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ABSTRACT

Background: Endothelial dysfunction is a forerunner of atherosclerosis, leading to cardiovascular disease, and
albuminuria is a marker of endothelial dysfunction. Circulating levels of microRNAs are emerging as potential
biomarkers for cardiovascular disease. Here we estimate the predictive value of a plasma microRNAs signature
associated with albuminuria in the incidence of cardiovascular events.

Methods: Plasma microRNAs quantified in hypertensive patients by next generation sequencing were validated in
a cohort of patients and controls by real-time quantitative PCR. The microRNAs found to be associated with
albuminuria were analysed for their prognostic value in predicting cardiovascular events incidence on a retro-
spective, population-based study (Hortega Study), using Cox proportional hazard models.

Results: A plasma microRNA profile was identified in the discovery cohort (n = 48) associated with albuminuria
and three microRNAs (miR-126-3p, miR-1260b and miR-374a-5p) were confirmed in the validation cohort (n =
98). The microRNA signature discriminates urinary albumin excretion at baseline (n = 1025), and predicts the
incidence of cardiovascular events and coronary heart disease and stroke in a general population retrospective
study within a 14-year follow-up (n = 926). High miR-126-3p levels were associated with a shorter time free of
both cardiovascular events (HR=1.48, (1.36-1.62), p < 0.0001), as well as coronary artery disease and stroke
combined (HR=2.49, (2.19-2.83), p < 0.0001).

Conclusions: An increased plasma microRNAs profile was identified in hypertensive patients with albuminuria.
Increased miR-126-3p suggest it may serve as a prognostic marker for cardiovascular events in a long-term
general population. Further studies will assess the potential role of miR-126-3p as a guide for the status of
endothelial dysfunction.

1. Introduction

Endothelial dysfunction is a forerunner

endothelial dysfunction is an increase in urinary albumin excretion
(UAE), known as albuminuria [2,3]. This condition is frequent in dia-
in the development of betic (DM) patients and has also been used to stratify CV and renal risk in

atherosclerosis, cardiovascular (CV) and renal disease [1]. A marker of patients with hypertension (HTN) and/or chronic kidney disease (CKD)
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[4,5]. Despite UAE being generated in the kidney, its value as a CV risk
marker has been demonstrated in post-hoc analysis of clinical trials and
prospective studies [6-12]. Advances in the knowledge of mechanisms
leading to endothelial dysfunction may provide reliable new molecular
biomarkers of incipient endothelial cell (EC) injury for their early
detection and prognostic value.

Over the last few years, a trend has emerged supporting the use of
microRNAs (miRNAs) as biomarkers for different diseases, given that
their key role in disease pathogenesis and progression has been
demonstrated [13-16]. miRNAs are small non-coding RNAs involved in
multiple cellular and molecular processes including differentiation,
proliferation, fibrosis and apoptosis by regulating gene expression
[17-19]. Their presence in several biofluids, such as plasma or urine,
and the evidence that their changes may be a surrogate marker of
cellular alterations, make them non-invasive indicators for detecting
early mechanisms of cellular damage or repair. Therefore, miRNA levels
have been proposed as a promising biomedical tool in precision medi-
cine. Previous studies analysing the prognostic role of miRNAs in CV risk
were based on the association with disease without analysing potential
mechanisms [20]. In contrast, the present analysis relied on the impact
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of the miRNAs analysed compared to a well-established marker of
endothelial dysfunction such as increased albuminuria.

The role and prognostic value of circulating plasma miRNAs in the
development of albuminuria is not well established. In fact, there are
studies assessing the effect of miRNAs on albuminuria in animal models
[21-23], and those in humans are mainly association studies [24-26].
Recently, our group performed a small RNA-sequencing (RNA-seq)
study on plasma and plasma derived exosomes, revealing an exosomal
miRNA signature associated with albuminuria in HTN patients [27]. The
prognostic role of circulating plasma miRNAs in albuminuria as a result
of endothelial dysfunction remains elusive as a consequence of the
scarcity of prospective studies.

