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Abstract

MicroRNAs (miRNAs) are small non-coding RNAs that negatively regulate gene expression at 

the post-transcriptional level. They are involved in important biological processes including 

development, homeostasis, and ageing. Recently, extracellular miRNAs have been discovered in 

the bloodstream and bodily fluids. These miRNAs are shown to be secreted and circulating in 

microvesicles (MVs), or in complex with other factors such as RNA-binding proteins and high-

density lipoprotein (HDL) particles. These cell-free, circulating miRNAs can be taken into and 

function as negative regulators of target genes in recipient cells. Here we review the biogenesis 

and uptake of circulating miRNAs as well as their profiles in ageing and ageing-related diseases. 

We discuss the emerging role of circulating miRNAs as biomarkers and therapeutic targets.
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INTRODUCTION

MicroRNAs (miRNAs) are small non-coding RNA with 18–25 nucleotides (nt) in length 

and negative regulators in gene expression. They are initially transcribed as primary-miRNA 

(pri-miRNA) with a characteristic stem-loop structure. The stem-loop structure of pri-

miRNAs is cleaved by the enzyme Drosha to ~70 nt in length within the nucleus and is 

called as precursor miRNA (pre-miRNA). Pre-miRNAs are then exported from nucleus into 

the cytoplasm by exportin 5 and processed by Dicer to generate mature strands (Fig. 1) (for 

review see Jung and Suh, 2012). The mature miRNA strand is incorporated into an 

Argonaute-containing RNA-induced silencing complex (RISC) (Norata et al., 2013). The 

RISC can bind to 3′UTR of target mRNA and mediate deadenylation and degradation of 

mRNA. Finally they induce protein translational repression of the target genes (Llave et al., 

2002). Each miRNA can bind on multiple mRNA target sequences, and one mRNA can be 

regulated by multiple miRNAs and thereby modulating gene regulatory networks. Indeed, 

miRNAs have been shown to significantly alter gene regulatory networks with impact on 

important physiological processes including ageing (Jung and Suh, 2012; Dhahbi et al., 
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2013). Recent discovery of cell-free, circulating miRNAs have raised the possibility of these 

small non-coding RNA species as novel, non-invasive biomarkers of diseases. Here, we 

review the biogenesis of circulating miRNAs and their profiles in ageing and ageing-related 

diseases. We also discuss the potential role of circulating miRNAs as biomarkers and 

therapeutic targets.

PACKAGING AND SECRETION OF CIRCULATING miRNAs

Accumulating evidence has demonstrated three different pathways for packing and secretion 

of circulating miRNAs: 1) microvesicle bodies (MVBs) including exosomes, micro-vesicles 

(MVs), or apoptotic bodies (ABs), which are fragments of plasma membrane ranging from 

50 nm to 1000 nm shed from almost all cell types, and 2) miRNA-binding proteins (RBPs) 

including Argonaute2 (AGO2), and 3) high-density lipoprotein (HDL) (Skog et al., 2008) 

(Fig. 1). Evidence of MVs/exosomes containing distinct subsets of miRNAs has come from 

a study using mouse and human mast cell lines (Valadi et al., 2007). Valadi et al. (2007) 

identified approximately 1300 miRNAs using miRCURY LNA Array in exosomes of MC/9 

and HMC-1 cell line. Skog et al. (2008) showed miRNAs contained in the exosomes from 

glioblastoma patients have different expression levels in glioblastoma patients as compared 

to control subjects and their expression pattern in the exosomes was correlated with that in 

patient’s tumor tissue. For example, miR-21 which was upregulated in the tumors, was also 

overexpressed in exosomes of patients (Skog et al., 2008). Furthermore, Iorio et al. (2007) 

have reported miRNAs overexpressed in ovarian cancer patients and found 8 miRNAs as 

diagnostic. Taylor and Gercel-Taylor (2008) showed that these miRNAs were present in 

exosomes of same patients and their expression level was correlated with their cellular level.

