.2% vs 8.4%, p<0.001). When

analysed, presence of ACE-D allele (64.1% vs 55.6%, p<0.001) and TNF-α 308A allele (8.4% vs

1.4%, p<0.001) were associated with an increased risk of AKI. IL6-572C allele was found to be

protective against AKI (83.6% vs 91.2%, p<0.001), while ApoE ε4 allele was not significantly

associated with AKI (22.4% vs 20.8%, p = 0.556).

Confirmatory analysis found that old age (�62 years), preoperative history of hypertension,

anaemia (preoperative haemoglobin level of<12.5 g/dL) and renal impairment (<90 mL/
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min/1.73m2), and intraoperative prolonged CPB time (�100 minutes) and use of IABP, were

jointly and significantly associated with the development of AKI (Table 2). Other things being

equal, patients with hypertension (adjusted odds ratio (AOR): 2.08), anaemia (AOR: 2.34) and

renal impairment (AOR: 1.81) were twice likely to suffer from AKI. Prolonged CPB time

(AOR: 1.85) and the use of IABP (AOR: 2.26) could also double the odds of developing AKI.

In terms of genetic factors, ACE-D allele was associated with increased odds of AKI (AOR

1.59) while IL6-572C allele was significantly associated with lower odds of AKI (AOR: 0.57).

ApoE ε4 and TNF-α 308A alleles were not significantly associated with AKI.

Discussion

AKI after cardiac surgery occurs in a considerable proportion of the population undergoing

cardiac surgery, with consequent significant morbidity and mortality. Increased age, history of

hypertension, anaemia, renal impairment, longer CPB time and the use of IABP remained

important risk factors for the development of AKI. Among the genetic polymorphisms,

ACE-D allele was associated with an increased risk of AKI while IL6-572C allele was associated

with a decreased risk of AKI.

The renin angiotensin system plays a crucial role in the regulation of renal blood flow and

is pivotal in the ischemic injuries associated with cardiac surgery. Angiotensin II is a strong

vasoconstrictor of the renal vasculature and its levels are influenced by circulating ACE levels,

which is in turn, regulated by the ACE gene. Stafford-Smith et al had demonstrated an associa-

tion of ACE-D allele to AKI among African Americans post cardiac surgery [10]. In a Turkish

Fig 1. Flowchart on the final number of participants analyzed.

https://doi.org/10.1371/journal.pone.0213997.g001
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population, Isbir et al also demonstrated that ACE-D allele was associated with increased levels

of ACE post cardiac surgery and consequently, AKI [13]. However, in a recent study of

patients in the United Kingdom, Mcbride et al was unable to demonstrate any significant asso-

ciation of ACE-D allele to AKI [17]. We postulate that the study by Mcbride et al may have

been underpowered to detect differences in associations with ACE-D alleles as there were only

48 samples for AKI compared to 330 samples for non AKI patients. Our study with 379

patients with AKI provides adequate sample sizes to reinforce the unfavourable role that

ACE-D allele play in the overall development of AKI post cardiac surgery.

Following CPB, circulating endotoxins and cytokines peak between 4 to 24 hours. IL6 is

widely regarded as one of the main proinflammatory cytokines influencing this inflammatory

Table 1. Study population characteristics.

Overall (n = 870) With AKI (n = 379) Without AKI (n = 491) p-value

Demographic variables

Age (years) 59.33 ± 10.58 62.17 ± 9.86 57.14 ± 10.6 <0.001�

Race: 0.007�

Chinese 613 (70.46%) 246 (64.91%) 367 (74.75%) -

Malay 156 (17.93%) 80 (21.11%) 76 (15.48%) -

Indian 101 (11.61%) 53 (13.98%) 48 (9.78%) -

Male gender 671 (77.13%) 289 (76.25%) 382 (77.8%) 0.59

Weight (kg) 66.15 ± 12.36 66.23 ± 13.19 66.1 ± 11.68 0.88

Height (cm) 162.64 ± 8.34 162.05 ± 8.55 163.1 ± 8.15 0.068

Body mass index (kg/m2) 24.96 ± 4.04 25.15 ± 4.3 24.81 ± 3.83 0.219

Preoperative co morbidities

History of diabetes mellitus 405 (46.55%) 196 (51.72%) 209 (42.57%) 0.007�

History of hypertension 638 (73.33%) 316 (83.38%) 322 (65.58%) <0.001�

History of renal impairment

(eGFR < 90ml/min/1.73 m2)

