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Plasma Extracellular MicroRNAs Associated 
With Cardiovascular Disease Risk Factors in 
Middle-Aged and Older Adults
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Paul Courchesne , MBA; Jane E. Freedman , MD; Roby Joehanes , PhD; Gregory P. Mueller, PhD;  
Maryam Kavousi , MD, PhD; Mohsen Ghanbari , MD, MSc, PhD**; Daniel Levy , MD**

BACKGROUND: Extracellular microRNAs (miRNAs) are a class of noncoding RNAs that remain stable in the extracellular milieu, 
where they contribute to various physiological and pathological processes by facilitating intercellular signaling. Previous stud-
ies have reported associations between miRNAs and cardiovascular diseases (CVDs); however, the plasma miRNA signatures 
of CVD and its risk factors have not been fully elucidated at the population level.

METHODS AND RESULTS: Plasma miRNA levels were measured in 4440 FHS (Framingham Heart Study) participants. Linear re-
gression analyses were conducted to test the cross-sectional associations of each miRNA with 8 CVD risk factors. Prospective 
analyses of the associations of miRNAs with new-onset obesity, hypertension, type 2 diabetes, CVD, and all-cause mortality 
were conducted using proportional hazards regression. Replication was carried out in 1999 RS (Rotterdam Study) partici-
pants. Pathway enrichment analyses were conducted and target genes were predicted for miRNAs associated with ≥5 risk 
factors in the FHS. In the FHS, 6 miRNAs (miR-193b-3p, miR-122-5p, miR-365a-3p, miR-194-5p, miR-192-5p, and miR-
193a-5p) were associated with ≥5 risk factors. This miRNA signature was enriched for pathways associated with CVD and 
several genes annotated to these pathways were predicted targets of the identified miRNAs. Furthermore, miR-193b-3p, 
miR-194-5p, and miR-193a-5p were each associated with ≥2 risk factors in the RS. Prospective analysis revealed 8 miRNAs 
associated with all-cause mortality in the FHS.

CONCLUSIONS: These findings highlight associations between miRNAs and CVD risk factors that may provide valuable insights 
into the underlying pathogenesis of CVD.
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RNAs were once thought to regulate only the cells 
in which they were synthesized. It is now ap-
preciated that extracellular RNAs (exRNAs), a 

diverse group of noncoding RNAs present in extra-
cellular spaces, have the capacity to facilitate cell-to-
cell communication and regulate gene expression in 
distant cells.1,2 Accordingly, exRNAs are synthesized in 

the host cell, exported out of the cell, and taken up 
by the recipient cell, initiating intercellular signaling.3–5 
Most exRNAs are packaged in membranous vesicles 
or are bound to and chaperoned by lipids or lipopro-
teins, allowing them to resist degradation by RNAse 
and circulate in the extracellular milieu. For example, 
exRNAs in extracellular vesicles are enclosed by a lipid 
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bilayer, permitting them to travel outside their “host” 
cell. Extracellular vesicle-associated exRNAs can then 
enter a recipient cell through selective or nonselective 
mechanisms.2,4–7

There are a variety of exRNA types, including 
mRNA, tRNA, ribosomal RNA, microRNA (miRNA), 
and piwi-interacting RNA, that differ in composition, 
abundance, source, location within the cell, and role 
in cellular communication. The most abundant and 
well-characterized exRNAs are miRNAs.6,8–10 These 
short noncoding RNAs regulate gene expression 
posttranscriptionally by mediating mRNA degrada-
tion or attenuating protein translation to alter protein 
levels.3,11,12 The extent to which miRNAs regulate cell 
behavior is not well understood, but they are believed 
to regulate signal transduction within and between 
cells in a variety of ways, including binding to toll-like 
receptors and activating downstream signaling cas-
cades.13,14 Hence, miRNAs may serve as chemical 

messengers, influencing various biological processes 
such as cell differentiation and proliferation, immune 
responses, and apoptosis.6,12,15 Recent research has 
demonstrated associations of miRNAs with several 
complex diseases such as cancer, diabetes, chronic 
kidney disease, and neurodegenerative disease.11,16–18 
The differential expression of miRNAs has also been 
linked to differences in lifestyle behaviors, such as 
exercise, alcohol consumption, cigarette smoking, 
and diet.19–29 Given that miRNAs are stable in various 
bodily fluids and their expression is specific to tissue 
or disease stage, they have the potential to be used 
as both diagnostic and prognostic biomarkers of dis-
ease.3,11,12,18,30–33 Advancing understanding of the roles 
of miRNAs in health and disease holds the promise 
of harnessing miRNAs as circulating biomarkers of 
disease and as a therapeutic tool for its treatment or 
prevention.1,3,11,16,31,33

Numerous studies have reported associations be-
tween exRNAs—mostly miRNAs—and a variety of 
cardiovascular diseases (CVD), including acute myo-
cardial infarction, heart failure, and stroke.34–40 Plasma 
miRNAs have also been shown to be associated with 
atrial fibrillation across multiple studies, including the 
FHS (Framingham Heart Study), the RS (Rotterdam 
Study), and the miRhythm Study.41–43 Further, previous 
studies have reported differential expression of vascu-
lar and inflammation-associated miRNAs from plasma 
in patients with coronary heart disease (CHD).44–46 
Freedman et  al. found that expression levels of 8 
plasma miRNAs were over 2-fold higher in participants 
with significant coronary disease (≥70% stenosis) com-
pared with those with minimal coronary disease (<70% 
stenosis) or healthy participants.45 These findings ad-
vance understanding of the role of miRNAs in regulat-
ing biological processes involved in CHD.

Although previous studies have reported associa-
tions of miRNAs with CVD risk factors, many of these 
studies have examined associations between miRNAs 
and a single risk factor or a small subset of CVD risk 
factors.1,21,47–49 As the clustering of multiple CVD risk 
factors is frequently seen clinically, it is prudent to ex-
amine associations of miRNAs with multiple CVD risk 
factors.50 A study by Streese et al. conducted untar-
geted sequencing of miRNAs from serum in 158 older 
participants who were healthy or had disease, revealing 
30 circulating miRNAs associated with cardiovascular 
health and physical activity or disease.51 Mens et  al. 
identified 22 plasma miRNAs associated with at least 
1 cardiometabolic trait and further reported 4 miRNAs 
to be strongly linked to lipid traits following multiomic 
analysis.52 Although miRNAs signatures of cardiomet-
abolic traits support the hypothesis that circulating 
miRNA patterns can be identified for CVD risk factors, 
data are largely limited by small sample sizes, cohorts 
of primarily European ancestry, and lack of longitudinal 

CLINICAL PERSPECTIVE

What Is New?
•	 This study elucidates plasma extracellular 

microRNA signatures of cardiovascular dis-
ease risk factors and identifies 6 microRNAs 
(miR-193b-3p, miR-122-5p, miR-365a-3p, 
miR-194-5p, miR-192-5p, and miR-193a-5p) as-
sociated with ≥5 risk factors.

•	 The 6-miRNA signature was predicted to target 
mRNAs that are enriched for several biological 
processes and cellular pathways that may con-
tribute to cardiovascular disease risk.

What Are the Clinical Implications?
•	 These findings support a substantive role of 

extracellular microRNAs as biomarkers of car-
diovascular disease risk and may stimulate ad-
ditional research into the utility of microRNAs 
as clinically useful diagnostic, prognostic, and 
therapeutic targets.

