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A B S T R A C T

Circulating microRNAs (miRs) have been investigated as diagnostic/prognostic biomarkers in human

diseases. However, little is known about their expression throughout the aging process.

Eleven healthy individuals aged 20, 80 and 100 years underwent miR plasma profiling. The validation

cohort consisted of 111 healthy adults (CTR) aged 20–105 years and included 30 centenarians. In

addition, 34 patients with cardiovascular disease (CVD) and 15 healthy centenarian offspring (CO) were

enrolled.

An exploratory factorial analysis grouped the miRs into three main factors: factor 1 primarily higher

in 20-year-old subjects, but these differences did not reach statistical significance, factor 2 primarily

higher in octogenarians and factor 3 primarily higher in centenarians. MiR-21, the most highly expressed

miR of factors 2 and 3, was further validated, confirming the differences in the age groups. MiR-21

expression was higher in the CVD patients and lower in the CO compared to the age-matched CTR. MiR-

21 was correlated with C-reactive protein and fibrinogen levels. TGF-b signaling was the predicted

common pathway targeted by miRs of factors 2 and 3. TGF-bR2 mRNA, a validated miR-21 target,

showed the highest expression in the leukocytes from a subset of the octogenarians.

Our findings suggest that miR-21 may be a new biomarker of inflammation.

� 2012 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Human aging is a highly complex process characterized by the
remodeling of many molecular pathways involved in cellular and
tissue homeostasis (Spazzafumo et al., 2011; Cevenini et al., 2010;
Bonafè et al., 2003). An important goal in this field of research is to
identify innovative cellular and tissue level biomarkers of aging
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that may also be useful for diagnosing age-related diseases.
MicroRNAs (miRs) are small non-coding RNAs involved in the
epigenetic regulation of coding gene expression. They provide an
additional level of control for important cellular processes such as
growth, differentiation, the stress response and remodeling (Garzon
et al., 2009; Zampetaki et al., 2012). They can safeguard the robustness
of biological systems, modulating in turn the chance to achieve
longevity or develop age-related diseases. Several recent reports have
suggested that circulating miRs have relevant diagnostic and
prognostic implications for age-related diseases, but their clinical
relevance is still controversial (Cortez and Calin, 2009; D’Alessandra
et al., 2010; Zampetaki et al., 2012; Olivieri et al., 2012a,b). At present,
only a few studies have identified significant differences in the
circulating miR levels of healthy adults and centenarians
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(Elsharawy et al., 2012). Data obtained from models such as
Caenorhabditis elegans and mouse have shown that specific miRs
exhibit age-dependent expression patterns (Noren Hooten et al., 2010;
Ibanez-Ventoso et al., 2006; Li et al., 2011a; Maes et al., 2008). It is
important to recall that exceptional survival requires the dynamic
maintenance of physiological variables at optimal levels and that the
levels of many aging biomarkers have been shown to change
throughout one’s life (Yashin et al., 2009; Franceschi et al., 2007;
Spazzafumo et al., 2011). Interestingly, recent data have demonstrated
that the expression of miRs in human peripheral blood mononuclear
cells changes with aging, suggesting that miRs and their predicted
targets may be potential diagnostic indicators of aging and/or age-
related diseases (Noren Hooten et al., 2010; Li et al., 2011b).
Furthermore, gender specific signatures in the circulating miR profiles
of young male and female individuals were recently reported
(Duttagupta et al., 2011).

Studies have tested if lysed cells contribute to blood circulating
miRs or if an active exchange of miRs occurs across cell membranes
(microvesicles or exosomes) (Valadi et al., 2007; Turchinovich
et al., 2011; Ramachandran and Palanisamy, 2011). An interesting
aspect related to the ‘‘active secretory hypothesis’’ is the possibility
that circulating miRs may influence the intercellular signaling of
health status (Cocucci et al., 2009; Iguchi et al., 2010; Zampetaki
et al., 2012; Zhu and Fan, 2011). It was recently demonstrated that
exosomes are readily taken up by macrophages, supporting the
notion that exosomal RNA can be shuttled between cells (Losche
et al., 2004; Lasser et al., 2011). Subpopulations of plasma
microvesicles and their miRs have also been reported to regulate
the immune response and hematopoiesis (Hunter et al., 2008).
These findings underline the urgent need to investigate the
biological role of circulating miRs.

We aimed at identifying the plasma expression levels of miRs in
differently aged healthy persons (20 to more than 100 years of age)
to determine if healthy aging is characterized by differences in
circulating miR expression levels. Moreover, because cellular miRs
use well-connected networks to control many important biological
functions, one may hypothesize that groups of miRs could
modulate common target pathways. Therefore, we aimed at
identifying the common pathways targeted by circulating miRs
that are differentially expressed at different ages.

Finally, the circulating miRs that were differentially expressed
in healthy subjects of different ages were also analyzed in older
CVD patients and centenarian offspring. Geriatric CVD patients are
one of the most studied models of unsuccessful aging, while
centenarian offspring are a model of successful aging due to their
significantly reduced risk of CVD development and mortality.

