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Abstract

Rationale: Obese children are at increased risk for developing
obstructive sleep apnea (OSA), and both of these conditions are
associated with an increased risk for endothelial dysfunction (ED)
in children, an early risk factor for atherosclerosis and cardiovascular
disease. Although weight loss and treatment of OSA by
adenotonsillectomy improve endothelial function, not every obese
child or child with OSA develops ED. Exosomes are circulating
extracellular vesicles containing functional mRNA and microRNA
(miRNA) that can be delivered to other cells, such as endothelial cells.

Objectives: To investigate whether circulating exosomal miRNAs
of children with OSA differentiate based on endothelial functional
status.

Methods: Obese children (body mass index z score.1.65) and
nonobese children were recruited and underwent polysomnographic
testing (PSG), and fasting endothelial function measurements and
blood draws in the morning after PSG. Plasma exosomes were
isolated from all subjects. Isolated exosomes were then incubated
with confluent endothelial cell monolayer cultures. Electric cell-
substrate impedance sensing systems were used to determine the
ability of exosomes to disrupt the intercellular barrier formed by
confluent endothelial cells. In addition, immunofluorescent
assessments of zonula occludens-1 tight junction protein cellular
distribution were conducted to examine endothelial barrier

dysfunction. miRNA and mRNA arrays were also applied to
exosomes and endothelial cells, and miRNA inhibitors and mimics
were transfected for mechanistic assays.

Measurements and Main Results: Plasma exosomes isolated from
either obese children or nonobese children with OSA were primarily
derived from endothelial cell sources and recapitulated ED, or its
absence, in naive human endothelial cells and also in vivo when
injected into mice. Microarrays identified a restricted signature of
exosomal miRNAs that readily distinguished ED from normal
endothelial function. Among the miRNAs, expression of exosomal
miRNA-630 was reduced in children with ED and normalized after
therapy along with restoration of endothelial function. Conversely,
transfection of exosomes from subjects without ED with an
miRNA-630 inhibitor induces the ED functional phenotype. Gene
target discovery experiments further revealed that miRNA-630
regulates 416 gene targets in endothelial cells that include the Nrf2,
AMP kinase, and tight junction pathways.

Conclusions: These observations elucidate a novel role of exosomal
miRNA-360 as a putative key mediator of vascular function and
cardiovascular disease risk in children with underlying OSA and/or
obesity, and identify therapeutic targets.
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Obesity is a frequent condition in children
that carries a substantial risk for
cardiovascular disease (CVD) later in life
(1–3). Similarly, obstructive sleep apnea
(OSA) is a highly prevalent pediatric
disorder typically associated with a
higher risk for future cardiovascular
morbidity, primarily presenting as
increased systemic blood pressure
deregulation that can lead to ventricular
remodeling, and altered endothelial
function, an early precursor of
atherosclerosis, the latter being
improved by treatment of OSA
with adenotonsillectomy (Tx) (4–7).
Furthermore, obese children (OB) are
at significantly higher risk for OSA (8).
However, not every child, even with
severe OSA or obesity, displays
abnormal endothelial function (9–11).
To date, the mechanisms underlying the
determinants of CVD susceptibility
remain unclear (12).

Intercellular communication is an
essential hallmark of multicellular
organisms and can be mediated through
direct cell–cell contact or transfer of
secreted vesicles (13, 14). Exosomes are 30-
to 100-nm vesicular structures that contain

a wide variety of proteins, lipids, RNAs,
nontranscribed RNAs, microRNAs
(miRNAs), and small RNAs. These diverse
cargos allow exosomes to provide unique
opportunities for biomarker discovery and
development of noninvasive diagnostics
when examined in biologic fluids, such as
urine and blood plasma, and formulation of
novel therapies (5, 11, 13, 15–21).

In this study, we hypothesized that
plasma-derived exosomes from either OB or
children with OSA with evidence of
endothelial dysfunction (ED) exert
differential effects on endothelial cell
monolayer impedance, tight-junction
function, and expression of adhesion
molecules when compared with either
OB or children with OSA with normal
endothelial function (NEF). We also
explored whether the standard treatment
for OSA in children, surgical Tx, reverses
exosome-induced changes. In addition, we
examined whether exosomal miRNA cargo
differences are present between children
with ED and children with NEF, and
whether such miRNA differences may
underlie the mechanisms accounting for the
presence of ED.

Methods

Detailed descriptions of subjects, reagents,
cell culture, exosome isolation, electron
microscopy, confocal fluorescence
microscopy,Western blot analysis, isolation,
and analysis of miRNA experiments are
provided in the METHODS section in the
online supplement.

