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Abstract

Background/Aims: Some studies suggest that polymor-
phisms in angiotensin-converting enzyme (ACE), angioten-
sinogen (AGT), angiotensin Il type | receptor (AGTR1) and an-
giotensin Il type Il receptor (AGTR2) genes may contribute to
renal function variation. Methods: Genotyping for single nu-
cleotide polymorphisms (SNPs) in these candidate genes
was performed in 2,847 participants from four racial/ethnic
groups (African American, Chinese, White and Hispanic)
without known cardiovascular disease in the Multi-Ethnic
Study of Atherosclerosis. SNP and haplotype analyses were
performed to determine associations between genotypes
and cross-sectional renal function measurements, including
urine albumin excretion (UAE) and estimated glomerular fil-
tration rate (€GFR) using serum creatinine and cystatin C. Re-
sults: Twenty-four ACE SNPs, 10 AGT SNPs, 15 AGTR1 SNPs

and 6 AGTR2 SNPs were typed successfully. After adjusting
for ancestry, age and gender, 3 SNPs (AGT M235T, AGT
rs2148582 and AGTR1 rs2131127) showed associations with
an empiric p value <0.05 with the same phenotype in mul-
tiple racial/ethnic groups, suggesting replication. The AGT
M235T SNP has been shown previously to be associated with
diabetic and hypertensive nephropathy. Conclusions: These
data suggest that genetic polymorphisms in the renin-an-
giotensin system are associated with renal phenotypes in
the general population, but that many associations differ

across racial/ethnic groups. Copyright © 2010 S. Karger AG, Basel

Introduction

The renin-angiotensin system plays an important role
in sodium homeostasis, fluid balance and blood pressure
[1, 2]. Sequencing of the angiotensin-converting enzyme
(ACE), angiotensinogen (AGT), angiotensin II type I re-
ceptor (AGTR1) and angiotensin II type II receptor
(AGTR2) genes has identified several polymorphisms
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that may contribute to variability in renal function [3-
10]. An insertion/deletion polymorphism in ACE as well
as the M235T polymorphism in AGT have been found to
be associated with kidney disease in multiple studies [3,
5, 7-10]. However, with the exception of a recent study in
Mexican American families [10], previous studies have
focused on patients with diabetes or hypertension. To our
knowledge, associations between single nucleotide poly-
morphisms (SNPs) in these genes and renal dysfunction
have not been studied extensively in a multiracial general
population, such as the Multi-Ethnic Study of Athero-
sclerosis (MESA).

Methods

Participants

MESA is an observational cohort study designed to investigate
subclinical cardiovascular disease in people free of clinical car-
diovascular disease. The study design has been described previ-
ously [11]. The current analysis includes 2,847 participants who
were selected for genotyping from the MESA cohort to provide
approximately equal numbers within each of the four racial/eth-
nic groups. Study participants in this subgroup consented to the
use of their DNA. SNP selection and genotyping in MESA has
been described previously [12].

Kidney Function Assessment

The measurement of cystatin C, creatinine and urine albumin
excretion (UAE) has been described previously [13, 14]. Cystatin
C was notavailable for 16 samples (0.6%), creatinine was not avail-
able for 5 samples (0.2%) and UAE was not available for 14 samples
(0.5%). Estimated glomerular filtration rate (¢GFR) was calculat-
ed using the Modification of Diet in Renal Disease (MDRD) equa-
tion: eGFR (ml/min/1.73 m?) = 175 X (Scr) - 1.154 X (Age) -
0.203 X (0.742 if female) X (1.210 if African American). Cystatin
C eGFR was calculated using the following equation: eGFR =
127.7 X (Cystatin C17) x (Age %'%) x (0.91 if female) X (1.06
if African American) [15]. Albuminuria was defined as a ratio of
=17 mg albumin per gram creatinine (mg/g) in men and =25
mg/g in women in a spot urine sample [16].

Statistical Analysis

Means, medians and frequencies of demographic characteris-
tics were calculated by racial/ethnic group. Minor allele frequen-
cies (MAF) of each polymorphism were calculated and Hardy-
Weinberg equilibrium (HWE) tests were performed. For each
gene, a p value of 0.05 divided by the number of SNPs analyzed
within the gene was used as the cutoff for HWE.

Haplotype analyses were performed on the four candidate
genes. Haploview was used to evaluate linkage disequilibrium
(LD), and haplotype blocks were defined according to the solid
spine model. For SNPs in the same haplotypic block, haplotypes
were reconstructed using PHASE [17].

