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Background: Heart transplantation, a life-saving approach for patients with end-stage heart disease, is limited by
shortage of donor organs. While prolonged storage provides more organs, it increases the extent of ischemia.
Therefore, we seek to understand molecular mechanisms underlying pathophysiological changes of donor hearts
during prolonged storage. Additionally, considering mesenchymal stromal cell (MSC)-derived paracrine pro-
tection, we aim to test if MSC secretome preserves myocardial transcriptome profile and whether MSC secretome
from a certain source provides the optimal protection in donor hearts during cold storage.

Methods and results: Isolated mouse hearts were divided into: no cold storage (control), 6 h cold storage (6 h-I), 6
h-I + conditioned media from bone marrow MSCs (BM-MSC CM), and 6 h-I1 + adipose-MSC CM (Ad-MSC CM).
Deep RNA sequencing analysis revealed that compared to control, 6 h-I led to 266 differentially expressed genes,
many of which were implicated in modulating mitochondrial performance, oxidative stress response, myocardial
function, and apoptosis. BM-MSC CM and Ad-MSC CM restored these gene expression towards control. They also
improved 6 h-I-induced myocardial functional depression, reduced inflammatory cytokine production, decreased
apoptosis, and reduced myocardial HyO,. However, neither MSC-exosomes nor exosome-depleted CM recapit-
ulated MSC CM-ameliorated apoptosis and CM-improved mitochondrial preservation during cold ischemia.
Knockdown of Per2 by specific siRNA abolished MSC CM-mediated these protective effects in cardiomyocytes
following 6 h cold storage.

Conclusions: Our results demonstrated that using MSC secretome (BM-MSCs and Ad-MSCs) during prolonged cold
storage confers preservation of the normal transcriptional “fingerprint”, and reduces donor heart damage. MSC-
released soluble factors and exosomes may synergistically act for donor heart protection.

1. Introduction

Although therapies for heart disease have greatly improved over the
past several decades, heart transplantation remains the ultimate treat-
ment for the increased number of patients who develop terminal heart
failure. Currently, there are >250,000 people in the U.S.A. at the end-
stages of heart failure and approximately 15% of them are in an ur-
gent need for heart transplant. Based on OPTN/SRTR (Organ Procure-
ment and Transplantation Network/Scientific Registry of Transplant

Recipients) 2018 Annual Data Report, new waiting lists for heart
transplantation continued to increase, with 3883 new adult candidates
in 2018 (resulting in >7400 candidates during the course of a year) [1].
However, only 2967 transplants occurred in adult recipients [1], largely
due to a severe shortage of organ supply. Therefore, it is critical to in-
crease the number of suitable donor hearts for transplantation.

One important reason for donor heart shortage is progressive quality
deterioration after removal from donors, which is attributable to
ischemic damage during ex vivo storage. As a result, there is a limited
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time window permitted between procurement of hearts and their im-
plantation. In most medical centers, this time window is narrowed to
4-6 h. Such limited transport/storage time by which hearts must be re-
implanted to minimize ischemic injury is an important factor for organ
quality, rendering many potentially available donor hearts unusable.
This particularly affects potential recipients in distant geographical
areas. In fact, despite the lack of available organs, about 60% of
obtainable donor hearts are not utilized for clinical transplantation
largely because of deterioration during transit [2]. Therefore, utilizing
effective strategies to modify preservation solution is appealing since it
can prolong storage time, increase donor heart utilization, and improve
graft function after transplantation.

Of note, mesenchymal stromal cell (MSC)-based therapy has
emerged as promising approach for treatment of heart disease. Evidence
from others and our group has shown MSC-derived paracrine protection
on tissue/organs against ischemia [3-8]. However, the overwhelming
majority of studies on using MSCs for cardiac preservation or repair have
been mainly focusing on ischemic heart disease and heart failure [9-13].
Little information exists regarding the potential of MSC-derived therapy
in heart transplantation. MSCs can be obtained from many tissues,
including bone marrow, adipose, umbilical cord, etc. A recent study has
shown that by using hypothermic oxygenated perfusion to store donor
hearts, bone marrow MSC (BM-MSC)-conditioned media (CM) added to
perfusion solution improved myocardial function in grafts donated from
15-month-old rats [14]. More importantly, we are the first to indicate
that supplementing BM-MSC secretome to preservation solution pro-
tected donor organ performance against cold static storage-induced
ischemia and subsequent reperfusion injury using an in vivo murine
heterotopic heart transplantation model [15]. We have also indicated
that adipose-derived MSC (Ad-MSC) secretome improved contractile
activity and viability in human-induced pluripotent stem cell-derived
cardiomyocytes exposed to cold preservation solution (mimicking cold
static storage of donor hearts) [16]. However, it is unclear whether
MSCs derived from various tissue sources have different therapeutic
efficacy on donor heart preservation during cold storage.

Furthermore, cold storage/ischemia may lead to dynamic changes of
myocardial transcriptome expression profile. It is unknown whether
adding MSC secretome to storage solution could preserve cold ischemia-
induced alterations of myocardial transcriptome profile. Therefore, in
this study, we aim to determine whether 6 h cold storage (6 h-I) induces
myocardial transcriptome changes and the effect of BM-MSC and Ad-
MSC secretome on maintaining myocardial transcriptome profile
following ex vivo cold storage. We also seek to compare the therapeutic
potential of BM-MSC secretome with Ad-MSC secretome (when added to
preservation solution) on ameliorating cold ischemia and subsequent
reperfusion (I/R)-damaged donor hearts, by evaluating myocardial
function and inflammatory cytokine production, as well as the degree of
cell death.

2. Methods and materials
2.1. Animals

C57BL/6 J mice (male, 10-15 weeks) were purchased from the
Jackson Laboratories (Bar Harbor, ME) and acclimated with a standard
diet feeding for >1 week before the experiments. The animal protocol
was reviewed and approved by the Institutional Animal Care and Use
Committee of Indiana University. All animals received humane care in
compliance with the Guide for the Care and Use of Laboratory Animals
(NIH Pub. No. 85-23, revised 1996).

2.2. Preparation of CM from human BM-MSCs and Ad-MSCs
Human BM-MSCs (PT-2501) and Ad-MSCs (PT-5006) were pur-

chased and characterized by the company (Lonza Walkersville Inc.,
Walkersville, MD). These cells were tested for purity of cell surface
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markers (positive for CD29, CD44, CD73, CD90, CD105, and CD166, but
negative for CD14, CD34, and CD45), and for their ability to differen-
tiate into osteogenic, chondrogenic, and adipogenic lineages. The cells
were cultured with MSC growth medium or ADSC growth medium
respectively, based on the manufacturer's instructions (Lonza) and our
previous experience [4]. CM was generated as shown in Fig. S1. Briefly,
the supernatant was sequentially concentrated to 100-fold by centrifu-
gation through the Amicon Ultra Centrifugal Filter (membranes cutoff
>3 kDa, EMD Millipore) as we previously described [15,17]. The
concentrated CM from the filtrate tube of the top unit was diluted in
University of Wisconsin (UW) solution to the final concentration as
indicated in Fig. S1A. The BM-MSC CM and Ad-MSC CM were used in
experimental groups as shown in Fig. S2. We did not observe any dif-
ference in cell morphology and growth rate between BM-MSCs and Ad-
MSCs during the culture (Fig. S3).

