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ARTICLEINFO ABSTRACT

Article history: The purpose of this study was to clarify the association of the angiotensinogen gene (AGT) with
Received 15 September 2010 insulin sensitivity using single nucleotide polymorphism (SNP) and haplotype analyses in a
Accepted 15 December 2010 white cohort. A candidate gene association study was conducted in white persons with and

without hypertension (N = 449). Seventeen SNPs of the AGT gene and their haplotypes were
analyzed for an association with homeostasis model assessment of insulin resistance (HOMA-
IR). Multivariate regression model accounting for age, sex, body mass index, hypertension
status, study site, and sibling relatedness was used to test the hypothesis. Nine of the 17 SNPs
were significantly associated with lower HOMA-IR levels. Homozygous minor allele carriers of
the most significant SNP, rs2493134 (GG), a surrogate for the gain-of-function mutation rs699
(AGT p.M268T), had significantly lower HOMA-IR levels (P = .0001) than heterozygous or
homozygous major allele carriers (AG, AA). Direct genotyping of rs699 in a subset of the
population showed similar results, with minor allele carriers exhibiting significantly decreased
HOMA-IR levels (P = .003). Haplotype analysis demonstrated that haplotypes rs2493137A|
rs5050Ajrs3789678G|rs2493134A and rs2004776G|rs11122576A[rs699T|rs6687360G were also
significantly associated with HOMA-IR (P = .0009, P = .02), and these results were driven by
152493134 and rs699. This study confirms an association between the AGT gene and insulin
sensitivity in white humans. Haplotype analysis extends this finding and implicates SNPs
152493134 and rs699 as the most influential. Thus, AGT gene variants, previously shown to be
associated with AGT levels, are also associated with insulin sensitivity; suggesting a
relationship between the AGT gene, AGT levels, and insulin sensitivity in humans.
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1. Introduction

Angiotensinogen (AGT) is the initial component of the renin-
angiotensin-aldosterone system (RAAS) and a precursor to
both angiotensin I (Angl) and angiotensin II (Angll). Variants of
the AGT gene are associated with plasma angiotensinogen
levels, hypertension, and adrenal and renal blood flow [1-3],
likely through the downstream effects of AGT on Angll. A
possible role for AGT and Angll in the development of altered
glucose metabolism is unclear. Pharmacologic blockade of the
RAAS exhibits conflicting results, demonstrating a decrease in
the incidence of new-onset type 2 diabetes mellitus in some
[4,5] but not other studies [6]. Furthermore, gene association
studies fail to clarify this issue, reporting both positive and
negative associations for genes of the RAAS with insulin
resistance (IR) and insulin sensitivity [7-10].

It is possible that studies analyzing components of RAAS
with glucose metabolism conflict because of the heterogeneity
of the populations studied and the inconsistent measure-
ments of IR, blood pressure (BP), and type 2 diabetes mellitus.
To address this possibility, we took advantage of a cohort
where influential confounders (medication, activity, diet) were
controlled. We examined whether single nucleotide polymor-
phisms (SNPs) of the AGT gene are associated with IR as
determined by homeostasis model assessment (HOMA-IR) in a
white cohort. To our knowledge, this is the first study that
evaluates the relationship between SNPs representing cover-
age of the entire AGT gene and IR. To extend these observa-
tions, we also conducted haplotype analyses.

2. Research design and methods
2.1. Population

The 449 white participants studied were part of the Hyperten-
sive Pathotype (HyperPATH) cohort, a data set of participants
with and without mild hypertension. Four international centers
contributed to this data set: Brigham and Women’s Hospital
(Boston, MA) (n = 155), University of Utah Medical Center (Salt
Lake City, UT) (n=179), Hospital Broussais (Paris, France) (n = 84),
and Vanderbilt University (Nashville, TN) (n = 31) [11-13].
Individuals included in this analysis were participants with
measured fasting glucose values and fasting insulin values and
were genotyped for variants of the AGT gene. Individuals with
and without hypertension were included to examine the
relationship between the AGT gene and IR within a range of
metabolic risk. Furthermore, we examined whether hyperten-
sion status affected the genotype-phenotype relationship.

