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Abstract

Recent data supporting any benefit of stem cell therapy for ischemic heart disease have suggested paracrine-based mecha-
nisms via extracellular vesicles (EVs) including exosomes. We have previously engineered cardiac-derived progenitor cells
(CDCs) to express a peptide inhibitor, bARKct, of G protein-coupled receptor kinase 2, leading to improvements in cell prolifer-
ation, survival, and metabolism. In this study, we tested whether bARKct-CDC EVs would be efficacious when applied to
stressed myocytes in vitro and in vivo. When isolated EVs from bARKct-CDCs and control GFP-CDCs were added to cardiomy-
ocytes in culture, they both protected against hypoxia-induced apoptosis. We tested whether these EVs could protect the
mouse heart in vivo, following exposure either to myocardial infarction (MI) or acute catecholamine toxicity. Both types of EVs
significantly protected against ischemic injury and improved cardiac function after MI compared with mice treated with EVs
from mouse embryonic fibroblasts; however, bARKct EVs treated mice did display some unique beneficial properties including
significantly altered pro- and anti-inflammatory cytokines. Importantly, in a catecholamine toxicity model of heart failure (HF),
myocardial injections of bARKct-containing EVs were superior at preventing HF compared with control EVs, and this catechol-
amine toxicity protection was recapitulated in vitro. Therefore, introduction of the bARKct into cellular EVs can have improved
reparative properties in the heart especially against catecholamine damage, which is significant as sympathetic nervous sys-
tem activity is increased in HF.

NEW & NOTEWORTHY bARKct, the peptide inhibitor of GRK2, improves survival and metabolic functions of cardiac-derived pro-
genitor cells. As any benefit of stem cells in the ischemic and injured heart suggests paracrine mechanisms via secreted EVs,
we investigated whether CDC-bARKct engineered EVs would show any benefit over control CDC-EVs. Compared with control
EVs, bARKct-containing EVs displayed some unique beneficial properties that may be due to altered pro- and anti-inflammatory
cytokines within the vesicles.

bARKct; cardiac derived cells; cardiomyocytes; extracellular vesicles; GRK2; microRNAs

INTRODUCTION

Myocardial infarction (MI) is a leading cause of mortality
and morbidity in developed nations, and there remains a
need for effective therapies that significantly mitigate tissue
damage or regenerate the myocardium. Embryonic stem
cells, adult stem cells, and progenitor cell types have been
attractive candidates for treatment for post-MI heart failure
(HF), however, these cells have not led to any significant
therapies as of yet and controversy remains that they will
never be effective (1). Accordingly, next-generation cell-
based therapies have been emerging andmuch attention has
now shifted to secreted vesicles from various stem and

progenitor cell populations (2–4). This research began since
injected stem cells do not remain in the heart and do not dif-
ferentiate into adult myocytes, but potential benefits suggest
a paracrine mechanism from the cells (5) or substances
released from dying cells (6). Thus, attention has turned to
delivering purified exosomes secreted from various stem/
progenitor cells.

Exosomes are secreted extracellular vesicles with a cell-
manufactured lipid bilayer and range in size from 50 nm
to 150nm in diameter (7). They can be isolated from numer-
ous cell lines (8) and also body fluids, including saliva,
blood, pericardial fluid, and urine (9). Typically, exosomes
carry nucleic acids and proteins, and critical cargo include
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noncoding RNAs such as micro-RNAs (10, 11). Studies have
shown that the environment that cells are grown in or are
exposed to can alter the characteristics of exosome cargo,
however, the specificity of such changes is still not fully
understood (8, 12). Accordingly, in fields such as cancer, exo-
somes from patient blood are being explored as biomarkers
for both disease and treatment response (13). Moreover,
there has been research into using exosomes as specific car-
riers for gene therapy or small molecule therapeutics (14, 15).
Importantly, exosome delivery as antitumor therapy in
humans was found to be safe (16).

As aforementioned, in the cardiovascular field, attention
has turned from stem/progenitor cell injections after MI to
exosomes. In particular, stem/progenitor cell-derived exo-
somes have been used to rescue post-MI HF in animal mod-
els (2–4). A few studies used exosomes purified from a
resident c-kitþ cardiac-derived progenitor cell (CDC) (17–19),
a cell that has been the center of controversy in the cardio-
vascular arena (20, 21). Regardless of the true nature of these
CDCs, exosomes from these cells, when injected into the
post-MI heart, enhance endothelial cell migration, indicat-
ing angiogenic effects and also have been shown to reduce
myoblast apoptosis in vitro (19) and decrease myocyte cell
death post-MI (17). Interestingly, exosomes from CDCs
exposed to hypoxia had improved reparative properties in
vivo when compared with exosomes isolated from normoxic
cells (18).

The latter observation raises the notion that the myocar-
dial reparative properties of exosomes, especially from this
CDC population, could be enhanced either via the environ-
ment or altered signaling pathways within cells. On this
note, we have previously engineered CDCs to express a pep-
tide inhibitor of G protein-coupled receptor kinase 2 (GRK2),
which led to improved metabolic properties of these cells
and also enhanced proliferation and survival after stress
compared with control CDCs expressing green fluorescent
protein (GFP) (22) This peptide, bARKct, inhibits the G pro-
tein activation of GRK2 as well as its mitochondrial-localized
cell death activity (23). Myocardial bARKct expression has
been shown to protect against ischemic injury and death and
also reverse post-MI HF (24–26). Therefore, we hypothesize
that extracellular vesicles (EVs) including exosomes (here-
after referred to as EVs) from cells expressing bARKct may
have enhanced reparative properties for the injured myocar-
dium. Accordingly, in this study, we have characterized EVs
from bARKct-containing CDCs, comparing them to EVs from
control GFP-CDCs. We have tested their prosurvival proper-
ties in myocytes after hypoxia- or catecholamine-induced
injury in vitro as well as their in vivo reparative properties
against injured and stressedmyocardium in themouse.