Subjects
The study was approved by the human
subject committee of each of the
participating centers (University of Chicago
institutional review board protocol #09-115-B
and Comité Ético de Investigación Cĺınica
del Área de Salud de Burgos y Soria
protocol # 603), and informed consent was
obtained from the legal caregiver of each
participant. Consecutive healthy obese or
nonobese prepubertal children (ages 4–12 yr)

from the community, and children
being evaluated for habitual snoring who
were polysomnographically diagnosed
with OSA were invited to participate.
All participants underwent baseline
anthropometric and blood pressure
assessments, and overnight polysomnography,
which were interpreted using standard
approaches.

Endothelial Function Test in Children
Measurements of endothelial function
followed by a fasting blood draw were
performed in the morning (see METHODS

section in the online supplement). The time
to maximal regional blood flow after
occlusion release (Tmax) is representative of
the postocclusion hyperemic response,
an index of nitric oxide (NO)-dependent
endothelial function (9, 22). Tmax greater
than 45 seconds was considered indicative
of abnormal endothelial function (15).

According to our recruitment
strategies, five distinctly different groups of
children were identified: controls subjects
(healthy nonsnoring children with normal
polysomnographic test, body mass index
[BMI] z score ,1.34, and normal Tmax);
OB (i.e., BMI z score >1.65 but normal
polysomnographic test with normal Tmax

[OBNEF] or abnormal Tmax [BED]); snoring
children with abnormal polysomnographic
findings confirming the presence of OSA
(see METHODS section in the online
supplement), BMI z score less than or equal
to 1.65; and either normal Tmax (OSANEF)
or abnormal Tmax (OSAED). Exclusion
criteria are described in the METHODS

section in the online supplement.

Exosome Isolation, Labeling, and
Characterization
Exosomes were isolated from plasma using
a commercially available kit (Life
Technologies, Carlsbad, CA) and carefully
characterized (see METHODS section in the
online supplement). Exosomes isolated
from OB or children with OSA with or
without ED were intravenously injected
into mice or applied to endothelial cells
in vitro. Purified exosomes from ED and
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At a Glance Commentary

Scientific Knowledge on the
Subject: Obstructive sleep apnea and
obesity are independently associated
with an increased risk for endothelial
dysfunction in children. However, not
every child with either one of these two
conditions is affected.

What This Study Adds to the
Field: A selective cluster of plasma-
derived exosomal microRNAs readily
differentiates between normal and
abnormal endothelial function in
children with obstructive sleep apnea
or obesity, and recapitulates such
vascular phenotype both in vitro and
in mice.
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NEF were subjected to Amnis-ImageStream
cytometer (Millipore/Amnis, Seattle,
WA) for detection of their cell sources
(see METHODS section in the online
supplement).

Primary Endothelial Cell Culture
Human microvascular endothelial cells
(always used before passage 4–6) were
purchased from Lonza (catalog #CC-
2543; Allendale, NJ) and grown in
Dulbecco’s modified Eagle medium
supplemented and incubated at 378C
and 5% CO2.

Electric Cell-Substrate Impedance
Sensing and Imunofluorescence
To examine the effect of exosomes on
endothelial cell monolayer barrier,
endothelial cells were grown to confluence
into electric cell-substrate impedance
sensing (ECIS) arrays as a single confluent
monolayer. Exosomes were added in
duplicate wells and monitored in the ECIS
instrument (Applied Biophysics Inc., Troy,
NY) for up to 24 hours (23, 24). The
baseline was established using culture
medium (300 ml/well) alone and compared
with values obtained using electrodes
covered with a monolayer of cells in 500-ml
medium.

For immunofluorescence staining,
confluent endothelial cell monolayers were
grown on cover slips for 12-well plates, after
which isolated exosomes from subjects were
added individually to cover slips for
24 hours. Cells were fixed, permeabilized,
and followed by overnight incubation at
48C with the tight junction protein
zonula occludens (ZO)-1, and vascular
endothelial-cadherin (Life Technologies,
Grand Island, NY), and the adhesion
molecules intercellular adhesion molecule-1
and vascular cell adhesion molecule-1
(Santa Cruz Biotechnology, Inc., Dallas,
TX). Images were captured with a Leica SP5
Tandem Scanner Spectral 2-photon
confocal microscope (Leica Microsystems,
Inc., Buffalo Grove, IL) with a 633 oil-
immersion lens.