2.2. Phenotype protocol

Hypertension was defined as a diastolic blood pressure (DBP) of
atleast 100 mm Hg on no medications, DBP of atleast 90 mm Hg
on 1 antihypertensive medication, or the use of 2 or more
antihypertensive medications at the time of screening [11-13].
Normotensives, in addition to having BP less than 140/90,
reported no first-degree relatives diagnosed with hypertension
before the age of 60 years [11]. Nondiabetic participants (fasting
glucose <126 mg/dL, 2-hour oral glucose tolerance test glucose

<200mg/dL, no oral hypoglycemic agents) were excluded in this
analysis because of small sample size. All participants were
placed on an isocaloric high-salt diet (200 mmol/d sodium,
100 mmol/d potassium, 1000 mmol/d calcium) for 5 days before
study to control for known effects of salt on measurements of
RAAS and insulin sensitivity [14]. On the final day of the diet,
participants were admitted to the General Clinical Research
Center and remained fasting and supine overnight. Partici-
pants were washed off of antihypertension medications as
previously described to minimize the effects of these medica-
tions on study outcome measurements [11-13].

All inclusion and exclusion criteria for the HyperPath
protocol are described elsewhere [11-13]. In brief, participants
with known or suspected secondary hypertension, coronary
artery disease, stroke, overt renal insufficiency (serum creat-
inine >1.5 mg/dL), psychiatric illness, current oral contracep-
tive use, current tobacco/illicit drug use, or moderate alcohol
use were excluded. Participants with abnormal electrolyte or
thyroid/liver function test results or electrocardiographic
evidence of heart block, ischemia, or prior coronary events at
the screening examination were excluded. All participants
were between the ages of 18 and 65 years [11-13].

Baseline systolic, diastolic, and mean arterial BPs were taken
as the mean of 3 consecutive readings (by Dinamap; Critikon,
Tampa, Fl.) separated by 5 minutes each. Plasma glucose, serum
insulin, and lipids levels were measured after an 8-hour fast and
collected between 8:00 am and 9:00 Am. Serum insulin, glucose,
and lipids were measured as previously described [11]. The
HOMA-IR was calculated as (fasting glucose mmol x fasting
insulin in microunits per milliliter)/22.5 [15].

The HyperPath project was approved by the institutional
review boards of each participating site. All participants were
recruited through institutional review board-approved adver-
tisements in the general population, and informed consent
was obtained before participant enrollment.

2.3. Outcome measurement

The primary phenotype, IR as measured by HOMA-IR, was
initially assessed in the population.

2.4. Genotyping

DNA was extracted as previously described [2,3]. Genotyping
was conducted using the Illumina Bead Station GoldenGate
platform (Illumina Inc, San Diego, CA). Sixteen tagging SNPs
were identified from HapMap (Phase II, November 2008) using
the chromosomal coordinates chr1:228,904,892-228,916,564 and
including 5-kilobase flanking regions. Sixteen SNPs captured
100% of the common HapMap white variation in this region
defined as minor allele frequencies greater than 0.1 at R > 0.9
[16]. Single nucleotide polymorphism rs2493134 was used as a
surrogate for the well-known AGT SNP rs699 (p.M268T).

In addition, a subset of the study population (n = 385) was
genotyped for rs699. This genotyping was conducted in an earlier
HyperPATH genotyping sequence using Applied Biosystems (ABI)
3100 genetic analyzer. Genotypes were called using the Genescan
and Genotyper software packages (ABI) (Life Technologies
Corporation, Carlsbad, CA) [1]. Analyses of rs699 and rs2493134
were compared to evaluate the appropriateness of rs2493134 as a
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marker for rs699 in the larger population. The linkage disequilib-
rium (LD) plot of AGT SNPs for this study demonstrates strong LD
between 152493134 and rs699 (R = .9, Fig. 1), indicating that
152493134 and rs699 are inherited together and that rs2493134 is
an appropriate marker for rs699 in the larger cohort.

All genotyped SNPs had a completion rate of greater than
95%. All SNPs conformed to Hardy-Weinberg expectations in
the study population. Furthermore, SNP allele frequencies did
not differ by site (P > .05 for all SNPs tested via 4 analysis). A
second genotyping for 10% of the SNPs demonstrated concor-
dance with the original genotype call.

