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Don’t Deny Your Inner Environmental Physiologist: Investigating Physiology with Environmental
Stimuli

Proteomic basis of modulation of postischemic fibrosis by MSC exosomes
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1Cardiology Section, Central Arkansas Veterans Healthcare System, and the University of Arkansas for Medical Sciences,
Little Rock, Arkansas; 2Department of Pharmacology, Xinxiang Medical University, Xinxiang, China; and 3Department of
Radiation Oncology, University of Arkansas for Medical Sciences, Little Rock, Arkansas

Abstract

After an ischemic event, there is activation of fibroblasts leading to scar formation. It is critical to limit the profibrotic remodeling
and activate the reparative remodeling phase to limit cardiac diastolic dysfunction. Mesenchymal stem cell (MSC) exosomes offer
significant protection against ischemia-related systolic dysfunction. Here, we studied if MSC exosomes would offer protection
against profibrotic events in mouse hearts subjected to acute ischemia [1 h left coronary artery (LCA) occlusion] or chronic ische-
mia (7 days LCA occlusion). After acute ischemia, there was activation of inflammatory signals, more in the peri-infarct than in
the infarct area, in the saline (vehicle)-treated mice. At the same time, there was expression of cardiac remodeling signals
(vimentin, collagens-1 and -3, and fibronectin), more in the infarct area. Treatment with MSC exosomes before LCA ligation sup-
pressed inflammatory signals during acute and chronic ischemia. Furthermore, exosome treatment promoted pro-reparative car-
diac extracellular matrix (ECM) remodeling in both infarct and peri-infarct areas by suppressing fibronectin secretion and by
modulating collagen secretion to reduce fibrotic scar formation through altered cellular signaling pathways. Proteomics study
revealed intense expression of IL-1b and activation of profibrotic signals in the saline-treated hearts and their suppression in
MSC exosome-treated hearts. To our knowledge, this is the first report on the infarct and peri-infarct area proteomics of ischemic
mice hearts to explain MSC exosome-mediated suppression of scar formation in the ischemic mouse hearts.

collagens; cardiac fibrosis; heart proteomics; myocardial ischemia; stem cell exosomes

INTRODUCTION

In a normal heart, cardiac fibroblasts constitute one of the
largest noncardiomyocyte cell population (1). Fibroblasts, ini-
tially thought to be quiescent and nonreactive, transform into
activated phenotype in response to inflammation and oxidant
stress. However, recent studies show that resident fibroblasts
continually influence cardiac homeostasis and are involved
in extracellular matrix (ECM)maintenance (2, 3).

Fibroblasts under basal conditions play an important role
in themaintenance of interstitial connective tissue and com-
munication between cardiomyocytes. During ischemia, the
cellular responsemediated by fibroblasts and myofibroblasts
can be classified into two types: replacement fibrosis and re-
active fibrosis (4). Replacement fibrosis, that is, replacement
of dead cardiomyocytes by formation of collagenous scar for-
mation is a critical process to prevent rupture of the ventric-
ular wall following cardiomyocyte death after an ischemic
insult (2, 5, 6). Scar formation results in increased mechani-
cal stress on the ventricular wall (7, 8). Along with the

inflammation, increased mechanical stress induces overzea-
lous long-term activation of fibroblasts and accumulation of
ECM and connective tissue proteins in the infarct and the
remote peri-infarct areas leading to reactive fibrosis.
Triggering prolonged reactive fibrosis in the peri-infarct
areas and in the remote relatively healthymyocardium alters
ventricular compliance and increases ventricular stiffness,
thus compromising cardiac diastolic function (9). Molecular
alterations in the ischemic tissue, particularly in the peri-
infarct area, determine the eventual infarct size and cardiac
function.

The three classical components of the response tomyocar-
dial ischemia are inflammation, scar formation, and ECM
remodeling, with overlap between individual components.
After an acute ischemic event, the loss of tissue integrity
stresses fibroblasts and induces their migration to the
injured area, proliferation, and transformation into myofi-
broblasts (10). The activated fibroblasts express smoothmus-
cle a-actin (aSMA) and vimentin, an intermediate filament
protein, both widely used as myofibroblast makers (6, 7).
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Myofibroblasts, when activated serve as the primary colla-
gen-producing cells mediating fibrosis. Myofibroblasts
activation results from paracrine signals secreted by lym-
phocytes and macrophages, autocrine factors secreted by
myofibroblasts, which interact with pattern recognition
receptors (such as TLRs) on fibroblasts. Among the impor-
tant regulators of fibrosis identified are the cytokines
(such as IL-1b), chemokines, angiogenic factors, caspases
(e.g., caspase-3), growth factors, and renin-angiotensin-al-
dosterone system (11).

Type 1 and 3 collagens along with fibronectin are the pri-
mary structural proteins in the cardiac extracellular matrix.
They providemechanical support by strengthening themyo-
cardial wall and help in relaying themechanical force of con-
traction (12). Fibroblasts and myofibroblasts synthesize and
secrete collagens and fibronectin as precursor proteins that
are converted to their mature fibrillar form by proteolytic
cleavage by secreted proteinases. The mature fibronectin
associates with extracellular proteins and self-assemble into
fibrils providing a scaffold to which collagens and other ECM
proteins bind (13–15). Profibrotic remodeling of cardiac ECM
following an ischemic insult involves assembly of overex-
pressed fibronectin binding to intercellular cell surface ad-
hesion molecules such as integrin. Inhibiting fibronectin
expression inhibits fibrillar formation and attenuates
adverse cardiac remodeling after ischemic insult and
reduces scar formation (16).

There is an ongoing search for novel therapies to contain
the infarct area. A promising novel area for intervention is
the use of stem cell exosomes, which evidently reduce
inflammation and limit cardiac systolic dysfunction (17–21).
We have previously reported on the mechanism of cardio-
protection mediated by MSC exosomes in ischemic mice
hearts. There was a significant reduction in mediators of
inflammation resulting in rescue of cardiac function and
preservation of ventricular thickness with MSC exosome
treatment (22).

