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The mineralocorticoid hormone, aldosterone, is known to play a
role in sodium homeostasis. We serendipitously found, however,
highly significant association between single-nucleotide polymor-
phisms in the aldosterone synthase gene and plasma glucose levels
in a large population of Chinese and Japanese origin. Two poly-
morphisms—one in the putative promoter (T-344C) and another
resulting in a lysine/arginine substitution at amino acid 173, which
are in complete linkage disequilibrium in this population—were
associated with fasting plasma glucose levels (P = 0.000017) and
those 60 (P = 0.017) and 120 (P = 0.0019) min after an oral glucose
challenge. A C/T variant in intron 1, between these polymor-
phisms, was not associated with glucose levels. Arg-173 and -344C
homozygotes were most likely to be diabetic [odds ratio 2.51; 95%
confidence interval (C.I.) 1.39-3.92; P = 0.0015] and have impaired
fasting glucose levels (odds ratio 3.53; 95% C.l. 2.02-5.5; P =
0.0000036). These results suggest a new role for aldosterone in
glucose homeostasis.

ypertension affects 15-50% of the adult population and is

one of the major risk factors for stroke, myocardial infarc-
tion, and renal disease. Despite intense effort, our understanding
of heritable factors in the etiology of hypertension is rather poor.
Twin, adoption, and epidemiologic studies indicate that variation
in blood pressure (BP) is genetically determined to some extent
(1-3). Insulin resistance, defined as the sluggish uptake of
glucose by peripheral tissue in the presence of normal or
elevated levels of insulin, is frequently associated with hyper-
tension (4). One of the goals of the Stanford, Asia, and Pacific
Program for Hypertension and Insulin Resistance (SAPPHIRe)
study is to identify predisposing genes for essential hypertension
and insulin resistance.

To maximize our chances of finding susceptibility genes for
these diseases, we took several steps. First, in an attempt to
reduce genetic heterogeneity, we focused on a relatively homo-
geneous population of Chinese and Japanese descent. Second,
we sampled subjects from tails of the systolic or diastolic BP
distributions—the affected hypertensives were recruited from
the upper 20% of the distribution, whereas the unaffected
“low-normotensive” individuals had BP readings in the lower
30% of the distribution (5). Third, because recent theoretical
work suggests that association studies might be adequately
powerful to detect susceptibility loci that have a modest effect on
the phenotype (6), we began candidate gene studies by testing
specific variants in genes that might, for biological reasons, be
expected to be involved in BP regulation or glucose homeostasis
for association with hypertension or insulin resistance.

The mineralocorticoid hormone, aldosterone, by determining
the amount of sodium and water reabsorbed by the kidney, plays
a key role in regulating BP (7). Indeed, mutations in the
aldosterone synthase gene or in the receptor for the hormone can
cause Mendelian forms of hypertension and hypotension (8). For
this reason, we evaluated single-nucleotide polymorphisms
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(SNPs) in the aldosterone synthase gene for association with
hypertension. We unexpectedly found, however, that genetic
variation in this gene is associated with plasma glucose levels and
diabetes status in this population.

Materials and Methods

Subjects. Individuals were recruited as part of the Stanford, Asia,
and Pacific Program for Hypertension and Insulin Resistance
study, and details of the study population have been published
(9). Briefly, hypertensive subjects of Chinese and Japanese
origin were recruited in the San Francisco Bay area, Hawaii, and
Taiwan. Hypertension was defined as BP in the upper 20% of the
systolic or diastolic BP distributions. In our population, these
thresholds translated into the following values: systolic BP (SBP)
=160 mm Hg or diastolic BP (DBP) =95 mm Hg, or taking 2
medications for high BP (stage II hypertension). Alternatively,
the subjects had uncontrolled hypertension, i.e., took 1 medica-
tion for high BP and had either SBP =140 or DBP =90 mm Hg.
Comparably hypertensive siblings of the proband, as well as
low-normotensive siblings, were also recruited. “Low-normal”
BP was defined as SBP =115 mm Hg and DBP =76 for males
under 45 years of age. For males over 45 years of age, SBP =122
and DBP =78 were used. For females younger than 45 years of
age, low-normal BP was defined as SBP =107 and DBP =70 mm
Hg. For those females over 45 years of age, the cutoffs were SBP
=118 and DBP =75. Individuals with chronic illnesses like
diabetes, heart, liver, or kidney diseases and cancer were ex-
cluded from the study. However, individuals diagnosed with
diabetes as a result of tests done by us were not excluded from
the study.