METHODS

Extracellular Vesicle Generation from CDCs

Mouse cardiac-derived c-Kitþ cells (CDCs) previously
modified to stably express the bARKct peptide (bARKct-CDCs)
or GFP-CDCs were cultured as described (22). CDCs containing
bARKct also contained GFP as the lentivirus used had a bicis-
tronic cassette for this marker protein (22). Cells from passage
21 to 27 were used to generate extracellular vesicles (EVs). CDCs

were cultured to 90% confluence in DMEM: F12 (1:1) media
with 10% fetal bovine serum (FBS), Insulin-Transferrin-
Selenium (ITS, Lonza, 17-838Z), fibroblast growth factor (FGF,
Peprotech, AT-100-18B), epidermal growth factor (EGF,
Peprotech, AT-100-15), leukemia inhibitory factor (LIF,
Millipore, ESG-1107), and 1% penicillin-streptomycin (PS), and
then at 90% confluence the media was changed to DMEM: F12
(1:1) without FBS but containing ITS, FGF, EGF, LIF, and PS.We
have used the differential ultracentrifugation method, the
method used to isolate exosomes over the past few years, to iso-
late EVs. After 40h, the cellmedia were collected and subjected
to sequential centrifugation at 4,400rpm for 15min (Centrifuge
5702R, Eppendorf) and then at 10,000g for 30min to remove
cell debris, and finally at 100,000g for 75min (Optima L-90K
ultracentrifuge, Beckman Coulter SW 70 Ti rotor). The EVs
were washed once in PBS and collected by centrifugation at
100,000g for 60min. The EVs pellet was resuspended in PBS
and an aliquot was used to measure EVs number and size dis-
tribution using Nanosight technology (model NS300, Malvern
Instruments Ltd., Worcestershire, UK) according to the manu-
facturer’s instructions (27). Remaining EVs were stored at
�70�C until further use. The primary mouse embryonic fibro-
blast (MEF) cell line was purchased form Sigma-Aldrich
(untreated PMEF, passage 3). The MEF were cultured up to 5
passages in DMEM with 10% FBS, 1% PS, and 1% L-glutamine
and then changed to DMEM with 10% exosome free FBS (EF-
FBS) and PS. After 40h, the cell media were collected and EVs
were isolated by differential ultracentrifugation.

Western blotting for the exosomal marker proteins, flotil-
lin, and HSP70 was also performed.

To examine EVs morphology, electron microscopy was
performed on a Joel 1010 transmission electron microscope
(Joel Ltd, Warwickshire, UK) after a standard staining proce-
dure with 0.5% uranyl acetate.

Gene Chip miRNA Array

EVs were isolated and total RNA was prepared using the
miRNeasy kit (Qiagen) according to the manufacturer’s
instructions. Gene chip miRNA array was conducted by Fox
Chase Cancer Center, Genomics Facility. Total RNA concen-
tration was measured using the 2100 Bioanalyzer with
Eukaryote Total RNA nano (Affymetrix). The microarray
assay was performed using the GeneChip miRNA 4.0 assay
protocol from Thermo Fisher Scientific. For each sample,
130ng of RNA was labeled using the FlashTag Biotin RNA
Labeling Kit (Thermo Fisher Scientific). The labeled RNA was
quantified, fractionated, and hybridized to the miRNA 4.0
microarray according to the manufacturer’s instructions. The
miRNA microarray chips were washed and stained using the
Genechip Fluidics Station 450. Finally, themiRNAmicroarray
chips were scanned using an Affymetrix GCS 3000 scanner,
and the signal values were evaluated using the Affymetrix
GeneChip Command Console software.

RNA Extraction/cDNA Synthesis/Reverse Transcriptase-
Quantitative Polymerase Chain Reaction for miRNA
Expression

EVs were isolated and total RNA was prepared using the
miRNeasy kit (Qiagen) according to the manufacturer’s
instructions. Total RNA concentration was measured using
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the NanoDrop 2000 (Thermo Fisher Scientific). cDNA was
synthesized using the miRScript II RT kit (Qiagen). cDNA
was subjected to reverse transcriptase-quantitative polymer-
ase chain reaction (RT-qPCR) using iQ SYBR Green Supermix
(Bio-Rad) on the CFX96 Touch System (Bio-Rad), using the
thermal profile suggested by the manufacturer. Expression
levels of miRNAs in the GFP and bARKct EVs were quantita-
tively compared using the DDCt method with 5S-rRNA as the
endogenous control for expression.

The following miRCURY LNA miRNA primers for miRNA
expression were purchased from Exiqon: mmu-mir-346-5p,
mmu-miR-7004-5p, mmu-miR-3065-5p, mmu-miR-7b-3p,
mmu-miR-1903, mmu-miR-3473f, and 5S.

The followingmiScript Primer Assays were purchased from
Qiagen, SNORD95 (MS00033733), SNORD96A (MS00033726),
RNU6-2(MS00033740), mmu-mir-294-3p (MS00001988), and
mmu-mir-294-5p (MS00032627).

In Supplemental Fig. S2 (all Supplemental Material avail-
able at https://doi.org/10.6084/m9.figshare.13604135.v1), the
expression levels of mmu-miR-294 in the GFP, bARKct, and
MEF EVs were quantitatively compared using the DDCt
method with SNORD95, SNORD96A, and RNU6-2, as the ref-
erence genes used for normalization.