Based on our previous studies about the prognostic value of albu-
minuria for CV risk [12] and the association of albuminuria with a
plasma miRNA signature [27], the objective of the present study was to
estimate the predictive value of circulating plasma miRNAs for albu-
minuria and CV events. To achieve this objective, we tested the prog-
nostic value of the miRNA profile on cardiovascular disease (CVD) in a
large retrospective population-based study (Hortega cohort) followed up
for 14 years.

Fig. 1. Study design for miRNA identification
associated with albuminuria and cardiovascu-
lar events. The study design involved a dis-
covery phase including hypertensives (HTN)
(n 48) with urinary albumin excretion
(UAE) or normoalbuminuric (Non-UAE) by
small RNA sequencing (Small RNA-Seq). In a
second validation stage with a large hyper-
tensive cohort (n 69), including UAE or
Non-UAE, and healthy controls (CNT, n = 29),
5 microRNA (miRNAs) were validated by real-
time quantitative polymerase chain reaction
(RT-qPCR). Finally, in a testing population
cohort (Hortega’s cohort), at baseline (n =
1025), the associations with 3 miRNAs (miR-
374a-5p, miR-1260b and miR-126-3p) and
albuminuria were tested. Then, at the 14-year
follow-up (n = 926), the predictive power of
miRNA levels with cardiovascular disease
(CVD) events and combined coronary artery
disease (CAD) + stroke incidence was
investigated.
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2. Methods
2.1. Study design

The first phase of the study was to identify the plasma miRNAs
associated with albuminuria in patients with HTN and controls. In a
second step, a predictive model of miRNAs to assess the risk to develop
CV events was analysed in a retrospective study of the general popula-
tion, on those who did not have previous CVD and had complete basal
information on relevant covariates (Fig. 1).

2.2. Study populations

The first step of the study involved two groups: a discovery cohort
(miRNA screening by RNA-seq) and a validation cohort (miRNA vali-
dated by quantitative PCR), both consisting of hypertensive patients and
controls from the Internal Medicine section of the Hospital Clinico of
Valencia. For the second step, a general population, the Hortega testing
cohort (n 1502), was followed up during 14 years [28]. For
cross-sectional analysis (n = 1025), we excluded 44 subjects from the
total Hortega cohort due to no sample availability, 67 due to a previous
cancer diagnosis, 232 due to no renal function follow-up and 37 for no
clinical data availability. Moreover, 97 subjects had miRNA expression
levels above 35 cycles, rendering the miRNA data unreliable for the
analysis. Finally, for the follow-up study we excluded 94 subjects due to
a previous CVD and 5 were lost, thus, this cohort numbered 926 subjects
(Supplemental Fig. 1). The research protocol and the different phases of
the study have been approved by the Ethics Committee of Clinical
Research of the University Hospital Rio Hortega (UHRH) (Health
Department of Eastern Valladolid, Spain). Data bases have been posted
with the Spanish Data Protection Agency. Moreover, the study protocol
performed in the discovery and confirmation groups was approved by
the Ethics Committee of the Hospital Clinico Universitario of Valencia.
All subjects signed written informed consent.

2.3. Biological samples

Human blood samples for both cohorts were collected in EDTA tubes,
immediately centrifuged at 4 °C to separate the plasma fraction, ali-
quoted in RNAse free tubes and stored at -80 °C for further analysis. The
biological samples from the Hortega Study participants were stored at
-800C as private collections within University Hospital Rio Hortega of
Valladolid and Biomedical Research Institute of the Hospital Clinico of
Valencia (INCLIVA). One discovery cohort plasma aliquot was used for
small RNA-sequencing and further validation results by quantitative
real-time polymerase chain reaction (QRT-PCR). One testing cohort
plasma aliquot was used to extract RNA and validate the sequencing
miRNA results also by qRT-PCR.

