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ABSTRACT

Background. High dietary sodium increases blood pressure at the population level, yet the
magnitude of the blood pressure response to a given sodium load differs substantially between
individuals. This heterogeneity, often termed salt sensitivity, reflects variation in renal sodium
handling and in neurohormonal control systems, particularly the renin—angiotensin system. The
AGT gene encodes angiotensinogen, the precursor substrate for angiotensin peptides, and is
therefore a biologically plausible determinant of sodium-related blood pressure
responsiveness, because AGT variation has been linked both to essential hypertension
susceptibility and to differences in circulating angiotensinogen concentrations (Jeunemaitre,
1992).

Methods. Peer-reviewed human studies were synthesised through a targeted literature search.
Case—control, cohort, and dietary intervention or controlled-feeding studies were eligible if they
evaluated AGT genetic variation (principally rs699/M235T or the linked regulatory variant) in
relation to dietary sodium exposure — assessed by intake estimation, urinary sodium excretion,
or controlled sodium manipulation — and a blood pressure-related outcome.

Results. Molecular genetic evidence established AGT as a hypertension susceptibility locus and
connected AGT genotype with circulating angiotensinogen concentration, supporting an
intermediate phenotype for downstream haemodynamic effects (Jeunemaitre, 1992). In
controlled prevention and feeding trials, AGT genotype stratified blood pressure responses to
sodium reduction and to blood pressure—-lowering dietary patterns, with the largest benefit
among carriers of the higher-expression allele (Hunt, 1998; Svetkey, 2001). In a large biomarker-
based population study, the systolic blood pressure-sodium slope was approximately twice as
steep in carriers of the risk allele as in reference-allele homozygotes, with differences confined
to higher sodium exposure (Norat, 2008). In a hypertensive cohort, rs699 was associated with
blood pressure severity rather than with case status alone (Repchuk, 2021).

Discussion. Across intervention and observational evidence, common AGT variation is a
consistent and biologically plausible modifier of salt-related blood pressure regulation, with the
strongest signals at higher sodium exposure. The defensible interpretation is probabilistic: AGT
genotype shifts the expected magnitude of blood pressure responsiveness to sodium rather




than defining a categorical physiological state (Jeunemaitre, 1992; Hunt, 1998; Norat, 2008;
Repchuk, 2021).
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INTRODUCTION

Sodium is required daily to maintain extracellular fluid volume, transmembrane electrochemical
gradients, neuromuscular excitability, and acid-base homeostasis. Sustained exposure to high
dietary sodium nevertheless increases extracellular volume burden and renal sodium load and can
elevate blood pressure through compensatory natriuresis accompanied by haemodynamic and
neurohormonal adaptations that, in susceptible individuals, favour higher vascular tone and higher
blood pressure (Bie, 2004; Balafa, 2021). A defining feature of sodium-related blood pressure
regulation is its substantial interindividual heterogeneity: salt sensitivity, commonly operationalised
as a larger blood pressure change in response to sodium loading or restriction, is influenced by age,
baseline blood pressure, renal function, and genetic variation in the pathways governing vascular
resistance and renal sodium handling (Balafa, 2021).

Among candidate pathways, the renin—-angiotensin system is central to the integrated control of
vascular tone and renal sodium balance. Human genetic evidence implicating angiotensinogen
(ACT) as a susceptibility locus for essential hypertension, and as a determinant of circulating
angiotensinogen concentration, provides a mechanistic rationale for AGT-dependent differences in
blood pressure responsiveness to dietary sodium (Jeunemaitre, 1992). Population data further
suggest that AGT-associated differences in the sodium-blood pressure relationship become more
evident under higher sodium exposure, consistent with gene—-environment interaction (Norat, 2008).

This review focuses on AGT variation — particularly the common coding polymorphism rs699 (M235T)
— and evaluates evidence from controlled interventions, biomarker-based population studies, and
clinical cohorts regarding sodium-dependent blood pressure phenotypes. Throughout, a distinction
is drawn between the reference (wild-type) allele and the higher-risk allele, because the practical
relevance of AGT genotype lies in how strongly an individual’s blood pressure is expected to respond
to changes in sodium intake (Hunt, 1998; Svetkey, 2001; Norat, 2008; Repchuk, 2021).

ANGIOTENSINOGEN BIOLOGY AND THE FUNCTION OF THE AGT GENE

The AGT gene encodes angiotensinogen, the sole precursor substrate of the renin—-angiotensin
system. Angiotensinogen is cleaved by renin to angiotensin |, which is subsequently converted to the
active effector peptide angiotensin Il. Angiotensin |l raises blood pressure through direct
vasoconstriction and through stimulation of aldosterone secretion, which promotes renal sodium
and water retention. Because angiotensinogen is the rate-influencing substrate at the head of this
cascade, its circulating concentration is a meaningful determinant of overall system activity, and
inherited differences in AGT expression provide a coherent biological route by which identical



sodium exposures can translate into different blood pressure outcomes (Jeunemaitre, 1992; Balafa,
2021).