In this study, 1,368 individuals were evaluated. The distribu-
tion of family sizes was 178 singletons, and 252, 117, 48, 19, and
8 with 2, 3, 4, 5, and 6 siblings, respectively. Glucose and insulin
levels were measured after an overnight fast and 60 and 120 min
after ingesting 75 gm of glucose. Total cholesterol, triglycerides,
and high-density lipoprotein levels were measured after an
overnight fast.

This study was approved by Institutional Review Boards at all
participating sites, and all subjects gave written informed consent.

Genotyping. Genotyping was performed by using the TagMan
assay as described (10). The probes and primers used in the
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TagqMan assay were as follows. For the T-344C SNP, the probes
were CCAAGGCTCCCTC and CCAAGGCCCCCTC (SNP
underlined), and the primers were TTGCAATGAACTA-
AATCTGTGGTATAAAA (forward) and GAGTAAAATG-
GATGGGGACTTTATCTTAT (reverse). For the intron 1
SNP, the probes were AGGGACATGACCCCGTCCAGCAG
and AGGGACATGACCCTGTCCAGCAGG, and the primers
were ACACTTTGGATTGGGACTGCA (forward) and CT-
TCTCCACATCCTCCGGC (reverse). For the Lys-173/Arg
SNP, the probes were CCAGGCCCTGAAGAAGAAGGT-
GCTG and CCAGGCCCTGAGGAAGAAGGTGCT, and the
primers were GATGCAGTGGCCAGGGACT (forward) and
GCTGGACGTCCAGGGTCA (reverse).

Statistical Analysis. Glucose values were transformed to approx-
imate normality and then used in the statistical analyses. Fasting
glucose values were raised to the power —1.4 and multiplied by
a constant (—100,000). Glucose values 60 [oral glucose tolerance
test (OGTT) 60] and 120 (OGTT120) minutes after an oral
glucose tolerance test were natural log-transformed. To control
for additional sources of variation in glucose values, all three
transformed values were regressed on body mass index (BMI),
age, gender, ethnicity, and geographical origin of subjects.
Residuals from the regression were initially used in ANOVA and
multivariate ANOVA to examine main effects of aldosterone
synthase genotypes. These analyses, however, did not allow for
residual correlation of phenotypes in sibships or the fact that
sibling genotypes are not independent. Therefore, significant
results were followed by variance-component analysis, as imple-
mented in the program SOLAR (11). This program estimates the
proportion of variance explained by a covariate (in this case, the
aldosterone synthase genotype) in the presence of background
polygenic variance, thus allowing for familial correlation in
glucose values. The program also takes into account the non-
independence of sibling genotypes. The heritabilities for fasting
and OGTT120 glucose were 49% and 54%, respectively, and
highly significant (P < 0.0000001). SOLAR assumes multivariate
normality under the null hypothesis of no association; and,
although we transformed the data to approximate univariate
normality, it is difficult to test this multivariate assumption. For
this reason, we did analyses parallel to those from SOLAR. The
variance in residual fasting glucose contributed by the Lys-173/
Arg or T-344C SNPs in the aldosterone synthase gene was
estimated by using a “method of moments” approach, which
accounts for familial correlation in trait values but does not make
assumptions regarding the distribution of trait values. Details of
this method are presented in supporting information, which is
published on the PNAS web site, www.pnas.org. The inferences
from these analyses were indistinguishable from those obtained
from SOLAR. Discrete traits like diabetes and impaired fasting
glucose were analyzed by using a liability-threshold model as
implemented in SOLAR. Because we used siblings in the analysis,
we could not rely on standard methods to estimate the signifi-
cance of the odds ratios. Instead, we estimated odds ratios and
their 95% confidence intervals (C.I.s) by using a percentile
bootstrap method (12). For each trait, we drew 1,000 indepen-

