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Cardiovascular diseases (CVDs) remain the world’s leading cause of death despite the best available healthcare

and therapy. Extracellular non-coding RNAs (Ex-ncRNAs) are a heterogeneous group of RNAs, including small

ncRNAs, long ncRNAs (lncRNAs), and circular RNAs (circRNAs), which encompass the majority of the

extracellular transcriptome.
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1. Introduction

Cardiovascular diseases (CVDs) are widely recognized as the leading cause of death worldwide. Despite the

considerable advances in both healthcare and therapies over the past decades, CVD has contributed to 17.9

million deaths in 2019 and is estimated to result in 22.2 million deaths in 2030 . There is, therefore, an unmet

medical need to develop novel diagnostics and therapeutics targeting CVDs. Emerging evidence suggests that

extracellular non-coding RNAs (Ex-ncRNAs), particularly non-coding RNAs (ncRNAs) encapsulated in extracellular

vesicles (EVs), function as key mediators of intercellular and inter-organ communication and play versatile roles in

both homeostasis and disease . EVs are continuously secreted by cells into circulation and are found in all

biological fluids. The encapsulated molecular cargo inside EVs, especially RNAs, are increasingly recognized as

promising biomarkers and therapeutic targets for various diseases, including CVDs .

Ex-ncRNAs are a heterogeneous group of RNAs, including small ncRNAs, long ncRNAs (lncRNAs), and circular

RNAs (circRNAs), which encompass the majority of the extracellular transcriptome . Ex-ncRNAs can be

translocated into receipt cells after being secreted into the extracellular space through a variety of methods,

thereby regulating various biological processes in targeted cells under both physiological and pathological

conditions  (Figure 1). 
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Figure 1. Extracellular non-coding RNA-mediated intercellular crosstalk. Extracellular non-coding RNAs (Ex-

ncRNAs) are a heterogeneous group of RNAs and mainly include small ncRNAs, lncRNAs, and circRNAs. Ex-

ncRNAs can be translocated into receipt cells and modulate the cellular functions of targeted cells (heart or other

cardiovascular systems). Ex-ncRNAs can be secreted into the extracellular space through a variety of pathways,

including embedded into exosomes, ectosomes, and apoptotic bodies, or partnered with ribonucleoproteins and

lipoproteins.

2. Ex-ncRNAs

2.1. Extracellular Small ncRNAs

The main classes of small ncRNAs are miRNAs, small interfering RNAs (siRNAs), piwi-interacting RNAs (piRNAs),

Y-RNAs, and tRNA-derived small RNAs (tDRs) . Most small ncRNAs are capable of regulating gene

expression either transcriptionally or epitranscriptionally . Recent evidence suggests that small ncRNAs are

encapsulated into EVs and modulate the transcriptome of recipient cells following release through cellular

autocrine or paracrine pathways. In addition, small ncRNAs, embedded in ribonucleoproteins and lipoproteins, are

found to be secreted into extracellular spaces . An increasing number of studies have detected extracellular

small ncRNAs in a variety of biological fluids, such as serum or plasma, and indicated that extracellular small

ncRNA profiles in various body fluids could serve as novel biomarkers for different pathological conditions 

. As one of the most abundant RNA species in circulation, extracellular small ncRNAs are actively involved in a

variety of pathological and physiological processes. Therefore, the detection of specific circulating small ncRNAs,

based on the small ncRNA profiles, could be a promising approach to diagnosing diseases.

2.2. Extracellular LncRNAs
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LncRNAs are a class of transcripts with a length of more than 200 nucleotides and lack protein-coding potential .

There are many categories and sub-categories of lncRNAs, with major classifications including antisense, bi-

directional, enhancer-associated, intergenic lncRNAs (lincRNAs), and pseudogenes . They function primarily in

two fashions: (1) regulating the expression of miRNA target genes by mimicking miRNA sponges via competitive

endogenous RNA (ceRNA) inhibition, and (2) regulating the post-translational modification of specific proteins,

thereby affecting the activity of downstream signaling pathways . Recent studies have noted that EVs are the

primary means through which lncRNAs are transferred outside cells . Extracellular lncRNAs can affect a broad

range of downstream effects. In general, lncRNAs act as heterologous RNAs that can be transferred to target cells

by EVs and regulate the cellular functions of receipt cells . The membrane-bound nature of EVs shields ncRNA

cargos from degradation. Due to the lack of evolutionary conservation and high specificity in different cells/organs,

lncRNAs continue to be investigated as potential mediators of intercellular communication, exemplifying a valuable

class of therapeutic targets for disorders as well as potential biomarkers .