The AGT variants are numbered using the Human Genome
Variation Society recommendations [17]. In Table 2, variants
are numbered at the complementary DNA (cDNA) level.
Position +1 corresponds to the A of the ATG translation
initiation codon located at nucleotide 114 in the NM_000029.3
AGT reference sequence. Hence, rs699 with cDNA label
c.803T>C and protein label p.M268T is identical to the
previously described variant 4072T>C (cDNA) and M235T
(protein label). The earlier reported naming of 4072T>C and
M235T started numbering from the beginning of the mature
peptide, creating the difference between labels [18].

2.5. Statistical analyses

Statistical analyses were performed using SAS 9.1 (SAS Institute;
Cary NC). Hardy-Weinberg expectations testing was performed
for each SNP using a y° test. Pairwise linkage (D’ and R?) was
estimated using Haploview. A mixed effect linear regression
(PROC MIXED) with all phenotypes and individual SNPs was

performed accounting for relatedness between participants and
adjusted for age, sex, body mass index (BMI), hypertension
status, and study site. The natural log of HOMA-IR was used as
the primary phenotype of interest. Both HOMA-IR and fasting
insulin levels were log transformed to meet the normality
assumptions of the regression model. The HOMA-IR and fasting
insulin estimates represented in the figures were untrans-
formed to ensure that results were easily interpreted within a
clinical perspective. Error is represented as 95% confidence
intervals. Haplotypes were constructed using the Haploview
program, and an association of each haplotype with HOMA-IR
was assessed using PLINK [19]. PLINK estimates haplotype
frequencies via the expectation-maximization algorithm, com-
puting global and haplotype-specific score statistics for tests of
association between a trait and haplotype weighted by their
posterior possibility. Because PLINK is unable to account for
relatedness, the haplotype analysis was conducted in unrelated
individuals only. All statistical tests were 2-sided. Nominal
significance is indicated for P < .05. A Bonferroni correction for
multiple comparisons is conservative because of the LD between
SNPS of the AGT gene [1]. However, significance at the
Bonferroni-corrected level of .004 (.05/14 = .004) is indicated.

3. Results

3.1. Population characteristics

Population characteristics are summarized in Table 1.
Seventy-one percent of the population had hypertension.
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Fig. 1- Linkage disequilibrium plot of 17 SNPs. Numbers represent R? values. Population includes participants with and without
hypertension. The SNP location along the gene was determined using the NM_000029.3 AGT reference sequence.



METABOLISM CLINICAL AND EXPERIMENTAL 60 (2011) 1150-1157

1153

Table 1 - Clinical characteristics of the HyperPath cohort

by hypertension status

Baseline characteristics

NTN HTN P value
n =132 n =317

Age (y) 39.07 +11.07 48.60 £8.07  <.0001"
Female (n [%])] 67 (50.76) 130 (41.01) .06
BMI (kg/m?) 2508+383 28.04+381 <0001
Fasting glucose (mg/dL) 85.25 + 10.74 90.78 + 11.19  <.0001 :
Fasting insulin (mg/dL) 10.4 + 4.89 9.79 +5.72 <.0001"
Impaired fasting 11(8.3%) 67(21.14%) <.0001"
glucose (>100 mg/dL)
(0 [%])
SBP (mm Hg) 109.48 + 11.05 14558 +20.24  <.0001"
DBP (mm Hg) 65.74 +8.08  86.52+11.19 <.0001"
Mean arterial BP 80.32 +8.36 106.20 = 1327 <.0001"
(mm Hg)
HDL (mg/dL) 4711+1827 4047 +12.68  .0002"
LDL (mg/dL) 96.18 + 29.46 123.53 +36.38  <.0001"
Total cholesterol 165.5 + 32.79 19846 +36.22  <.0001"
(mg/dL)
Triglycerides (mg/dL) 11552 + 73.81 164.90 + 111.27 <.0001"

Data are means = SD. NTN indicates normotensive; HTN,
hypertensive; SBP, systolic blood pressure; HDL, high-density
lipoprotein, LDL, low-density lipoprotein.

* P value < .05.

Seventeen percent of the total population had impaired
fasting glucose according to the American Diabetes Associ-
ation criteria (fasting glucose >100 mg/dL) [20]. Individuals
with hypertension were more likely to have impaired fasting
glucose when compared with normotensives. As expected,
individuals with hypertension had significantly higher
fasting glucose values, greater BMI, higher triglyceride and
total cholesterol levels, and elevated BP than individuals
without hypertension.