MVs were also shown to be released from normal hematopoietic cells and miRNAs in MVs 

have been characterized (Hunter et al., 2008). It was found that 71 miRNAs were detected in 

both MVs and peripheral blood mononuclear cells (PBMC). Interestingly, 33 and 4 were 

found only in the plasma MVs and PBMC, respectively. In addition, MVs released from 

mesenchymal stem cells contained higher levels of miRNAs than miRNAs isolated from the 

cells (Collino et al., 2010). Zernecke et al. (2009) investigated if human umbilical vein 

endothelial cells (HUVEC)-derived ABs might contain miRNAs by using chip arrays. They 

found that HUVEC-derived AB contained a distinct miRNA expression profile and the most 

abundant miRNA was miR-126.

Recent studies have suggested that up to 90% of circulating miRNAs are present as a 

membrane-free form, not vesicle-enclosed form (Arroyo et al., 2011). Arroyo et al. (2011) 

has characterized circulating miRNA complexes in human plasma and serum using the 

chromatography. They found that the majority of circulating miRNAs were present in 

protein complexes. Further characterization revealed that Ago2 which is a critical factor of 

miRNA-mediated silencing was existent with plasma miRNAs (Arroyo et al., 2011). In 

agreement with this, Turchinovich et al. (2011) also has suggested that circulating miRNAs 

are mainly vesicle-free and are interacted with Ago2 protein. They removed all vesicles 

including exosomes and microvesicles using filtration and found circulating miRNAs were 

remained in the supernatant of plasma indicating vesicle-free circulating miRNAs 
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(Turchinovich et al., 2011). However, further studies about the ability of Ago2-miRNA 

complex to regulate the target gene expression in recipient cells need to be explored.

Finally, Vickers et al. (2011) demonstrated that HDL can transport endogenous miRNAs. 

They purified HDL from human plasma and HDL-interacted miRNAs were profiled using 

microarray. They found that the normal HDL-miRNA profile was distinctly different with 

the purified exosome-miRNA profile in terms of content and abundances. In addition, they 

compared HDL-interacted miRNA profile between normal subjects and familial 

hypercholesterolemia subjects and showed it was significantly changed with health 

condition. Indeed, when they injected reconstituted HDL (free of RNA) into mice to test its 

ability to interact with miRNAs in vivo, they found that it bounds to miRNAs and these 

HDL-interacted miRNAs are distinctive between normal and atherogenic models. These 

results suggest that HDL-miRNAs interaction may participate in a mechanism involving the 

transport and delivery of miRNAs (Vickers et al., 2011).

UPTAKE OF CIRCULATING miRNAs INTO THE RECIPIENT CELLS

Remaining important questions concerning the action of circulating miRNAs are whether 

circulating miRNAs are transported into recipient cells and how recipient cells are 

determined. There is accumulating evidence suggesting that circulating miRNAs are 

imported into adjacent cells and/or distal tissues. miR-150-harboring MVs derived from 

human leukemia THP-1 cells were delivered into the human microvascular endothelial cell 

line (HMEC-1), targeting c-Myb which is known as one of miR-150 target genes and 

enhanced migration capacity of recipient cells (Zhang et al., 2010). Kosaka et al. (2010) 

reported that secreted miR-146a from conditioned medium affects the proliferation of 

recipient PC-3 M prostate cancer cells and suppresses expression of its known target gene 

Rho-associated protein kinase 1 (ROCK1) (Kosaka et al., 2010). Furthermore, Iguchi et al. 

(2010) have shown that miR-16-enriched exosome injection into prostate cancer mouse 

model repressed the expression level of BCL2 which is a direct target gene of miR-16. 

Taken together, these results demonstrate that circulating miRNAs can be taken into 

recipient cells via MVs and induce gene silencing (Fig. 1).

There are accumulated possible mechanisms how circulating miRNAs are taken up by 

recipient cells. Circulating miRNAs can be transported into extracellular environment by 

endocytosis of vesicles and taken into recipient cells by binding to receptors of cellular 

membrane recognizing miRNA-RNA-binding protein complex (Cortez and Calin, 2009). 