559 (64.25%) 289 (76.25%) 270 (54.99%) <0.001�

History of myocardial infarction 467 (53.68%) 232 (61.21%) 235 (47.86%) <0.001�

History of congestive cardiac failure 177 (20.34%) 98 (25.86%) 79 (16.09%) <0.001�

Preoperative LVEF (%) 50.09 ± 14.1 48.34 ± 14.37 51.44 ± 13.74 0.001�

Pre-operative haemoglobin (g/dL) 13.4 ± 1.78 12.85 ± 1.84 13.82 ± 1.61 <0.001�

Procedure

CPB time (mins) 111.65 ± 50.09 123.29 ± 56.17 102.44 ± 42.55 <0.001�

Aortic cross clamp time (mins) 61.52 ± 36.71 67.74 ± 41.58 56.73 ± 31.68 <0.001�

Lowest haematocrit on CPB (%) 23.46 ± 5.44 22.67 ± 4.47 24.07 ± 6.02 <0.001�

Intra-operative RBC transfusion 283 (32.53%) 171 (45.12%) 112 (22.81%) <0.001�

Usage of IABP 110 (12.64%) 69 (18.21%) 41 (8.35%) <0.001�

Renal function variables

Highest creatinine level in 7 days (μmol/L) 130.99 ± 79.97 183.22 ± 92.85 90.67 ± 30.83 <0.001�

New need for dialysis 29 (3.33%) 26 (6.86%) 3 (0.61%) <0.001�

Genetic analysis

Presence of ACE-D allele 516 (59.31%) 243 (64.12%) 273 (55.6%) 0.011�

Presence of IL6-572C allele 765 (87.93%) 317 (83.64%) 448 (91.24%) 0.001�

Presence of ApoE-ε4 allele 187 (21.49%) 85 (22.43%) 102 (20.77%) 0.556

Presence of TNF-α 308A allele 39 (4.48%) 32 (8.44%) 7 (1.43%) <0.001�

eGFR–estimated glomerular filtration rate, LVEF–Left ventricle ejection fraction, CPB–Cardiopulmonary bypass, IABP–Intra-aortic balloon pump, RBC–Red blood

cell.

� Statistically significant at 5%

https://doi.org/10.1371/journal.pone.0213997.t001
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cascade. In particular, IL6-572C allele had been associated with increased circulating IL6 levels

that result in an exaggerated inflammatory response. The ensuing accelerated atherosclerosis

and direct damage to the kidneys leaves the patient at risk of AKI [10,18–20]. Of mention, Staf-

ford-Smith et al [10] and Jouan et al [18], had both reported positive correlation of AKI with

the presence of IL6-572C allele post cardiac surgery.

The importance of IL6-572C allele among the Asian population cannot be over stated–with

up to 82.3% of Asians carrying the allele as compared to 5.0% among the Caucasian population

[21]. In our study, 87.9% of our participants were found to be carriers of the IL6-572C allele,

reaffirming the predominance of this allele in an Asian population. While IL6-572C had been

positively associated with AKI in the Caucasian population (that had a low percentage of IL6-

572C allele carriers), we had shown that IL6-572C conferred a divergent and protective role

against the development of AKI, in our population (that had a high percentage of carriers).

Several studies had also identified this peculiarity on the role IL6-572C plays in the develop-

ment of coronary artery disease (CAD)–a disease whose pathogenesis share several similarities

to AKI. Hou et al, had in their meta-analysis, starkly pointed out that IL6-572C decreased the

risk of CAD among the Chinese, but not among the Caucasians [22]. This phenomenon could

well be related to a lowered IL6 level in patients with IL6-572C allele, (IL6-572CC and CG

compared to those without, ie GG), as reported in a study among Korean men with CAD by

Jang et al [23].

Drawing a parallel to the studies on CAD, we are certain that there exists modulating fac-

tors among Asians (including Southeast Asians), that had altered the phenotypic presentation

of IL6-572C and its influence on AKI. This may be due to lowered IL6 levels and consequent

dampening of the inflammatory response, decreasing the incidence of AKI. This unique pro-

tective role that IL6-572C exhibit possibly explains the high carrier rate we had in our Asian

population. However, as our study is the first that had shown this association in AKI, further

studies among the Asian and also Southeast Asian populations would be required to validate

our findings.

