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Intramyocardial injection of hypoxia-conditioned
extracellular vesicles modulates apoptotic signaling in
chronically ischemic myocardium
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ABSTRACT

Objective: Limited treatments exist for nonoperative chronic coronary artery dis-
ease. Previously, our laboratory has investigated extracellular vesicle (EV) therapy as
a potential treatment for chronic coronary artery disease using a swine model and
demonstrated improved cardiac function in swine treated with intramyocardial EV
injection. Here, we seek to investigate the potential cardiac benefits of EVs by using
hypoxia-conditioned EVs (HEV). Specifically, this study aims to investigate the effect
of HEV on apoptosis in chronically ischemic myocardium in swine.

Methods: Fourteen Yorkshire swine underwent placement of an ameroid
constrictor on the left circumflex artery. Two weeks later, swine underwent redo
left thoracotomy with injection of either saline (control, n ¼ 7) or HEVs (n ¼ 7).
After 5 weeks, swine were euthanized for tissue collection. Terminal deoxynucleo-
tidyl transferase dUTP nick end labeling was used to quantify apoptosis. Immuno-
blotting was used for protein quantification.

Results: Terminal deoxynucleotidyl transferase dUTP nick end labeling staining
showed a decrease in apoptosis in the HEV group compared with the control
(P ¼ .049). The HEV group exhibited a significant increase in the anti-apoptotic
signaling molecule phospho-BAD (P ¼ .005), a significant decrease in B-cell
lymphoma 2 (P ¼ .006) and an increase in the phospho-B-cell lymphoma to
B-cell lymphoma 2 ratio (P < .001). Furthermore, the HEV group exhibited
increased levels of prosurvival signaling markers including phosphoinositide 3-
kinase, phosphor-extracellular signal-regulated kinase 1/2, phospho-forkhead box
protein O1, and phospho-protein kinase B to protein kinase B ratio (all P< .05).

Conclusions: In chronic myocardial ischemia, treatment with HEV results in a
decrease in overall apoptosis, possibly through the activation of both pro-survival
and anti-apoptotic signaling pathways. (JTCVS Open 2023;15:220-8)
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TUNEL stain shows a decrease in total apoptosis in
the hypoxia EV group.
,
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CENTRAL MESSAGE

Intramyocardial injection of
hypoxia-conditioned extracel-
lular vesicles results in decreased
overall apoptosis, which is asso-
ciated with an increase in key
antiapoptotic and cell survival
markers.
PERSPECTIVE
Limited treatments exist for nonoperative
chronic coronary artery disease. Intramyocardial
injection of hypoxia-conditioned extracellular ves-
icles (HEVs) has been shown to increase cardiac
function, and our study suggests decreasing
apoptosis could play a role in the cardiac benefits
seen with HEV injection. HEVs could represent a
novel therapy for the management of advanced
coronary artery disease.

See Discussion on page 229.
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Video clip is available online.

To view the AATS Annual Meeting Webcast, see the
URL next to the webcast thumbnail.

Abbreviations and Acronyms
AKT ¼ protein kinase B
Bcl-2 ¼ B-cell lymphoma 2
CAD ¼ coronary artery disease
CON ¼ control saline injection
ERK ¼ extracellular signal-regulated kinase 1/2
EV ¼ extracellular vesicle
FAK ¼ focal adhesion kinase
FOXO1 ¼ forkhead box protein O1
HBMSC ¼ human bone marrow–derived stem cell
HEV ¼ hypoxia-conditioned extracellular

vesicle
LCx ¼ left circumflex artery
P90RSK ¼ 90-kDa ribosomal s6 kinases
pAKT ¼ phospho-protein kinase B
pBAD ¼ phospo-Bcl-2–associated death

promoter-serine 112
pBcl-2 ¼ phospho-B-cell lymphoma 2
pERK ¼ phospho-extracellular signal-regulated

kinase 1/2
pFOXO1 ¼ phospho-forkhead box protein O1
PI3K ¼ phosphoinositide 3-kinase
pP90RSK ¼ phospho-90-kDa ribosomal s6 kinases
TBST ¼ tris-buffered saline
TUNEL ¼ terminal deoxynucleotidyl transferase

dUTP nick end labeling
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Despite being a major contributor to global mortality, there
are few effective medical treatments available for end-stage
coronary artery disease (CAD) that cannot be managed with
surgical or endovascular intervention.1 Without proper
treatment, atherosclerotic CAD continues to progress and
may result in congestive heart failure or acute infarction.2,3