Renal phenotypes were analyzed as continuous and dichoto-
mous outcomes. Outcomes included eGFR using the MDRD
equation and cystatin C eGFR as continuous variables and as di-
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chotomous variables with a cutoff of <60 ml/min/m? (the cutoff
for stage 3 chronic kidney disease) and UAE as a log-transformed
continuous variable and dichotomous variable. UAE was evalu-
ated as a log-transformed variable because of a skewed distribu-
tion.

Cross-sectional associations between each SNP and haplotype
and measures of renal function were determined using multiple
linear and logistic regression, adjusting for age, gender and ances-
try, and stratified by race/ethnicity. The additive model was used
if the minor allele or haplotype frequency was >10%; the domi-
nant model was used if the minor allele or haplotype frequency
was <10%. For AGTR2, separate analyses were performed for
men and women as the gene is located on the X chromosome.

Five principal components were included as covariates to ad-
just for ancestry. Principal components were obtained based on
199 ancestry informative markers and computed by EIGEN-
STRAT [18]. This method applies principal components analysis
[19] to the SNP data to infer continuous axes of genetic variation.
These principal components are then used as covariates in the
regression model in the association analysis to account for ances-
try differences among individuals.

Primary Analysis

Associations with a nominal p value of <0.05 were evaluated
further via permutation testing. 1,000 permutation data sets were
generated by shuffling phenotypic data, and association analysis
was performed for the permutated datasets. Typically, the esti-
mate of the empirical p value is obtained as r/n, where n is the
number of replicate samples simulated, and r is the number of
replicates that produce a test statistic greater than or equal to that
calculated for the actual (unshuffled) data. A corrected formula,
(r + 1)/(n + 1), is more accurate [20, 21]. For our primary analysis
to identify significant SNP/phenotype associations, evidence of
internal replication was demonstrated when an association was
seen in the same direction with an empiric p value <0.05 after
permutation testing in more than one racial/ethnic group.

For SNP/phenotype associations that were significant (p <
0.05) in the initial model (adjusting for age, gender and ancestry),
we then used an additional model to adjust for hypertension and
a separate model to adjust for diabetes. Hypertension was defined
as a systolic blood pressure =140 mm Hg or diastolic blood pres-
sure =90 mm Hg, or current use of antihypertensive medication.
Diabetes was defined as fasting glucose =126 or use of diabetes
medications.

Interaction tests for gender, hypertension and diabetes were
performed on associations with an empiric p value <0.05 for the
same phenotype in multiple racial/ethnic groups. For associa-
tions that showed an interaction with gender, hypertension or di-
abetes (p < 0.05), stratified analyses were performed according to
the variable of interest.

Secondary Analysis

To improve study power and combine the evidence for asso-
ciation within each racial/ethnic group, we performed a meta-
analysis by combining p values from each of the four racial/ethnic
groups using the METAL program, which accounts for both
strength and direction of association in the four racial/ethnic
groups (http://www.sph.umich.edu/csg/abecasis/Metal/). His-
panics were excluded from the meta-analysis for the five SNPs
that were not in HWE.
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Fig. 1. AGT M235T (a), AGT rs2148582 (b), AGTRI1 rs2131127 (c)
and renal phenotypes. Hispanics were not in HWE for the AGT
M235T and AGT rs2148582 SNPs. Therefore, the p values and
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means for the combined (ALL) group for these SNPs exclude His-
panics. AFA = African American; CHN = Chinese; EUA = White;

HIS = Hispanic.
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Table 1. 3-Coefficients and p values for three SNPs with significant associations for the same phenotype in multiple racial/ethnic