Table 1. Study population

Strata Chinese Japanese
Gender (male/female) 498/530 144/196
Hypertensive (% medicated)* 718 (86.5) 300 (87.3)
Age' 49.8 = 8.3 55.2 + 8.1
Body mass index,* kg/m?2 25.4 + 3.4 26.6 + 3.8

*Percent taking antihypertensive medication.
"Mean * SD.
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Table 2. Aldosterone synthase genotype frequencies

SNP Lys-173/Arg Intron 1 SNP

T-344C Lys/Lys Lys/Arg Arg/Arg C/C C/T T/T
T/T 715 0 0 380 259 52
T/C 0 546 0 423 107 0
C/C 0 0 107 106 0 0

dent samples (with replacement) from the overall sample, each
such sample being the same size as the overall sample. An odds
ratio was then calculated for each bootstrap sample, and the
overall mean of these 1,000 samples was taken as the bootstrap
estimate of the odds ratio. To estimate C.I.s, these 1,000 odds
ratios were ranked, and the 25th and 975th values were used as
the 95% C.Ls.

To estimate linkage disequilibrium among SNPs, one individ-
ual was chosen at random from each of the families studied, and
pairwise haplotype frequencies were estimated from these 479
individuals by using the expectation-maximization algorithm as
implemented in the EH program (ftp://linkage.rockefeller.edu/
software/eh).! Note that the number of individuals used in this
analysis is less than the number of families noted above because
not all individuals were typed for the intronic SNP. Linkage
disequilibrium values (D") were calculated as described (13).

Results

We typed 1,368 subjects of Chinese and Japanese origin (details of
study population are given in Table 1) for three SNPs in the
aldosterone synthase gene. The three SNPs were a T/C transition
at position -344 in the putative promoter (T-344C; ref. 14); a C/T
transition in intron 1 (recently identified in our laboratory) 353 bp
downstream of the 3’ end of exon 1; and an A/G variant in exon 3,
which results in a lysine/arginine amino acid substitution at residue
173 (Lys-173/Arg; ref. 15). None of the SNPs was associated with
hypertension in our study population, however (data not shown).

We examined pairwise linkage disequilibrium among these
three SNPs (Table 2). Consistent with a previous report (16), the
T-334C and Lys-173/Arg SNPs were in complete linkage dis-
equilibrium with each other (D’ = 1, %14 = 832.5) and are
referred to as a single SNP, Lys-173/Arg, in the following
discussion. The SNP in intron 1, which lies 939 bp downstream
from T-344C and 2,119 bp upstream of Lys-173/Arg, was in weak
linkage disequilibrium (D’ = 0.37, x*14¢ = 70.4) with either SNP.

Because insulin resistance or syndrome X is frequently asso-
ciated with hypertension (4), we also evaluated quantitative
phenotypes like plasma glucose, insulin, and lipid levels for
association with aldosterone synthase genotypes. As shown in
Table 3, neither the Lys-173/Arg SNP nor the intron 1 SNP were
associated with lipid or insulin levels.

In contrast, the Lys-173/Arg SNP showed highly significant
association with fasting plasma glucose levels (P = 0.0000067)
and those 60 (P = 0.0089) and 120 (P = 0.0005) minutes after
an oral glucose load. Because all three glucose levels were
correlated, we also analyzed the data by using multivariate
ANOVA, with similar results. Taken together, all three glucose
levels were highly significantly associated with Lys-173/Arg
genotypes (P < 0.0001).