2.3. Preparation of BM MSC-derived exosomes and BM MSC-CMC"4689

Exosomes (Exo) were isolated from the concentrated BM-MSC CM
using ExoQuick-TC exosome isolation kit (System Biosciences)
(Fig. S1B). Transmission electron microscope (TEM) was used to eval-
uate Exo morphology and Nanosight analysis was employed to deter-
mine size distribution of Exo.

GW4869 (an exosome release inhibitor, 10 pM) was utilized to treat
BM-MSCs [15,18]. After 72 h treatment, the BM-MSC CM was collected,
centrifuged, and concentrated to obtain exosome-depleted MSC-CM
(Fig. S1C).

2.4. Next-generation RNA sequencing using Ion Proton Semiconductor
standard methods

Total RNA was extracted using miRNeasy Mini kit (Qiagen) from
mouse hearts of two experiments. One performed as baseline control
(non-ischemia, n = 4 hearts) vs. 6 h-I (n = 3 hearts) and another set as
baseline control (n = 3), 6 h-I + vehicle (n = 3), 6 h-I + BM-MSC CM (n
=4), and 6 h-I + Ad-MSC CM (n = 4). Total heart RNA was evaluated for
quantity and quality using Agilent Bioanalyzer. 500 ng of total RNA was
used. cDNA library preparation included polyA mRNA capture, enzy-
matic fragmentation, hybridization and ligation of adaptors, reverse
transcription, size-selection, and amplification with barcode primers,
following the Ion Total RNA-Seq Kit v2 User Guide (Life Technologies).
Each resulting barcoded library was quantified and its quality accessed
by Agilent Bioanalyzer and multiple libraries pooled in equal molarity.
Eight pul of 100 pM pooled libraries were applied to Ion Sphere Particles
(ISP) template preparation and amplification using Ion OneTouch 2,
followed by ISP loading onto PI chip and sequencing on Ion Proton
semiconductor. It was obtained for expression of 13,068 genes, with
approximately 20 million reads per heart. The multi-dimensional scaling
(MDS) plots were shown in Fig. S4. Significantly differentially expressed
genes were subjected to functional analysis using Ingenuity Pathway
Analysis (IPA) as we previously described [19-21].

2.5. Real-time quantitative PCR

Total RNA was extracted from human left ventricle (LV) stored in
cold preservation solution at 0—4 °C using miRNeasy Mini kit (n = 3
hearts/group) and mouse hearts subjected to 6 h cold storage + vehicle,
MSC-Exo, or MSC-CM®Y468%_ The same amount of total RNA from each
preparation was used for the first-strand cDNA reverse transcription
using Quantum (ThermoFisher Scientific). Transcript levels were then
determined by Real-time PCR (7500 Real-Time PCR System, Applied
Biosystems) using TagMan assays for Per2 (period circadian regulator
2), Arntl/Bmall (Aryl hydrocarbon receptor nuclear translocator-like
protein 1 or Brain and Muscle ARNT-Like 1), and GAPDH or 18S rRNA
(ThermoFisher Scientific). The expression of Per2 and Arntl/Bmall was
normalized to GAPDH or 18S rRNA levels using the standard 27T
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methods.

2.6. Isolated mouse heart preparation (Langendorff)

Mouse hearts were isolated and immediately received coronary
infusion of 1 ml of cold UW solution with vehicle, BM-MSC CM, or Ad-
MSC CM, as previously described [15]. The hearts were then stored in a
tube containing same solution on ice, emulating the conditions
commonly used by medical centers during transport of hearts. After 6 h,
the hearts were transferred to a Langendorff prep and then perfused in
the isovolumetric Langendorff mode (70 mmHg) for 60 min as
mentioned in our previous studies [4,17,22-25]. Data of left ventricular
(LV) function were recorded using a PowerLab 8 preamplifier/digitizer
(AD Instruments Inc., Milford, MA). The maximal positive and negative
values of the first derivative of pressure (+ dP/dt and -dP/dt) were
calculated using PowerLab software. To better understand the workload
of the heart, we also utilized rate pressure product (RPP = LV developed
pressure x Heart rate). Mouse hearts without cold storage served as
control.

2.7. ELISA

Mouse hearts without cold storage and those subjected to 6 h-I and
subsequent 60 min-reperfusion (6 h-IR) were homogenized in cold RIPA
buffer. Supernatant was utilized for analyzing protein levels of TNF-a
(DY410), IL-1p (DY401), and HSPAla (DYC1663) by ELISA based on the
manufacturer's instructions (R&D Systems Inc.). All samples and stan-
dards were measured in duplicate.

2.8. Western blotting

The heart tissues (without or with 6 h-IR) were lysed in cold RIPA
buffer containing Halt protease and phosphatase inhibitor cocktail
(ThermoFisher Scientific). The protein extracts (20 pg) from heart tissue
were subjected to electrophoresis on a 4-15% Criterion TGX Precast
midi protein gel (Bio-Rad, Hercules, CA, USA) and transferred to a PVDF
membrane. The membranes were incubated with the following primary
antibodies respectively: OXPHOS antibody cocktail (complex I-
NDUFBS, complex II-SDHB, complex IV-MTCO1, complex III-UQCRC2,
and complex V-ATP5A) (ThermoFisher Scientific), cleaved Caspase-3
(sc-7148) (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), and
GAPDH (#5174) (Cell Signaling Technology, Beverly, MA, USA), fol-
lowed by fluorescence-conjugated secondary antibody. The images were
detected by a ChemiDoc system (BioRad). Quantification was performed
on immunoblotting band density using the Image J software (NIH).

2.9. Cell death by TUNEL assay

A portion (cross-section) of heart tissue (without or with 6 h-IR) was
fixed in 10% buffered formaldehyde, embedded in paraffin, and then
sectioned. After paraffin tissue sections were dewaxed, rehydrated, and
permeabilized, TUNEL reaction mixture containing terminal deoxy-
nucleotidyl transferase (TdT), fluorescein-dUTP was added to the sec-
tions ((DeadEnd Fluorimetric TUNEL System; Promega, Madison, WI).
After cell nuclei staining with 4’,6-Diamidino-2-phenylindole (DAPI,
blue), images were taken using an Axio Observer Z1 motorized micro-
scope (Zeiss, Oberchoken, Germany). TUNEL positive cells (apoptotic
cells) were counted and represented as the percentage of the nuclei.