The aim of our study was to understand the processes
involved in scar formation in the ischemic hearts by study-
ing the expression of ECM proteins in infarct and peri-infarct
areas and howMSC exosomesmightmodulate these events.

MATERIALS AND METHODS

Cell Culture and Reagents

Cell culture media were obtained from Corning (Thermo
Fisher Scientific, Waltham, MA), [penicillin-streptomycin,
DMEM, phosphate-buffered saline (PBS)]. Fetal bovine se-
rum (FBS) was obtained from Atlanta Biologicals Inc.
(Flowery Branch, GA). Human cardiac fibroblast (306-05A
HCF) cell line was obtained from Sigma-Aldrich (St. Louis,
MO).

Culture of MSCs

The immortalized human bone marrow-derived MSC cell
line (23–25) created from healthy donors was a gift from Dr.
Robert J. Griffin at University of Arkansas for Medical
Sciences. The MSCs were maintained in DMEM media
(Thermo Fisher Scientific, Waltham, MA), supplemented
with 10% FBS (Atlanta Biologicals Inc., Flowery Branch, GA)

and penicillin-streptomycin (100 U/mL obtained from
Thermo Fisher Scientific, Waltham, MA) in a 5% CO2 incuba-
tor at 37�C. In brief (26), cells were cultured overnight and
then washed with PBS and fresh serum-free DMEM medium
was added. The cells were cultured for a further 16–18 h at
37�C in a 5% CO2 incubator. Culture media from these cells
was collected for exosome isolation.

Exosome Isolation

Exosomes were isolated from culture media of MSC cul-
tures incubated in serum-free DMEM media for 16–18 h by
sequential centrifugation as previously described (27). In
brief, media pooled fromMSC cultures was subjected to a se-
ries of centrifugation steps, first at 3,000 g for 10 min fol-
lowed by centrifugation for 30 min at 10,000 g. The pellets
were discarded and followed by ultracentrifugation at
100,000 g for 3 h to pull down exosomes. The resulting exo-
some pellet was resuspended in PBS for washing and ultra-
centrifuged for 2 h at 100,000 g. The final pellet thus
obtained was resuspended in PBS and used in experiments.

Exosome Characterization

MSC exosomes were imaged using the JEOL JSM7000F
scanning electron microscope as previously described (28).
Western blots for CD9 (No. EXOAB-CD9A-1) and CD63 (No.
EXOAB-CD63A-1) (markers for exosomal vesicles) were used
to further characterize the isolated vesicles. Finally, nano-
particle tracking analysis (NTA) using the ZetaView PMX 110
(Particle Metrix, Meerbusch, Germany) was used to charac-
terize and study size distribution of isolated vesicles, as pre-
viously reported (26).

Acute and Chronic Ischemia Mouse Models

Adult male C57BL/6 mice were obtained from the Jackson
Laboratory (Bar Harbor, ME). The animal study protocol
(No. 1466223) 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 8- to 10-wk-old mice
used in the experiments were euthanatized by CO2 inhala-
tion at the end of 7 days after LCA ligation. For purposes of
this study, we characterize 1-h ischemia as acute ischemia
and LCA ligation for 7 days as chronic ischemia.

Acute myocardial ischemia (brief) was induced by total
LCA occlusion in the anesthetized mice as described previ-
ously (29, 30). In brief, following ketamine hydrochloride
(60mg·kg�1) and xylazine hydrochloride (8mg·kg�1) admin-
istered intraperitoneally, the anesthetized animals were
endotracheally intubated and mechanically ventilated
(1.2mL·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 between its origins near the pulmonary co-
nus. After 1 h of ischemia, the ligature around the LCA was
released to allow for reperfusion, and the animals were eu-
thanized 3 h later. Another group of animals underwent the
same procedure but without LCA occlusion (sham ischemia).
A third group of mice was pretreated with a single dose of
MSC exosomes (0.5 mg/kg body wt, administered intrave-
nously through the lateral tail vein) 30 min before left coro-
nary artery (LCA) ligation. The quantity of MSC exosomes
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administered to the animals was based on previous studies
(31, 32).

Chronic myocardial ischemia was induced by permanent
LCA ligation for 1 wk. A parallel group of animals underwent
the same procedure, but without LCA ligation (sham ische-
mia). A third group of mice was pretreated with a single dose
of MSC exosomes as described in Acute and Chronic Ischemia
MouseModels.

Masson’s Trichrome Staining

Mice hearts were collected after euthanasia and fixed in
10% formalin solution and embedded in paraffin. The
hearts were subsequently sliced into 5-mm thick slices
from base to apex. The sections were deparaffinized in xy-
lene and rehydrated through gradient ethanol (100% to
70%) and stained with Masson’s trichrome per standard
protocols. The collagen fibers were stained blue, the nuclei
were stained black, and myocardium was stained red.
Bright-field images were acquired using the Olympus
Bx40 light and fluorescent microscope. Infarct areas were
identified, and regions of interest within the infarct areas
were randomly selected from multiple sections of at least
five mice in each group and the extent of fibrosis was
quantified by processing the acquired images with Image J
software.

Assessment of Inflammatory Signals by
Immunofluorescence Staining

Formalin-fixed hearts were sectioned into 3–5 regions,
and then 5-mm thick slides from different regions of the
heart (3 mice in each group) were deparaffinized. For im-
munofluorescence staining, deparaffinized heart sections
were permeabilized with 1% Triton X-100. The sections
were blocked with 5% goat serum-1% BSA in PBS for 30min at
room temperature and then incubated with specific antibod-
ies. Images were acquired using the Olympus microscope and
processed using the Image J software to merge and adjust the
brightness and contrast present the staining. Brightness and
contrast of the merged images was further adjusted using MS
PowerPoint before being saved as TIFF images for final fig-
ures. Infarct and peri-infarct areas were identified using sub-
sequent hematoxylin-eosin-stained slices of mice hearts as
reference areas to image fluorescent staining. Fluorescence
intensities of inflammatory markers and pathway mediators
were quantified using ImageJ software in multiple areas from
sixmice in each group.