HDL has recently been reported to interact with endogenous miRNAs and deliver them to 

recipient cells (Vickers et al., 2011; Norata et al., 2013). They found that HDL delivery of 

miRNAs induced direct mRNA targeting in the recipient cells. Indeed, scavenger receptor 

class B type I (SR-BI) which mediates selective uptake of the lipid cargo of HDL is 

involved in HDL-miRNA transportation (Vickers et al., 2011). Vickers et al. (2011) 

speculated that SR-BI-mediated transfer of HDL-miRNAs to cytoplasm may increase 

stability and functionality for gene silencing.
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In case of Ago2-miRNA complex, their function to regulate target genes in recipient cells is 

not clarified yet. Further studies are required to explicate how they are specifically co-opted 

by recipient cells and target genes.

THE EXPRESSION OF CIRCULATING miRNAs WITH AGEING

Ageing is a highly multifaceted process considered by the remodeling of many molecular 

pathways involved in cellular and tissue homeostasis (Bonafe et al., 2003; Cevenini et al., 

2010; Olivieri et al., 2013). A developing aim in ageing research is to identify inventive 

biomarkers of ageing at the cellular and tissue levels that could also be useful for early 

detection of ageing-related diseases. Recent studies have reported miRNAs that are 

differentially expressed in serum or plasma during ageing in mammalian (Table 1). 

Although these results implicate the diagnostic and/or prognostic role of circulating 

miRNAs for ageing-related diseases, their functional role during ageing is not yet known 

(Cortez and Calin, 2009; D’Alessandra et al., 2010; Zampetaki et al., 2012; Olivieri et al., 

2013).

Only a few studies have shown significant alterations in circulating miRNA levels during 

ageing in human population (Olivieri et al., 2012; Noren Hooten et al., 2013). Olivieri et al. 

(2012) measured plasma levels of miRNAs in healthy young and old humans, including 

centenarians, and in older patients with cardiovascular disease using an array of 365 

miRNAs. miR-21 level was higher in the cardiovascular disease (CVD) patients and lower 

in the centenarian offspring compared to the age-matched healthy adults. They also 

suggested that transforming growth factor-beta (TGF-β) signaling can be one of the key 

pathway possibly modulated by the differentially expressed circulating miRNAs. Recently, 

Noren Hooten et al. (2013) have shown ageing-related alterations in miRNA levels in 

human serum. They tested miRNA expression level in sera from young (mean age 30 years) 

and old (mean age 64 years) individuals using next generation sequencing technology and 

real-time quantitative PCR (Noren Hooten et al., 2013). Among miRNAs that they found, 

miR-151a-5p, miR-181a-5p, and miR-1248 were significantly decreased in 20 older 

individuals compared to 20 younger individuals (Table 1).

There is also evidence for the alteration of circulating miRNAs during ageing in animal 

models (Table 1). One study has reported miR-34a was increased in plasma, peripheral 

blood mononuclear cells (PBMCs), and brains of older mice (Li et al., 2011). Another study 

from Dhahbi et al. (2013) compared circulating miRNAs using next generation sequencing 

in young mice, old mice, and old mice maintained under calorie restriction (CR). It was 

found that the expression level of some miRNAs were noticeably increased with age, 

whereas CR antagonized this increase, suggesting that these miRNAs may directly modulate 

ageing-related biological process (Dhahbi et al., 2013).

THE ROLE OF CIRCULATING miRNAs AS BIOMARKERS OF AGEING-

RELATED DISEASES

Recently, it has been known that miRNAs can circulate in the extracellular environments 

including blood and that these circulating miRNAs are extraordinarily stable (Creemers et 
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al., 2012). This elevated the probability that circulating miRNAs may be explored to act as 

unique biomarkers. Circulating miRNAs have been demonstrated that they have the 

potential to be ultimate biomarkers including: 1) stability in bodily fluids, 2) tissue and 

disease state specificity, and 3) simple and reliable quantification by standard techniques. 

Importantly, recent studies have shown many circulating miRNAs that appear to be 

promising biomarkers for major ageing-related diseases such as cardiovascular disease 

(CVD), Alzheimer’s disease (AD), and type 2 diabetes mellitus (T2DM) (Table 2).