Western Blot Analysis
Lysates of cells and exosomes were separated
by sodium dodecyl sulfate/polyacrylamide
gel electrophoresis, transferred to
polyvinylidene difluoride membranes, and
incubated with antibodies as described
in the METHODS section in the online
supplement.

miRNA Isolation and Microarrays
Total RNA including miRNA was isolated
from exosomes using miRNeasy Mini Kit-
column-based system following the
manufacturer’s instructions (Qiagen,
Valencia, CA) and profiled on 2006 Agilent
human miRNA Microarray (Agilent
Technologies, Santa Clara, CA). Array were
hybridized, washed, and scanned with
Agilent microarray scanner. The results
were extracted using Agilent Feature
Extraction software (v12.0). A feature was
listed as detectable if greater than 50% of
the signals in at least one of the two groups
were above the detection limit (“well above
background” flag = 1) and a probe was
considered to be detectable if greater than
50% of the replicated features were
detectable.

Gene Ontology and Functional
Annotation
Analysis of gene ontology annotation was
performed by applying Database for
Annotation, Visualization and Integrated
Discovery functional annotation tool
(DAVID 6.7; http://david.abcc.ncifcrf.gov/).
Molecular targets for each miRNA were
retrieved and the validated miRNA-target
interaction network was obtained from the
CyTargetLinker plugin in the Cytoscape
environment (25). The network containing
interactions between differentially
expressed miRNA and putative targets was
constructed and visualized using Cytoscape
(http://cytoscape.org) (26).

miRNA Mimics and Inhibitors In Vitro
and In Vivo
Exosome transfections were performed
using the Exo-Fect Exosome Transfection
Reagent as described by the manufacturer’s
protocol (cat# EXFT20A-1; System
Biosciences, Inc., Mountain View, CA). The
transfected exosome pellets were suspended
in 300 ml 13 phosphate buffered saline,
and used in the ECIS system for the
miRNA mimics and inhibitors of interest
(75 ml were added to approximately 53 105

cells/well in a 12-well culture plate
grown in exosome-depleted fetal bovine
serum), and reaching equivalent exosome
concentrations across conditions (27–30).
miRNA mimics and inhibitors were
purchased from Life Technologies (Grand
Island, NY). The specifically desired
increase or decrease in miRNA-630 content
was verified using reverse-transcriptase
polymerase chain reaction (RT-PCR).

Data Analyses
Results are presented as means6 SD, unless
stated otherwise. All numerical data were
subjected to statistical analysis using
independent Student’s t tests or analysis of
variance followed by post hoc tests (Tukey)
as appropriate. Chi-square analysis was
performed on categorical data concerning
demographic characteristics of the various
groups. Pearson correlation testing was
conducted to establish association between
several study parameters, including ECIS-
derived normalized resistance changes and
Tmax in endothelial function tests. Finally,
canonical correlation analyses were
performed to explore the relationships
between sets of variables. Statistical analyses
were performed using SPSS version 21.0
(SPPS Inc., Chicago, IL). For all comparisons,
a two-tailed P less than 0.05 was considered
to define statistical significance.

Results

Subject Characteristics
A total of 128 children completed the study.
Their demographic and polysomnographic
characteristics are provided in Table 1. There
were no significant differences in age, sex, and
ethnicity among the two OSA subgroups, but
the OSAED children showed slightly higher
BMI z scores than OSANEF, and both OSA
groups had higher BMI z scores compared
with control children (CO) (Table 1). No
differences in BMI z scores were present in
OBED and OBNEF. There were no significant
differences in the severity of OSA, as
indicated by either the obstructive apnea–
hypopnea index or the nadir oxygen
saturation as measured by pulse oximetry
levels, in systolic and diastolic blood
pressures, or in lipid profiles between
OSAED and OSANEF children, but these
measures were significantly different from
CO children, suggesting increased risk for
CVD in all subjects independent of their
ED or NEF status (Table 1).

As anticipated from the definition of
ED, both OBED and OSAED groups had
markedly prolonged Tmax (56.86 8.6 s and
54.76 8.5 s), compared with OBNEF
(33.26 7.3 s; P, 0.01), OSANEF (31.66
6.2 s; P, 0.01), or CO (29.96 5.1 s;
P, 0.01). A subset of 16 OSAED children
was treated with the standard clinically
recommended approach consisting in
surgical removal of tonsils and adenoids, and
underwent a second assessment as per
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protocol within 4–8 months after surgery
(see Table E1 in the online supplement)
(14). These children showed normalization
of their respiratory disturbance during sleep
(apnea–hypopnea index decreased from
15.76 4.7/h sleep to 0.76 0.4/h sleep; P,
0.001), and in all children but one,
normalization of endothelial function
occurred (Tmax decreased from 57.76 8.5 s
to 37.86 7.3 s; P, 0.001) (see Table E1).