These analyses, however, did not take into account residual
correlation in glucose levels within sibships or the fact that
sibling genotypes were not independent. Both these factors
would tend to reduce the significance of the association between
Lys-173/Arg genotypes and glucose levels. For this reason, we
analyzed the data by using a variance-components model that

IXie, X. & Ott, J. (1993) Am. J. Hum. Genet. 53, Suppl., 1107 (abstr.).
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Table 3. Aldosterone synthase SNPs and intermediate phenotypes

Lys173Arg Intron 1 SNP
Trait Lys/Lys Lys/Arg Arg/Arg P value c/C C/T T/T Pvalue
Cholesterol 195.2 (38.7) 193.7 (38.2) 195.7 (35.6) 0.8 194.8 (38.5) 194.1 (38.2) 195.6 (35.8) 0.9
HDL 43.5(11.8) 44.8 (12.9) 45.4 (12.9) 0.1 43.7 (11.8) 44.9 (12.8) 45.2 (12.9) 0.6
Triglycerides 146.3 (92.7) 143.7 (94.1) 133.3 (69.7) 0.4 145.7 (92.7) 145 (94.8) 133.6 (70) 0.7
Fasting insulin 7.5(4.7) 7.7 (5.2) 7.6 (5.2) 0.8 7.6 (4.8) 7.8(5.2) 7.7 (5.5) 0.4
OGTT60 insulin 73.3(53.1) 75.4 (54.3) 70.4 (55.2) 0.7 73.4 (53.5) 76.3 (54.6) 70.5 (55.5) 0.8
OGTT120 insulin 67.4 (59.2) 66.8 (60.0) 62.6 (49.6) 0.8 67.9 (59.7) 67.1 (60.2) 63 (49.7) 0.8

Mean and SD for each genotype are given. The Pvalue is derived from a one-way ANOVA with body mass index (BMI), age, gender, ethnicity, and geographical
origin as covariates. Cholesterol, high-density lipoproteins (HDL), and triglycerides are expressed in mg/dl. Insulin values, fasting, and 60 and 120 min after an

OGTT are expressed in ul units/ml.

allowed for residual correlations in phenotype and nonindepen-
dence of sibling genotypes (see Methods). These results are
presented in Table 4. Consistent with the above analysis, the
Lys-173/Arg SNP showed highly significant association with
fasting glucose levels, although, as expected, the P value was
slightly less significant (P = 0.000017). Mean fasting glucose
values for arginine homozygotes were higher than those for
lysine/arginine or lysine/lysine genotypes; the difference in
mean values between heterozygotes and lysine homozygotes,
however, was not significant. These results suggest a model in
which the arginine allele is recessive. The aldosterone synthase
gene seemed to have a substantial impact on glucose levels
because the difference in mean residual values between arginine
homozygotes (15.99) and the other genotypes (—1.01 and —1.8)
was approximately half an SD. This SNP explained ~1.7% of the
phenotypic variance and ~3.5% of the genetic variance in fasting
glucose levels.

There was a similar trend for glucose levels after an OGTT.
Arginine homozygotes had higher glucose levels compared with
individuals with other genotypes, 60 (OGTT60) and 120 min
(OGTT120) after ingesting glucose, although the effect was
more pronounced for the 120-min levels (Table 4). The Lys-
173 /Arg SNP contributed ~0.7% of the phenotypic and ~1.3%
of the genetic variance in glucose levels 2 h after an OGTT.
Taken together, these observations suggest that the aldosterone
synthase gene contributes more to variation in base-line glucose
levels than to the response to glucose loading. In contrast to
these results, the SNP in intron 1 showed no association with
either fasting or OGTT glucose levels (Table 4).

We could envision two confounding factors that might result
in spurious association between aldosterone synthase and glu-
cose levels: population admixture and treatment for hyperten-
sion. To determine whether admixture resulted in the associa-

Table 4. Aldosterone synthase SNPs and plasma glucose levels

tion, we stratified the population based on ethnicity and site of
recruitment. As shown in Table 5, arginine homozygotes had
consistently higher mean fasting glucose levels in both Chinese
and Japanese populations. This difference persisted across sites;
arginine homozygotes recruited in the San Francisco Bay area,
Hawaii, or Taiwan had higher mean fasting glucose values.
Finally, we examined sibships that were segregating the arginine
allele. Even in such sibships, arginine homozygotes had higher
mean glucose values than their siblings with lysine/lysine or
lysine/arginine genotypes. These observations make it unlikely
that the association between Lys-173/Arg and glucose levels is
merely the result of population stratification.

