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associated with lower mortality (OR 0.58, 95% CI: 0.35–0.99) 
and hemodynamic shock (OR 0.63, 95% CI: 0.40–1.00). The 
 PNMT  +1543 G allele was associated with oliguria (OR 3.35, 
95% CI: 1.13–9.95). Urine adrenaline was associated with in-
creased hemodynamic shock and mortality, but was lowest 
in  PNMT  –161 A/A carriers.  Conclusion:  In Caucasians,  PNMT  
SNPs are associated with the development of AKI, disease 
severity, and in-hospital mortality. The adrenergic pathway 
provides another area of focus in the study of AKI. 

 Copyright © 2010 S. Karger AG, Basel 

 Introduction 

 Acute kidney injury (AKI) is an important and com-
plex disorder associated with significant morbidity and 
mortality. The incidence of AKI in hospitalized patients 
is estimated to be 5–10%, and is much higher in the crit-
ically ill  [1–3] . AKI, like any other acute physiologic stress, 
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 Abstract 

  Background/Aims:  The catecholaminergic pathway is im-
portant in the physical stress response; however, its role is 
not well understood in acute kidney injury (AKI). We studied 
single nucleotide polymorphisms (SNPs) of phenylethanol-
amine N-methyltransferase  (PNMT) , the terminal enzyme of 
the catecholaminergic pathway, and their association with 
adverse outcomes in AKI.  Methods:  We performed a case-
control study of 961 Caucasian subjects (194 with AKI and 
767 controls). The  PNMT  promoter G–161A (rs876493) and 
coding A+1543G (rs5638) SNPs were genotyped and haplo-
types generated. The outcomes of interest were the devel-
opment of AKI, in-hospital mortality, dialysis requirement, 
oliguria, and hemodynamic shock. Urine catecholamines 
were measured in cases to explore genotype-phenotype 
correlations.  Results:  The  PNMT  +1543 G allele was associ-
ated with AKI [odds ratio (OR) 2.19, 95% confidence interval 
(CI): 1.04–4.60]. For AKI cases, each  PNMT  –161 A allele was 
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may evoke the biosynthesis and release of various adren-
ergic hormones  [4] . Stress-regulated control of catechol-
amines, with epinephrine as the major stress hormone, 
may play an important role in the development, evolu-
tion, propagation, or resolution of AKI.

  Physical stress results in epinephrine and norepineph-
rine release and the stimulation of the catecholamine bio-
synthetic enzymes, tyrosine hydroxylase, dopamine  � -
hydroxylase, and phenylethanolamine N-methyltrans-
ferase  (PNMT)   [5] . The biosynthetic activity of  PNMT , 
the terminal enzyme of the catecholaminergic pathway, 
converts epinephrine from norepinephrine by N-meth-
ylation, thereby replenishing depleted stores  [4, 6] . Ge-
netic single nucleotide polymorphism (SNP) analyses 
have commonly been employed in the study of complex 
disease traits. Adrenergic pathway gene SNPs may result 
in an altered homeostatic response during periods of 
acute illness. Little is known of their role in the context 
of patients with AKI.

  Using a case-control design and a candidate gene ap-
proach, we first examined the association of 2  PNMT  gene 
SNPs with the development of hospital-acquired AKI in 
an adult Caucasian population. Among those hospital-
ized with AKI, we prospectively explored the association 
of each SNP and their common haplotypes with the out-
comes of in-hospital mortality, dialysis requirement, oli-
guria, and hemodynamic shock. Finally, the SNPs and 
AKI-related outcomes were related to the intermediate 
phenotype of urine adrenaline and noradrenaline levels.

  Subjects and Methods 

 Study Design and Population 
 Hospitalized patients with AKI were recruited from 2 tertiary 

care hospitals in Boston, Mass., USA. Subjects were recruited 
from November 2003 to January 2007. All eligible patients were 
 6 18 years of age and received in-hospital nephrology consulta-
tion for AKI. Subjects were excluded if they were pregnant, re-
quired chronic dialysis, had an organ transplant in the past 1 year, 
or any evidence of acute obstructive uropathy. Informed consent 
was obtained for each subject, and the Institutional Review Board 
at both hospitals approved the protocol.