Exosome Cellular Sources
The characteristics and properties of
isolated exosomes are described in Figure
E1. The overall concentrations of plasma-
isolated exosomes among children with ED
and NEF were similar. However, exosomes
from children with ED were increasingly
derived from either endothelial cells or
endothelial progenitor cells, when compared
with those from matched children with
NEF (see Figure E2), with no significant
differences for monocytes, T-cell
lymphocytes, or neutrophils. The
concentration of exosomes from platelet
sources was increased only in children with
OSA and ED, but not among OB with ED
without OSA. Indeed, children with OSA
had overall increased platelet-derived
exosomes (8526 122/10,000 counts in
OSAED, 3676 89/10,000 counts in OSANEF,

2286 78/10,000 counts in either OBED or
OBNEF, and 2176 81/10,000 counts in control
subjecs; P, 0.01 OSAED vs. all other groups).

Exosomal Effects on Endothelial Cell
Monolayers
Human primary endothelial cells were
exposed to exosomes from NEF and
children with ED corresponding to both
obese and OSA groups. ECIS normalized
resistance values were continuously
monitored, and revealed substantial
decrements in monolayer resistance among
exosomes from children with ED, which
were absent or markedly attenuated in
children with NEF (Figure 1; P, 0.001). Of
note, the ECIS array enables assessment of
morphologic cell changes, cell locomotion,
and other cell events within the
cytoskeleton. Notably, ECIS values at
either 6 hours (data not shown) or
24 hours were strongly associated with
corresponding Tmax values (Figure 1A). The
data presented in Figure 1B show the
normalized ECIS resistance values for
OBED compared with OBNEF and control
subjects, and revealed substantial
decrements in monolayer resistance of
OBED subjects (P, 0.01). Similarly,
Figure 1C illustrates the normalized ECIS
resistance values for OSAED compared with

OSANEF and CO, which revealed decreases
in monolayer resistance of after treatment
with OSAED-derived exosomes (P, 0.001).
Furthermore, ED-derived exosomes
induced disruption of the endothelial cell
membrane as illustrated by discontinuity
of V-cadherin, altered topographic
distribution of the tight junction protein
ZO-1, and increased expression of adhesion
molecules intercellular adhesion molecule-1
and vascular cell adhesion molecule-1
(Figure 1D; see Figure E3). Similarly, ED
exosomes from either OSA or OB children,
but not NEF exosomes (from OB, OSA, or
CO), induced significant reductions in
expression of endothelial NO synthase
(eNOS) mRNA, when compared with
exosomes derived from healthy control
subjects (ED, 57.66 8.9% vs. NEF, 2.96
5.2%; P, 0.001).

Exosome Delivery and Endothelial
Function in Mice
When plasma-derived exosomes isolated
from children with ED (either OB or OSA)
or NEF (OB, OSA, and control subjects)
were intravenously injected into mice, and
vascular function was assessed at 24 and
48 hours after injection, significant
prolongations in Tmax occurred after
administration of ED-derived exosomes

Table 1. General Characteristics of Obese Children and Children with OSA with and without Endothelial Dysfunction and Healthy
Control Subjects

OBNEF (n = 23) OBED (n = 20) OSANEF (n = 34) OSAED (n = 25) Control (n = 26)

Age, yr 7.66 2.6 7.76 2.8 7.36 2.4 7.46 2.3 7.36 2.2
Sex, male, % 56.5 60 50 56 58
Ethnicity, white, n 6 6 11 9 8
BMI z score 1.746 0.28* 1.766 0.31* 1.376 0.22 1.426 0.27† 1.086 0.21†

Systolic blood pressure
mm Hg 113.26 8.6 114.06 9.1 108.26 8.4 112.86 9.2† 102.36 8.4†

z score 1.466 0.21† 1.446 0.23† 1.226 0.19 1.386 0.24† 1.066 0.20†

Diastolic blood pressure
mm Hg 68.76 7.9 68.96 8.3 65.86 7.2 67.86 7.8‡ 60.96 6.7‡

z score 1.356 0.25† 1.346 0.26† 1.276 0.27 1.336 0.29† 1.086 0.21†

Obstructive apnea–hypopnea index, events/h 0.96 0.4 0.86 0.6 12.86 8.4 13.16 9.4‡ 0.36 0.3‡