Heart disease

In the last few years, the important role of circulating miRNAs in the cardiovascular disease 

has been extensively investigated. Wang et al. (2010) identified possible bio-markers, 

miR-1, miR-133a, miR-499 and miR-208a, and confirmed their expression in rats and 

humans with acute myocardial infarction (AMI). AMI patients show higher abundance of all 

candidate miRNAs compared with healthy individuals. For example, miR-208a revealed the 

highest sensitivity and specificity in AMI diagnoses. Remarkably, they found that increased 

level of miR-208a was detected at 1–4 h after acute injury, implicating the potential of 

miR-208 as an early diagnostic biomarker of AMI. miR-208 expression in rat heart was 

specific to the state of myocardial injury (Ji et al., 2009). miR-208 was significantly 

increased in plasma levels of cardiac injured rats but was undetectable following renal 

injury, suggesting miR-208 can be transported to plasma in a myocardial injury-specific 

manner.

miR-1 has been also suggested as a potential biomarker of AMI (Cheng et al., 2010). Cheng 

et al. (2010) used an in vivo AMI model with induced cardiac cell damage by coronary 

ligation. They found that miR-1 level was significantly increased with a 200-fold at six 

hours of AMI onset. More-over, circulating miR-1 levels in AMI-rat are highly positive 

correlated with myocardial infarct size, suggesting that serum miR-1 could be a potential 

diagnostic biomarker for AMI.

Vascular diseases

Inflammation in the endothelial cells of the blood vessel can induce vascular diseases such 

as atherosclerosis. Endothelial dysfunction is a major pathophysiological mechanism that 

leads to vascular diseases. Recently, a few studies showed that circulating miRNAs can 

communicate with endothelial cells (ECs) and regulate their function by targeting genes in 

ECs.

Zhang et al. (2010) found that ECs were targeted by circulating miRNAs. It was shown that 

miR-150 was trans-ported into HMEC-1 cells from THP-1-secreted MVs and targeted c-

Myb and functionally suppressed c-Myb level, and thereby improved HMEC-1 cell 

migration. Indeed, miR-150-enriched MVs of atherosclerosis patients showed increased 

level, and their HMEC-1 cell migration was more enhanced than MVs of healthy individuals 

(Zhang et al., 2010). Similarly, Zernecke et al. (2009) found that ABs enriched by miR-126 

were taken up by HUVECs. One of studies using atherosclerosis mouse models has shown 

that administration of miR-126-enriched ABs restricted atherosclerotic lesions suggesting 

the protective effect of circulating miR-126 against atherosclerosis.
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Alzheimer’s disease (AD)

A number of studies have shown that miRNAs in brain tissues are correlated with AD 

pathologies (Cogswell et al., 2008; Geekiyanage and Chan, 2011). Based on these studies, 

researchers have investigated the correlation between circulating miRNAs with intracellular 

miRNAs in the brain. Geekiyanage et al. (2012) have reported that miR-137, miR-181c, 

miR-9, and miR-29a/b, which were known to be dysregulated in AD brain tissues, were also 

decreased in the serum of AD risk mouse models. Recent data have found an altered 

expression of circulating miRNAs, including miR-9, miR-29a, miR-29b, miR-101, 

miR-125b, and miR-181c in serum of 105 AD patients compared with 150 age- and gender-

matched healthy individuals. These candidates were known to be dysregulated in AD brain 

(Cogswell et al., 2008; Lukiw and Alexandrov, 2012). miR-125b and miR-181c levels were 

decreased but miR-9 level was increased in serum of AD patients compared with that of 

control individuals. Importantly, Tan et al. (2014) found that miR-125b level in AD patients 

was correlated with the Mini Mental State Examination (MMSE), a test that is used to 

screen cognitive impairment in AD patients, suggesting that circulating miR-125b may act 

as a novel biomarker for AD.

Alexandrov et al. (2012) have investigated circulating miRNAs expression levels in human 

cerebrospinal fluid (CSF)- and brain tissue-derived extracellular fluid (ECF) from AD 

patients and normal controls using microRNA array. They found that miR-9, miR-146a, and 

miR-155 were strongly expressed in CSF and ECF from AD patients compared with those 

from age-matched controls, and that these miRNAs were downregulated after treatment of 

NF-κB inhibitors indicating they are NF-κB-sensitive pro-inflammatory miRNAs 

(Alexandrov et al., 2012). This study suggested that they may modulate miRNA-triggered 

pathogenic signaling related to the diseases of brain and central nervous system (CNS).