groups, adjusted for age, gender and ancestry

Continuous Dichotomous
p B-coefficient p B-coefficient
AGT M235T eGFR AFA 0.06 2.27 0.06 -0.67
eGFR CHN 0.64 0.50 0.76 0.08
eGFR EUA 0.9 -0.14 0.54 -0.10
eGFR HIS HWE HWE HWE HWE
eGFR combined 0.50 0.31 0.14 -0.15
Cys C eGFR AFA 0.27 1.66 0.43 -0.26
Cys C eGFR CHN 0.38 1.13 0.24 -0.45
Cys C eGFR EUA 0.41 -0.76 0.72 0.07
Cys C eGFR HIS HWE HWE HWE HWE
Cys C eGFR combined 0.49 0.38 0.29 -0.10
UAE AFA 0.03>cef -0.18 0.003* -0.66
UAE CHN 0.17 -0.11 0.04>4 -0.45
UAE EUA 0.16 -0.07 0.35 -0.17
UAE HIS HWE HWE HWE HWE
UAE combined 0.004 -0.06 0.0007° -0.15
AGT rs2148582 eGFR AFA 0.24 1.43 0.07 -0.63
eGFR CHN 0.52 0.68 0.99 0.00
eGFR EUA 0.99 0.01 0.51 -0.11
eGFR HIS HWE HWE HWE HWE
eGFR combined 0.54 0.25 0.07 -0.18
Cys C eGFR AFA 0.27 1.64 0.12 -0.56
Cys C eGFR CHN 0.27 1.44 0.23 -0.47
Cys C eGFR EUA 0.55 -0.55 0.55 0.11
Cys C eGFR HIS HWE HWE HWE HWE
Cys C eGFR combined 0.36 0.49 0.20 -0.11
UAE AFA 0.06 -0.15 0.01* -0.57
UAE CHN 0.19 -0.11 0.04%<4 -0.46
UAE EUA 0.15 -0.07 0.37 -0.17
UAE HIS HWE HWE HWE HWE
UAE combined 0.008 -0.05 0.001° -0.14
AGTRI1 rs2131127 eGFR AFA 0.22 -1.28 0.03? 0.59
eGFR CHN 0.3 -0.81 0.87 0.03
eGFR EUA 0.91 0.12 0.18 -0.24
eGFR HIS 0.3 -0.98 0.06 0.41
eGFR combined 0.11 -0.85 0.15 0.13
Cys C eGFR AFA 0.06 -2.43 0.022 0.64
Cys C eGFR CHN 0.68 -0.39 0.04* 0.52
Cys C eGFR EUA 0.48 -0.68 0.2 -0.27
Cys C eGFR HIS 0.31 -0.99 0.002* 0.72
Cys C eGFR combined 0.05 -1.05 0.002 0.31
UAE AFA 0.56 -0.04 0.72 0.06
UAE CHN 0.96 0.00 0.66 -0.07
UAE EUA 0.17 -0.07 0.22 -0.26
UAE HIS 0.09 0.11 0.83 0.03
UAE combined 0.90 0.00 0.58 -0.05

Additional symbols indicate whether p values remained significant af-
ter permutation testing and after adjusting for diabetes or hypertension,
and whether interactions were present with diabetes or gender. No interac-
tions were seen with hypertension. B-Coefficients are in the same direction
for dichotomous traits with a positive 3-coefficient indicating that the mi-
nor allele is associated with worse renal function (a higher percentage with
low eGFR or proteinuria). However, for continuous traits, a negative eGFR
B-coefficient indicates that the minor allele is associated with worse renal
function (i.e. lower eGFR), which generally corresponds with a positive

UAE B-coefficient (i.e. more proteinuria). Values in italics represent sig-
nificant (p < 0.05) associations for the same phenotype in multiple racial/
ethnic groups. * Association confirmed by permutation testing using em-
piric p value <0.05; ® significant in meta-analysis using adjusted Bonfer-
roni correction; ¢ no longer significant (using p < 0.05) after adjusting for
hypertension; ¢ no longer significant (using p < 0.05) after adjusting for
diabetes. € interaction (p < 0.05) with diabetes; "interaction (p < 0.05) with
gender. HWE = Not in Hardy-Weinberg equilibrium; AFA = African
American; CHN = Chinese; EUA = White; HIS = Hispanic.

Renin-Angiotensin SNPs and Renal
Function

Am ] Nephrol 2010;32:156-162 159



To determine the effective number of independent tests in the
meta-analysis, a composite LD correlation was calculated direct-
ly from SNP genotypes [22]. The effective number of independent
SNPs was 10 for ACE, 4 for AGT, 8 for AGTR1 and 4 for AGTR2,
and the effective number of independent phenotypes was 4. The
adjusted Bonferroni correction was calculated by dividing 0.05 by
the effective number of independent tests [0.05/effective number
of independent SNPs/effective number of independent pheno-
types/two genders (AGTR2 only)]. Thus, for our secondary meta-
analysis, cutoffs for a significant p value were 0.001 for ACE, 0.003
for AGT, 0.002 for AGTR1 and 0.002 for AGTR2.

Results

Online supplementary table 1 describes demographic
characteristics (for all online supplementary material see
www.karger.com/doi/10.1159/000315866). The mean age
was 62 years, and about half of the participants were fe-
male. Hypertension was present in 44%, with a higher
prevalence of hypertension (56%) in African Americans.
Diabetes was present in 24%.