SpO2
nadir, % 93.26 3.3 93.96 4.1 75.96 10.9 73.06 11.9‡ 92.16 2.9‡

Total cholesterol, mg/dl 171.66 37.3 173.46 40.0 174.96 36.1 178.36 37.8‡ 159.46 19.3‡

HDL cholesterol, mg/dl 48.96 8.7 44.86 9.2 44.76 8.5 46.76 8.8‡ 59.36 7.8‡

LDL cholesterol, mg/dl 119.36 19.9 121.86 23.6 117.26 24.5 120.56 24.7‡ 95.76 20.3‡

Triglycerides, mg/dl 107.26 32.1 110.36 33.9 105.76 35.5 107.86 36.7† 93.76 28.3†

Time to maximal hyperemic responses, Tmax; s 33.26 7.3x 56.86 8.6x 31.66 6.2x 54.76 8.5‡x 29.96 5.1‡

Definition of abbreviations: BMI = body mass index; ED = endothelial dysfunction; HDL = high-density lipoprotein; LDL = low-density lipoprotein; NEF =
normal endothelial function; OB = obese; OSA = obstructive sleep apnea; SpO2

= oxygen saturation as measured by pulse oximetry; Tmax = time to maximal
regional blood flow after occlusion release.
*P, 0.01 obese children versus all three other groups (OSA and control children).
†P, 0.05 versus control subjects.
‡P, 0.01 versus control subjects.
xP, 0.01 versus corresponding group.
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(both obese and OSA). Such changes were
absent after treatment with NEF-derived
exosomes when compared with control
exosomes (Figure 2). Tx treatment of
OSA in the children with ED not only
normalized their Tmax, but also led to
normalization of plasma exosome-induced
endothelial cell monolayer resistance
changes (pre-Tx,237.86 7.4% vs. post-Tx,
24.76 4.6%; n = 15; P, 0.001).

Exosomal Endothelial Cell Uptake
and miRNA Cargo
To study the uptake of isolated exosomes,
we used a fluorescent dye (Exo-Red) that
allows tracking of cellular interaction and
uptake by endothelial cells (see Figure E4).
Differences in miRNA exosomal content
between NEF and children with ED were
initially explored using miRNA arrays, and
revealed a restricted cluster of five miRNAs
that were consistently altered across the two
groups independent of obese or OSA status,
with abundance of four miRNAs being
reduced in ED (miRNA-16–5, 3.18-fold,
P, 0.0001; miRNA-451a, 3.74-fold,
P, 0.0001; miRNA-5100, 1.65-fold, P, 0.01;
and miRNA-630, 4.11-fold, P, 0.0001)
and increased abundance being found
for one miRNA (miRNA-4665–3p, 2.35-
fold; P, 0.01). These findings were
subsequently validated and confirmed in all
groups (n = 20/group) using RT-PCR.
Furthermore, marked increases in exosomal
miRNA-630 and miRNA-16–5p back to
levels in healthy CO occurred in those
children with OSA and ED after treatment
(miRNA-630, pre-Tx 24.766 0.97 vs.
post-Tx 0.196 0.32; n = 15; P, 0.001)
(miRNA-16–5p, pre-Tx 22.876 0.45 vs.
post-Tx 20.876 0.65; P, 0.01). The
in silico putative targets of these five
miRNAs are shown in Table E2.

Next, we extended our knowledge
about the regulatory information network
associated with the five miRNAs (see Figure
E5), and found 24 regulatory information
network validated targets: SPRYD4,
PRDM13, ANK3, YIPF6, MEF2D,
YTHDF1, SNAI2, CENTG2, KRT83,
NPAS3, HEATR3, PRRT3, ATP1A1,
BRPF3, TFAP2B, SET, RBM9, UBE2V1,
C9orf39, RBM4, EPE300, MAP3K2,
AP3B1, and CBX5.

miRNA-630 and Endothelial Function
To explore the putative function of miRNA
cargo in the context of pediatric ED and as a
proof of concept, we selected miRNA-630 as
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the initial candidate based on the largest fold
differences in expression between ED and
NEF OS and children with OSA, and the
largest responses in OSAED children after
Tx. To this effect, specific miRNA-630
mimic and inhibitor were transfected into
plasma-derived exosomes from ED and
NEF, respectively (for control treatment,
scrambled sequences of the mimic and
inhibitor were used). Mimic-induced
restoration of miRNA-630 content in ED-
derived exosomes significantly ameliorated
the adverse ED exosome-induced effects on
ECIS measures of resistance across the
endothelial cell monolayer and ZO-1 tight
junction immunofluorescence in
endothelial cells for both OB or children
with OSA with ED (Figure 3), and also
restored eNOS mRNA expression using
control exosomes as reference (0.566 0.17
in scrambled miRNA-treated endothelial
cells vs. 0.946 0.29 in mimic miRNA-
treated endothelial cells; n = 4; P, 0.05).
Conversely, transfection of NEF-derived
exosomes with an miRNA-630 inhibitor
was associated with disruption of the
monolayer resistance and altered ZO-1
endothelial cell distribution (Figure 3),
and reductions in eNOS expression in
endothelial cells (0.476 0.22 following
treatment with miRNA-630 inhibitor vs.
1.046 0.33 after scrambled miRNA; n = 5;
P, 0.02).