Extracellular vesicles (EVs) are membrane-bound struc-
tures that are released by cells into the extracellular environ-
ment.4 EVs contain a variety of biological molecules,
including proteins, cytokines, lipids, and nucleic acids.4

Numerous studies have shown that EVs play a crucial role
in intercellular communication and regulation of molecular
pathways.4-7 In light of recent studies, EVs have emerged as
promising candidates for novel therapeutic targets in
cardiovascular diseases.6 Small-animal rodent models
have shown increased cardiac function and modulation of
cardiac inflammation with EV injection.8 Furthermore,
our group has previously demonstrated increased cardiac
function and decreased inflammation using a large-animal
swine model of chronic myocardial ischemia without
significant changes in apoptotic signaling.9-11 Other
animal studies have shown that EVs play a crucial role in
cardiac function, angiogenesis, cardiac regeneration,
inflammation, and myocardial remodeling.12

Traditional EVs are collected from human bone marrow–
derived stem cells (HBMSCs) that are grown under nor-
moxia. However, progenitor cells, such as HBMSC, that
produce EVs can be preconditioned to alter the properties
and components of EVs.13 For instance, hypoxia can alter
the composition and function of EVs released by cells.
Hypoxia-conditioned extracellular vesicles (HEVs) are en-
riched in various bioactive molecules that promote cell sur-
vival and adaptation to low-oxygen environments.14,15 This
is of particular interest in chronic myocardial ischemia, as
chronic ischemia results in a low oxygen environment in
the affected tissues. HEVs have been shown to decrease
infarct size and overall apoptosis in a mouse model of acute
myocardial ischemia/reperfusion.15 However, studies
involving large animals to evaluate the use of HEVs in
myocardial ischemia are limited. To fill this research gap,
our group elected to study HEVs using our large animal
model for chronic myocardial ischemia. The use of HEVs
by our group has been extensively studied with electron mi-
croscopy, immunoblotting, and total proteomic analysis.16

Total proteomic analysis has demonstrated proteins impor-
tant for transport, calcium handling, redox, and metabolism
pathways.16 Our group has previously demonstrated
enhanced contractility, capillary density, and angiogenic
signaling pathways in HEVs compared to traditional nor-
moxia serum-starved EVs using HEVs in a swine model
for chronic myocardial ischemia.10 It appears that HEVs
offer significant improvement in cardiac function, but the
mechanism remains unclear. Therefore, we seek to further
understand the cardiac benefits of HEVs by studying the ef-
fect for HEVs on apoptosis in a swine model of chronic
myocardial ischemia.

METHODS
Model

Fourteen eleven-week-old Yorkshire swine (Cummings School of Vet-

erinary Medicine of Tufts University Farm) underwent left thoracotomy

and placement of an ameroid constrictor (Research Instruments SW) on

the left circumflex artery (LCx) to model chronic CAD. Two weeks later,

swine underwent redo left thoracotomy with injection of either normal sa-

line (CON, n¼ 7) or HEVs (n¼ 7). Five weeks after injection, swine were

euthanized for tissue collection (Video 1 and Figure 1).
JTCVS Open c Volume 15, Number C 221



VIDEO 1. Methods. Fourteen 11-week-old Yorkshire swine underwent

left thoracotomy and placement of an ameroid constrictor on the left

circumflex artery (LCx). Extracellular vesicles where cultured, hypoxia

conditioned, and collected. Twoweeks later, swine underwent redo left tho-

racotomy with injection of either normal saline (CON, n ¼ 7) or hypoxia-

conditioned extracellular vesicles HEVs (n¼ 7). Fiveweeks after injection,

swine were euthanized for tissue collection. Video available at: https://

www.jtcvs.org/article/S2666-2736(23)00163-8/fulltext.
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Humane Animal Care
All animals received humane care in compliance with the Guide for the