Foundational human genetic work linked common AGCT variation to essential hypertension
susceptibility and demonstrated genotype-related differences in circulating angiotensinogen
concentration, establishing angiotensinogen level as a plausible intermediate phenotype through
which downstream vascular and renal effects could occur (Jeunemaitre, 1992). This positions AGT not
merely as a statistical association with hypertension but as a mechanistically interpretable node
coupling sodium balance to vascular tone.

THE RS699 (M235T) POLYMORPHISM: WILD-TYPE AND RISK ALLELE

The polymorphism emphasised here is AGT rs699, a commmon biallelic coding variant historically
described as M235T and, in some clinical genetics reports, using the alternative nucleotide notation
704T>C (Norat, 2008; Repchuk, 2021). Depending on strand orientation and reporting convention,
rs699 may be displayed with complementary nucleotide labels; the underlying biology is identical.
The reference (wild-type) allele corresponds to the methionine-235 form and is associated, on
average, with lower circulating angiotensinogen concentration, whereas the alternative threonine-
235 allele represents the higher-risk variant and is associated with higher angiotensinogen
concentration and, in several studies, with a steeper blood pressure response to sodium (Norat, 2008;
Repchuk, 2021).

Mechanistically, rs699 is in strong linkage disequilibrium with regulatory variation in the AGT
promoter region, and the higher-risk haplotype is associated with increased AGT transcription. The
functional interpretation is therefore that the risk allele raises the available substrate for angiotensin
Il generation, biasing the renin—angiotensin system toward greater pressor and sodium-retaining
activity when sodium intake is high (Jeunemaitre, 1992; Hunt, 1998). From an epidemiological
standpoint the appropriate framing is probabilistic rather than deterministic: the risk allele shifts the
expected magnitude of blood pressure responsiveness to sodium, rather than dividing individuals
into categorically functional and non-functional states (Norat, 2008; Schorr, 1999).

EVIDENCE BASE FOR AGT-SODIUM INTERACTION

Mechanistic Plausibility and Intermediate Phenotypes

Mechanistic plausibility for AGT-dependent sodium-blood pressure effects rests on the observation
that AGT variation relates both to hypertension susceptibility and to circulating angiotensinogen
level, providing a measurable intermediate phenotype between genotype and haemodynamic
outcome (Jeunemaitre, 1992). Because sodium balance and renin—-angiotensin activity are tightly
coupled, interindividual differences in angiotensinogen availability offer a plausible pathway through
which the same sodium load produces divergent blood pressure responses (Balafa, 2021).

Controlled Interventions and Feeding Studies
Evidence for gene-diet effect modification is strongest in controlled intervention trials. In a
randomised prevention framework incorporating sustained sodium reduction, carriers of the higher-



expression AGT genotype showed greater long-term blood pressure reduction and a lower incidence
of hypertension under sodium reduction than reference-allele homozygotes, demonstrating that
regulatory AGT variation can stratify the magnitude of benefit obtainable from reduced sodium
intake (Hunt, 1998). In a controlled-feeding study of blood pressure-lowering dietary patterns at
constant sodium intake, AGT genotype again stratified the blood pressure response, with the largest
net reductions among carriers of the higher-risk allele (Svetkey, 2001).

A randomised sodium-reduction trial in untreated hypertensive adults reported the same directional
pattern for the focal coding variant: carriers of the threonine-235 (risk) allele achieved larger blood
pressure reductions in response to mild sodium reduction than reference-allele homozygotes (Hunt,
1999). Taken together, controlled interventions support a model in which AGT variation modifies the
magnitude of blood pressure change achievable through sodium reduction, while the direction of
benefit — lower sodium, lower blood pressure — is preserved across genotypes.

Population Studies with Urinary Sodium Biomarkers

Observational evidence using objective biomarkers strengthens external validity. In a large free-living
cohort in which urinary sodium served as the exposure biomarker, the sodium-blood pressure
association was present across all genotypes, but the regression coefficient relating systolic blood
pressure to sodium was approximately twice as large in carriers of the risk allele as in reference-allele
homozygotes, with the difference evident at high sodium exposure and absent at low exposure
(Norat, 2008). This dose-dependent pattern is the hallmark of a gene-environment interaction:
genotype differences are minimal when sodium intake is low but become pronounced when it is
high.