2.4. Evaluation of variables at baseline and follow-up

At baseline, the following CV risk factors were gathered: Body Mass
Index (BMI) was calculated by kg/m2; HTN was defined as an office
mean systolic blood pressure >140 mm Hg, a mean diastolic blood
pressure >90 mm Hg, a recorded physician diagnosis, or medication use.
Diabetes was defined as a non-fasting glucose >200 mg/dl, a recorded
physician diagnosis, medication use or an HbAlc >6.5%. Analytical
parameters were: serum total cholesterol was measured enzymatically
using the Cholesterol High Performance reagent (Roche Diagnostics);
High density-lipoprotein (HDL) cholesterol was measured using a direct
HDL reagent (Roche Diagnostics); LDL cholesterol was calculated by
using the Friedwald formula; serum creatinine was measured, and
estimated glomerular filtration rate (eGFR) was calculated from creati-
nine, age and sex using the CKD-EPI [29], expressed as ml/min/1.73 m2;
UAE and/or proteinuria was assessed in first voiding urine in the
morning and expressed as the ratio with urinary creatinine (mg/g). UAE
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>30 mg/g was considered albuminuria. Treatment with statins was also
registered.

2.5. Follow-up and clinical end points

Adjudicated incident events during the 14-year follow-up study were
obtained from the hospital health records. The primary outcome was
CVD incidence (n = 123), defined as the first episode of hospitalization
for any CV cause, coronary artery disease (CAD), stroke or heart failure,
including both fatal and non-fatal events . The second endpoint was to
consider the incidence of CAD (n = 37) and stroke (n = 31) separately.
Time to event was calculated as the difference between the date of the
baseline examination and the date of the event, the date of death or 30
November 2015 (administrative censoring), whichever occurred first.

2.6. Statistical analysis

Data are expressed as qualitative or quantitative values with average
and standard deviation (SD). Differences were sought by Chi-square,
Student’s t-test, respectively, or Mann Whitney-U test for urinary UAE
and miRNA levels. Logistic regression was used to combine two or three
miRNAs to a score which was interpreted as a diagnostic marker for
discrimination of cases and controls. The accuracy of miRNA alone or
signature for albuminuria was investigated by the receiver operating
characteristic (ROC) curve, and the area under curve (AUC) was calcu-
lated in the testing cohort. In the follow-up study, the estimated hazard
ratios (HR) and 95% confidence intervals (CI) for CVD and combined
CAD and stroke incidence were calculated by using weighted multi-
variate Cox proportional hazards regression with a robust variance
specification to obtain representative estimates from the underlying
source population. MiRNAs were introduced into the models to assess
the incidence of CV events, as a dichotomous variable, according to AUC
cut-off values. Models were adjusted for age, gender, BMI (kg/m?),
smoking status (never, former, current smoker), estimated glomerular
filtration rate (eGFR) (ml/min/1.73 mz), HDL (mg/dL), LDL (mg/dl),
DM (no, yes), systolic blood pressure (mmHg), lipid-lowering medica-
tion (no, yes) and UAE (low <30 mg/g, high >30 mg/g). The analysis
was performed using SPSS 26 package (IBM SPSS Statistics for Windows,
Version 26.0. Armonk, NY: IBM Corp).

Extended methods for the molecular analyses performed are
explained in detail in the Supplemental Methods section.

3. Results
3.1. General characteristics of the study population

The discovery cohort included 48 essential hypertensive subjects, 22
with and 26 without albuminuria (Supplemental Table 1). Similarly, a
second set of subjects which included 69 patients with HTN, with and
without albuminuria, and 29 healthy controls were used for validation
analysis (Table 1). The Hortega study population, included 1025 par-
ticipants in the absence of previous CV events of which 94 had increased
UAE at baseline that were older, with higher systolic blood pressure,
fasting glucose, plasma creatinine and percentage of obesity, Table 2.
Among the 926 subjects during the follow-up, 16 developed albuminuria
and 123 developed a CV event, of which 68 had combined CAD and
stroke.

3.2. Plasma small RNA sequencing revealed a miRNA profile
differentially expressed in hypertensive patients with albuminuria