  In addition, we obtained data for a control group of 767 non-
hospitalized adult Caucasian subjects who had been genotyped 
for the same 2  PNMT  gene SNPs, but had no diagnosis of AKI. 
The mean ( 8 standard deviation) age of the control group was 45 
 8  17 years. Fifty-four percent were men and 19% had a diagnosis 
of hypertension.

  Data Collection 
 Medical records were reviewed prospectively to retrieve data 

on the hospitalized patients with AKI including demographic 
characteristics, coexisting conditions, hospitalization course, 

and outcomes. AKI was defined at enrollment according to an 
increase in serum creatinine by 44, 89 or 133  � mol/l (0.5, 1.0
or 1.5 mg/dl) from a baseline level of  ̂  176, 177–434 or  6 435 
 � mol/l ( ̂  1.9, 2.0–4.9 and  6 5.0 mg/dl), respectively  [7] . Stages of 
AKI were later classified according to the staging system pro-
posed by the AKI Network  [8] . Sepsis was ascertained using the 
systemic inflammatory response syndrome criteria  [9] . For sub-
jects with multiple biogeographic ancestries, self-identified eth-
nicity was used, and our analysis was restricted only to Caucasian 
study participants to account for population stratification.

  Genotyping Analyses 
 DNA was prepared from blood leukocytes with an automated 

device (X-tractor Gene, Corbett Robotics, Brisbane, Qld., Austra-
lia), and samples were genotyped using a Pyrosequencing TM  I96A 
(Pyrosequencing AB, Uppsala, Sweden) instrument according to 
standardized protocol  [10] . Resulting sequences were analyzed by 
visual inspection and automatically by SNP software. The  PNMT 
 local genomic region was ‘tagged’ with 2 SNPs: proximal promot-
er G–161A (rs876493) and coding region (exon 3) A+1543G (syn-
onymous Lys152Lys, rs5638). Base positions are numbered with 
respect to the cap (exon 1 start) site, in National Center for Bio-
technology Information genomic (phage lambda vector) source 
clone X52730  [11] . These 2 SNPs were selected since they spanned 
both the promoter and the 2,210-bp coding region, and were non-
redundant in that their pair-wise correlations were relatively low 
(r 2  = 0.02 in 23 control white subjects). Given the low degree of 
linkage disequilibrium between these 2 SNPs by SNP spectral de-
composition, the effective number of SNPs tested was  � 1.98. We 
maintained a p  !  0.05 as the threshold for significance due to the 
exploratory nature of our analysis.

  Haplotypes were generated from the 2  PNMT  gene SNPs  using 
a previously described statistical algorithm (Haplotype Resolu-
tion, Version 3.0)  [12] . The 2 most common haplotype distribu-
tions were haplotype 1 (–161G/+1543A) and haplotype 2 (–161A/ 
+1543A), and these were expressed as the number of chromosom-
al copies of the haplotype for each patient. The –161G/+1543G 
haplotype did not exist in our cohort. We also created a diploid 
haplotype representing the number of copies of haplotypes 1 and 
2 (haplotype 1/haplotype 1 homozygotes, haplotype 1/haplotype 
2 heterozygotes, or haplotype 2/haplotype 2 homozygotes).

  Urine Catecholamine Measurements 
 Urine adrenaline and noradrenaline were measured in pa-

tients with AKI using a competitive ELISA (Labor Diagnostika 
Nord, Nordhorn, Germany). Adrenaline and noradrenaline were 
extracted from urine samples using a  cis -diol-specific affinity gel, 
acylated and then derivatized enzymatically for quantification. 
The limit of detection for adrenaline and noradrenaline in urine 
are 0.33 and 1.33 ng/ml, respectively. The intra-assay and inter-
assay coefficients of variation were 11.0 and 14.3% for adrenaline, 
and 13.0 and 11.8% for noradrenaline. Catecholamine levels were 
normalized to creatinine excretion (mg/dl) from the same urine 
collection. A ratio of adrenaline to noradrenaline was also calcu-
lated. Due to markedly skewed distributions, catecholamine lev-
els were log transformed for analysis.