Mass Spectrometry

The freshly isolated heart tissues were homogenized in a
homogenizer and total protein was extracted using a lysis
buffer. The lysates were then subjected to mass spectromet-
ric analysis. For mass spectrometry identification and analy-
sis, refer to the previously described method (26). Scaffold 4
software was used for peptide and protein identifications.
Acceptable limits for protein identifications were at least two
identified peptides with less than 1.0% false discovery.
Scaffold Qþ (version Scaffold 4.8.9, Proteome Software,
Inc., Portland, OR) was used for analysis with protein thresh-
old cutoffs of 95%, minimum of 2 peptides, and a 50% pep-
tide threshold values. The file can be accessed using the

following link: https://doi.org/10.6084/m9.figshare.14550978.
The list of proteins identified was uploaded into the ingenuity
pathway analysis (IPA) software and comparative analysis of
proteins fromdifferent hearts was performed.

SDS-PAGE andWestern Blotting

Infarct and peri-infarct areas were carefully dissected
from freshly isolated hearts from euthanized mice, homoge-
nized in a homogenizer, and total protein was extracted
using a lysis buffer. Western blotting was performed using
standard procedures (26). Membranes were incubated with
primary antibodies against IL-1b (No. ab9722-rabbit polyclo-
nal antibody at 1:1,000 dilution), fibronectin (No. ab2413-
rabbit polyclonal antibody at 1:1,000 dilution) (all from
Abcam, Cambridge, MA), NLRP3 (No. 15101-rabbit monoclo-
nal antibody at 1:1,000 dilution), NF-κB (No. 8242-rabbit
monoclonal antibody at 1:1,000 dilution), ASC (No. 67824-
rabbit monoclonal antibody at 1:1,000 dilution), superoxide
dismutase 1 (SOD1; No. 37385-rabbit monoclonal antibody at
1:1,000 dilution), Collagen-1 (No. 72026-rabbit monoclonal
antibody at 1:1,000 dilution), Collagen-3 (No. 30565-rabbit
polyclonal antibody at 1:1,000 dilution), Vimentin (No. 5741-
rabbit monoclonal antibody at 1:1,000 dilution), a-SMA (No.
19245-rabbit monoclonal antibody at 1:1,000 dilution), ma-
trix metalloproteinase 2 (MMP2; No. 40994-rabbit monoclo-
nal antibody at 1:1,000 dilution), MMP9 (No. 13667-rabbit
monoclonal antibody at 1:1,000 dilution), tissue inhibitor of
metalloproteinase 2 (TIMP2; No. 5738-rabbit monoclonal
antibody at 1:1,000 dilution) (all from Cell Signaling
Technology, MA), CD63 (No. EXOAB-CD63A-1, rabbit poly-
clonal antibody at 1:1,000 dilution) (SBI Biosciences,
Mountain View, CA), and against b-actin (No. ab8226) and
GAPDH (No. ab9484) (both mouse monoclonal antibody at
1:5,000 dilution) (Abcam, Cambridge, MA) for 1 h at room
temperature. Blots were washed three times with TBS-t and
then incubated with anti-mouse (No. 7076) or anti- rabbit
(No. 7074) antibody conjugated with horseradish peroxide
(at 1:10,000 dilution) (Cell Signaling Technology) at room
temperature for 1 h. Blots were rinsed three times with
TBS-t and developed with a chemiluminescence develop-
ing reagent51, SuperSignal West Femto Maximum sensitiv-
ity substrate (Thermo Fisher Scientific, Rockford, IL). The
protein bands were scanned and quantified using Image J
software. The full-length images of the blots are given in
Supplemental Fig. S1 (all Supplemental material is avail-
able at https://doi.org/10.6084/m9.figshare.14550978).

Cell Viability and Death Assay

Fibroblasts were cultured to a near confluence (�90%) in
96-well plates overnight in DMEM medium. One set of cells
was left untreated, whereas one set of cells was treated with
lipopolysaccharide (LPS) for 1 h. Another set of cells was
then treated with MSC exosomes alone, whereas MSC exo-
somes were added to one set of LPS-treated cells. Amount of
LDH release was quantified using the LDH cytotoxicity assay
kit (Cayman Chemical, Ann Arbor, MI) following the manu-
facturer’s protocol. Cell viability assay was carried out on a
similar set of treated and untreated fibroblasts usingMTT re-
agent (Invitrogen, Eugene, OR) following the manufacturer’s
protocol.
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Cell Migration Assay

Fibroblasts were cultured in a QCM Chemotaxis 96-Well
Cell Migration Assay kit with a pore size of 8 mm (Millipore).
In brief, 150 mL of DMEMmedia was added to the wells of the
feeder tray in triplicate. Five thousand fibroblast cells were
added to the insert. Cells were then washed and fresh serum-
free DMEM medium was added. Cells were treated with LPS

for 1 h and then with MSC exosomes, either alone or in pres-
ence of LPS, and allowed to migrate for 12 h. Migrated cells
from the bottom of the inserts were then fixed with 4% para-
formaldehyde solution in PBS and nuclei were stained with
Hoechst. The inserts were imaged under a fluorescent micro-
scope and the number of nuclei were counted in three fields
from each of the replicates and tabulated and presented as
number of cells in each field counted.

Figure 1. Characterization of MSC exosomes. SEM of MSC exosomes fixed on fibronectin-coated coverslip (approx. �80 nm), scale bar = 100 nm (A).
CD63 and CD9 (exosomal markers) are detected in significant quantity in the exosome prep, whereas barely detected in MSC cell lysates (B). NTA
(ZetaView measurements of MSC exosomes) analysis to measure hydrodynamic diameters and size distribution (in mm) of exosome vesicles isolated
fromMSC cultures (C). MSC, mesenchymal stem cell; NTA, nanoparticle tracking analysis; SEM, scanning electron microscopy.

