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Circulating microRNA Biomarkers of
Thiazide Response in Hypertension
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BACKGROUND: Thiazide diuretics are the second most frequently prescribed class of antihypertensives, but up to 50% of pa-
tients with hypertension have minimal antinypertensive response to thiazides. We explored circulating microRNAs (miRNAS) in
search of predictive biomarkers of thiazide response.

METHODS AND RESULTS: We profiled 754 miRNAs in baseline plasma samples of 36 hypertensive European American adults
treated with hydrochlorothiazide, categorized into responders (n=18) and nonresponders (n=18) on the basis of diastolic
blood pressure response to hydrochlorothiazide. miRNAs with >2.5-fold differential expression between responders and
nonresponders were considered for validation in 3 cohorts (n=50 each): hydrochlorothiazide-treated European Americans,
chlorthalidone-treated European Americans, and hydrochlorothiazide-treated Black individuals. Different blood pressure phe-
notypes including categorical (responder versus nonresponder) and continuous diastolic blood pressure and systolic blood
pressure were tested for association with the candidate miRNA expression using multivariate regression analyses adjusting for
age, sex, and baseline blood pressure. After quality control, 74 miRNAs were available for screening, 19 of which were con-
sidered for validation. In the validation cohort, miR-193b-3p and 30d-5p showed significant associations with continuous SBP
or diastolic blood pressure response or both, to hydrochlorothiazide in European Americans at Benjamini-Hochberg adjusted
P<0.05. In the combined analysis of validation cohorts, let-7g (odds ratio, 0.6 [95% ClI, 0.4-0.8]), miR-142-3p (odds ratio, 1.1
[95% CI, 1.0, 1.2]), and miR-423-5p (odds ratio, 0.7 [95% CI, 0.5-0.9]) associated with categorical diastolic blood pressure
response at Benjamini-Hochberg adjusted P<0.05. Predicted target genes of the 5 miRNAs were mapped to key hypertension
pathways: lysine degradation, fatty acid biosynthesis, and metabolism.

CONCLUSIONS: The above identified circulating miRNAs may have a potential for clinical use as biomarkers for thiazide diuretic
selection in hypertension.

REGISTRATION: URL: ClinicalTrials.gov. Unique identifiers: NCT00246519, NCT01203852, NCTO0005520.
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in blood pressure (BP), with systolic BP (SBP)
>130mmHg or diastolic BP (DBP) >80 mmHg.!
Hypertension affects ~1.4 billion people globally and
is estimated to increase to 1.6 billion by 2025.2 It is

Hypertension is defined as persistent elevation

an independent risk factor for cardiovascular, cerebro-
vascular, and renal diseases® and a leading contributor
to all-cause morbidity and death worldwide.* Despite
the availability of a variety of effective antinypertensive
drugs, BP control rate in the population is only about
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RESEARCH PERSPECTIVE
What Is New?

e MicroRNAs are important regulatory mediators
in hypertension with a plausible role in antihy-
pertensive drug response.

e Circulating microRNAs are ideal for developing
noninvasive, disease/drug response—specific,
and easily quantifiable biomarkers.

e We identified plasma microBRNAs associated
with blood pressure response to thiazide diu-
retics, both with hydrochlorothiazide and chlo-
rthalidone, and in 2 ancestral groups (European
Americans and Black individuals), with several
having a plausible biological role in regulating
blood pressure homeostasis.

What Question Should Be Addressed

Next?

e Future research is essential to confirm these
findings and identify their utility as independent
biomarkers or complementing the existing clini-
cal factors such as age, sex, and baseline blood
pressure in predicting antinypertensive drug re-
sponse in individuals.

e Qur research highlights the potential of circulat-
ing microRNAs as biomarkers of drug response
in hypertension and furthers the utility of ad-
ditional omics beyond genomics for achieving
personalized medicine in hypertension.

Nonstandard Abbreviations and Acronyms

BH Benjamini-Hochberg
Ct cycle threshold
EA European American

FDR false discovery ate

GERA Genetic Epidemiology of Responses to
Antihypertensives

Pharmacogenomic Evaluation of
Antihypertensive Responses

SBP systolic blood pressure
TZD thiazide diuretic

PEAR

50% in high-income countries® and even lower in low-
middle-income countries.? While adherence to med-
ications and lifestyle factors can partially explain the
low control rates, a major factor is suboptimal therapy
selection and clinician inertia when the originally se-
lected therapy fails to adequately control BP. Clinical
predictors such as age, ancestry, and compelling indi-
cations guide the antihypertensive therapy selection to
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a certain extent,® but there is a dearth of predictive tools
to guide precise therapy selection in hypertension.

