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Renal Function in Relation to Three Candidate Genes
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● We recently found that femoral intima media thickness, as well as the incidence of hypertension, is influenced by
genes encoding the angiotensin-converting enzyme ( ACE; insertion/deletion [ I/D]) polymorphism, a-adducin
(Gly460Trp ), and aldosterone synthase ( 2344C/T ). By interfering with blood pressure or sodium homeostasis,
these genetic polymorphisms also may change renal function. We therefore investigated serum creatinine level,
calculated and measured creatinine clearances, and 24-hour urinary protein excretion in subjects previously
genotyped for these three polymorphisms. The 1,454 participants drawn at random from the population (64.3% of
those invited) were aged 43.4 years and included 744 women (51.2%). Blood pressure, measured by study nurses at
subjects’ homes, averaged 123/76 mm Hg. Mean values were 90 mmol/L for serum creatinine; 84 and 88 mL/min/1.73
m2 for calculated and measured (n 5 855) creatinine clearances, respectively; and 90 mg/d of protein for proteinuria
(n 5 556). The prevalence of mild renal dysfunction (creatinine clearance < 60 mL/min/1.73 m 2) was nearly 11%. In
single-gene analyses with adjustment for significant covariables, the risk for mild renal dysfunction was positively
associated with the ACE D allele. However, multiple-gene analyses showed that these associations were restricted
to carriers of the mutated a-adducin Trp allele (40.1% of all subjects). Findings remained similar after hypertensive
patients and women on hormonal therapy were excluded. In this phenotypically more homogeneous subgroup,
serum creatinine level was 3.6 mmol/L ( P 5 0.02) and relative risks for mild renal dysfunction and proteinuria were
1.7-fold ( P < 0.001) and 26% (P 5 0.02) greater in ACE D subjects than ACE II homozygotes, respectively. The
aldosterone synthase T allele did not strengthen genetic associations with the ACE D allele considered alone or in
combination with the a-adducin Trp allele. Thus, in the present cross-sectional analysis, renal function was slightly
but consistently impaired when both the ACE D and a-adducin Trp alleles were present. These findings, together
with experimental studies and our previous reports on femoral intima media thickness and the incidence of
hypertension, constitute a growing body of evidence delineating a clinical entity genetically determined by the
risk-carrying ACE D and a-adducin Trp alleles.
© 2001 by the National Kidney Foundation, Inc.
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I N A CROSS-SECTIONAL analysis of a white
population, we recently found that systolic

blood pressure and the prevalence of hyperten-
sion were significantly elevated among patients
who carried both thea-adducin Trp allele
(Gly460Trppolymorphism) and the aldosterone

synthaseT allele (2344C/T polymorphism).1,2

Intima media thickness of the femoral artery in a
cross-sectional analysis of the same population3

and the incidence of hypertension over a median
follow-up of 9 years1,2 were greater among carri-
ers of the deletion (D) allele of the angiotensin-
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converting enzyme (ACE insertion [I/D] gene,
but only in the presence of thea-adducinTrp
allele.

The hypothesis underlying our previous obser-
vations was that epistatic interactions between
the three candidate genes might increase blood
pressure through stimulation of sodium reabsorp-
tion in the kidney and chronic expansion of
circulating fluid volume.1,2 These mechanisms
may not only influence intima media thickness of
large muscular arteries,3 but also directly or
indirectly lead to changes in renal glomerular or
tubular structure and function. Proteins up to a
molecular weight of 70,000 d and creatinine,
after glomerular filtration, are reabsorbed at the
tubular level. We therefore investigated cross-
sectional associations between serum creatinine
level, measured and calculated creatinine clear-
ances, and proteinuria and the previously men-
tioned three candidate genes in our population
sample.1,2

METHODS

Study Population
The Flemish Study on Environment, Genes and Health

Outcomes started in 1985. The protocol was approved by the
Ethics Committee of the University of Leuven, Belgium.
From August 1985 to November 1990, we recruited a
random sample of households living in a geographically
defined area of northern Belgium,4 which has a stable
population with little migration. From June 1996 to January
1999, we enlarged the cohort with additional family mem-
bers, including children aged at least 10 years. Participants
or their parents gave informed consent. The participation
rate among all subjects contacted was 64.3%.1,2 We included
1,454 subjects who underwent at least one measurement of
serum creatinine, creatinine clearance, or 24-hour protein
excretion in the present cross-sectional analysis.