  Outcome Measures 
 The primary outcomes were all-cause in-hospital mortality, 

dialysis requirement during hospitalization, as well as the devel-
opment of oliguria or hemodynamic shock. Dialysis requirement 
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was defined as the initiation of any intermittent or continuous 
dialysis therapy. Urine output was measured for a 24-hour period 
at study enrolment, and oliguria was defined as a urine volume 
 ! 400 ml/day. Hemodynamic shock was defined by a systolic 
blood pressure  ! 100 mm Hg and a heart rate  1 100 beats/min, or 
the use of vasopressor agents. 

  Statistical Analysis 
 Genotype frequencies for each  PNMT  gene polymorphism 

were examined for deviation from Hardy-Weinberg equilibrium 
using the  �  2  test. Comparisons across genotypes were performed 
for each covariate of interest. Data are presented as proportions, 
means and standard deviations, or as medians with interquartile 
ranges, as appropriate. The Student t or analysis of variance tests 
were used for normally distributed continuous measures, while 
the Wilcoxon rank sum or Kruskal-Wallis tests were used for non-
parametric variables. We used  �  2  or Fisher exact tests for categor-
ical variables.

  We used an additive genetic model (i.e. copies of the minor al-
lele or haplotype) for all logistic and linear regression analyses. All 
models were adjusted for age, sex, race, and treatment center. We 
also explored SNP-by-SNP interactions in all regression models.

  Logistic regression analysis was used to examine the associa-
tion of each  PNMT  gene polymorphism and haplotype, as well as 
urine catecholamine levels, with the outcomes of in-hospital 
death, dialysis requirement, and the presence of oliguria or hemo-
dynamic shock. Urine output was log transformed due to a skewed 
distribution.

  All statistical tests were performed with the use of SAS soft-
ware, version 9.1 (SAS Institute, Cary, N.C., USA). A p  ̂   0.05 was 
considered significant for all outcomes.

  Results 

 Characteristics of the AKI (Case) and Control Cohort 
 A total of 961 Caucasian patients were included in the 

case-control study, of whom 194 were enrolled for a diag-
nosis of AKI. Of those with AKI, 82 (42%) of patients re-
quired dialysis and 49 (25%) died over a median follow-
up of 16 days (interquartile range 9–26 days). The major-
ity of subjects enrolled had severe AKI as defined by the 

AKIN criteria. There were 64 (33%) classified with stage 
1, 32 (16%) with stage 2, and 93 (48%) with stage 3 AKI. 
Genotype analyses were performed on 194 subjects for 
the  PNMT  G–161A promoter SNP and 184 for the  PNMT  
A+1543G coding SNP. The minor allele frequency of the 
 PNMT  promoter –161 A allele was 54%, but was only 3% 
for the coding +1543 G allele. Tests for Hardy-Weinberg 
equilibrium showed no deviation from expected frequen-
cies ( table 1 ).

  Patients with AKI, on average, were 20 years older 
than the control subjects, and had a significantly higher 
prevalence of hypertension (78 vs. 19%; p  !  0.001). The 
genotype frequency of the  PNMT  G–161A SNP did not 
vary between patients with AKI and control subjects. The 
 PNMT  +1543 G allele, however, was significantly associ-
ated with AKI, with an odds ratio (OR) of 2.19 [95% con-
fidence interval (CI) 1.04–4.60], when adjusted for differ-
ences in age, sex, and presence of hypertension ( table 2 ).

  The characteristics of the AKI cohort stratified by 
 PNMT  genotype are shown in  table 3 . Patient demo-
graphics and disease severity measures did not signifi-
cantly differ across genotypes, except at position –161, 
where the heterozygous (G/A) genotype was associated 
with a lower baseline serum creatinine compared to both 
homozygous genotypes (p = 0.02). Urine adrenaline was 
significantly lower among patients with the  PNMT 
–161A/A genotype (p = 0.04). The  PNMT  +1543 A/A ge-
notype was only associated with a higher prevalence of 
hypertension (80 vs. 56%, p = 0.03).