2. Materials and methods

2.1. Study participants

The study participants were recruited from the Italian National Research Center

on Aging (I.N.R.C.A.) at the Institute of Ancona, Italy, which is involved in the

Cardiovascular Diseases Prevention Program, and from the Universities of Bologna

and Florence (Italy), which are involved in the ‘‘Biomarkers of Longevity’’ research

project. All of the subjects provided their informed consent to participate in the

study, which was approved by the Ethics Committee of the I.N.R.C.A. and the Ethical

Committee of the Sant‘Orsola-Malpighi Hospital, University of Bologna.

Eleven subjects who were aged 20 (n = 4), 80 (n = 4) and 100 (n = 3) years and

selected for their health status underwent plasma miR profiling. The validation

cohort consisted of 111 healthy control subjects (CTR) with an age range of 20–

105 years of age. The CTR group also included 30 centenarians. The validation

cohort consisted of approximately 50% men and 50% women; however, among the

centenarians, more women than men were enrolled (75% vs. 25% respectively).

Each participant’s health status was assessed using questionnaires, laboratory

assays and a physical examination. Individuals were considered healthy if they did

not have any major acute and/or chronic age-related diseases, such as acute

myocardial infarction, congestive heart failure (CHF), Alzheimer’s disease (AD), type

2 diabetes mellitus (T2DM) or cancer, at the time of blood collection. Moreover, the

subjects with a Cumulative Illness Rating Scale (CIRS) > 2, which is indicative of a

co-morbidity, were excluded (Mistry et al., 2004).
In addition, 15 healthy centenarian offspring (CO) and 34 patients with

cardiovascular disease (CVD), including acute congestive heart failure (CHF) and

acute non-ST myocardial infarction (NSTEMI), were enrolled. The NSTEMI and CHF

patients were hospitalized in the Coronary Care Unit (CCU) of the IRCCS-INRCA

Hospital, Ancona, Italy.

NSTEMI was diagnosed according to the European Society of Cardiology (ESC)

guidelines (Alexander et al., 2007). The criteria for NSTEMI diagnosis have

previously been reported in detail (Olivieri et al., 2012a,b). Echocardiography was

performed on all of the enrolled NSTEMI patients to confirm the presence of

myocardial infarction. The regional wall motion index (WMI) was also assessed. The

CHF patients were selected from patients presenting with a CHF exacerbation that

required hospitalization. Only those patients with systolic CHF from a post-

ischemic etiology were enrolled, while those with an isolated diastolic dysfunction

were excluded. The diagnosis of all the acute CHF patients was confirmed by trans-

thoracic echocardiography (TTE) and an increase in NT-proBNP. The left ventricular

ejection fractions (LVEF) (%) in the NSTEMI and acute CHF patients were 42 � 7 and

40 � 5, respectively.

2.2. RNA extraction

Peripheral venous blood samples from all of the subjects were collected in EDTA-

coated tubes (Venoject, Terumo Europe NV). After two subsequent spins, total RNA

was extracted from 100 ml of plasma using an RNA purification kit (Norgen Biotek

Corporation, Thorold, ON, Canada) that isolates enriched miR species. The RNA was

stored at �80 8C until use.

2.3. MicroRNA profiling

The mature miR analysis was performed using an Applied Biosystems 7900 HT

real-time PCR instrument and human MicroRNA Array pool A (Applied Biosystems,

Foster City, CA), which contains 365 different human miRNA assays, in addition to

selected small nucleolar RNAs (snoRNAs). The RNA extracted from 100 ml of plasma

was converted to cDNA by priming with a mixture of looped primers (MegaPlex kit,

Applied Biosystems, Foster City, CA) using the manufacturer’s instructions. Pre-

amplification was performed using 3 ml of input RNA with the PreAmp kit (Applied

Biosystems, Foster City, CA). Nine microliters of pre-amplified cDNA was used for

mature miR profiling with a real-time PCR instrument equipped with a 348-well

reaction plate (7900 HT, Applied Biosystems, Foster City, CA) and human MiR Array

pool A (Applied Biosystems, Foster City, CA).

2.4. RTq-PCR validation

A modified real-time quantification of miR expression was performed with the

TaqMan miRNA reverse transcription kit and a miRNA assay (Applied Biosystems,

Foster City, CA). Briefly, total RNA was reverse transcribed (RT) with a TaqMan

MicroRNA RT kit. The 5 ml RT reactions contained 1 ml of each miR specific stem-

loop primer, 1.67 ml of input RNA, 0.4 ml of 10 mM dNTPs, 0.3 ml of reverse

transcriptase, 0.5 ml of 10� buffer, 0.6 ml of RNAse inhibitor diluted 1:10 and 0.5 ml

of H2O. The mixture was incubated at 16 8C for 30 min, 42 8C for 30 min and 85 8C
for 5 min. The quantitative real-time PCR was subsequently performed. The 5 ml

PCR reaction included 0.25 ml of 20x Taqman MicroRNA Assay, which contained the

PCR primers and probes (50-FAM), 2.75 ml of 2x TaqMan Universal Master mix no

UNG (Applied Biosystems) and 2.25 ml of RT product. The reaction was first

incubated at 95 8C for 2 min, followed by 40 cycles of 95 8C for 15 s and 60 8C for

1 min. The data were analyzed with Real Time PCR OpticonMonitor version 2 (MJ

Research, Bio-Rad, Hercules, CA), with the automatic Ct setting for adjusting the

baseline and threshold for Ct determination.