Care and Use of Laboratory Animals. All experiments were approved by

the local Institutional Animal Care and Use Committee.
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Ameroid
Anesthesia and preoperative care were performed as previously re-

ported.17 A left thoracotomy was performed in the second intercostal space

as previously described.17 The pericardium was opened, then blunt and

sharp dissection were used to expose the LCx and left anterior descending

artery. The LCx was traced back to its origin from the left main coronary

artery. After adequate exposure was obtained, the swine was given intrave-

nous heparin (80 IU/kg), and a vessel loop was placed around the LCx. The

LCx was occluded for 2 minutes by lifting the vessel loop. Five milliliters

of goldmicrospheres (BioPal) were injected into the left atrium during LCx

occlusion to map the area of ischemia.17 The ameroid was then placed on

the LCx as close as possible to the bifurcation of the LCx from the left main

coronary artery to create a consistent ischemic area. The pericardium was

filled with 5 mL of normal saline and closed with absorbable suture. The

chest was closed in layers as previously described. The skin was closed

with MONOCRYL suture and dressed with betadine-soaked gauze and Te-

gaderm (3M).
EV Collection
HBMSCs (Lonza) were cultured according to Lonza recommendations

in growth media (MSCGM Bulletkit PT-3001; Lonza) as previously

described.10 HBMSCswere grown to 80% confluence and passaged to pas-

sage 7. At this point, the media was replaced with MSCGM media, and

cells were placed in a humidified hypoxia chamber (Billups-Rothenberg,

MIC-101) containing 5% carbon dioxide and 95% nitrogen.10 The cells

were incubated for 24 hours at 37 �C. After 24 hours, the hypoxia chambers
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FIGURE 2. TUNEL staining. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) stain shows a decrease in total apoptosis in the

hypoxia-conditioned extracellular vesicles (HEV, n ¼ 7) compared with saline control (CON, n ¼ 7). Graphs represent data points mean with standard de-

viation. EV, Extracellular vesicles. *P<.05.

TABLE 1. Apoptotic markers

Marker

HEV (mean ± standard

deviation) P

Proapoptotic

AIF 1.03 � 0.07 .69

BAX 0.93 � 0.36 .76

Caspase-3 0.82 � 0.18 .26

Caspase-9 0.82 � 0.12 .44

FAK 0.98 � 0.13 .83

FAS 1.01 � 0.28 .94

FOXO1 0.97 � 0.31 .87

Antiapoptotic

pAKT 1.42 � 0.55 .10

AKT 1.08 � 0.31 .84

pAKT/AKT ratio 1.29 � 0.23 .04

pBAD 1.87 � 0.48 .005

Bcl-2 0.60 � 0.17 .006

pBcl-2 1.23 � 0.14 .12

pBcl-2/Bcl-2 ratio 2.64 � 0.49 <.001

pERK 2.05 � 1.19 .05

ERK 1.38 � 0.37 .008

pERK/ERK ratio 1.47 � 0.52 .18

pFOXO1 1.37 � 0.15 .04

pFOXO1/FOXO1 ratio 1.53 � 0.45 .02

IL-3 1.07 � 0.06 .31

PI3K 1.53 � 0.23 .008

pP90RSK 1.40 � 0.25 .37

P90RSK 1.04 � 0.28 .18

pP90RSK/P90RSK ratio 1.42 � 0.39 .92

Shown are immunoblotting results for all markers tested in the study. Immunoblotting

data are represented as mean fold change in hypoxia-conditioned extracellular vesicle

group (HEV, n ¼ 7) with standard deviation (SD) normalized to average control

(n ¼ 6). Data points greater than 2 standard deviations from the mean are excluded

from analysis. P values less than .05 are shown in bold. HEV, Hypoxia-conditioned
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were opened. The media was collected and the EVs were isolated from the

media as previously described.10 The EVs were characterized with electron

microscopy, nanoparticle tracking analysis and immunoblotting, as previ-

ously described and published.10,16 Protein quantification was performed

using a radioimmunoprecipitation assay (Kit 23225; Thermo Fisher Scien-

tific) in order to verify a standard dose for intramyocardial injection.10

EV Injection
EVs (50 mg) were thawed and mixed in 2 mL of 0.9% sterile saline on

the day of injection. Anesthesia and preoperative care were performed as

previously reported.17 A left thoracotomy was performed one rib space

below the prior surgical site. Sharp and blunt dissection were used to enter

the thoracic cavity and take down pulmonary adhesions. The pericardium

was opened and secured with silk suture. The myocardium was injected in

ten locations adjacent to the LCx territory.10 The pericardium was closed

with absorbable suture, and the chest was closed as described above.