Figure 2. Effect of MSC exosomes on
fibroblast activity. LPS stimulation of fibro-
blasts had no detrimental effect on either
cell death (A) or survival (B). However,
both LPS and LPSþMSC exosomes
increased fibroblast migration (C). MSC
exosomes also increased invasiveness of
the fibroblasts in presence of LPS (D).
Data in means ± SD, ��P < 0.01,���P <
0.001, ����P < 0.0001 based on 3 inde-
pendent experiments. LPS, lipopolysac-
charide; MSC, mesenchymal stem cell.
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Migration-Scratch Assay

Fibroblasts were cultured to a near confluence (�90%) in 6-
well plates overnight in DMEMmedium. With the use of a pi-
pet tip, scratches were made in the cell layer; cells were then
washed with PBS (3 times) and fresh serum-free DMEM me-
dium was added. One set of cells was left untreated, whereas
two sets of cells were treated with LPS for 1 h. Another set of
cells was then treated with MSC exosomes alone, whereas
MSC exosomes were added to one set of LPS-treated cells.
Phase contrast images were recorded on a Cytation 5 imaging
reader (BioTek) at 0, 3, and 7 h. Scratch widths from six areas
of each scratch weremeasured using Image J software. Values

at each timepoint were first subtracted from 0 h and then di-
vided by the same and reported as ratio of area filled; data
presented are for the 7-h timepoint.

Statistical Analysis

We used GraphPad Prism’s one-way ANOVA followed by
Tukey’s multiple comparison test to calculate statistical sig-
nificance for fibroblast cell results, quantification of intersti-
tial fibrosis, and mice heart protein levels expressed as
means ± SD. Value of P < 0.05 was considered significant.
The experiments conducted and results analyzed in this
study were nonblinded.

Figure 3.MSC exosome-mediated suppression of fibrosis in fibroblasts. Fibroblast cultures were exposed to TGF-b (10 ng/mL) for 1 h and then treated with MSC
exosomes. TGF-b-induced fibronectin, collagen-1, vimentin, and a-SMA expression at 24 h of exposure. A: MSC exosome treatment decreased fibronectin,
vimentin, and a-SMA levels in fibroblasts stimulated with TGF-b over a period of 24 h. Immunofluorescence images also showed a decrease in fibronectin and
collagen-1 expression in fibroblasts treated with MSC exosomes (B). Data in means ± SD as fold change over untreated cells, n = 3 replicates. �P< 0.05, ��P<
0.01, ���P < 0.001, ����P < 0.0001 based on 3 independent experiments. Scale bar = 50 mm. Full-length blots are presented in Supplemental Fig. S1C. MSC,
mesenchymal stem cell; a-SMA, smoothmuscle actin-a.
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RESULTS

Characterization of Exosomes

We have previously described characterization of MSC
exosomes using scanning electron microscopy (SEM), nano-
particle tracking analysis, and Western blotting (26). With
the use of an 80-keV electron beam, micropictographs
obtained by scanning electron microscopy showed presence
of uniform size and diameter vesicles (Fig. 1). Mass spec-
trometry analysis revealed the absence of several organelle
markers such as endoplasmic reticulum marker calnexin,
golgi marker GM130, mitochondrial marker proteins such as
cytochrome c oxidase, ABCD3, ATP5A1, etc. MS analysis
revealed the presence of several exosomal markers such as
CD63, CD9, and CD81 [for MSC exosome proteomics refer
supplementary data set from Kore et al. (26)]. These results
along with electron micropictographs indicate that the pel-
lets isolated from conditioned media of MSC cultures by se-
quential centrifugation constitute a distinct set of secretory
vesicles.

In Vitro Activation of Cultured Fibroblasts

Since inflammation is a major component of ischemic
injury to the heart, we investigated the influence of a potent
proinflammatory mimic LPS on migration capability of cul-
tured fibroblasts in a scratch/wound-healing assay. Fibro-
blasts were plated with or without MSC exosomes in the

presence or absence of LPS. Significant stimulation of wound
healing in scratch assay was seen when fibroblasts were
stimulated with LPS (Fig. 2C). A similar significant stimula-
tion of fibroblast migration was observed in the presence of
LPS (Fig. 2D).

Treating the fibroblasts with MSC exosomes in the pres-
ence of LPS had no effect on cell death, whereas cell survival
was similar to untreated fibroblasts (Fig. 2, A and B).
Compared with the LPS-treated cells, MSC exosome treat-
ment had no effect on scratch/wound-healing function of
fibroblasts (Fig. 2C). However, the exosomes significantly
induced fibroblast migration across a porous permeable
membrane, suggesting MSC exosomes stimulate invasive
function in fibroblasts. There was a further increase in
migration of LPS-stimulated fibroblasts in the presence of
MSC exosomes (Fig. 2D). These results suggest that MSC exo-
somes stimulate migration capability of the fibroblasts. We
monitored LDH activity as a marker of cell death at 24 h in
the presence of LPS (Fig. 2A). Interestingly, cell viability
measured by MTT assay increased under the stress of LPS
(Fig. 2B), perhaps a response to stress. MSC exosomes in the
presence of LPS had normalized the LDH levels.

Cultured fibroblasts treated with 10 ng/mL of tumor ne-
crosis factor-b (TGF-b), which is another potent cytokine
released during ischemia (Fig. 3, A and B), revealed upregu-
lation of fibrosis markers fibronectin and collagen-1 and
myofibroblast markers smooth muscle actin-a (a-SMA)
and vimentin. MSC exosome treatment alone had no

Figure 4. Interstitial fibrosis in chronic ischemia. Masson’s trichrome staining shows significant fibrotic scar formation in the ischemic hearts (1-wk post-
LCA ligation), especially in the infarct areas (A and B). There is prominent perivascular fibrosis observed in the saline-treated hearts (A). With MSC exo-
some treatment, there is a significant decrease in interstitial fibrosis in ischemic hearts along with a decrease in perivascular fibrosis. Data in means ±
SD, from multiple regions of interest (ROI) from n = 5 mice hearts. Scale bars: fibrotic scar = 500 mm; interstitial fibrosis and perivascular fibrosis = 2 mm.
Multiple comparisons were analyzed by one-way ANOVA, followed by Tukey’s post hoc comparisons test (��P< 0.01). MSC, mesenchymal stem cell.
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effect on fibronectin or vimentin expression in fibro-
blasts, whereas it surprisingly upregulated collagen-1 and
suppressed a-SMA expressions (Fig. 3, A and B). MSC exo-
somes significantly suppressed fibronectin, vimentin,

and a-SMA in the presence of TGF-b. Interestingly, treat-
ing fibroblasts with MSC exosomes in presence of TGF-b
induced a small but significant increase in collagen-1
expression.
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Effect of MSC Exosomes on ECM Protein Secretion
during Acute Ischemia