To date, very few validation reports have measured normalized miRNA levels in

the serum (Peltier and Latham, 2008; Chen et al., 2008). Some reports have

demonstrated that the endogenous non-miRNA controls used in miRNA expression

studies, such as RNU6B, RNU44 and RNU48, are degraded in the serum. Therefore, to

obtain accurate and reproducible results, the miR expression in the different age

groups was quantified with various normalization methods. The relative expression

of each miR was determined using miR-17-5p as the reference (D’Alessandra et al.,

2010; Olivieri et al., 2012a,b). The absolute miR concentration (expressed as

number of molecules/ml) was determined by running a dilution series containing a

known input quantity of synthetic miRs simultaneously with the experimental

samples.

The synthetic C. elegans miR, cel-miR-39, was spiked into the human plasma

before RNA extraction. Only those samples with a cel-miR-39 recovery higher than

95% were used in the subsequent analysis. Each reaction was performed in

duplicate.

2.5. RT-qPCR validation of mRNA expression levels in leukocytes

The mRNA levels of TGF-bR2 were analyzed by qPCR. The following

oligonucleotides (50–30) were used for the TGF-bR2 mRNA assay:

TGF-bR2 forward:

CTG GGC TCC TGA TTG CTC
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TGF-bR2 reverse:

TGA AAC GCT GTG CTG ACC

The data were normalized to b-actin expression levels and reported as the mean

value � S.D.

2.6. Laboratory assays

The plasma concentrations of cardiac troponin T (cTnT) and Nt-proBNP were

determined with ElectroChemiLuminescence ImmunoAssays (ECLIA) using the

Modular Analytics E170/Cobas immunoanalyzer (Roche Diagnostics, Indianapolis,

Indiana, USA) according to the manufacturer’s instructions. CTnT values � 0.03 ng/

ml were considered normal. The total cholesterol, HDL, triglycerides and fasting

glucose were measured by an enzymatic colorimetric test (Roche-Hitachi). The

level of high sensitive C-reactive protein (hsCRP) was determined by the particle-

enhanced immunoturbidimetric assay (CRP High Sensitive, Roche-Hitachi). It is

worth noting that, unless otherwise specified, the same blood sample was used for

the miRNA, cTnT, NT-proBNP and CRP determinations.

2.7. Statistical analysis

The statistical analysis approach applied to our data was reported in detail as

‘‘supplementary statistical analysis’’.

The expression levels of the all miRs detected in each sample were reported as

the relative expression with regards to the overall miR expression on each array

using the median normalization analysis (DCt = Ct miR X-median value of all Cts of

detectable miRs). The relative expression of each miR was reported as 2�
DCT.

The variables that did not exhibit a normal distribution, such as CRP and the

relative and absolute expression of miR-21, were log transformed prior to the

statistical analyses.

2.7.1. Exploratory factor analysis

An exploratory factor analysis (EFA) was used to reduce the number of variables

(expression values for circulating miRs), revealing common patterns in the complex

data sets. EFA is able to identify underlying structures, which are named factors,

based on the correlation of miR expression levels. A principal component analysis

(PCA) was used to extract the initial set of components. The PCA transformed a set of

observed variables into a linear combination that accounted for both the maximum

proportion of the total variance and a new set of uncorrelated components. The

eigenvalues with a value >1.0 were retained in the analysis. A varimax orthogonal

rotation was used in this analysis to obtain the factors. To interpret the results from

the factor analysis, the factor loading pattern was examined to determine which

original variables represented primary constituents of each factor. The patterns

were depicted in a Venn diagram that included miRs with a factor loading greater

than or equal to 0.8. This cut-off value is indicative of a very high correlation

between the latent factor and the variables.

In addition, standardized factor scores for each subject were extracted from the

latent factors to compare the mean values in the three different age groups with a

non-parametric Kruskal–Wallis test. The miR subsets identified from a factorial

loading greater than or equal to 0.8 were chosen to identify the common targeted

pathways.

2.7.2. MicroRNA pathway prediction

A fast and efficient identification of the common pathways targeted by multiple

circulating miRs was obtained with the DIANA microT v3.0 target prediction
Fig. 1. The estimated marginal mean plots for factors 1, 2 and 3 across the age groups. Lin

age groups (20-, 80- and 100-year-old subjects). Factor 1 was lower in octogenarians an

statistical significance (Kruskal–Wallis x2 = 2.05, p = 0.36). Factor 2 showed higher expres

p = 0.01). Factor 3 was significantly higher in the centenarians than the 20-year-old su
program (http://diana.cslab.ece.ntua.gr/pathways), which has the highest ratio of

correctly predicted targets of several prediction tools (Maragkakis et al., 2009).