Differential expression analysis of miRNA levels in patients with
HTN, with and without albuminuria, identified a total of 76 significant
miRNAs (p < 0.05; Supplemental Table 2). Of these, 26 miRNAs showed
the highest fold change with the majority increased in the plasma of
albuminuric patients (Supplemental Fig. 2a). Then, we performed a
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Table 1
Clinical characteristics of the validation cohort.
Variables Albuminuria Normoalbuminuric Controls
(UAE) (n = 39) (Non UAE) (n = 30) (CNT) (n =
29)
Age (years) 58.0 + 11.2* 54.6 + 5.6* 42.0 +
10.8*
Gender (male) 70.6%* 64.6%* 37.9%
Systolic blood 138 + 19 134 + 24 115+ 16
pressure (mmHg)
Diastolic blood 83 +11 88 +£15 75+5
pressure (mmHg)
Pulse pressure 54 +15 48+6 40 + 14
(mmHg)
Glucose (mg/dL) 130 + 51% 118 + 40 100 + 12
Glycated hemoglobin 6.9 +1.2 6.1 +£0.8 Nd
(%)
Total Cholesterol 190 + 351 174 + 28 198 + 16
(mg/dL)
LDL (mg/dL) 120 + 31f 109 + 23 115+ 13
HDL (mg/dL) 47 +£13 49 +11 54 +18
Triglycerides (mg/dL) 171 + 114 129 + 59 131 +13
Plasma creatinine 1.0+ 0.38 0.89 £ 0.21 0.70 &+
(mg/dL) 0.10
eGFR (mL/min/1.73 86 + 30 88 + 19 104 + 15
m?)
BMI (kg/m?) 33+7 30+6 24+3
Obesity (%) 56%* 417%* 0
Obesity grade (%)
Grade I 22 19 nd
Grade 11 22 11 nd
Grade III 12 11 nd
Diabetes (%) 43%* 32%* 0
Dyslipidemia (%) 92k 82w 7
Smoking (%) 38* 48* 11
Ex-Smoking (%) 32% 14 11
Urinary albumin 166 (66-406) 2.7 (1.8-4.2) 2.2
excretion/ ikl (1.5-4.0)
Creatinine (mg/g)
Antihypertensive
treatment (%) 90 93 nd
ARB 38 32 nd
CCB 64 64 nd
Diuretics

Data are expressed as mean =+ SD, unless otherwise noted. Glomerular filtration
rate calculated by MDRD formula. Comparisons between groups: * p < 0.05, ** p
< 0.01, *** p < 0.001 vs control group; { p < 0.05, {f p < 0.01 vs. normoal-
buminuric. ARB, angiotensin II receptor antagonists; BMI, body mass index;
CCB, calcium channel blocker; eGFR, estimated glomerular filtration rate; HDL,
high-density lipoprotein; LDL, high-density lipoprotein.

KEGG pathways over-representation analysis, and only the pathways
related to endothelial dysfunction, HTN and kidney damage were
considered (Supplemental Fig. 2b). This analysis showed a miRNA
profile composed of 12 miRNAs that regulates critical pathways
involved in endothelial dysfunction (VEGF signaling and platelet acti-
vation), endothelial and renal epithelial-mesenchymal transition and
fibrosis (MAPK and TFG-p signaling), maintenance of the glomerular
filtration barrier (ECM receptor interaction, focal adhesion, cell junc-
tions) and cytoskeleton rearrangement (apoptosis, endocytosis and
regulation of actin cytoskeleton) (Supplemental Figure 2c).

RT-qPCR analysis was performed in a validation cohort and a control
group (CNT), which confirmed the increase in plasma levels of four
miRNAs in albuminuric patients: miR-374a-5p, miR-1260b, miR-
486-3p and miR-126-3p (Supplemental Figure 2d). Conversely, miR-
654-3p, miR-486-5p, miR-224-5p, miR-23b-3p and miR-199a-3p
values did not show statistical significate changes between UAE
groups (Supplemental Fig. 3). In addition, miR-154-3p, miR-411-3p
and miR-548ax were detected in less than 50% of the samples.

Moreover, to assess the discriminatory power of the four miRNAs in
plasma for UAE presence in hypertensive patients, c-statistics analysis
and AUC were calculated. The analysis showed that miR-1260b and
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miR-126-3p showed the highest AUC (both 0.79 + 0.05, p < 0.0001).
Conversely, miR-486-3p did not have a significant AUC (p = 0.06)
(Supplemental Table 3).

3.3. Plasma miRNA signature is associated with UAE at baseline in a
testing general population study

To study whether the selected three miRNAs from the validation
cohort are specific and able to discriminate UAE in a general population,
we tested baseline plasma miRNAs using a large testing general popu-
lation cohort (Hortega cohort).