2.3. Extracellular CircRNAs

CircRNAs are single-stranded RNAs that are linked end-to-end by a back-splicing mechanism. According to their

splicing sequence, circRNAs can be categorized into the following groups: exonic circular RNAs (ecircRNAs),

circular intronic RNAs (ciRNAs), exon-intron circular RNAs (EIciRNAs), intergenic circRNAs, anti-sense circRNAs,

and tRNA intronic circRNAs (tricRNAs). Until now, the functionalities of circRNAs have been mainly classified into

four categories: (1) acting as ceRNAs or sponges; (2) regulation of pre-RNA cleavage; (3) regulation of gene

expression; and (4) as a potential source for translation of proteins and peptides . Similar to the aforementioned

ncRNAs, circRNAs can also be loaded into EVs to mediate cell-cell communication . CircRNAs demonstrate a

notable advantage over other ncRNAs. Without a linear terminal, circRNAs have a longer half-life, allowing for

accumulation in tissues with a low proliferation rate. Additionally, the lack of a linear terminal impedes RNase

degradation and improves stability and integrity in the extracellular environment, thus elevating their utility as

biomarkers of disease . Recent evidence has identified a crucial role of several extracellular circRNAs in

alleviating damage due to cardiomyocyte hypertrophy, heart failure (HF), myocardial infarction (MI), and

dysfunction caused by ischemia-reperfusion (I/R) . Furthermore, several studies have also reported their

association with proliferation, apoptosis, and inflammatory responses, thus influencing physiological and

pathological phenomena in various tissues . Investigation of circRNAs continues to elucidate their role in the

pathogenesis of CVDs and provides a potential avenue for therapeutic development.

3. Ex-ncRNAs as Biomarkers in CVDs

In recent decades, several molecular mechanisms have been identified to be associated with the induction and

progression of CVDs, especially in coronary atherosclerosis and HF . Although clinical management of HF is

improving, incidence rates remain above 20% in the adult population, with mortality rates hovering at 50% within 5

years of diagnosis, which makes HF a leading cause of morbidity and mortality in developed countries .

Consequently, it is necessary to delve into the disease’s underlying mechanisms and subsequent release of

ncRNAs to develop more effective diagnostic and prognostic tools to reduce mortality (Table 1).
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3.1. Atherosclerosis

Atherosclerosis is a chronic inflammatory artery disease characterized by the deposition of atherosclerotic plaque

in the arteries, which leads to the hardening and narrowing of the artery lumen and subsequent obstruction of

blood flow . Atherosclerotic plaque results from the accumulation of circulating low-density lipoprotein (LDL)

cholesterol alongside fibrous materials and inflammatory cells on the inner layers of arteries . On the contrary,

other cholesterol classes, namely high-density lipoproteins (HDLs), hold a significant anti-atherosclerotic role,

transporting cholesterol from peripheral tissues to the liver for metabolism .

3.1.1. Extracellular Small ncRNAs

In 2011, a study found that circulating HDLs and LDLs can transport miRNAs, such as HDL-transported miR-223,

to regulate different intercellular signaling pathways in atherosclerosis . In addition to cholesterol-driven

miRNA transport, circulating miRNAs have also been identified as potential biomarkers of atherosclerosis in

hypertensive patients. By comparing the expression levels of miR-92a in plasma of different levels of carotid

intima-media thickness (CIMT) and hypertensive patients, a recent study found that the increased level of miR-92a

expression was positively correlated with the measured value of CIMT, ambulatory blood pressure monitoring

results and carotid-femoral pulse wave velocity, all symptoms of atherosclerosis . Given that lipoproteins play an

important role in the progression of atherosclerosis, differential expression of HDL-miRNAs, in addition to

circulating miRNAs, can help track disease progression and enable more accurate diagnosis and treatment.