ApoE polymorphisms had been hypothesised to play a role in modulating the inflammatory

cascade in the development of renal injury. Non ApoE ε4 alleles in particular, have been linked

to increased atheroma formation, while ApoE ε4 had been found to be protective against the

development of AKI [24,25]. However, we did not demonstrate any association of ApoE to

Table 2. Confirmatory analysis with generalized structural model (gSEM).

Adjusted Odds Ratio 95% Confidence Interval p-value

Age > 62 years 1.771 1.27–2.47 0.001�

Hypertension 2.083 1.46–2.988 <0.001�

Anaemia (Preop Hb <12.5g/dL) 2.338 1.67–3.28 <0.001�

Renal impairment (eGFR < 90 ml/min/1.73 m2) 1.807 1.28–2.56 0.001�

CPB Time >100 mins 1.848 1.35–2.52 <0.001�

IABP Used 2.256 1.41–3.61 0.001�

Presence of ACE-D allele 1.585 1.16–2.16 0.004�

Presence of IL6-572C allele 0.566 0.35–0.91 0.018�

Presence of ApoE-ε4 allele 1.036 0.71–1.51 0.853

Presence of TNF-α 308A allele 1.013 0.68–1.52 0.948

CPB–Cardiopulmonary Bypass, IABP–Intra-aorta balloon pump, eGFR–estimated glomerular filtration rate.

� Statistically significant at 5%

https://doi.org/10.1371/journal.pone.0213997.t002
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AKI in our population. This result mirrored the study conducted by Boehm et al, in a German

cohort [26].

TNF-α 308A allele had also been widely associated with an increased inflammatory

response and increased atherosclerotic phenomenon, directly inflating the risk of renal injury

[27]. Bittar et al and Yoon et al both showed positive association of TNF-α –308A with AKI

post cardiac surgery [28,29]. However, we did not demonstrate any association of TNF-α –

308A with AKI in our population, also mirroring the results of Boehm et al [26].

Strengths of our study included being the first to have investigated the role of genetic poly-

morphisms and its association with AKI among a Southeast Asian population. Our local popu-

lation is relatively homogenous and enjoys equal access to good medical care in our country,

regardless of differences in socio-economic statuses. This allowed for adequate generalisability

across our local population.

Some limitations of our study included the limited number of genetic polymorphisms that

were tested. We had decided on the 4 genetic polymorphisms that had been widely studied

and replicated at the time of genetic analyses. As our study focused on the association of the

alleles on the development of AKI, we were unable to establish a definite causality of effect

among the genes.

Conclusion

We had demonstrated that the ACE-D allele was associated with an increased risk of AKI

while the IL6-572C allele was associated with a reduced risk of AKI in a Southeast Asian popu-

lation undergoing cardiac surgery. This contradictory effect of IL6-572C is a result of a com-

plex interplay between the gene and population specific modulating factors. Our findings

further underscored the necessity of taking into account population specific differences when

developing prediction models for AKI.

Acknowledgments

The authors would like to thank Ms Zhao Yi of SGH Research Centre and Ms Liu Weiling of

NUHS Dept of Anaesthesia, for their contribution towards this paper.

Author Contributions

Conceptualization: Lian Kah Ti, Tsong Huey Sophia Chew.

Formal analysis: Rui Ge Roderica Ng, Siew Pang Chan, Yi Hui Ang.

Funding acquisition: Tsong Huey Sophia Chew.

Resources: Lian Kah Ti, Tsong Huey Sophia Chew.

Supervision: Tsong Huey Sophia Chew.

Visualization: Kah Ming Eddy Saw.

Writing – original draft: Kah Ming Eddy Saw, Rui Ge Roderica Ng.

Writing – review & editing: Kah Ming Eddy Saw.