Twenty-four of 26 ACE SNPs, 10 of 11 AGT SNPs, 15
of 16 AGTR1 SNPs and 6 of 8 AGTR2 SNPs were typed
successfully. Online supplementary figure 1 shows the lo-
cation of SNPs in the genes and online supplementary
figures 2-5 show LD among SNPs and haplotype block
structure. Two of 24 ACE SNPs were not polymorphic.
Online supplementary table 2 summarizes SNPs and
MAF. Five SNPs in Hispanics were not in HWE.

Online supplementary table 3 summarizes associa-
tions between SNPs and renal phenotypes, adjusted for
age, gender and ancestry, as well as stratified by racial/
ethnic group and combined. While there were numerous
associations at a p value <0.05 in all 4 genes, only 3 SNPs
(AGT M235T, AGT rs2148582 and AGTRI rs2131127)
showed associations in the same direction with an em-
piric p value <0.05 within the same phenotype in multi-
ple racial/ethnic groups (table 1, fig. 1). In AGT, SNPs
M235T and rs2148582 were associated with UAE =17/25
mg/g in both African Americans and Chinese (fig. 1a, b,
table 1). These SNPs are located in the same haplotype
block in both African Americans and Chinese (D’ = 0.91
for African Americans, 0.99 for Chinese). Furthermore,
in African Americans, M235T was associated not only
with UAE =17/25 mg/g but also with mean log UAE, and
similar trends were seen in Whites. Both SNPs were not
in HWE in Hispanics. Haplotype analysis showed that in
African Americans, the third most common haplotype
for the haplotype block which harbors both M235T and
rs2148582 was associated with both UAE and eGFR (on-
line supplementary table 4).

160 Am J Nephrol 2010;32:156-162

In AGTR1, SNP rs2131127 was associated with cys-
tatin C eGFR <60 in African Americans, Chinese and
Hispanics and with creatinine eGFR <60 in African
Americans (fig. 1c, table 1).

Three SNPs in the meta-analysis which combined the
4 racial/ethnic groups were significant using the adjusted
Bonferroni correction: AGT M235T for UAE >17/25
mg/g (p = 0.0007), AGT rs2148582 for UAE >17/25 mg/g
(p = 0.001) and AGTR2 rs5950584 in males for mean
log UAE (p = 0.0002). The AGT M235T and rs2148582
SNPs also showed associations with UAE >17/25 mg/g in
both African Americansand Chinese, as described above.
AGTR2rs5950584 is not polymorphic in the Chinese and
has a low MAF in Whites (0.004) and Hispanics (0.09),
which limits the ability to detect significant associations.
The p value for the association between this SNP and log
UAE was 0.0008 in white males.

Online supplementary table 4 summarizes the asso-
ciations between haplotypes and renal phenotypes, ad-
justed for age and gender. In general, the haplotype anal-
ysis supports the SNP analysis results. Most haplotypes
that had significant (p < 0.05) associations with renal
phenotypes included SNPs that were associated with re-
nal phenotypes in the SNP analysis.

Discussion

We found associations between four renin-angioten-
sin system polymorphisms and measures of renal func-
tion in the general population. We observed associations
with AGT M235T, AGT rs2148582 and UAE >17/25 mg/g
in both our primary analysis (African Americans and
Chinese) and our secondary meta-analysis. We observed
associations with AGTRI rs2131127 and cystatin C
eGFR<60 in our primary analysis (African Americans,
Chinese and Hispanics). In addition, we observed an as-
sociation with AGTR2 rs5950584 and mean log UAE in
males in our secondary meta-analysis.

Substantial overlap existed among polymorphisms as-
sociated with eGFR using creatinine and the MDRD
equation and polymorphisms associated with cystatin C
eGFR. However, the polymorphisms associated with
eGFR and albuminuria were different, suggesting differ-
ent genetic associations for impairment of the nephron’s
filtration versus barrier mechanisms. Furthermore, as-
sociations with continuous and dichotomous traits were
different. All associations which replicated involved di-
chotomous traits. Discrepancies in the continuous versus
dichotomous associations may be due to a threshold ef-
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fect, whereby SNPs may be associated with pathology (as
reflected by dichotomous traits), but may not be associ-
ated with normal variation within a nonpathological
range (as reflected by continuous traits).