Multiple criteria were used to identify the pathways with the highest probability of

being targeted by a specific subset of circulating miRs. DIANA-microT v3.0

calculates the miRNA-targeted gene score �ln(p value) that reflects the weighted

sum of the scores of all the conserved and non-conserved miRNA recognition

elements on the 30UTR of the target mRNA. This score correlates well with the fold

changes in the suppression of protein expression and it is also indicated for clusters

of miRs (Maragkakis et al., 2009; Satoh and Tabunoki, 2011). A �ln(p value) higher

than 18 was used as a cut-off value to establish a high probability of being targeted

by a specific subset of miRs (Satoh and Tabunoki, 2011). Moreover, the targeting of

more than 30% of the genes belonging to the same pathway was considered a

measure of the goodness of the prediction. Finally, the number of miRs with more

than 80% of the targeted genes belonging to the same factors was considered a

measure of the likelihood that the entire pathway could be modulated.

2.7.3. Correlation and regression analysis

The correlations between the parameters were calculated using the Spearman’s

rho correlation coefficient. To understand the mathematical relationship between

miR-21 (y) and age (x), the data were plotted, and the best fit function (linear or

polynomial) was chosen based on the highest R2 value of the estimated regression

curves.

The data analysis was performed with the SPSS/Win program version 18 (SPSS

Inc., Chicago, IL). Statistical significance was defined as a two-tailed p value <0.05.

3. Results

3.1. The profiling of circulating miRs

To test for the differential expression of circulating miRs across
different ages, we isolated miRs from the plasma of 4 subjects aged
20 years, 4 subjects aged 80 years and 3 subjects aged 100 years.
All of the enrolled subjects were selected for their health status. We
initially profiled 365 miRs to identify the miRs that exhibited
differences in expression. We then validated the expression of the
most relevant miRs in a larger cohort. The characteristics of the
profiling and validation cohorts are reported by age group in Table
1 of the supplementary data (panels a and b). Due to the small
number of subjects profiled, the men and women were not
analyzed separately.

Of the 365 miRs profiled, only 127 showed detectable levels and
were included in the subsequent analyses. MiR-223 showed the
highest expression of circulating miRs, confirming previous results
(Hunter et al., 2008).

3.2. Exploratory factor analysis (EFA) of the profiled circulating miRs

EFA is used to reduce the set of variables based on a correlation
matrix, identifying uncorrelated variables called factors. Supple-
mentary Table 2 reports the 10 factors identified by the EFA that
e plots showing the estimated marginal means for factors 1, 2 and 3 across the three

d centenarians than in the 20-year-old subjects, but these differences did not reach

sion in the octogenarians than in the 20-year-old subjects (Kruskal–Wallis x2 = 6.71,

bjects and octogenarians (Kruskal–Wallis x2 = 6.39, p = 0.02).

http://diana.cslab.ece.ntua.gr/pathways


Fig. 2. The miRs included in factors 1, 2 and 3 based on a factorial loading �0.8. A

Venn diagram showing the three main factors identified by the EFA. The miRs

included in each factor showed a factorial loading greater than or equal to 0.8,

which is indicative of a very high correlation between the latent factor and the

variables.
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applied to all 127 of the detectable circulating miRs. Applying the
inclusion criterion of a percentage of explained variance higher
than 10% of the total variance, three main factors were selected.
Factor 1 explained approximately 43% of the total variance, factor 2
explained approximately 18% of the total variance, and factor 3
Fig. 3. The relative expression of the miRs belonging to factors 2 and 3 (factorial loading

expression levels of the miRs belonging to factor 3. The relative expression levels of the m

fold changes (FCs) in arbitrary units (a.u.). The FCs were calculated with the equation 2�
explained approximately 10% of the total variance. Thus, the EFA
identified three main factors that jointly accounted for 71% of the
variance in the data. Next, the marginal mean values of
standardized factor scores were compared in the three age groups,
as shown in Fig. 1. Factor 1 showed age-related differences in miR
expression, but these differences did not reach statistical signifi-
cance (x2 = 2.05, p = 0.36). However, some of the miRs belonging to
this factor, such as miR-18a, -142-3p, -192, -423-5p, -576-3p, -652,
-let7e, and -let7d, showed significant lower expression in the
oldest when analyzed separately (Kruskal–Wallis x2 for trend,
p < 0.05) (data not shown).

Factor 2 showed significant higher levels in the 80-year-old
group of subjects and slightly higher levels in the centenarians
compared to the 20-year-old subjects (Kruskal–Wallis x2 = 6.71,
p = 0.01).

Factor 3, which explained 10% of the total variance, was higher
in centenarians vs. both the 20-year-old subjects and the
octogenarians (Kruskal–Wallis x2 = 6.39, p = 0.02).

The miRs with a factorial loading greater than or equal to 0.8 are
highlighted in bold (Table 1 supplementary data).