Tissue Harvest
Anesthesia and preoperative care were performed as previously re-

ported.17 The swine was placed supine and prepped with betadine. A me-

dian sternotomy was performed, followed by adhesiolysis. The

pericardium was opened and the heart was dissected free from tethering

scar tissue. Physiologic measurements were conducted as previously re-

ported.17 Anesthesia was deepened, and the heart was removed. The heart

was sectioned into 16 segments and snap frozen in liquid nitrogen.

Terminal Deoxynucleotidyl Transferase dUTP Nick
End Labeling (TUNEL) Staining

TUNEL staining was performed on frozen samples from the most

ischemic area, defined using gold mapping at the time of ameroid place-

ment, from seven control and seven experimental swine. The samples

were stained and imaged by iHisto. Analysis for TUNEL staining was

analyzed using QuPath software.17 Three 10-mm2 sections were selected

per slide and analyzed using the QuPath automated detection program as

previously described.17 The TUNEL positive to negative nuclei ratio was

calculated and averaged across the three 10-mm2 sections.
extracellular vesicle group; AIF, apoptosis-inducing factor; BAX, bcl-2-like protein

4; FAK, focal adhesion kinase; FAS, Fas cell surface Death receptor; FOXO1, fork-

head box O1; pAKT, phospho-protein kinase B; AKT, protein kinase B; pBAD,

phospho-Bcl-2-associated death promoter; Bcl-2, B-cell lymphoma 2; pBcl-2,

phospho-B-cell lymphoma 2; pERK, phospho-extracellular signal-regulated kinase;

ERK, extracellular signal-regulated kinase; pFOXO1, phospho-forkhead box O; IL-

3, interleukin 3; PI3K, phosphoinositide 3-kinase; pP90RSK, phospho-p90 ribosomal
Immunoblotting
Ischemic myocardial tissue from the same area used for TUNEL stain-

ing was lysed from 6 control animals and 7 experimental animals using

RIPA Lysis and Extraction Buffer, Halt Protease Inhibitor Cocktail

(Thermo Fisher Scientific), and an ultrasonic homogenizer.17 Protein

S6 kinase; P90RSK, p90 ribosomal S6 kinase.

JTCVS Open c Volume 15, Number C 223
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FIGURE 3. Antiapoptotic signaling. Immunoblotting showed a significant increase in concentration of anti-apoptotic Bcl-2-associated death promoter

(pBAD) in the hypoxia-conditioned extracellular vesicle group (HEV, n ¼ 7) compared with saline control (CON, n ¼ 6). Phospho-B-cell lymphoma 2

(pBcl-2) showed a trend towards an increase in HEV treatment, and B-cell lymphoma 2 (Bcl-2) was significantly decreased with HEV treatment compared

to CON. This resulted in a significant increase in the pBcl-2 to BCL-2 ratio in the HEV group. Graphs represent data points with mean with standard de-
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from analysis. GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; AT, alpha-tubulin. **P<.01, ***P<.001.

Adult: Coronary: Basic Science Harris et al
concentration was calculated using a BCA Protein Assay Kit (Thermo

Fisher Scientific). The lysate (40 mg) ran on a 4% to 12% Bis-Tris gel

(Thermo Fisher Scientific) and was transferred to nitrocellulose (Thermo

Fisher Scientific). Then, 5% non-fat dry milk in tris-buffered saline

(TBST; Boston BioProducts) was used to block the membranes for 1

hour. The membranes were incubated for 24 hours with 1:1000 dilutions

of primary antibodies in 3% bovine serum albumin in TBST based on the

manufacture’s recommendation. Horseradish peroxidase linked second-

ary antibodies to mouse or rabbit (Cell Signaling) were mixed as a

2.5:10,000 dilutions in 3% bovine serum albumin in TBSTand the mem-

branes were incubated for 1 hour at room temperature.17 The membranes

were imaged on a ChemiDoc Imaging System (Bio-Rad) using ECL

Western Blotting Substrate (Thermo Fisher Scientific) developing agent.

Membranes were stripped with Restore PLUS Western Blot Stripping

Buffer (Thermo Fisher Scientific) to allow for repeat probing. Immuno-

blot data were analyzed using Image J software (National Institutes of

Health).