Type 2 diabetes mellitus (T2DM)

Zampetaki et al. (2010) have reported the T2DM-related expression profile of miRNAs in 

blood. They profiled miRNAs in blood samples of over 800 individuals randomly selected 

from the Bruneck population (Bolzano Province, Italy) and identified five miRNAs 

(miR-15a, miR-28-3p, miR-29b, miR-126 and miR-223) downregulated in 80 participants 

with either predia-betes or T2DM. Interestingly, the level of these miRNAs is already 

reported to be changed 5–10 years before the onset of the disease, suggesting the potential 

role of circulating miRNAs as early diagnostic biomarkers of T2DM (Zampetaki et al., 

2010).

The circulating miRNAs of serum in pre-diabetic patients and patients who are newly 

diagnosed with T2DM has also been analyzed (Kong et al., 2011; Karolina et al., 2012). 

Kong et al. (2011) found that seven diabetes-related miRNAs (miR-9, miR-29a, miR-30d, 

miR-34a, miR-124a, miR-146a and miR-375) were upregulated in T2DM patients compared 

with patients who had pre-diabetes or were susceptible to T2DM definite as Body Mass 

Index (BMI) ≥ 25 and/or with a family history of diabetes. However, no difference was 

found between individuals with normal glucose tolerance and those with pre-diabetes. 

Karolina et al. (2012) have measured miRNA expression in the blood and exosomes of 265 

patients with T2DM and metabolic syndrome. They found miR-27a, miR-150, miR-192, 
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miR-320a, and miR-375 were up-regulated in patients with T2DM. The expression levels 

were highly correlated with higher fasting glucose levels, suggesting the potential of the 

miRNAs as biomarkers for T2DM.

THE THERAPEUTIC POTENTIAL OF CIRCULATING miRNAs

miRNAs are becoming a promising class of therapeutics. Accumulated studies have 

revealed that circulating miRNAs packaged by MVs can be one of potential therapeutic 

targets and/or molecules since immunologically inactive MVs selectively interact with target 

cells through receptor-ligand interaction (Baj-Krzyworzeka et al., 2006) and retain a 

capability to cross biological barriers (Fabbri, 2012). There are several studies showing the 

potential function of circulating miRNAs as therapeutic molecules. Zernecke et al. (2009) 

isolated ABs that mainly contained miR-126 from HUVECs, which are typically surrounded 

by phagocytes. Treatment of the ABs induced the transportation of miR-126 into their 

recipient cells including mouse aortic endothelial cells (ECs), smooth muscle cell (SMC), 

and HUVECs. miR-126 targeted RGS16 which is an inhibitor of CSCL12 receptor CXCR4 

and activated the anti-inflammatory chemokine CXCL12 by HUVECs. Therefore, 

recruitment of endothelial progenitor cells by CXCR4 was enhanced, which induces 

vascular wall repair after injury (Zernecke et al., 2005).

miRNA transfer by ABs was also shown in the apolipoprotein-deficient (ApoE−/−) mouse 

model of athero-sclerosis (Zernecke et al., 2009). Intravenous administration of ABs derived 

from HUVECs to ApoE−/− mice fed a high-fat diet resulted in increased numbers of 

endothelial progenitor cells, reduced size and number of macrophages, and apoptotic cells in 

atherosclerotic lesions. Each of these changes was mediated by the released miR-126 in a 

CXCR4-dependent manner (Zernecke et al., 2008, 2009). These experiments indicate the 

angioprotective effects of miR-126, and a therapeutic potential of ABs in miRNA delivery. 

Expression level of miR-126 was also reduced in blood of patients with coronary artery 

disease and T2DM suggesting a protective role of this circulating miRNA (Fichtlscherer et 

al., 2010; Zampetaki et al., 2010).

Moreover, Akao et al. (2011) showed that chemically modified miR-143 contained in MVs 

was secreted from THP-1 cells. Importantly, they found that intravenously injection of 

miR-143-contained MVs into colon cancer xenograft nude mice induced a significant 

increase of miR-143 expression in the serum and kidney. These studies successfully 

demonstrated that it is possible to use THP-1 cells for production of MVs containing 

miRNAs that may have therapeutic potential.