3.2. Gene characterization and SNP association with
HOMA-IR

Seventeen SNPs were genotyped (Table 2). Three SNPs were
removed before the start of analyses because of monomorphism
in the population (rs11568045, rs11568026) and a minor allele
frequency (MAF) less than 0.1 (rs11122576), resulting in 14 SNPs.
Five of the SNPs were in LD (R? > 0.80) with other SNPs (Fig. 1).
Nine SNPs were significantly (P = .0001-.03) associated with
lower HOMA-IR and, therefore, insulin sensitivity (Table 2).

3.3.  Association of rs2493134 with HOMA-IR, fasting
insulin, and fasting glucose levels

We used rs2493134 for further analyses because it is the most
significant SNP, was genotyped in the entire population, and is
in complete LD with p.M268T (M235T) and the promoter
variant -44G>A [-6G>A] [21]. Fig. 2 demonstrates an associa-
tion of r$2493134 with HOMA-IR (AA=2.07 [1.79-2.39], AG = 1.82
[1.58-2.09], GG = 1.59 [1.35-1.87]; P = .0001) and fasting insulin
levels (AA = 9.40 [7.66-11.53] mU/mL, AG = 8.29 [6.79-10.12]
mU/mL, GG = 7.29 [5.88-9.04] mU/mL; P = .0001) accounting
for age, sex, BMI, study site, and hypertension status in the
entire population. No significant association was seen
between rs2943134 and fasting glucose levels (P = .3) or 2-
hour glucose levels after an oral glucose tolerance test (P =
.5). This initial analysis demonstrated that hypertension
status, BMI, and sex were significantly contributing to the
variance of HOMA-IR (.005, <.0001, and <.0001, respectively).

Because of the effects of hypertension status on the
association, we dichotomized the population by hypertension
status and examined the association between rs2493134 and
insulin phenotypes (HOMA-IR and fasting insulin) (Fig. 2). A
significant association between 1s2493134 and HOMA-IR
(AA = 2.2 [1.84-2.64], AG = 1.84 [1.55-2.18], GG = 1.65 [1.36-
1.99]; P = .0004) and fasting insulin (AA = 9.97 [7.69-13.46]

Table 2 - Sixteen SNPs analyzed for association with log HOMA-IR values

No. Polymorphism Location: cDNA NM_000029.3 Amino acid change MAF Log HOMA-IR P values
1 152493137 Upstream T>C - 0.31 01"

2 155050 c.-58A>C - 0.17 03"

3 153789678 c.—4+350G>A - 0.14 7

4 152493134 c.—4+473A>G - 0.44 .0001 "

5 157539020 C.—4+642G>A = 0.40 005"

6 151078499 c.—4+736T>C - 0.22 007"

7 152004776 c.—4+11306G>A = 0.28 02°

8 111568026 €.—3-924T>C - 0.00 Monomorphic
9 1511122576 c.—3-80A>G - 0.08 MAF <0.10

10 15699 c.803T>C p-Met268Thr (M235T) 0.42 .0003 "

11 156687360 c.856+749G>A - 0.40 .0003 "

12 152478545 ¢.856+1620C>T - 0.21 01"

13 153789671 c.857-1854C>A = 0.22 1

14 153789670 c. 857-1768G>A - 0.13 .07

15 1511568045 €.1270_408A>C - 0.00 Monomorphic
16 157079 c.556C>A - 0.31 4

17 157536290 Downstream A>G - 0.15 2

Minor allele frequencies did not differ significantly between study sites. The SNP location was determined using the NM_000029.3 AGT reference

sequence. Data are adjusted for age, sex, BMI, and hypertension status.