MicroRNAs (miRNAs) are small noncoding RNAs
involved in the posttranscriptional regulation of gene
expression and are implicated in playing a vital role in a
variety of biological functions. Because of their capacity
to regulate and thus fine-tune the expression of multi-
ple target genes relevant in hypertension pathophysiol-
0gy, such as vascular smooth muscle cell proliferation
and functioning, endothelial dysfunction, impaired vas-
cular integrity, and angiogenesis,”'® miRNAs are often
explored for their potential diagnostic, prognostic, and
therapeutic relevance in hypertension. Circulating miR-
NAs have an added advantage of stability and acces-
sibility, with the evidence of being reflective of miRNA
dysregulation in a variety of disease-related tissues.
Thus, several studies profiled circulatory miRNAs as
prognostic markers for hypertension and related com-
plications,' but very few studies explored their associ-
ation with antihypertensive drug response. A previous
study™ from our lab identified circulating miRNAs as-
sociated with antihypertensive response to 3 blockers
in uncomplicated individuals with hypertension, from
a candidate list of potential miRNAs targeting known
B blocker response-related genes. Another group has
independently documented association between a 8
blocker response phenotype and one of the miRNAs
we identified,”® highlighting the potential for this line of
research.

With an aim to identify potential biomarkers of an-
tihypertensive response to thiazide diuretics (TZDs),
which are important first-line agents in the manage-
ment of hypertension, we chose to identify plasma
miRNAs associated with TZDs’ BP response. We
sought to use an unbiased approach to conduct a
genome-wide profile of miRNAs in participants with
uncomplicated hypertension to identify those associ-
ated with BP response to TZDs and validate them in 3
large antihypertensive clinical trials testing for associ-
ations across thiazide subclass and across ancestry.

METHODS

Study Participants
PEAR, PEAR-2, and GERA Study Protocols

Biological samples and clinical data used in this study
were collected as part of the PEAR (Pharmacogenomic
Evaluation of Antihypertensive Responses), PEAR-
2, and GERA (Genetic Epidemiology of Responses
to Antihypertensives) trials (ClinicalTrials.gov Nos.
NCT00246519, NCT01203852, NCTO0005520). Study
participants in all 3 studies were those with uncom-
plicated hypertension, including newly diagnosed or
untreated hypertension or hypertension being treated
with 1 or 2 drugs. They were excluded if they had
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any cardiovascular diseases, diabetes, or serum cre-
atinine >1.5mg/dL, among others. Details of designs
and objectives of the 3 studies have been previously
described.'4-16

PEAR Study

PEAR was a multicenter, randomized clinical trial
with the primary aim of evaluating the role of genetic
variability on BP response in hydrochlorothiazide and
atenolol-treated patients.'* Study participants (n=768)
with uncomplicated hypertension were randomized
to receive monotherapy of either the thiazide diuretic
hydrochlorothiazide (12.5mg/day for 2-3weeks and
titrated to 25mg/day for 6 additional weeks if BP was
>120/70mmHg) or atenolol. Fasting blood samples
were collected at baseline (untreated) and after 9 weeks
of monotherapy. BP responses were assessed using
office, home, and 24-hour ambulatory BP; home BP is
used in the current study. Samples and data from 36
European Americans (EAs) were used in the screening/
discovery step and 50 Black individuals for the cross-
ancestry validation. (See below for subject selection.)

PEAR-2 Study

PEAR-2 was a multicenter sequential trial testing chlo-
rthalidone (15 mg/day for 2 weeks and titrated to 25 mg/
day for 6 additional weeks if BP was >120/70mmHg)
and metoprolol,'® with the same aims and protocol as
that of the PEAR study. Samples and data from 50 EAs
were used in the cross-drug validation.

GERA Study

GERA was a prospective study in participants with
hypertension, aged 30 to 59years.'® After a 4-week
washout period of any antihypertensive therapies, par-
ticipants were treated with 25 mg/day of hydrochlo-
rothiazide for 4weeks. BP was measured at baseline
and after 4weeks of therapy. Samples and data from
50 EAs were used to replicate our findings from the
discovery step.

Samples from all these studies have undergone
genome-wide genotyping, and continental ancestry
was estimated from the genome-wide association
study data, as previously described.”'® Those who
were estimated on the basis of genotype data to be
of European ancestry are labeled as EAs and those of
African ancestry are labeled as Black individuals.

All participants provided written informed consent,
and all the studies were approved by the institutional
review boards at each site. The data that support the
findings of this study (miRNA data) are available from the
corresponding author upon reasonable request, and
the remaining data plus other omic data are available
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on the Database of Genotypes and Phenotype (Study
Accession: phs000649.v2.p2).

