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Background: Angiotensinogen is the proximal precursor of the angiotensin peptide hormones of
the Renin-Angiotensin-Aldosterone System. Clinical trials are ongoing targeting angiotensinogen
for the treatment of hypertension and heart failure. The epidemiology of angiotensinogen is not
well defined, particularly its relationship to ethnicity, sex, and blood pressure (BP) / hypertension.

Objectives: We sought to determine the relationship of circulating angiotensinogen levels to
ethnicity, sex, BP, incident hypertension, and prevalent hypertension in a modern sex-balanced
ethnically diverse cohort.

Methods: Plasma angiotensinogen levels were measured in 5,786 participants from the
Multiethnic Study of Atherosclerosis (MESA) study. Linear, logistic, and Cox Proportional
Hazards models were utilized to examine the associations of angiotensinogen with BP, prevalent
hypertension, and incident hypertension, respectively.

Results: Angiotensinogen levels were significantly higher in females than males and differed
across self-reported ethnicities with the ordering (from highest to lowest): White, Black,
Hispanic, and Chinese adults. Higher levels were associated with higher BP and odds of
prevalent hypertension, after adjusting for other risk factors. Equivalent relative differences in
angiotensinogen were associated with greater differences in BP in males versus females. In males
not taking RAAS-blocking medications, a standard deviation increment in log-angiotensinogen
was associated with 2.61 mmHg higher systolic BP (95% CI: [1.49, 3.80]), while in females the
same increment in angiotensinogen was associated with 0.97 mmHg higher systolic BP (95% ClI:
[0.30, 1.65]).

Conclusions: Significant differences in angiotensinogen levels are present between sexes and
ethnicities. A positive association is present between levels and prevalent hypertension and BP,
which differs between sexes.

CONDENSED ABSTRACT:

Angiotensinogen is a critical component of the renin-angiotensin-aldosterone system. We
measured levels of angiotensinogen in 5,786 participants from a modern sex-balanced ethnically
diverse cohort, the Multiethnic Study of Atherosclerosis (MESA). We observed significant
differences in angiotensinogen levels between the sexes and across self-reported ethnicities. Levels
were observed to be significantly higher in females relative to males. Positive associations between
angiotensinogen and blood pressure / prevalent hypertension were observed after controlling for
other risk factors for hypertension. Equivalent relative differences in angiotensinogen levels were
associated with greater differences in blood pressure among males versus females.

Keywords

Angiotensinogen; Blood Pressure; Hypertension; Sex Differences; Renin-Angiotensin-
Aldosterone System

INTRODUCTION

Chronic activation of the renin-angiotensin-aldosterone system (RAAS) results in
vasoconstriction, cardiac remodeling and fibrosis, and is a major contributor to hypertension
and heart failurel4. Despite proven benefits of downstream RAAS inhibition with

JAm Coll Cardiol. Author manuscript; available in PMC 2023 July 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Trainor et al.

Page 3

angiotensin-converting enzyme inhibitors (ACE-1) and angiotensin Il type 1 receptor
blockers (ARBSs), chronic monotherapy with these agents have sub-optimal therapeutic
efficacy due to the generation of counterbalancing compensatory pathways that may restore
Angiotensin 11 levels to pre-treatment levels®. In particular, chymase-dependent production
and other escape mechanisms are present that generate angiotensin 116. On the other

hand, efforts to provide a more extensive RAAS blockade using a combination therapy

of kidney-active agents such as ACE-I, ARBs, and renin inhibitors increases the risk of side
effects, such as hyperkalemia and renal dysfunction’-8. This evidences the need for new
pharmacologic approaches to RAAS inhibition to better treat hypertension and heart failure.

Angiotensinogen, the liver-derived protein precursor of all angiotensin (Ang) peptides
represents a new target for RAAS pathway inhibition and RNA silencer-based therapeutic
strategies targeting this protein have been reported on recently®. Linkage and genetic studies
have suggested an association between the angiotensinogen gene (AGT) and hypertension
and heart failurel%-13, In addition, preclinical and early clinical studies with small numbers
of participants have shown that AGT gene silencing therapies reduce blood pressure
without associated effects on liver or renal function®14, The novel approach of targeting
angiotensinogen specifically in the liver and minimizing effects in the kidney is therefore
hypothesized to provide the benefits of RAAS suppression without the renal complications
of dual therapy.