Field Work
All subjects were visited repeatedly in their homes. Blood

pressure was measured five times consecutively during each
of two home visits after a 5-minute rest in the sitting
position. Hypertension was diagnosed if the average of the
10 blood pressure readings was at least 140 mm Hg systolic
or 90 mm Hg diastolic or subjects were administered antihy-
pertensive medication. In the interval between home visits,
usually 2 to 3 weeks, subjects collected a 24-hour urine
sample in a wide-neck plastic container for the measurement
of creatinine and protein excretion. Field workers explained
to participants how to collect the 24-hour urine sample and
gave them a leaflet with a summary of the procedure in
writing. If urinary volume or creatinine excretion was out-
side published limits,5 results based on the urine sample
were discarded. Subjects also completed a questionnaire

inquiring about their medical history, smoking habits, alco-
hol intake, and use of medications. Study nurses verified the
questionnaire at the second home visit. Venous blood was
sampled for serum creatinine measurement and genotyp-
ing.6-9

We used published formulas to compute body surface
area10 and lean body mass.11 Creatinine clearance was mea-
sured in 855 subjects. In addition, creatinine clearance was
calculated in all 1,454 participants using the formula of
Cockroft and Gault.12 Measured and calculated creatinine
clearances were standardized to 1.73 m2 of body surface
area.10 In keeping with recent studies,13 mild renal dysfunc-
tion was defined as a calculated or measured creatinine
clearance of 60 mL/min/1.73 m2 or less.

Determination of Genotypes
Genomic DNA was extracted from peripheral blood. The

ACE I/D polymorphism was detected as described by Lind-
paintner et al.6 All samples initially genotyped asDD under-
went a second polymerase chain reaction (PCR) with
insertion-specific primers.6,8 Allelic discrimination of
the Gly460Trp a-adducin polymorphism was performed
using a 59 nuclease assay9 on an ABI Prism 7700 appara-
tus (Perkin Elmer, Norwalk, CT). Forward and reverse
primers and460Gly and 460Trp probes used in the
TaqMan assay (Applied Biosystems, Foster City, CA) were
59-CGTCCACACCTTAGTCTTCGACTT, 59-GGAGAA-
GACAAGATGGCTGAACTC, 59-FAM-TTCCATTCTGC-
CCTTCCTCGGA-TAMRA, and 59-TET-TTCCATTCTGC-
CATTCCTCGGAA-TAMRA, respectively. Per 25 microliters,
PCR fluid contained 50 ng of DNA, 300 nmol of primers,
100 nmol of FAM-probe, and 50 nmol of TET-probe. Ampli-
fication conditions were 50°C for 2 minutes, 95°C for 10
minutes, 95°C for 15 minutes, and 62°C for 1 minute for 40
cycles. For determination of2344C/Taldosterone synthase
genotypes, PCR and subsequent genotyping were performed
as described by Brand et al.7

Statistical Methods
We used SAS version 8.1 (SAS Institute, Cary, NC) for

database management and statistical analysis. Measure-
ments with a skewed distribution were normalized by loga-
rithmic transformation. Comparisons of means and propor-
tions were performed by means of the standard normalz test
and Fisher’s exact test, respectively. Significant covariables
were traced by stepwise linear or logistic regression. We set
P at 0.05 for independent variables to enter and stay in the
model. In addition, potentially important covariables were
forced into the models regardless of statistical significance.
We used analysis of covariance to compare continuous
measurements between genotypes, with adjustments for co-
variables. The presence of mild renal dysfunction in relation
to genotype was studied by multiple logistic regression.