* P value < .05.
T P value < .004.
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Fig. 2 - Association of rs2493134 with primary and secondary phenotypes. The HOMA-IR and fasting plasma insulin values by
SNP rs2493134 in entire population (A) (All), individuals with hypertension only (B) (HTN), and individuals without hypertension
(C) (NTN). Point estimates (least-square means), error bars (95% confidence interval), and P values were obtained from the mixed
model regression accounting for age, sex, BMI, sibling relatedness, and study site. **p<0.004.

mU/mL, AG = 8.50 [6.69-11.02] mU/mL, GG = 7.69 [6.05-9.97]
mU/mL; P = .0005) existed in the hypertensive population.
These results remained significant after accounting for the
triglyceride to high-density lipoprotein cholesterol ratio (P =
.001 HOMA-IR and P = .002 fasting insulin), a marker of IR
[22]. The normotensive population demonstrated a similar
trend, but there was a nonsignificant association between
152493134 and HOMA-IR (AA = 1.99 [1.73-2.29], AG = 1.97
[1.73-2.23], GG = 1.63 [1.30-2.05]; P = .2) and fasting insulin
(AA = 9.97 [8.5-11.02] mU/mL, AG = 9.03 [8.25-10.45] mU/mL,
GG = 8.17 [6.23-9.78] mU/mL; P = .1). Because of the strong
influence of hypertension status on the findings, all subsequent
exploratory analyses were done with hypertensives only.

3.4. Exploratory analysis: covariates known to influence
AGT genotype: sex and BMI

Because both sex [23] and obesity [2] are known to interact
with SNPs of the AGT gene, we investigated the influence
of these covariates on the association between rs2493134
and HOMA-IR. Although the multivariate analysis demon-
strated that a significant portion of the variance of HOMA-
IR was accounted for by sex, with men having higher
HOMA-IR values (P = .00001), the interaction between SNP
152493134 and sex was not significant (P = .9), indicating
that the SNP’s association with HOMA-IR was not influ-
enced by sex.

In contrast, our analysis of the effects of BMI on the
association of rs2493134 and HOMA-IR suggested that BMI
may be moderating the results. An interaction between BMI as
a continuous variable and SNP was not significant (P = .6).
However, when the population was stratified by obesity status
(normal: BMI <25 kg/m?, overweight: BMI 25-29 kg/m?, obese: BMI
>30 kg/m?) [24], an interaction was close to significant between
the obese group and rs2493134 (P = .15 additive SNP model; P =.06
dominant SNP model). Furthermore, SNP rs2493134 exhibited a

greater 8 estimate (8 = —0.20, P = .007) for the regression model
tested in the obese group compared with the j estimates for
the same SNP tested in normal and overweight individuals
(B = -0.19, P = 06; B = .10, P = .06) (Table 3).

3.5. Haplotype analysis

The SNP LD plot from our hypertensive population indicated
that 3 haplotype blocks existed. Table 4 displays all 3

haplotype blocks and each block’s association with HOMA-
IR. Haplotype rs2493137A|rs5050A| rs3789678G|rs2493134A in

Table 3 - SNP and HOMA-IR associations in hypertensive
population stratified by obesity status

152493134 n HOMA-IR LCI UCl g P
estimates value

Normal: BMI <25

AA 23 1.67 114 246 -0.19 0.06
AG 35 1.38 0.96 1.97
@G 12 1.15 073 1.67
Overweight: BMI 25-29
AA 41 2.01 1.70 2.36 -0.10 0.06
AG 74 1.73 1.51 2.01
GG 29 1.68 1.39 2.05
Obese: BMI >30
AA 35 2.89 241 346 -0.20 0.007"
AG 44 2.25 1.92 2.64
@e 24 1.95 1.55 2.44

Point estimates, 95% confidence interval, and  and P values were
obtained from a mixed model regression accounting for age, sex,
sibling relatedness, and study site. LCI indicates lower confidence
interval; UCL upper confidence interval.

* P value < .05.
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Table 4 - Haplotype analyses for association with HOMA-

IR in individuals with hypertension

Block 1  Haplotype B P value  Frequency
CCGG -0.1477 .09 0.17
CAGG -0.1268 14 0.15
AAAG -0.1484 11 0.14
AAGA 0.1965 .0009 " 0.54

152493137|rs5050|rs3789678|rs2493134

Block 2 Haplotype B P value Frequency
AGCA -0.0869 Sl 0.09
AACA -0.0968 .16 0.18
GACA -0.03961 .63 0.11
GACG -0.07393 47 0.07
GATG 0.1164 02" 0.53

152004776|rs11122576|rs699|rs6687360

Block 3 Haplotype B P value Frequency
CGA 0.02 .64 0.32
AAC -0.07 .35 0.14
AGC -0.11 21 0.09
CGC 0.04 .40 0.45

1s3789671|rs3789670|rs7079

The primary SNP and allele driving the significant findings are
in bold.