Despite the importance of angiotensinogen, a characterization of angiotensinogen levels

in a multi-ethnic human population is lacking, and the magnitude of its contribution to
hypertensive cardiovascular disease in humans is unclear. The current study aimed to
provide a comprehensive evaluation of angiotensinogen levels, blood pressure and prevalent
hypertension in humans (Central Illustration). Given the differences in the prevalence of
hypertension between ethnicities and the sexes, our first aim was to characterize the
relationship between sex, ethnicity, and circulating levels of angiotensinogen. Second, we
sought to determine the relationship between angiotensinogen levels and blood pressure /
hypertension and whether these relationships were modified by sex and / or race / ethnicity.
This evaluation was conducted in the Multi-Ethnic Study of Atherosclerosis (MESA), an
NIH-funded, multi-ethnic, sex-balanced, contemporary prospective cohort study25.

METHODS

Study participants and design

The Multiethnic Study of Atherosclerosis enrolled 6,814 participants between 2000 and
2002 according to pre-specified race / ethnicity and age strata. Participants of four race /
ethnicity groups (White, Chinese, Black, and Hispanic), with age between 45-84 years
were enrolled from six communities in the United States (Forsyth County, NC; Northern
Manhattan and the Bronx, NY; Baltimore, MD; St. Paul, MN; Chicago, IL; and Los Angeles
County, CA). The cohort recruitment was sex-balanced, with approximately equal numbers
of men and women participants. In order to study the development of atherosclerosis,
participants were all free of clinical atherosclerotic cardiovascular disease at enrollment.
Participants provided informed consent and the study was approved by Institutional Review
Boards at each field center. The design of the study has been described in detail in earlier
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publications!®. The current ancillary study utilized data from participants that were not
included in the MESA-1000. The MESA-1000 is a random sample of approximately 1,000
participants that has undergone additional characterization using baseline blood samples.
To minimize depletion of these specimens, ancillary studies exclude the MESA-1000
participants, unless otherwise justified. Consequently, 5,786 participants were included in
the current study. Medical history, laboratory data, and anthropometric measurements were
ascertained as described previously1516,

Study outcomes

In addition to measured levels of angiotensinogen, outcome measures of the current study
included systolic blood pressure (SBP), diastolic blood pressure (DBP) and prevalent
hypertension at baseline (Exam 1) in the MESA study. Prevalent hypertension was defined
as SBP over 130 mmHg, DBP over 80 mmHg, or hypertension medication use at Exam

1. Incident hypertension was a secondary outcome measure and was defined as the time

to first measurement of: elevated blood pressure, initiation of hypertension medication, or
self-report of hypertension in the subset of (N = 2,196) normotensive participants. As these
data were only ascertained during Exams 2—6, time-to-incident hypertension was thus an
interval censored variable.

Laboratory measurements

Angiotensinogen levels were measured in blood plasma from the baseline (Exam 1)

visit of the included MESA participants. The measurements were made using an
enzyme-linked immunoassay that has been described previouslyl” and was executed by
Medpace Reference Labs (Cincinnati, Ohio). Briefly, the coating antibody was rabbit anti-
human immunoglobulin monoclonal antibody (IBL-America, Catalog #27412, Minneapolis,
Minnesota). Total angiotensinogen (including intact angiotensinogen and des(Ang I)
angiotensinogen) was then detected from 1:10,000 diluted EDTA plasma with horse radish
peroxidase mouse anti-human angiotensinogen monoclonal Fab’ fragment (IBL-America).
A standard curve was generated for quantitation using purified human angiotensinogen. The
coefficient of variation was observed to be 9% with an analytical range of 13.9 pg/mL

to 75.9 pg/mL. Angiotensinogen measurements were log-transformed and standardized (to
have mean 0 and standard-deviation 1) prior to modeling efforts, which improved the
departure from approximate normality and aids in model interpretability as other continuous
variables were standardized prior to modeling efforts.

Statistical analysis

The distribution of cohort characteristics was determined within each sex and within
angiotensinogen levels (above versus below the sex-specific median). Median, first quartile,
and third quartile levels of angiotensinogen were determined by sex and race / ethnicity.

A linear model was estimated regressing circulating angiotensinogen levels on sex, race /
ethnicity, age, and the interaction between sex and race / ethnicity. From this model, the
total proportion of the variance in angiotensinogen levels accounted for by these variables
was determined (model coefficient of determination, R2) as well as the partial coefficient of
determination (partial A2) values for each variable. This model also facilitated identifying
the relative differences in angiotensinogen levels by sex and race / ethnicity.