Genotypes were represented by dummy variables using
the deviation from mean coding approach,14 which does not
imply a genetic hypothesis. In single-gene analyses in which
we tested independent hypotheses, we adjusteda levels and
confidence intervals (CIs) for multiple testing using Bonfer-
roni’s method.15 Because family members are more likely to
share identical alleles than randomly selected subjects, we
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repeated the analyses using generalized estimating equations
to account for the possible nonindependence of renal func-
tion measurements within families.16,17 In the PROC GEN-
MOD procedure, we used normal and logit link functions for
continuous and dichotomous variables, respectively. We
defined intrafamilial correlation matrices from renal pheno-
types in our own data set, with adjustments applied for
covariables and confounders. Pedigrees were made for each
family. However, because the association analysis, as well as
the generalized estimating equation approach, does not im-
ply a hypothesis about the mode of inheritance of the studied
phenotypes, we did not account for possible consanguinity
or nonpaternity.

RESULTS

Characteristics of Participants

The 1,454 participants included 710 men
(48.8%). Age ranged from 10 to 84 years (Table
1). Mean arterial pressure (diastolic pressure
plus one third of pulse pressure) was computed
from the 10 systolic and diastolic blood pressure
readings performed by study nurses in subjects’
homes (Table 1). Mean pressure averaged 91.46
11.4 (SD) mm Hg; 338 (23.3%) subjects were
hypertensive. Two hundred twenty-two men
(31.3%) were current smokers and 234 men
(33.0%) reported intake of alcohol. In women,
these numbers were 205 (27.6%) and 84 (11.3%),

respectively. One hundred forty-three women
(19.2%) used oral contraceptives and 13 women
(1.8%) were on hormonal replacement therapy.

Measurements of creatinine clearance and uri-
nary protein excretion were available in 855
(58.8%) and 556 participants (38.2%), respec-
tively. Characteristics of these subgroups were
similar to those of the entire study population de-
scribed in Table 1. Overt proteinuria (protein.
300 mg/d) was present in three men and three
women.

Analyses Involving Single Genes

Frequencies of theACE I/D (P 5 0.07),a-ad-
ducin Gly460Trp (P 5 0.98), and aldosterone
synthase2344C/T(P 5 0.58) genotypes did not
deviate from Hardy-Weinberg equilibrium. In
single-gene analyses, genotype and allele frequen-
cies were not significantly different among sub-
jects with normal renal function and those with
mild renal dysfunction based on calculated creat-
inine clearance (Table 2). If measured instead of
calculated (n5 1,454) creatinine clearance was
used, mild renal dysfunction was present in 90 of
855 subjects (10.5%). In general, findings in this
subgroup were not different from those listed in

Table 1. Characteristics of Participants

Characteristic Men Women P

No. of participants 710* 744* —
Age (y) 43.2 6 16.1 43.5 6 16.0 0.76
Lean body mass† (kg) 58.8 6 4.6 38.5 6 2.9 ,0.001
Body mass index (kg/m2) 25.5 6 3.9 25.2 6 5.2 0.26
Systolic pressure‡ (mm Hg) 125.3 6 15.1 121.1 6 17.1 ,0.001
Diastolic pressure‡ (mm Hg) 76.9 6 10.4 74.2 6 10.4 ,0.001
Taking antihypertensives 67 (9.4) 99 (13.3) 0.02
Patients with diabetes 6 (0.9) 15 (2.0) 0.06
Serum creatinine (mmol/L) 98.1 6 15.5 83.0 6 16.3 ,0.001
Urinary protein excretion (mg/d) 94.1 (88.6-100.0) 86.9 (82.1-92.0) 0.06
Creatinine clearance (mL/min/1.73 m2)

Calculated§
Mean 85.2 6 19.4 82.4 6 20.3 0.007
#60 68 (9.6) 100 (13.4) 0.02

Measured
Mean 91.6 6 22.2 85.1 6 23.3 ,0.001
#60 36 (8.9) 54 (12.1) 0.13

NOTE. Values expressed as arithmetic mean 6 SD, geometric mean (95% CI), or no. of subjects (percent).
*Urinary protein excretion and measured creatinine clearance were available in 260 and 407 men and 296 and 448

women, respectively.
†Calculated according to Kvist et al.11

‡Mean of 10 blood pressure readings were performed by study nurses (5 readings at each of two separate home visits).
§Calculated using the formula of Cockroft and Gault.12
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Table 2. However, among subjects with a mea-
sured creatinine clearance of 60 mL/min/1.73 m2

or less, theACE II genotype was slightly under-
represented, whereas the opposite trend was ob-
served for theID genotype (mild renal dysfunc-
tion versus normal renal function, 12.2% (II ) and
66.7% (ID) versus 23.5% (II ) and 52.8% (ID);
P 5 0.06).