Antibodies
Antibodies were selected base on literature review of key apoptotic

pathways and availability of primary antibodies that react consistently

with swine myocardium. Primary antibodies to apoptosis-inducing factor,

phospho-protein kinase B–serine 473 (pAKT), protein kinase B (AKT),

phospo-Bcl-2–associated death promoter-serine 112 (pBAD), bcl-2-like

protein 4, B-cell lymphoma 2 (Bcl-2), phospho-B-cell lymphoma 2

(pBcl-2)–serine 70, caspase-3, caspase-9, phospho-extracellular signal-

regulated kinase 1/2-threonine 202/204 (pERK), extracellular signal-
224 JTCVS Open c September 2023
regulated kinase 1/2 (ERK 1/2), focal adhesion kinase, Fas (CD95 recep-

tor), phospho-forkhead box protein O1-threonine 32 (pFOXO1), forkhead

box protein O1-threonine 32 (FOXO1), phosphoinositide 3-kinases (PI3K),

and 90-kDa ribosomal s6 kinases (P90RSK) were obtained from Cell

Signaling. Primary antibodies to interleukin-3 and phospho-90 kDa ribo-

somal s6 kinases-threonine359/serine 363 (pP90RSK) were obtained

from Proteintech.

Perfusion Analysis
Myocardial perfusion was determined by injection of isotope-labeled

microspheres (Biophysics Assay Laboratory) at the time of the harvest pro-

cedure, as previously reported.17 During the harvest procedure, 5 mL of

lutetium and samarium microspheres were injected into the left atrium at

rest and during pacing to 150 beats per minute, respectively, while simul-

taneously withdrawing 10 mL of blood from the femoral artery at reference

rate of 6.67 mL/min using a withdrawal pump (Harvard Apparatus).

Following euthanasia and tissue harvest, blood samples and left ventricular

myocardial samples the ischemic myocardial territory was weighed, dried,

and sent to Biophysics Assay laboratory for microsphere density measure-

ments. Blood flow was calculated using the following equation: tissue

blood flow ¼ (reference blood flow [mL/min]/tissue weight

[g]) 3 (tissue microsphere count/reference blood microsphere count).17

Statistical Analysis
All data was analyzed using Prism 9 (GraphPad Software). Shapiro–

Wilk test was used to test for normality. Nonparametric data were analyzed

with Wilcoxon rank-sum, and Student t-test was used to analyze normal
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data. Data are represented as mean and standard deviation. Immunoblot

data are represented as mean fold change normalized to the average con-

trol. Protein expression was plotted against our previously reported

myocardial blood flow at rest and during pacing at 150 beats per minute,

and analyzed using Spearman rank correlation coefficient.10 Data points

greater than 2 standard deviations from the mean were excluded from

analysis.

RESULTS
TUNEL staining showed a significant decrease in total

apoptosis in the HEV-treated ischemic myocardium
compared with CON ischemic myocardium (P ¼ .049)
(Figure 2). There was a significant increase in pBAD
(P ¼ .005) in the HEV group compared with CON. There
was a significant decrease is Bcl-2 (P ¼ .006) and a trend
towards increased pBcl-2 (P ¼ .12) in the HEV group.
This resulted in a significant increase in the ratio of pBcl-
2 to Bcl-2 (P < .001) in the HEV group (Table 1 and
Figure 3).

There was a significant increase in intermediate signaling
molecule pERK (P ¼ .008), and a strong trend towards
increased ERK (P ¼ .05) in the HEV group compared to
CON. The HEV group had a significant increase in
pFOXO1 (P ¼ .04), and a significant increase the pFOXO1
to FOXO1 ratio compared to the CON group (P ¼ .02)
(Figure 4). The HEV group had a significant increase in
PI3K (P ¼ .008) compared with the CON group. There
was a trend towards an increase in pAKT (P ¼ .10) and a
significant increase in the pAKT to AKT ratio (P ¼ .04)
in the HEV group compared to CON (Figure 5).
There was a trend toward increased total P90RSK