JAm Coll Cardiol. Author manuscript; available in PMC 2023 July 18.
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Angiotensinogen, blood pressure, and hypertension: To determine the relationship
between circulating angiotensinogen levels and blood pressure, linear models relating
systolic and diastolic blood pressure to angiotensinogen were fit. These models were then
refitted to incorporate other covariates known to affect blood pressure and the RAAS: age,
sex, the interaction between sex and angiotensinogen, race / ethnicity, body mass index
(BMI), cigarette use, angiotensin-converting enzyme inhibitors (ACE-I) / angiotensin 11
receptor blocker (ARB) medication use, and the interaction between these medications and
angiotensinogen levels. The partial coefficient of determination was calculated to determine
the proportion of variation in blood pressure that was explained by angiotensinogen

levels (after accounting for other covariates). To determine the relationship between
angiotensinogen levels and hypertension, a cross-sectional analysis was conducted. As

a sensitivity analysis, we evaluated including a variable representing all medications for
hypertension as opposed to ACE-I / ARB use alone. The cross-sectional analysis identified
participants with hypertension at baseline (SBP > 130 or DBP > 80 mmHg or taking

blood pressure medication). Unadjusted and adjusted models were fit to evaluate the odds
of hypertension given varying angiotensinogen levels at baseline. The adjusted model
included age, sex, race / ethnicity, BMI, cigarette use, and the interaction between sex and
angiotensinogen.

Adjustment for the multiple comparisons made in the current study: While
the current study involved multiple aims, the relationship between sex, race / ethnicity

and angiotensinogen levels was considered primary. Consequently, the confidence intervals
reported for comparisons within these primary aims were adjusted to maintain a
simultaneous confidence coefficients of 0.95. The remaining analyses were considered
exploratory in nature and were not adjusted.

The analyses reported in the current work were conducted using the R statistical languagel8
(version 4.0.2) and the following packages: survival®, emmeans?®, dplyr?!, and ggplot222.

Baseline demographics of the 5,786 participants with available angiotensinogen
measurements are reported in Table 1. While angiotensinogen measurements were made
in 5,787 participants, one extreme outlier in angiotensinogen levels was observed and was
removed from the data. Average levels of angiotensinogen differed significantly between
males and females, and between race / ethnic groups. Median and interquartile ranges

are presented by sex and race / ethnicity along with a boxplot illustrating the distribution
of levels in Figure 1. As presented in Table 2, females had significantly higher mean
levels of angiotensinogen than males within each race / ethnicity. This difference between
the sexes was most pronounced in White participants, where the ratio of female to male
angiotensinogen levels was 1.44 with a 95% simultaneous confidence interval of (1.40,
1.48). The difference was least pronounced in Chinese participants, where the ratio of
female to male levels was 1.19 with a 95% simultaneous confidence interval of (1.14, 1.24).
Within women, 83.2% of the participants had already gone through menopause by Exam
1 and the proportion of women with above and below median angiotensinogen levels was
similar (Table 1). In contrasting race / ethnicity, angiotensinogen levels were highest in
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White participants compared to Chinese, Black, or Hispanic participants (Table 3). These
differences between race / ethnic groups were more pronounced in female participants than
male participants. Specifically, the ratio of levels in White female participants to Chinese
female participants was 1.28 with a 95% simultaneous confidence interval of (1.22, 1.34);
in male participants this ratio was 1.06 with a 95% simultaneous confidence interval of
(1.01, 1.112). In both females and males, the ordering from highest to lowest of median
angiotensinogen levels was White, Black, Hispanic, and Chinese. The model underlying
these sex and race / ethnicity contrasts is presented in Supplemental Table 1 and was
adjusted for the age of participants. Overall, this model explained 21.0% of the variance in
angiotensinogen levels (model adjusted A2). In this model, sex had the greatest explanatory
power with a partial /2 of 0.178 (17.8%), followed by race / ethnicity with a &2 of 0.032
(3.2%), and the interaction between sex and race / ethnicity with a partial /#2 of 0.013
(1.3%).