In additional single-gene analyses, we ad-
justed for sex, age, age squared, lean body mass,11

body mass index, mean arterial pressure, smok-
ing, alcohol intake, diabetes mellitus, and the use
of antihypertensives and contraceptives, as appro-

priate. With adjustment for these covariables, the
relative risk for mild renal dysfunction using
measured creatinine clearance was slightly but
significantly (P 5 0.02) greater inACE ID het-
erozygotes than in the entire study population
(Table 3). Statistical analyses that, in addition to
previously mentioned covariables, accounted for
nonindependence of renal phenotypes within
families did not alter these results (Table 4).

Analyses Involving Multiple Genes

In an additional step of adjusted analyses, we
observed that the association between serum

Table 2. Genotype and Allele Frequencies in Subjects Without and With Mild Renal Dysfunction

Genes Genotypes P * Alleles P *

ACE gene II ID DD I D
Normal renal function 313 (24.3) 662 (51.5) 311 (24.2) 1,288 (50.1) 1,284 (49.9)
Mild renal dysfunction† 28 (16.7) 99 (58.9) 41 (24.4) 0.20 155 (46.1) 181 (53.9) 0.45

a-Adducin gene GlyGly GlyTrp TrpTrp Gly Trp
Normal renal function 771 (60.0) 444 (34.5) 71 (5.5) 1,986 (77.2) 586 (22.8)
Mild renal dysfunction 90 (53.6) 72 (42.9) 6 (3.6) 0.27 252 (75.0) 84 (25.0) 0.75

Aldosterone synthase gene CC CT TT C T
Normal renal function 262 (20.4) 646 (50.2) 378 (29.4) 1,170 (45.5) 1,402 (54.5)
Mild renal dysfunction 26 (15.5) 84 (50.0) 58 (34.5) 0.51 136 (40.5) 200 (59.5) 0.25

*Fisher’s exact test was used to compare frequencies between subjects with and without mild renal dysfunction.
†Mild renal dysfunction was defined as a calculated12 creatinine clearance of 60 mL/min/1.73 m2 or less.13

Table 3. Renal Function in Relation to Single Genes

Genes and Genotypes
Serum Creatinine*

(mmol/L)

Relative Risk for Mild Renal Dysfunction*
Urinary Protein Excretion*

(mg/d)Estimated† Measured†

ACE
II 89.4 6 0.8 0.75 (0.52-1.08) 0.62 (0.35-1.08) 90.4 (82.9-101.9)
ID 90.7 6 0.5 1.27 (0.97-1.68) 1.59 (1.06-2.37)‡ 89.4 (83.7-95.6)
DD 90.8 6 0.8 1.05 (0.75-1.45) 1.02 (0.62-1.67) 90.4 (81.2-100.6)

a-Adducin
GlyGly 90.1 6 0.5 0.98 (0.65-1.46) 1.01 (0.52-1.97) 89.7 (84.1-95.6)
GlyTrp 90.8 6 0.7 1.33 (0.88-2.01) 1.39 (0.71-2.74) 91.0 (83.6-99.1)
TrpTrp 91.0 6 1.7 0.77 (0.38-1.55) 0.71 (0.21-2.38) 91.3 (74.0-112.8)

Aldosterone synthase
CC 89.3 6 0.9 0.87 (0.60-1.25) 1.05 (0.65-1.69) 91.0 (81.2-102.1)
CT 90.4 6 0.5 0.99 (0.75-1.31) 0.75 (0.51-1.10) 92.3 (86.0-99.0)
TT 91.2 6 0.7 1.16 (0.86-1.57) 1.28 (0.86-1.91) 86.5 (79.1-94.5)

NOTE. Values expressed as mean 6 SE or relative risk (95% CI).
*The number of subjects included in the analysis is 1,454 for serum creatinine and renal dysfunction based on estimated12

creatinine clearance, 855 for renal dysfunction based on measured creatinine clearance, and 556 for proteinuria. Significant
covariables of each outcome variable were identified by stepwise regression (see Results). Analyses were adjusted for sex,
age, age squared, lean body mass,11 body mass index, mean arterial pressure, smoking, alcohol intake, diabetes mellitus,
and the use of antihypertensive drugs and oral contraceptives, as appropriate.

