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Mesenchymal stem cell (MSC) exosomes have been found to attenuate cardiac systolic and diastolic dysfunction
in animal models of ischemia. Exosomes carry a plethora of active and inactive proteins as their cargo, which are
readily available to the recipient cell for use in intracellular signaling pathways-depending on the stresses, such
as ischemia or hypoxia. Among the exosomal proteins are the often-overlooked cargo of transcriptional regu-
lators. These transcriptional regulators influence the transcriptome and subsequently the proteome of recipient
cell. Here, we report the transcriptional factors and regulators differentially modulated and their potential role in
modulating cardiac function in MSC exosome treated ischemic mice hearts. Our analysis shows ischemic stress
modulating transcriptional regulators and factors such as HSF1 and HIF1A in the infarct and peri-infarct areas of
ischemic hearts which is mitigated by MSC exosomes. Similarly, STAT3 and SMADS3 are also modulated by MSC
exosomes. Interestingly, NOTCH1 and f-catenin were detected in the ischemic hearts. The differential expression
of these regulators and factors drives changes in various biological process governed in the ischemic cardiac cells.

We believe these studies will advance our understanding of cardiac dysfunction occurring in the ischemic
hearts and lay the groundwork for further studies on the modulation of cardiac function during ischemia by MSC

Proteomics
Transcription factors

exosomes.

1. Introduction

Heart failure following myocardial infarction (MI) is the leading
cause of morbidity and mortality in the US and worldwide. Advances
have led to a decline in death rates following MI; however, there has
been an increase in number of patients suffering post-ischemic heart
failure [1,2]. The cardiomyocytes and fibroblasts in and around the
infarct areas continue to experience hypoxia. Molecular changes in these
areas result in death of cardiomyocytes (resulting in systolic dysfunc-
tion), and growth of fibroblasts resulting in fibrosis and diastolic
dysfunction [3]. Adverse extracellular matrix (ECM) remodeling begins
in the heart soon after the index ischemic event triggered by expression
and activation of various transcriptional regulators and persists for
weeks and months afterwards [4]. The resulting targets of these tran-
scriptional activators in the myocardium govern apoptosis in damaged
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cardiomyocytes, recruit monocytes, and activate resident cardiac mac-
rophages [5,6], and fibroblast proliferation and trans-differentiation [7,
8]. These changes govern adverse ECM turnover leading to cardiac
dysfunction [9-11].

Studies using various stem cell exosomes, in particular those derived
from mesenchymal stem cells (MSCs), have shown promise in terms of
preventing or limiting cardiac damage [12-16]. Our recent studies have
shown that MSC exosome treatment reduces infarct size and preserves
cardiac systolic function. These effects are mediated through attenua-
tion of markers of inflammation (leukocytosis, activation of p-38MAPK,
NF-kB and NLRP3 inflammasome, and expression of TLR9, TLR4 and
LOX-1), release of inflammatory cytokines (IL-1, I1-18), and occurrence
of apoptosis and pyroptosis. Other unpublished preliminary studies from
our laboratory have shown improvement in post-ischemic diastolic
function via changes in collagen and fibronectin expression.
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Exosomal proteins have been shown to regulate a variety of biolog-
ical pathways in recipient cells. These proteins can downregulate
apoptosis, oxidation, and caspases and toll-receptor cascade pathways.
Exosomes themselves secrete a variety of proteins and transcription
factors (TFs) that regulate cell survival, differentiation and metabolic
pathways [17].

In a previous study, Gude et al. [18], demonstrated that NOTCH1 is
expressed in the ischemic myocardium and is cardioprotective. Building
on our previous work investigating the cardioprotective effects of MSC
exosomes, we were interested in exploring the molecular mechanisms
underlying these effects. We hypothesized that MSC exosomes might
activate epigenetically silenced NOTCH1 signaling. Our proteomics data
revealed that NOTCH1 signaling was activated in both the infarct and
peri-infarct areas of ischemic mice hearts treated with MSC exosomes.

In this report, we present proteomic data on the biological processes
in the infarct and peri-infarct areas and differentially regulated TFs in
MSC exosome-treated mice hearts (vs. saline-treated mice hearts) sub-
jected to ischemia. These changes in transcription activities and patterns
are some of the earliest events in the cascade of changes that ensue after
an ischemic event, and as such represent innovative and potentially
clinically useful targets for mitigating cardiac damage and rescuing
cardiac function.