3.1.2. Extracellular LncRNAs

Extracellular lncRNAs such as lncRNA Sox2 Overlapping Transcript (SOX2-OT) have also been shown to be

potentially involved in the development of vascular disease . Serum SOX2-OT levels were found to be

significantly elevated in atherosclerotic patients. The results revealed that it could be used as a diagnostic

biomarker and an excellent modality to assess patient prognosis .

3.1.3. Extracellular CircRNAs

Another study quantified circRNA in the plasma of patients with coronary artery disease. It was reported that the

plasma level of hsa_circ_0001445 was reduced in patients with coronary artery sclerosis, and the condition

remained stable in patients with reduced expression of hsa_circ_0001445. The expression level of

hsa_circ_0001445 was inversely correlated with the degree of coronary atherosclerosis. Combined with coronary

computed tomography, its quantification significantly improved the diagnosis of the degree of disease .

3.2. Ischemic Heart Disease

Ischemic cardiomyopathy is caused by an imbalance in the myocardial oxygen demand and available oxygen

supply, most often induced by coronary artery stenosis. Based on the pathophysiology, ischemic cardiomyopathy

includes coronary heart disease and myocardial infarction (MI) .
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Although stenting is a crucial method to relieve myocardial ischemia, it may result in long-term cardiac damage

when blood flow is suddenly restored, also known as ischemia-reperfusion (I/R) injury . I/R injury after

reperfusion often occurs due to cardiomyocytes undergoing anaerobic metabolism, sodium-potassium pump

dysfunction, and ribosome shedding. Various intracellular ATP-dependent ion pumps become inactive, leading to

ion accumulation, pH down-regulation, and up-regulation of intracellular osmolarity. Ultimately, ischemic

cardiomyocytes experience cell swelling, impaired enzyme activities, and clumped nuclear chromatin. Due to the

low concentration of antioxidants in ischemic cardiomyocytes, the increased reactive oxygen species after

reperfusion causes oxidative stress, which further causes cellular dysfunction, DNA damage, and local

inflammatory responses in cardiomyocytes. Thus, the persistence of inflammation and oxidative stress may trigger

a cytokine storm that exposes cells to severe damage .

3.2.1. Extracellular Small ncRNAs

Currently, the primary diagnosis of MI is mainly based on the detection of MI markers like cardiac troponin .

However, there is evidence showing that elevated cardiac troponins are present outside cardiac injury and can

compromise the diagnosis of MI . This opens an avenue to pursue Ex-ncRNA levels as a circulating biomarker

for acute myocardial infarction (AMI) . A previous study observed a 1600-fold elevated expression of miR-208b

in AMI compared to the control group. Further, miR-208b identified earlier detection than troponin T regarding MI

progression. In addition, another study found that miR-204 was down-regulated, and lncRNA-NEAT1 and matrix

metalloproteinase-9 (MMP-9) were upregulated in serum EVs from patients with acute ST-segment elevation MI

. Serum-derived miRNA signatures have been used to distinguish healthy volunteers from patients with coronary

atherosclerosis through the expression levels of miR-370-3p and miR-409-3p, which can serve as a fingerprint for

coronary heart disease . By exploring the expression levels of EV-derived miRNAs in the plasma and serum of

CS and AMI patients, EV miRNA landscapes facilitated disease differentiation .

Novel miRNAs have been found to identify the evolution of cardiac I/R injury . MiRNAs with diagnostic or

therapeutic potential have been identified in the context of early cardiac I/R injury with miRNA arrays conducted to

screen for differential expression in a mouse model of cardiac I/R injury. A total of 1882 miRNAs were screened,

among which 11 were observably down-regulated and 41 were markedly up-regulated 3 h after reperfusion. miR-

3113-5P and miR-223-3p were among the most differentially expressed miRNAs and have been confirmed to be

up-regulated in the early stage of cardiac tissue I/R injury . This data confirms that cardiac miRNAs, such as

miRNA-3113-5p, might be a valuable target for therapeutic purposes, and circulating miRNAs such as miRNA-

3113-5p might serve as a stable marker for the early diagnosis of cardiac I/R injury.