†Estimated or measured creatinine clearance of 60 mL/min/1.73 m2 or less.13

‡P 5 0.02 versus the overall risk in the entire study population.
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creatinine level andACEgenotype was confined
to carriers of the mutateda-adducinTrp allele
(Fig 1; Table 5). Against this genetic back-
ground, serum creatinine levels were 4.0mmol/L
(95% CI, 1.1 to 7.0;P 5 0.005) and 4.9mmol/L
(95% CI, 1.5 to 8.3;P 5 0.008) lower inACE II
subjects thanID heterozygotes andDD subjects,
respectively (Fig 1).

In keeping with our findings on serum creati-

nine level, the increased risk for mild renal
dysfunction associated with theACE D allele
also was restricted to carriers of thea-adducin
Trp allele (Fig 2; Table 5). Compared with the
average risk in the entire population, the adjusted
relative risk for renal dysfunction in this sub-
group was 0.41 (95% CI, 0.21 to 0.80;P 5
0.009) inII homozygotes and 1.89 (95 CI, 1.37
to 2.62;P , 0.001) inID heterozygotes (Fig 2).

Table 4. Renal Function in Relation to Single Genes in Adjusted Models Using Generalized Estimating Equations

Genes and Genotypes
Serum Creatinine*

(mmol/L)

Relative Risk for Mild Renal Dysfunction*
Urinary Protein Excretion*

(mg/d)Estimated† Measured†

ACE
II 89.4 6 0.8 0.78 (0.54-1.12) 0.63 (0.36-1.10) 89.7 (80.1-100.5)
ID 90.3 6 0.6 1.22 (0.93-1.61) 1.57 (1.06-2.33)‡ 89.2 (83.2-95.7)
DD 90.4 6 0.8 1.05 (0.75-1.47) 1.01 (0.62-1.65) 92.1 (84.6-100.3)

a-Adducin
GlyGly 90.0 6 0.6 1.00 (0.66-1.52) 1.01 (0.51-2.00) 89.1 (83.3-95.3)
GlyTrp 90.3 6 0.7 1.35 (0.86-2.13) 1.39 (0.70-2.78) 91.1 (83.8-98.2)
TrpTrp 90.0 6 1.4 0.74 (0.34-1.60) 0.71 (0.20-2.49) 93.2 (76.2-113.8)

Aldosterone synthase
CC 89.2 6 0.8 0.87 (0.60-1.26) 1.03 (0.65-1.64) 89.4 (80.7-99.1)
CT 90.2 6 0.6 1.02 (0.78-1.35) 0.76 (0.51-1.12) 92.6 (85.9-100.0)
TT 90.6 6 0.8 1.13 (0.83-1.53) 1.28 (0.85-1.92) 86.4 (79.4-94.0)

NOTE. Values expressed as mean 6 SE or relative risk (95% CI).
*Analyses were based on generalized estimation equations. For the number of subjects included in the analysis and the

covariables considered, see Table 3.
†Estimated or measured creatinine clearance of 60 mL/min/1.73 m2 or less.13

‡P 5 0.02 versus the overall risk in the entire study population.

Fig 1. Serum creatinine
levels by ACE genotype in
carriers of the a-adducin Trp
allele, aldosterone synthase
T allele, or both ( Trp and T ).
Values expressed as mean 6
SE adjusted for sex, age,
lean body mass, mean arte-
rial pressure, diabetes melli-
tus, and antihypertensive
drug treatment. The number
of subjects is given for each
genotype.
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Compared with theII genotype, the adjusted
relative risk for mild renal dysfunction was 4.62
(95% CI, 2.20 to 9.72;P, 0.001) inID heterozy-
gotes and 2.90 (95% CI, 1.29 to 6.53;P 5 0.01)
in DD homozygotes. We reproduced these re-
sults by using measured instead of calculated
creatinine clearance (Fig 3; Table 5).