2.10. Assessment of hydrogen peroxide (H202)

H0,, the most stable form of reactive oxygen species, was measured
in heart tissue lysates using a quantitative peroxide assay kit (Thermo-
Fisher Scientific), according to the manufacturer's instructions. All
samples and standards were measured in duplicate.
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2.11. Cold storage experiment on H9c2 cells

The H9c2 rat cardiomyoblast cell line was purchased from the ATCC
(Manassas, VA) and cultured in T-75 tissue culture flasks with ATCC-
formulated Dulbecco's Modified Eagle's Medium (DMEM) plus 10% of
FBS and 1% of Pen-Strep at 37 °C, 5% CO3 and 90% humidity. H9c2 cells
were plated in 12-well plate at 1.0 x 10° cells/well or in 96-well plate at
1.0 x 10% cells/well. After incubation for 24 h, media was changed to
UW solution containing media vehicle, BM MSC-CM, BM MSC-Exo, or
BM MSC-CMC®WV4689 and cells were placed in 0-4 °C refrigerator. Six
hours later, cells were used for apoptosis detection and mitochondrial
membrane potential (MtMP) measurement.

2.12. siRNA transfection

Rat Per2 and control siRNA were purchased from Life Technologies.
Lipofectamine 2000 (Life Technologies) was used to transfect siRNAs
into H9c2 cells based on our previous described method [26,27]. H9c2
cells were plated in 12-well plate at 1 x 10°/well/ml or in 96-well plate
at 1.0 x 10* cells/well. Twenty fours later, cells were transfected with
Per2 or control siRNAs using standard procedure. After one day of
transfection, normal H9c2 growth medium was added. The cells were
allowed to incubate for an additional one day and used for cold storage
experiments as aforementioned.

2.13. Determination of apoptosis by flow cytometry

H9c2 cells in different treatment groups were collected from 12-well
plate after 6 h cold storage and stained with Annexin-V FITC and pro-
pidium iodide (PI) using a Dead Cell Apoptosis kit (ThermoFisher Sci-
entific) according to the manufacturer's protocols. The stained cells were
analyzed with a LSR4 flow cytometer (BD Biosciences). Annexin-V was
used to detect early apoptotic cells and PI for necrotic or late apoptotic
cells. The percentages of cells in different regions (viable cells [Annexin
V-/PI-], early apoptotic cells [Annexin V+/PI-], late apoptotic cells
[Annexin V+/PI+], and necrotic cells [Annexin V-/PI+]) were deter-
mined by Flowjo software. The experiments were repeated four times.

2.14. Measurement of mitochondrial membrane potential

After 6 h cold storage, H9c2 cells in 96-well plate were incubated
with a fluorescent probe JC-1 (1 pM, G-Biosciences, St. Louis, MO, USA)
at 37 °C for 30 min. JC-1 goes into mitochondria showing red fluores-
cence due to formation of dimers/aggregates and is green fluorescence
in the cytosol as monomers. After 30-min incubation, live-cell imaging
on H9c2 cells was taken using an Axio Observer Z1 motorized micro-
scope (Zeiss, Oberchoken, Germany) with a 20x objective. In addition,
total red (excitation: 535 nm; emission: 585 nm) and green (excitation:
485 nm; emission: 535 nm) fluorescence intensity in each well was
obtained using a microplate reader (BioTek). The red to green fluores-
cence intensity ratio indicates mitochondrial membrane potential.

2.15. Statistical analysis

The reported results were means + SEM with each dot for individual
measurement. Data was checked for variables using Shapiro-Wilk
normality test and then analyzed using either student t-test or two-
way ANOVA with Tukey's post-hoc analysis (detailed information is
provided in each figure legend). Difference was considered statistically
significant when p < 0.05. All statistical analyses were performed using
the GraphPad Prism software (GraphPad, La Jolla, CA, USA).



S.R. Scott et al.

A 5.
T 4
3
S 3
% 2
T 1
0 ° N SRR wod © S 3 ) Y a\ o5
N0 80 e o NP SO ot AN CR-
5\9“1%“““ eﬂ‘: ;ff\v\;‘:\% 9"’2;»0“‘;\ p‘\e@“:é ‘9‘@ & \O ‘\“\:,e s \\\N‘“\“a jot 5\9‘::\@“‘\3“ o
3 P e 0500 e ,f,a\ P 0O (00 oot «®
@ (o SR e S I I o z«sv";fesw“
o N NG e N4 0@ NO"
500 gt A N
& A\ e 8e®
B Differentially expressed genes c Upstream regulators
3 3
2 2
§7 2 g 2
31 B 1
5 o t o
o (s}
% -1 -
< 2 £,
5 &
- RSOSSN & 3
\bq?} \{p?& & ™D N 0.8 N
« 1/@ o o T Q'” @ @ S RO «© ’b\é
< &
D - A'*"" F  Mitochondrial injury/dysfunction Apoptosis
< * o Control 6hr-I
z —— Control
Cdknt —_—
£ i
na
s Adoraza
% 54 Ndufb9
s Ugert1
& Relb
e
o
0 ahr ehr Whrats
Per2 Sfi’n‘é"
o Tnist0
Ep300
o
5 FA"E"fw
a
lé 0.757 Qgﬁ)um
2 0.501 Timp3
£ 2816
3 -
& 025 Oxidative stress response
0.00+

[ —— Control 6hr-l

Amtl
E 2.5 mﬂ*

2 1
& 054 .
0.0
2hr Ghr
Cold Storage

LV dysfunction
Control 6hr-l

Cold Storage

Fig. 1. Changes of myocardial transcriptome profile by 6 h cold storage. A.
Ingenuity Pathway Analysis (IPA) identified top 15 canonical pathways based
on p-value. The circadian rhythm pathway was the most disrupted canonical
signaling in the hearts with 6 h cold ischemia (6 h-I, n = 3 hearts) compared to
no cold storage control (n = 4 hearts). B. The most differentially expressed
genes (5 down-regulated and 5 up-regulated) by 6 h-I identified using IPA. C.
Top 5 inhibited and 5 activated upstream regulators in mouse hearts following
6 h-I identified using IPA. D. Myocardial Arntl and Per2 transcript levels in
isolated mouse hearts (RT-qPCR using TagMan gene expression assay) in groups
of no cold storage control (n = 4 hearts), 4 h-I (n = 3 hearts) and 6 h-I (n = 4
hearts). E. Myocardial mRNA levels of Arntl and Per2 in human hearts (n = 3
hearts) following ex vivo cold storage using TaqMan gene expression assay.
Mean +/— SEM, *p < 0.05, **p < 0.01 in D and E using student t-test. F.
Differentially expressed genes involved in mitochondrial injury/dysfunction,
oxidative stress response, left ventricular (LV) dysfunction, and apoptosis in
mouse hearts exposed to 6 h-I (n = 3 hearts) vs. control (n = 4 hearts) identified
using IPA. Heatmap was constructed using counts per million reads of differ-
entially expressed genes by Morpheus (https://software.broadinstitute.org/mor
pheus). Differentially expressed genes (fold change >1.5, FDR < 0.1) were used
for analyses.