Nonstandard Abbreviations and Acronyms

exRNA	 extracellular RNA
FDR	 false discovery rate
FHS	 Framingham Heart Study
GO	 gene ontology
KEGG	 Kyoto Encyclopedia of Genes and 

Genomes
miRNA	 microRNA
RS	 Rotterdam Study
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analysis or independent replication. These findings 
warrant further investigation into the miRNAs signa-
tures of additional CVD risk factors and outcomes.

In this study, we investigated associations of plasma 
extracellular miRNAs with CVD and its risk factors in a 
large middle-aged population followed by replication 
in an independent prospective population-based co-
hort study of older participants. The CVD risk factors 
of interest included blood pressure (BP), fasting lipid 
levels, fasting blood glucose, body mass index (BMI), 
and cigarette smoking. The clinical outcome events of 
interest included new onset of hypertension, type 2 di-
abetes, and obesity, and incidence of CVD events and 
all-cause mortality.

METHODS
Discovery Study Population
The FHS is a multigenerational, community-based 
observational cohort study. In 1948, the Original FHS 
cohort was recruited from residents of Framingham, 
MA, to characterize risk factors for CVD.53–55 In 1971, 
children of the Original cohort and the spouses of 
these children were enrolled in the Offspring cohort.53 
In 2002, the Third Generation cohort was established 
with the recruitment of children of the FHS Offspring 
cohort.53,54 To broaden the diversity of the FHS study 
population and reflect Framingham’s changing demo-
graphics, the first Omni cohort began recruitment in 
1995. This cohort included Black, Hispanic, Asian, 

Indian, Pacific Islander, and Native American partici-
pants. The second Omni cohort started enrolling par-
ticipants in 2003.54

The study sample for this investigation included 
individuals from the FHS Third Generation cohort 
(n=4095 at Exam 1) and the Omni II cohort (n=410 at 
Exam 1), in whom plasma miRNA levels were mea-
sured. Follow-up extended through Exam 3, approx-
imately 14 years later for the Third Generation cohort 
and 13 years later for the Omni II cohort. The study 
design is displayed in Figure 1. The FHS protocol was 
approved by the Boston Medical Center institutional 
review board; all participants provided written informed 
consent. All miRNA expression data and phenotype 
data have been deposited in dbGaP and can be ac-
cessed at http://​www.​ncbi.​nlm.​nih.​gov/​gap under ac-
cession number phs000007.v32.p13.

Evaluation of Plasma miRNA Levels in the 
FHS
miRNA Isolation

miRNAs from plasma were isolated using the 
ThermoFisher MagMAX mirVana Total RNA Isolation 
Kit (Applied Biosystems; catalog #A27828). EDTA was 
added to the proteinase K digestion buffer and elu-
tion buffer at a final concentration of 1 mmol/L. The 
volume of magnetic beads was increased to 30 μL, 
the volume of the lysis buffer was increased to 195 μL, 
and the volume of isopropanol added to the beads/
lysis buffer mix was increased to 375 μL. C. elegans 

Figure 1.  Flow chart of study design.
CVD indicates cardiovascular disease; FHS, Framingham Heart Study; and miRNAs, microRNAs.
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miRNA 39.3p was phosphorylated and added as an 
internal control into the lysis buffer. Samples were pro-
cessed using the ThermoFisher Flex Magnetic Particle 
Processor, 96DW. See Data S1 for the list of materials 
and equipment product numbers and Table S1 for the 
282 miRNA targets measured in the current study.

RNA Concentration and Stabilization

Using the Biotage SPE instruments, 25 μL samples of 
eluted miRNAs were dried under warmed nitrogen (50 
°C) and stored at −80 °C until further use.

cDNA Synthesis and Preamplification

Isolated miRNAs were converted to cDNAs using 
ThermoFisher TaqMan Advanced miRNA cDNA syn-
thesis kits (catalog #A28007). Syntheses began with 
the addition of 5 μL Poly(A) Reaction Mix to the dried 
miRNA sample; sample volume in the reaction was 
made up of RNAse free water added to the reac-
tion mix. All other steps followed vendor instructions. 
cDNAs derived from reverse transcription underwent 
16 cycles of preamplification according to the vendor’s 
recommended thermal-cycling conditions. Synthesis 
reactions and preamplification were performed using 
either an Applied Biosystems ProFlex (96-well poly-
merase chain reaction System Catalog #4484075) 
or Quant Studio 3 polymerase chain reactionsystem 
(Product A28137).

Quantitative Polymerase Chain Reaction

miRNAs were quantitated in multiplex, 96 samples×96 
samples, using the Fluidigm BioMark HD instru-
ment (#BMKHD-BMKHD) and ThermoFisher TaqMan 
Advanced miRNA assays (#A25576). The integrated 
fluidic circuit chips, were loaded with samples and as-
says using the Fluidigm HX (#68000112) instrument. 
Data are reported as Ct-values.

Primary methods for miRNA isolation have been 
previously published and minor adjustments were 
made for ease of implementation or changes accord-
ing to product availability or recommendations.56,57

Statistical Analysis in the FHS
We conducted linear regression analyses to test the 
cross-sectional associations of each miRNA (exposure) 
with CVD risk factors (outcomes). The risk factors of inter-
est included systolic BP (SBP), diastolic BP (DBP), triglyc-
erides, high-density lipoprotein (HDL) cholesterol, total 
cholesterol, fasting blood glucose, BMI, and cigarette 
smoking status (current/former/never). Current smokers 
were participants who reported smoking on average≥1 
cigarette per day 1 month before the FHS Research 
Center examination, former smokers reported smoking 

on average≥1 cigarette per day but had not smoked 
1 month before the exam, and never smokers reported 
never smoking. Two-level smoking analyses were con-
ducted for current and former cigarette smoking using 
never smoker as reference. Triglyceride levels, total cho-
lesterol, and fasting blood glucose were log-transformed. 
As miRNAs can be bound to and guided by lipoproteins, 
the regression models for some risk factors included lipid 
covariates. SBP and DBP were further adjusted for tri-
glycerides, total cholesterol, and HDL. The lipid risk fac-
tors were adjusted for each other (eg, analysis of HDL 
was adjusted for total cholesterol and triglycerides). As 
confounding by lipids is likely due to the chaperoning of 
miRNAs by lipids or lipoproteins, fasting blood glucose 
and BMI were not adjusted for lipid levels. Other covari-
ates in the model included age, sex, and cohort. We re-
quired that a miRNA be measurable in at least 50% of the 
participants to be included in analyses, which resulted 
in 166 miRNAs that were carried forward. We applied a 
false discovery rate (FDR) with a threshold FDR <0.05 for 
associations, separately for each risk factor.