Hypoxia and Combined Hypoxia with Isoproterenol in
NRVMs to Simulate In Vivo Ischemic Injury

Neonatal rat ventricle cardiomyocytes (NRVMs) were iso-
lated from neonatal rat ventricles (1- to 2-days-old), as previ-
ously described (28). The isolated cells were cultured in
Ham’s F10 Medium (Corning) supplemented with 10% horse
serum (HS), 5% FBS, and 1% PS. The day after plating, NRVM
were washed in phosphate-buffered saline (PBS) and were
cultured in in Ham’s F10 without FBS and 2 � 1010 EVs were
added for 4h. The cells were then placed into a hypoxia
chamber (CO2/O2 incubator, Galaxy 14S, Eppendorf) with 1%
O2, 5% CO2. To quantify the number of apoptotic cells after
20h of hypoxia, TUNEL staining was performed according
to the instructions of the In Situ Cell Death Detection Kit,
Fluorescein (Roche). For immunoblotting and measurement
of caspase 3 activity, NRVMs were harvested after 4 and
20 h. Hypoxia- and isoproterenol-combined injury were con-
ducted by adding isoproterenol (Iso, 100mM) in the media af-
ter 4h of EVs pretreatment and then placed into the hypoxia
chamber for 4 and 20 h. Caspase 3 activity was measured in
these cells with the colorimetric Caspase 3 Assay kit (Abcam
ab39401) according to themanufacturer’s instructions.

Immunoblotting Assay and Immunohistochemistry

EVs, CDC, NRVMs, and mouse heart tissue total protein
was extracted using ice-cold radioimmunoprecipitation
assay (RIPA) buffer with protease and phosphatase inhibitor
(Sigma-Aldrich), and protein concentration was measured
by the BCA method (Pierce). For immunoblotting, protein
samples were loaded on 4%–20% Tris-glycine precast
gels (Bio-Rad) and transferred to nitrocellulose membrane.
Primary antibodies were diluted in Odyssey blocking buffer
(Li-Cor Biosciences) and incubations were performed over-
night at 4�C. Primary antibodies were obtained from the fol-
lowing vendors: Flotillin and HSP70 (Abcam); GRK2 (to
detect the bARKct), GFP, and GAPDH (Santa Cruz); Akt,

p-Akt and Caspase 3 (Cell Signaling). Visualization of immu-
noblot signals was performed using secondary antibodies
coupled to Alexa Fluor 680 (Invitrogen Molecular Probes) or
IRDye 800 (LI-COR Biosciences) and imaged using the
Odyssey CLx infrared imager (LI-COR Biosciences). Odyssey
v. 1.2 imaging software was used to process the images.

Induction of Acute Myocardial Infarction

Male mice, C57BL/6 at 8wk of age were purchased from
The Jackson Laboratories (Bar Harbor, ME). All surgical pro-
cedures and animal care protocols were approved by the
Temple University Animal Care and Use Committee. At 9wk
of age mice underwent MI surgery by ligating the left ante-
rior descending (LAD) coronary artery as reported previously
(29). Concurrently, 1 � 108 EVs from GFP-CDC, bARKct-CDC,
or MEF cells were suspended in 5 μL of PBS and adminis-
tered by intramyocardial injection into the anterior wall,
posterior wall, and apex of the left ventricle. Total injection
volume for each heart was 15 μL and contained 3� 108 ± 7.5%
EVs. The PBS group underwent the same surgery but
received PBS without EVs, and the sham group underwent
surgery without ligation.

High Dose Isoproterenol Injury Model

The high dose isoproterenol (Iso) injury model was per-
formed essentially as described with minor modification
(30). EVs (3 � 108) were injected into the LV and 8h later the
first dose of Iso (300mg/kg/day) was administered via dorsal
subcutaneous (SQ) injection. Iso was administered daily for
an additional 4days (five total injections). A baseline echo
was performed 2 days before EVs delivery, then again 1 and 2
wk after EVs delivery, at which time the study ended and the
mice were euthanized and hearts obtained for histological
analysis. A control group of mice received an LV injection of
PBS instead of EVs, and PBS was administered via dorsal SQ
instead of Iso.

Echocardiography

Echocardiography was performed using the Vevo 2100
imaging system from VisualSonics as described previously
(31). Briefly, two-dimensional echocardiographic views of
the midventricular short axis were obtained at the level of
the papillary muscle tips below the mitral valve. M-mode
measurements were determined at the plane bisecting the
papillary muscles according to the American Society of
Echocardiography’s leading-edgemethod.

Tissue Preparation for Biological and Histological
Analysis

Mice were anesthetized by isoflurane or avertin and blood
was collected from the carotid artery. For biological analysis,
hearts were washed using cold PBS immediately after col-
lecting blood and stored at�80�C. Hearts for histologic anal-
ysis were harvested after cardioperfusion and fixed in 4%
PFA at 4�C for 1–3days with rocking. Hearts were dehydrated
and paraffinized using the Microm STP 120 from Thermo
Fisher Scientific, embedded in paraffin using a HistoStar ap-
paratus (Thermo Fisher Scientific), and sectioned (6μm)
using the Microm HM 325 (Thermo Fisher Scientific). Tissue
sections were stained with Weigert’s iron hematoxylin and
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Masson trichrome (Sigma-Aldrich) according to the manu-
facturer’s instructions. Area and length of heart and MI
region was measured using Nis-Element (v. 4.0) from at least
three sections of one heart. For immunofluorescence stain-
ing, tissue sections were deparaffinized and rehydrated
according to the trichrome staining protocol, but after the
washwith deionized water, heart sections were washed three
times for 5min with PBS, followed by blocking using 10%
BSA for 1h and incubated with primary antibody overnight.
The secondary antibody was conjugated to Alexa Fluor 488
or 594 (1:100 or 1:200 in PBS) for 1h at room temperature in a
humidified chamber in the dark. Tissue sections were again
washed three times for 5min with PBS, followed by mount-
ing with coverslips using Fluoromount-G with DAPI mount-
ing media (Southern Biotech). We used anti-a-sarcomeric
actin antibody (Sigma, A7811) and anti-MPO antibody (Santa
Cruz, SC-390109). Immunohistochemical staining was per-
formed according to the manufacturer’s instructions with
minor modification using antigen unmasking solution
(VECTOR), biotinylated anti-mouse (BA-2001), rabbit IgG
(BA-1000) Ab, VECTASTAIN ABC kit and DAB (VECTOR, SK-
4100). For terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick end labeling (TUNEL) stain-
ing to identify apoptotic cardiomyocytes, heart sections
were stained by a-sarcomeric actin without the antigen
unmasking step and then TUNEL stain was performed
according to instructions of In Situ Cell Death Detection Kit,
Fluorescein (Roche).