3.3. Target and pathway analysis of the miRs belonging to the main

factors identified by EFA

Because each miR can regulate many target genes and a group
of miRs may modulate specific pathways, we explored the
 � 0.8). (a) Relative expression levels of the miRs belonging to factor 2. (b) Relative

iRs belonging to factors 2 and 3 are expressed as the logarithmic transformation of
DCT, in which DCt = Ct miR X � the median value of all Cts for the detectable miRs.



Table 1
KEGG (Kyoto encyclopedia of genes and genomes) common pathways targeted by miRs belonging to factor 2 and 3.

KEGG pathways (has-ID) No. (%) of gene-target No. (%) of miRs �ln(p value)

Factor 2
Axon guidance (4360) 41 (32) 11 (92) 22

TGF-beta signaling pathway (4350) 31 (37) 10 (83) 18

Factor 3
TGF-beta signaling pathway (4350) 26 (31) 5 (100) 28

Renal cell carcinoma (5220) 21 (30) 4 (80) 25

KEGG pathways and �ln(p value) were identified by DIANA microT v3.0.
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pathways that are potentially regulated by the miRs found in
factors 1, 2 and 3 using the DIANA microT v3.0 database. To
discriminate the miRs in these factors, only those miRs with a
factorial loading �0.8 (indicative of a very high correlation
between the latent factor and the variables) were considered.
According to this criterion, 46, 12 and 5 miRs were included in
factors 1, 2 and 3, respectively. The patterns of the miRs belonging
to the three main factors are reported in a Venn diagram (Fig. 2),
and their relative expression is depicted in Fig. 3 (panels a and b).
The miRs belonging to factor 3 showed lower relative expression
than the miRs belonging to factor 2.

To screen for the pathways that are potentially targeted by
the miRs identified by the DIANA-microT v3.0 prediction
analysis, we defined the following inclusion criteria: (i) a �ln(p

higher than 18, (ii) targeting over 30% of the genes belonging to
the same pathway and (iii) the number of miRs belonging to the
factors higher than 80%. Based on these inclusion criteria, 2
KEGGS pathways were found to be targeted by the miRs
belonging to factor 2, and 2 pathways were found to be targeted
by the miRs belonging to factor 3 (Table 1). The pathways
targeted by the miRs belonging to factor 2 included the axon
guidance and transforming growth factor-beta (TGF-b) signal-
ing pathways, the pathways targeted by the miRs belonging to
factor 3 included the transforming growth factor-beta (TGF-b)
signaling and renal cell carcinoma pathways, and the pathways
targeted by the miRs belonging to factor 1 included the MAPK
Fig. 4. The absolute expression of circulating miR-17-5p in the CTR subjects (stratified b

molecules per ml of plasma’’) was determined by diluting known input quantities of s
signaling, focal adhesion, WNT signaling and axon guidance
pathways (data not shown).

3.4. Validation of circulating miR-21 expression

The level of circulating miR-21, the most highly expressed miR
belonging to factors 2 and 3, was measured in the validation cohort
(CTR). The CTR subjects were categorized into three groups
according to years of age: 20–65 (n = 33), 66–96 (n = 40) and >96
(n = 38).

Currently, there is no consensus on how to normalize a
microarray or RT-qPCR, and the choice of normalization method
could represent an important bias (Meyer et al., 2010). We
measured miR-21 expression using both absolute and relative
quantification. For the relative expression measure, miR-17-5p
was used as the reference because it is highly expressed and does
not show gender or age-related changes. In our analysis, miR-17-
5p was included in factor 1, which was characterized by a non-
significant age-related trend. To confirm the appropriateness of
miR-17-5p as a reference, the validation cohort was used to
provide an absolute quantification of miR-17-5p, confirming that
its expression was not correlated with age (Fig. 4). However, to
avoid any potential bias due to the choice of reference, the absolute
quantification of miR-21 was also performed. An age-related non-
monotonic trend in miR-21 expression was confirmed in both the
relative and absolute quantifications (Fig. 5, panels a and b). The
y age group). The absolute miR-17-5p concentration (expressed as the ‘‘number of

ynthetic miR-17-5p.



Fig. 5. Circulating miR-21 expression in the CTR subjects (stratified by age group).

(a) The relative expression of circulating miR-21. *p < 0.05 vs. <65 years. The

relative expression of miR-21 was calculated using the following equation: 2�
DCT, in

which DCt = Ct miR-21 � Ct miR-17-5p. (b) The absolute expression of circulating

miR-21. *p < 0.05 vs. <65 years, #p < 0.05 vs. <66–95 years. The absolute

concentration of miR-21 (expressed as the ‘‘number of molecules per ml of

plasma’’) was determined by diluting known input quantities of synthetic miR-21.
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66–96 years age group showed significantly higher absolute and
relative miR-21 levels than the younger group (20–65 years) (miR-
21 relative expression, 33.7 � 29.8 vs. 22.6 � 13.7, p < 0.05; miR-21
absolute expression, 317,012 � 226,804 vs. 189,206 � 200,759,
p < 0.05).

