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I n recent publications, arterial endothelial cell junc-
tions have been reported to be involved in the progres-
sion of arteriosclerosis. It is well known that cell-cell 

interactions influence the regulation of endothelial cellular 
stiffness,1 and recent in vitro studies have clarified that 
inhibition of connexin43 leads to inhibition of tight junc-
tion protein-1 (also known as zonula occludens-1 [ZO-1]), 
increasing cellular stiffness.2 Further, a high-fat diet, known 
to cause stiffening of the vascular wall,3 increases vascular 
permeability by disrupting ZO-1 in vivo.4 These data sug-
gest that loss of tight junction function can augment arte-
riosclerosis changes.

MicroRNAs (miRNAs) are small, single-stranded 
RNAs with a length of approximately 22 nucleotides; 
miRNAs typically repress mRNA expression by binding to 

the 3′-untranslated region and thus affect many major 
(patho)physiological processes. Exosomes are extracellular 
vesicles secreted from most cell types that contain both 
mRNAs and miRNAs and can travel to distant tissues to 
directly influence various aspects of cell behavior, often 
more rapidly than traditionally recognized methods of 
local gene expression control.5 For example, exosome-
mediated transfer of miRNAs has been shown to regulate 
various physiological processes in the context of neuro-
logical and cardiovascular diseases.6,7 Although an increas-
ing number of studies has highlighted the impact of 
miRNAs on the development of arterial stiffness, no treat-
ment or biomarker has yet been established in clinical 
practice.8 Thus, the search for clinically optimal miRNA-
based treatments and biomarkers for vascular diseases is 
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Background:  Tight junction (TJ) disruption and dysfunction are involved in the progression of arteriosclerosis. miR-501-3p regulates 
endothelial TJ protein-1, resulting in TJ disruption. Because exosomal microRNAs can travel to distant tissues and influence cell 
behavior, patients with elevated miR-501-3p may experience accelerated vascular disease progression secondary to miR-501-3p-
induced reductions in TJ. This study investigated whether plasma exosome miR-501-3p levels are associated with vascular stiffness, 
an indicator for arteriosclerotic changes.

Methods and Results:  Fifty-one subjects (mean [±SD] age 70±8 years, 37% male) enrolled in a medical checkup program were 
recruited to the study. Brachial-ankle arterial pulse wave velocity (baPWV) and plasma exosome miR-501-3p expression were mea-
sured. Patients were divided into 2 groups depending on whether their miR-501-3p ∆Ct values were above (“High”; n=24) or below 
(“Low”; n=27) the cut-off levels determined by receiver operating characteristic (ROC) curve analysis. Median (interquartile range) 
baPWV levels were significantly higher in the miR-501-3p High than Low group (1,664 [1,496–1,859] vs. 1,450 [1,353–1,686] cm/s, 
respectively; P<0.05). Multivariate logistic regression analysis showed a significant association between increased baPWV and High 
miR-501-3p expression (odds ratio 4.66). At follow-up visits (mean 62 months later), baPWV remained significantly higher in the 
miR-501-3p High than Low group (1,830 [1,624–2,056] vs. 1,620 [1,377–1,816] cm/s, respectively; P<0.05).

Conclusions:  High expression levels of exosome miR-501-3p contribute to arteriosclerotic changes.
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Measurement of baPWV
As described in detail previously, baPWV was measured 
after a 10 min rest using an automatic waveform analyzer 
(Omron Healthcare, Kyoto, Japan) while subjects were in 
a supine position.10,11 baPWV was calculated from the time 
interval between the wave fronts of the brachial and ankle 
waveforms (∆Tba) and the path length from the brachium 
to ankle. The path length from the suprasternal notch to 
the brachium (Lb) or ankle (La) was obtained using the 
following formulas:

Lb = 0.2195 × height × 2.0734
La = 0.8129 × height + 12.328

baPWV was then calculated as (La−Lb)/∆Tba on both the 
right and left side, with the mean of the 2 sides used in the 
present analysis.