Prospective analyses were conducted using pro-
portional hazards regression on new-onset obesity, 
hypertension, and type 2 diabetes, with discrete follow 
up time to Exams 2 and 3 (roughly 6 and 13 years, re-
spectively), and on new-onset CVD and death from all 
causes, without continuous follow-up until occurrence 
of a qualifying event or censoring. Obesity was defined 
as having a BMI ≥30 kg/m2. Hypertension was defined 
as having a SBP of ≥130 mm Hg, DBP of ≥80 mm Hg, 
or the current use of antihypertensive medication. 
Type 2 diabetes was defined as having a fasting blood 
glucose level of ≥126 mg/dL or the use of glucose-
lowering medication. New-onset CVD is a composite 
of CVD death, heart failure, stroke, CHD, and revas-
cularization. In the prospective analyses, the miRNA 
was the exposure, and CVD events and time to events 
were the outcomes. The covariates for the proportional 
hazards models included SBP, DBP, triglycerides (log-
transformed), total cholesterol (log-transformed), HDL, 
fasting blood glucose (log-transformed), BMI, current 
smoking, age, sex, and cohort. Using proportional 
hazards regression models with Exams 2 and 3 as the 
time metric allowed us to account for censored obser-
vations and time to event. Once again, we set thresh-
olds as 50% threshold percentage measurable miRNA 
and FDR <0.05 separately for each outcome.

All statistical analyses were carried out using SAS 
9.4 (SAS Institute Inc. 2020. SAS/STAT® 15.2 User’s 
Guide. SAS Institute Inc., Cary, NC) procedures REG 
and PHREG.

Bioinformatic Analyses in the FHS
A similarity network was constructed for all discov-
ery associations using the R igraph package.58 The 
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similarity score was defined as the number of overlap-
ping miRNAs divided by the total number of miRNAs 
for the 2 CVD risk factors. Each edge indicates that 
the connected nodes share miRNA(s) at a similarity 
score greater than 0.1. The size of each node reflects 
the number of miRNAs associated with the CVD risk 
factor.

Gene ontology (GO) biological process terms were 
tested and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment analysis was performed 
for mRNA targets of miRNAs associated with 5 or more 
risk factors in the FHS using the R enrichR package.59 
Fisher’s exact tests were used to assess whether the 
set of miRNA targets showed enrichment for genes 
involved in GO/KEGG pathways. To correct for multi-
ple testing, the Benjamini-Hochberg method was em-
ployed and an FDR threshold of 0.001 was applied. 
Potential gene targets of miRNAs associated with 5 or 
more risk factors in the FHS were identified using miR-
TarBase, a database where miRNA-target interactions 
are gathered manually by reviewing relevant literature 
after natural language processing of the text to screen 
for research articles related to functional miRNA stud-
ies.60 The miRNA-target interactions are generally vali-
dated by reporter assay, western blot, microarray, and 
next-generation sequencing experiments.60

Replication Study Population
The RS is a large prospective population-based cohort 
study among middle-aged and elderly in the suburb 
Ommoord in Rotterdam, the Netherlands. In 1990, 
7983 inhabitants aged 55 years old and older were re-
cruited to participate in the first cohort (RS-I). In 2000, 
the study was extended with a second cohort of 3011 
participants (RS-II) who became 55 years old or moved 
into the study district since the beginning of the study. 
In 2006, a further extension of the cohort was initiated 
with 3932 participants (RS-III), aged 45 to 54 years. In 
2016, the recruitment of another extension with around 
3000 new participants (RS-IV) started that targeted 
participants aged 40 years and over. A detailed de-
scription of the RS can be found elsewhere.61

In the current study, we used the levels of circu-
lating miRNAs in plasma samples, collected between 
2002 and 2005, from a random subset (n=1000) of 
the fourth visit of the first cohort (RS-I-4) and a ran-
dom subset (n=999) of the second visit of the sec-
ond cohort (RS-II-2). Participants were followed from 
study entry until death, last health status update when 
they were known to be alive, or October 20, 2022, 
whichever came first. The RS has been approved by 
the Medical Ethics Committee of the Erasmus MC 
University Medical Center (registration number MEC 
02.1015) and the Dutch Ministry of Health, Welfare and 
Sport (Population Screening Act WBO, license number 

1071272-159521-PG). The participants included in the 
current study provided written informed consent.

Evaluation of Plasma miRNA Levels in the 
RS
Blood samples were collected in EDTA-treated contain-
ers and centrifuged. Plasma was then aliquoted and 
frozen at −80 °C according to standard procedures. 
Subsequently, the levels of cell-free miRNAs in plasma 
were determined using the HTG EdgeSeq miRNA Whole 
Transcriptome Assay, which quantitatively detect the 
expression of 2083 human miRNAs transcripts (HTG 
Molecular Diagnostics, Tuscon, AZ, USA) by using the 
Illumina NextSeq 500 sequencer (Illumina, San Diego, 
CA, USA). Quantification of miRNA expression was 
based on counts per million. Log2 transformation of 
counts per million was used as standardization and ad-
justment for total reads within each sample. MiRNAs 
with log2 counts per million <1.0 were indicated as not 
expressed in the samples. The lower limit of quantifica-
tion was used to select well-expressed miRNAs. The 
lower limit of quantification was based on a monotonic 
decreasing spline curve fit between the means and SDs 
of all miRNAs in the data set with 1999 subjects. In total, 
591 miRNAs with >50% values above the lower limit of 
quantification were considered to be well expressed in 
plasma and included in the study. A detailed description 
of miRNA profiling in the RS can be found elsewhere.62,63

Statistical Analysis in the RS
Covariates information and CVD risk factors data on 
age, sex, subcohort, and smoking status (never, for-
mer, current) were obtained from questionnaires. SBP 
and DBP were measured (mm Hg) in a seating position 
after a 5-minute rest period on the right upper arm of 
the participant using a random-zero sphygmomanom-
eter. BMI was calculated based on weight in kilograms 
divided by the height in meters squared. Blood samples 
were collected during the visit to the research center. 
Fasting glucose levels were measured in mmol/L and 
log-transformed. Levels of HDL and total serum cho-
lesterol were measured in mmol/L. Total cholesterol 
was log-transformed.

Population characteristics were represented as 
mean±SD for continuous variables, median (inter-
quartile range) for log-transformed variables, and cat-
egorical variables were expressed as numbers and 
percentages. Participants with missing values on 
multiple covariates were excluded from the analysis. 
Multivariable linear regression models were used to 
investigate the associations between plasma miRNA 
levels (exposure) and CVD risk factors (outcome), in-
cluding smoking status, SBP and DBP, BMI, fasting 
blood glucose levels, and total serum cholesterol. Cox 
proportional hazard regression was used to estimate 
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hazard ratios (HR) with 95% CIs for the association be-
tween plasma miRNA levels and death from all causes, 
without continuous follow-up until the occurrence of 
a qualifying event or until October 20, 2022, which-
ever came first. Models were adjusted for age, sex, 
and subcohort. Additional adjustments were based on 
the outcomeBP was additionally adjusted for log total 
serum cholesterol and HDL. All-cause mortality was 
additionally adjusted for SBP, DBP, log-transformed 
cholesterol, HDL, log-transformed fasting blood glu-
cose, BMI, and smoking status. The Bonferroni correc-
tion was applied for the number of miRNAs available 
for replication analyses in the RS for each risk factor 
and outcome separately.

Replication was achieved when the P value in the 
RS was less than the Bonferroni threshold and when 
regression analysis of miRNAs and CVD risk factors or 
all-cause mortality yielded opposite effect size signs in 
the FHS and the RS. Due to differences in assay tech-
nologies (quantitative reverse transcription-polymerase 
chain reaction and RNA-seq), opposite signs indicate 
that the directions of the estimates are in agreement.

All analyses were performed using SPSS statistical 
software (SPSS, version 25; IBM Crop) and R soft-
ware version 4.1.2 (The R Foundation for Statistical 
Computing).