Phenotype Based on BP Response

BP response in all the above cohorts is measured as
posttreatment BP-—pretreatment  (baseline/untreated)
BP. Participants in each cohort were ranked accord-
ing to their DBP response to TZD and were divided into
2 groups: Those in the top quartile, with a higher re-
sponse to TZD, were considered responders and those
in the bottom quartile were considered nonrespond-
ers. We selected 18 responders and 18 nonresponders
from the discovery cohort and 25 responders and 25
nonresponders from each of the replication/validation
cohorts. In each cohort, patients were selected to have
a balance of baseline characteristics such as age, sex,
body mass index, and baseline SBP and DBP between
the comparison groups (responders and nonrespond-
ers). MiIBNA expression was tested for association with
categorical (responder versus nonresponder) DBP re-
sponse, as this is the response phenotype on which
participants were selected for inclusion, and because
study participants were enrolled in all the trials on the
basis of diastolic hypertension. Thus, DBP categorical
response is treated as the primary outcome, given the
study design features. We also evaluated the associa-
tions with categorical SBP response (the selected pa-
tients from above were recategorized into responders
and nonresponders on the basis of their SBP response;
those with at least 10mmHg SBP reduction from base-
line were considered responders: GERA includes 28 re-
sponders and 22 nonresponders; PEAR-2 includes 27
responders and 23 nonresponders; the cohort of Black
individuals from PEAR-1 includes 25 responders and 25
nonresponders). Data are presented for SBP and DBP
categorical and continuous responses.

Study Design

Figure 1 presents an overview of the study strategy,
which involves a screening/discovery step, followed by
validation of selected candidates in 3 stages: (1) repli-
cation (n=50) in EAs treated with hydrochlorothiazide
in the GERA trial; (2) cross drug, within ancestry vali-
dation (n=50) in EAs treated with chlorthalidone in the
PEAR-2 trial; (3) cross-ancestry, within drug validation
(n=50) in Black individuals treated with hydrochlorothi-
azide in the PEAR trial, followed by combined analysis
across all 3 replication/validation cohorts of miRNAs
detected in all cohorts.

miRNA Profiling
Screening/Discovery Sample Assays

We used The TagMan OpenArray Human MicroRNA
Panels, QuantStudio™ 12K Flex (Applied Biosystems,
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Screening/ Discovery: PEAR trial
HCTZ treated EA hypertensives (n = 18 R vs 18 NR)

>2.5-fold differential expression
between responders and non-
responders

v

Replication: GERA trial
HCTZ treated EA hypertensives
(n=25R vs 25 NR)

FDR adj P < 0.05 — Statistical
Significance
P < 0.05 — Nominal significance

v

Validation across thiazide subclass:
PEAR-2 trial
CTD treated EA hypertensives (n=25R vs
25 NR)
FDR adj P < 0.05 — Statistical Significance
P < 0.05 — Nominal significance

!

Directional Validation across ancestry: PEAR trial
HCTZ treated AA hypertensives (n= 25 R vs 25 NR)

)

Combined analysis of replication and validation cohorts:
GERA-EA, PEAR-2 EA, PEAR-AA
TZD treated (HCTZ or CTD) EA & AA (n=75 R vs 75 NR)
FDR adj P < 0.05 — Statistical Significance

Figure 1. Overview of study strategy.

AA indicates Black individuals; CTD, chlorthalidone; FDR, false discovery rate; GERA, Genetic
Epidemiology of Antihypertensive Responses; EA, European Americans; HCTZ, hydrochlorothiazide; NR,
nonresponders; PEAR, Pharmacogenomic Evaluation of Antihypertensive Responses; and R, responders.

Waltham, MA) for the initial screening step. The TagMan
OpenArray Human MicroRNA Panel is a fixed-content
panel (754 miRNAs) containing validated human
TagMan MicroRNA assays derived from Sanger miR-
Base release version 14.

EDTA-plasma was prepared from whole blood sam-
ples at baseline and were stored at —80°C for further
processing. Total RNA extraction was done from 100-
uL plasma samples using the MagMAX mirVana Total
RNA Isolation Kit (Applied Biosystems). Approximately
100ng of total RNA was split and processed in parallel
with Megaplex RT primer pools A and B and TagMan
MicroRNA Reverse Transcription Kit for preparing
cDNA, followed by preamplification with TagMan
preamplification master mix with Megaplex preampli-
fication primer pools A and B. The preamplified prod-
uct was diluted and mixed in 1:1 ratio with TagMan
OpenArray Real-Time PCR Master Mix and added
onto the 384-well OpenArray Sample Loading Plate.

TagMan OpenArray Human MicroRNA Panels were
automatically loaded by the AccufFill System and then
placed in the QuantStudio 12K Flex Real-Time PCR
System for polymerase chain reaction (PCR) cycling.