  PNMT Genotypes and AKI-Related Outcomes 
 Each copy of the  PNMT  promoter –161 A allele was as-

sociated with 41% lower odds for in-hospital mortality, and 
this protective benefit persisted after multivariate adjust-
ment ( table 4 ). Similarly, there was a lower odds for hemo-
dynamic shock in those carrying copies of the A allele (ad-
justed OR 0.63, 95% CI: 0.40–1.00). Although the effect 

Table 1. Observed and expected distribution for each PNMT gene polymorphism in cases and controls

Locus SNP Ref SNP No. 
(dbSNP)

Domain Group Variant 
allele

HWE 
p value

PNMT –161 G to A rs876493 promoter cases A (50%) 0.14
controls A (45%) 0.13

PNMT +1543 A to G rs5638 exon 3 (Lys152Lys) cases G (4%) 0.55
controls G (3%) 0.38

HWE = Hardy-Weinberg equilibrium.
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estimate was in the same direction towards a protective ef-
fect, there was no significant association with dialysis re-
quirement or the development of oliguria ( table 4 ).

  The  PNMT  +1543 G/A genotype was associated with a 
3.3-fold increased odds for oliguria, before and after ad-
justing for age, sex and treatment center. This SNP, how-
ever, was not associated with in-hospital death, dialysis 
requirement, or presence of hemodynamic shock.

  PNMT Haplotypes and AKI-Related Outcomes 
 The most common haplotype was –161G/+1543A 

(haplotype 1) estimated on 231 chromosomes, while
–161A/+1543A (haplotype 2) was detected on 199 chro-
mosomes. The haplotype analyses revealed that haplo-
type 1 (increasing copies of –161G/+1543A) was associ-
ated with a higher prevalence of hemodynamic shock (ad-
justed OR 1.56, 95% CI: 1.00–2.44).  Table 4  also shows 
that increasing copies of –161A/+1543A (haplotype 2) 
was associated with decreased in-hospital mortality (ad-
justed OR 0.60, 95% CI: 0.37–0.99) and less hemodynam-
ic shock (adjusted OR 0.65, 95% CI: 0.42–1.00). Haplotype 
2 also trended towards an association with less oliguria 
(adjusted OR 0.63, 95% CI: 0.37–1.08, p = 0.09).

  We tested for SNP-by-SNP interactions, but found no 
significant associations with any of our outcomes (data 
not shown).

  Urine Catecholamine Levels and AKI-Related 
Outcomes 
 We examined the association of urine adrenaline, nor-

adrenaline, and their ratio with adverse outcomes ( ta-
ble 5 ). On multivariate analysis, each log increase in urine 
adrenaline was significantly associated with an adjusted 
1.5-fold increased odds for in-hospital mortality, and a 

1.36-fold increased odds for the presence of hemodynam-
ic shock. Similarly, on multivariate analysis, each log in-
crease in urine noradrenaline was associated with 1.23-
fold increased odds for in-hospital mortality, and 1.32-
fold increased odds for the presence of hemodynamic 
shock. There was no association between urine catechol-
amine levels and dialysis requirement or the presence of 
oliguria. We also found no interactions between vaso-
pressor use and urine catecholamine excretion with any 
of the outcomes (data not shown).

  Discussion 

 In the present study, we examined the association of a 
promoter and synonymous coding SNP of the  PNMT  
gene with the development of AKI in a Caucasian popu-
lation. The  PNMT  coding +1543 G allele was associated 
with more than a 2-fold increase in the development of 
AKI. In those with AKI, we studied the association of 
 PNMT  SNPs with disease severity and in-hospital mor-
tality. The  PNMT  promoter –161 A allele was strongly as-
sociated with lower odds for in-hospital mortality and 
hemodynamic shock, while the  PNMT  +1543 G/A geno-
type was associated with oliguria.