RESULTS
Characteristics of FHS Participants
The clinical characteristics of FHS participants 
(n=4440, mean age: 40±9 years) are presented in 
Table 1. Among eligible participants, 2368 (53%) were 
women, 2592 (58%) were never smokers, 1195 (27%) 
were former smokers, and 649 (15%) were current 
smokers. The analyses for the new-onset events were 
performed on participants who had at least 1 follow-
up exam (n=3925). At follow-up, 243 (7%) met criteria 
for incident type 2 diabetes, 586 (19%) met criteria for 
incident obesity, and 874 (36%) met criteria for inci-
dent hypertension. There were 108 (3%) participants 
who developed new-onset CVD and there were 56 
(1%) participants who died during a mean follow-up 
of 13 years. Full baseline characteristics of FHS par-
ticipants are given in Data S2a; follow-up data for FHS 
participants are summarized in Data S2b.

Associations of miRNAs with Continuous 
Risk Factors in the FHS
At a discovery FDR<0.05, 14 miRNAs were significantly 
associated with SBP and 1 miRNA (miR-193b-3p) was 
associated with DBP in the FHS. Moreover, 13 miRNAs 
were associated with triglycerides (log-transformed), 154 
miRNAs were associated with total cholesterol, nine miR-
NAs were associated with fasting blood glucose, and 57 

miRNAs were associated with BMI. No miRNAs were 
significantly associated with HDL cholesterol. There were 
59 miRNAs associated with current cigarette smoking, 
whereas no miRNAs were associated with former ciga-
rette smoking. The top 5 miRNA associations in the FHS 
for each risk factor are presented in Table 2. The similarity 
network (Figure 2) illustrates that total cholesterol was as-
sociated with the greatest number of miRNAs, followed by 
BMI. Additionally, BMI, DBP, total cholesterol, and smoking 
status were central in the similarity network. These 4 risk 
factors each had 4 edges, indicating that their associated 
miRNAs had significant overlap with other risk factors in 
the similarity network. A full list of cross-sectional associa-
tions between miRNAs and CVD risk factors in the FHS 
can be found in Data S2c through S2l.

In the FHS, miR-193b-3p and miR-122-5p were 
significantly associated with 6 of the 8 risk factors. 
Four additional miRNAs (miR-365a-3p, miR-194-5p, 
miR-192-5p, and miR-193a-5p) were each significantly 
associated with 5 CVD risk factors. The associations 
of miRNAs with multiple risk factors are presented in 
Table 3.

Associations of miRNAs With New-Onset 
Hypertension, Obesity, Type 2 Diabetes, 
CVD, and All-Cause Mortality in the FHS
The proportional hazards models showed no signifi-
cant associations of miRNAs with new-onset type 2 di-
abetes, hypertension, or obesity or the composite CVD 

Table 1.  Clinical Characteristics of the FHS Study Sample

Clinical characteristic Mean±SD

Age, y 40 ±9

Systolic blood pressure, mm Hg 117 ±14

Diastolic blood pressure, mm Hg 75 ±10

Triglycerides, mg/dL 116 ±89

Total cholesterol, mg/dL 189 ±36

High-density lipoprotein cholesterol, mg/dL 54 ±16

Fasting blood glucose, mg/dL 95 ±18

Body mass index, kg/m2 26.9 ±5.5

Dichotomous outcome
Number of 
participants (%)

Never smoker 2592 (58.4)

Former smoker 1195 (26.9)

Current smoker 649 (14.6)

Incident diabetes 243 (6.5)*

Incident hypertension 874 (36.0)*

Incident obesity 586 (19.3)*

Incident cardiovascular disease 108 (2.8)*

All-cause mortality 56 (1.4)*

FHS indicates Framingham Heart Study.
*Number of new-onset events for participants who had at least 1 follow-up 

exam (n=3925).



J Am Heart Assoc. 2024;13:e033674. DOI: 10.1161/JAHA.123.033674� 7

Karlin et al� Extracellular MicroRNAs Associated With CVD Risk

Table 2.  Top 5 miRNAs Associated With Each CVD Risk Factor in the FHS

CVD risk factor miRNA No. full
Effect 
size SE P value

FDR-adjusted P 
value

Systolic blood pressure miR-365a-3p 3341 −0.775 0.169 4.68E-06 0.000772

miR-193b-3p 2721 −0.645 0.150 1.70E-05 0.00140

miR-20b-5p 4134 0.511 0.127 5.47E-05 0.00301

miR-16-5p 4376 0.378 0.0957 7.78E-05 0.00321

miR-25-3p 4389 0.414 0.113 0.000240 0.00790

Diastolic blood pressure miR-193b-3p 2721 −0.428 0.103 3.18E-05 0.00524

miR-130a-3p* 4144 0.228 0.0738 0.00200 0.0825

miR-122-5p* 4382 −0.214 0.0682 0.00170 0.0825

miR-365a-3p* 3341 −0.372 0.118 0.00158 0.0825

miR-34a-5p* 3612 −0.305 0.103 0.00319 0.105

Triglycerides miR-122-5p 4382 −0.0292 0.00315 2.44E-20 4.02E-18

miR-193b-3p 2721 −0.0412 0.00479 1.35E-17 1.11E-15

miR-193a-5p 4261 −0.0288 0.00399 6.68E-13 3.68E-11

miR-365a-3p 3341 −0.0378 0.00546 5.22E-12 2.15E-10

miR-194-5p 4047 −0.0279 0.00436 1.65E-10 5.43E-09

Total cholesterol miR-126-3p 4265 −0.0112 0.00172 7.29E-11 1.20E-08

miR-191-5p 4259 −0.00880 0.00141 4.52E-10 2.14E-08

miR-425-3p 4064 −0.00961 0.00155 5.77E-10 2.14E-08

miR-425-5p 4256 −0.00883 0.00143 6.48E-10 2.14E-08

miR-625-3p 4266 −0.00888 0.00142 4.69E-10 2.14E-08

High-density lipoprotein miR-204-5p* 4131 −0.315 0.112 0.00493 0.409

miR-375-3p* 4196 −0.339 0.115 0.00324 0.409

miR-301a-3p* 3478 −0.334 0.133 0.0121 0.622

miR-502-3p* 2635 −0.436 0.186 0.0187 0.622

miR-532-3p* 2718 −0.364 0.153 0.0173 0.622

Fasting blood glucose miR-192-5p 4130 −0.00647 0.00136 1.93E-06 0.000114

miR-193a-5p 4263 −0.00594 0.00123 2.05E-06 0.000114

miR-193b-3p 2723 −0.00789 0.00161 1.00E-06 0.000114

miR-122-5p 4384 −0.00441 0.000995 9.61E-06 0.000399

miR-365a-3p 3343 −0.00684 0.00181 0.000155 0.00515

Body mass index miR-122-5p 4384 −0.357 0.0411 4.97E-18 8.26E-16

miR-193b-3p 2723 −0.462 0.0611 5.19E-14 4.31E-12

miR-193a-5p 4263 −0.364 0.0520 3.01E-12 1.67E-10

miR-365a-3p 3343 −0.489 0.0702 4.02E-12 1.67E-10

miR-101-3p 4155 0.269 0.0512 1.61E-07 5.33E-06

Current cigarette smoking miR-150-5p 4382 −0.334 0.0711 2.71E-06 0.000339

miR-152-3p 3743 −0.300 0.0631 2.03E-06 0.000506

miR-125a-5p 4360 −0.307 0.0707 1.42E-05 0.00118

miR-34a-5p 3613 −0.277 0.0666 3.14E-05 0.00130

miR-584-5p 4237 −0.315 0.763 3.72E-05 0.00132

Former cigarette smoking miR-99a-3p* 1200 −0.254 0.0845 0.00268 0.671

miR-744-5p* 3375 0.0182 0.0580 0.754 0.981

miR-425-3p* 4064 0.0184 0.0581 0.752 0.984

miR-15a-5p* 4356 −0.0215 0.0671 0.749 0.985

miR-29a-3p* 4265 0.0242 0.0543 0.657 0.989

Associations after adjustment for age, sex, cohort, and lipid levels. CVD indicates cardiovascular disease; FDR, false discovery rate; FHS, Framingham Heart 
Study; and miRNA, microRNA.