The relative expression of miR-21 in centenarians was not
significantly different from the relative expression of miR-21 in the
20–65 years group (relative expression, 30.18 � 26.51 vs.
22.6 � 13.7, p > 0.05) (Fig. 5, panels a and b), whereas the absolute
expression of miR-21 in centenarians was significantly higher than
that of the younger 20–65 years group (miR-21 absolute expression,
289,548 � 178,549 vs. 189,205 � 200,759, p < 0.05) and lower than
the absolute miR-21 expression in the 66–95 years group (absolute
expression, 289,548 � 178,549 vs. 317,012 � 226,804, p < 0.05).

No significant differences were observed between the men and
women in each age group (data not shown).

Moreover, the regression model analysis (linear or polynomial)
showed that a quadratic curve fit the data better than a linear curve
(relative miR-21 expression: linear regression R2 = 0.03 vs.
quadratic regression R2 = 0.14. Absolute miR-21 expression: linear
regression R2 = 0.03 vs. quadratic regression R2 = 0.07) (Fig. 7,
panels a and b).

A significant correlation between the miR-21 (relative and
absolute expression) and CRP levels was observed in the validation
cohort (relative miR-21 expression: Spearman’s rho = 0.33,
p < 0.01; miR-21 absolute expression: Spearman’s rho = 0.47,
p < 0.01).

A significant correlation between the miR-21 (relative and
absolute expression) and fibrinogen levels was also observed (miR-
21 relative expression: Spearman’s rho = 0.25, p < 0.01; miR-21
absolute expression: Spearman’s rho = 0.36, p < 0.01).

3.5. Circulating miR-21 expression in healthy centenarian offspring

and geriatric patients with cardiovascular disease

We recently reported that patients with acute NSTEMI and CHF
had significantly higher circulating miR-21 levels than age-
matched healthy CTR subjects (Olivieri et al., 2012b). Therefore,
we compared the miR-21 levels in an additional sample of 34
patients with CVD (Fig. 6). The characteristics of the CVD patients
are compared to the characteristics of the age-matched CTR
subjects in Supplementary Table 1c. The CVD patients exhibited
significantly higher miR-21 expression than the CTR subjects (CVD
vs. CTR, 165.4 � 161.1 vs. 41.6 � 5.00, p < 0.01) (Fig. 6). A significant
correlation was observed for the miR-21 and CRP levels in CVD
patients and the age-matched CTR group (relative miR-21 expression:
Spearman’s rho = 0.27, p < 0.01; miR-21 absolute expression: Spear-
man’s rho = 0.38, p < 0.01).

The relative miR-21 expression of the CVD patients, age-
matched CTR subjects and CO was also compared. As expected, the
CO showed significantly lower miR-21 expression than the CVD
patients (relative miR-21 expression: CO vs. CVD, 23.8 � 5.8 vs.
165.4 � 161.1). Surprisingly, the CO also showed lower miR-21
expression than the aged-matched CTR subjects (relative miR-21
expression: CO vs. CTR, 23.8 � 5.8 vs. 41.6 � 5.00, p > 0.05). Thus, the
CO showed the lowest miR-21 expression levels and the lowest
variability of the three groups (Fig. 6).

3.6. MiR-21 targets the TGF-b signaling pathway

The TGF-b signaling pathway emerged as the most reliable
pathway targeted by the miRs belonging to factors 2 and 3. This
pathway is detailed in Fig. 8. The genes targeted by the miR subsets
belonging to factors 2 and 3 are reported. The TGF-b signal is
transduced by a pair of transmembrane serine-threonine kinase
receptors, TGF-b-R1 and TGF-b-R2 (Bacman et al., 2007). As shown
in Fig. 8, miR-21 targets both TGF-b-R1 and TGF-b-R2.

We analyzed the expression of miR-21 and TGF-bR2 mRNA in
the leukocytes of 5 individuals aged 20–30 years, 5 individuals
aged 75–85 years and 5 centenarians. The miR-21 expression was
significantly higher in the octogenarians compared to the 20-year-
old subjects, but not in the centenarians (Fig. 9). Accordingly, the
TGF-bR2 mRNA levels was lower in the octogenarians than in the
centenarians compared to the younger subjects (Fig. 9).

4. Discussion

This is one of the first studies to test for differences in the
expression of circulating miRs over a wide range of ages. Many data
support the hypothesis that diverse age-related biological changes
occur in advanced age (Sebastiani et al., 2012; Perls et al., 2002;
Bonafe and Olivieri, 2009; Franceschi et al., 2005). We applied an
innovative statistical approach, the exploratory factorial analysis
(EFA), to analyze our circulating miR profiling data. The EFA



Fig. 6. The relative expression of circulating miR-21 in the offspring of centenarians (CO) and patients affected by cardiovascular disease (CVD) compared to age-matched CTR

subjects. *p < 0.05 vs. <CTR, #p < 0.05 vs. <CO. The relative levels of miR-21 were calculated using the equation 2�
DCT, in which DCt = Ct miR-21 � Ct miR-17-5p. CTR = age-

matched healthy subjects; CO = offspring of centenarians; CVD = patients affected by cardiovascular disease.
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categorized the miRs into three main underlying factors that
explained approximately 70% of the total variance in all of the
detectable circulating miRs.