Blood Biochemistry
Venous blood samples were collected the morning before 
the measurement of baPWV, following an overnight fast.10 
Blood was stored according to the normal workflow pro-
tocols at Ehime University Hospital.

Extraction of miRNA From Plasma Exosomes
ExoRNeasy Serum Plasma Kits (Catalog no. 77044; Qiagen, 
Valencia, CA, USA) were used to extract plasma exosome 
RNAs according to the manufacturer’s instructions. 
Because there is currently no clear consensus on what 
should be used as a normalization control for miRNA 
expression profiling in human plasma and serum samples, 
“Caenorhabditis elegans miR-39 (cel-miR-39)” miRNA 
mimic (Spike-In Control; Catalog no. 219610; Qiagen) was 
added as an external control during the extraction process.

Quantitative Real-Time Polymerase Chain Reaction
The TaqMan microRNA Reverse Transcription Kit (Cat-
alog no. 4366596; Applied Biosystems, Foster City, CA, 
USA) was used for miRNA reverse transcription accord-
ing to the manufacturer’s instructions, as described previ-
ously.9 TaqMan Assay Kits (Applied Biosystems) for 

ongoing. We recently provided the first evidence that miR-
501-3p regulates ZO-1 in endothelial cells, leading to dis-
ruption of tight junctions.9 As mentioned above, recent 
studies suggest that loss of tight junction function can aug-
ment arteriosclerotic changes. Accordingly, we believe that 
miR-501-3p may be a strong candidate for the development 
of new strategies for the treatment of vascular disease. 
Hypothetically, exosome-derived miR-501-3p-induced loss 
of tight junction function could lead to accelerated arterio-
sclerotic progression. However, to date there is no informa-
tion available regarding the effects of exosome-derived 
miR-501-3p on these processes. In the present study, we 
investigated whether plasma exosome miR-501-3p was cor-
related with increased arterial wall stiffness in subjects who 
attended a medical checkup program.

Methods
Study Population
Subjects who attended the medical checkup program Anti-
Aging Doc were recruited for the study.10 As described 
previously,10 the Anti-Aging Doc program is specifically 
designed to evaluate aging-related disorders, including ath-
erosclerosis, cardiovascular disease, physical function, and 
mild cognitive impairment. The program is provided to all 
residents of Ehime Prefecture, Japan, and participants 
attend voluntary medical checkups.

The present study was approved by the Institutional 
Review Board of Ehime University Graduate School of 
Medicine (Reference no. 17-3R2-K8) and complied with 
the ethical principles of the Declaration of Helsinki.

Subjects who had sufficient stocked blood samples for 
the extraction of microRNAs (500 µL plasma) and who had 
undergone testing of arterial brachial-ankle pulse wave 
velocity (baPWV), were consecutively recruited to the study 
from those attending the Anti-Aging Center at Ehime 
University Hospital (May 2006–August 2016). Subjects in 
general attend the Anti-Aging Doc program once a year.

Table 1.  Patient Characteristics for All Subjects (n=51)

Age (years) 70.4±8.2

Male sex 21 (41)

Risk factors

    Hypertension 17 (33)

    Diabetes 4 (8)

    Dyslipidemia 13 (25)

Medical therapies

    Antiplatelet agents 4 (8)

    ARB 　　6 (12)

    ACEI 1 (2)

    Diuretics 2 (4)

    CCBs 10 (20)

    β-blockers 1 (2)

    Statins 11 (22)

    Oral hypoglycemic agents 4 (8)

Data are given as the mean ± SD or n (%). ACEI, angiotensin-
converting enzyme inhibitor; ARB, angiotensin II receptor blocker; 
CCBs, calcium channel blockers.