Measurement of Cytokine and BNP Gene Expression in
Heart Tissue

Total RNA isolations from heart were performed using the
miRNEasy kit (Qiagen), and cDNA was synthesized using
oligo-(dT) primer and reverse transcriptase (Bio-Rad) accord-
ing to the manufacturer’s protocol. Using the primer sequen-
ces shown below (Sigma Aldrich), synthesized cDNA samples
were subjected to real time RT-qPCR (Bio-Rad CFX96 Touch)
using iQ SYBR Green Supermix (Bio-Rad). Expression levels
between the various groups were quantitatively compared
using the DDCt method with mouse glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) as the endogenous control for
target gene expression.

The primers sequences (written 50-30) were: IL-6, forward:
CCCCAATTTCCAATGCTCTCC, reverse: CGCACTAGGTTTG-
CCGAGTA; IL-10, forward: TAACTGCACCCACTTCCCAG,
reverse: AGGCTTGGCAACCCAAGTAA; MCP-1, forward:
CCCAATGAGTAGGCTGGAGA, reverse: TCTGGACCCAT-
TCCTTCTTG; CCL-4, forward: CCCACTTCCTGCTGTTT-
CTC, reverse: GTCTGCCTCTTTTGGTCAGG; BNP, for-
ward: CTGAAGGTGCTGTCCCAGAT, reverse: CCTTGG-
TCCTTCAAGAGCTG; GAPDH, forward: CCCTTAAGAG-
GGATGCTGCC, reverse: TACGGCCAAATCCGTTCACA.

Statistics

For experiments in mice, results are presented as means ±
SE, and in cell experiments using NRVMs, results are repre-
sented as means ± SD, computed from the average measure-
ment obtained from each three or four repeat experiments.
Comparison of three or more groups is performed by one-
way or two-way ANOVA with Tukey’s multiple comparisons

test or nonpaired t test. P < 0.05 is considered statistically
significant. Statistical analysis was performed using Graph
Pad prism v. 8.0 software.

RESULTS

bARKct-CDC EVs Characterization and microRNA
(miRNA) Content

Our previous studies focused on how the GRK2 inhibitory
peptide, bARKct, altered the proliferative, metabolic, and
overall survival properties of CDCs, and indeed, the presence
of the bARKct did improve all of these conditions (22). In this
study, we wanted to determine if EVs from these genetically
engineered cells could transfer these beneficial properties to
stressed myocytes and if the presence of this peptide alters
content or cargo. We used multiple approaches to character-
ize and confirm the purity of the isolated EVs. First, the pro-
tein band pattern of the EVs was analyzed by Coomassie
Blue staining of the gel, and we found it to be different than
that of the original cellular lysate from which the EVs were
isolated (Supplemental Fig. S1A). Next, the isolated vesicles
were enriched in the protein markers HSP70 and flotillin
which is characteristic of EVs (Supplemental Fig. S1B).
Finally, we examined the morphology and size distribution
and found that the vesicles were appropriately sized as deter-
mined by the electronmicroscopy and Nanosight. The mode
size of GFP-CDC-EVs and bARKct-CDC EVs were similar
(GFP-CDC EVs, 119.67±6.66nm, bARKct-CDC EVs, 116.47±
2.81nm) (Supplemental Fig. S1,C andD).

Both GFP and bARKct were identified by immunoblot to
be present in the exosomes (Supplemental Fig. S1B). Since
previous studies have shown miRNAs to be a major compo-
nent of exosomal cargo that can have beneficial properties
on the injured heart (32), we first examined whether the
miRNA content from bARKct-CDC EVs differed significantly
from control GFP-CDC EVs. We isolated RNA from purified
CDC EVs and carried out a miRNA array analysis. Shown in
Fig. 1A is the comparison between miRNA content from
bARKct-CDC EVs versus GFP-CDC EVs. Using a twofold
threshold (P value<0.05), we found limited differences in
the miRNA content between the two sets of EVs, with only
six miRNAs upregulated in the bARKct-CDC EVs and 10 spe-
cies downregulated (Fig. 1B). Validation using quantitative
RT-PCR using exosomal RNA content confirmed that of the
six candidates that emerged from the array, two miRNAs
were significantly upregulated with bARKct present in
EVs, these being miRNA-7004 and miRNA-7b (Fig. 1C) (P
value<0.05).