Certain antihypertensive drugs, like diuretics and pB-blockers,
can affect glucose levels (17-19). If the association between
aldosterone synthase and glucose levels was the result of an
interaction between antihypertensive medication and genotype,
then one would expect that the effect would be restricted to
medicated individuals. This is not the case, however. Even
among unmedicated subjects, arginine homozygotes had higher
mean glucose values compared with the other genotypes (Table 5).

The observed statistical significance could arise in two ways.
First, the entire distribution of glucose values among the arginine
homozygotes might be displaced from those of the other two
genotypes. Alternatively, arginine homozygotes might have a
preponderance of high-glucose values. To distinguish between
these possibilities, we compared the distribution of residual
glucose values for arginine homozygotes to those for the other
two genotypes (because the mean values suggested a recessive
arginine model, we combined the lysine homozygotes and het-
erozygotes). As shown in the Fig. 14, the distribution of residual
fasting glucose values for the arginine homozygotes, compared
with the other genotypes, was shifted slightly toward higher
values, with a paucity of arginine homozygotes at the lower end

Lys173/Arg Intron 1 SNP

Glucose trait Lys/Lys Lys/Arg Arg/Arg Pvalue C/C C/T T/T Pvalue
Fasting

Raw 94.1 (17.7) 92.6 (14.2) 102 (27.4) 94 (17.2) 94.7 (19.4) 90.6 (12.4)

Residual —1.01 (37.5) —1.8(30.6) 15.98 (32.9) 0.000017 0.21 (35.1) —1.37 (34.4) 8.09 (39.8) 0.2
OGTT60

Raw 177.3 (47.6) 173.3 (47.3) 188.8 (59.1) 177.7 (49.3) 174.9 (47.6) 171.3 (43)

Residual 0.006 (0.26) —0.02 (0.26) 0.067 (0.29) 0.017 0.003 (0.26) 0.004 (0.26) —0.05 (0.24) 0.4
OGTT120

Raw 143.3 (49.8) 140 (48.2) 158.1 (65) 143.9 (52.1) 139.9 (48.7) 146.5 (43.9)

Residual 0.01 (0.32) —0.03 (0.31) 0.1 (0.35) 0.0019 0.005 (0.32) —0.005 (0.31) 0.01 (0.32) 0.9

Mean and SD for each genotype are given. Residuals were obtained after regressing glucose values on body mass index (BMI), age, gender, ethnicity, and
geographical origin. For the sake of clarity, mean values in the untransformed scale (Raw, in mg/dl) are also given. The P values were obtained from
variance-component analysis, allowing for familial correlations in glucose levels, using the program soLAR.
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Table 5. Aldosterone synthase genotypes and fasting glucose levels by ethnicity, geographical origin, medication

status, and within siblingships

Genotype
Strata Lys/Lys (N) Lys/Arg (N) Arg/Arg (N)
Ethnicity
Chinese 91.8 + 16 (553) 90.7 + 12.1 (401) 100.8 = 30.6 (74)
Japanese 101.7 = 20.9 (162) 97.7 = 17.9 (145) 104.8 = 20.9 (33)
Site*
SF Bay 95.2 + 15.0 (89) 92.1 + 9.6 (42) 102.7 = 23 (10)
Hawaii 101.3 = 23 (170) 97.6 = 17.6 (158) 104.3 = 17.9 (34)
TSGH 94.8 + 16.6 (135) 90.8 = 10.0 (76) 104 = 11.4 (15)
NTU 91.5 + 14.0 (97) 92.9 +14.1 (72) 106.6 = 58.2 (17)
VGH 88.7 = 13.7 (224) 89.2 + 12.2 (198) 95.9 = 14.6 (31)
Medication®
UL 88.8 = 11.0 (182) 87.9 + 9.4 (140) 92.7 = 12.2 (28)
UH 92.3 = 14.0 (74) 93.2 = 13.1 (50) 127.0 = 70.5 (11)*
MH 96.4 + 19.8 (459) 94.3 + 15.5 (356) 101.8 = 15.7 (68)
Sibships

Families with Arg/Arg subjects
Families without Arg/Arg subjects

95.9 = 9.6 (22)
93.9 = 17.8 (693)