  The  PNMT  polymorphisms that we examined includ-
ed a promoter and a coding (albeit synonymous, Lys-
152Lys) SNP, both of which might influence gene expres-
sion. The  PNMT  promoter –161 A/A genotype was also 
associated with lower urine adrenaline levels. We also 
noted that higher urine adrenaline levels were associated 
with higher odds for in-hospital mortality. This relation-
ship between genotype and intermediate phenotype sup-
ports the possibility of a functional role of the  PNMT 
–161 promoter SNP.

  We also conducted haplotype analyses to further re-
fine our findings. Due to the low minor allele frequency 
of the  PNMT  +1543 SNP, the common haplotypes gener-
ated did not provide any additional information com-
pared to the individual SNPs alone. This could also sug-
gest that our candidate SNPs represent the functional 
polymorphism(s), and are not simply in the same haplo-
type block, i.e. close linkage disequilibrium, to another 
‘culprit’ SNP. However, this clinical study does not estab-
lish a precise mechanistic link between  PNMT  gene ex-
pression and outcomes.

  The adrenergic pathway has been studied in kidney 
disease, but there are limited genetic studies of these 
pathways in AKI. The catechol-O-methyltransferase 
(COMT) gene polymorphism (nonsynonymous G-to-A 

Table 2. Association of PNMT genotypes with the development of 
AKI

PNMT SNP OR (95% CI)

–161 A allele (vs. G/G genotype) (n = 951)
Unadjusted 0.81 (0.65–1.03)
Adjusted for age, sex, and presence of 

hypertension 0.81 (0.61–1.07)
+1543 G allele (vs. A/A genotype) (n = 961)

Unadjusted 1.38 (0.76–2.49)
Adjusted for age, sex, and presence of 

hypertension 2.19 (1.04–4.60)*

* p ≤ 0.05.
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Table 3. Characteristics of patients with AKI stratified by PNMT genotypes

Characteristic PNMT promoter –161 G/A genotypes (n = 184) PNMT coding +1543 A/G genotypes (n = 194)

GG (n = 41) GA (n = 102) AA (n = 41) p value AA (n = 178) AG (n = 16) p value

Age, years 67815 66815 62816 0.28 65815 68813 0.40
Male sex, n 22 (54) 49 (48) 29 (71) 0.05 97 (54) 8 (50) 0.73
BMI 33.4817.5 31.188.6 30.988.3 0.51 31.7811.3 32.589.4 0.81
Contributing causes to AKI, n 0.27 0.22

Ischemic 11 (27) 36 (35) 7 (17) 50 (28) 6 (38)
Nephrotoxic 8 (20) 15 (15) 6 (15) 30 (17) 0 (0)
Septic 6 (15) 7 (7) 5 (12) 17 (10) 3 (19)
Multifactorial/other 16 (39) 44 (43) 23 (56) 81 (46) 7 (44)

Comorbid conditions, n
Diabetes mellitus 17 (41) 42 (41) 21 (51) 0.53 80 (45) 6 (38) 0.57
Cardiovascular disease 33 (80) 67 (66) 28 (68) 0.22 124 (70) 11 (69) 0.94
Hypertension 32 (78) 78 (76) 34 (83) 0.70 142 (80) 9 (56) 0.03
Liver cirrhosis 3 (7) 12 (12) 2 (5) 0.39 14 (8) 3 (19) 0.14
Chronic lung disease 9 (22) 17 (17) 5 (12) 0.50 29 (16) 4 (25) 0.37
Chronic kidney disease 26 (63) 65 (64) 27 (66) 0.97 114 (64) 10 (63) 0.90

Medical (vs. surgical) admission, n 27 (66) 70 (69) 28 (68) 0.95 121 (68) 11 (69) 0.95
ICU admission, n 34 (83) 81 (79) 28 (68) 0.23 137 (77) 11 (69) 0.46
Presence of SIRS, n 24 (59) 43 (42) 19 (46) 0.21 84 (47) 5 (31) 0.22
Enrollment MAP, mm Hg 74.6816.6 74.2819.0 79.4814.5 0.26 75.9817.5 71.9817.8 0.39
Median serum creatinine, �mol/l