(P ¼ .33) in the HEV group compared with CON. There
were no significant changes in bcl-2-like protein 4,
caspase-9, focal adhesion kinase, apoptosis-inducing factor,
Fas, or interleukin-3 (all P>.05).
There was a positive correlation between ischemic

myocardial flow at rest and the ratio of pAKT to AKT in
the HEV group (r ¼ 0.86, P ¼ .02). In addition, there was
a negative correlation between ischemic myocardial flow
at rest and the expression of pBAD (r ¼ 0.86, P ¼ .02) in
the HEV group. However, there was no significant correla-
tion found with pBcl-2, Bcl-2, ERK, pFOXO1, FOXO1, or
PI3K. There was no significant correlation between
myocardial flow while pacing and the expression of any
of the significant markers (Table 2)
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FIGURE 5. Phosphoinositide 3-kinase (PI3K) and protein kinase B (AKT) signaling. Immunoblotting showed a significant increase in PI3K expression in

the hypoxia-conditioned extracellular vesicle group (HEV, n¼ 7) compared with saline control (CON, n¼ 6). Therewas a trend towards increased phospho-

protein kinase B (pAKT) and a significant increase in the pAKT to AKT ratio in the HEV group comparedwith CON.Graphs represent data points meanwith

standard deviation. Immunoblotting data are fold change normalized to average control. Data points greater than 2 standard deviations from the mean are

excluded from analysis. GAPDH, Glyceraldehyde 3-phosphate dehydrogenase. *P<.05, **P<.01.
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DISCUSSION
Apoptosis occurs in response to various cellular stresses

or signals. In the context of myocardial ischemia, apoptosis
plays a crucial role in the pathogenesis of cardiac injury, re-
modeling, and dysfunction.18 Ischemia-induced apoptosis
occurs in cardiac tissues including cardiomyocytes,
vascular, and other cells and is triggered by a combination
of factors, including oxidative stress, calcium overload,
and mitochondrial dysfunction.18,19 These cellular events
lead to the activation of specific signaling pathways that ul-
timately result in the activation of caspases, a family of en-
zymes that play a central role in the execution of apoptosis.
The induction of apoptosis in the heart during myocardial
ischemia contributes to the loss of viable myocardium, im-
pairs contractile function, and may lead to heart failure.18

Understanding the molecular mechanisms underlying
ischemia-induced apoptosis in the heart is critical for the
development of effective therapies aimed at reducing car-
diac damage and preserving heart function. TUNEL stain-
ing marks the 30-hydroxyl termini in the double-strand
DNA breaks and is one of the most reliably ways to identify
apoptosis.20
226 JTCVS Open c September 2023
The TUNEL data from our study shows a significant
decrease in the ratio of TUNEL positive nuclei to TUNEL
negative nuclei in the ischemic myocardium of the HEV
group compared with the ischemic myocardium of the
CON group. This represents an overall reduction in total
apoptosis in the HEV group compared to control. To further
understand how EVs are changing apoptotic signaling path-
ways, we used western blot to evaluate key downstream
markers for apoptosis.

HEV treatment was associated with a significant increase
in anti-apoptotic pBAD and an increase in the pBcl-2 to
Bcl-2 ratio. Phosphorylation of BAD prevents binding of
BAD with Bcl-2 and Bcl-xL resulting in potent apoptotic
properties.21 Bcl-2 is known to inhibit apoptosis and studies
have shown that phosphorylation of Bcl-2 results in more
potent inhibition of apoptosis.22 This increase in the ratio
of pBcl-2 to Bcl-2 suggests that Bcl-2 is being phosphory-
lated at an increased rate in HEV compared with CON
groups.

There was a significant increase in intermediate signaling
molecules pERK 1/2, ERK 1/2, pFOXO1, PI3K, and a trend
towards increased pAKT and P90RSK in the HEV group



TABLE 2. Flow correlation

Marker r P

Flow correlation at rest

pAKT 0.71 .09

AKT 0.12 .84

p/AKT ratio 0.86 .02

pBAD �0.86 .02

pBCL-2 �0.43 .35

BCL-2 �0.50 .27

p/BCL-2 ratio 0.14 .78

ERK 0.25 .59

pFOXO1 �0.61 .17

FOXO1 �0.61 .17

p/FOXO1 ratio 0.50 .27

PI3K �0.61 .17

Flow correlation with pacing

pAKT �0.61 .17

AKT �0.50 .27

p/AKT ratio �0.29 .56

pBAD 0.21 .66

pBCL-2 0.29 .56

BCL-2 0.07 .91

p/BCL-2 ratio 0.11 .84

ERK 0.11 .84

pFOXO1 0.21 .66

FOXO1 0.11 .84

p/FOXO1 ratio �0.07 .91

PI3K �0.25 .59

Shown is the correlation of blood flow to the ischemic myocardium at rest and while

pacing at 150 beats per minute from our prior study to the expression of significant

apoptotic markers in the hypoxia-conditioned extracellular vesicle group (n ¼ 7).10