93.7 £ 10.7 (69)
92.4 = 14.7 (477)

102.6 = 31.5 (65)

Mean = SD for fasting glucose level (mg/dl) are given.
*Geographical origin of subjects. SF Bay, San Francisco Bay area; TSGH, Tri-Services General Hospital, Taipei, Taiwan; NTU, National
Taiwan University, Taipei, Taiwan; VGH, Veterans General Hospital, Taipei/Taichung, Taiwan.
TUL, unmedicated low-normotensive; UH, unmedicated hypertensive; MH, hypertensive subjects taking antihypertensive medication.

*The median for this group is 107.0 mg/dl.

of the glucose spectrum. Remarkably, the arginine/arginine
distribution seemed to be bimodal—a major peak between
values 10 and 20 and a second minor peak between values 50 and
60. The distribution of glucose values 2 h after an OGTT was
similar (Fig. 1B), with a slight decrease in the frequency of
arginine homozygotes at low glucose values and a sharp increase
in the frequency of arginine homozygotes between values 4 and
5. There was a similar trend for glucose values 1 h after an OGTT
(Fig. 1C), although the pattern was not so consistent. Thus,
although there was a shift toward the right in the distribution of
residual fasting and 2-h OGTT glucose values for the arginine
homozygotes, it seemed that the largest difference in distribu-
tions occurred in the right tail, i.e., past the definition of
impaired glucose levels.

Consistent with these observations, the Lys-173/Arg SNP was
associated with diabetes status. Although we intentionally ex-
cluded diabetics from the study, there were 159 subjects whose
diabetes was uncovered as a result of our tests. These individuals
had 2-h OGTT values that met the World Health Organization
threshold (=200 mg/dl) for diabetes (20, 21). The frequency of
arginine homozygotes in this group was 15% (Table 6). In

contrast, the frequency of arginine homozygotes in the nondi-
abetic group was only 7% (odds ratio 2.51; 95% C.I. 1.39-3.92,
P = 0.0015). When we considered individuals with impaired
fasting glucose levels (=110 mg/dl) as affected (20-22), the
difference in genotype frequencies was even more striking: 6%
of the normal individuals, and 19% of the affected subjects, were
homozygous for the arginine allele (odds ratio 3.53; 95% C.I.
2.02-5.5, P = 0.0000036).

Discussion

Because the T-344C and Lys-173/Arg SNPs are in complete
linkage disequilibrium with each other in the populations studied
here, we cannot determine which SNP is causative. Deletion of
Lys-173 causes pathologically low levels of aldosterone (hypoal-
dosteronism; ref. 23), and there was a small but statistically
insignificant difference in the activity of aldosterone synthase
bearing lysine or arginine residues at position 173 in in vitro
studies (14, 24). The T-344C SNP is in a region that is conserved
among several mammalian species and is bound in vitro by the
steroidogenic transcription factor SF-1. Deletion of this region,
however, did not affect transcription of the aldosterone synthase

Table 6. Aldosterone synthase genotypes and diabetes

Genotype

Trait Lys/Lys + Lys/Arg N (%) Arg/Arg N (%) Odds ratio* (95% C.I.), P value$
Diabetes*

Normal 1,051 (93.0) 79 (7.0)

Diabetes 135 (84.9) 24 (15.1) 2.51(1.39-3.92), 0.0015
Impaired fasting glucose®

Normal 1,138 (93.6) 78 (6.4)

Impaired 123 (80.9) 29 (19.1) 3.53 (2.02-5.5), 0.0000036

*Diabetes is defined as OGTT120 = 200 mg/dI.

fimpaired fasting glucose is defined as fasting glucose levels = 110 mg/dl.

*Odds ratios and their 95% C.I. are bootstrap estimates.

5P values were obtained from a liability-threshold model, allowing for familial correlations in diabetes and
impaired fasting glucose. Heritabilities for diabetes and impaired fasting glucose were 65% and 55%, respec-

tively.