Table 2.  Clinical Parameters for All Subjects (n=51)

Body weight (kg) 55.9±11.1

BMI (kg/m2) 22.6±3.1　　
SBP (mmHg) 124±16　　
DBP (mmHg) 71±10

Heart rate (beats/min) 68 [62–75]　　　
PWV (cm/s) 1,605±266　　　
Plasma exosome miR-501-3pA (ΔCt) 14.1±1.6　　
eGFR (mL/min/1.73 m2) 71.2 [62.8–75.3]

Uric acid (mg/dL) 5.3±1.6

Total cholesterol (mg/dL) 214±30　　
HDL-C (mg/dL) 67±17

LDL-C (mg/dL) 123±25　　
Triglycerides (mg/dL) 97±36

HbA1c (%) 5.8 [5.6–6.1]　　

Data are given as the mean ± SD or median [interquartile range]. 
ACalculated as miR-501-3p ΔCt minus cel-miR-39 ΔCt. BMI, body 
mass index; DBP, diastolic blood pressure; eGFR, estimated 
glomerular filtration rate; HDL-C, high-density lipoprotein 
cholesterol; LDL-C, low-density lipoprotein cholesterol; PWV, 
pulse wave velocity; SBP, systolic blood pressure.
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linear regression analysis with forced inclusion of the vari-
ables of age and systolic and diastolic blood pressure (SBP 
and DBP, respectively). Univariate and multivariate logis-
tic regression analyses were used to assess plasma exosome 
miR-501-3p expression levels (cut-off value of ∆Ct=14.19, 
determined by receiver operating characteristic [ROC] 
curves), baseline parameters, risk factors, and medications 
that were correlated with an elevation in baPWV. Note 
that a cut-off value of baPWV=1,500 cm/s has been used as 
a sensitive method for detecting silent arteriosclerotic 
changes in our unit.10

Data are expressed as the mean ± SD or as median values 
with the interquartile range (IQR). Two-sided P<0.05 was 
considered significant. All analyses were performed using 
IBM SPSS Statistics Version 21.0 (IBM Corp., Armonk, 
NY, USA).

hsa-miR-501-3p (Catalog no. 002435; Applied Biosystems) 
and cel-miR-39 (external control for normalization; 
Catalog no. 000200; Applied Biosystems) were used. ∆Ct 
values (i.e., the Ct value of miR-501-3p minus the Ct value 
of cel-miR-39) were calculated for the analysis.

Statistical Analysis
The Shapiro-Wilk test was used to determine whether sam-
ples were normally distributed. Depending on the distribu-
tion of the data, paired Student’s t-test or the Wilcoxon test 
was used to analyze the significance of differences between 
groups. Pearson or Spearman correlation tests were used 
to analyze correlations between baPWV and other param-
eters. To determine the independent association between 
plasma exosome miR-501-3p levels and baPWV, we 
adjusted for other covariates on baPWV with multivariate 

Figure 1.    Differences in plasma exosome miR-501-3p levels affect changes in vascular stiffness. (A) Receiver operating charac-
teristic (ROC) curve obtained by plotting different cut-offs between plasma exosome miR-501-3p values and the presence of 
arteriosclerotic changes. AUC, area under the curve. (B) Plasma exosome miR-501-3p expression levels, divided around the 
cut-off values of ∆Ct from ROC analysis. Symbols show data for individual subjects, with the horizontal lines and whiskers indicat-
ing the mean ± SD. (C) Brachial-to-ankle pulse wave velocity levels in the low and high miR-501-3p groups. The boxes show the 
interquartile range, with the median value indicated by the horizontal line; whiskers show the range. (D) Percentage of subjects 
with increased brachial-to-ankle pulse wave velocity (PWV). The numbers above the columns indicate the number of subjects with 
increased PWV/total number of subjects.
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diagnosis of hypertension were significantly higher in the 
miR-501-3p High group (P<0.05). DBP was also signifi-
cantly higher in the miR-501-3p High group (P<0.05), 
although SBP was not. Further, the miR-501-3p High group 
contained significantly more subjects treated with calcium 
channel blockers (P<0.01). There were no significant differ-
ences in body weight, body mass index, creatinine, uric acid, 
cholesterol levels, or HbA1c between the 2 groups. Intrigu-
ingly, baPWV levels were significantly higher in the miR-
501-3p High than Low group (Figure 1C). Further, the 
number of subjects with increased baPWV (>1,500 cm/s) 
was significantly higher in the miR-501-3p High than Low 
group (Figure 1D).