Clinical Cohort Evidence

Clinical cohort data add perspective on disease expression. In a contemporary hypertensive cohort,
rs699 genotype frequencies did not differ significantly between hypertensive patients and controls,
yet the risk allele was associated with an increased likelihood of higher blood pressure severity, and
one-way analysis confirmed an association of rs699 with both systolic and diastolic blood pressure
elevation (Repchuk, 2021). This is consistent with a model in which rs699 is not a sole determinant of
hypertension presence but relates to the severity and phenotypic clustering of disease within
affected populations.

Reconciling Heterogeneity and Null Findings

A balanced interpretation requires recognition that AGT-defined salt sensitivity is not uniformly
observed. In young normotensive men, the threonine-235 genotype was not a determinant of salt
sensitivity defined by short-term blood pressure responses to salt restriction, despite associations
with family history of hypertension and higher plasma angiotensinogen concentration (Schorr, 1999).
This discordance illustrates a recurring methodological issue: salt sensitivity phenotypes vary with
the duration and magnitude of sodium manipulation, baseline sodium exposure, participant age and
baseline blood pressure, and the outcome window chosen for measurement.

Systematic appraisal of the salt-sensitivity genetics literature has emphasised that heterogeneity in
sodium exposure assessment, salt-loading and restriction protocols, outcome definitions, and
analytic strategy limits comparability across studies and complicates quantitative pooling,



reinforcing the need for standardised phenotyping in gene-sodium interaction research (Beeks,
2004). Such interactions are also expected to differ by ancestry, owing to differences in linkage
disequilibrium structure and allele frequency, and by kidney function and cardiometabolic context
(Balafa, 2021; Beeks, 2004).

TRANSLATIONAL INTERPRETATION AND DIETARY IMPLICATIONS

The most defensible translational framing, supported by intervention and population evidence, is
that AGT variation shifts the expected magnitude of blood pressure change with sodium
modification rather than producing deterministic outcomes (Norat, 2008; Schorr, 1999). Consistent
patterns across study types — greater blood pressure response to sodium reduction among risk-
allele carriers in controlled trials and a steeper sodium-blood pressure slope among risk-allele
carriers in biomarker-based cohorts — support risk enrichment that is most apparent at higher
sodium exposure (Hunt, 1998; Hunt, 1999; Norat, 2008).

Across populations, lowering dietary sodium reduces blood pressure on average, and common AGT
variation appears to modify the magnitude of this reduction in some settings rather than reverse its
direction (Hunt, 1998; Hunt, 1999; Norat, 2008). Sodium reduction therefore remains a rational
strategy for blood pressure control broadly, while individuals carrying the higher-responsiveness
genetic profile may, on average, experience a larger blood pressure benefit when sodium intake is
reduced or when blood pressure-lowering dietary patterns are adopted (Svetkey, 2001; Norat, 2008).
Genotype-based expectations are best integrated with established clinical determinants of salt
sensitivity — baseline blood pressure, renal function, age, and cardiometabolic status — which
frequently account for a substantial portion of response variability (Balafa, 2021; Beeks, 2004).

In practical dietary terms, sodium exposure is driven largely by the food environment, particularly
commercially processed and prepared foods, so sustained reduction typically requires changes in
food selection rather than discretionary salt use alone (U.S. Food and Drug Administration, 2024).
Public health guidance has accordingly emphasised quantitative sodium targets and food-pattern
approaches that facilitate lower sodium intake while preserving overall dietary quality (World Health
Organization, 2025). Within controlled feeding conditions, blood pressure-lowering dietary patterns
have produced clinically meaningful reductions and demonstrated that AGT genotype can stratify
the magnitude of dietary response, supporting an integrative view in which sodium intake and
broader dietary composition jointly influence blood pressure outcomes (Svetkey, 2001).



TABLE 1 — HUMAN STUDIES ON AGT RS699 (M235T) AND THE LINKED REGULATORY
VARIANT, SALT INTAKE, AND BLOOD PRESSURE

STUDY (AUTHOR, DESIGN - POPULATION - SNP PRIMARY OUTCOME / KEY FINDINGS
YEAR)

Jeunemaitre et
al., 1992

Hunt et al., 1998

Hunt et al., 1999

Schorr et al., 1999

Design: Family-based genetic
linkage and association study
(hypertensive sibships)
Population: Two geographically
distinct panels of hypertensive
sibships (Utah and Paris)

SNP: AGT M235T (rs699)

Design: Randomised prevention trial
(2x2 factorial; sodium reduction +
weight loss; 36 months)

Population: 1,509 white adults with
high-normal diastolic blood
pressure (TOHP-II)

SNP: Regulatory AGT variant (-6
promoter)

Design: Randomised, placebo-
controlled mild sodium-reduction
trial

Population: Untreated hypertensive
adults

SNP: AGT M235T (rs699)

Design: Controlled feeding (high- vs
low-salt); salt-sensitivity
phenotyping

Population: 187 young normotensive
men

SNP: AGT M235T (rs699)

Genetic linkage of AGT to essential
hypertension; AGT molecular
variants associated with disease;
circulating angiotensinogen
concentration differed by AGT
genotype, establishing an
intermediate phenotype
(Jeunemaitre, 1992).