References
1. Thiele RH, Isbell JM, Rosner MH. AKI associated with cardiac surgery. Clin J Am Soc Nephrol (2015);

10(3):500–14. https://doi.org/10.2215/CJN.07830814 PMID: 25376763

Genetic polymorphisms and acute kidney injury

PLOS ONE | https://doi.org/10.1371/journal.pone.0213997 April 11, 2019 8 / 10

https://doi.org/10.2215/CJN.07830814
http://www.ncbi.nlm.nih.gov/pubmed/25376763
https://doi.org/10.1371/journal.pone.0213997


2. Chew ST, Mar WM, Ti LK. Association of ethnicity and acute kidney injury after cardiac surgery in a

South East Asian population. Br J Anaesth (2013); 110(3):397–401. https://doi.org/10.1093/bja/aes415

PMID: 23171723

3. Calvert S, Shaw A. Perioperative acute kidney Injury. Perioperative Medicine (2012); 1:6. https://doi.

org/10.1186/2047-0525-1-6 PMID: 24764522

4. Chertow GM, Levy EM, Hammermeister KE, Grover F, Daley J. Independent association between

acute renal failure and mortality following cardiac surgery. JAMA (1998); 104:343–8.

5. Conlon PJ, Stafford-Smith M, White WD, Newman MF, King S, Winn MP et al. Acute renal failure follow-

ing cardiac surgery. Nephrol Dial Transplant (1999); 14(5):1158–62. PMID: 10344355

6. Chertow GM, Burdick E, Honour M, Bonventre JV, Bates DW. Acute kidney injury, mortality, length of

stay, and costs in hospitalized patients. J Am Soc Nephrol (2005); 16(11):3365–70. https://doi.org/10.

1681/ASN.2004090740 PMID: 16177006

7. Rosner MH, Okusa MD. Acute kidney injury associated with cardiac surgery. Clin J Am Soc Nephrol

(2006); 1(1):19–32. https://doi.org/10.2215/CJN.00240605 PMID: 17699187

8. Huen S, Parikh CR. Predicting acute kidney injury following cardiac surgery: a systematic review. Ann

Thorac Surg (2012); 93(1):337–47. https://doi.org/10.1016/j.athoracsur.2011.09.010 PMID: 22186469

9. Thakar CV. Predicting acute kidney injury after cardiac surgery: how to use the “crystal ball”. Am J Kid-

ney Dis (2010); 56(4):605–8. https://doi.org/10.1053/j.ajkd.2010.07.005 PMID: 20851315

10. Stafford-Smith M, Podgoreanu M, Swaminathan M, Phillips-Bute B, Mathew JP, Hauser EH et al. Peri-

operative Genetics and Safety Outcomes Study (PEGASUS) Investigative team. Association of genetic

polymorphisms with risk of renal injury after coronary bypass graft surgery. Am J Kidney Dis (2005); 45

(3):519–30. https://doi.org/10.1053/j.ajkd.2004.11.021 PMID: 15754274

11. Vilander LM, Kaunisto MA, Pettila V. Genetic predisposition to acute kidney injury–a systematic review.

BMC Nephrol (2015); 16:197. https://doi.org/10.1186/s12882-015-0190-6 PMID: 26627480

12. Lu JCT, Coca SG, Patel UD, Cantley L, Parikh CR, Translational Research Investigating Biomarkers

and Endpoints for Acute Kidney Injury (TRIBE-AKI) Consortium. Searching for genes that matter in

acute kidney injury: a systematic review. Clin J Am Soc Nephrol (2009); 4(6):1020–31. https://doi.org/

10.2215/CJN.05411008 PMID: 19443624

13. Isbir SC, Tekeli A, Ergen A, Yilmaz H, Ak K, Civelek A et al. Genetic polymorphisms contribute to acute

kidney injury after coronary artery bypass grafting. Heart Surg Forum (2007); 10(6):E439–44. https://

doi.org/10.1532/HSF98.20071117 PMID: 17921131

14. Gaudino M, Di Castelnuovo A, Zamparelli R, Andreotti F, Burzotta F, Iacoviello L et al. Genetic control

of postoperative systemic inflammatory reaction and pulmonary and renal complications after coronary

artery surgery. J Thorac Cardiovasc Surg (2003); 126(4):1107–12. https://doi.org/10.1016/S0022

PMID: 14566255

15. Clinical practice guidelines for acute kidney injury 2012. http://kdigo.org/wp-content/uploads/2016/10/

KDIGO-2012-AKI-Guideline-English.pdf

16. Rabe-Hesketh S, Skrondal A, Pickles A. Generalized multilevel structural equation modelling. A Psy-

chometrika (2004); 69:167

17. Mcbride WT, Prasad PS, Armstrong M, Patterson C, Gilliland H, Drain A et al. Cytokine phenotype,

genotype and renal outcomes at cardiac surgery. Cytokine (2013) 61(1):275–284. https://doi.org/10.