Infarct area

C Biological processes in infarct areas
Immune cell migration -

Cell death -

Mitosis -

Mitochondrial transport -
Protein transport -

Intracellular signaling cascade -
Regulation of gene expressio... -
Cell migration -

Mitochondrion organization... -
Anti-apoptosis -

Regulation of endocytosis -
Cytoskeletal anchoring -
Regulation of signal transduc... -
Carbohydrate mediated sign...

10 80 60 40 20
0

Fold Change

0 20 40

Biochemistry and Biophysics Reports 34 (2023) 101463

2. Results

The data are based on the analysis of MS data in the infarct and peri-
infarct areas of saline-treated mice hearts and MSC exosome-treated
mice hearts subjected to ischemia. Details of the induction of ischemia
by LCA ligation and methodology for MS analysis are described under
Materials and Methods.

2.1. Proteomic analysis of the effect of MSC exosomes on the ischemic
heart

Compared to the saline treated ischemic mice hearts, FunRich™
analysis of proteins [19] detected in the infarct areas of MSC exosome
treated ischemic hearts showed 166 proteins elevated, out of which 46
were detected only in infarct areas with MSC exosome treatment. Saline
-treated ischemic hearts showed decrease in levels of 353 proteins of
which 29 were exclusive to saline treatment (Fig. 1A). Similarly, Fun-
Rich™ analysis of the peri-infarct areas showed increase in the levels of
201 proteins with MSC exosome treatment with 23 being exclusive to
MSC exosome treatment, and saline treatment downregulated 844
proteins with 104 being exclusive to peri-infarct areas of saline-treated
ischemic hearts (Fig. 1B).

Compared to the saline-treated hearts, biological processes with MSC
exosome treatment such as those governing anti-apoptosis, mitochon-
drial organization, regulation of signal transduction were enhanced
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Fig. 1. Analysis of ischemic heart proteome. FunRich analysis of the mice heart proteome by quantitative Venn diagrams show differential regulation of expressed
proteins in infarct area (A) and peri-infarct area (B). Biological processes modulated y identified proteins in infarct areas (C) and peri-infarct areas (D).
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while mitochondrial and protein transport, cell migration, intracellular
signaling cascade and cell death were depleted in the infarct areas
(Fig. 1C). In the peri-infarct areas, MSC exosome treatment enriched
processes governing cell migration, anti-apoptosis, muscle development,
muscle contraction and organogenesis, while processes governing cell
adhesion, apoptosis, mitochondrial transport, protein transport were
depleted (Fig. 1D).

2.2. Proteomic analysis of the effect of MSC exosomes on transcriptional
regulators in the ischemic heart

Next, we focused on differential regulation of TFs governing path-
ways leading to cardiac dysfunction and its rescue by MSC exosomes. We
analyzed mice heart proteomes for regulators of post-ischemic
pathways.

Integrated Pathway Analysis (IPA Qiagen Bioinformatics) [20],
revealed the potential of MSC exosomes to affect differential expression
of TFs in infarct (Supplementary Table 1) and peri-infarct areas (Sup-
plementary Table 2) of ischemic mice hearts. Among the upstream
regulators modified by MSC exosomes, HSF1, HIF1A, SIRT1, MYCN,
NOTCH1 and p-CATENIN 1 were further explored.

Compared to the saline-treated ischemic mice hearts, FunRich™
analysis of proteins [19] detected in the infarct areas of MSC
exosome-treated ischemic hearts showed 27 TFs elevated, out of which
19 were detected only in infarct areas with MSC exosome treatment.
Saline treatment only showed decrease in levels of 39 TFs of which 14
were exclusive to saline treatment (Fig. 2A). Similarly, FunRich™
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analysis of the peri-infarct areas showed increase in the levels of 36 TFs
with MSC exosome treatment with 31 being exclusive to MSC exosome
treatment, and saline treatment downregulated 30 TFs with 16 being
exclusive to peri-infarct areas of saline treated ischemic hearts (Fig. 2B).

Compared to saline treated heart areas, biological processes with
MSC exosome treatment such as those governing NOTCH1 signaling,
myogenesis, DNA repair, mesenchymal-to-endothelial transition, eNOS
activation were enhanced while p53 pathway, TNF receptor signaling
pathway, IL1-mediated signaling, MAP kinase activation and apoptosis
were depleted in the infarct areas (Fig. 2C). In the peri-infarct areas,
MSC exosome treatment enriched processes governing HIF1-alpha
transcription network, myogenesis, and NOTCH signaling pathways
while processes governing NF-kappaB pathway, endogenous TLR
signaling, epithelial-to-mesenchymal transition apoptosis, TNF receptor
signaling pathway were depleted (Fig. 2D).