In Vitro Delivery and Effects of bARKct-CDC EVs on
Cardiomyocyte Survival Signaling and Cell Death after
Hypoxic Stress

A major goal of this study was to determine if EVs from
bARKct-containing CDCs had beneficial protective proper-
ties on the ischemic heart and to explain any effects that
have been seen when CDCs were injected into the ischemic
heart as a paracrine mechanism. We initially examined sur-
vival signaling via the activation of the survival kinase Akt in
NRVMs and found that both bARKct-CDC EVs (P
value<0.01) and GFP-CDC EVs (P value<0.001), when
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added to NRVMs in culture, activated Akt significantly com-
pared with vehicle-treated NRVMs and myocytes treated
with EVs from mouse embryonic fibroblasts (MEFs) as nega-
tive controls that showed no Akt activation (Fig. 2, A and B).
Next, we determined if activation of Akt was altered in
NRVMs under hypoxic stress and whether EVs had any
effect on the activation status of this survival kinase.
As expected in vehicle-treated control conditions, 4h of
hypoxic stress caused a significant reduction of activated
Akt compared with myocytes under normoxic conditions (P
value<0.001), whereas EVs treatment (using 2 � 1010 exo-
somes) before hypoxia resulted in attenuation of this
decrease (Fig. 2, C and D). As with treatment of normal
NRVMs, the improvement in Akt activation trended to be
higher with bARKct-CDC EVs (GFP EVs; P value<0.01 and
bARKct EVs; P < 0.005). Importantly, the significant myo-
cyte cell death induced by chronic hypoxia that was seen af-
ter vehicle treatment (P < 0.001), as measured by TUNEL
staining, was significantly attenuated by both types of EVs

with limited NRVM apoptosis even after 20h of hypoxia
(GFP EVs; P value<0.005 and bARKct EVs; P < 0.001) (Fig.
2E). To gain mechanistic insight into the effects of CDC-
derived EVs on myocyte cell death after hypoxia, we exam-
ined cleaved caspase 3 after 20h of hypoxia and saw a signif-
icantly lower level of this proapoptotic marker with both
type of CDC EVs compared with the higher cleaved caspase 3
in saline-treated control myocytes (GFP EVs; P < 0.05 and
bARKct EVs; P< 0.05) (Fig. 2, F andG).

In Vivo Delivery and Effects of bARKct-CDC and GFP-
CDC EVs in a Mouse Model of Myocardial Infarction and
Heart Failure

Previous studies have shown that prepared from CDCs af-
ter exposure to hypoxic culture conditions provided some
therapeutic benefit when delivered to the ischemic mouse
heart after MI (18). We wanted to test whether EVs from
CDCs that were engineered to have better survival and me-
tabolism via bARKct expression would offer any therapeutic
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Figure 1. Analysis of miRNA expression profile of bARKct and green fluorescent protein (GFP) extracellular vesicle from cardiac-derived progenitor cells
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advantage. Therefore, we injected bARKct-CDC EVs and
GFP-CDC EVs into the infarcted mouse heart and followed
their physiological phenotype for 4wk. Specifically, 3 � 108

EVs in 15mL saline were injected into three different areas of

the infarcted LV immediately after coronary artery ligation
(29). EVs -treated mice were compared to sham-operated
controls as well as MI mice injected with saline (PBS) or the
same number of EVs from MEFs. We followed these five
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Figure 2. Cardioprotective effect of bARKct and green fluorescent protein (GFP) extracellular vesicles (EVs) in neonatal rat ventricle cardiomyocytes
(NRVMs) exposed to hypoxia. A: representative immunoblot showing p-Akt level NRVMs treated with extracellular vesicles (EVs). B: bar graph of pAKt/
Akt ratio. C: representative immunoblot of phosphorylation of Akt Ser473 and total Akt after hypoxia treatment in EVs-treated NRVMs. D: bar graph of p-
Akt/total Akt ratio with hypoxic injury. E: bar graph of TUNEL stain positive cells after 20h hypoxic injury. F: representative Western blot of cleaved Cas-3
after 20h hypoxic injury. G: bar graph of cleaved caspase 3/caspase 3 ratio after 20h hypoxic injury. Means ± SD, ANOVA test P value of all results is
<0.001 or <0.005 and ANOVA followed by Tukey’s multiple comparison test. �P < 0.05, ��P < 0.01, ���P < 0.005, and ����P < 0.001 and ANOVA
test P value of all results is<0.001 or<0.005. In D, n =4 different experiments and others n = 3 different experiments.
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groups of mice by echocardiography (echo) with a pre-MI
echo and then at 1, 2, and 4wk post-MI (Fig. 3, A–C). As
expected, in the MI mice treated with saline, there was a sig-
nificant loss of cardiac function as measured by left

ventricular (LV) ejection fraction (%EF) at 1wk post-MI that
progressed out to 4wk (P < 0.001 vs. sham) and importantly,
injection of EVs from MEFs did not alter the functional
response (P > 0.05 vs. MI-PBS) (Fig. 3A). In contrast, EVs
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Figure. 3. The green fluorescent protein (GFP) and bARKct extracellular vesicles (EVs) attenuated heart remodeling and preserved heart function after MI.
A–C: serial measures of cardiac ejection fraction, LVIDd and LVIDs measured at baseline and at 1, 2, and 4wk post-MI. LV systolic function was preserved
by the both cardiac-derived progenitor cell (CDC) extracellular vesicles (EVs) treatment groups compared with MEF EVs and PBS treatments. D and E: bar
graphs of heart weight/body weight ratio and heart weight/tibia length ratio. F: representative four chamber view images of Masson Trichrome (MT) staining
4wk post-MI. G–J: bar graphs of histopathological parameters, LV length, LV chamber area, MI/LV length ratio (%), and MI length as measured from tissue
sections. Means ± SE, sham (n=9), MI-PBS (n= 14), MI-GFP EVs (n= 10), MI-bARKct EVs (n= 11), MI-MEF EVs (n=9), ANOVA test P value of all results is<0.001
or<0.005 and ANOVA followed by Tukey’s multiple comparison test. �P< 0.05, ��P< 0.01, ���P< 0.005, and ����P< 0.001.
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from both bARKct (P < 0.05 vs. MI-PBS) and GFP containing
CDCs (P < 0.01 vs. MI-PBS) significantly improved cardiac
function throughout the 4-wk study period (Fig. 3A). Cardiac
dilatation is amarker of post-MI heart failure (HF) and LV in-
ternal dimensions during systole and diastole were meas-
ured as well, and post-MI saline-treated animals showed
significant enlargement of the LV by these measures (P <
0.001 vs. sham) that was not significantly altered by the
MEF-derived EVs (P > 0.05 vs. MI-PBS), but both the CDC
derived bARKct (P < 0.05 vs. MI-PBS) and GFP EVs (P < 0.01
vs. MI-PBS) significantly attenuated this pathological
enlargement (Fig. 3, B and C). Since mir-294 has been shown
to be an important mediator of beneficial response in myo-
cytes (33), we investigated if this could be why the MEF-EVs
did not improve cardiac function, whereas the CDC-derived
EVs did. As shown in Supplemental Fig. S2, we found that
both types of CDC-EVs contained significantly higher
amount ofmir-294, indicating the importance of cell-specific
cargomiRNA (P< 0.05 vs. MEF EVs).