The three miRNAs were significantly increased in subjects with UAE
(p < 0.0001) (Fig. 2a), and were positively associated with log
normalized albuminuria, miR-374a-5p (r = 0.23, p < 0.0001), miR-
1260b (r = 0.36, p < 0.0001) and miR-126-3p (r = 0.25, p < 0.0001).
In addition, we compared the miRNA levels according to CKD (eGFR
<60 mL/min/1.73 m? and/or UAE/creatinine >30 mg/g), and found a
significant increase of all miRNAs in CKD subjects (p < 0.0001, Sup-
plemental Fig. 4). To assess whether the levels of miRNAs in plasma
were associated with the presence of UAE, AUCs were calculated for
miRNAs individually. All of them had statistically significant AUC values
for predicting UAE; miR-1260b had the highest AUC [0.88 + 0.04, (95%
IC 0.80-0.96), p < 0.0001]. A panel combining two or three miRNAs
gave the highest AUC of 0.92 £ 0.03 (95% IC 0.87-0.97), p < 0.0001
and AUC of 0.93+0.03 (95% IC 0.88-0.98), p < 0.0001, respectively,
with a cut-off of 0.066 and 0.034, respectively. Both had an 86%
sensitivity and 85% specificity, that improved the readout of the three
individual miRNAs (p < 0.05) (Fig. 2b). The ROC curves for the three
individual miRNAs, the 2-miRNA- and 3-miRNA-panels are shown in
Fig. 2c. These results suggest that the diagnostic signature based on the
three miRNAs could be considered a biomarker with good disease
specificity.

3.4. Plasma miR-126-3p is associated with the development of CV events
over time: incremental value in risk prediction

In a prospective study, a weighted Cox proportional hazard regres-
sion model was used to estimate the HR using cut-off values of miRNAs
from ROC curves (Table 3). The HR (95% CI) for incident CVD of the
plasma 2-miRNA signature was 1.22 (1.01-1.44, p < 0.0001) for the 14-
year follow-up period, suggesting that UAE subjects with high plasma
miRNA levels have a major risk of suffering a CVD event within the 14
years after sampling for measurement of the 2-miRNA signature (miR-
1260b and miR-126-3p). In single-miRNA models, however, plasma
miR-126-3p had the highest HR, 1.48 (1.36-1.62, p < 0.0001), miR-
126-3p levels >—0.91 were associated with a significantly higher inci-
dence rate of CVD events and by time free of CVD events within the 14-
year follow-up (Fig. 3a). Furthermore, for combined CAD and stroke,
plasma miRNA-126-3p had a significant HR of 2.49 (2.19-2.83, p <
0.0001). The remainder of the individual or miRNA-panels did not reach
a significant risk ratio (Table 3). Higher plasma miRNA-126-3p values
were also individually related to time free of combined stroke and CAD
(Fig. 3b). These findings showed the predictive value of the plasma miR-
126-3p levels in identifying CVD presentation in a general population.

4. Discussion

Our results evaluated the predictive value of plasma miRNA changes
for albuminuria and CV events. We found that plasma miR-126-3p was
associated with albuminuria in the two different hypertensive groups.
Furthermore, regardless of albuminuria, miR-126-3p levels were a
prognostic marker for major adverse cardiovascular events (MACE), as
well as for combined CAD and stroke, after adjusting for confounding
factors such as demographics, CV risk factors and albuminuria at base-
line. The association of miR126-3p with CV events incidence supports
their potential role as a biomarker for CV risk (Graphical abstract). The
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Table 2
Clinical characteristics of testing Hortega cohort by albumin excretion status and cardiovascular disease status.
Albumin excretion status CVD status
Total (n = 1025) UAE (n = 83) Non UAE (n = 942) Total (n = 926) CVD (n=123) Non CVD (n = 803)