Validation Sample Assays

Total RNA was extracted from 100uL of baseline
plasma as described above. Samples were normalized
to 10ng/ulL total RNA concentration; 2uL of normal-
ized samples were used for further steps. The TagMan
Advanced miRNA cDNA Synthesis Kit was used to per-
form polyAtailing, adapter ligation, reverse transcription
reaction, and preamplification using manufacturer’s
protocols for Tagman Advanced miRNA single tube
assays. After 1:10 dilution of the preamplified product,
we performed PCR reactions in 10-uL volumes in tripli-
cate using TagMan Fast Advanced Master Mix and the
selected TagMan Advanced miRNA Assays.

J Am Heart Assoc. 2024;13:032433. DOI: 10.1161/JAHA.123.032433 4
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Quality Control and Statistical Analysis
Screening/Discovery Phase

Cycle threshold (Ct) values with amplification score
<1.24 and quantification cycle confidence <0.8 were
filtered out. Samples with low miRNA expression/de-
tection and miRNAs with missing Cts in >50% of sam-
ples were excluded from analysis. Missing Cts were
replaced with 40, which is the number of PCR cycles
performed or maximum allowable Ct.2° Data were nor-
malized by global normalization, that is, by subtract-
ing the individual Ct with the mean of the expressed
miRNAs. Fold change in miRNA expression between
responders and nonresponders was estimated by
a 274%t method,?" calculated as 2A—(Ctgye, — Gt
— (Clyon-resp = Climean): MIRNA prioritization was done
on the basis of fold change. miRNAs with >2.5-fold
change were taken forward for replication/validation.

Replication/Validation Phase

Ct values with amplification score <1.1 were filtered
out. This lower amplification score cutoff, as compared
with discovery, was considered appropriate because
quantitative PCR was done in triplicate, which would
provide sufficient confidence on mMIiRNA expression
and Ct values. The average of the triplicate Cts was
considered for analysis. Samples with low miRNA ex-
pression/detection and miRNAs with missing Cts in
>50% of samples were excluded from analysis. Missing
Cts were replaced with 40.2° After normalizing the data
with mean of the commonly expressed miRNAs, a
multiple logistic regression model was used to test the
association between the thiazide response (respond-
ers versus nonresponders) and the relative expression
of miRNA, adjusting for age, sex, and baseline DBP
(or SBP in the SBP analyses). For continuous BP re-
sponse, multiple linear regression was used. Tests with
Benjamini-Hochberg (BH) adjusted P value less than
false discovery rate (FDR) of 0.05 were identified as
statistically significant and unadjusted P<0.05 as nomi-
nally significant.

The results for categorical DBP and SBP were pre-
sented as odds ratio (interpreted as odds of being a
responder) and for continuous DBP and SBP as the
estimate in the regression model.

A combined analysis was conducted by pooling
data from all 150 study participants who comprised
the 3 quantitative PCR-based cohorts: the replica-
tion cohort, the cross-drug validation cohort, and the
cross-ancestry validation cohort. Only the miRNAs
that were detected across all 3 cohorts were used for
analysis. We renormalized the miRNA expression in
each cohort with the mean of the commonly detected
miRNAs. The categorical DBP response (responders
versus nonresponders) was regressed with miRNA

J Am Heart Assoc. 2024;13:032433. DOI: 10.1161/JAHA.123.032433
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expression, adjusting for age, sex, baseline BP, ances-
try, and study.

We conducted a pathway analysis of miRNAs that
showed nominal or statistical significance either in
replication or validation cohorts, and directional con-
sistency with the discovery cohort, by using Diana
miRPath.?? We looked at pathway unions using a sig-
nificance clustering algorithm in Diana miRPath that
uses exact significance levels calculated in the previ-
ous overrepresentation analyses.

Statistical analyses were performed on R Studio (R
version 4.0.3; R Foundation for Statistical Computing,
Vienna, Austria) and SPSS version 26 (IBM, Armonk, NY).

RESULTS

Demographics and baseline characteristics of study
participants in each comparison group of the 4 co-
horts are presented in Table 1. As described above,
the comparison groups were balanced for baseline
characteristics of age, sex, body mass index, and
baseline SBP and DBP.

Discovery Phase

Of the 754 tested miRNAs on the panel, after qual-
ity control filtering, 309 unique MiRNAs were detected
in the plasma in at least 1 sample. An average of 95
miRNAs were detected per sample, and 74 of those
were detected consistently across samples with <560%
missingness. Figure S1 represents the frequency
of subjects with the number of miRNAs detected in
plasma. Six (3 responders and 3 nonresponders) of
the 36 samples from the discovery cohort were ex-
cluded from the analysis due to low sample quality and
low miRNA expression/detection.