Association Between baPWV and Plasma Exosome miR-501-3p
Univariate logistic regression showed that the presence of 
SBP >130 mmHg and miR-501-3p High were significantly 
associated with augmented baPWV (Table 4). Because only 
1 subject was being treated with either angiotensin-convert-
ing enzyme inhibitors or β-blockers, these factors were not 
analyzed with univariate logistic regression. As reported 
previously, multivariate logistic regression analysis adjusted 
for age continued to show a significant positive association 
between baPWV and the presence of SBP>130 mmHg (odds 
ratio [OR] 5.19; Table 4, Model 1). However, adjustment 
for the presence of SBP >130 mmHg and age continued to 

Results
Baseline Characteristics and Clinical Parameters
The baseline characteristics of the study subjects are given 
in Table 1. Fifty-one subjects (age 70±8 years, 41% male) 
were included in the analysis. Several subjects had a history 
of hypertension (33%), diabetes (8%), and dyslipidemia 
(25%), and some were being treated with medications 
(Table 1). In general, the group was within normal limits 
for SBP and DBP, lipid profile, and HbA1c levels for this 
population (Table 2).

baPWV Levels in miR-501-3p Low and High Groups
Figure 1A shows the ROC curve obtained by plotting vary-
ing cut-offs between plasma exosome miR-501-3p values 
and the presence of arteriosclerotic stiffness changes as 
estimated by baPWV values. Statistical testing calculated 
the area under the curve as 0.61. The cut-off ∆Ct value that 
maximized sensitivity and specificity was 14.19, leading to 
sensitivity of 0.60 and specificity of 0.71 (1−specificity=0.29). 
Depending on whether miR-501-3p ∆Ct was above or below 
the cut-off level, subjects were divided into 2 groups: “miR-
501-3p Low” (n=27) and “miR-501-3p High” (n=24).

Figure 1B shows significant differences in miR-501-3p 
expression between the 2 groups. As indicated in Table 3, 
the number of males and the number of subjects with a 

Table 3.  Comparisons of Various Parameters Between the Low and High miR-501-3p Groups

miR-501-3p

Low (n=27) High (n=24)

Age (years) 71±7 　　70±10

Male sex 6 (22) 15 (63)**

SBP (mmHg) 122±18 127±12

DBP (mmHg) 　　68±10 　74±9*

Heart rate (beats/min) 68 [61–74]　　　 69 [65–77]　　　
Body weight (kg) 　　54.0±10.5 　　57.9±11.5

BMI (kg/m2) 22.7±3.4 22.4±2.9

eGFR (mL/min/1.73 m2) 71.7 [63.6–76.7] 67.7 [61.7–75.0]

Uric acid (mg/dL) 　　5.1±1.7 　　5.5±1.5

Total cholesterol (mg/dL) 214±27 214±35

HDL-C (mg/dL) 　　70±17 　　64±17

LDL-C (mg/dL) 122±21 125±30

Triglycerides (mg/dL) 　　92±36 103±37

HbA1c (%) 5.8 [5.6–6.0]　　 5.8 [5.6–6.1]　　
Risk factors

    Hypertension 5 (19) 12 (50)*　
    Diabetes 3 (11) 1 (4)　　
    Dyslipidemia 7 (26) 　　6 (25)　　
Medical therapies

    Antiplatelet agents 2 (7)　　 2 (8)　　
    ARB 3 (11) 　　3 (13)　　
    ACEI 0 (0)　　 1 (4)　　
    Diuretics 1 (4)　　 1 (4)　　
    CCBs 1 (4)　　 　　9 (38)**

    β-blockers 0 (0)　　 1 (4)　　
    Statins 5 (19) 　　6 (25)　　
    Oral hypoglycemic agents 3 (11) 1 (4)　　

Data are given as n (%), the mean ± SD or median [interquartile range]. *P<0.05, **P<0.01 compared with the Low 
miR-501-3p group. Abbreviations as in Tables 1,2.
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up period 62 months). Although both the miR-501-3p High 
and Low groups showed an age-related increase in arterial 
stiffness after 5 years, baPWV levels remained significantly 
higher in the miR-501-3p High than Low group (P<0.05; 
n=13 and 22, respectively), further suggesting that plasma 
miR-501-3p may affect arteriosclerotic acceleration 
(Figure 2C).