We then induced ischemia in mice hearts with LCA liga-
tion. One week later, the ischemic hearts were collected.
Masson’s trichrome staining of chronic ischemia hearts
showed profound fibrotic scar tissue and ECM proteins in
the infarct areas. After MSC exosome treatment, both inter-
stitial fibrosis (Fig. 4, A and B) and perivascular fibrosis in is-
chemic hearts were significantly decreased (Fig. 4).

We looked at the molecular events occurring immedi-
ately and 1 wk after the induction of ischemia. The expres-
sion of vimentin and a-SMA, markers for myofibroblasts,
was markedly increased in the infarct areas shortly after
the ischemic insult. There appeared to be a very small
quantity of vimentin detected in the peri-infarct areas.
Next, we investigated the expression of markers of fibrotic
scar tissue. There was a significant increase in the expres-
sion of fibronectin and collagen-1 and -3 soon after a brief
period of ischemic insult. We also observed an increase in
the secretion of TIMP2, MMP2, and MMP9, especially in
the infarct areas, which are involved in turnover of ECM
proteins (Fig. 5A).

MSC exosome treatment significantly reduced fibronectin
expression in both infarct and peri-infarct areas. The expres-
sion of myofibroblast markers, vimentin and a-SMA, was
also significantly suppressed in the infarct and peri-infarct
areas of MSC exosome-treated ischemic mice hearts.
However, surprisingly, levels of collagen-1 and -3, MMP2,
and MMP9 were increased with MSC exosome treatment in
the infarct and peri-infarct areas. Although TIMP2 levels
were increased in the infarct areas, their levels in the peri-
infarct areas were not affected (Fig. 5A).

Effect of Acute Ischemia on Inflammatory Mediators and
Rescue by MSC Exosomes

We examined expression of a well-known potent
inflammatory modulator IL-1b in the cardiac tissues fol-
lowing a brief period of ischemia. We observed a marked
upregulation of IL-1b in both the infarct and peri-infarct
areas (Fig. 5B) within a few hours of the ischemic insult.
Activation of inflammatory signals was accompanied by
the activation of intracellular inflammatory proteins p38-
MAPK, NF-κB, ASC, and NLRP3 inflammasome (Fig. 5B).
SOD1 expression increased after brief period of ischemia,
and its levels were higher in the peri-infarct areas than in
infarct areas.

Importantly, MSC exosome treatment significantly dec-
reased the levels of inflammatory modulators IL-1b along
with suppression of phospho-p38-MAPK, NF-κB, and NLRP3
inflammasome. The levels of SOD1 increased further with

MSC exosome treatment (Fig. 5B). It is interesting to note
that SOD1 levels in the peri-infarct areas were significantly
higher than in the infarct areas of MSC exosome-treated
mice hearts.

Effect of MSC Exosomes on ECM Protein Secretion and
Inflammatory Mediators during Chronic Ischemia

Next, we studied cardiac ECM remodeling at 1 wk of ische-
mia. There was an increased deposition of collagen-1 and -3
along with increased staining for the myofibroblast markers
vimentin and a-SMA (Fig. 6A). Levels of MMP2 and TIMP2
area were also increased (Fig. 6A), suggesting that the trends
observed during acute ischemia continue over a period of
time. MSC exosome treatment, as expected, showed a
decrease in vimentin and a-SMA staining in the chronic is-
chemic hearts. However, levels of both collagen-1 and -3 and
MMP2 and TIMP2 were increased in both infarct and peri-
infarct areas.

The trend of increased expression of inflammatory
markers such as IL-1b, NF-κB, and NLRP3 was evident in
mice hearts subjected to chronic ischemia in both infarct
and peri-infarct areas with increased staining observed in
the peri-infarct areas. There was increased staining of NF-κB
within the nucleus in both infarct and peri-infarct areas of
saline-treated mice heart areas indicating its activation and
localization to the nucleus (Fig. 6B), although the staining
was more prominent in the peri-infarct regions. The sup-
pression of these inflammatory mediators with MSC exo-
some administration was evident in chronic ischemia hearts
in both infarct and peri-infarct areas (Fig. 6B).

Proteomic Analysis of Ischemic Hearts

Mice hearts with LCA ligation for 1 wk were carefully ho-
mogenized, lysed, and protein extracted and subjected to
mass spectrometric (MS) analysis.

We studied the pathways governing fibrosis using Ing-
enuity pathway analysis (IPA) (33) of proteome of these
hearts. Our investigation revealed the proteins involved in
the toxicological functions (Fig. 7A) and diseases and biologi-
cal functions (Fig. 7B) and showed differential expression of
upstream regulators of cellular signaling (Fig. 7C). Saline-
treated ischemic hearts showed an increase in proteins regu-
lating fibrogenesis and fibrosis of heart. Treatment of mice
with MSC exosomes was found to suppress the pathways
governing fibrosis of heart and decrease fibrogenesis and
ventricular dysfunction pathways. Proteins regulating angio-
genesis were stimulated with MSC exosome treatment (Fig.
7B). We also observed differential regulation of many tran-
scription factors. Most interestingly, there was a suppression
of the nuclear receptor subfamily 4 group A member 1
(NR4A1), whereas nuclear receptor subfamily 1 group I