A total of 74 commonly detected miRNAs were nor-
malized with the global mean and tested for differen-
tial expression using fold change between responders
and nonresponders. Considering nonresponders as
reference, 11 miRNAs were underexpressed and 8
overexpressed in the responder cohort with >2.5-fold
difference between groups. Table S1 shows a list of
the 19 miRNAs with >2.5-fold differences that were
taken forward for replication/validation steps.

Replication Phase
After quality control filtering, 2 of the 50 samples from
GERA were excluded from analysis due to low miRNA
expression/detection. Of the 19 miRNAs that were tested,
12 were consistently detected across samples with <50%
missingness and were used for further analysis.

None of the miRNAs tested fully replicated, based
on categorical DPB response and BH adjusted P
<0.05 (Table 2), though miR-193b-3p (fold change=2.7)
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nominally replicated for the categorical DBP response
(nominal P=0.027). Of note, this mMIRNA was also nom-
inally associated with the SBP categorical response
and met FDR significance for both SBP and DBP con-
tinuous responses.

The other miRNA of interest in the replication co-
hort was miR-30d-5p, which met FDR significance for
continuous SBP response and nominal significance or
trends for the other BP phenotypes (Table 2).

Cross-Drug Validation (Chlorthalidone
Response)

After quality control filtering, 2 of the 50 samples from
the PEAR-2 cohort were excluded due to low miRNA
expression/detection. Thirteen of the 19 tested miRNAs
were consistently detected across samples with <50%
missingness and were considered for analysis. The
strongest candidate miRNA from the replication cohort
(miR-193b-3p) was not significantly associated with
DBP response to chlorthalidone, and the fold change
between responders and nonresponders was in the
opposite direction of the discovery and replication co-
horts. None of the other tested miRNAs were fully vali-
dated, based on BH adjusted P <0.05, but 3 miRNAs
(let-7g-5p, miR-142-3p, and miR-423-5p) were nomi-
nally associated with multiple BP phenotypes (Table 3).

Cross-Ancestry Validation

In the cross-ancestry analysis, which sought to de-
termine if the associations observed in European
Americans were consistent in Black individuals, after
quality control filtering, 1 of the 50 samples from the
PEAR Black cohort was excluded due to low miRNA
expression/detection. Twelve of the tested 19 miRNAs
were consistently detected across samples with <50%
missingness and were considered for analysis. None
of the tested miRNAs showed significant association
with categorical DBP response. miR-193b-3p was not
consistently detected across patients in the Black co-
hort and hence was not considered for analysis. Fold
changes for miR-30d, let-7g, miR-142-3p, miR-423-5p
in the Black cohort were directionally consistent with
discovery as well as with other replication and valida-
tion cohorts (Figure 2).

Combined Analysis

In a combined analysis of the 11 miRNAs that were de-
tected in all 3 replication/validation cohorts, miRNAs let-
79-5p, miR-142-3p, and miR-423-5p were consistently
associated with categorical DBP response across all
cohorts, at BH adjusted P<0.05. Figure 2 shows the
fold changes across all 4 cohorts for the miRNAs with
the most compelling data across the replication and
validation cohorts and Figure 3 presents the adjusted
odds ratio and Cls for those miRNAs across all tested
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Table 2. Replication of miRNAs Associated With BP Response to Hydrochlorothiazide Among European Americans in
GERA: Significantly Associated miRNAs in the Logistic and Linear Models for DBP and SBP Response, Adjusted for Age,
Sex, and Baseline BP

Categorical DBP response

Categorical SBP response

Continuous DBP response

Continuous SBP response

miRNA OR (95% CI) P value OR (95% CI) P value Estimate+SE P Value Estimate+SE P value
miR-193b-3p 0.66 (0.42-0.89) 0.027 0.60 (0.35-0.86) 0.026 1.8+0.57 0.0028* 3.07+0.71 8.9e-05*
miR-30d 1.78 (1.05-3.75) 0.081 2.74 (1.34-7.21) 0.018 -2.11+0.99 0.04 -3.73+1.29 6.2e-03*

Adjusted=Multivariate regression model adjusted for covariates age, sex, baseline BP. P values presented here are raw unadjusted P values. Table presents
raw P values. BP indicates blood pressure; DBP, diastolic blood pressure; FDR, false discovery rate; GERA, Genetic Epidemiology of Antihypertensive

Responses; OR, odds ratio; and SBP, systolic blood pressure.
*Significant at FDR of 0.05 after Benjamini-Hochberg adjustment.

cohorts. To understand if the effects of age and sex var-
ied by study, interaction analyses of age and sex with
study were conducted (data not shown) and were not
significant, justifying adjustments of models for age,
sex, ancestry, and study. Figure S2 presents the fold
changes for an extended list of all 11 miBRNAs in the
combined analysis as well as the 19 miRNAs in the dis-
covery cohort that were taken forward for replication.