Discussion
This study, to the best of our knowledge, is the first to dem-
onstrate that high levels of plasma exosome miR-501-3p 
are positively correlated with vascular stiffness in human 
subjects.

Arterial stiffness results from multiple interactions of 
vessel walls, and the extracellular matrix, with vascular 
smooth muscle cells and endothelial dysfunction. Increased 
vascular stiffness, arteriosclerosis, has been implicated in 
atherosclerosis pathogenesis.12,13 An increasing number of 
studies has highlighted the effects of miRNAs on the devel-
opment of arterial stiffness, which is achieved by miRNA 
modulation of critical pathways and molecules, such as 
transforming growth factor-β, angiotensin II, matrix metal-
loproteinase activity, and phenotypic switching of vascular 
smooth muscle cells.8 For example, miR-181b plays a cru-

show a significant positive association between baPWV and 
plasma exosome miR-501-3p (OR 4.66; Table 4, Model 2). 
An ROC curve based on predicted probability of logistic 
regression for this model (miR-501-3p included, Model 2) 
more accurately predicts increased vascular stiffness than 
Model 1 (Figure 2A). This indicates that high plasma levels 
of miR-501-3p contribute to arterial stiffness, along with 
established factors such as age and blood pressure.

Relationship Between baPWV and Plasma Exosome 
miR-501-3p Levels
As expected and reported previously, age and both SBP 
and DBP were positively correlated with baPWV (Table 5). 
As shown in Figure 2B, miR-501-3p levels were signifi-
cantly correlated with baPWV. After adjusting for age, sex, 
SBP, and DBP, the use of calcium channel blockers, and 
the presence of hypertension, multivariate linear regression 
analysis revealed that plasma exosome miR-501-3p was 
still significantly associated with baPWV (β=−0.264, 
P<0.05, model R2=0.39; Table 6). This indicates that sub-
jects with high plasma exosome miR-501-3p expression 
may be at increased risk of arteriosclerotic progression.

According to the Anti-Aging Center protocol, 35 of the 
previously evaluated subjects returned for re-examination 
of their baPWV approximately 5 years later (mean follow-

Table 4.  Logistic Regression Analysis of the Elevation of PWV for All Subjects (n=51)

Variable
Univariate

Multivariate

Model-1 (Hosmer-Lemeshow  
test; P=0.40)

Model-2 (Hosmer-Lemeshow  
test; P=0.52)

OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value

Age 1.06 (0.99–1.15) 　0.10 1.08 (1.00–1.17) 　0.06 1.09 (1.00–1.19) <0.05

Male sex 1.75 (0.55–5.56) 　0.34

SBP ≥130 mmHg 4.25 (1.15–15.7) <0.05 5.19 (1.28–21.0) <0.05 5.63 (1.27–24.9) <0.05

DBP ≥80 mmHg 7.27 (0.83–63.4) 　0.07 – – – –

Body weight 0.99 (0.94–1.04) 　0.68 – – – –

BMI 0.92 (0.77–1.10) 　0.36 – – – –

eGFR 0.98 (0.93–1.02) 　0.33 – – – –

Uric acid 1.11 (0.78–1.58) 　0.57 – – – –

Total cholesterol 1.01 (0.99–1.03) 　0.46 – – – –

HDL-C 1.01 (0.98–1.05) 　0.52 – – – –

LDL-C 1.01 (0.98–1.03) 　0.59 – – – –

Triglycerides 1.00 (0.98–1.01) 　0.86 – – – –

HbA1c 3.09 (0.68–14.0) 　0.15 – – – –

High plasma exosome miR-501-3p group 3.75 (1.13–12.4) <0.05 – – 4.66 (1.18–18.3) <0.05