Age (years) 52.1 +18.8 62.1 +19.7° 51.3 +18.5 49.9 + 18.2 69.0 + 13.1° 46.9 £ 17.0
Gender (male) 49.5% 45.8% 49.8% 48.2% 51.2% 47.7%
SBP (mmHg) 130.2 £ 22.2 142.0 + 34.1° 129.1 + 20.5 128.7 + 21.6 144.9 + 22.1° 126.3 + 20.4
DBP (mmHg) 79.4 £ 10.9 81.8 £ 13.5 79.2 £ 10.5 79.1 £11.4 83.2 +11.2° 78.5 £ 11.3
PP (mmHg) 51.1 £17.1 63.9 + 22.3° 50.0 + 16.1 49.6 + 16.2 61.7 + 19.7° 47.8 £ 14.8
Glucose (mg/dL) 92.6 £ 20.4 103.8 + 30.9" 91.4 +£18.6 91.0 £+ 18.6 94.7 £ 19.5% 90.5 £ 18.4
Total Cholesterol (mg/dL) 202.0 + 37.6 205.9 + 41.6 201.7 £ 37.2 202.4 + 37.6 207.5 £+ 38.1 201.7 £ 37.5
HDL (mg/dL) 51.8 +14.1 49.9 + 15.1 51.9 + 14.0 52.3 + 14.2 51.3 £13.3 52.5 £ 14.4
Lipid-lowering medication (%) 6.5 7.2 6.5 8.9 13.2 20.3
Plasma creatinine (mg/dL) 0.85 £ 0.28 1.03 + 0.72° 0.83 £0.18 0.83 £ 0.20 0.87 + 0.27° 0.83 £0.18
BMI (kg/mz) 26.4 + 4.2 27.2+ 5.6 26.3 £ 4.1 26.4 +£ 4.3 27.5 + 4.2° 259 £ 4.1
Obesity (%) 17.8 27.7° 16.9 16.2 26.0 14.7
DM (%) 8.1 26.5° 6.5 5.9 17.9 4.1
Smoking status (%)

Never 46.1 49.5 45.8 45.8 54.5 44.5

Former 29.6 37.12 29.0 27.9 30.1 28.0

Current 24.3 13.4% 25.2 26.3 15.4 27.5
eGFR (mL/min/1.73 m2) 92.1 £19.9 77.1 + 27.2° 93.5 £ 18.5 94.1 £+ 19.0 79.9 + 17.5° 96.3 £ 18.2
UAE/U-Creatinine (mg/g) 4.00 (2.19-8.68) 77.94 (53.37-224.29)" 3.63 (2.08-6.84) 3.79 (2.14-8.02) 4.47 (2.28-10.54)° 3.74 (2.08-7.77)

Data are expressed as mean + SD, median (IQR) or%. For the comparisons of the variables between albuminuric or normoalbuminuric participants, the Student’s t-test
was used for the comparisons of numerical variables and the chi-square test was used for the comparisons of categorical variables. BMI = body mass index; CVD =
cardiovascular disease; DBP = diastolic blood pressure; DM = diabetes mellitus; eGFR = estimated glomerular filtration rate; HDL = high density lipoprotein; PP =
pulse pressure; SBP = systolic blood pressure; UAE = urinary albumin excretion; U-Creatinine = urinary creatinine. °p < 0.01 and bp < 0.0001 between UAE status.
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Fig. 2. Discriminatory power of plasma miRNAs for urinary albumin excretion. (a) Plasma levels of miR-374a-5p, miR-1260b and miR-126-3p in testing cohort 1025
participants, 83 with urinary albumin excretion (UAE). The microRNA (miRNA) levels have been quantified by real-time quantitative polymerase chain reaction (RT-
qPCR), expressed as log10-transformed of absolute copy number and was normalized to miR-125a and miR-186 as internal controls. The miR-374a-5p, miR-1260b
and miR-126-3p were significantly increased in UAE subjects. Data was compared using the Mann-Whitney U test. The ends of the boxes indicate the quartile 1
(upper) and 3 (down), the middle line represents the median, and the whiskers are the minimum and maximum values of the data series (b) The areas under the curve
(AUC) and receiver operating characteristics (ROC) curves were calculated for plasma miRNAs in the testing cohort. The diagnostic signature was calculated by a
logistic regression model. The AUC of 3-miRNAs and 2-miRNAs signatures were significantly higher when compared to individual miRNAs (p < 0.05). (c) ROC curves
are shown for individual and miRNA signatures.

value of miRNA over albuminuria for the risk of CV events cannot be focused on the factors related to its development. Both cross-sectional
supported in the present cohort since the prevalence of albuminuria is and follow-up studies [30,31], have demonstrated that albuminuria is
low, but perhaps because of this it might indicate that miRNA could be a associated with a clustering of factors of which insulin resistance and
better marker. high BP are the principal ones [32,33], although others too can play a

After seminal studies demonstrating that an increment in UAE is role [34-36]. Changes in UAE over time are a proxy of the effect of CV
dependent on vascular permeability to albumin [2], many studies have risk factors on the vascular tree, and albuminuria has been linked with
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Table 3
Plasma miRNA hazard ratios for CVD and CAD + stroke incidence in testing
group (N = 926).