Pathway Analysis

For the pathway analysis, we focused only on the
mMiRNAs (miR-193b-3p, miR-30d-5p, miR-let-7g, miR-
142-3p, and mir-423-5p) that showed nominal or statis-
tical significance in at least 1 quantitative PCR-based
cohort and consistent direction of association with that
of the discovery. Pathway analysis of the above 5 miR-
NAs in Diana miRPath?? identified fatty acid biosyn-
thesis, lysine degradation, and fatty acid metabolism
as the most significant pathways involved, which may
have potential relevance to hypertension and antihy-
pertensive drug response (Table 4; Figure S3).

DISCUSSION

In this first-ever genome-wide profile of circulating
miRNAs related to antihypertensive drug response,
we identified plasma miRNAs associated with BP re-
sponse to thiazides and tested them across thiazide
subclass and ancestry. We prioritized miRNAs (n=19)
associated with hydrochlorothiazide response from

an array-based discovery study, and based on strict
multiple-comparisons BH adjustment, none of these
replicated in a separate cohort for the primary end
point (categorical DBP), though miR-193b-3p nomi-
nally replicated for categorical DBP and SBP and met
FDR criteria for continuous SBP and DBP responses.
The modeling data (Tables S3 and S4) show that ad-
dition of miR-193b-3p to clinical models increased the
adjusted R-squared values of the model and model
significance (Akaike information criterion) improved
from unadjusted to adjusted models, suggesting that
miR-193b-3p is an important contributor to variability
in BP response. miR-193b-3p had a directionally op-
posite, nonsignificant association with chlorthalidone
response and was not consistently detected in the
samples from Black individuals. Nonetheless, given the
consistency in findings across the hydrochlorothiazide-
treated cohorts, and given that hydrochlorothiazide is
one of the most widely used drugs in the world, further
study of this miRNA may be warranted.

Evaluation of the previous literature for the biological
explanation of this finding provides some insights. In
our study, higher levels of miR-193b-3p were associ-
ated with better response to hydrochlorothiazide, as
seen from the fold change >1 in responders versus
nonresponders as well as from the positive coefficient
in the linear regression models (positive coefficient im-
plies that lower Ct [translating to higher expression] is
associated with greater BP reduction [represented by
a larger negative value for BP change]). Though the
biological basis of this association is unclear, elevated

Table 3. Cross-Drug Validation: Association of miRNAs With BP Response to Chlorthalidone in PEAR-2 European
Americans: Significantly Associated miRNAs in the Logistic and Linear Models for DBP and SBP Response, Adjusted for

Age, Sex, and Baseline BP

Categorical DBP response Categorical SBP response Continuous DBP response Continuous SBP response
miRNA OR (95% ClI) P value OR (95% ClI) P value Estimate+SE P value Estimate+SE P value
Let-7g 0.54 (0.28-0.91) 0.034 0.54 (0.28-0.94) 0.043 1.68+0.79 0.039 1.68+1.13 0.15
miR-142-3p 1.2 (1.04-1.47) 0.025 1.21 (1.02-1.49) 0.046 —-0.49+0.23 0.035 -0.47+0.34 0.21
miR-423-5p 0.64 (0.40-0.96) 0.046 0.64 (0.39-0.95) 0.045 1.19+0.62 0.06 1.08+0.89 0.23

BP indicates blood pressure; DBP, diastolic blood pressure; OR, odds ratio; PEAR, Pharmacogenomic Evaluation of Antihypertensive Responses; and SBP,

systolic blood pressure.

J Am Heart Assoc. 2024;13:032433. DOI: 10.1161/JAHA.123.032433
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Figure 2. Combined analysis of replication and validation cohorts for association of miRNA expression with categorical
DBP response to TZD therapy and directional fold change across all cohorts.

P value=raw P value from multivariate linear regression *Significant at FDR of 0.05 after Benjamini-Hochberg adjustment; model:
response (responders versus nonresponders)=miR expression+age+sex+baseline BP+ancestry+study; OR interpreted as odds of
being a responder. Combined analysis does not include discovery cohort. List presents microRNAs that showed either nominal or
significant associations with BP response in at least 1 replication/validation cohort and directional consistency with discovery. BP
indicates blood pressure; FC, fold change; FDR, false discovery rate; GERA, Genetic Epidemiology of Antihypertensive Responses;
NR, nonresponders; OR, odds ratio; PEAR, Pharmacogenomic Evaluation of Antihypertensive Responses; and R, responders.

plasma miR-193b-3p levels have been previously asso-
ciated with prediabetes, as it potentially downregulates
PPARGCTA, a gene that encodes PGC-1a, a transcrip-
tional coactivator that orchestrates the expression of
genes involved in several metabolic pathways.?® A pre-
vious study identified that a PGC-1a Gly482Ser poly-
morphism in this gene was associated with lower SBP
and DBP.?* Further work is required to replicate these
findings and, if replicated, to understand the biological
basis for the association.