Table shows correlation coefficient (r) and P-values calculated using the Spearman

rank correlation coefficient. P values less than .05 are shown in bold. pAKT,

Phospho-protein kinase B; AKT, protein kinase B; pBAD, phospho-Bcl-2-

associated death promoter; pBcl-2, phospho-B-cell lymphoma 2; Bcl-2, B-cell lym-

phoma 2; ERK, extracellular signal-regulated kinase; pFOXO1, phospho-forkhead

box O; FOXO1, forkhead box O1; PI3K, phosphoinositide 3-kinase.

Harris et al Adult: Coronary: Basic Science
compared with CON. There was a significant increase in the
ratio of pFOXO1 to FOXO1 and pAKT to AKT.

The PI3K/AKT and ERK/P90RSK pathways have both
been shown to decrease apoptosis. The PI3K/AKT pathway
plays a critical role in the phosphorylation of Bcl-2 and
BAD resulting in decreased overall apoptosis.23,24 The
ERK/P90RSK pathway has been shown to increase BAD
phosphorylation and overall apoptosis.25-27 FOXO1 is
involved in promoting apoptosis in both mitochondria-
independent and dependent pathways.28 The phosphoryla-
tion of FOXO1 inhibits it and prevents the promotion of
apoptosis.29,30

This study therefore demonstrated that treatment with
HEV results in a significant decrease in apoptosis in
the ischemic myocardium of swine compared to control.
This reduction in apoptosis is likely related to the
phosphorylation of FOXO1, BAD and Bcl-2 by PI3K/
AKT, and ERK/P90RSK pathways. However, further
studies are needed to validate the exact signaling
pathway responsible for decreases in apoptosis with
HEV treatment.
The results from our prior study using HEVs showed a

trend toward increased myocardial blood flow with HEVs
compared to traditional EVs. Correlation of relative protein
expression with myocardial flow at rest and while stressing
the heart by pacing at 150 beats per minute showed a posi-
tive correlation between ischemic myocardial flow at rest
and the ratio of pAKT to AKT in the HEV group and a nega-
tive correlation between ischemic myocardial flow at rest
and the expression of pBAD. This indicates that many of
the changes seen in apoptotic signaling are not correlated
with myocardial blood flow.
This study again demonstrates the potential for the use of

EVs in the treatment of cardiovascular disease, but was not
without its limitations, including sample size, marker se-
lection, and timing of the study. This study has a relatively
small sample size of 14 total swine. The sample size could
result in the study being underpowered to detect changes in
specific markers. Further, the study investigates a few key
markers in the apoptosis pathway and could miss changes
in unstudied markers or pathways. This study examines
apoptosis at one fixed time point 5 weeks after EV injec-
tion, which could miss early changes related to EV injec-
tion and does not allow for collection of longer-term
data. The study evaluated only one dose. Further studies
are required with multiple time points and dosages to deter-
mine the full duration of benefit and optimal dosage.
Furthermore, it is essential to note that all EV research is
limited by the consistency of the isolated EVs. EVs are a
heterogeneous group of particles, and different EVs can
be derived from similar cell lines and have different prod-
ucts due to variations in isolation and culture tech-
niques.31,32 Hence, standardization, consistency, and
scaling of production are crucial factors to consider as
EV research continues to expand.

CONCLUSIONS
In a swine model of chronic myocardial ischemia, treat-

ment with HEVs results in decreased overall apoptosis,
which is associated with an increase in key anti-apoptotic
and cell survival markers. This decrease in apoptosis could
play a significant role in the increased cardiovascular bene-
fits seen with HEV compared to traditional EVs. Further
investigation is necessary to fully characterize the cardio-
vascular effects of HEVs, but HEVs could represent a ther-
apeutic target for patients with chronic myocardial ischemia
not amendable to traditional endovascular or surgical
intervention.
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Webcast
You can watch a Webcast of this AATS meeting presentation
by going to: https://www.aats.org/resources/intramyocardial-
injection-of-hypoxia-conditioned-extracellular-vesicles-mo
dulates-apoptotic-signaling-in-chronically-ischemic-swine-
myocardium.
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