* Pvalue < .05.

T P value < .004.

block 1 and haplotype rs2004776G|rs11122576A|rs699T|
1s6687360G in block 2 are significantly associated with
HOMA-IR (P = .0009, 8 = 0.1965; P = .02, B = 0.1164). The
association of haplotype block 1 with HOMA-IR is significant
only when individuals carry the major allele (A) for SNP
1s2493134 (P = .0009 unadjusted; P = .002 adjusted for age,
sex, and BMI). This is similar for rs699 in block 2. The block 2
haplotype is significant only for individuals carrying the
major allele (T) (P = .02 unadjusted; P = .03 adjusted for age,
sex, and BMI).

4, Discussion

Our study demonstrates a significant association between
SNPs of the AGT gene and insulin sensitivity in a white
population. This relationship is robust as evidenced by the
numerous significant associations even after multiple com-
parison adjustment. The current study also demonstrates an
association of AGT haplotypes, specifically rs2493137A]|
1s5050A|rs3789678G|rs2493134A and rs2004776G|rs11122576A]
1s699T|rs6687360G, with HOMA-IR. These haplotypes are
driven by the major allele of 2 SNPs in LD: rs2493134 and
1s699. These novel SNP associations implicate variations in
the AGT gene with increased insulin sensitivity.

The AGT gene, specifically the p.M268T (M235T) polymor-
phism, was previously associated with essential hypertension,
adrenal and renal response to AngII, and angiotensinogen levels
[1-3]; however, an association with this gene and glucose
metabolism has been unclear. Sheu etal [9] found no association
with p.M268T (M235T) and insulin sensitivity; however, both
Guo et al [8] and Takukara et al [10] demonstrated that p.M268T
(M235T) was associated with increased IR. Our results suggest

otherwise; however, extensive differences between the study
designs and populations may explain the contradictory results
and are important to highlight for further investigation. First,
each study was conducted in a different ethnicity, suggesting
that the association of the AGT gene and insulin sensitivity may
be ethnically dependent. Furthermore, our analysis accounted
for age, sex, BMI, and hypertension status and controlled for
medication, diet, and activity, whereas other studies accounted
for none or few of these variables. Differences in outcomes
between studies suggest that one or all of these variables may be
influencing the association observed. Our findings clarify the
role of the AGT gene with insulin sensitivity in a white
population by capturing the entire AGT gene, as characterized
by HapMap, in a well-designed study.

Molecular genetics and physiology studies provide insight
into a possible mechanism underlying our finding of an
association of the AGT gene with insulin sensitivity. First,
molecular genetic studies demonstrate a relationship be-
tween variants of the AGT gene, AGT gene expression, and
plasma AGT levels. An AGT promoter variant, rs5051 (c.
-44G>A [-6G>A]), a SNP in complete LD with rs699 and
152493134, has been shown to increase AGT gene expression
in vitro [25,26]. Subsequent studies demonstrated that
increased AGT gene expression leads to increased plasma
AGT levels in a mouse model [27]. More recently, AGT gene
variants were found to be associated with increased plasma
AGT levels in humans [1]. Together, these studies support
the hypothesis that variations in the AGT gene lead to
increased AGT expression and subsequently to increased
plasma AGT levels in humans [21]. Important to our study is
the following question: How may increases in AGT levels
contribute to processes of insulin sensitivity in humans?
Human studies of RAAS physiology provide insight into
possible answers to this question.

Physiology studies demonstrate a relationship between
components of the RAAS and glucose metabolism, potentially
linking AGT levels with insulin sensitivity. Infusion of Angll in
humans has been shown to improve insulin sensitivity in
normotensive individuals with and without type 2 diabetes
mellitus [28-31]. Subpressor doses of Angll exhibit a similar
effect without an increase in BP, demonstrating that hemody-
namic alterations are not the sole mechanism for improved
insulin sensitivity [28]. Studies in animal and cell culture
further these findings, with Angll (2 xg/100 g body weight)
increasing insulin-stimulated glucose uptake in rat adipocytes
[32]. In the above in vivo studies, additional Angll was
administered exogenously. The same relationships may not
exist when the activity of the RAAS is modified physiologically.
For example, a recent study demonstrated that consumption
of a low-salt diet, a state that physiologically increases RAAS
activity, resulted in higher HOMA-IR levels [33], supporting the
hypothesis that Angll levels per se may not necessarily
produce a consistent metabolic effect. The type of effect may
be dependent more on the physiologic “appropriateness” of the
Angll level. Thus, it is possible that increased plasma AGT
levels, a known effect of AGT gene variants, increase Angll
levels physiologically inappropriately and thereby affect
glucose homeostasis via the mechanisms outlined above.