IPA analysis of upstream regulators and transcriptional factors
showed an increase in HSF1 and HIF1A in the infarct areas of saline
treated ischemic hearts. However, while HSF1 was decreased, HIF1A
was not detected in the peri-infarct areas of saline treated ischemic
hearts (Fig. 3A and B). MSC exosomes decreased levels of HSF1 but
elevated HIF1A levels in the infarct areas. In the peri-infarct areas, IPA
analysis failed to detect HSF1, while HIF1A levels were elevated with
MSC exosome treatment (Fig. 3A and B). Both functional and physical
network STRING [21,22] database analysis showed HSF1 interacting
with HSPA1A, HSPA4, MAPK3, DNAJB1, CRYAB, SMARCA4,
HSP90AA1 among other. Similarly, STRING analysis of HIF1A displayed
its interactions with TP53, STAT3, SMAD3 among others (Fig. 3C and
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Fig. 2. FunRich analysis of TFs identified in ischemic heart proteome. FunRich analysis of the TFs identified in the mice heart proteome by quantitative Venn
diagrams show differential regulation of expressed TFs in infarct area (A) and peri-infarct area (B). Biological processes governed by identified transcriptional factors

in infarct areas (C) and peri-infarct areas (D).
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Fig. 3. Pathways of TFs HSF1 and HIF1A in the ischemic mice hearts
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IPA network analysis showed that ischemia stimulates changes in the expression of HSF1 (A) and HIF1A (B) in saline-and MSC exosome-treated ischemic hearts, MSC
exosome treatment revealed dramatic changes in these processes. STRING database analysis of HSF1 (C) and HIF1A (D) show their interacting proteins. Prediction
legend in Supplementary Fig. 1 describes the network relationships between different molecules.

D).

We next analyzed STAT3 and SMADS3. IPA analysis showed an in-
crease in STAT3 and a decrease in SMAD3 in the infarct areas of saline-
treated ischemic hearts. There was an increase in both STAT3 and
SMAD3 in the peri-infarct areas (Fig. 4A and B). STAT3 was not detected
in the infarct areas of MSC exosome-treated hearts while SMAD3 levels
were elevated. In the peri-infarct areas, IPA showed decrease in STAT3
levels while SMAD3 was not detected with MSC exosome treatment
(Fig. 4A and B). STRING database analysis showed JAK1&2, HIF1A,
IL10RA, HSP90AA1 as proteins interacting with STAT3. Similarly,
SMAD3 is shown interacting with SMAD4, TGFBR1, E2F4, JUN, CREBBP
and SP1 (Fig. 4C and D).

An interesting observation was the detection of NOTCH1 levels in the
saline-treated ischemic hearts. Compared to the saline-treated hearts,
IPA analysis showed a further increase of NOTCH1 in the MSC exosome
treated infarct areas while NOTCH1 was also, but barely, detected in the
peri-infarct areas of these hearts. In contrast, NOTCH1 was absent in the
infarct areas and decreased in the peri-infarct areas of saline treated
ischemic hearts (Fig. 5A and B). IPA analysis of the mice heart proteome
also showed differential levels of p-catenin. In saline-treated infarct and
peri-infarct areas, p-catenin levels were elevated while MSC exosome
treatment decreased its levels in both infarct and peri-infarct areas
(Fig. 5A and B). ADAM10, HIF1A, CTNNB1, PSEN1, MAML1 were the
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Fig. 4. Comparison of TFs STAT3 and SMAD3 in the ischemic mice hearts

NOTCH1 interacting proteins identified through STRING database
analysis. CREBBP, TBL1X, SKP1, BCL9 CDH3 were among the proteins
shown interacting with B-catenin using the STRING database (Fig. 5C
and D).

3. Discussion

MSC exosomes offer a promising novel way for recovery of various
tissues from stress-induced injury [23-25]. These exosomes constitute a
class of constitutively secretory vesicles of endosomal origin. They carry
a cargo of proteins and genetic material encompassed in a spherical lipid
bilayer. Unlike stem cells, MSC exosomes can alter and affect both the
transcriptome and the proteome of a recipient cell, leading to a modified
cardiac function but do not respond to the microenvironment they are
introduced into. Exosomes, through their cargo, can modulate pathways
governing apoptosis, cell growth, proliferation, and differentiation.
Exosomal cargo depends on the status of the secreting cell as well as the
microenvironment in which the secreting cell finds itself [26,27]. We
surmise that MSCs could be engineered to produce optimally effective
exosomes with added growth factors or other targeted stimuli.