3. Results

3.1. Deep RNA sequencing of myocardial transcriptome profile in mouse
hearts under conditions of cold static storage, mimicking clinical scenario
for donor heart preservation

To better understand molecular mechanisms underlying myocardial
response to cold storage, we first evaluated myocardial transcriptome
changes in mouse hearts following 6-h cold storage/ischemia (6 h-I).
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Fig. 2. MSC secretome restored myocardial transcriptome profiling towards
non-ischemic control levels. A. BM-MSC CM (conditioned medium) (n = 3
hearts) and B. Ad-MSC CM (n = 4 hearts) preserved 6 h-I-induced alterations of
myocardial transcriptome profile. Differentially expressed genes (fold change
>1.5, FDR < 0.1) in 6 h-I mouse hearts vs. control were used for analyses. The
logFC (fold change) of expression in untreated ischemic hearts (6 h-I) vs. non-
ischemic hearts (control) was plotted on the Y-axis, and the logFC of expression
in BM-MSC or Ad-MSC CM-treated ischemic hearts vs. 6 h-I hearts on the X-axis.
The differentially expressed genes demonstrated restoration towards normal by
MSC CM. C. MSC CM preserved 6 h-I induced differential expression of genes
involved in circadian pathways, mitochondrial injury/dysfunction, oxidative
stress response, left ventricular (LV) dysfunction, and apoptosis. Heatmap was
constructed from two batches' data (n = 6 hearts in control [4 from batch 1 and
2 from batch 2 due to one outlier removed in batch 2; 6 hearts in 6 h-I [3 from
each batch]; n = 3 hearts in BM-MSC CM and n = 4 hearts in Ad-MSC CM [all
from batch 2]) and using Morpheus online software (https://software.broadins
titute.org/morpheus). To avoid the effect of batches, counts per million reads
(CPM) of differentially expressed genes as shown in Fig. 1 were normalized to
their CPM of GAPDH, respectively.

Deep RNA sequencing was conducted on mouse hearts without cold
storage (baseline control) and stored in UW solution at 0—4 °C for 6 h.
We identified 266 (FDR < 0.1, fold change > 1.5) differentially
expressed genes in the 6 h-I hearts compared to baseline control. The
complete list of differentially expressed genes are shown in the supple-
mental materials (Table S1). Using Ingenuity Pathway Analysis (IPA),
we also identified the most disrupted canonical pathway as the circadian
rhythm signaling (Fig. 1A). Within this pathway, several genes including
Arntl/Bmal and Per2 in particular, were among those exhibiting the
greatest 6 h I-induced deviations from baseline (Fig. 1B). The top 10
genes (5 down-regulated and 5 up-regulated) were shown in Fig. 1B. In
addition, among the top-10 upstream regulators (5 inhibited and 5
activated), the circadian rhythm genes Per2, Per3 and Arntl/Bmal were
ranked high as well (Fig. 1C). To validate these findings, we detected
mRNA levels of Arntl/Bmal and Per2 by RT-qPCR using TagMan gene
expression assay. We observed that the degree of alterations in these two
genes' expression was correlated to cold ischemic time with greater
deviations from baseline in mouse hearts subjected to longer ischemic
time (Fig. 1D). The results from human hearts with ex vivo cold storage
further confirmed changes of transcript levels for Arntl and Per2
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Fig. 3. Comparison of BM-MSC CM with Ad-MSC CM on altering myocardial transcriptome profile following 6 h-I. A. Pie charts indicating the number of differ-
entially expressed genes (FC > 1.5, p < 0.05) that were down-regulated (green) and up-regulated (red) by BM-MSC CM (n = 3 hearts) or Ad-MSC CM (n = 4 hearts) in
6 h-I hearts (vehicle). B. Upstream regulators inhibited by BM-MSC CM (top 15 based on z-score) and Ad-MSC CM (top 15) in 6 h-I mouse hearts using the IPA-derived
analysis. A total of 25 is shown due to 5 overlapped. C. Upstream regulators activated by BM-MSC CM (top 15) and Ad-MSC CM (top 15) in 6 h-I mouse hearts, shown
as 27 (3 overlapped). White square indicates no value obtained in B and C. D. E. The IPA-based analysis predicted top 25 Diseases and Functions associated with 6 h-I
based on z-score of BM-MSC CM (D) and Ad-MSC CM (E). Bar indicates z-score (gray: BM-MSC CM; black: Ad-MSC CM) and dot is p-value (red: BM-MSC CM; blue:
Ad-MSC CM). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(Fig. 1E). Notably, in addition to circadian clock genes, Hspala/1b and
TNF were also recognized as top upstream regulators that were upre-
gulated by 6 h-I (Fig. 1C). We further identified, among others, dysre-
gulated genes (particularly TNF), which were implicated in modulating
mitochondrial performance, oxidative stress response, myocardial
function, and apoptosis (Fig. 1F).

3.2. MSC CM protects the transcriptional integrity of mouse hearts
following 6 h cold storage

We next evaluated the beneficial effects of BM-MSC CM and Ad-MSC
CM on preserving myocardial transcriptomes in another batch of deep
RNA sequencing analysis. In 6 h-I hearts treated with BM-MSC CM or Ad-
MSC CM, there were 25 (Table S2) or 42 genes (Table S3) (FDR < 0.1,
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Fig. 4. MSC secretome preserved left ventricular (LV) function of donor hearts following 6 h cold storage (6 h-I). A. LV developed pressure (LVDP) recording trace
during reperfusion. B. 6 h-I significantly impaired heart function of LVDP, dP/dt and - dP/dt at the end of reperfusion. Mean+/-SEM, **p < 0.01, ****p < 0.0001
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0.05using student t-test. D. Changes of rate pressure product (RPP = LVDP x heart rate) among groups of no cold storage (control) and 6 h-I hearts +/— MSC CM.

Mean+/-SEM, ***p < 0.001, ****

p < 0.0001 control vs. all other groups, #p < 0.05, ##p < 0.01 vs. Vehicle. Two-way ANOVA with Tukey's multiple comparison test

was utilized. CM: conditioned medium. B — D: n = 6 mouse hearts per group in control (no cold storage), 6 h-I + BM-MSC CM, and 6 h-I + Ad-MSC CM, n = 7 hearts in

6 h-I + vehicle.

fold change > 1.5) differentially expressed vs. baseline control. Impor-
tantly, for almost all differentially expressed genes by 6 h-I, the degree
and direction of change in ischemia vs. baseline control were signifi-
cantly reversed by the use of BM-MSC CM (Fig. 2A, Table S4) or Ad-MSC
CM (Fig. 2B, Table S3). The correlation showed that on the average, each
gene was 24.5% or 22.2% “restored” towards its non-ischemic (normal)
value in BM-MSC CM or Ad-MSC CM treated hearts, respectively. Genes
increased by 6 h-I were down-regulated by treatment, while genes
decreased by ischemia were up-regulated by treatment. Moreover, the
use of BM-MSC CM or Ad-MSC CM was able to reverse or improve the
dysregulated gene expression (including TNF) involved in circadian
pathways, mitochondrial activity, ROS production, left ventricular
function, and apoptosis (Fig. 2C). These data suggest that either BM-
MSC CM or Ad-MSC CM could preserve the normal myocardial tran-
scriptional “fingerprint” despite the ischemic period.