This is the first report to show that the miRs belonging to factors
2 and 3 are more highly expressed in centenarians than in 20-year-
old subjects. Interestingly, the miRs belonging to factor 2 showed
an higher expression in octogenarians and a lower expression in
centenarians relative to 20-year-old subjects. Non-monotonic
related trends have previously been reported for variables related
to longevity and inflammation (De Benedictis et al., 1998a,b;
Yashin et al., 1999; Bonafè et al., 2002). Some studies have
suggested that complex trajectories can be expected when ‘‘frail’’
and ‘‘robust’’ longevity-associated parameters are both present
and the mortality rates for the carriers of different longevity-
associated parameters overlap (Toupance et al., 1998; Yashin et al.,
1999; Bonafe et al., 1999). Studies have also suggested that the
aging phenotype is mainly due to an imbalance between
inflammatory and anti-inflammatory networks; thus, an inflam-
matory imbalance may be considered one of the major driving
forces of frailty and common age-related diseases (Franceschi
et al., 2007). We hypothesized that specific non-monotonic age-
related trends in circulating miR expression could be involved in
the modulation of inflammation and the development of age-
related diseases.

Notably, miRs that have previously been linked to inflammation
and CVD, such as mir-146a (Olivieri et al., 2012a; Bhaumik et al.,
2009) and miR-133a (Olivieri et al., 2012b; D’Alessandra et al.,
2010), were found in factor 2. Despite the fact that miR-21 is
known as an ‘onco-miR’ (due to its aberrant expression in
numerous cancers), it has been recently reported to play a pivotal
role as a modulator of many inflammatory pathways (Zhou et al.,
2011; Kumarswamy et al., 2011). Moreover, miRs that have
recently been reported to be involved in the modulation of cellular
senescence, the oxidative-stress response and inflammation, such
as miR-200c and miR-200b, were included in factor 3, which
showed a significant age-related increase in centenarians as
compared to in 20-year-old subjects (Magenta et al., 2011; Reddy
et al., 2012). Our findings may have different implications in basic
and clinical research. The clinical relevance of age-related trends in
the expression of specific circulating miR subsets is derived from
the use of circulating miRs as reliable biomarkers of human disease.
Age-tailored miR expression cut-off values must be defined to
optimize the diagnostic accuracy of circulating miRs in the clinic.

This study has also highlighted mechanisms that are potentially
involved in the aging process. While the function of intracellular
miRs can be elucidated through mRNA target prediction, this
strategy has not yet been applied to circulating miRs. Circulating
miRs may not simply represent ‘spill-over’ from the cellular miR
content, but may also contribute to intercellular signaling (Iguchi
et al., 2010; Kosaka et al., 2010; Zampetaki et al., 2012). Thus,
identifying the pathways that are targeted by age-related miRs will
improve our knowledge of the specific biological networks that are
differentially modulated throughout the aging process. Our
prediction analysis indicated that the TGF-b signaling pathway
is targeted by the circulating miRs in factors 2 and 3. The levels of
the miRs belonging to factor 3 were significantly higher in
centenarians, whereas the miRs in factor 2 were primarily
increased in octogenarians. Interestingly, the miRs belonging to
factor 2 had higher plasma levels than the miRs belonging to factor
3. Thus, the combined effect of the miRs belonging to factors 2 and
3 could be increased expression in octogenarians and lower
expression in centenarians. TGF-b is one of the most potent
endogenous modulators of inflammation, with a well-documented
anti-inflammatory effect (Breit et al., 2011; Hebel et al., 2011).
Moreover, the inactivation of different components of the TGF-b
signaling pathway caused CVD-related vascular dysfunction in
both mice and humans (Pardali and Ten Dijke, 2012; Aihara et al.,
2010). The TGF-b signaling pathway has also been reported as a
pathway that is common to both cellular senescence/aging and
age-related diseases such as CVD (Tacutu et al., 2011). We
observed the increased expression of circulating miRs that
negatively modulate TGF-b signaling pathway in older persons
who exhibited an increased pro-inflammatory state and risk of
CVD development (Franceschi et al., 2007; Song et al., 2012). On
the contrary, centenarians are characterized by high levels of anti-
inflammatory cytokines and a low incidence of CVD (Salvioli et al.,
2006, 2009). Thus, circulating age-related miRs may contribute to
an individual’s pro-inflammatory status, which impacts aging
successfully. Indeed, TGF-b signaling appears to be one of the most
relevant pathways influencing aging in diverse eukaryotic species



Fig. 7. The age-related expression of miR-21 in the CTR group. (a) The relative age-related expression of miR-21 in the CTR group. The relative miR-21 expression values were

plotted against age. The relative expression levels of miR-21 were calculated using the equation 2�
DCT, in which DCt = Ct miR-21 � Ct miR-17-5p. (b) The absolute age-related

expression of miR-21 in the CTR group. The absolute miR-21 expression values were plotted against age. The absolute miR-21 concentration (expressed as the ‘‘number of

molecules per ml of plasma’’) was determined by running a dilution series containing known input quantities of synthetic miR-21 simultaneously with the experimental

samples.
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(Cheng et al., 2005; Salvioli et al., 2009; Bonafe and Olivieri, 2009;
Vellai and Takacs-Vellai, 2010; Carrieri et al., 2004).