To understand the basis of functional changes in the heart, we
studied the proteome of the saline- and exosome-treated mice ischemic
hearts. We identified profound changes in the signals leading to cardiac
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IPA network analysis showed differences in the regulation of the processes governed by some STAT3 (A) and SMAD3 (B). STAT3 mediated signaling networks were
upregulated in saline-treated ischemic hearts. MSC exosome treatment suppressed STAT3 and SMAD3 mediated signaling networks. Prediction legend in Supple-

mentary Fig. 1 describes the network relationships between different molecules.
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IPA network analysis showed differences in the regulation of the processes governed by some NOTCH1 (A) and beta-catenin-1 (B) mediated signaling networks.
Prediction legend in Supplementary Fig. 1 describes the network relationships between different molecules.

dysfunction and fibrogenesis following ischemia (Fig. 1A).

As expected, when we looked at transcriptomic variations in the
tissue samples in the present study, several upstream regulators and TFs
in mice hearts were differentially regulated (Supplementary Tables 1
and 2). Interesting among these, is the heat shock factor-1 (HSF1). HSF1
plays an important role in regulating transcription of genes which
govern response to ischemic injury. Under stress conditions, HSF1 ac-
tivates expression of heat shock proteins which, due to their chaperone
properties, protect stressed cells against unfolded protein response due
to accumulation of proteins due to suppression of proteosome function
or over-expressed stress/ischemia related response proteins.

Hypoxia-inducible factor 1-alpha (HIF1A). HIF1A acts as the master
transcriptional regulator of genes in response to hypoxic stress. Under
ischemic conditions in the myocardium leading to hypoxia, sustained
HIF1A activation triggers the transcription response genes which govern
various processes such as resistance to oxidative stress, mitochondrial
function, cell survival, and apoptosis, and other transcription targets,
the protein products of which stimulate oxygen delivery and or stimu-
late adaptive metabolic mechanisms to hypoxia. (Fig. 3).

We also observed that ischemia in the mice hearts induced the
expression of STAT3 and SMAD3 (Fig. 4). STAT3 and SMAD3 signaling
pathways complement each other in that SMAD3 binds to non-
phosphorylated STAT3. Phosphorylation of SMAD3 increases the phos-
phorylation of STAT3 leading to increased expression of pro-fibrotic
proteins in the fibroblasts [28]. Expression of SMAD3 by fibroblasts is
crucial for scar formation and alignment of myofibroblasts in the heart
tissue [29]. Our MS and proteomic analysis showed that MSC exosome
treatment markedly downregulated STAT3 and SMAD3 mediated
pathways in the ischemic mice hearts.

NOTCH1 is an evolutionarily conserved signaling pathway that
controls cell differentiation, fate and tissue pattern formation in the
developing embryo and in adults [30]. Epigenetic modifications in the
NOTCH]1 responsive elements irreversibly repress NOTCH1 transcrip-
tion making it ineffective in promoting cardiac regeneration in adults
[31]. As an adaptive response to injury, several dormant pre-natal genes,
including NOTCH1 are activated in the adult myocardium [18].
NOTCH1 plays an important role protecting heart tissue from ischemic
injury [32,33]. NOTCH signaling is also involved in suppressing cardiac
fibrosis, by inhibiting fibroblast to myofibroblast transformation, while
inhibiting Notch signaling promotes myofibroblast formation [34]. It is
likely that NOTCH1 expression inhibits myofibroblast proliferation
while it stimulates cardiomyocyte precursor cells thereby promoting
pro-regenerative repair. Activation of NOTCH1 signaling mitigates
ischemic damage, reduces myocardial fibrosis and improves cardiac
function [18,33,35-37]. We observed that NOTCH1 signaling pathway

was stimulated by MSC exosomes (Fig. 5).

Wnt/p-catenin signaling which plays an important role in develop-
ment of the heart [38]. Wnt signaling has been shown to be re-activated
in the ischemic myocardium, both in the infarct and peri-infarct areas
[39,40]. Renin-angiotensin system activation also leads to activation of
Wnt signaling/p-catenin signaling [41]. Wnt regulates proliferation of
cells in the epicardium and the endocardium, proliferation and differ-
entiation of cardiac progenitor cells [39], leading to hypertrophy of the
cardiac muscle and hypertension, increased fibrosis, impaired fractional
shortening and ventricular tachycardia. Inhibition of wnt/p-catenin
signaling mitigates impaired fractional shortening, decreases myocar-
dial fibrosis and reduces fibroblast activation [38-42].