3.3. The mechanisms underlying BM-MSC CM or Ad-MSC CM preserved
donor hearts during ex vivo cold storage

We further compared the efficacy of BM-MSC CM with Ad-MSC CM
on myocardial transcriptome preservation following 6 h-I. BM-MSC CM
resulted in 284 genes differentially expressed with 67.6% of them
downregulated and 32.4% of them upregulated when compared to 6 h-I
+ vehicle (media control) (Fig. 3A, Table S5), while Ad-MSC CM led to
128 genes differentially expressed (59.4% down-regulated and 40.6%
up-regulated, Table S6). By using the IPA-based comparative analysis,
we identified the top-15 upstream regulators that were activated or
inhibited by BM-MSC CM (Fig. 3B) and by Ad-MSC CM in the 6 h-T hearts
(Fig. 3C). The direct comparison between BM-MSC CM and Ad-MSC CM
on modulating theses upstream regulators was shown in Fig. S5. We
noticed that members of inflammatory cytokines and molecules

implicated in regulating inflammatory response were the most changed
in both treatments, such as proinflammatory cytokines of TNF and IL-1p.
Furthermore, the “Disease and Function Analysis” predicted which
changes were likely related to 6 h-I induced alterations of gene expres-
sion. Interestingly, both BM-MSC CM and Ad-MSC CM could suppress
immune cell (including leukocyte, lymphocytes, macrophages, and
myeloid cells etc.) movement, migration, recruitment, accumulation,
infiltration and activation in 6 h-I mouse hearts (Fig. 3D and E). Ad-MSC
CM seemed to have comparable influence as did BM-MSC CM only on
reducing migration and movement of leukocytes among top 25 antici-
pated alterations of Diseases and Functions based on z-score of BM-MSC
CM treatment (Fig. 3D). Conversely, BM-MSC CM showed comparable or
even better effect on 50% of top 25 predicted changes of Diseases and
Functions that were selected on z-score of Ad-MSC CM treatment
(Fig. 3E). These data suggest that BM-MSC CM may have better effect on
inhibiting inflammatory response in the 6 h-I myocardium compared to
Ad-MSC CM.

3.4. MSC CM protects myocardial function, decreases inflammatory
cytokine production, and reduces apoptosis in mouse hearts subjected to 6

h cold storage

Similar to our recent findings [15], 6 h-I significantly impaired
myocardial function (Fig. 4B, D). Notably, either BM-MSC CM or Ad-
MSC CM treatment improved LV functional recovery following 6 h
cold storage compared to untreated counterparts, as demonstrated by
increased LVDP, dP/dt (Fig. 4C), and rate pressure product (Fig. 4D).
However, we did not observe significant improvement for myocardial
diastolic dysfunction in the 6 h-I hearts treated with MSC secretome
(Fig. 4C).

Considering that 6 h-I leads to differentially expressed inflammatory
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Fig. 6. Myocardial levels of H;O, and OXPHOS in mouse hearts following 6 h
cold storage and subsequent reperfusion (6 h-IR). A. Myocardial H,O, level was
assessed in mouse hearts subjected to 6 h-IR (each dot for one individual heart
sample). Mean+/-SEM, *p < 0.05 using student t-test. B. Myocardial expression
of OXPHOS was detected by Western blotting. C. Bar graphs indicate quanti-
fication of immunoblotting band intensity of complex I-NDUFBS8, complex II-
SDHB, complex IV-MTCO1, complex III-UQCRC2, and complex V-ATP5A, rep-
resented as % of GAPDH. Mean+/-SEM, *p < 0.05 using student t-test, n = 4
hearts/group in control and 6 h-IR + BM-MSC CM, n = 6 hearts in 6 h-IR +
vehicle, and n = 5 hearts in 6 h-IR + Ad-MSC CM.

genes and apoptotic-related genes, we evaluated the effect of MSC
secretome on regulating myocardial inflammatory cytokine production
and apoptosis in isolated mouse hearts following 6 h-I and 60-min
reperfusion (6 h-IR). BM-MSC CM significantly reduced myocardial
production of TNF-a, IL-1p and Hspala (Fig. 5A), while Ad-MSC CM
markedly decreased myocardial TNF-a production. We also found 6 h-IR
significantly increased cleaved/active caspase-3 level (Fig. 5B). Using
MSC-CM (either BM or Ad) protected the myocardium against 6 h-IR, as
shown by decreased cleaved/active caspase-3 levels compared to the
untreated 6 h-IR group (Fig. 5B). Importantly, the TUNEL assay
confirmed that 6 h-IR resulted in more apoptotic cells in myocardium,
which was significantly reduced by treatment with BM-MSC CM and Ad-
MSC CM (Fig. 5C and D). These findings suggest that MSC secretome is
able to suppress 6 h-IR induced inflammatory cytokine production and
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apoptosis, thus protecting mouse hearts from cold ischemic damage and
subsequent reperfusion injury.

3.5. The effect of MSC CM on oxidative metabolism

The 6 h-I led to differentially expressed genes that were implicated in
modulating mitochondrial function and oxidative stress response
(Fig. 1D), while BM- and Ad-MSC CM restored or improved these gene
expression (Fig. 2C). Therefore, we investigated myocardial levels of
Hy0, production and mitochondrial oxidative phosphorylation
(OXPHOS) complex proteins. We found that MSC CM significantly
reduced H05 production in 6 h-IR hearts (Fig. 6A), suggesting that MSC
secretome could improve myocardial recovery by reducing oxidative
stress in donor hearts following ex vivo cold storage. Additionally,
Western blot analysis indicated a trend of decreased protein levels of
complex I-NDUFBS, complex II-SDHB, complex IV-MTCO1, and complex
V-ATP5A in mouse hearts following 6 h-IR (Fig. 6B and C). Ad-MSC CM
significantly restored myocardial levels of complex II-SDHB and com-
plex IV-MTCO1 (Fig. 6C). Despite a trend of increased OXPHOS protein
levels in BM-MSC CM treated hearts compared to the 6 h-IR group, we
did not notice statistical differences.