Extracellular tDR is a newly identified small regulatory RNA species. A recent study has demonstrated that

extracellular tDRs are much more dynamically regulated than intracellular tDRs and extracellular miRNAs in both

cardiomyocytes and cardiac fibroblasts upon the treatments of ischemia/reperfusion-related stressors . Notably,

more than 3000 extracellular tDRs are significantly regulated by nutritional deprivation or ischemia, and

approximately 2000 extracellular tDRs are differentially expressed upon ischemia/reoxygenation treatment

mimicking ischemia/reperfusion injury in both cardiomyocytes and cardiac fibroblasts . Detailedly, extracellular
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tDR-1:32-His-GTG-1, tDR-37:72-Val-TAC-1, tDR-1:32-Pro-AGG-1-M4, tDR-2:30-Glu-CTC-1, tDR-2:30-Glu-CTC-1-

D4G, tDR-1:31-Glu-TTC-4, tDR-3:31-Gly-GCC-2-M2, and tDR-40:72-Asn-GTT-1-M2 were significantly induced by

ischemia/reoxygenation from both cardiomyocytes and cardiac fibroblasts, and extracellular tDR-1:36-Glu-CTC-1,

tDR-1:36-Glu-CTC-1-D5G, tDR-1:36-Asp-GTC-2-M2, and tDR-42:75-Ser-GCT-3 were downregulated considerably

upon cardiac ischemia/reoxygenation . Although this research is a preliminary cell culture model, the findings

clearly suggest that the extracellular tDR may be a promising biomarker for diagnostic and prognostic assessments

of ischemic heart diseases.

3.2.2. Extracellular LncRNAs

A previous study has shown that lncRNAs can also serve as potential biomarkers for AMI . It was found that the

level of circulating lncRNA ENST000005566899.1 and lncRNA ENST00000575985.1 were significantly elevated in

the plasma-derived EVs of AMI patients compared to healthy individuals. Further study of these lncRNAs in

combination with mature biomarkers will enhance the understanding of disease progression which is fundamental

for developing lncRNA therapeutics treating MI. Owing to the similarities of disease presentation and the vast

differences in management, it becomes imperative to pursue avenues that allow for identifying the types and

stages of diseases using noninvasive biomarkers.

3.2.3. Extracellular CircRNAs

Previous studies have shown that the downregulation of circRNA MICRA in peripheral blood is associated with the

risk of left ventricular remodeling and dysfunction after MI. Additionally, the upregulation of hsa-circ-0098964 and

circRNA-284 in the serum has been found to be associated with an increased risk of hypertension and acute

ischemia .

3.3. Hypertension

Hypertension is a significant cause of heart disease and death worldwide . As the heart pumps blood, the blood

applies outward pressure on the arterial wall. The maximum pressure exerted while beating is defined as systolic

pressure. Conversely, blood pressure on the arterial wall during relaxation and dilatation of the heart muscles is

known as diastolic pressure. Hypertension is diagnosed when systolic pressure exceeds 140 mmHg, or diastolic

pressure exceeds 90 mmHg . One of the leading causes of hypertension is vascular dysfunction which

manifests as endothelial dysfunction, vascular inflammation, arterial remodeling, and lowered vascular elasticity

.

Extracellular Small ncRNAs

Extracellular miR-133a, miR-21, and miR-27a have previously been reported to play an essential role in the

development of hypertension . Based on these findings, a study was conducted on a general population

over five years, measuring the serum levels of miR-133a, miR-21, and miR-27a using RT-qPCR. It was found that

the serum expression levels of miR-133a and miR-27a were negatively correlated with the incidence of
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hypertension and, as a result, could be used as diagnostic biomarkers and preventive and predictive biomarkers of

hypertension . Recently, a study using serum from hypertensive patients quantified miR-92a and found that its

expression was significantly increased in the serum of hypertensive patients, verifying its potential as a biomarker

. An in vitro study further supports the potential of extracellular miR-92a as a biomarker of hypertension as it

targets vascular smooth muscle cells to regulate vascular SMC phenotype, thereby causing arterial stiffness and

participating in the occurrence and development of hypertension .

Hypertensive disorder during pregnancy is a common type of hypertension . Commonly, severe pregnancy-

induced hypertension causes irreversible damage to the mother and offspring. Previous studies have revealed that

miR-200a-3p can coordinate the function of trophoblast . Based on this conclusion, one study quantified miR-

200a-3p in the serum of hypertensive patients during pregnancy by RT-qPCR and found that the expression level

of miR-200a-3p in the serum of hypertensive patients during pregnancy was up-regulated. Moreover, its expression

level was positively correlated with the development of the disease. As a result, the level of miR-200a-3p bears

prognostic potential for gestational hypertension .