Figure 5. Fibrosis and inflammatory mediators during acute ischemia. Vimentin and a-SMA levels are significantly elevated during acute ischemia (A) in-
dicative of increased fibroblast transformation to myofibroblasts. Collagen-1 and -3 levels along with fibronectin and MMP2, MMP9, and TIMP2 are also
elevated during acute ischemia. MSC exosome treatment significantly reduces fibrotic response in ischemia hearts (A). Similarly, after 1 h of ischemia, IL-
1b, phosphorylated-p38MAPK, NF-κB, ASC, NLRP3, and SOD1 levels are increased in both infarct and peri-infarct areas (B). MSC exosome treatment
reduces levels of these inflammatory mediators and inflammasome proteins in the heart tissues. MSC exosomes also increase levels of SOD1 and these
protective effects persist during chronic ischemia (B). Data in means ± SD, presented as fold change over sham heart lysates, n = 5. Multiple comparisons
were analyzed by one-way ANOVA, followed by Tukey’s post hoc comparisons test (�P < 0.05, ��P < 0.01, ���P < 0.001, ����P < 0.0001). Full-length
blots are presented in Supplemental Fig. S1, A and B. MMP2, matrix metalloproteinase 2; MMP9, matrix metalloproteinase 2; MSC, mesenchymal stem
cell; SOD1, superoxide dismutase 1; TIMP2, tissue inhibitor of metalloproteinase 2; a-SMA, smooth muscle actin-a.
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member 3 (NR1I3) was elevated with MSC exosome treat-
ment (Fig. 7C).

The IPA analysis revealed IL-1b as the major cytokine me-
diator regulating fibrosis in ischemic hearts leading to

stimulation of vimentin, DDX5, and fibronectin, which pro-
mote fibrosis (red circles Fig. 7D) while also stimulating SOD
(light blue circle Fig. 7D), which suppresses oxidative stress-
driven profibrotic pathways. The increase in SOD may be a
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compensatory response to increase in profibrotic and proin-
flammatory pathways, as seen earlier (34, 35). We suspect
that the suppression of NR4A1 would lead to increase in col-
lagen-1 levels (36, 37), which corroborates the data shown in
Fig. 7E.

A further detailed analysis of the saline-treated ischemic
hearts and MSC exosome-treated ischemic hearts revealed
differences in the proteins involved in fibrogenesis (Fig. 8, A
and B) and fibrosis of heart pathways (Fig. 8, C and D).
Comparative analysis of the process of fibrogenesis in saline-
treated mice hearts subjected to LCA ligation revealed differ-
entially expressed proteins such as MyoZ2, THBS1, TTR,
SERPINF2, DMD, PKP2, SORBS1, DCTN1, MAPK1, Cyb5r3,
DPYSL2, PFN1, HSPB1, and GDA (Fig. 8A). In contrast, the
proteome of MSC exosome-treated heart tissues revealed
fewer proteins involved in fibrogenesis with DLG1, Cdc42,
CLASP1, PTPN11, MAPRE1, SNX9, and TNNT2 being differ-
entially expressed (Fig. 8B). A similar analysis in saline-
treated mice hearts subjected to LCA ligation revealed differ-
entially expressed proteins such as PLG, SLC4A1, XIRP1,
DMD, and PPP3CA, which play a role in the fibrosis of heart
(Fig. 8C). Analysis of the proteome of MSC exosome-treated
heart tissues identified unique set of proteins (SLC8A1,
IGHM, GNAS, TNNT2, and COQ9) involved in modulation of
fibrosis in the ischemic heart (Fig. 8D).

DISCUSSION

Previous work from several laboratories, including ours,
has shown that ischemic insult to the heart triggers release
of proinflammatory mediators, IL-1b, IL-6, and TNF-a (30,
38–42). Inflammation drives generation of reactive oxygen
species (ROS) in the cytoplasm and mitochondria (43, 44).
Activation of proinflammatory p38MAPK pathways, trans-
location of NF-κB, and transcription of IL-1b, NLRP3
inflammasome, and caspases further drive the vicious
cycle leading to myocardial damage. The present study
confirms these processes (Figs. 5 and 6). We also found
that acute ischemia increased levels of the antioxidant
SOD1, which is probably a compensatory response to
counter ROS production.

Our study, for the first time, shows that the levels of medi-
ators of inflammation—p38MAPK, IL-1b, and NLRP3 inflam-
masome—are elevated to a greater extent in the ischemic
heart, more in the peri-infarct areas than in the infarct areas
(Figs. 5 and 6). This surge in inflammatory mediators in the
peri-infarct areas is possibly in response to inflammatory sig-
nals and cellular debris flooding from the infarct area. Not
surprisingly, SOD1 expression increases to combat the ische-
mic stress. Furthermore, the inflammatory process with
enhanced expression of IL-1b, NF-κB, and NLRP3 inflamma-
some continues during the chronic phase (Figs. 5 and 6).

To understand whether fibroblasts are directly influenced
by MSC exosomes, we stimulated fibroblasts with the potent

inflammatory stimulant LPS. Our in vitro investigation
designed to study the fibrosis-related events revealed that
LPS did not induce cell death in fibroblasts but slightly
increased their cell viability, which probably reflects an in-
herent response of fibroblasts to inflammatory stimuli. LPS
did activate fibroblast migration and although MSC exosome
treatment further increased the migration of fibroblasts (Fig.
2, C and D), their transformation into activated myofibro-
blasts was suppressed (Figs. 5 and 6). When we treated fibro-
blasts with TGF-b (a potent cytokine that mediates fibrosis in
damaged cardiac tissues), it resulted in an increase in expres-
sion of vimentin, a-SMA, and secretion of collagen-1 and fi-
bronectin (Fig. 3). MSC exosome treatment suppressed levels
of vimentin, a-SMA, and secreted fibronectin in cultured
fibroblasts while stimulating the expression of collagen-1,
suggesting that MSC exosomes act directly on cardiac fibro-
blasts to suppress fibrotic events in ischemic hearts.