CVD CAD + stroke incidence
miRNAs HR (95% CI) P value HR (95% CI) P value
miR-374a-5p 1.08 0.220 0.86 0.172

(0.95-1.23) (0.72-1.01)
miR-1260b 1.16 0.005 1.04 0.569

(1.04-1.28) (0.91-1.20)
miR-126-3p 1.48 <0.0001  2.49 <0.0001

(1.36-1.62) (2.19-2.83)
3-miRNA 1.14 0.055 1.36 0.015

signature (0.99-1.30) (1.06-1.61)
2-miRNA 1.22 <0.0001 1.75 0.002
signature (1.01-1.44) (1.33-2.11)

Model adjusted for age, gender, body mass index, (kg/m?), smoking status
(never, former, current smoker), estimated glomerular filtration rate (ml/min/
1.73 m?), high density lipoprotein (mg/dL), diabetes mellitus (no, yes), systolic
blood pressure (mmHg) and lipid-lowering medication (no, yes). Receiver
Operating Curve (ROC) cut-offs values for microRNA (miRNA) levels: miR-374a-
5p, -2.20; miR-1260b, -1.66; miR-126-3p, -0.92; 3-miRNA signature, 0.034; 2-
miRNA signature (miR-1260b and miR-126-3p), 0.066. We estimated hazard
ratio (HR) and 95% confidence intervals (CI) using weighted the Cox propor-
tional hazards regression model. Cardiovascular incidence, including both fatal
and non-fatal events, which was defined as mortality or the first episode of
hospitalization for any cardiovascular cause (International Classification of
Diseases, 10th Revision (ICD-10) codes 100-178). CVD: cardiovascular disease;
CAD: coronary artery disease.

CV events, mainly those produced by atherosclerosis. Indeed, clinical
trials have reported that a reduction in albuminuria was followed by not
only a decrease in CV events, but also in renal events [9-11]. Likewise,
the association of albuminuria with CV risk was observed in previous
studies of patients with HTN [12], renal post-transplant [10] and CAD
[11]. In a previous prospective study of 2835 hypertensive patients
followed up for an average of 4.7 years, our group demonstrated that
persistence or new development of albuminuria increased the incidence
of CV events [12].

The renewed interest in miRNAs in CV disease, for evaluating new
potential biomarkers and therapeutic tools, has produced a large
amount of scientific output [37] and concerted cooperation among
groups, such as the EU-CardioRNA COST (Cooperation in Science and
Technology), a COST action funded in the framework of the European
Commission [38]. However, over the last few years, studies assessing the
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prognostic value of miRNA have shown heterogeneity in terms of study
population, settings, miRNAs and outcomes [39,40]. A review by
Navickas et al. showed that the majority of studies determined the as-
sociation of miRNA with the CV state at the time of blood sampling with
a lack of follow-up. This did not allow for an assessment of the potential
prognostic value [41].

The most striking finding of the present study is the prognostic value
of miR-126-3p as a marker of EC dysfunction, albuminuria, and the
incidence of CV disease in a general population. Few studies have ana-
lysed the prognostic value of various miRNAs [20,42,43]. Moreover, all
of them in which miRNAs derived from peripheral blood predict car-
diovascular mortality were in secondary prevention settings. Jakob et al.
assessed the MACE incidence in patients with ST-segment elevation
myocardial infarction within a one-year follow-up [44]; and Badacz
et al. analyzed risk factors in a 6-year follow-up of secondary CV events
during incident ischemia [45]. Karakas et al. performed the largest study
so far evaluating the prognostic value of circulating miRNAs in cardio-
vascular disease identifying various miRNAs that predicted cardiovas-
cular death in acute coronary syndrome [20]. To date, only one study
has a similar design to ours, Zampetaki et al. screened miRNA profile at
baseline in a population-based survey and was associated with the
incidence of myocardial infarction over a 10-year observation period
[46]. However, they focused only on platelet miRNA analysis and did
not analyze any association with albuminuria or other endothelial
markers.