While MV and AB have been successfully produced, it will be necessary to establish 

standardized production protocols and better define their pharmaceutical properties, 

immunogenicity, toxicity, and biocompatibility/biodegradability for their therapeutic 

potentials to be realized.

PERSPECTIVES

Circulating miRNAs are stably present in small membranous vesicles including exosomes, 

MVs, and ABs, and with RNA-binding proteins (RBPs) and HDL. They also can be taken 
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into the recipient cells and regulate their target mRNAs. To date, accumulating evidence has 

shown that changes in serum miRNA levels are correlated with certain biological conditions 

such as ageing and ageing-related diseases including heart disease, AD, and T2DM, 

indicating that they can represent novel informative biomarkers and/or therapeutic targets 

with higher sensitivity and specificity for ageing-relate diseases. Potential therapeutic 

applications will require a more refined understanding as to the mechanism of the action of 

circulating miRNAs.
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Fig. 1. The biogenesis and inter cellular communication of microRNAs
MicroRNAs (miRNAs) are typically transcribed by polymerase II (Pol II) as primary 

miRNA (pri miRNA) transcripts that undergo processing by Drosha containing complexes. 

The Dicer complex removes the loop region from pre miRNAs, and one strand of the 

resulting duplex is bound by Argonaute to form a RNA induced silencing complex (RISC). 

Within the RISC, miRNAs bind to their target messenger RNAs (mRNAs) to repress their 

translation or induce their degradation. In the cytoplasm, pre miRNAs or mature miRNAs 

can also incorporate into membrane derived vesicles including exosome and microvesicles 

(MVs), which are released from the cell through blebbing of the plasma membrane and 

apoptotic bodies (ABs) (Chen et al., 2010; Arroyo et al., 2011; Creemers et al., 2012). They 

can also be associated and released with RNA binding protein complexes (RBP) and high 

density lipoproteins (HDL). Extracellular miRNAs can be transferred to recipient cells to 

negatively regulate their target genes although the mechanism is not clarified yet.
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Table 2

Circulating miRNAs in ageing-related diseases

Species Source miRNA Disease Expression
in disease

Study design
(non-disease vs 
disease)

Method Reference

Human,
 rat

Serum miR-1 Acute myocardial
infarction (AMI)

Up Human: n = 30 vs
n = 33;
Rat: n = 6 vs n = 6

Real-time PCR Wang et al., 
2010

miR-499

miR-208a

miR-133a

Rat Plasma miR-208 Myocardial injury Up n = 8 vs n = 8 Real-time PCR Ji et al., 2009

Human Microvesicles miR-150 Atherosclerosis Up n = 5 vs n = 5 Real-time PCR Zhang et al., 
2010

Human Cerebrospinal
fluid (CSF),
extracellular
fluid (ECF)

miR-9 Alzheimer’s
disease (AD)

Up n = 6 vs n = 6 MicroRNA Array Alexandrov et 
al., 2012

miR-146a

miR-155

Human Serum miR-125b Alzheimer’s
disease (AD)

Down n = l50 vs n = 105 Real-time PCR Tan et al., 
2014

miR-181c

miR-9 Up

Human Serum miR-137 Alzheimer’s
disease (AD)

Down n = 7 vs n = 7 Real-time PCR Geekiyanage et 
al., 2012

miR-181c

miR-9

miR-29a

miR-29b

Human Plasma miR-15a Type 2
diabetes mellitus
(T2DM)

Down n = 80 vs n = 80 MicroRNA Array Zampetaki et 
al., 2010

miR-28-3p

miR-29b

miR-126

miR-223

Human Serum miR-9 Type 2 diabetes
mellitus (T2DM)

Up Newly diagnosed
T2DM patients:
n = 18;
Pre-diabetes
individuals: n = 19;
T2DM-susceptible
individuals: n = 19

Real-time PCR Kong et al., 
2011

miR-29a

miR-30d

miR-34a

miR-124a

miR-146a

miR-375

Human Exosomes miR-27a Type 2 diabetes
mellitus (T2DM)

Up n = 46 vs n = 50 MicroRNA 
Microarray,

Karolina et al., 
2012
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Species Source miRNA Disease Expression
in disease

Study design
(non-disease vs 
disease)

Method Reference

real-time PCR
miR-150

miR-192

miR-320a

miR-375
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