Our study also identified miR-30d with nominal as-
sociations with DBP and significant association with
continuous SBP in response to hydrochlorothiazide in
the replication cohort. Similar to miR-193-3p, MiR-30d
also improved the explained variability in BP response,
independent of baseline BP and other clinical variables
(Tables S3 and S4). Though miR-30d was not asso-
ciated with TZD response in the cross-drug or cross-
ancestry validation, the direction of response was
consistent across the 4 tested cohorts. Mir-30d-5p is
predicted to target several hypertension-related genes:
CAT, ADRATD, PLEKHA7, EDNRA, ADRA2A, ADRAZB,
ATP2B1, SH2B3, and ADRB1.2%> Plasma miR-30d was
also previously shown to be downregulated in patients
with hypertension.?® Pharmaco-miR, a miRNA pharma-
cogenomics database identified genes associated with
hydrochlorothiazide and chlorthalidone response such
as ADD1, NOS3, WNK1, STK39, and YEATS-4 as pre-
dicted targets of miR-30d. Our findings, coupled with
the above literature, highlight the biologically plausible in-
volvement of miR-30d-5p in TZDs’ mechanism of action.
But its utility as a biomarker of TZDs’ response needs
further confirmation in larger independent studies.

J Am Heart Assoc. 2024;13:032433. DOI: 10.1161/JAHA.123.032433

While the most interesting finding of this study from
a traditional replication approach is miR-193b-3p and
miR-30d to some extent, the analyses across the 4
cohorts suggest that miR-let-7g-5p, miR142-3p, and
miR-423-5p also warrant further study. Each of these
miRNAs had consistent associations across all 4 co-
horts (2 cohorts of EAs treated with hydrochlorothia-
zide, 1 cohort of EAs treated with chlorthalidone, and 1
cohort of Black individuals treated with hydrochlorothi-
azide), and in the combined analysis of the quantitative
PCR-based experiments all met FDR significance. The
modeling data (Table S5) show that addition of these
mMiRNAs to a clinical model increased the adjusted R-
squared values of the model and model significance
improved from unadjusted to adjusted models, sug-
gesting that these miRNAs are important contributors
to variability in BP response. In our study, higher miR-let-
79-5p levels were associated with better BP response
to TZDs. A study by Huang et al*” identified plasma let-7
levels to be positively correlated with SBP, carotid intima
thickness, and C-reactive protein. It is in line with our re-
sults as higher baseline SBP corresponds to larger BP
reductions, and responders in our study were shown to
have higher expression of let-7g. Let-7g-5p is also pre-
dicted to target several mRNAs of hypertension-related
genes such as TBX5, ADRB1, EDN1, and FGF5.2° The
Pharmaco-miR database identified genes associated
with hydrochlorothiazide and chlorthalidone response
such as ACE and STK39 as targets of let-7g. Our study
also identified miR-423-5p to be associated with TZD
response, with higher plasma levels in responders. A
study by Zhang et al’® identified serum miR-423-5p
levels to be positively correlated with hypertension and
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Figure 3. Adjusted ORs and 95% Cls for each miRNA regressed with categorical DBP response to thiazide diuretic therapy.
Effect sizes and Cls are estimated from the logistic regression model with miRNA expression as independent variable; categorical
DBP response as dependent variable; and baseline DBP, age, and sex as covariates. DBP indicates diastolic blood pressure;
FC, fold change; GERA, Genetic Epidemiology of Antihypertensive Responses; NR, nonresponders; ORs, odds ratios; PEAR,
Pharmacogenomic Evaluation of Antihypertensive Responses; and R, responders. *Missing or not applicable.

had a good predictive ability (area under the receiver
operating characteristic curve=0.74) for hypertension.
Given that higher BP levels are often associated with
greater response to antinypertensive therapy, our re-
sults are in line with literature as higher miRNA levels,
associated with higher BP, were observed in respond-
ers. There are fewer clear biological associations with

hypertension or the TZD response for miR-142-3p, but
miR-142-3p is predicted to target GNAS, which is an
important pharmacogenetic region previously identified
to be associated with TZD response.?®

Our pathway analysis of the 5 miRNAs with the stron-
gest associations in the study (Table 4) identified lysine
degradation as an enriched pathway involving all the

Table 4. Most Significant Kyoto Encyclopedia of Genes and Genomes Pathways Enriched by Genes Targeted by the 5

Candidate miRNAs

Pathway FDR-corrected P Value No. of genes No. of miRNAs

Fatty acid biosynthesis <1e-325 4 3 (MiR-423-5p, 30d-5p, miR-193b-3p)

Lysine degradation <1e-325 26 5 (let-7g-5p, 142-3p, 423-5p, 30d-5p, miR-193b-3p)
Fatty acid metabolism <1e-325 15 2 (miR-423-5p, 30d-5p, MiR-193b-3p)

FDR indicates false discovery rate.