Moreover, associations varied markedly across racial/
ethnic groups. These differences may be due to differ-
ences in LD patterns between the racial/ethnic groups,
differences in MAF which impact the power of the analy-
ses, and differences in unmeasured interactions with en-
vironmental factors. This variation in associations high-
lights the importance of studying these polymorphisms
in diverse populations such as MESA.

AGT M235T was associated with renal phenotypes in
both African American and Chinese populations. Asso-
ciations between this SNP and renal function have been
identified in previous studies in patients with hyperten-
sion or diabetes. Our study was population-based and in-
cluded participants with hypertension, participants with
diabetes, as well as participants without hypertension or
diabetes. The findings of this study are consistent with
results of previous studies in patients with hypertension
or diabetes, highlighting the potential influence of this
SNP on renal function [3, 5, 7, 8, 10, 23].

Our study did not identify any associations within
ACE that were significant for the same phenotype in mul-
tiple racial/ethnic groups. This is surprising given the ex-
tensive literature suggesting an association between the
ACE insertion/deletion polymorphism and renal disease.
However, these prior studies have been limited to patients
with diabetes; ACE insertion/deletion has not been con-
vincingly linked to progression of nondiabetic nephropa-
thy [14]. In our study, only one quarter of the participants
had diabetes. We did find numerous associations within
ACE that were present in individual racial/ethnic groups.
While these associations did not replicate across multiple
racial/ethnic groups, they may still be true positives, due
to differences in LD, MAF or environmental interactions
among the racial/ethnic groups, and will require further
confirmation.

We identified one AGTR1 SNP (rs2131127) with asso-
ciations that were significant (p < 0.05) for the same phe-
notype in multiple racial/ethnic groups. The associations
between this SNP and renal phenotypes will need to be
confirmed in further studies.

We did not identify any associations in AGTR2 for the
same phenotype in multiple racial/ethnic groups. Using
the Bonferroni correction in the meta-analysis, there
were no significant associations in females, but there was
a significant association in males for AGTR2 rs5950584
and mean log UAE. The association between this SNP

Renin-Angiotensin SNPs and Renal
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and UAE will need to be confirmed in further studies.
The power to detect significant associations was limited
in AGTR2 because the analyses were conducted separate-
ly in men and women, and many of the SNPs had low
MAF.

Five SNPs were not in HWE in Hispanics. This lack of
HWE may be due to the diverse origins of the Hispanic
population. MESA recruited participants from six differ-
ent field centers across the United States, and the origins
of the Hispanic population are unique in these different
sites.

We used eGFR and UAE to assess kidney function.
Although these are standard measures of kidney func-
tion, they do have limitations. While eGFR has good ac-
curacy <60 ml/min/m?, the accuracy of eGFR is de-
creased >60 ml/min/m? [24]. Furthermore, UAE can be
transiently increased by factors such as urinary tract in-
fection, hemodynamic stress and metabolic abnormali-
ties [24, 25].

This investigation has many strengths. It is a large
multiracial population-based study that evaluates the in-
fluence of renin-angiotensin system polymorphisms on
renal function. Multiple polymorphisms throughout
each gene were evaluated individually and through hap-
lotype analysis. Numerous associations with renal phe-
notypes with a p value <0.05 were identified. Because we
adjusted for ancestry, the SNP/phenotype associations we
identified as significant are more likely to be truly associ-
ated with kidney function than spurious associations re-
sulting from population stratification. Many associations
seen were in noncoding regions of the gene and are likely
in LD with causal variants or may regulate gene expres-
sion. Some associations may be false positives since mul-
tiple statistical tests were performed. However, three
SNPs were associated with renal phenotypes in multiple
racial/ethnic groups in the stratified analyses. These
SNPs are more likely to be true positives since they have
been replicated. M235T has been identified in previous
studies that were not population based. Associations
seen with other SNPs will need to be confirmed in future
studies.

In conclusion, numerous associations between SNPs
and haplotypes in ACE, AGT, AGTR1 and AGTR2 and
renal function have been identified. Future studies are
needed to elucidate which polymorphisms are causal
variants and mechanisms through which these effects
are mediated. Enhanced understanding of these genetic
polymorphisms may enable screening of asymptomatic
patients to determine their genetic risk for renal dys-
function. Additional studies will be needed to assess
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whether these at-risk patients may benefit from aggres-

sive blood pressure control and/or treatment with ACE

inhibitors or angiotensin-receptor blockers, which have
been demonstrated to slow progression of kidney dis-

ease [26].

—
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