*Association not statistically significant (FDR>0.05).
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outcome in our longitudinal analyses in the FHS. Eight 
miRNAs were associated with all-cause mortality in the 
FHS (Table 4). Of these, 4 miRNAs (miR-193b-3p, miR-
122-5p, miR-192-5p, and miR-193a-5p) were also as-
sociated with 5 or more continuous CVD risk factors in 
the FHS. All prospective associations in the FHS can 
be found in Data S3a through S3e.

Enriched Pathways and miRNA Target 
Genes in the FHS
Pathway enrichment analysis was conducted for pre-
dicted mRNA targets of the 6 identified miRNAs as-
sociated with 5 or more CVD risk factors in the FHS. 
At an FDR<0.001, there were 71 enriched GO biologi-
cal process terms. The top 3 enriched GO biological 

process terms included DNA replication (P=1.59E-14), 
DNA metabolic process (P=4.10E-13), and cellular re-
sponse to DNA damage stimulus (P=8.02E-13). The full 
list of enriched GO pathways can be found in Data S4a. 
There were 34 enriched KEGG cellular pathways at an 
FDR<0.001. The top 3 enriched KEGG cellular pathway 
terms were cell cycle (P=4.72E-14), pancreatic cancer 
(P=1.82E-07), and colorectal cancer (P=2.33E-07). The 
full list of enriched KEGG pathways can be found in 
Data S4b. The top 3 enriched GO and KEGG terms 
and the first 10 listed annotated genes associated with 
CVD are reported in Table 5.

Additionally, each biological process and cellular 
pathway was annotated to numerous genes, many of 
which were associated with CVD.64 To this, there were 
51 genes annotated to the top enriched GO term, DNA 
replication. Of these genes, 49 are implicated in CVD.64 
There were 53 genes annotated to the top enriched 
KEGG term, cell cycle, and all but 1 of these genes are 
also implicated in CVD.64

There were a combined 2741 miRNA-target interac-
tions generated by miRTarBase for the 6 identified miR-
NAs associated with 5 or more CVD risk factors. These 
include 892 gene targets for miR-193b-3p (Data S5a), 
536 gene targets for miR-122-5p (Data  S5b), 129 
for miR-365a-3p (Data  S5c), 101 for miR-194-5p 
(Data  S5d), 1036 for miR-192-5p (Data  S5e), and 47 
for miR-193a-5p (Data S5f). Many of the genes that are 
both annotated to 1 or more of the top 5 enriched GO 
biological processes or KEGG cellular pathways and 
associated with CVD were also found to be targets of 
the identified miRNAs.

Replication in the RS
The clinical characteristics of RS participants (n=1999, 
mean age: 72±8 years) are presented in Table 6. Among 
eligible participants, 1141 (57%) were women, 253 
(13%) met criteria for type 2 diabetes, 491 (21%) met 
criteria for obesity, 1555 (78%) had hypertension, 591 
(30%) were never smokers, 1095 (56%) were former 
smokers, and 285 (15%) were current smokers. There 
were 300 (15%) participants with new-onset CVD and 
1154 (58%) participants died during a mean follow-up 
of 13 years. Full baseline characteristics and follow-
up data for RS participants are given in Data S6a and 
S6b, respectively.

For each of the CVD risk factors of interest, the 
miRNAs identified as significantly associated in the 
FHS (Data S2c through S2l) were tested for replication 
in the RS. Following Bonferroni correction and com-
parison of estimate signs in the FHS and the RS, 1 
miRNA (miR-193b-3p) replicated for SBP (P<0.00357) 
and DBP (P<0.05). Moreover, 43 miRNAs replicated 
for total cholesterol (P<0.00038), 5 miRNAs replicated 
for fasting blood glucose (P<0.00556), 15 miRNAs 

Figure 2.  Similarity network for continuous risk factors in 
the Framingham Heart Study.
BMI indicates body mass index; DBP, diastolic blood pressure; 
and SBP, systolic blood pressure.

Table 3.  miRNAs Associated With ≥5 CVD Risk Factors in 
the FHS

miRNA Risk factors

miR-193b-3p SBP, DBP, triglycerides, total cholesterol, 
fasting blood glucose, BMI

miR-122-5p SBP, triglycerides, total cholesterol, 
fasting blood glucose, BMI, current 
smoking

miR-365a-3p SBP, triglycerides, total cholesterol, 
fasting blood glucose, BMI

miR-194-5p Triglycerides, total cholesterol, fasting 
blood glucose, BMI, current smoking

miR-192-5p Triglycerides, total cholesterol, fasting 
blood glucose, BMI, current smoking

miR-193a-5p Triglycerides, total cholesterol, fasting 
blood glucose, BMI, current smoking

Associations after adjustment for age, sex, cohort, and lipid levels. BMI 
indicates body mass index; CVD, cardiovascular disease; DBP, diastolic 
blood pressure; FHS, Framingham Heart Study; miRNAs, microRNAs; and 
SBP, systolic blood pressure.
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replicated for BMI (P<0.001), and 10 miRNAs repli-
cated for current cigarette smoking (P<0.00156). The 
associations of the top miRNAs with each CVD risk 
factor following replication in the RS are presented in 
Table 7. The full replication results comparing cross-
sectional associations between miRNAs and CVD 
risk factors in the FHS and the RS are provided in 
Data S6c through S6i.

In the RS, miR-193b-3p was significantly associ-
ated with 3 CVD risk factors (SBP, DBP, and fasting 
blood glucose). In addition, 13 miRNAs were signifi-
cantly associated with 2 CVD risk factors in the RS, 
including miR-194-5p and miR-193a-5p. The miRNAs 
associated with 2 or more CVD risk factors in the RS 
are displayed in Table 8.

There were no significant associations of miRNAs 
with new-onset type 2 diabetes, hypertension, obesity, 

or composite CVD outcome in the FHS; therefore, 
these outcomes were not considered for replication 
in the RS. Of the 8 miRNAs associated with all-cause 
mortality, none of them replicated at the Bonferroni P 
value threshold (0.00625) in the RS (Data S6j).