After 4wk, mice were euthanized and hearts used for mor-
phometric, histological, biochemical, and molecular analy-
ses. As a hallmark of pathological remodeling post-MI,
control MI-PBS (P < 0.001 vs. sham) and MI-MEF EVs (P <
0.005 vs. sham) treated hearts had significantly increased
heart weight, normalized to body weight (HW/BW) and tibia
length (HW/TL) (Fig. 3, D and E). Consistent with the echo
data above, bARKct-CDC EVs (P < 0.05 vs. MI-PBS) and GFP-
EVs-treated hearts (P < 0.05 vs. MI-PBS) were significantly
smaller (Fig. 3, D and E), which can be visualized in stained
sections from the five groups at 4wk post-MI and treatment
(Fig. 3F). From these histological sections, several measure-
ments were taken showing that both types of CDC EVs
decreased LV remodeling compared with MI-PBS as meas-
ured by LV length (GFP EVs; P < 0.05 and bARKct EVs; P <
0.005) (Fig. 3G), LV chamber area (GFP EVs; P < 0.005 and
bARKct EVs; P < 0.001) (Fig. 3H), infarct:LV ratio (GFP EVs
and bARKct EVs; P < 0.001) (Fig. 3I), and infarct length (GFP
EVs and bARKct EVs; P < 0.001) (Fig. 3J). Importantly, these
significant improvements were not seen in hearts treated
with EVs from MEFs, in which LV remodeling and injury
did not differ from saline-treated MI hearts (P > 0.05) (Fig.
3, G–J).

Using this MI model, we also addressed whether the EVs
had any acute cardioprotective properties and assessedmyo-
cardial apoptosis using TUNEL staining of sections 2days
after MI and EVs delivery. We also assessed early inflamma-
tory cell infiltration of the day 2 post-MI hearts, specifically
staining with myeloperoxidase marking neutrophils in the
infarcted heart. As shown Fig. 4A and B, CDC-derived EVs
regardless of cargo significantly decreased the apoptotic
cardiomyocyte ratio compared with saline (GFP EVs; P <
0.005 and bARKct EVs; P < 0.01) and MEF-EVs-treated MI
hearts (GFP EVs; P < 0.001 and bARKct EVs; P < 0.005).
Furthermore, neutrophils were found significantly up in
MI-saline hearts compared with sham (P < 0.0001) but
CDC EVs treatment regardless of origin had significantly
less of these immune cells (GFP EVs; P < 0.01 and bARKct
EVs; P < 0.001) (Fig. 4, C and D).

We evaluated mRNA levels of key cytokines in heart tissue
at the day 2 post-MI time point and also measured these in
the blood via an ELISA. MI increased the mRNA level of

proinflammatory cytokines IL-6 (P < 0.01), MCP-1 (P <
0.0001), and CCL-4 (P < 0.05) in the heart compared with
sham hearts but not the protective cytokine IL-10 (Fig. 4E).
Interestingly, bARKct-CDC EVs had significantly less proin-
flammatory IL-6 (P < 0.05) and MCP-1 (P < 0.05) compared
with any other treatment, demonstrating a clear advantage
for these EVs in this model (Fig. 4E). GFP-CDC EVs-treated
hearts as well as bARKct-CDC EVs-treated hearts both had
decreased BNP levels showing less remodeling and HF and
the bARKct-CDC EVs group trended to be the lowest, consist-
ent with positive results above (GFP EVs; P < 0.05 and
bARKct EVs; P< 0.005 vs. MI-PBS) (Fig. 4F).

In blood, first we examined cardiac troponin I (cTnI) as a
marker of injury, and as expected, MI mice had significantly
elevated levels of this in vivo marker of myocyte death (P <
0.01 vs. sham) and all EVs decreased this marker but not
significant difference (P > 0.05 vs. MI-PBS) (Fig. 4G).
Furthermore, only GFP-CDC EVs-treated post-MI mice
showed a significant decrease of IL-6 (P < 0.05 vs. MI-PBS)
(Fig. 4H), however bARKct-CDC EVs-treated post-MI mice
had a significant increase of the anti-inflammatory cytokine
IL-10 (P < 0.01) (Fig. 4I), consistent with bARKct having
some beneficial advantage over other EVs, although this did
not result in a significant chronic functional benefit.

Effects of bARKct-CDC EVs versus GFP-CDC EVs in a
Catecholamine-Induced Cardiac Injury Model

As a secondmodel of cardiac injury and to gain mechanis-
tic insight, we used a catecholamine toxicity model where
high dose isoproterenol (ISO) was delivered to myocytes in
vitro. First, in cultured NRVMs, Iso increased the activity of
the apoptotic marker caspase 3 in a time-dependent manner,
with 16h (P< 0.01 vs. PBS) having higher caspase 3 activation
than 4h (P < 0.05 vs. PBS) (Fig. 5, A and B). Interestingly,
GFP-CDC EVs and bARKct-CDC EVs both caused decreased
caspase 3 activation following Iso treatment, with bARKct-
CDC EVs trending toward better protection in this model,
especially at the 16h time point (GFP EVs; P > 0.05 and
bARKct EVs P< 0.05 vs. Iso) (Fig. 5,A and B).