Angiotensinogen and blood pressure:

Unadjusted models describing the relationship between SBP and DBP are shown in
Supplemental Table 2(a—b). Multivariable models adjusted for race / ethnicity, age, BMI,
cigarette use, ACE-1 / ARB medication use, and sex are presented in Supplemental Table
3(a—bh). The coefficients for angiotensinogen changed substantially between the unadjusted
and adjusted models indicating that the unadjusted models might suffer from residual
confounding, where relevant variables (e.g., biological sex) are not included. In both
adjusted models (for SBP and DBP), the relationship between angiotensinogen and blood
pressure differed significantly between the sexes (interaction p-value = 0.02 for SBP, p-value
= 0.0001 for DBP), and was moderated by ACE-I or ARB treatment status. Specifically, in
male participants not on ACE-I/ARBs, 1-SD higher angiotensinogen levels (log scale) were
associated with 2.61 mmHg higher SBP (95% ClI: [1.42, 3.80]) and 1.52 mmHg higher DBP
(95% CI: [0.93, 2.11]). In female participants, 1-SD higher angiotensinogen levels were
associated with 0.97 mmHg higher SBP (95% CI: [0.30, 1.65]), and 0.24 mmHg higher
DBP (95% ClI: [-0.095, 0.57]). In males on ACE-1/ARBs, this association was less positive
at 1.92 mmHg for SBP (95% CI: [0.34, 3.50]) and 0.86 mmHg for DBP (95% ClI: [0.08,
1.64]). In females on ACE-1/ARBs, the association was less positive at 0.28 mmHg for
SBP (95% CI: [-0.95, 1.52]) and —0.42 mmHg for DBP (95% CI: [-1.03, 0.20]). Figure

2 presents model estimated mean blood pressure from angiotensinogen levels, averaged
over race / ethnicity, age, BMI, and cigarette use (using weighted averaging to match

actual cohort responses for these variables). Results of the sensitivity analysis utilizing

all medications for hypertension as opposed to ACE-1 / ARB medication use alone are
presented in Supplemental Table 4(a—b). The estimates for each variable were similar in the
sensitivity analysis.

Angiotensinogen and hypertension:

The multivariable model for hypertension at baseline (cross-sectional analysis) adjusted
for the same variables as the blood pressure analysis except for ACE-I / ARB since this
was part of the criteria for determining hypertension. This model (Supplemental Table 5)
showed 1-SD higher angiotensinogen (log-scale) was associated with 1.22 times greater
odds of prevalent hypertension [95% CI: (1.15, 1.31)] at baseline after adjusting for race /

JAm Coll Cardiol. Author manuscript; available in PMC 2023 July 18.
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ethnicity, age, BMI, cigarette use, and self-reported biological sex. This model was utilized
to compare the odds of hypertension by quartiles of angiotensinogen (Figure 3), where
angiotensinogen quartiles were determined separately within each sex. Scant evidence of an
effect of the interaction between sex and angiotensinogen was observed (Likelihood ratio
test p-value = 0.82), and the model without the angiotensinogen by sex interaction term was
superior based on comparison of Bayesian Information Criteria (BIC). While evidence was
not observed of sex modifying the relationship between angiotensinogen and hypertension,
the addition of angiotensinogen substantially modified the relationship between sex and
hypertension (Supplemental Table 6). Specifically, while male sex was associated with 1.24
(95% CI: [1.10, 1.39]) higher odds of hypertension in a model without angiotensinogen,

the addition of angiotensinogen to the model increased the magnitude of the higher odds

of hypertension in males to 1.47 (95% CI: [1.29, 1.68]). Figure 3 presents the estimated
odds ratio comparing participants in the second (25th — 50th percentile), third (50th — 75th
percentile), and fourth quartiles (75th — 100th) to the first quartile (Oth — 25th percentile)

of angiotensinogen levels within each sex. Although a significant interaction between sex
and angiotensinogen was not observed in predicting the odds of prevalent hypertension, the
substantially increased range of angiotensinogen values in females results in larger predicted
odds ratios for prevalent hypertension comparing quartiles of angiotensinogen in females
than in males.

To determine the added explanatory power of angiotensinogen for predicting prevalent
hypertension after controlling for other risk factors, we compared the multivariable model
with angiotensinogen to a model without, which included race / ethnicity, age, BMI,
cigarette use, and biological sex. The addition of angiotensinogen did lead to significantly
better model fit (Likelihood Ratio Test p-value < 0.0001) and resulted in a superior model
by BIC. However, the improvement in the cross-validation estimated AUC was observed to
be minimal (increased from 0.737 to 0.741). Given the relationship between angiotensinogen
levels and biological sex, we compared the addition of angiotensinogen versus the addition
of biological sex to a model with race / ethnicity, age, BMI, and cigarette use. The addition
of angiotensinogen resulted in a superior model compared to the addition of biological sex
with a residual deviance (error) of 6716.8 versus 6720.4.