DISCUSSION
The principal aim of our study was to explore associa-
tions of plasma miRNAs with CVD and its risk factors 
in a middle-age sample of adults. Although previous 
studies have reported associations of the identified 
miRNAs with impaired glucose metabolism, lipid 
metabolism, and cardiac dysfunction, the plasma 
miRNA signatures of CVD risk factors have not been 
fully elucidated at a population level in middle-age 

Table 4.  miRNAs Associated With All-Cause Mortality in the FHS

miRNA No. analyzed Events* Effect size SE P value
FDR-adjusted  
P value

miR-193a-5p 3716 52 −0.309 0.0649 1.84E-06 0.000292

miR-192-5p 3602 51 −0.252 0.0797 0.00156 0.0422

miR-320e 3703 53 −0.213 0.0670 0.00152 0.0422

miR-122-5p 3830 55 −0.226 0.0679 0.000885 0.0422

miR-193b-3p 2380 37 −0.277 0.0892 0.00186 0.0422

miR-210-3p 3616 52 −0.227 0.0685 0.00094 0.0422

miR-34a-5p 3162 50 −0.246 0.0784 0.00170 0.0422

miR-301a-3p 3043 42 −0.255 0.0831 0.00218 0.0432

Associations after adjustment for age, sex, cohort, and CVD risk factors. CVD indicates cardiovascular disease; FDR, false discovery rate; FHS, Framingham 
Heart Study; and miRNAs, microRNAs.

*Number of events associated with each miRNA out of total 56 new-onset mortality events.

Table 5.  Top 3 Enriched GO Biological Terms and KEGG Pathways for miRNAs Associated With ≥5 CVD Risk Factors in the 
FHS

GO term Overlap* Adjusted P value† Fold change Annotated genes of interest‡

DNA replication 51/108 1.59E-14 6.143 FEN1, MCM7, MCM10, BRCA1, PTMS, 
EXO1, CHEK1, NBN, TOPBP1, RFC2

DNA metabolic process 88/277 4.10E-13 3.219 TOP2A, FEN1, MCM7, TRRAP, GMNN, 
MCM10, BRCA1, HMGB1, TRIM28, SUMO1

Cellular response to DNA 
damage stimulus

102/350 8.02E-13 2.850 TRRAP, YY1, TRIM28, CCND1, CHEK1, 
NBN, FOXP1, MSH6, DDIT3, MAPKAPK2

KEGG pathway Overlap* Adjusted P value† Fold change Annotated genes of interest

Cell cycle 53/124 4.72E-14 5.123 RB1, CDKN1A, CDKN1B, MCM7, YWHAB, 
BUB1B, CDC20, CCND1, YWHAQ, CHEK1

Pancreatic cancer 31/76 1.82E-07 4.696 RB1, CDKN1A, PIK3R3, PIK3R2, BRCA2, 
PLD1, CASP9, MAPK9, MAPK8, BCL2L11

Colorectal cancer 33/86 2.33E-07 4.246 CDKN1A, LEF1, PIK3R3, PIK3R2, EGFR, 
CASP9, MAPK9, MAPK8, BCL2L11, CCND1

CVD indicates cardiovascular disease; FHS, Framingham Heart Study; GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; and miRNAs, 
microRNAs.

*Overlap represents # mRNA that are targets÷total # mRNAs in the pathway.
†Adjusted for number of GO terms/KEGG pathways.
‡The first 10 listed genes that are both annotated to the respective term and are associated with cardiovascular disease.64
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or older individuals.17,51,63,65–67 To that end, we elu-
cidated miRNA signatures of CVD risk factors and 
replicated a subset of these miRNAs in an independ-
ent population-based cohort study. We identified 6 
miRNAs (miR-193b-3p, miR-122-5p, miR-365a-3p, 
miR-194-5p, miR-192-5p, and miR-193a-5p) that 
were associated with 5 or more CVD risk factors in 
the FHS. This miRNA signature targets mRNAs that 
are enriched for several biological processes and 
cellular pathways associated with CVD and its risk 
factors. Among the enriched cellular pathways were 
the AMPK, p53, FoxO, and ErbB signaling pathways 
(Data 4b). Each of these pathways has been iden-
tified as an important signaling pathway related to 
the pathogenesis of CVD.68–71 These findings high-
light miRNA biomarkers of CVD and may provide 
insights into promising targets for its treatment and 
prevention.

Our results highlight the association of miR-193b-3p 
with 6 CVD risk factors (SBP, DBP, triglycerides, total 
cholesterol, fasting blood glucose, and BMI) and all-
cause mortality in the FHS. Further, miR-193b-3p was 
associated with 3 CVD risk factors (SBP, DBP, and 
fasting blood glucose) in the RS. Previous studies re-
ported that higher abundance of miR-193b-3p was as-
sociated with prediabetes and type 2 diabetes, which 
are characterized higher glucose levels.17,22 Hu et  al. 
further found that miR-193b-3p may affect glucose 
metabolism by directly targeting YWHAZ/14-3-3ζ, and 
upregulating the expression of transcription factors in 
the FoxO signaling pathway.17

Similarly, we found miR-122-5p to be positively as-
sociated with 6 CVD risk factors (SBP, triglycerides, 
total cholesterol, fasting blood glucose, BMI, and cur-
rent cigarette smoking) and with all-cause mortality in 
the FHS. In the RS, miR-122-5p was significantly as-
sociated with fasting blood glucose. Previous studies 
have also reported associations between circulating 
miR-122-5p levels and acute myocardial infarction, 
CHD, fatty liver disease, and cardiometabolic disor-
ders.63,65,72–77 Further, circulating levels of miR-122-5p 
have also been reported to be implicated in diabetic 
kidney disease and diabetic cardiomyopathy.75,76 
Consistent with this, miR-122 has been identified as an 
independent risk factor for insulin resistance and to be 
involved in cholesterol and lipid regulation.77–80

In the FHS, we also found miR-365a-3p to be sig-
nificantly associated with 5 CVD risk factors, includ-
ing SBP, triglycerides, total cholesterol, fasting blood 
glucose, and BMI. A study by Satake et al. reported 
that expression of circulating plasma miR-365a-3p is 
correlated with hyperglycemia in type 1 diabetes.66 
Circulating miR-365a-3p levels were also reported to 
be positively associated with hemoglobin A1C, albumin-
to-creatinine ratio, and SBP, which serve as markers 
of CVD risk in individuals with or without in type 1 
diabetes.66,81,82

Next, we found miR-194-5p to be associated 
with triglycerides, total cholesterol, fasting blood glu-
cose, BMI, and smoking status in the FHS and with 
total cholesterol and fasting blood glucose in the RS. 
Previously, Demirsoy et  al. reported that circulating 
miR-194-5p levels were downregulated following met-
formin treatment in patients with type 2 diabetes.83 
Metformin, a widely used biguanide class of antidia-
betic drug, reduces blood glucose through inhibiting 
glucose production in the liver. Thus, circulating miR-
194-5p appears to be more expressed in plasma in 
patients with type 2 diabetes with high blood glucose 
compared with patients receiving treatment that low-
ers blood glucose.83

Our results also showed the association of miR-
192-5p with 5 CVD risk factors (triglycerides, total 
cholesterol, fasting blood glucose, BMI, and smoking 
status) and all-cause mortality in the FHS. Previous 
studies reported that circulating levels of miR-192-5p 
significantly increase in subjects with prediabetes 
compared with subjects with normal glucose.22,84 
Jaeger et al. further reported that circulating levels of 
miR-192 and miR-194 are elevated in subjects with 
prevalent in type 1 diabetes compared with healthy 
subjects.85