miRNA-630 Gene Targets in
Endothelial Cells
A schematic of the experimental
subtraction-based approach for delineation
of the miRNA-630 gene targets in human
endothelial cells is shown in Figure 4. Using
whole-genome transcriptomic analyses, a
total of 416 gene targets were identified
for miRNA-630 in endothelial cells, and
correspond to 10 major canonical pathways
(see Table E2). Notable among these
pathways are, for example, NRF2-mediated
oxidative stress responses, AMP kinase, and
tight junction signaling pathways
(Figure 4).

Discussion

This study shows that plasma exosomes
from children with ED, either obese or
suffering from OSA, induce marked in vitro
and in vivo functional and structural
alterations in endothelium that are
mediated by altered exosomal miRNA
cargo. Among the differentially expressed
exosomal miRNAs, the expression of hsa-
miR-630 was reduced, and emerged as a
significant effector of ED. Restoration of
hsa-miR-630 exosomal levels reverted the
endothelial cell perturbations in ED-
derived exosomes to control values,
whereas inhibition of hsa-miR-630 in NEF-
derived exosomes recapitulated the
perturbations elicited by ED exosomal
responses in endothelial cells. Taken
together, we identify a microvesicle-based
miRNA-mediated mechanism that is
selectively altered in children who are at
increased CVD risk.

In this study, in a priori different
conditions (i.e., obesity and OSA), which
are both associated with known increased
risk for CVD (2, 6), and are further
indistinguishable based on their lipid
profile or systemic blood pressure
measurements, we identified clear
differences based on their postocclusive
hyperemic responses (Table 1). The latter
responses enable accurate reporting on the
bioavailability of NO from eNOS sources
in the circulation (31). Furthermore,
incremental evidence attests to vascular
remodeling that progressively occurs in the
context of ED since early childhood to
increase CVD risk later in life (32). The
degree of eNOS expression changes in naive
cultured endothelial cells treated with
exosomes from ED or NEF subjects
markedly differed, independently from
whether the exosomes originated from OB
without OSA or from non-OB with OSA
(22). Additionally, changes in monolayer
resistance were closely associated with
Tmax, suggesting that changes in eNOS
expression and in monolayer resistance

provide accurate biologic correlates of
endothelial function in vivo. Furthermore,
intravenous administration of equivalent
doses of exosomes to otherwise healthy
young mice generated markedly discrepant
changes in postocclusive hyperemic
responses in these animals that paralleled
the original findings in children. These
experiments strongly suggested that the
circulating exosomes in children induce
the vascular phenotype, and therefore
prompted exploration of the exosomal
cargo to identify potential candidates
that may mediate the vascular deficits.
However, because of the restricted
amount of plasma available from any
given child, we cannot deduce the
specific contributions of exosomes
from different cells sources to the
in vitro or in vivo endothelial functional
abnormalities.

Exosomes can perform intercellular
transfer of miRNAs, thus participating in
miRNA-based signaling (33, 34), and
dysregulation of miRNA activity can lead to
the development of a variety of diseases
(35). There is increasing evidence that the
effect of exosomes on target cells is mainly
dependent on their intravesicular miRNA
expression (36–38). Here, we found that
fluorescently labeled exosomes were
internalized into endothelial cells (see
Figure E3), where they could be implicated
in a myriad of important processes (39–44).
Based on the selectivity of miRNA loading
into extracellular vesicles (EV) and their
stability (45), potential differences in
miRNA exosomal cargo were identified,
and were compatible with previous work
implicating exosomal miRNAs not only
in angiogenesis and other vascular
phenomena (46, 47), while also suggesting
the possibility that exosomes may provide
therapeutic opportunities (48). We recently
assessed the biomarker capabilities of
plasma miRNAs (19), and our findings
support the driving assumption that a
cluster of circulating miRNAs may reliably
discern between children with ED and