The adjusted model for predicting incident hypertension from angiotensinogen levels is
shown in Supplemental Table 7. There were 2,192 participants included in this analysis, of
which 1,198 (54.7%) were noted to develop hypertension over the course of the follow-up.
A likelihood ratio test showed that the inclusion of angiotensinogen did not improve model
fit significantly relative to a model with race / ethnicity, age, sex, BMI, and smoking status
(p-value = 0.26). The addition of an interaction term between sex and angiotensinogen did
not improve model fit significantly relative to a model without this interaction (p-value =
0.50).

DISCUSSION

This study demonstrates several key observations regarding angiotensinogen: (1) females of
all race / ethnic groups had ~15-30% higher median angiotensinogen levels than males; (2)
across race / ethnicity, median levels were highest in White then Black then Hispanic then

JAm Coll Cardiol. Author manuscript; available in PMC 2023 July 18.
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Chinese participants; (3) higher levels of angiotensinogen were associated with higher blood
pressure and higher odds of prevalent hypertension; (4) despite males having lower levels on
average than females, the association between angiotensinogen and blood pressure was more
positive in males (steeper slope for a fixed relative difference in levels); (5) the increased
range of angiotensinogen levels in females portends a greater difference in the estimated
odds of prevalent hypertension in females comparing high versus low levels.

The current work represents the largest human study of the relationship between
angiotensinogen levels, blood pressure, and hypertension. The importance of evaluating
factors associated with angiotensinogen levels as well as the relationship between levels

and hypertension is highlighted by the recent development of novel therapeutics directly
targeting angiotensinogen levels 9142324 These data are pertinent and timely for the further
development and testing in humans of multiple new therapeutics targeting the RAAS.

In the current work, we observed that circulating levels of angiotensinogen varied
significantly by sex and race / ethnicity. In female participants especially, the variability
(interquartile range) in angiotensinogen levels was large within each race / ethnicity.

The substantial differences between the sexes in angiotensinogen levels may be due to
differences in sex hormones or other effects relating to sex chromosome complement.
Research on the relationship between estrogen and angiotensinogen levels was conducted
in animal models in the 1990s and showed that treatment with estradiol increased

plasma angiotensinogen levels25-28, In humans, causal evidence of a relationship between
estrogen and circulating levels of angiotensinogen has also been observed in studies of
post-menopausal women administered oral estradiol treatment8. We note, however, that the
majority of the women included in the current study (83%) were of post-menopausal age.

We hypothesize that the differences in angiotensinogen levels between ethnicities may

have a genetic component. Multiple variants in the promoter and enhancer regions of the
AGT gene, as well as other variants in linkage disequilibrium with promoter variants,

have been shown to be associated with angiotensinogen levels or mRNA expression in
humans 2%-31, These variants include rs5050, rs5051, and rs5049 in the AG T promoter.

An analysis of haplotype frequencies for these three variants between African, Admixed
American (Hispanic), East Asian, and European populations from the 1,000 Genomes
Project Phase 3 data32 sheds light on variation in the AG 7 promoter between ethnicities.
The two most prevalent haplotypes are unique between the ethnicities, while within each

of these populations the two most prevalent haplotypes account for greater than 65% of the
population. Further, there may be a relationship between these ethnicity-associated variants
and sex-specific regulation of angiotensinogen levels. Specifically, the rs5050 variant has
been shown to modify the binding of estrogen receptor to the AGT promoter region and that
transcriptional activity following estrogen treatment is higher when the T allele is present (in
a hepatoma cell culture model)3L,

We characterized the relationship between circulating levels of angiotensinogen and blood
pressure. Given that angiotensinogen is the precursor of Ang Il and other Ang peptides,

we expected to find a positive relationship between angiotensinogen and blood pressure as
others have found33. Following adjustment for race / ethnicity, BMI, cigarette use, ACE-1/

JAm Coll Cardiol. Author manuscript; available in PMC 2023 July 18.
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ARB use, and sex, we did observe that greater levels of angiotensinogen were associated
with higher systolic and diastolic blood pressure. However, the observation that a fixed
relative difference in angiotensinogen among males is associated with a greater difference in
blood pressure and prevalent hypertension as compared to females is a novel finding. Both
female sex and ACE-I / ARB use moderated the association between angiotensinogen on
blood pressure. Given the mechanism of action of ACE-1 and ARB drugs the finding of a
reduced positive association between angiotensinogen and blood pressure supports a direct
effect of angiotensinogen levels on blood pressure. However, for both females and males,

a significant positive relationship between angiotensinogen and SBP was still observed in
those taking ACE-I / ARB medications; for DBP such a relationship was observed in males.
To synthesize, our models for blood pressure show a greater magnitude of positive increase
in blood pressure associated with a standardized unit change in angiotensinogen in males
than females, yet the range of angiotensinogen levels is substantially larger in females

than males. It is important to note that in absolute terms, the largest magnitude association
observed across a 1-SD difference in angiotensinogen levels was less than 4 mmHg, which
is important for interpreting clinical relevance.