1016/j.cyto.2012.10.008 PMID: 23137784

18. Jouan J, Golmard L, Benhamouda N, Durrleman N, Golmard JL, Ceccaldi R et al. Gene polymorphisms

and cytokine plasma levels as predictive factors of complications after cardiopulmonary bypass. J

Thorac Cardiovasc Surg (2012); 144(2):467–73. https://doi.org/10.1016/j.jtcvs.2011.12.022 PMID:

22264418

19. Miklaszewska M, Korohoda P, Zachwieja K, Mroczek T, Drozdz D, Sztefko K et al. Serum interleukin 6

levels as an early marker of acute kidney injury on children after cardiac surgery. Adv Clin Exp Med

(2013); 22(3):377–86. PMID: 23828679

20. Brull DJ, Montgomery HE, Sanders J, Dhamrait S, Luong L, Rumley A et al. Interleukin-6 gene -174g>c

and -572g>c promoter polymorphisms are strong predictors of plasma interleukin-6 levels after coro-

nary artery bypass surgery. Arterioscler Thromb Vasc Biol (2001); 21(9):1458–63. PMID: 11557672

21. Gilberto VA, Julian RB, Teresa JC, Silvestre RF, Silvia CS, Jose MF. Distribution of the IL-1RN, IL-6, IL-

10, INF-γ, and TNF-α gene polymorphisms in the Mexican population. Genet Test Mol Biomarkers

(2012); 16(10):1246–53. https://doi.org/10.1089/gtmb.2012.0100 PMID: 22971140

22. Hou H, Wang C, Sun F, Zhao L, Dun A, Sun Z. Association of interleukin-6 gene polymorphism with cor-

onary artery disease: an updated systemic review and cumulative meta-analysis. Inflamm. Res. (2015);

64:707 https://doi.org/10.1007/s00011-015-0850-9 PMID: 26174156

Genetic polymorphisms and acute kidney injury

PLOS ONE | https://doi.org/10.1371/journal.pone.0213997 April 11, 2019 9 / 10

https://doi.org/10.1093/bja/aes415
http://www.ncbi.nlm.nih.gov/pubmed/23171723
https://doi.org/10.1186/2047-0525-1-6
https://doi.org/10.1186/2047-0525-1-6
http://www.ncbi.nlm.nih.gov/pubmed/24764522
http://www.ncbi.nlm.nih.gov/pubmed/10344355
https://doi.org/10.1681/ASN.2004090740
https://doi.org/10.1681/ASN.2004090740
http://www.ncbi.nlm.nih.gov/pubmed/16177006
https://doi.org/10.2215/CJN.00240605
http://www.ncbi.nlm.nih.gov/pubmed/17699187
https://doi.org/10.1016/j.athoracsur.2011.09.010
http://www.ncbi.nlm.nih.gov/pubmed/22186469
https://doi.org/10.1053/j.ajkd.2010.07.005
http://www.ncbi.nlm.nih.gov/pubmed/20851315
https://doi.org/10.1053/j.ajkd.2004.11.021
http://www.ncbi.nlm.nih.gov/pubmed/15754274
https://doi.org/10.1186/s12882-015-0190-6
http://www.ncbi.nlm.nih.gov/pubmed/26627480
https://doi.org/10.2215/CJN.05411008
https://doi.org/10.2215/CJN.05411008
http://www.ncbi.nlm.nih.gov/pubmed/19443624
https://doi.org/10.1532/HSF98.20071117
https://doi.org/10.1532/HSF98.20071117
http://www.ncbi.nlm.nih.gov/pubmed/17921131
https://doi.org/10.1016/S0022
http://www.ncbi.nlm.nih.gov/pubmed/14566255
http://kdigo.org/wp-content/uploads/2016/10/KDIGO-2012-AKI-Guideline-English.pdf
http://kdigo.org/wp-content/uploads/2016/10/KDIGO-2012-AKI-Guideline-English.pdf
https://doi.org/10.1016/j.cyto.2012.10.008
https://doi.org/10.1016/j.cyto.2012.10.008
http://www.ncbi.nlm.nih.gov/pubmed/23137784
https://doi.org/10.1016/j.jtcvs.2011.12.022
http://www.ncbi.nlm.nih.gov/pubmed/22264418
http://www.ncbi.nlm.nih.gov/pubmed/23828679
http://www.ncbi.nlm.nih.gov/pubmed/11557672
https://doi.org/10.1089/gtmb.2012.0100
http://www.ncbi.nlm.nih.gov/pubmed/22971140
https://doi.org/10.1007/s00011-015-0850-9
http://www.ncbi.nlm.nih.gov/pubmed/26174156
https://doi.org/10.1371/journal.pone.0213997