J Am Heart Assoc. 2024;13:032433. DOI: 10.1161/JAHA.123.032433
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identified miRNAs. Lysine metabolism has been shown
previously to be associated with hypertension.3%3!
Lysine metabolism was shown to be reduced in the
early stages of hypertension. Lysine administration di-
minished the development of salt-sensitive hyperten-
sion in Dahl salt-sensitive rat models and increased
diuresis. Thus, a dysregulation of the circulating miR-
NAs identified in our study could potentially explain a
deregulation in lysine metabolism and thereby their role
in hypertension phenotype and, in turn, the response
to therapy. Additionally, our pathway analysis showed
that miR-423-5p and miR-30d-5p and miR-193b-3p
target genes enriched in fatty acid biosynthesis and
metabolism. These results are in line with the fact that
patients with hypertension have several metabolic
complications such as hyperlipidemia, hyperglycemia,
and decreased insulin sensitivity, among others.%?

We were unable to truly validate in Black individuals
any of the signals in EAs, though many were direction-
ally consistent. While ancestral or ethnic differences
in the MiIRNA expression are not completely known,
studies identified certain miRNA differences that could
potentially drive some of the health disparities in hy-
pertension.®® Our study identified differences in ex-
pression of MiIRNAs let-7g, miR-16, miR-126, miR-30d,
and miR-423-5p, between EAs and Black individuals
(Table S2), which could explain the difficulty in replicat-
ing the results from EA cohorts.

Strengths and Limitations
An important strength of our study is that we had ac-
cess to multiple cohorts, with nearly identical study
designs, conducted by the same investigators. This al-
lowed us to test associations across 4 cohorts, includ-
ing a traditional replication cohort (same drug, same
ancestral group), along with a cross-drug validation
and cross-ancestry validation. This provides greater
confidence in the findings and greater external validity.
Our study also has several limitations. First, our dis-
covery sample size was relatively small, which limited
our power to identify additional novel signals associ-
ated with thiazide BP response. Additionally, the age of
the samples, and the fact that the samples may have
been through 1 to 3 previous freeze—-thaw cycles could
have affected the miRNA levels during storage. Small
plasma sample volumes (100 ulL) also limited our ability
to detect miRNAs with lower levels of expression.
While let-7g, miR-142-3p, and miR-423-5p were di-
rectionally consistent across all 4 cohorts and met FDR
significance in the combined analysis, they were not
significantly associated in GERA (the replication cohort).
A potential explanation is the differences in measuring
BP in PEAR compared with GERA. In PEAR, the BP re-
sponse was based on home BP, which we have shown
previously to be a more accurate measurement of BP

J Am Heart Assoc. 2024;13:032433. DOI: 10.1161/JAHA.123.032433
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response with a better signal-to-noise ratio,3* whereas
in GERA, the BP response was based on office BP
measurements, which has more signal-to-noise ratio
compared with the home BP used in PEAR, thus mak-
ing biomarker associations more difficult to detect. This
is consistent with findings that are directionally consis-
tent but do not meet statistical significance.

It is also important to note that the sample selec-
tion in each cohort was intended to represent extreme
response phenotypes (responders or nonresponders),
which does not necessarily represent the complete
range of the phenotype in the general population. It is
important to test the signals identified in this study in a
larger population with a continuous phenotype to de-
termine the utility of the miRNA as a biomarker across
the entire range of the BP response phenotype.

CONCLUSIONS

In this first circulating miRNA study of TZD response,
and the first-ever genome-wide profile of miRNA asso-
ciations with antihypertensive drug response, we iden-
tified miRNAs 193b-3p, miR-30d, let-7g, miR-142-3p,
and miR-423-5p as having associations with BP re-
sponse to TZDs, with potential utility as biomarkers.
Considering consistent associations across all 4 co-
horts, let-7g, miR-142-3p, and miR-423-5p represent
the most interesting signals, and 2 of the 3 have pre-
vious associations consistent with a BP phenotype.
Thus, these are likely to be the miRNAs from this study
most worthy of further study. Pathway analysis of the
miRNAs with interesting findings in this study point to
potential involvement of lysine metabolism and fatty
acid biosynthesis and metabolisms as possible path-
ways for divergent responses to thiazide diuretics.
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