Another strength of our study is the use of a next generation
sequencing to screen a global miRNA profile in all samples from the
discovery cohort. Then, we have used stringently controlled methods for
absolute RT-qPCR-based quantification of miRNA copy number and we
have used multistep spike-in controls to correct for any technical vari-
ation in both validation and testing cohorts. With this approach, this
study has achieved greater sensitivity and reproducibility for the results.
In our population-based analysis, we considered 3 miRNAs that emerged
as promising targets for albuminuria and CVD in the pre-screening
phases. When we tested for their prognostic value for the incidence of
CV events, augmented miR126-3p levels had the highest risk for CVD
and combined CAD and stroke when compared to miRNA signatures or
miR-1260b. miR-126-3p is an EC miRNA which exerts a role in the
maintenance of endothelial integrity and angiogenesis by suppressing
VCAM-1 expression and the activity of MAPK signaling. Decreased miR-
126-3p leads to: (i) an increment in the TNF-stimulated VCAM-1
expression that promotes leukocyte adherence to endothelial cells; and

a . miR-126-3p levels b > miR-126-3p levels
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Fig. 3. Kaplan-Meier of cardiovascular event-free survival. Testing cohort was grouped according to plasma miR-126-3p, with the value -0.92 as the cut-off obtained
from receiver operating characteristic (ROC) analysis during the follow-up period of 14-years for cardiovascular disease (CVD) incidence (a) and for combined
coronary artery disease (CAD) and stroke (b). Higher levels of miR-126-3p were associated with a significantly lower incidence rate of CVD and combined CAD and

stroke. Weighted long-rank test: p-values at bottom survival curves are shown.
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(ii) a reduction of Spred-1, a negative regulator of MAPK signaling,
increasing VEGF- and FGF-mediated EC migration [47-49]. Although
miR-126-3p is not expressed in smooth muscle cells (VSMCs), it par-
ticipates in the regulation of VSMC function, downregulating insulin
receptor substrate-1 (IRS-1), reducing VSMC proliferation and migration
[50,51].

Finally, our results have shown that elevated values of plasma
miRNA-126-3p are a prognostic marker for both MACE, as well as for a
combined atherosclerosis-driven disease such are CAD and stroke, in-
dependent of albuminuria. Higher levels of circulating miR126-3p could
be in line with previous reports investigating its prognostic role for
myocardial infarction in a general population [46], or for implicating
endothelial microparticles as biomarkers for vascular damage and
increased CV risk [27,52]. It is not possible to answer the question of
whether or not miRNA-126-3p could represent a diabete-
s/hyperglycaemia related EC dysfunction [53]. The fact that the asso-
ciation with albuminuria is also observed in non-diabetic hypertensive
patients and the multivariate analysis of the present study, may indicate
a broader association with endothelial dysfunction.

4.1. Study limitations

Care must be taken in the design of case-control studies for
biomarker selection. Comparisons of circulating miRNAs among pa-
tients with manifest HTN and healthy controls, for example, are likely to
be confounded by medication. In addition, the origin of the patients for
discovery and validation cohorts could need further research using
larger and independent cohorts to confirm the miRNAs association.
Despite this, the robust study design, with an association of selected
miRNA levels in a testing general population cohort, supports the results
obtained, even though a fraction of the population was omitted due to
the lack of assessment of UAE. Furthermore, causality cannot be inferred
from associations of biomarkers in population studies. Additional in-
vestigations are warranted to underpin the association of identified
miRNAs in understanding the mechanisms of the disease.

5. Conclusions

A circulating miRNA profile is associated with an increment of
albuminuria levels in HTN. Increased levels of miR-126-3p serve as a
prognostic marker for CV events in a long-term general population
study, indicating its potential as a hallmark of EC protection to mitigate
the impact of vascular insults. Future prospective studies are a relevant
issue to address whether miR-126-3p could be used as therapeutic-guide
assessment of endothelial protection.
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