In mice, we injected 300mg/kg/day of Iso dorsal SQ for
five consecutive days, which has been shown to cause acute
cardiac toxicity that results in significant dysfunction and
HF chronically (30). Indeed, we saw significant LV dysfunc-
tion via echo at 2wk post-Iso (P < 0.001 vs. PBS) (Fig. 5C),
and interestingly, bARKct-CDC EVs delivered on day 1,
before the first Iso injection, totally prevented this dysfunc-
tion compared with the control condition of saline (P < 0.01)
and MEF-EVs treatment (P < 0.01), or GFP-CDC EVs (P <
0.05) (Fig. 5C). This demonstrates that the presence of
bARKct in CDC and resulting EVs have differential benefits
in this model, and it may have to do with GRK2 inhibition,
which is a property of the bARKct peptide (28).

The results in Fig. 5C directed us to reexamine in vitro
mechanistic effects of bARKct-CDC EVs, and we developed a
new injury model for myocytes (NRVMs), which consisted of
20h of hypoxia combined with 100mM Iso. The goal of this
stress was tomimic high catecholamines after myocardial is-
chemic injury. We found that myocyte apoptosis was robust
(P < 0.01 vs. normoxia PBS), and although both types of CDC
EVs were effective at reducing cell death (GFP and bARKct
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EVs; P < 0.05 vs. hypoxia Iso), bARKct-CDC EVs were more
beneficial as shown by TUNEL staining (P < 0.05 vs. GFP
EVs) (Fig. 6A). This was also evident in the amount of acti-
vated caspase 3 under these conditions (bARKct EVs; P <

0.05 vs. Iso) (Fig. 6B).

DISCUSSION

After dozens of studies in post-MI models, including clini-
cal trials, using some sort of stem/progenitor cell delivery to
regenerate ischemic myocardium, there is consensus that
these cells cannot generate new myocytes (34, 35). Even
though some studies in animalmodels showed that cell ther-
apy did improve cardiac structure and function, there was
no significant new myocyte formation and the injected cells
were usually gone from the heart after several days. There
are a few hypotheses for why improvement in post-MI func-
tion was found without the continued presence of the cells
or appreciable regeneration including the paracrine hypoth-
esis where injected stem cells secrete substances that can

improve survival of ischemic myocytes and cause better out-
comes (32, 36). A more recent study showed that injection of
any cells elicits an inflammatory response in the host myo-
cardium that can lead to changes that stimulate the small
improvements seen in cardiac function (37).

In our study, we used secreted EVs from a cardiac-derived
progenitor cell that has been shown to improve some small
animal models of post-MI remodeling, although they clearly
do not regenerate myocytes (17–19, 38), and show that these
EVs can improve cardiac function of the post-MI mouse
heart when delivered at the time of MI. Furthermore, we
tested a CDC line that was engineered to express a known
profunction and prosurvival peptide, bARKct, which is an in-
hibitor of the Gbc-activation of G protein-coupled receptor ki-
nase-2 (GRK2). We have previously reported that when the
bARKct is put into these CDCs there is a significant improve-
ment in cell survival, proliferation, metabolism, and b-adre-
nergic tolerance (22). As GRK2 profoundly affects b-adrenergic
receptors in the heart, in addition to the MI model, we used a
catecholamine toxicity model to address the effectiveness of

Figure 4. Green fluorescent protein (GFP) and bARKct extracellular vesicles (EVs) injection into LV decreased myocyte cell death and infiltration of
inflammatory cell 2 days post-MI. A: representative images of TUNEL staining in the myocardium. Green is a-sarcomeric actin, red is TUNEL stain and
blue is DAPI. B: bar graph of percent TUNEL positive cells. C: representative images of neutrophil staining detected by antimyeloperoxidase antibody
(MPO, brown color). D: bar graph of MPO positive stain cell number. Means ± SE, sham (n = 5), MI-PBS (n = 8), MI-GFP EVs (n = 7), MI-bARKct EVs (n = 6),
and MI-MEF EVs (n = 6). E: select cytokine gene level in heart tissue as measured RT-qPCR. F: bar graph of BNP mRNA level in heart tissue. G: bar graph
of cardiac troponin I (cTNI) level in blood. H and I: quantification of select cytokines in blood. Means ± SE, ANOVA followed by Tukey’s multiple compari-
son test. �P < 0.05, ��P < 0.01, ���P < 0.005, and ����P < 0.001. E–I is sham (n = 4), MI-PBS (n = 4), MI-GFP EVs (n = 4), MI-bARKct EVs (n = 4), MI-MEF
EVs (n = 3), and G is n = 5–8. B, G, and I, N/D is not detectable. EVs; extracellular vesicles.
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Figure 5. EVs decrease caspase 3 activity in neo-
natal rat ventricle cardiomyocytes (NRVMs) treated
with Iso and improve heart function in vivo. A and
B: activity of caspase 3 measured by colorimetric
ELISA at 4 h (A) and 16h (B). Means ± SD, n = 3. C:
bARKct EVs improve ejection fraction at 2wk time
point in Iso toxicity model, means ±SE, ANOVA fol-
lowed by Tukey’s multiple comparison test. �P <
0.05, ��P < 0.01, vehicle (n =9), Iso-Veh (n =8),
Iso-GFP EVs (n =8), Iso-bARKct EVs (n =9), Iso-MEF
EVs (n =8). EVs; extracellular vesicles.
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these bARKct-CDC EVs and compared them to control
CDC EVs purified from cells expressing GFP and also EVs
from MEFs. It is important to note that the bARKct-CDC
EVs also express GFP via the use of a bicistronic lentivirus
to stably engineer these cells with the therapeutic peptide.
Importantly, we found that the bARKct was found in the
EVs.