Risk factors

    Hypertension 3.25 (0.88–12.0) 　0.08 – – – –

    Diabetes 2.22 (0.22–23.0) 　0.50 – – – –

    Dyslipidemia 1.16 (0.32–4.23) 　0.82 – – – –

Medical therapies

    Antiplatelet agents 0.68 (0.09–5.24) 　0.71 – – – –

    ARB 0.67 (0.12–3.68) 　0.64 – – – –

    ACEI – – – – – –

    Diuretic 0.69 (0.04–11.7) 　0.80 – – – –

    CCBs 3.46 (0.65–18.3) 　0.15 – – – –

    β-blockers – – – – – –

    Statins 1.29 (0.33–5.14) 　0.72 – – – –

    Oral hypoglycemic agents 2.22 (0.22–23.0) 　0.50 – – – –

CI, confidence interval; OR, odds ratio. Other abbreviations as in Tables 1,2.
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cial role in extracellular matrix remodeling, as well as in the 
regulation of vascular stiffness and blood pressure.14 miR-
21 affects angiotensin II-mediated arterial stiffness through 
the downregulation of phosphatase and tensin homolog 
(PTEN) and SMAD7.15 Further, several microRNAs, such 
as miR-143/14516 and miR-221/222,17 are associated with 
vascular smooth muscle cell proliferation, migration and 
phenotypic switching. However, microRNA-based mecha-
nisms affecting endothelial cell-cell junctions, and their 
effects on vascular stiffness and arteriosclerosis, have not 
been fully elucidated.

We recently examined the regulatory role of miR-501-3p, 
which limited ZO-1 gene expression, resulting in increased 
endothelial permeability.9 Ling et al demonstrated that 
overexpression of miR-501-3p promotes tumor (adenocar-
cinoma) expansion through down regulation of E-cadherin, 
which is also a tight junction component.18 ZO-1 disruption 
was found to increase vascular endothelial cell permeabil-
ity, altering transmigration of macrophages and leading to 

Figure 2.    Relationship between plasma exosome miR-501-3p and vascular stiffness changes. (A) Receiver operating character-
istic (ROC) curve based on the predicted probability of logistic regression for Models 1 and 2 in Table 4. AUC, area under the 
curve. (B) There was a significant correlation between plasma exosome miR-501-3p expression levels and pulse wave velocity. (C) 
At the 5-year follow-up visit, the group with high miR-501-3p at baseline continued to show higher arterial stiffness, as indicated by 
brachial-to-ankle pulse wave velocity, than the group with low miR-501-3p at baseline (see text for the number of subjects in each 
group). The boxes show the interquartile range, with the median value indicated by the horizontal line; whiskers show the range.

Table 5.  Correlations Between PWV and Each Parameter for 
All Subjects (n=51)

Parameter r P value

Age 　　0.37 <0.01　　
SBP 　　0.52 <0.001

DBP 　　0.35 <0.05　　
Heart rate 　　0.14 　0.32　　
Body weight −0.08 　0.60　　
BMI −0.14 　0.34　　
eGFR −0.15 　0.31　　
Uric acid 　　0.12 　0.39　　
Total cholesterol 　　0.06 　0.66　　
HDL-C 　　0.03 　0.86　　
LDL-C 　　0.08 　0.56　　
Triglycerides −0.11 　0.44　　
HbA1c 　　0.15 　0.29　　

Abbreviations as in Table 2.
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sion appears to correlate well with vascular stiffness, with 
an accompanying risk of progressive arteriosclerosis com-
pared with subjects with low miR-501-3p expression, pos-
sibly through disruption of tight junctions. Therefore, 
inhibition of miR-501-3p could represent a new therapeu-
tic approach to prevent future cardiovascular events.
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