In adjusted multiple-gene analyses, a signifi-
cant association between 24-hour proteinuria and

ACE genotype also became apparent in carriers
of the mutateda-adducin (Fig 4; Table 5). In this
subgroup, proteinuria was 17% (95% CI,20.5 to
37; P 5 0.06) and 26% (95% CI, 5 to 52;P 5
0.02) lower inACE II subjects thanID heterozy-
gotes andDD homozygotes, respectively (Fig 4).

In all available subjects, as well as carriers of
the a-adducin Trp allele, the presence of the
aldosterone synthaseT allele did not reinforce

Table 5. Renal Function by ACE Genotype in a-Adducin GlyGly Homozygotes

Genes and Genotypes

Serum
Creatinine
(mmol/L)* Relative Risk for Mild Renal Dysfunction* (95% CI)

Urinary Protein
Excretion* (mg/d)

No. Mean 6 SE No.† Estimated‡ No.† Measured‡ No. Mean (95% CI)

Adjusted for confounders
GlyGly/II 202 90.8 6 1.0 202 (21) 1.09 (0.71-1.69) 112 (9) 0.89 (0.45-1.73) 68 99.7 (88.8-112.0)
GlyGly/ID 462 90.1 6 0.7 462 (46) 0.98 (0.71-1.36) 292 (29) 1.33 (0.84-2.13) 191 87.5 (81.6-93.8)
Gly/Gly/DD 197 89.5 6 1.1 197 (23) 1.01 (0.66-1.54) 120 (11) 1.01 (0.54-1.88) 77 86.8 (77.8-96.8)

Adjusted models using
generalized estimating
equations
GlyGly/II 202 91.0 6 1.1 202 (21) 1.12 (0.74-1.69) 112 (9) 0.90 (0.46-1.76) 68 97.5 (86.1-110.3)
GlyGly/ID 462 89.8 6 0.8 462 (46) 0.94 (0.68-1.31) 292 (29) 1.31 (0.83-2.06) 191 87.1 (81.0-93.7)
GlyGly/DD 197 89.5 6 0.9 197 (23) 1.03 (0.68-1.56) 120 (11) 1.01 (0.54-1.87) 77 87.5 (79.5-96.3)

*Significant covariables of each outcome variable were identified by stepwise regression (see Results). Analyses were
adjusted for sex, age, age squared, lean body mass,11 body mass index, mean arterial pressure, smoking, alcohol intake,
diabetes mellitus, and use of antihypertensive drugs and oral contraceptives, as appropriate. For adjusted models using
generalized estimating equations, nonindependence of renal phenotypes within families also was accounted for.

†No. of subjects with mild renal dysfunction in parentheses.
‡Estimated or measured creatinine clearance of 60 mL/min/1.73 m2 or less.13

Fig 2. Risk for having a
calculated creatinine clear-
ance of 60 mL/min/1.73 m 2 or
less by ACE genotype in car-
riers of the a-adducin Trp al-
lele, aldosterone synthase T
allele, or both ( Trp and T ).
Values were adjusted for
mean arterial pressure and
antihypertensive drug treat-
ment and represent the risk
relative to that in the entire
population. Vertical lines de-
note 95% CIs. The number of
subjects is given for each
genotype (bottom). The size
of the squares is propor-
tional to the number of cases
(given alongside the squares).

RENAL FUNCTION AND THREE CANDIDATE GENES 1163



previously mentioned associations with theACE
genotype (Figs 1 to 4).

Further analyses confirmed that associations
between renal phenotypes and theACEgenotype
were confined to carriers of thea-adducinTrp
allele and not present inGlyGly homozygotes.
First, we evaluated the possible effects of con-
founders and excluded hypertensive patients and
women on hormonal therapy. As noticed in the

entire study group, inID heterozygotes andDD
homozygotes, serum creatinine levels were 3.4
mmol/L (95% CI, 0.2 to 6.6;P 5 0.03) and 4.1
mmol/L (95% CI, 0.4 to 7.8;P 5 0.04) greater
than in ACE II subjects, relative risks for mild
renal dysfunction were 235% (95% CI, 38 to
715;P 5 0.008) and 51% (95% CI,247 to 329;
P 5 0.43) greater than inACE II subjects, and
proteinuria was 20% (95% CI,21 to 47; P 5

Fig 3. Risk for having a
measured creatinine clear-
ance of 60 mL/min/1.73 m 2 or
less by ACE genotype in car-
riers of the a-adducin Trp al-
lele, aldosterone synthase T
allele, or both ( Trp and T ).
For further explanation, see
Fig 2.