Baseline 133 (98–168) 115 (89–168) 142 (115–213) 0.02 124 (98–168) 106 (89–151) 0.29
Enrollment 257 (204–346) 284 (195–390) 284 (195–470) 0.46 275 (204–399) 337 (222–426) 0.36
Peak 337 (248–434) 337 (239–443) 364 (231–550) 0.78 346 (231–479) 319 (248–443) 0.96
Discharge 177 (115–222) 168 (115–266) 204 (133–372) 0.23 177 (124–275) 177 (106–257) 0.79

AKI stage at enrollment, n 0.66 0.28
Stage 1 13 (32) 33 (32) 18 (44) 61 (34) 3 (19)
Stage 2 6 (15) 20 (20) 4 (10) 27 (15) 5 (31)
Stage 3 20 (49) 47 (46) 18 (44) 85 (48) 8 (50)

Hospital length of stay, days 20 (11–32) 17 (9–25) 12 (10–21) 0.13 16 (9–26) 19 (14–27) 0.40
Median urine catecholamine level

Adrenaline, ng/mg creatinine 6.8 (3.4–10.7) 6.7 (3.1–13.4) 3.5 (1.7–7.7) 0.04 5.9 (2.7–11.7) 7.1 (3.9–10.7) 0.59
Noradrenaline, ng/mg creatinine 11.8 (6.2–61.6) 16.7 (5.5–71.9) 29.1 (6.3–71.5) 0.94 17.4 (5.5–70.1) 31.0 (9.6–92.1) 0.40
Adrenaline-noradrenaline ratio 3.6 (0.8–10.8) 2.5 (0.9–11.0) 5.9 (1.4–23.5) 0.22 3.6 (0.9–12.4) 4.0 (1.8–26.7) 0.47

Figures in parentheses represent percentage. BMI = Body mass index; ICU = intensive care unit; SIRS = systemic inflammatory response syndrome; 
MAP = mean arterial pressure.

Table 4. Association of PNMT genotypes and haplotype with adverse clinical outcomes in patients with AKI

PNMT SNP OR (95% CI)

in-hospital death dialysis requirement oliguria hemodynamic shock

–161 A allele (vs. G/G genotype) 
Unadjusted 0.59 (0.35–0.99)* 0.82 (0.53–1.27) 0.68 (0.39–1.18) 0.65 (0.41–1.03)
Adjusted for age, sex and treatment center 0.58 (0.35–0.99)* 0.80 (0.51–1.25) 0.67 (0.38–1.20) 0.63 (0.40–1.00)*

+1543 G/A genotype (vs. A/A genotype)
Unadjusted 1.88 (0.65–5.49) 1.41 (0.51–3.91) 3.23 (1.15–9.57)* 1.02 (0.35–2.93)
Adjusted for age, sex, and treatment center 1.85 (0.63–5.43) 1.48 (0.53–4.16) 3.35 (1.13–9.95)* 1.04 (0.36–3.04)

–161 A/+1543 A haplotype
Unadjusted 0.61 (0.37–0.99)* 0.81 (0.53–1.23) 0.63 (0.37–1.06) 0.67 (0.44–1.04)
Adjusted for age, sex, and treatment center 0.60 (0.37–0.99)* 0.78 (0.51–1.19) 0.63 (0.37–1.08) 0.65 (0.42–1.00)*