It is well known that during acute ischemia, tissue
response to inflammation and oxidative stress increases the
production of ECM proteins involved in profibrotic remodel-
ing. Fibroblasts transform into active myofibroblasts in the
inflammatory microenvironment. Myofibroblasts express
vimentin and secrete fibronectin (Figs. 5 and 6). Fibronectin,
the anchor protein that binds to the cell surface and cross
links with collagens, is secreted in large amounts by fibro-
blasts in response to ischemia (Fig. 3). Collagen-1 and -3 lev-
els are also elevated which result in turnover of cardiac ECM
to progressive fibrosis (Fig. 5). Although the ultimate fate of
myofibroblasts is unknown, they flourish in the ischemic
environment driving fibrosis. Fibrosis progresses after the
initial ischemic insult and continues to progress.

Collagen-1 and -3 levels are elevated which result in turn-
over of cardiac ECM to progressive fibrosis (Figs. 5 and 6).
Although the ultimate fate of myofibroblasts is unknown,
they flourish in the ischemic environment driving fibrosis.
Fibrosis progresses after the initial ischemic insult and con-
tinues to progress over a period.

Among the proteases involved in ECM turnover are
MMP2, MMP9, and TIMP2. An increase in collagen secretion
stimulates increased MMP2 and MMP9 secretion and
increased fibrosis. A consequence of rapid MMP2 secretion
in response to ischemia is the secretion of TIMP2 that proc-
esses MMP2. We also observed a rapid increase in TIMP2
secretion following the acute ischemic insult in mice hearts
(Figs. 5 and 6). Our studies provide support for the concept
of signals for fibrosis appearing soon after ischemia, first
postulated by Hu et al. (41) in our laboratory.

Ischemic insult kills cells in the infarct areas (Fig. 4).
Fibroblasts move into the area and secrete profibrotic ECM
proteins to maintain the structural integrity of the damaged
heart tissue leading to scar formation. In the peri-infarct
areas, the levels of ECM proteins, although increased, are sig-
nificantly lower than those in the infarct areas. We hypothe-
size that the increased levels of collagen-1 and -3 are a

Figure 6. Fibrosis and inflammatory mediators during chronic ischemia. At 7 days after left coronary artery (LCA) ligation (lig) in chronic ischemia model,
Vimentin and a-SMA levels are significantly elevated (A) indicative of increased fibroblast transformation to myofibroblasts. Collagen-1 and -3 levels along
with MMP2 and TIMP2 are also elevated. These protective effects of MSC exosome treatment persist during chronic ischemia (A). Inflammatory mediators
such as IL-1b, NF-κB, andNLRP3 levels are increased in both infarct and peri-infarct areas (B). MSC exosome treatment reduces levels of these inflammatory
mediators and inflammasome proteins in the heart tissues (B). Data in means ± SD, as florescent intensities (arbitrary units), n = 5. Scale bars = 2 mm.
Multiple comparisons were analyzed by one-way ANOVA, followed by Tukey’s post hoc comparisons test (�P < 0.05, ��P < 0.01, ���P < 0.001, ����P <
0.0001). MMP2, matrix metalloproteinase 2; MSC, mesenchymal stem cell; TIMP2, tissue inhibitor of metalloproteinase 2; a-SMA, smooth muscle actin-a.
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compensatory response to the proinflammatory factors from
the infarct areas.

Attempts have been made to exploit stem cells to improve
cardiac function following ischemic injury to the heart with
the hope that stem cells will facilitate regeneration and/or
repair the cardiac muscle and improve cardiac function (45–
48). Results of these studies have so far shown some degree
of success, with a modest 3%–8% increase in left ventricular
ejection fraction and a small 3%–12% decrease in infarct size

(49–51). A major limitation of these studies is the assump-
tion that stem cells will transform into cardiomyocytes
and replace the damaged or dead cardiac cells, thereby
limiting fibrosis. We postulate that stem cells react unfav-
orably to the toxic inflammatory tissue microenvironment
and are unable to adapt and transform into the cardiomy-
ocyte phenotype. We thus focused on using the stem cell
exosomes in lieu of stem cells to try to protect the dam-
aged cardiac microenvironment.

Figure 7. Proteomic analysis of fibrotic events. IPA (QIAGEN, Inc., https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis) (33) net-
work analysis revealed toxicological functions in the ischemic hearts which are differentially regulated by MSC exosome treatment signaling networks
leading to suppression of fibrosis of heart and interstitial fibrosis of heart (A). Although fibrogenesis is increased in ischemic hearts, MSC exosome treat-
ment suppresses the process along with suppression of ventricular dysfunction and stimulating angiogenesis (B). Among the differentially regulated
upstream regulators, NR4A1 that negatively regulates collagen-1 expression is observed to be suppressed (C and E). IL-1b appears to be the main culprit
in driving the inflammatory cytokine-mediated fibrotic events (D). Prediction legend describes the network relationships between different molecules.
IPA, ingenuity pathway analysis; MSC, mesenchymal stem cell.
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Our previous studies have showed that MSC exosomes
afford significant cardioprotection by reducing infarct size,
rescuing cardiac function, and retaining ventricular thick-
ness while simultaneously suppressing inflammatorymedia-
tors (22). We now present data showing that administration
of MSC exosomes, before induction of ischemia, protects the
heart against profibrotic ECM remodeling, differentially, in
both infarct and peri-infarct areas. Indeed, our study shows
that MSC exosomes significantly decrease the expression of
inflammatory mediators in both infarct and peri-infarct
areas of the ischemic hearts (Figs. 5 and 6). MSC exosomes
also suppress profibrotic remodeling and transformation of
fibroblasts into myofibroblasts as evidenced by the decrease
in vimentin and a-SMA followed by fibronectin levels in the
MSC exosome-treated animals (Figs. 5 and 6). Concurrently,
there is an increase in MMP2, MMP9, and TIMP2 levels in is-
chemic hearts with MSC exosome treatment, particularly in

the infarct areas. Although, we cannot readily explain the
differential changes in vimentin and collagens with MSC
exosome, these alterations resulted in a reduction in the scar
area along with reduced interstitial fibrosis (Fig. 4).

The fibrotic signaling pathways are driven by the translo-
cation of NF-κB to the nucleus (52, 53). We suggest that MSC
exosomes suppressed the activation of proinflammatory
p38-MAPK, which in turn inhibited phosphorylation of NF-
κB and transcription of its target genes (Figs. 5 and 6).