To determine the relationship between angiotensinogen and hypertension, we conducted

a cross-sectional analysis using exam 1 (baseline) data. A model adjusted for race /
ethnicity, age, BMI, cigarette use, and male sex showed a significant positive association
between circulating levels of angiotensinogen and the odds of hypertension. Interestingly,
the inclusion of angiotensinogen in a model with race / ethnicity, age, BMI, cigarette use
explained more of the variability in the prevalence of hypertension than the inclusion of
sex, while the inclusion of both sex and angiotensinogen was observed to be the best model
among those compared. We observed that the estimated effect of being male on the odds of
hypertension was greater when angiotensinogen was included then when it was not.

Our finding that the associated increase in blood pressure per unit increase in
angiotensinogen is higher in males may be attributable sex differences in the metabolism

of angiotensinogen and in the expression of receptors for Ang peptides3. In a recent study
by Toering et al., healthy male and female human subjects were administered Ang Il, and
males exhibited greater acute phase increases in DBP and mean arterial pressure (MAP) than
women35. This complemented previous animal model research into the sex differences in the
RAAS system and hypertension that showed that males have greater activation of “classical”
RAAS (driven by AT;R mediated effects of Ang Il), while females have greater activation of
“nonclassical RAAS” (driven by AT,R and Mas receptor mediated effects of Ang 1-7)36:37,
The effects mediated by AT,R and Mas receptor including vasodilation and natriuresis are
thought to be counter to those mediated by AT1R38. Leveraging an animal model designed
to partition sex effects into the effects of sex hormones versus sex chromosome genes,
Pessba et al. reported that both female sex hormones and sex chromosome complement were
required for conferring the AT,R-mediated relaxation response to Ang 1139,

Our results are timely given that new therapies targeting the reduction of angiotensinogen
are being evaluated in human trials. The effect of antisense oligonucleotide IONIS-AGT-
LRx targeting angiotensinogen determined from three phase I and 11 trials was recently
reported®. Double-blind, placebo-controlled clinical trials were performed in persons with
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hypertension using IONIS-AGT-LRx as monotherapy or as an add-on to ACE-I/ARB.
IONIS-AGT-LRx was well tolerated with no significant changes in platelet count, potassium
levels, or liver and renal function. IONIS-AGT-LRx significantly reduced angiotensinogen
levels compared with placebo in all 3 studies. Although these studies were not powered

to evaluate blood pressure reduction, trends in blood pressure reduction were observed.

Two additional Phase I1/11b trials are ongoing. One trial is in resistant hypertension with a
minimum of 3 medications (NCT04714320), and the another is in heart failure with reduced
ejection fraction (NCT04836182).

The current study has some important limitations. First, as with all observational studies, the
associations presented here do not establish causal evidence for the role of angiotensinogen
levels in determining blood pressure and hypertension. Second, in the current work we have
used definitions of race / ethnicity that were self-reported by MESA participants. Whether
self-reported race / ethnicity is sufficient or optimal for evaluating the association between
disease outcomes and race / ethnicity has been debated, and race and ethnicity are largely

a social constructs®41, It has been observed in the MESA study that the self-reported
Hispanic group is more heterogenous across genetic-based measures of ancestry than the
other groups, and many self-reported Hispanic participants cluster with White participants in
the analysis of genetic-based measures of ancestry#2. The data on blood pressure should be
interpreted with the caution as a measurement of blood pressure at one exam visit may not
be sufficient for determining prevalent hypertension. Lack of adherence to reported blood
pressure medication use may present a complication when controlling for such medications.
Additionally, while the MESA protocol for blood pressure measurement is standardized and
consistent across the exams and field centers, the Dinamap device utilized is not listed in the
US Blood Pressure Validated Device Listing. Finally, in the current work the ELISA method
measures the product of intact angiotensinogen and des (Ang ) angiotensinogen. While
beyond the scope of the current study, concurrent measurement of intact angiotensinogen
and des (Ang 1) angiotensinogen would allow for studying individual associations.