Multiple transcriptional regulators are necessary to maintain normal
cardiac homeostasis and function. Ischemic insult disrupts this homeo-
stasis resulting in cell death, loss of cardiac function and fibrotic scar
formation. MSC exosomes reduce the ischemia-induced inflammation
and related cardiac injury, in part through their modulation of expres-
sion of various TFs (Fig. 6).

In summary, we have described for the first time a host of changes in
the proteome of the ischemic heart. Many of these alterations in up-
stream regulators and TFs may relate to the structural and physiologic
changes following ischemia. The identity and relevance of some of these
upstream regulators and TFs need to be confirmed and subsequently
whether they are a druggable target for prevention or treatment can be
fully explored. At a minimum, we believe that proper identification and
validation of these regulators may lead to improved understanding of
the pathophysiologic alterations in the heart that take place following
ischemia.

4. Materials and Methods
4.1. Cell culture and reagents; culture of MSCs

The MSCs were cultured in complete DMEM media (Thermo Fischer
Scientific, Waltham, MA), (containing 10% FBS (Atlanta Biologicals
Inc., Flowery Branch, GA) and penicillin/streptomycin (100 units/ml
obtained from Thermo Fischer Scientific, Waltham, MA)) at 37 °C in a
5% CO2 incubator. The cells cultured overnight were washed with PBS
and fresh serum-free DMEM media was added to further culture the cells
for 16-18 h. This serum-free conditioned media was harvested for
exosome isolation.

4.2. Exosome isolation and characterization

Isolation of exosomes from MSC serum-free culture media was
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Fig. 6. Central illustration: Mitigation of cardiac dysfunction in the ischemic heart by MSC exosomes
MSC exosomes protect against ischemia mediated inflammation related fibrotic events and cardiac dysfunction in the ischemic mice hearts. The inflammatory
response stimulates expression of various TFs which lead to fibrotic remodeling in ischemic hearts leading to compromised cardiac function. Administration of MSC

exosomes differentially regulates levels of such TFs leading to suppression of
lular matrix.

carried out by sequential centrifugation as previously described [26]. In
brief, pooled media from MSC cultures was processed through a series of
centrifugation steps (3000 g for 10 min, 10,000 g for 30 min and finally
ultracentrifugation at 100,000 g for 3-4 h). The exosome pellet collected
at the end of final centrifugation step was washed with PBS and then
resuspended in PBS for further use. JEOL JSM7000F scanning electron
microscope was used to image MSC exosomes as previously reported
[27]. Markers for exosomal vesicles (CD9 and CD63) were detected by
Western blots. Please refer our previous report for detailed exosome
characterization [17,43].

4.3. Mouse ischemia model

Adult male C57BL/6 mice were obtained from the Jackson Labora-
tory (Bar Harbor, ME). The animal study protocol was approved by the
local institutional animal use care committee and conformed to the
Guide for the Care and Use of Laboratory Animals published by the
National Academies Press (Washington, DC). The animals were
euthanatized by CO2 inhalation at the end of 7 days after LCA ligation.

Myocardial ischemia was induced by total LCA occlusion in the

fibrotic remodeling and promoting reparative remodeling of the cardiac extracel-

anaesthetized mice as described previously [43,44]. In brief, following
ketamine hydrochloride (60 mg kg—1) and xylazine hydrochloride (8
mg kg—1) administered intraperitoneally, the anaesthetized animals
were endotracheally intubated and mechanically ventilated (1.2
mL min—1 tidal volume and, 110/min respiration rate). An 8-0 silk
suture was passed around the LCA at a point two-third of the way be-
tween its origins near the pulmonary conus. Another group of animals
underwent the same procedure, but without LCA occlusion (sham
ischemia). A third group of mice was pre-treated with a single dose of
MSC exosomes (0.5 mg/kg body weight, administered intravenously
through the lateral tail vein) 30 min prior to left coronary artery (LCA)
ligation. The quantity of MSC exosomes administered to the animals was
based on our previous reported study [43] and studies by Lai et al.,
2010, and Arsalan et al., 2013 [45,46].

4.4. Mass spectrometry
Infarct and peri-infarct areas of the freshly isolated LCA ligated mice

hearts were visually identified and carefully dissected from euthanized
mice. The tissues were then homogenized, and total protein was
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extracted using a lysis buffer. The proteins from these lysates were
subjected to mass spectrometric analysis using a previously described
method for identification and analysis [17]. Scaffold 4 software was
used to compile identified proteins and FunRich™ and Ingenuity
Pathway Analysis [20] was used for detailed analysis of identified pro-
teins, as previously described method [17,43].
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