To understand the changes in the heart, we studied the
proteome of different areas of the hearts from saline-treated
and exosome-treated mice subjected to LCA ligation. First,
we identified profound changes in the signals leading to fi-
brosis (especially interstitial), fibrogenesis following ische-
mia (Fig. 7,A and B).

Interestingly, transcription factors in heart tissues were
also differentially regulated (Fig. 7C). Among those is the

Figure 8. MS analysis of fibrogenesis and fibrosis events in hearts. Although saline-treated ischemic hearts showed an increase in proteins regulating
fibrogenesis (A) and fibrosis of heart (C), MSC exosome treatment suppressed these pathways (B and D). Prediction legend describes the network rela-
tionships between different molecules. MSC, mesenchymal stem cell.
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nuclear receptor NR4A1 (Fig. 8E), which, depending on the
coregulators and its posttranslational modifications, can
function either as a transcriptional activator or repressor
(54). NR4A1 has been implicated in macrophage pathophysi-
ology (55, 56). NR4A1 is also implicated in fibroblast physiol-
ogy where its deletion resulted in increased collagen
deposition (57). These data support our findings on collagen
levels observed in ischemic hearts (Figs. 5 and 6). Import-
antly, as we had expected and has been previously exten-
sively reported, IL-1bwas found to be themajor signal, which
probably led to fibrotic events (Fig. 7D), and MSC exosomes
suppressed IL-1b (Figs. 5 and 6). Further comparison of path-
ways involving fibrogenesis and fibrosis revealed differential
modulation of proteins in MSC exosome-treated hearts that
negatively modulated fibrogenesis and suppressed scar for-
mation in the heart (Fig. 8,A–D).

In concert with our previous report on proteomics (26), we
believe that the cytoprotective protein cargo carried by the
exosomes is directly used by the recipient cells. We have also
shown that MSC exosomes carry a variety of transcription
factors (26) which can potentially be responsible for initiat-
ing and triggering anti-inflammatory response in the ische-
mic mice hearts. These studies are of significant interest
because the infarct is well established at 1-wk post-LCA liga-
tion in mice hearts and that cardiac remodeling is already

underway, which leads to cardiac dysfunction. Thus, treat-
ment of mice with MSC exosomes increased the heart’s abil-
ity to induce pro-reparative ECM remodeling (Fig. 9).

To our knowledge, these are the first set of studies show-
ing a link between MSC exosome treatment and suppression
of fibroblast mediated profibrotic remodeling. Based on our
previous reports (26, 28), it is our conviction that use of exo-
somes from MSCs would positively modulate the ischemic
microenvironment of cardiac tissues and help fibroblasts
switch from profibrotic to reparative remodeling of the is-
chemic ECM. The results of our study lay the groundwork to
use MSC exosomes in modulating fibroblast migration and
secretory functions.

Study Limitations

There are several limitations of this study. First, after the
acute ischemic event, circulating monocytes are recruited to
the infarct hearts, and given the scope of our present study,
we have not presented the effect of MSC exosomes on the
role of recruited and resident macrophages in their inflam-
matory response. This will be the subject of next communi-
cation. Second, we focused our investigation on the early
molecular events determining fibrosis in cardiac tissue. We
pretreated mice with MSC exosomes 30 min before inducing
cardiac ischemia to allow for MSC exosomes to be distributed

Figure 9. Summary of suppression of fibrotic events with MSC exosome treatment. MSC exosomes provide cardioprotection against inflammation and
subsequent fibrotic events. Ischemia stimulates oxidative stress, which activates p-38MAPK, leading to translocation of NF-κB into the nucleus.
Activation of NF-κB also leads to increase in fibronectin and collagen-1 and -3 levels precipitating fibrotic scar formation. There is an increase in intersti-
tial fibrosis. MSC exosomes modulate the effects of ischemia by suppressing activation of p-38MAPK and NF-κB, leading to suppression of IL-1b, and
inflammasome proteins—NLRP3 and ASC. Fibronectin levels are suppressed, whereas collagen-1 and -3 levels are increased, which helps in maintaining
the integrity of damaged heart tissues and providing protection against ventricular dysfunction. ECM, extracellular matrix; MMPs, matrix metalloprotei-
nases; MSC, mesenchymal stem cell; ROS, reactive oxygen species; SOD1, superoxide dismutase 1; TIMPs, tissue inhibitor of metalloproteinases;
a-SMA, smooth muscle actin-a.
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and to study the effect of these exosomes as proof of concept.
Our observations showed that a single dose ofMSC exosomes
was sufficient to offer significant cardioprotection and sup-
press fibrosis over a period of 7 days postischemia. We are
now following up by extending our studies on ischemic mice
hearts up to 4 and 8 wk. We also are investigating the effects
of administration of MSC exosomes after inducing an ische-
mic event. Third, our proteomic analysis focused on proteins
related to inflammation and fibrosis pathways, and proc-
esses such as cytokine signaling, ATP production in mito-
chondria, mitochondrial membrane integrity, etc., that
determine the health of cardiomyocytes in diseased hearts
were not studied. Fourth, the animal studies were non-
blinded. We acknowledge that the lack of blinding is a con-
cern but our MS data corroborates the molecular biology
analysis of heart samples. Finally, most of the antifibrotic
events can be attributed to global MSC proteomic cargo. We,
at this point, have no clear idea of which proteins among
that cargo is responsible for the cardioprotective functions.
Nonetheless, the early events are important in understand-
ing protein signals, which regulate fibrotic events following
ischemic insult to the heart.

Perspectives and Significance

Myocardial ischemia is followed by inflammation and oxi-
dative stress, which leads to the development of fibrosis. It is
critical to limit the profibrotic remodeling and activate the
reparative remodeling to limit cardiac dysfunction. Here, we
show that fibrotic signals in the ischemic heart can be sup-
pressed by treatment of mice with MSC exosomes before
LCA ligation. We believe that this is the first report on the
early molecular events deciphering the molecular and pro-
teomics events to explain MSC exosome-mediated suppres-
sion of scar formation in the ischemicmouse hearts.
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