23. Jang Y, Kim OY, Hyun YJ, Chae JS, Koh SJ, Heo YM et al. Interleukin-6-572C>G polymorphism—

association with inflammatory variables in Korean men with coronary artery disease. Transl Res.

(2008); 151:154–61. https://doi.org/10.1016/j.trsl.2007.11.004 PMID: 18279814

24. Chew ST, Newman MF, White WD, Conlon PJ, Saunders AM, Strittmatter WJ et al. Preliminary report

on the association of apolipoprotein E polymorphisms, with postoperative peak serum creatinine con-

centrations in cardiac surgical patients. Anesthesiology (2000); 93(2):325–31. PMID: 10910477

25. MacKensen GB, Swaminathan M, Ti LK, Grocott HP, Phillips-Bute BG, Mathew JP et al. Perioperative

Outcomes Research Group, Cardiothoracic Anesthesiology Research Endeavors (C.A.R.E.) Investiga-

tors of the Duke Heart Center. Preliminary report on the interaction of apolipoprotein E polymorphism

with aortic atherosclerosis and acute nephropathy after CABG. Ann Thorac Surg (2004); 78(2):520–6.

https://doi.org/10.1016/j.athoracsur.2004.02.106 PMID: 15276511

26. Boehm J, Eichhorn S, Kornek M, Hauner K, Prinzing A, Grammer J et al. Apolipoprotein E genotype,

TNF-α 308G/A and risk for cardiac surgery associated-acute kidney injury in Caucasians. Ren Fail

(2014); 36(2):237–43. https://doi.org/10.3109/0886022X.2013.835267 PMID: 24059882

27. Susantitaphong P, Perianayagam MC, Tighiouart H, Liangos O, Bonventre JV, Jaber BL. Tumor necro-

sis factor alpha promoter polymorphism and severity of acute kidney injury. Nephron Clin Pract (2013);

123(1–2):67–73. https://doi.org/10.1159/000351684 PMID: 23796916

28. Bittar MN, Carey JA, Barnard JB, Pravica V, Deiraniya AK, Yonan N et al. Tumor necrosis factor alpha

influences the inflammatory response after coronary surgery. Ann Thorac Surg (2006); 81(1):132–7.

https://doi.org/10.1016/j.athoracsur.2005.07.037 PMID: 16368349

29. Yoon SZ, Jang IJ, Choi YJ, Kang MH, Lim HJ, Lim YJ et al. Association between tumor necrosis factor

alpha 308G/A polymorphism and increased proinflammatory cytokine release after cardiac surgery with

cardiopulmonary bypass in the Korean population. J Cardiothoracic Vasc Anesth (2009); 23(5):646–

50.

Genetic polymorphisms and acute kidney injury

PLOS ONE | https://doi.org/10.1371/journal.pone.0213997 April 11, 2019 10 / 10

https://doi.org/10.1016/j.trsl.2007.11.004
http://www.ncbi.nlm.nih.gov/pubmed/18279814
http://www.ncbi.nlm.nih.gov/pubmed/10910477
https://doi.org/10.1016/j.athoracsur.2004.02.106
http://www.ncbi.nlm.nih.gov/pubmed/15276511
https://doi.org/10.3109/0886022X.2013.835267
http://www.ncbi.nlm.nih.gov/pubmed/24059882
https://doi.org/10.1159/000351684
http://www.ncbi.nlm.nih.gov/pubmed/23796916
https://doi.org/10.1016/j.athoracsur.2005.07.037
http://www.ncbi.nlm.nih.gov/pubmed/16368349
https://doi.org/10.1371/journal.pone.0213997