Fig 4. Urinary protein ex-
cretion by ACE genotype in
carriers of the a-adducin Trp
allele, aldosterone synthase
T allele, or both ( Trp and T ).
Values are geometric means
adjusted for sex, age, and
diabetes mellitus. Vertical
lines denote 95% CIs of geo-
metric means. For further ex-
planation, see Fig 1.

WANG ET AL1164



0.07) and 44% (95% CI, 11 to 87;P 5 0.007)
increased, respectively. Second, in the entire study
group, in addition to previously mentioned covari-
ables, we also allowed for nonindependence of
renal phenotypes within families. As observed in
the main analysis inID heterozygotes andDD
homozygotes, serum creatinine levels were 3.7
mmol/L (95% CI, 1.2 to 6.2;P 5 0.004) and 4.4
mmol/L (95% CI, 1.0 to 7.8;P 5 0.01) greater
than in ACE II subjects, relative risks for mild
renal dysfunction were 312% (95% CI, 88 to
803;P, 0.001) and 168% (95% CI, 17 to 516;P
5 0.02) greater than inACE II subjects, and
proteinuria was 16% (95% CI, 0 to 35;P 5 0.05)
and 24% (95% CI, 6 to 45;P 5 0.008) increased,
respectively.

DISCUSSION

To the best of our knowledge, our study pro-
vides the first evidence of a combined effect of
two candidate genes on various indices of renal
function in a white population. In the presence of
the mutateda-adducinTrp allele, serum creati-
nine level, relative risk for mild renal dysfunc-
tion, and proteinuria were 4.3mmol/L (P 5
0.003), threefold (P , 0.001), and 20% (P 5
0.02) greater inACE D carriers thanACE II
homozygotes. The aldosterone synthaseT allele
did not strengthen the associations between renal
function and theACE Dallele considered either
alone or in combination with thea-adducinTrp
allele.

Numerous studies18-22 investigated the pos-
sible relationship between theACE I/Dpolymor-
phism and development and progression of ne-
phropathy in patients with various diseases.
Several reports showed that theACE D allele
was associated with a greater risk for diabetic
nephropathy18-22or hypertensive renal complica-
tions23-25 or faster progression of renal dysfunc-
tion, regardless of the underlying cause.26,27Three
quantitative overviews18,19,21 found a stronger
association between diabetic nephropathy and
theACE I/Dpolymorphism inAsians than whites.
In the former race, common odds ratios associ-
ated with theD allele18,19,21 were compatible
with a nearly twofold increase in the risk for
diabetic nephropathy. Conversely, the common
odds ratio in whites with non–insulin-dependent
diabetes mellitus was only 1.10 (95% CI, 0.83 to
1.45).21 For insulin-dependent white patients, the

pooled odds ratio was not computed because of
significant heterogeneity among the individual
studies.21

The most recent reports on possible effects of
theACE I/D polymorphism on the pathogenesis
of renal disorders continue to produce conflicting
results.20-22Several factors may account for these
disparate findings,22 such as selection bias in
case-control studies and differences in the ge-
netic or racial background of subjects, diagnostic
criteria for renal disease, or environmental fac-
tors. Few studies enrolled subjects based on a
sample drawn from the general population. How-
ever, an alternative explanation for the diver-
gence between the studies20-22 is the failure to
account for combined effects of several genes on
renal function. In the present study, we selected
three genetic polymorphisms that may influence
renal function through their effects on sodium
reabsorption or blood pressure. The presence of
theACE Dallele leads to greater systemic ACE
levels28 and probably also stimulates the genera-
tion of angiotensin II,29 which reduces the slope
of the renal pressure–natriuresis relationship at
low nonpressor doses.30