3.4. Heart Failure

HF is a clinical syndrome of structural or functional abnormalities of the heart . As HF may not have symptoms

at its early stage, early screening using biomarkers can significantly reduce the risk of HF. The current standard for

diagnosis utilizes the N-terminal-proB-type Natriuretic Peptide (NT-proBNP) test. However, increased

concentrations of BNPs are not always associated with the onset of HF and may impede accurate and earlier

diagnosis of HF.

3.4.1. Extracellular Small ncRNAs

A previous study has examined the expression of Ex-ncRNAs in plasma in relation to the progression of HF ,

and found altered expression of miR-192, miR-194, and miR-134a in the plasma from patients with HF, implying

the capacity of small ncRNAs to identify cardiomyocyte death and HF . Similarly, another study showed that

paracrine signaling via cardiomyocyte-derived EVs containing miR-30d could improve cardiac function by reducing

myocardial fibrosis and cardiomyocyte apoptosis . Small ncRNAs have also been assessed in the serum of

acute HF patients following dilated cardiomyopathy. In this cohort, miR-92b-5p expression was up-regulated in the

EVs of the patients, suggesting its use as a potential biomarker in diagnosing acute AHF caused by dilated

cardiomyopathy .

3.4.2. Extracellular LncRNAs

Ischemic cardiomyopathy (ICM) caused by MI is a major cause of HF. In the context of circulating biomarkers,

lncRNAs in ICM have been widely explored. Genome-wide transcriptome analysis has verified that a number of

protein-coding genes previously reported to be associated with HF demonstrated altered expression following ICM

. Among 145 differentially expressed lncRNAs screened in ICM, 35 lncRNAs showed strong positive

correlations. Expression correlation coefficient analysis of differentially expressed lncRNAs and the protein-coding
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genes yielded a strong correlation between lncRNAs and ECM protein-coding genes. The overexpression or

knockdown of selected lncRNAs in the cardiac fibroblasts indicated that lncRNAs were significant regulators of

fibrosis and ECM synthesis gene expression . In addition, lncRNAs were found to be involved in the TGF-β

pathway to regulate ECM gene expression and myofibroblast differentiation . This data suggests that lncRNAs

might be novel modulators of heart function and HF.

Table 1. Ex-ncRNAs as biomarkers in CVDs.

[73][74]

[75]

Reference Ex-ncRNA CarriersExpression
(↑) (↓) Type of CVDs

Kasey et al.
miR-223 HDL ↑ - Atherosclerosis

Huang et al.
miR-92a - ↑ - Atherosclerosis

Tao et al. LncRNA SOX2-OT - ↑ - Atherosclerosis

Vilades et al.
hsa_circ_0001445 - - ↓ Atherosclerosis

Corsten et al.
miR-208b - ↑ - Acute myocardial infarction

Li et al. 

tDR-1:32-His-GTG-1, tDR-37:72-
Val-TAC-1, tDR-1:32-Pro-AGG-1-

M4, etc.
- ↑  

Cardiac ischemia/reperfusion
tDR-1:36-Glu-CTC-1, tDR-1:36-Glu-
CTC-1-D5G, tDR-1:36-Asp-GTC-2-

M2, etc.
-   ↓

Chen et al.
LncRNA-NEAT1, miR-204 EV ↑ ↓

Acute ST-segment elevation
myocardial infarction

Hildebrandt
et al. miR-370-3p, miR-409-3p EV ↑ - Coronary heart disease

Chen et al.
microRNA 3113-5P - ↑ -

Cardiac ischemia/Reperfusion
injury

Zheng et al. lncRNA ENST00000556899.1,
lncRNA ENST00000575985.1

EV ↑ - Acute myocardial infarction

Kishore et al. circRNA MICRA, circRNA-284, hsa-
circ-0098964

- ↑ ↓
Myocardial infarction, Ischemic

heart disease, Hypertension

Suzuki et al.
miR-133a, miR-27a - - ↓ Hypertension
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