CONCLUSIONS

Circulating levels of angiotensinogen vary substantially between the sexes, with higher
levels observed in females. Ethnicity-associated variation in angiotensinogen levels is
present with White participants having highest levels compared to Black, Hispanic, and
Chinese participants. In those not taking ACE-I or ARB medications, the association
between angiotensinogen levels is positive, and greater in magnitude in males than females.
ACE-I and ARB medications moderate the positive association between angiotensinogen
and blood pressure. Higher angiotensinogen levels are associated with higher odds of
prevalent hypertension. This association was not significantly modified by biological sex.
This work supports the continued evaluation of therapeutics targeting angiotensinogen.
Whether these drugs can be used as monotherapy or as combinations, and whether targeting
angiotensinogen primarily in the liver minimizes renal-associated side effects awaits to be
determined in future clinical trials.
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ABBREVIATIONS
ACE-I| Angiotensin-Converting Enzyme inhibitor
AGT Angiotensinogen gene
ARB Angiotensin Il receptor blocker
Ang Angiotensin
AUC area under the curve
BMI body mass index
BP blood pressure
MESA Multiethnic Study of Atherosclerosis
RAAS Renin-Angiotensin-Aldosterone System
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PERSPECTIVES
Competency in Medical Knowledge:

Circulating levels of angiotensinogen differ between the sexes and by ethnicity, as does
the strength of the relationship between angiotensinogen and blood pressure.

Trandational Outlook:

Further investigations of the genetic determinants of angiotensinogen concentration and
the effect of sex hormones on the relationship of angiotensin to blood pressure are
warranted.
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Central lllustration. Determination of therelationship between angiotensinogen, biological sex,
ethnicity, and blood pressure/ hypertension.

Levels of angiotensinogen were measured from blood plasma in 5,786 participants of

the Multi-Ethnic Study of Atherosclerosis. Significant differences in angiotensinogen

levels were observed between the biological sexes and race / ethnicity groups. Mean
angiotensinogen was significantly higher in female participants than males. Angiotensinogen
levels were positively associated with blood pressure and hypertension. In males, the
magnitude of the positive association was greater than in females. In participants

on medications targeting angiotensinogen metabolism, the positive association between
angiotensinogen and blood pressure was diminished.
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Figure 1: Angiotensinogen levels.

Distribution of angiotensinogen levels by sex and ethnicity in the MESA participants. Values
shown above boxplot are median (Q1, Q3), where Q1 is the 25™ percentile and Q3 is the

75" percentile.
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Figure 2: Relationship between angiotensinogen levels and blood pressure.
Model estimated mean blood pressure by Sex and ACE-I / ARB treatment status as a

function of angiotensinogen levels. Estimates are averaged over age, BMI, and cigarette use.
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Figure 3: Relationship between angiotensinogen level and prevalent hypertension.
Model adjusted odds ratios for prevalent hypertension comparing subjects in the second

(25t — 50t percentile), third (50t — 75t percentile), and fourth quartiles (751" — 100t
to the first quartile (0" — 25! percentile). The midpoint of each interval was utilized

for making the comparison. Percentiles were calculated within each sex. Horizontal axis
represents the odds ratio (OR) for prevalent hypertension.

JAm Coll Cardiol. Author manuscript; available in PMC 2023 July 18.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Trainor et al.

Cohort Characteristics.

Table 1:

Page 19

Characteristics of the 5,786 MESA participants stratified by sex and angiotensinogen (below median versus
above sex-specific median). Median angiotensinogen was 18.3 pg/mL in males and 22.4 pug/mL in females.

Male (N = 2776)

Female (N = 3010)

Median hs-CRP (Q1, Q3), mg/L
Creatinine, mg/dL
eGFR
Hypertension, n (%)
Any hypertension medication, n (%)
ACE Inhibitor, n (%)
Angiotensin Il receptor blockers, n (%)
Alpha blocker use, n (%)
Beta blocker use, n (%)
Any lipid lowering medication, n (%)
Current aspirin use, n (%)
Smoking history, n (%)

Never

Former

Current
Alcohol history, n (%)

Never

Former

Current

Poor diet

Physical activity, MET-minutes/week

1.230 [0.640, 2.780]
1.020.92, 1.12]
765157
853 (49.9)
514 (50.3)
195 (47.6)
66 (54.1)
133 (60.2)
126 (51.2)
239 (51.7)
393 (49.5)