To validate the miR profiling and EFA results, we measured the
miR-21 levels in the validation cohort (CTR) because it was the
most highly expressed miR in factor 2. To avoid any possible bias
due to the choice of a reference plasma miR, we analyzed both
relative and absolute miR-21 expression. Both methods confirmed
an age-related increase in the plasma miR-21 levels in the 65–
95 years age group compared to the younger age group. This is the
first report to show age-related differences in the expression of a
circulating miR subset in older persons (65–95 years) and
centenarians. To reinforce our hypothesis that some of the miRs
belonging to factors 2 and 3 have inflammatory/anti-inflammatory
properties, we tested for a correlation between miR-21 and
inflammatory markers such as CRP and fibrinogen. Interestingly,
significant correlations between CRP, fibrinogen and miR-21 were
found in the validation cohort. Because of the pro-inflammatory
status of miR-21, the plasma levels of this miR were also measured
in patients affected by CVD. We recently published data showing
the increased expression of circulating miR-21 in elderly patients
with acute NSTEMI and CHF (Olivieri et al., 2012a,b). The present
study confirms the higher miR-21 expression in CVD patients
compared to the age-matched CTR subjects.

Considering the fact that the offspring of centenarians have a
62% and 85% reduced risk for all-cause and CVD mortality,
respectively, we enrolled a sample of centenarian offspring (CO) in



Fig. 8. The genes in the TGF-beta signaling pathway that are also targets of the miRs

belonging to factors 2 and 3. The genes in TGF-beta signaling pathway that are

targeted by the miR subsets belonging to factors 2 and 3 are depicted.
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this study (Terry et al., 2004; Westendorp et al., 2009).
Interestingly, we found a lower expression of miR-21 in the CO
compared to CVD patients, as well as to the age-matched CTR
subjects.

Overall, the findings of this study support the idea that
circulating miR-21 may be an inflammatory biomarker linking
the aging process to age-related diseases such as CVD. MiR-21 was
recently reported to target multiple genes associated with the
immunological antimicrobial response, providing an effective
mechanism to escape from the antimicrobial pathway (Liu et al.,
2012). Previous findings showing correlations between miR-21
expression and IL-6 and IL-8 levels suggest a potential role of miR-
21 in inflammatory gene expression (Schetter et al., 2009). The pro-
inflammatory markers IL-6, TNF-a and CRP have been shown to
increase with age and predict disease and disability in older adults
(Singh and Newman, 2011; Franceschi et al. 2007; Olivieri et al.,
2006, 2008).

Interestingly, recent data indicated that miR-21 secreted by
cancer cells in exosomes can bind to TLR8 in macrophages at the
Fig. 9. The expression of miR-21 and TGF-bR2 mRNA in the leukocytes of young

subjects, old subjects and centenarians. The levels of miR-21 and TGF-bR2 mRNA in

the leukocytes of 5 individuals aged 20–30 years, 5 individuals aged 75–85 years

and 5 centenarians. The data were normalized against b-actin levels and are

reported as the mean value � S.D.
tumor interface inducing the secretion of proinflammatory
cytokines, such as TNF-a and IL-6 (Fabbri et al., 2012). These data
suggest a direct link between miR-21 expression levels and
inflammatory response.

Moreover, miR-21 has been shown to directly modulate
TGF-b signaling by targeting the TGF-bR2 in different cellular
models (Kim et al., 2009; Wang et al., 2012; Yu et al., 2012;
Schaefer et al., 2011; Sheedy et al., 2010). We found that the
levels of TGF-bR2 mRNA were lower in the leukocytes of
octogenarians than in the leukocytes of younger subjects.
Interestingly, the centenarians showed miR-21 and TGF-bR2
mRNA levels similar to that of 20-year-old subjects. Overall,
these preliminary results are indicative of a reduced ‘‘TGF-b
resistance’’  in centenarians, even if these data need to be
confirmed in a larger sample.

In conclusion, our results depict a very complex scenario in
which circulating miRs, including miR-21, may play a role in
‘‘inflammaging’’, thus affecting the risk of major age-related
diseases.

5. Limitations

We chose healthy persons for our validation cohort to lower the
probability of finding increased expression of disease-related miRs
in this group. The potential impact of miRs controlling for
unrecognized comorbidities in the CTR cannot be excluded.
Indeed, we excluded those with any major acute and/or chronic
age-related diseases, such as acute myocardial infarction, CHF, AD,
T2DM or a CIRS > 2. Unfortunately, MR imaging was not available.
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