13222 | www.pnas.org/cgi/doi/10.1073/pnas.221467098
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bars) and arginine/arginine (dotted bars) genotypes.

gene in in vitro experiments (25). This SNP was associated also
with plasma and urinary aldosterone levels (26-30). Linkage
disequilibrium between the T-344C and Lys-173/Arg SNPs,
however, was not examined in these studies, therefore raising the
possibility that, in fact, the Lys-173/Arg SNP (or another
undetected polymorphism in this gene) was causatively associ-
ated with differences in aldosterone levels in these studies.

It might, at first sight, appear puzzling that the T-344C and
Lys-173/Arg SNPs are in complete linkage disequilibrium with
each other and were associated with plasma glucose levels, but
an SNP in intron 1 between these two SNPs was only in weak
linkage disequilibrium with either SNP and showed no associ-
ation with glucose levels. One explanation for these observations
is that there were two common ancestral haplotypes, T-344/

1. Christian, J. C. (1985) in Children’s Blood Pressure, eds. Flier, L. J. & Lauer,
R. M. (Ross Laboratories, Columbus, OH), pp. 51-55.
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Intron 1-C/Lys-173 and C-344/Intron 1-C/Arg-173, and the T
allele of the intronic SNP arose on the former haplotype,
resulting in the third less common T-344/Intron 1-T/Lys-173
haplotype.

How could nucleotide variation in the aldosterone synthase
gene contribute to variation in glucose levels and susceptibility
to diabetes? One possibility is that the SNPs might affect the
activity/expression of the enzyme, which in turn would affect
aldosterone levels. Differences in aldosterone levels might then
contribute to variation in the expression/activity of glucose
transporters or sodium/glucose cotransporters, thereby affect-
ing plasma glucose levels. Alternatively, changes in aldosterone
levels might affect plasma potassium levels, which might directly
or indirectly, by hindering the action of insulin, contribute to
hyperglycemia. Indeed, diabetes is associated with both hyper-
kalemia and hypoaldosteronism (31, 32), and glucose infusions
decreased plasma aldosterone (33, 34) and potassium levels (34,
35) in nondiabetic individuals. Furthermore, there is evidence
that aldosterone can affect insulin receptor mRNA levels, at
least in cultured cells (36), and aldosterone levels have been
correlated with insulin resistance (37). Finally, aldosterone
induces the expression of the serum glucocorticoid-inducible
kinase gene, whose expression level also responds to changes in
glucose and insulin levels (38, 39), suggesting yet another
potential connection between aldosterone and glucose ho-
meostasis. Alternatively, it is possible that arginine at residue 173
affects the activity of aldosterone synthase such that the rate of
conversion of an intermediate to aldosterone is reduced. This
defect might result in a slight accumulation of an intermediate
like corticosterone, a minor glucocorticoid. This mechanism
would be consistent with the recessive effect of the arginine
allele on glucose levels.

It is also conceivable that, in fact, the adjacent and highly
homologous gene 11-B-hydroxylase, which is involved in glu-
cocorticoid synthesis, determines glucose levels and susceptibil-
ity to diabetes, and the SNPs we investigated are merely in
linkage disequilibrium with variants in that gene. Additional
studies of nucleotide variation and haplotype structure in this
region of chromosome 8 will shed light on this issue. Preliminary
studies, however, showed no association between variation in the
11-B-hydroxylase gene and glucose levels in our population
(K.R., unpublished observations).

In the present context, it is noteworthy that the rat homolog
of aldosterone synthase is located in a region on rat chromosome
7 that is highly significantly linked to plasma glucose levels in the
Otsuka Long-Evans Tokushima Fatty rat, a model for type II
diabetes (40). Thus, the aldosterone synthase gene might also
contribute to variation in glucose levels in this rat model.

In summary, our results, showing highly significant association
between genetic variation in the aldosterone synthase gene and
plasma glucose levels, suggest a new role for aldosterone in
glucose homeostasis. Furthermore, that two flanking SNPs
showed highly significant association, but that an SNP in the
middle fewer than 3,000 bp from these SNPs showed no asso-
ciation with phenotype, suggests caution in the use of linkage
disequilibrium for mapping complex traits.
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