Carriers of the higher-expression
genotype had greater net blood
pressure reduction and lower
incident hypertension under
sodium reduction than reference-
allele homozygotes (trend P=0.01-
0.02), indicating genotype-
dependent benefit from sustained
sodium reduction (Hunt, 1998).

Carriers of the threonine-235 (risk)
allele achieved larger blood pressure
reductions with mild sodium
reduction than reference-allele
homozygotes (Hunt, 1999).

No genotype difference in short-
term blood pressure salt sensitivity;
risk allele associated with family
history of hypertension and higher
plasma angiotensinogen, illustrating
phenotype-definition dependence
(Schorr, 1999).



STUDY (AUTHOR, DESIGN - POPULATION - SNP PRIMARY OUTCOME / KEY FINDINGS
YEAR)

Svetkey et al.,
2001

Norat et al., 2008

Repchuk et al,,
2021

CONCLUSION

Design: Randomised controlled
feeding study of dietary patterns at
constant sodium intake (DASH)
Population: 355 genotyped adults
with above-optimal blood pressure
or stage 1 hypertension

SNP: Regulatory AGT variant (-6
promoter)

Design: Cross-sectional population
study with urinary sodium
biomarker

Population: 11,384 free-living adults
aged 45-79y (EPIC-Norfolk)

SNP: AGT M235T (rs699)

Design: Case—control study
Population: 72 essential-
hypertension patients (stage 2) vs 50
controls

SNP: AGT 704T>C (rs699)

Net blood pressure response to the
blood pressure-lowering dietary
pattern was greatest in carriers of
the higher-risk genotype and least
in reference-allele homozygotes
(-6.93/-3.68 vs -2.80/+0.20 mmHg),
confirming genotype-stratified diet
responsiveness (Svetkey, 2001).

Systolic blood pressure-sodium
slope was approximately double in
risk-allele carriers vs reference-allele
homozygotes (P<0.001 for
heterogeneity); difference evident at
high sodium exposure only,
supporting dose-dependent gene-
environment interaction (Norat,
2008).

Genotype frequencies did not differ
between cases and controls, but the
T (risk) allele increased the likelihood
of grade 2-3 blood pressure
(OR=3.64; P<0.001) and rs699 was
associated with systolic and diastolic
blood pressure elevation (Repchulk,
2021).

The collective evidence supports a biologically coherent role for AGT variation in shaping sodium-
related blood pressure heterogeneity, with rs699 (M235T) representing a commonly studied marker
of interindividual differences within the renin—-angiotensin system. The mechanistic rationale is
grounded in foundational human genetic observations linking AGT variation to essential
hypertension susceptibility and to differences in circulating angiotensinogen concentration — an
intermediate phenotype with direct relevance to vascular tone and renal sodium handling

(Jeunemaitre, 1992).

Across study designs, the most consistent pattern is effect modification that becomes clearer under
higher sodium exposure or controlled dietary manipulation. In intervention settings, AGT variation
has been associated with differential blood pressure responses to sustained sodium reduction and



to blood pressure-lowering dietary patterns, indicating that genotype can influence the magnitude
of achievable blood pressure change through lifestyle modification (Hunt, 1998; Svetkey, 2001). For
the focal coding variant, a controlled sodium-reduction trial reported larger blood pressure
reductions among risk-allele carriers (Hunt, 1999), and a large biomarker-based cohort showed a
steeper sodium-blood pressure slope among risk-allele carriers, most apparent at high sodium
exposure (Norat, 2008).

Discordant findings and heterogeneity in salt-sensitivity phenotyping nonetheless argue against
deterministic interpretation. Short-term feeding protocols indicate that the risk genotype does not
uniformly predict salt sensitivity across populations, even when associated intermediate phenotypes
are present (Schorr, 1999), and systematic appraisal documents substantial methodological
heterogeneity across the literature (Beeks, 2004). These considerations highlight priorities for future
research, including standardised salt-sensitivity phenotyping, biomarker-based exposure
assessment, and adequately powered multi-ancestry studies.

From a translational perspective, rs699 is best framed as a common polymorphism that shifts the
expected magnitude of blood pressure responsiveness to dietary sodium rather than defining
categorical physiological competence. Sodium reduction remains broadly beneficial for blood
pressure control, and genotype information is most usefully positioned to support adherence and
expectation-setting, integrated with individual clinical characteristics and overall dietary quality
(Svetkey, 2001; Balafa, 2021; U.S. Food and Drug Administration, 2024; World Health Organization,
2025).
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