* p ≤ 0.05.
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polymorphism in exon 4) was studied in 260 patients un-
dergoing cardiac surgery. The COMT enzyme is essential 
for catecholamine degradation. Homozygosity for the 
minor allele, reflecting low COMT enzymatic activity, 
was found to be associated with a higher prevalence and 
longer duration of hemodynamic shock, incidence of 
AKI, and prolonged hospital stay  [13] . A previous study 
by one of the coauthors examined adrenergic gene poly-
morphisms in patients with chronic kidney disease. 
These authors explored the gene variants in chromo-
granin A, an enzyme that regulates catecholamine stor-
age and release and plays a role in influencing sympa-
thetic tone, and showed an association with the risk of 
hypertensive kidney failure in black patients  [14] , while 
variants at several sites in the adrenergic pathway influ-
enced urine albumin excretion  [15] . We have also previ-
ously explored oxidative stress-related genes in AKI, and 
found that polymorphism in the nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidase p22phox was 
associated with dialysis requirement or in-hospital death 
 [16] . The adrenergic pathway has been proposed to be im-
portant in critical illness, but this had not previously been 
extended to AKI. Exploration of additional candidate 
genes associated with catecholamine biosynthesis, catab-
olism, exocytosis, catecholamine receptors, and postre-
ceptor signal transduction would be appropriate.

  Limitations of our study include the sample size, 
which, even with 194 subjects with AKI, may be less than 
optimal for a gene association study and which is a vexing 
issue in genetic analyses of complex diseases. Also, the 
 PNMT  A+1543G polymorphism had a low minor allele 
frequency ( � 3%), enhancing the likelihood of a type II 
error for some of our associations. We included a spec-
trum of phenotypes likely to be influenced by adrenergic 

homeostasis, namely dialysis requirement, oliguria and 
hemodynamic shock, and considered these to be inter-
mediate markers of mortality. We acknowledge that di-
alysis initiation and management of oliguria is subjective, 
and is influenced by patient as well as physician factors. 
Furthermore, we enrolled subjects with AKI at the time 
of nephrology consultation rather than at its onset. Fi-
nally, our findings are restricted to Caucasian subjects 
and cannot be generalized to other ethnic groups.

  The strengths of our study include a substantial num-
ber of control subjects without AKI, which allowed us to 
examine whether the  PNMT  SNPs are associated with the 
development of AKI. For patients with AKI, we were able 
to prospectively and comprehensively capture in-hospital 
outcomes, without attrition or loss to follow-up. Our AKI 
population was seen and managed in 2 academic medical 
centers and we believe it is representative and generaliz-
able to most tertiary care settings. 

  In conclusion, in the present study, we provide support 
for the hypothesis that  PNMT  gene polymorphisms play 
a role in characterizing the development of AKI as well as 
predicting clinical outcomes in patients with AKI. Spe-
cifically,  PNMT  SNPs are associated with in-hospital 
mortality, hemodynamic compromise, and adverse renal 
outcomes such as oliguria. We also found some correla-
tion between the  PNMT  promoter G–161A SNP and urine 
adrenaline levels, suggesting a possible functional role for 
this polymorphism. This relationship should be further 
explored, and externally validated in other more diverse 
populations. Adrenergic gene pathways may provide 
valuable genomic biomarkers for the development of 
AKI, risk stratification, prognosis, and possibly response 
to therapeutic interventions.

Table 5. Association of urine catecholamine levels with adverse clinical outcomes in patients with AKI

Urine catecholamine OR (95% CI)

in-hospital death dialysis requirement oliguria hemodynamic shock1

Adrenaline (per ng/mg log increase)
Unadjusted 1.48 (1.07–2.04)* 1.17 (0.89–1.54) 1.00 (0.70–1.42) 1.33 (1.00–1.77)*
Adjusted for age, sex, treatment center,
and vasopressor use 1.50 (1.06–2.13)* 1.14 (0.85–1.52) 0.89 (0.60–1.31) 1.36 (1.01–1.83)*

Noradrenaline (per ng/mg log increase)
Unadjusted 1.27 (1.04–1.55)* 1.11 (0.93–1.32) 1.14 (0.92–1.42) 1.32 (1.09–1.58)*
Adjusted for age, sex, treatment center,
and vasopressor use 1.23 (1.00–1.53)* 1.10 (0.92–1.32) 1.03 (0.81–1.31) 1.32 (1.10–1.59)*

* p ≤ 0.05. 1 Model not adjusted for vasopressor use, as it is included in the definition of hemodynamic shock.
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