Surprisingly, even though the presence of the bARKct
improved several cellular phenotypes in the CDCs, EVs from
these cells showed minimal differences in micro-RNA cargo
compared with GFP-CDC EVs. Previous studies have shown
that miRNA cargo is important for any beneficial effects of
stem cell exosomes. These studies included beneficial
actions of exosomes regulating inhibition of phosphatase
and tensin homolog (PTEN) and mTOR signal by exosomal
miRNAs such as mir 19a (39) and 21-5p (40). Furthermore,
Qiao et al. (40) tested two types of exosomes isolated from
explant-derived cardiac stromal cells from patients with HF
(FEXO) or from normal donor hearts (NEXO) and compared
their regenerative activities in vitro and in vivo. They
showed that mir21-5p was upregulated in NEXO exosome
whereas FEXO exosomes activated Akt signaling via inhibi-
tion of PTEN (40). They also found 13 miRNAs upregulated
in NEXO exosomes and, interestingly, we found 7 of the 13

miRNAs in GFP-CDC EVs and 8 of 13 miRNAs in bARKct-
CDC EVs within the 20 most highly expressed miRNAs (40).
The miR21a-5p was high in both EVs and one such
miRNA shown to increase Akt, miR-24-3p, was upregu-
lated in bARKct-CDC. Thus, even though there were mini-
mal changes between our two types of EVs, there were
differences that supported our hypothesis that bARKct-
containing EVs would be superior in therapeutic efficacy.
However, both types of EVs increased Akt activation in myo-
cytes supporting in vitro and in vivo cardioprotection.

Since the bARKct itself was present in these EVs, we pos-
ited that they would have more beneficial effects when
administered to stressed myocytes in culture or the injured
heart in vivo. Thus, we did not expect that even the GFP-
CDC EVs would have significant protective effects on myo-
cytes placed in a hypoxic environment. Indeed, both types of
CDC EVs improved survival signaling and decreased apopto-
sis in hypoxic myocytes. This similarity between bARKct-
CDC EVs and GFP-CDC EVs extended to beneficial effects in
vivo when injected to mouse hearts after permanent LAD
occlusion and MI. Importantly, these CDC-derived EVs pro-
duced significant improvement in cardiac function up
to 4wk post-MI, and mechanistically, we found less cell
death, inflammatory markers, and immune cell infiltration
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compared with saline-treated and MEF-EVs-treated controls.
One important difference that we did find with bARKct-CDC
EVs was improvement in the cytokine profiles with increased
anti-inflammatory cytokine IL-10 in the hearts and plasma
and lower proinflammatory IL-6. Even though these differen-
tial positive effects were seen after bARKct-containing CDC
EVs treatments, they did not translate to more beneficial car-
diac function, which could mean we missed increased effi-
cacy at shorter or longer windows of observation. Although
we focused on apoptosis in this study, necrosis would likely
be an important contributor to cell death after MI, as myo-
cytes can die rapidly by necrosis (41). We specifically
addressed apoptosis in our mice and cells via TUNEL staining
and activated caspase, however we did not directly assess ne-
crosis. This is something that may limit our mechanistic
insight; however, it is possible that since ROS can potentiate
necrosis, we would see something similar with our CPC-EVs
as we did for apoptosis.

Importantly, where we did find an advantage of using
bARKct-engineered CDC EVs was in a high catecholamine
toxicity and HF model. Compared with control CDC-EVs,
bARKct-CDC-EVs prevented LV dysfunction in this model
and this could apparently be due to GRK2 inhibition by the
transferred bARKct, and improvement in b-adrenergic sig-
naling as we have shown in several other models with
bARKct gene therapy in the heart (24–26). Mechanistically,
in myocytes exposed to catecholamines as well as hypoxia,
bARKct-CDC EVs had superior effects at decreasing cell
death, consistent with the improvement in vivo. Future stud-
ies can focus on whether EVs are superior in delivering
bARKct to the heart over viruses. Furthermore, perhaps
incorporating viral vectors carrying the bARKct cDNA into
EVs would be advantageous, as some laboratories are pro-
moting (42, 43).

Even though these last experiments did show that
bARKct-CDC EVs have some superior properties, in our
hands control GFP-CDC EVs also had therapeutic proper-
ties, especially evident in the post-MI mouse models.
Previous studies using EVs from these cells showed that
only EVs from CDCs exposed to 12 h of hypoxia showed
cardioprotection in a model of transient ischemia-reperfu-
sion (I/R) injury (18). Mechanistically, this study showed
that miRNA cargo in EVs changed when CDCs were
exposed to longer periods of hypoxia with miRNAs pro-
moting survival being upregulated (18). The difference in
our study that showed normal CDC-EVs increasing cardiac
function after MI could be due to the model of permanent
coronary artery dilation and larger injury compared with
I/R or perhaps our culture conditions support EVs that are
more beneficial. Further research is needed to determine
these differential effects.

Conclusions

In this report, we showed that bARKct engineering of a
cardiac-derived progenitor cell could generate EVs contain-
ing this prosurvival and procontractile functional peptide
and that these EVs can be delivered to the ischemic and
injured heart to provide benefit. Our data would suggest that
even though only a few key differences in beneficial effect
between CDC-EVs (GFP) and bARKct-CDC EVs were

observed, the increase in efficacy in the catecholamine
model and the improved cytokine profile in the MI model
suggests that this could be something to continue pursuing.
Furthermore, EVs from these cells, at least in mouse mod-
els, provide robust therapeutic efficacy. Perhaps, combin-
ing bARKct EVs with other types of EVs with known
angiogenic effects, for example, would be advantageous to
elicit prosurvival signaling and increase perfusion of the
injured myocardium.
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