558 (49.6)
654 (52.4)
186 (47.2)

156 (55.5)
459 (60.3)
775 (45.2)
883 (49.7)

4215.0 [2055.0,
8287.5]

1.590 [0.780, 3.360]
1.02[0.92, 1.22]
751+16.6
857 (50.1)
507 (49.7)
215 (52.4)
56 (45.9)

88 (39.8)
120 (48.8)
223 (48.3)
401 (50.5)

567 (50.4)
594 (47.6)
208 (52.8)

125 (44.5)
302 (39.7)
940 (54.8)
892 (50.3)

4537.5 [2160.0,
8460.0]

Characteristic Below Median Above Median Below Median Above Median
Mean age + SD, years 63.4+10.0 61.7 +10.3 63.2+10.7 62.2+9.8
Race/Ethnicity, n (%)
White 484 (46.1) 565 (53.9) 439 (39.7) 666 (60.3)
Chinese 216 (61.5) 135 (38.5) 226 (63.8) 128 (36.2)
Black 378 (49.6) 384 (50.4) 480 (53.1) 424 (46.9)
Hispanic 325 (52.9) 289 (47.1) 363 (56.1) 284 (43.9)
Post-Menopause 1234 (49.3) 1268 (50.7)
Diabetes, n (%) 201 (50.6) 196 (49.4) 189 (55.1) 154 (44.9)
Mean BMI + SD, kg/m2 27.7+45 28.0+44 289+6.3 28.7+6.1
Mean total cholesterol £ SD, mg/dL 182.3+32.7 193.7 £ 36.5 196.3 +34.7 2029+ 36.1
Mean HDL cholesterol + SD, mg/dL 446+ 115 45.6 £12.0 540+ 14.4 58.6 +16.1
Mean LDL cholesterol + SD, mg/dL 113.5+29.9 119.4+32.0 119.2 +31.3 116.4 + 325
Mean systolic BP + SD, mmHg 1256 £19.8 126.7+£19.0 128.0 £23.8 1276 £22.6
Mean diastolic BP + SD, mmHg 745+93 75795 69.2+10.4 69.1+9.9

1.940 [0.860, 4.200]
0.82[0.72, 0.92]
743+152
864 (48.3)
546 (46.9)
183 (50.8)

91 (48.7)

9 (50.0)
136 (45.0)
241 (47.2)
305 (45.9)

938 (52.8)
390 (43.8)
176 (52.9)

516 (57.1)
349 (54.5)
631 (43.8)
746 (48.7)

3420.0 [1616.2,
6465.0]

3.230 [1.420, 6.907]
0.82[0.72, 0.92]
71.7+£16.0
924 (51.7)
618 (53.1)
177 (49.2)

96 (51.3)

9 (50.0)

166 (55.0)
270 (52.8)
359 (54.1)

838 (47.2)
500 (56.2)
157 (47.1)

387 (42.9)
291 (45.5)
811 (56.2)
786 (51.3)

3888.8 [1920.0,
6810.0]
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Table 2:
Comparison of angiotensinogen levels between the sexes.

Ratio of model estimated angiotensinogen levels comparing the sexes within ethnicities. The model was
adjusted for age. Confidence intervals were determined using Tukey’s method to account for the multiple
comparisons and are thus 95% simultaneous confidence intervals.

Ethnicity Female/MaleRatio (95% CI)
White 1.44 (1.40, 1.48)
Chinese 1.19(1.14,1.24)
Black 1.28 (1.24,1.32)
Hispanic 1.27 (1.23,1.31)
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Table 3:

Comparison of angiotensinogen levels between ethnicities.

Ratio of model estimated angiotensinogen levels comparing ethnicities within each sex. The model was

Page 21

adjusted for age. Confidence intervals were determined using Tukey’s method to account for the multiple
comparisons and are thus 95% simultaneous confidence intervals.

Ratio

Female (95% CI) Male (95% Cl)

White / Chinese
White / Black
White / Hispanic
Chinese / Black

Chinese / Hispanic

Black / Hispanic

128 (1.22,1.34)  1.06(1.01, 1.11)
115(1.11,1.19)  1.02 (0.98, 1.06)
118 (1.14,1.23)  1.04 (1.004, 1.09)
0.90 (0.85,0.94)  0.96 (0.92, 1.01)
0.93(0.88,0.97)  0.99 (0.94, 1.04)
1.03(0.99,1.07)  1.02(0.98, 1.07)
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