Figure 1. (Continued). curves of ECIS changes over time after administration of exosomes from control children (Co) and obese children with (OBED) and
without (OBNEF) endothelial dysfunction (n = 12/tracing; P, 0.01). (C) Ensemble-averaged curves of ECIS changes over time after administration of
exosomes from control children (Co) and nonobese children with (OSAED) and without (OSANEF) endothelial dysfunction (n = 18/tracing; P, 0.001).
(D) Effect of plasma exosomes on tight junction and adhesion molecule expression in naive endothelial cells. Representative images of at least six separate
experiments show exosome-induced changes in expression of V-cadherin, zonula occludens (ZO)-1, intercellular adhesion molecule (ICAM)-1,
and vascular cell adhesion molecule (VCAM)-1 in primary human endothelial cells after treatment with exosomes from obese children with endothelial
dysfunction (OBED) and with normal endothelial function (OBNEF). The scale bars for all the representative images are 25 mm. ED = endothelial dysfunction;
NEF = normal endothelial function; Tmax = time to maximal regional blood flow after occlusion release.
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children with NEF. Among, the five
differentially miRNAs identified through
microarray approaches, a search of the
literature revealed scarce information about
these miRNAs regarding possible vascular
targets (49). hsa-miR-630 was selected
for further examination based on the
prominent reduction in expression among
children with ED, the marked increases in
hsa-miR-630 in exosomes of children after
treatment of OSA, and its previous

association with angiogenesis and apoptotic
processes in cancer (50, 51).

Here, we show that 24 regulatory
information networks are affected when
comparing ED with NEF (see Figure E5),
and several of these genes were validated
by RT-PCR in endothelial cells and play
significant roles in preservation of
endothelial cell integrity and functions.
In addition, hsa-miR-16–5p has been
implicated in cardiac cell functions in the

context of heart failure, and identified in
pericardial fluid (52). Based on the current
consensus that miRNAs bind to their
mRNA targets and induce their down-
regulation, decreases in miRNA levels could
then possibly be associated with increased
expression of specific target genes and
proteins. The experiments in which an
miRNA-630 mimic and inhibitor were
incorporated into exosomes enabled
specific assessments of the functional
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Figure 2. Exosome-mediated in vivo effects on vascular function in mice. (A) Typical examples of postocclusive reperfusion kinetics (5-min occlusion time)
in a mouse injected once daily for 3 days with intravenous exosomes from a child with obstructive sleep apnea (OSA) and normal endothelial function
(OSANEF) and in a mouse injected with exosomes from an age-, sex-, and body mass index z score–matched child with OSA with endothelial dysfunction
(OSAED), illustrating the increased delay in time to peak reperfusion (Tmax) in the mouse injected with ED-derived exosomes. (B) Tmax values in mice injected
with exosomes from control children (CO), OSAED, OSANEF, OBED, and OBNEF (n = 8/group; lines indicate P, 0.001). AH = area of hyperemia; AO = arterial
occlusion; BZ= basal zero; ED= endothelial dysfunction; NEF = normal endothelial function; OB = obese children; PF = peak flow; PU= perfusion units; RF=
resting flow; TH1= time to hyperemia 1; TH2 = time to hyperemia 2; TL= occlusion time lapsed; TM= time to maximal hyperemia; TR = time of release.
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role of miRNA-630 in endothelial cells, and
confirmed the mechanistic role of this
exosomal miRNA in the vasculature.
Furthermore, transcriptomic strategies
identified 416 gene targets for this
miRNA in endothelium that clearly
encompass well-established pathways
in vascular homeostasis, such as Nrf2

(53, 54), AMP kinase pathways (55), and
regulation of intercellular tight junctions
(56–58).

Current findings further attest to the
nondiscriminatory capacity of systemic
blood pressure measurements or serum
lipids in the detection of CVD risk, whereas
endothelial functional measures either