3.6. Components of MSC secretome in improving cell survival and
mitochondrial preservation during cold storage

Soluble factors (growth factors, chemokines, cytokines etc.) and
exosomes/extracellular vesicles (Exo) are major components in MSC
secretome. To evaluate which components (soluble factors vs. exo-
somes) are more responsible for MSC-mediated myocardial preservation
following cold storage, we determined active caspase-3 levels in mouse
hearts subjected to 6 h-I, 6 h-I + MSC-CM, 6 h-I + MSC-Exo, and 6 h-I +
MSC-CMEW48%? (exosome-depleted CM). Exosome preparation from BM-
MSC culture was validated by exosomal marker CD63 expression
(Fig. S6A), morphology (Fig. S6B), and size distribution (Fig. S6C). Of
note, 6 h cold storage without reperfusion significantly increased pro-
apoptotic signal of active caspase-3 expression in isolated mouse
hearts, whereas BM-MSC CM decreased myocardial levels of cleaved
caspase-3 (Fig. 7A and B). However, we did not observe markedly
reduced cleaved caspase-3 in MSC-Exo or exosome-depleted CM (either
one from culturing same cell numbers as MSC CM did) treated group
(Fig. 7A and B). To further explore the effect of MSC secretome com-
ponents on 6 h cold storage-induced apoptosis, we utilized H9c2 cardiac
myoblasts. Significantly increased apoptosis (both early and late) was
noticed in H9¢c2 cells subjected to 6 h cold storage (Fig. 7C — 7E). Using
BM-MSC CM in UW solution decreased 6 h I-induced apoptosis, but not
necrosis (Fig. 7C - 7E). However, either BM MSC-Exo or BM MSC-
CMCW48% glone did not convey anti-apoptotic effect on H9c2 cells
following cold ischemia (Fig. 7E). The most of cells (> 98%) were gated
in flow cytometric analysis (Fig. S7).

Furthermore, mitochondrial membrane potential (MtMP) plays
critical roles in maintaining mitochondrial function and health, as well
as in apoptosis induction. Therefore, we determined the effect of MSC-
CM, MSC-Exo, and MSC-CM®"486% on MtMP in living H9c2 cells after
6 h cold storage. Reduced MtMP was observed in 6 h -treated H9c2 cells
compared to their control counterparts (Fig. 7F and G). BM-MSC CM
significantly preserved MtMP in 6 h I-impaired H9c2 cells, but not BM
MSC-Exo or BM MSC-CM®V48%? alone (Fig. 7F and G).

3.7. The effect of myocardial Per2 expression in MSC CM-mediated
cardiomyocyte preservation following cold storage

Our deep RNA sequencing data identified that Per2 was one of the
top differentially expressed genes in mouse heart induced by 6 h cold
storage. We therefore investigated myocardial Per2 expression among
groups of no cold storage (control), 6 h-1, 6 h-I + MSC-CM, 6 h-I + MSC-
Exo, and 6 h-I + MSC-CM®V*8%° We observed that 6 h cold storage
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Fig. 7. Effects of MSC secretome components on cell apoptosis and mitochondrial membrane potential (MtMP) following cold ischemic storage. A. Pro-apoptotic
signal of cleaved Caspase 3 expression in mouse hearts subjected to 6 h cold storage without reperfusion. Media vehicle, BM-MSC CM, BM-MSC exosomes (Exo),
or exosome-depleted MSC CM (CM®"468%) was supplemented to UW solution during cold storage. B. Bar graph showed immunoblotting band intensity normalized to
GAPDH. Each dot for one individual heart sample (in other words, n = 5 hearts/group in control and 6 h-I, n = 4 hearts/group in 6 h-I + BM-MSC CM, 6 h-I + BM
MSC-Exo and 6 h-I + BM MSC-CM®W*68%) Mean+/-SEM, *p < 0.05, **p < 0.01 using student t-test. C. Apoptosis in H9c2 cells in response to 6 h cold storage was
determined by flow cytometry. Representative images indicated percentages of the population in different regions (Q1: early apoptotic cells [Annexin V+/PI-1, Q2:
late apoptotic cells [Annexin V+/PI+], Q3: necrotic cells [Annexin V-/PI+], and Q4: viable cells [Annexin V-/PI-]). D. BM MSC-CM reduced both early and late
apoptosis in H9c2 cells following 6 h cold storage. Each dot for one cell sample (at least two cell samples/condition/trial with a total of three trials). Mean+/-SEM,
*p < 0.05, **p < 0.01, ****p < 0.0001 using student t-test. E. Apoptosis (Q1 + Q2) of H9c2 cells in all groups. Each dot for one cell sample (at least two cell samples/
condition/trial with a total of three trials). Mean+/-SEM, *p < 0.05, ****p < 0.0001 using student t-test. F. Representative images of MtMP (with brightness and
contrast enhanced) using JC-1 in H9¢2 cells after 6 h cold storage. G. Red (excitation: 535 nm; emission: 585 nm) and green (excitation: 485 nm; emission: 535 nm)
fluorescence intensity in each well was obtained using a microplate reader. The red to green fluorescence intensity ratio was analyzed to indicate MtMP. The graph

shown is for a single experiment representative of three trials. Each dot represented for one well (at least 4 wells/condition/trial). Mean+/-SEM,*p < 0.05, ****
0.0001 using student t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

significantly decreased myocardial Per2 levels (both mRNA and pro-
tein), whereas BM-MSC CM restored its levels (Fig. 8A — 8C). To deter-
mine the role of myocardial Per2 expression in MSC CM-mediated
paracrine protein following cold ischemia, we next used siRNA to spe-
cifically suppress the expression of Per2 in H9c2 cells (rat cardiomyo-
blast cell line). Per2 expression was significantly decreased in H9c2 cells
transfected with Per2 siRNA compared with the cells treated with con-
trol siRNA (Fig. 8D, E). Interestingly, knockdown of Per2 abolished BM-
MSC CM-mediated anti-apoptosis in H9c2 cells subjected to 6 h cold
storage (Fig. 8F and G), while significantly reduced apoptosis was in
MSC CM-treated H9c2 cells with control siRNA transfection (Fig. S8).
Furthermore, BM-MSC CM was noticed to preserve MtMP in H9c2 cells
transfected with control siRNA (Fig. S9). However, suppression of Per2
expression neutralized MSC CM-derived protection of MtMP (Fig. 8H
and I).

4. Discussion

During organ procurement, cardiac arrest is instantly introduced by
infusion of cold cardioplegia solution following aortic cross-clamping to
lower the heart's metabolism. However, cardiac metabolic rate does not
drop to zero while its supply of oxygen and nutrients is cut-off, resulting
in ischemic damage. Ischemic time of donor hearts is a critical deter-
minant to impact transplant outcome. Short ischemia periods during
safe cold storage do not cause the heart major problems, but challenges
occur with time beyond 4 h. It has been shown that recipient survival
decreases with increased ischemic time of donor heart, especially for
storage >4-6 h [28,29]. While prolonged storage could provide more
organs, it would increase the extent of ischemia. Therefore, it is critical
to understand molecular mechanisms underlying pathophysiological
process of donor hearts when storage time > 4 h.