In addition to diabetes, both miR-194 and miR-192 
have been implicated in cardiac dysfunction.67,86–88 
Matsumoto et  al. revealed that miR-192, miR-194, 
and miR-34a levels were significantly upregulated in 
subjects who developed ischemic heart failure within 

Table 6.  Clinical Characteristics of the RS Study Sample

Clinical characteristic Mean±SD

Age, y 72 ±8

Systolic blood pressure, mm Hg 148 ±21

Diastolic blood pressure, mm Hg 79 ±11

Total cholesterol, mmol/L 5.62 (1.27)*

High-density lipoprotein cholesterol, mmol/L 1.45 ±0.40

Fasting blood glucose, mmol/L 5.50 (0.90)*

Body mass index, kg/m2 27.64 ±4.09

Dichotomous outcome
Number of 
participants (%)

Never smoker 591 (30.0)

Former smoker 1095 (55.6)

Current smoker 285 (14.5)

Incident diabetes 254 (13.3)

Incident hypertension 1555 (77.8)

Incident obesity 491 (21.0)

Incident cardiovascular disease 300 (15.0)

All-cause mortality 1154 (57.7)

RS indicates Rotterdam Study.
*Reported values are median and interquartile range.
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1 year of acute myocardial infarction onset.86 Moreover, 
the expression of miR-194 and miR-34a were cor-
related with miR-192, suggesting that the 3 miRNAs 
were coordinately upregulated in a single cascade, 
such as the p53 signaling pathway. After p53 activa-
tion, both intracellular and extracellular levels of miR-
192, miR-194, and miR-34a were elevated. Therefore, 
these p53-responsive miRNAs, including miR-192 and 
miR-194, are likely to be involved in the pathogenesis of 
heart failure after acute myocardial infarction.86

We also found that miR-193a-5p was significantly 
associated with triglycerides, total cholesterol, fasting 
blood glucose, BMI, and current cigarette smoking in 
the FHS and with fasting blood glucose and BMI in 
the RS. Previous studies have identified miR-193a-5p 
to be positively correlated to BMI and to be upregu-
lated in patients with obesity, diabetes, and nonal-
coholic fatty liver disease.89–91 Additionally, serum 
levels of miR-193a-5p have been shown to decrease in 
obese subjects following diet-induced weight loss.92,93 
As miR-193a-5p is associated with insulin resistance 

parameters, the reduction of miR-193a-5p levels may 
serve to improve glucose metabolism.94

Associations of miRNAs with Cholesterol
In mammalian cells, cholesterol modulates cell mem-
brane fluidity and signaling and serves as a chemical 
precursor of steroid hormones and vitamin D. These 
are carried in the blood and delivered to cells by lipo-
proteins.95–97 Due to its critical function in cells, choles-
terol is closely regulated through various mechanisms, 
including posttranscriptional regulation by miRNAs.97 
We found that most candidate miRNAs were asso-
ciated with total cholesterol levels, suggesting that 
statistical associations between miRNAs and total 
cholesterol may be influenced by lipid chaperoning; 
however, this finding warrants further investigation into 
the potential role of miRNAs in regulating cholesterol 
homeostasis.

Previous studies have shown several plasma 
miRNAs associated with apolipoprotein A1, a major 

Table 7.  Replication in the RS of the Top miRNAs Associated With Each CVD Risk Factor in the FHS

CVD risk factor miRNA No. full Effect size SE P value

Systolic blood pressure miR-365a-3p* 1991 0.631 0.387 0.103

miR-193b-3p 1991 3.498 0.940 0.000204

miR-20b-5p* 1991 2.404 1.233 0.0513

miR-16-5p* 1991 0.415 1.095 0.705

miR-25-3p* 1991 0.156 1.048 0.882

Diastolic blood pressure miR-193b-3p 1991 2.109 0.491 1.86E-05

Total cholesterol miR-126-3p 1999 0.0674 0.00921 3.80E-13

miR-191-5p* 1999 0.0171 0.00856 0.0454

miR-425-3p* 1999 0.00474 0.00615 0.441

miR-425-5p* 1999 0.00503 0.00829 0.544

miR-625-3p* 1999 0.0115 0.00853 0.178

Fasting blood glucose miR-192-5p* 1999 0.0166 0.00712 0.0200

miR-193a-5p 1999 0.0704 0.00883 2.59E-15

miR-193b-3p 1999 0.0405 0.00864 3.03E-06

miR-122-5p 1999 0.00192 0.00483 7.26E-05

miR-365a-3p* 1999 0.00480 0.00356 0.178

Body mass index miR-122-5p* 1958 0.246 0.108 0.0230

miR-193b-3p* 1958 0.133 0.194 0.492

miR-193a-5p 1958 1.626 0.195 1.59E-16

miR-365a-3p* 1958 0.0181 0.0789 0.818

miR-101-3p* 1958 −0.349 0.226 0.123

Current cigarette smoking miR-150-5p 1971 0.178 0.0344 2.31E-07

miR-152-3p* 1971 0.0937 0.0375 0.0126

miR-125a-5p 1971 0.0951 0.0245 0.000111

miR-34a-5p 1971 0.134 0.0424 0.00155

miR-584-5p* 1971 −0.0372 0.0776 0.631

Associations after adjustment for age, sex, subcohort, smoking status, and lipid levelsCVD indicates cardiovascular disease; FHS, Framingham Heart Study; 
miRNAs, microRNAs; and RS, Rotterdam Study.

*Association does not replicate in the RS.
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component of HDL, likely due to the binding and chap-
eroning of miRNAs by lipoproteins for their delivery and 
transport to the extracellular matrix. A study by Vickers 
et al. demonstrated that HDL not only transports miR-
NAs but these miRNAs mediate some of the biological 
effects of the lipoproteins.98 They also found that miRNA 
delivery to hepatocytes by HDL depends on SR-B1 
(scavenger receptor, class B type 1), a membrane re-
ceptor that mediates the uptake of HDL.98 Vickers et al. 
also reported that delivery of HDL-carried miRNAs in-
creased the activity of atherosclerosis-altered genes 
(including NDST1, BMPR2, and FLT1), which play a role 
in lipid metabolism and inflammation.98,99

In contrast, we found no associations between cir-
culating miRNAs with serum HDL cholesterol levels in 
the FHS. This finding may be due to our adjustment 
for triglycerides and total cholesterol while analyzing 
the association of miRNAs with HDL. It is also possible 
that adjusting for HDL and triglycerides when analyzing 
the cholesterol-miRNA associations may not have fully 
accounted for residual confounding.