in vivo or in vitro enable demarcation
between children with reduced or preserved
NO bioavailability. Furthermore, we
have identified an exosomal miRNA
(i.e., miRNA-630) that not only
recapitulates such findings but also enables
functional restoration when delivered to
endothelial cells. Thus, assessments of
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Figure 3. Effects of hsa-miR-630 mimic and inhibitor on endothelial dysfunction (ED) and normal endothelial function (NEF) plasma-derived
exosome functional changes in endothelial cell monolayer resistance and tight junction protein expression (zonula occludens [ZO]-1). (A, left, inset)
Representative image of plasma-derived immunofluorescently labeled exosomes after transfection with red fluorescence–labeled miRNA-630
mimic and administration to primary human endothelial cells. (A, left) Illustrative ensemble-averaged curves of endothelial cell monolayer resistance
changes over time after administration of exosomes from six OSAED children treated with hsa-miR-630 mimic or scrambled mimic sequence
against control empty exosomes. (A, middle) Summary of changes in normalized monolayer resistance measurements at 24 hours after treatment
with control empty exosomes, exosomes from OSAED transfected with hsa-miR-630 mimic or scrambled mimic sequence, and exosomes from
OSANEF children treated with miRNA-630 inhibitor or scrambled sequence (n = 8–12/experimental group). (A, right) Summary of changes in normalized
monolayer resistance measurements at 24 hours after treatment with control empty exosomes, exosomes from OBED transfected with hsa-miR-630 mimic or
scrambled mimic sequence, and exosomes from OBNEF children treated with hsa-miR-630 inhibitor or scrambled sequence (n = 8–12/experimental group).
(B) Representative images of at least six separate experiments showing exosome-induced changes in expression of ZO-1 in primary human endothelial cells
after treatment with exosomes from obese children with (OBED) and without (OBNEF) endothelial dysfunction, and from children with OSA and normal
endothelial function (OSANEF) and age-, sex-, apnea–hypopnea index–, and body mass index z score–matched children with OSA and endothelial dysfunction
(OSAED). Exosomes from subjects with ED were transfected with hsa-miR-630 mimic or scrambled mimic, whereas exosomes from subjects with NEF
were transfected with hsa-miR-630 inhibitor or scrambled sequence as control. inh = inhibitor; mim =mimic; miRNA =microRNA; OB = obese; OSA =
obstructive sleep apnea; scr = scrambled mimic; Tx = adenotonsillectomy.
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exosomal miRNA cargo may not only
provide biomarkers to identify those
children at risk for CVD later on, but may
also permit development of therapeutic
approaches aimed at restoring the
appropriate expression and function of hsa-
miR-630 endothelial cell targets that are
essential for the regulation of various
physiologic and pathologic processes in
endothelium, including development,
differentiation, and proliferation (59, 60).
The selectivity of miRNA loading into
EV and their stability (45) prompted
our preferential search for potential
differences in miRNA exosomal cargo using

unbiased approaches, such as miRNA
arrays. We believe that the ability to
isolate exosomes and investigate their
miRNA cargo would enable potential
exploration as potential diagnostic, drug
delivery, and drug target discovery tools
for numerous human pathologies
including CVD.

As with any study, we should highlight
some limitations. First, the relatively
restricted size of cohort of children studied
will require additional studies in expanded
cohorts to enable translation of the
molecular miRNA signature into clinical
practice. Second, the restricted quantities of

plasma that were available from the
participants were constrained by the
bioethical committee, and precluded us
from exploring differences in miRNA
expression among specific cell-derived EV,
and limited the quest for more extensive
validation of all differentially expressed
miRNAs for each and every one of the
groups. Finally, the differences noted in BMI
z scores between the OSA subgroups and
between these groups and control
subjects could signify that BMI may be
a contributor to some of the exosome
changes observed among patients with
OSA, particularly those with ED.
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Figure 4. miRNA (hsa-miR-630) gene targets in human endothelial cells. Left heatmap depicts differentially expressed genes as determined via
experiments comparing the effects of exosomes from seven children with endothelial dysfunction (ED) treated with either hsa-miR-630 mimic or control.
Right heatmap shows differentially expressed genes as determined by experiments comparing the effects of exosomes of eight subjects with normal
endothelial function (NEF) treated with hsa-miR-630 inhibitor and seven subjects with NEF treated with scrambled control. These experiments revealed a
total of 416 gene targets in endothelial cells, corresponding to 10 major functional pathways, of which Nrf2 and tight junction pathways are shown for
illustration purposes. Note that several of the putative hsa-miR-630 gene targets identified in the mRNA arrays were subsequently verified using reverse-
transcriptase polymerase chain reaction strategies. miRNA =microRNA.
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In summary, we have shown that a
dichotomous vascular outcome, such as the
presence or absence of ED in pediatric OSA
or in OB without OSA, as indicated by
postocclusive hyperemic responses, can be
recapitulated by in vitro or in vivo effects of
plasma exosomes. Such exosome-induced
alterations on naive endothelial cells or

murine vascular responses can be
explained, at least in part, by changes in
miRNA-630 expression and its downstream
coordinated effects on approximately 416
gene targets. Improved understanding
of the mechanisms responsible for
the differential individual vascular
susceptibility to OSA or obesity in children

should allow for improved delineation of
CVD risk phenotypes, and for formulation
of more individualized therapeutic
strategies in those children at risk for future
CVD. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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