The dynamic changes of myocardial transcriptome expression profile
occur in LV tissue with an average period of 79 min during cold
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Fig. 8. Role of myocardial Per2 in MSC CM-mediated heart preservation following cold storage. A. Cardiac Per2 transcript levels among groups of no cold storage
(control), 6 h-I, 6 h-I + MSC-CM, 6 h-I + MSC-Exo, and 6 h-I + MSC-CM®V*8° using TaqMan gene expression assay. Each dot for one individual heart sample (in
other words, n = 4 hearts in control, n = 3 hearts in 6 h-I, n = 6 hearts in 6 h-I + BM-MSC CM, and n = 4 hearts/group in 6 h-I + BM MSC-Exo and 6 h-I + BM MSC-
CMEW468%) Mean+/-SEM, *p < 0.05 using student t-test. B. Inmunoblots of myocardial Per2 protein. C. Densitometry data of Per2 immunoblotting band intensity
normalized to GAPDH. Each dot for one individual heart sample (in other words, n = 5 hearts/group in control and 6 h-I, n = 4 hearts/group in 6 h-I + BM-MSC CM,
6 h-I + BM MSC-Exo and 6 h-I + BM MSC-CM®"V468%) Mean+/-SEM, *p < 0.05, **p < 0.01 using student t-test. D.mRNA and E. protein levels of Per2 in H9c2 cells
transfected with Per2 siRNA compared to control siRNA group using TagMan gene expression assay and Western Blot assay. Each dot represented for one cell sample
from one-well cells transfected with control siRNA or Per2 siRNA (three wells/condition/trial with a total of two trials). Mean+/-SEM, **p < 0.01, ***p < 0.001
using student t-test. F. Representative images of apoptosis in H9c2 cells transfected with Per2 siRNA after 6 h cold storage. G. Knockdown of Per2 abolished MSC CM-
reduced apoptosis in H9¢2 cells in response to 6 h cold ischemia. Each dot for one cell sample (at least two cell samples/condition/trial with a total of three trials).
Mean+/-SEM, ****p < 0.0001 using student t-test. H. Representative images of MtMP using JC-1 in Per2 siRNA-transfected H9c2 cells after 6 h cold storage. Scale
bar = 50 pm. I. Red (excitation: 535 nm; emission: 585 nm) and green (excitation: 485 nm; emission: 535 nm) fluorescence intensity in each well was obtained using
a microplate reader. The red to green fluorescence intensity ratio was analyzed to indicate MtMP in H9c2 cells transfected with Per2 siRNA. The graph shown is for a

single experiment representative of three trials. Each dot for one well (at least 4 wells/condition/trial). Mean+/-SEM,
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cardioplegic arrest in patients who underwent cardiopulmonary bypass
[30]. However, such observation obtained from already injured
myocardium may not be informative and practical for directing clinical
heart transplantation. In this study, we provided the comprehensive
understanding of myocardial transcriptome profile alterations in mouse
hearts following 6 h cold storage. The deep RNA-sequencing analysis has
shown that 6 h-I resulted in differentially expressed genes in inflam-
matory response, mitochondrial activity, oxidative stress response, LV
function, and apoptosis. These findings were in line with the observa-
tions from a recent study, in which the most pronounced transcriptomic
alterations were observed in pathways of inflammation, oxidative
phosphorylation and cell death in human LV after 8 h cold storage [31].

Of note, our deep RNA sequencing data identified that the circadian
rhythm signaling was the most disrupted canonical pathway in mouse
hearts following 6 h cold ischemia. The circadian clock is a molecular

oscillator driven by light/dark cycles and the clock genes not only
regulate physiological rhythms, but also participate in fundamental
physiological processes, such as energy metabolism. Emerging studies
have indicated that the function of clock genes affects mitochondrial
energy production via regulating mitochondrial respiratory cycles
[32,33]. Specifically, the clock regulators Arntl/Bam1l and Per2 have
been reported to impact mitochondrial performance. Cardiac-specific
deletion of Arntl/Bmall in mice results in cardiac mitochondrial de-
fects, thus leading to reduced cardiac function with age [34]. Per2 is
shown to control mitochondrial oxidative metabolism in mouse myo-
blasts when exposed to fatty acid oxidation [33]. Altered mitochondrial
morphology and activity have also been observed in Per2 knockout mice
following myocardial ischemia [35,36]. Our present study provides the
first evidence showing that Arntl/Bmall and Per2 are not only top
differentially expressed genes, but also high ranked upstream regulators
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to modulate myocardial biological response to cold ischemia. The results
from human heart samples also confirmed that 6 h-cold storage led to
myocardial alterations of Arntl/Bmall and Per2.

In addition to being regulated by circadian rhythms, external stimuli
(ionizing radiation, UV light, etc.) affect Per2 gene expression [37]. Heat
shock factor 1 (HSF1), a stress related gene, is shown to induce Per2 in
the brown adipose tissue [38]. TNF-a is also reported to suppress Per2
expression in NIH 3 T3 fibroblast [39]. On the other hand, molecules and
signaling pathways that impact Per2 protein stability contribute to Per2
protein levels as well. The stress kinase mitogen-activated protein kinase
kinase 7 (MKK7)-mediated JNK activation has been demonstrated to
increase the half-life of Per2 protein [40]. In current study, we did see
changes of TNF-a expression (but not HSF1 or MKK7 via deep RNA
sequencing data analysis) by cold ischemia or MSC CM, suggesting that
alteration of myocardial Per2 levels may be a secondary response to cold
storage-increased or MSC CM-reduced TNF-a. Using siRNA to specif-
ically knockdown Per2 expression neutralized MSC CM-mediated anti-
apoptosis and MSC CM-preserved MtMP in response to 6 h cold ischemia
in present study, indicating an important role of myocardial Per2 in
MSC-mediated paracrine protection. Nevertheless, further in-
vestigations are required to evaluate the roles of the clock genes in
regulating mitochondrial performance, metabolic function, and in-
flammatory response in donor hearts following cold storage.

On the other hand, stress including ischemia induces expression of
Hspala and Hspalb, two inducible members of the 70-kDa family of
heat shock protein (Hsp70). Notably, Hsp70 has been studied in heart
failure and myocardial I/R for years [41]. The increased Hsp70 is
observed in patients with myocardial ischemia, unstable angina and
open-heart surgery [42,43]. Therefore, Hsp70 may be used as a
biomarker for the presence of heart failure caused by cardiomyopathies
of different etiologies [44] and may act as a potential clinical marker for
heart failure at early stage [45]. In fact, increased circulating (extra-
cellular) levels of Hsp70 relate to severity of heart failure [46] and
exhibit a moderate positive correlation with IL-6, IL-8, and TNF-a [46].
Circulating Hsp70 has also been shown to induce inflammatory cytokine
production through toll-like receptor 4 or 2 following myocardial
ischemia [43,47-49]. In this study, the RNA-seq analysis identified
myocardial Hspala/1b among top 3 genes upregulated by 6 h cold
storage and as the top upstream regulator with activation by 6 h cold
storage. Significantly increased Hspala levels were further noticed in
mouse hearts with 6 h-IR compared to no cold storage group. Collec-
tively, our findings extend the role of Hspala and Hspalb in heart failure
and myocardial I/R to donor heart underwent cold storage, and suggest
their levels may indicate the degree of myocardial damage along with
cold ischemia. However, future studies are needed to identify the pos-
sibility of Hspala/1b as potential biomarkers showing early myocardial
damage in heart transplantation.