The most strongly associated miRNA with total 
cholesterol in the FHS, miR-126-3p, has previously 
been reported to be positively associated with low-
density lipoprotein cholesterol, very-low-density lipo-
protein cholesterol, and triglycerides.100,101 Notably, 
miR-126-3p is abundant in endothelial cells and plays 
a role in maintaining endothelial homeostasis and vas-
cular integrity.102 Endothelial dysfunction precedes 
CVD and is often marked by albuminuria, a condition 
in which there is an increase in urinary albumin excre-
tion.103 Martinez-Arroyo et al. found that plasma levels 

of miR-126-3p were higher in patients with hyperten-
sion with albuminuria compared with patients with hy-
pertension without albuminuria.103 The expression of 
plasma miR-126-3p is also positively correlated with 
presence of urinary albumin excretion in a general pop-
ulation. Furthermore, higher plasma miR-126-3p levels 
were also associated with a higher incidence rate of 
CVD events, regardless of presence of albuminuria.103

Associations of miRNAs with Smoking 
Status
Cigarette smoking poses a significant risk factor for 
many cardiovascular diseases, including lung can-
cer, obstructive pulmonary disease, and asthma.104 
Takahashi et al. found that differences in the plasma 
miRNA profiles between smokers and nonsmokers 
can be attributed to repeated cigarette smoking.48 
A larger number of miRNAs were detected in smok-
ers than in nonsmokers; furthermore, two thirds of 
these plasma miRNAs had higher expression levels in 
smokers than nonsmokers.48 Importantly, the plasma 
miRNA profiles of former smokers were altered after 
smoking cessation, and the profiles largely resembled 
those of nonsmokers.21,48

We conducted association analyses using never 
smoker as reference to determine the associations 
between miRNAs and smoking status. Following rep-
lication analyses in the RS, 10 miRNAs were identified 
as significantly associated with smoking status, includ-
ing miR-150-5p and miR-29a-3p. Notably, Dorna et al. 
found that plasma levels of circulating miR-150-5p 
were higher following tobacco intake via cigarette 
smoking.105 Bioinformatic analysis was used to identify 
oxidative stress, and the ErbB signaling pathway was 
found to be among the enriched pathways regulated 
by genes targeted by miRNAs. This pathway has pre-
viously been implicated in numerous smoking-related 
cardiovascular diseases due.71,106

Silverman et  al. identified miR-150-5p and miR-
29a-3p to be significantly associated with elevated risk 
of sudden cardiac or arrhythmic death in patients with 
CHD, a disease in which tobacco use and cigarette 
smoking are risk factors.107 Additionally, bioinformatic 
analysis identified pathways related to fibrosis, inflam-
mation, and apoptosis/cell apoptosis to be significantly 
enriched.107

miRNAs and New-Onset of CVD and 
Mortality
We conducted prospective outcomes analyses using 
proportional hazards regression to determine the 
associations between each miRNAs and incident 
type 2 diabetes, obesity, hypertension, CVD, and all-
cause mortality. Although we observed no significant 

Table 8.  miRNAs Associated With ≥2 CVD Risk Factors 
Following Replication in the RS

miRNA Risk factors

miR-193b-3p Systolic blood pressure, diastolic blood 
pressure, fasting blood glucose

miR-194-5p Total cholesterol, fasting blood glucose

miR-99b-5p Total cholesterol, fasting blood glucose

miR-193a-5p Fasting blood glucose, BMI

miR-16-5p Total cholesterol, BMI

miR-17-5p Total cholesterol, BMI

miR-29b-3p Total cholesterol, current smoking

miR-150-5p Total cholesterol, current smoking

miR-29a-3p Total cholesterol, current smoking

miR-181b-5p Total cholesterol, current smoking

miR-342-3p Total cholesterol, current smoking

miR-125a-5p Total cholesterol, current smoking

miR-29c-3p Total cholesterol, current smoking

miR-155-5p Total cholesterol, current smoking

Associations after adjustment for age, sex, subcohort, smoking status, 
and lipid levels. BMI indicates body mass index; CVD, cardiovascular 
disease; miRNAs, microRNAs; and RS, Rotterdam Study.
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associations between miRNAs and new-onset type 2 
diabetes, obesity, hypertension, or CVD in the FHS, 8 
miRNAs were found to be significantly associated with 
all-cause mortality. Of these miRNAs associated with 
all-cause mortality, 4 (miR-193a-5p, miR-192-5p, 122-
5p, and miR-193b-3p) were found to be associated 
with 5 or more CVD risk factors in the FHS. Although 
previous studies have found miRNAs to be significantly 
associated with CVD outcomes, including acute coro-
nary syndrome and myocardial infarction, these find-
ings may differ from the results of our study due to 
differences in study populations.33

There were 4 miRNAs (miR-320e, miR-34a-5p, miR-
210-5p, and miR-301a-3p) associated with all-cause 
mortality that were not robustly associated with CVD 
risk factors in the FHS. Each of these miRNAs have 
also been reported to be positively associated with 
CVD in the literature.108–111 A study by Ali et al. found 
that miR-320e was predicted to target all 7 mem-
bers of the 14-3-3 gene family comprising YWHAZ, 
YWHAQ, YWHAH, YWAHE, YWHAB, YWHAG, and 
SFN.108 In addition, they found multiple protein–protein 
interactions connecting all 7 members of the 14-3-3 
family.108 Furthermore, the miR-34 family, which in-
cludes miR-34a-5p, has been implicated in the regu-
lation of myocardial physiology and pathophysiological 
processes.109 Notably, miR-34a has been reported to 
be an essential regulator in cardiovascular fibrosis, 
dysfunction, and related cardiovascular diseases.109 
Furthermore, SIRT1, NOTCH1, SMAD4, PNUTS, 
FOXO3, FOXM1, and PTEN have been verified as miR-
34a-5p target genes.109 Taken together, miR-34a-5p 
can be considered to play a role in controlling cellular 
apoptosis, autophagy, inflammation, aging, fibrosis, 
and remodeling through these gene targets.109,112

Limitations
This study has several strengths, in which the main 
strengths is using a large sample size of 4440 par-
ticipants in the discovery cohort with available plasma 
extracellular RNA data in the FHS and successful ex-
ternal replication of cross-sectional associations of 
extracellular RNAs with CVD risk factors in 1999 partic-
ipants in the RS. Also, the availability of various clinical 
outcomes related to CVD with long-time follow-up in 
these 2 cohort studies provided us the opportunity to 
conduct a prospective analysis with miRNAs, as well. 
Yet, there exist some limitations of this study that need 
to be addressed. The method of RNA isolation and 
measurement used in the replication study differ from 
those used in discovery analyses. Further, differences 
in the mean ages and sizes of the 2 study populations 
may have contributed to discrepancies between re-
sults in the FHS and the RS. These differences may 
have resulted in inconsistencies across results in the 

FHS and the RS, such that miRNAs significantly as-
sociated to CVD risk factor(s) in the FHS were not suc-
cessfully replicated in the RS. In addition, the pathway 
enrichment analysis conducted in this study employs 
a hypergeometric approach, which does not account 
for natural intrapathway protein correlations and, there-
fore, may produce false positives. Moreover, given that 
the miRNAs were isolated from plasma rather than 
from tissues or cells, pathway enrichment analysis is 
unable to provide evidence of miRNA communication 
with specific tissues or cell types. To further validate 
the relations of miRNAs to CVD risk factors, replica-
tion in a study population of similar age and functional 
validation of the identified miRNAs and their targets are 
warranted. In addition, the study population consists 
largely of participants with European ancestry, limit-
ing the generalizability of the results. Therefore, future 
studies that include cohorts with greater racial and eth-
nic diversity are still needed.

CONCLUSIONS
This population-based study reveals several individual 
miRNAs that were significantly associated with CVD 
risk factors. Moreover, our findings encourage further 
investigation into the molecular targets of miRNAs 
and the mechanistic pathways contributing to CVD. 
Extending miRNA knowledge to young and middle-
aged adults may prove central to better understand-
ing their roles in promoting CVD risk in an age group 
in which risk factors are emerging and transitioning 
to overt clinical events. This effort may stimulate ad-
ditional research into the utility of miRNAs as clinically 
useful diagnostic, prognostic, and even therapeutic 
targets.
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