Our results suggest an influence of obesity, albeit not
significant on the study results. An interaction between the
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AGT gene and BMI has been shown in previous studies [2]; and
it is possible that, with a larger sample size, the interaction
suggested in our analyses would become significant. AGT gene
expression has been shown to be increased in both a high-fat
diet in human visceral adipocytes [34] and in a hyperinsuli-
nemic state in human 3T3-L1 adipocytes [35]. Furthermore, in
humans, plasma ANGII levels have been shown to positively
correlate with body weight [36]. Further analyses in larger
cohorts are necessary to confirm possible interactions be-
tween the AGT gene and BMI on IR. Our data suggest that, with
obesity, the effect of the p.M268T (M235T) AGT gene variant on
insulin sensitivity is enhanced.

The results of our haplotype analysis are consistent with
the single SNP analyses, similar to other AGT haplotype
studies [37]. The association is primarily driven by rs2493134
and rs699 in haplotype block 1 and block 2. The results
demonstrate that major allele carriers are most likely to
have elevated HOMA-IR values and are insulin resistant or,
as described in our SNP results, the minor allele is
associated with insulin sensitivity. Interestingly, an exten-
sive haplotype that includes AGT p.M268T (M235T) has been
found to be more strongly associated with AGT levels than
the SNP alone [1]. This may explain why some individuals
known to have an increased frequency of the minor allele of
this SNP, African Americans, have an increased risk of IR
when our data suggest that the SNP should be protective
from altered glucose metabolism. Further studies are
necessary to assess the association of the AGT gene with
insulin sensitivity in an African American population,
specifically; whether extensive haplotype analyses provide
the most relevant information.

There are several limitations to this study. First, this gene
association study has a relatively small sample size when
compared with the “classic” genomewide association ap-
proach. However, our study was conducted in a well-
phenotyped population where medication, diet, and activity
were tightly controlled within an inpatient setting. Our results
suggest that studying individuals within a carefully controlled
setting enables the use of smaller sample sizes to identify
genotype/phenotype associations. Functional data are not
presentin this study, however; previous studies, including one
from the HyperPATH cohort, demonstrate that AGT p.M268T
(M235T) is associated with increased AGT levels and func-
tional differences in aldosterone secretion, renal blood flow,
salt handling, and salt sensitivity of BP [1-3,8,37]. However,
although this SNP is located in AGT’s coding region, no direct
functional differences have been reported based on genetic
variation at this site. Furthermore, although this SNP is in
nearly complete LD with -6 in the upstream regulatory region,
no interactions or effects of other molecular genetic factors
(eg, microRNAs, variation in methylation function either in
the histone or DNA) have been reported. However, intriguing-
ly, a recent report raises the possibility that the results of this
study may not be related through an effect of Angll, but rather
an effect of AGT interacting with its receptor (AGTR1).
MicroRNA encoded by intronic SNPs in the AGTR1 has been
shown to increase AGTR1 gene expression [38]. It is possible
that intronic SNPs of the AGT gene could act in a similar
manner, through microRNA, to affect AGT gene expression.
No data are available presently to assess this possibility.

In conclusion, this study identifies that SNPs of the AGT
gene are associated with insulin sensitivity in white persons.
Haplotype analysis extends this finding and implicates SNPs
152493134 and rs699, variants known to affect plasma AGT
levels, as the most influential SNPs. Our results indicate that
both hypertension status and BMI may be influencing the
association, with the genotype effect being the strongest in
hypertensive, obese individuals. These results demonstrate a
potential role for the AGT gene to explain why some
individuals, even with an abnormal cardiometabolic profile,
are insulin sensitive. As clinicians attempt to use AGT
genotype as a genomic marker for individualized hyperten-
sion treatment, the effects of this gene on glucose metabolism
should be considered.
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