When donor heart is re-implanted into a recipient, reperfusion occurs
and it can aggravate ischemic damage. I/R injury is inevitable in heart
transplantation and is a critical factor to influence graft function and
clinical outcome after organ transplantation. Therefore, modification of
the organ preservation solution to ameliorate pre-transplant I/R injury
of donor hearts and to prolong preservation time (thus increasing organ
exchange across distant geographical areas) is particularly attractive. In
this study, adding MSC-derived secretome (either from BM-MSC or Ad-
MSC) to preservation solution protected cold ischemia-induced
myocardial transcriptome changes in donor hearts. Specifically, they
restored differentially expressed genes involved in inflammatory
response, mitochondrial activity, oxidative stress response, LV function,
and apoptosis towards normal condition. In line with these, we found
that BM-MSC CM and Ad-MSC CM significantly improved myocardial
functional recovery in 6 h-I mouse hearts compared to untreated
counterparts. In addition, myocardial production of inflammatory cy-
tokines (TNFa and IL-1f) and Hspala was decreased in MSC CM-treated
hearts following 6 h-I and subsequent resuscitation. Reduced apoptosis
was further observed in MSC CM treated mouse hearts.
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MSC secretome contains multiple protective soluble factors and
exosomes/extracellular vesicles. We have previously shown that MSCs
produce substantial amount of VEGF, HGF, and SDF-1 [4,5,22,50,51],
which are well defined for their effects on angiogenesis and anti-
apoptosis [3,22,51-53]. Additionally, exosomes have emerged as
essential components of the MSC secretome to mediate protective effects
[15,54-56]. In present study, we evaluated whether soluble factors
(exosome-depleted CM) or exosomes are accountable for MSC CM-
mediated donor heart preservation during cold storage. Unexpectedly,
either MSC-Exo or exosome-depleted CM did not convey protection of
MSC secretome on cell survival and MtMP in response to 6 h cold stor-
age, suggesting that MSC-derived trophic factors and exosomes likely
synergize to provide protective activity in donor hearts against cold
ischemia. Also, it is possible that the degree of injury is moderate
without reperfusion so as not to see beneficial effects of MSC-Exo and
exosome-depleted CM. Furthermore, the dosage of MSC-Exo or
exosome-depleted CM may not be appropriate to achieve significant
protection in this study.

Mitochondrial dysfunction is one of the important cardiac toxicity
pathways interrupted by cold ischemia (Fig. 1A), correlated with the
disrupted gene transcription for mitochondrial complex I and mito-
chondrial uncoupling protein in mouse hearts. In addition to this, we
noticed a trend of decreased mitochondrial respiratory chain proteins
complex II-SDHB and complex IV-MTCO1 in mouse hearts subjected to
6 h-IR. This possible reduction of mitochondrial oxidative phosphory-
lation is in line with findings of downregulation of oxidative phos-
phorylation pathway as one of most changed transcriptomic profile in
human LV subjected to 8 h cold storage [31]. Notably, a loss-of-function
mutation of the transhydrogenase (Nnt) gene (due to the missense of
exons 7-11) exists in C57BL/6 mice from the Jackson Laboratories
(C57BL/6 J) [57] and this missense of a functional Nnt has shown to
reduce oxidative stress and cell death, and improve LV function in
C57BL/6 J mice following pressure overload [58]. Thus, it is unclear
whether the use of C57BL/6 J mice led to cardiac protection with mild
changes of mitochondrial oxidative phosphorylation pathways
following 6 h cold storage in present study, and requires further inves-
tigation using different mouse strains in the future.

MSC CM appeared to restore myocardial levels of five OXPHOS
proteins that were evaluated in this study. However, we need to point
out that there were no statistical differences in mitochondrial OXPHOS
complex protein levels among groups (except Ad-MSC CM vs. 6 h-IR in
two proteins). A possible explanation about this could be that the opti-
mum time period was missed for evaluating changes of OXPHOS pro-
teins due to only one-time point used in this study. Also, we found that
BM-MSC CM significantly reduced myocardial production of Hz0,
compared to vehicle group. Collectively, these findings suggested that
MSC secretome played a role in preserving oxidative phosphorylation
pathways in donor hearts following cold ischemic storage. In fact,
emerging evidence has shown that the MSC secretome could modify
cardiac metabolism. The myocardial bioenergetic improvements have
been observed in the infarct border zone with MSC transplantation,
which are most likely secondary to MSC-mediated paracrine effect [59].
In addition, modified MSCs with Akt overexpression preserve normal
metabolism in the surviving myocardium following myocardial infarc-
tion [60]. Our current study further indicated that MSC secretome
improved cardiomyocyte mitochondrial membrane potential in
response to cold ischemia, suggesting the role of MSC paracrine action in
maintaining mitochondrial health and thus preserving normal metabolic
status during myocardial injury.

Although similar mechanisms were noticed underlying BM-MSC CM-
and Ad-MSC CM-protected donor hearts following cold ischemia, there
were also a few differences between these two treatments. BM-MSC CM
seemed to have greater effects on preserving 6 h-I-altered myocardial
transcriptome profile in inflammatory cytokines and in inflammatory
response compared to Ad-MSC CM. With respect to how this disparity
happened, it is possible that different secretome patterns exist between
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Fig. 9. Proposed model of cold storage/ischemia-induced myocardial damage
and MSC secretome-mediated protection in donor hearts. Six-hour cold storage/
ischemia triggers myocardial maladaptive response (red arrow), including
increased inflammatory response, oxidative stress, and apoptosis, as well as
dysregulated mitochondrial performance. All these lead to myocardial damage
in donor hearts. Prolonged cold storage also induces disrupted circadian
signaling with reduction of myocardial Per2, which further aggravates detri-
mental effects of cold ischemia on myocardium. MSC secretome prevents these
maladaptive responses and increases Per2 expression, thus protecting donor
hearts against cold ischemia. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

BM-MSC CM and Ad-MSC CM. In fact, it is suggested that MSCs from
different sources may have different secretion potentials and patterns
[61-63]. A recent study on profiling of MSC secretome has proved this
notion that there were 24.1% of human proteins in BM-MSC secretome
and 27.5% in Ad-MSC secretome different, along with more than 72%
identified in both [64]. In addition, differences in miRNA expression
profiles (~=30%) have also been identified in BM-MSC and Ad-MSC
derived exosomes that were contained in MSC secretome [65]. Albeit
these differences, our data here support the protective effects of both
MSC secretome in donor hearts during cold ischemia storage.

In summary, the present study clearly showed that 6 h cold storage
caused alterations of myocardial transcriptome profile. Among these,
mitochondrial injury, dysregulated inflammatory response and oxida-
tive stress response, as well as apoptosis, have been identified, along
with depression of myocardial function. Importantly, MSC secretome
from BM-MSCs and Ad-MSCs could restore or improve 6 h-I induced
myocardial transcriptome changes towards normal status, thus amelio-
rating pre-transplant cold ischemic injury in donor hearts during their
storage and promoting graft functional recovery (Fig. 9). Furthermore,
myocardial Per2 might play an important role in MSC secretome-
mediated cardiac preservation during cold storage. Our results provide
particularly valued evidence for the use of cell-free, secretome-based
therapies to optimize current standard storage solution, thereby
improving recipient outcomes post transplantation.
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