Second, hypertensive patients carrying the
460Trpallele of the gene encoding the cytoskel-
eton proteina-adducin show enhanced proximal
tubular renal reabsorption of sodium compared
with those with the wild-typeGly460 variant31

and experience greater blood pressure changes in
response to sodium loading or diuretic treat-
ment.8,32 These patients also have lower plasma
renin activity, which may reflect a chronically
expanded circulating blood volume or greater
salt sensitivity.8

Third, the presence of theT allele at the
2344C/T locus in the promoter area of the
aldosterone synthase gene stimulates aldosterone
synthesis independent of regulation by angioten-
sin II and potassium.33,34

With regard to proximal tubular sodium reab-
sorption, Barlassina et al8 described a synergistic
action between theACE D and a-adducinTrp
alleles. However, further research should eluci-
date the mechanisms by which theACE and
a-adducin genes may interact in the overall deter-
mination of renal function. The intrarenal renin-
angiotensin system is located not only in proxi-
mal tubules, but also in glomeruli and arterioles.35

Increased angiotensin II generation may modu-
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late glomerular hemodynamics through vascular
functional (vasoconstriction) or structural (thick-
ening of arterial wall) changes.36 Infusion of low
doses of angiotensin II directly into the rat kid-
ney resulted in changes in the renal vasculature
compatible with dose-related structural remodel-
ing of the preglomerular resistance vessels around
a narrowed lumen and a dose-related increase in
arterial pressure, which was attenuated if the
contralateral kidney was left intact.37 In addition,
the relation between blood pressure and glomer-
ular filtration rate was shifted to the right.37

Chronic volume expansion in the presence of the
a-adducinTrp allele is accompanied by greater
glomerular filtration rates and lower fractional
sodium reabsorption before hypertension devel-
ops.38 Glomerular hyperfiltration at an early stage
in life in the long run may promote proteinuria
and accelerate the decay of renal function with
age.31 The presence of theACE Dallele through
increased local or systemic generation of angio-
tensin II28,29 may mimic the effects recently ob-
served in rat experiments,37 blunt the homeo-
static mechanisms activated in response to the
mutateda-adducin, and ultimately lead to re-
duced glomerular filtration and accelerated in-
crease in blood pressure, as observed in our
prospective population study.1,2

Our findings were consistent regardless of
whether calculated12or measured creatinine clear-
ance was used. In carriers of the mutateda-addu-
cin, the relative risk for mild renal dysfunction
was greater inID subjects thanDD homozy-
gotes. These findings may be explained by ran-
dom variation in creatinine clearance or the
complex regulatory and counterregulatory mecha-
nisms if two genes interact and jointly influence
a remote phenotype, such as creatinine clear-
ance. One more speculative possibility is that the
combined influence on a complex phenotype
may involve epistasis,31,39 which is the suppres-
sion or potentiation of a gene by other nonallelic
genes.40 Under these circumstances, the pheno-
type may not be accurately predicted by the
summation of single-gene effects, and the ge-
netic interaction may become nonlinear.

The present results must be interpreted within
the context of their limitations. We used a single
measurement of serum creatinine as an index of
renal function. Serum creatinine levels may fluc-
tuate over time and may be influenced by several

factors, such as fluid balance, diet, and concomi-
tant diseases. Conversely, we included all avail-
able subjects, with correction for many potential
confounders, including diabetes mellitus, use of
antihypertensives, and hormonal treatment. This
approach may increase the external validity of
our findings and reduce selection bias. Our study
was undertaken in a white population, and our
findings remain to be confirmed in populations
of Asian or African extraction.

In conclusion, the present findings, together
with experimental studies and our previous re-
ports on the incidence of hypertension1,2 and
femoral intima media thickness,3 constitute a
growing body of evidence delineating a syn-
drome genetically determined by the risk-carry-
ing ACE D and a-adducin Trp alleles. When
confirmed, our findings may have important clini-
cal implications. Renal dysfunction not only pre-
cedes the development of end-stage renal dis-
ease, but also predicts total and cardiovascular
morbidity and mortality.13,41,42Therefore, identi-
fication of the genetic mechanisms underlying
the pathogenesis of renal dysfunction or hyperten-
sion may lead to a more accurate risk stratifica-
tion and tailored strategies to prevent these disor-
ders and their complications.
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