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Abstract: Chronic ischemic heart failure (CIHF), caused by myocardial injury and cell loss, is a
growing public health concern. Despite substantial investments in pharmaco- and device thera-
pies for acute myocardial infarction and CIHF over the past decades, long-term prognosis has
shown little improvement. There is a clear need to develop novel therapeutic strategies capable
of attenuating progression from acute to chronic myocardial damage, reducing adverse myocar-
dial remodeling, and enhancing myocardial contractility. Cell-based approaches are an important
direction in basic and clinical research. Nevertheless, candidate cell types tested to-date in exper-
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imental and human studies show several fundamental limitations, including insufficient quanti-
ties and potency, poor myocardial uptake, immunogenicity and/or risk of tumorigenicity. Human
umbilical cord matrix is a rich source of mesenchymal stem cells (Wharton’s jelly mesenchymal
stem cells, WIMSCs). WIMSCs are naturally low-immunogenic, demonstrate high plasticity and
proliferation capacity, and exhibit an absence of tumorigenic potential. Moreover, by producing
specific anti-inflammatory cytokines and chemokines, they reduce the inflammatory response
(hence their use in graft-versus-host disease) and have pro-angiogenic, anti-apoptotic, and anti-
fibrotic properties, making them a natural player in myocardial repair and regeneration. Further-
more, WIMSCs can be expanded ex vivo with high genomic stability and full clonogenic poten-
tial and can be standardized as an “off-the-shelf” next-generation advanced therapy medicinal
product (ATMP). This review aggregates essential, contemporary information on the properties
and fundamental mechanisms of WJMSCs addressing the process of infarct healing and chronic
myocardial injury. It discusses outcomes from pre-clinical studies, demonstrating improvements
in myocardial function and reductions in fibrosis in animal models, paving the way for human
ATMP trials.
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1. INTRODUCTION Data-driven prognoses show that CIHF will remain the num-
ber one cause of permanent disability, resulting together with
its need for repeated hospitalizations in a major socio-
economic burden [2]. Despite very substantial investments
and research efforts over the last decades, today, the societal
cost of cardiovascular disease remains substantially higher
than that of cancer [2]. Although several major cardiovascu-

lar research endeavors of the last decades have produced new

Cardiovascular disease will remain the leading cause of
overall death and premature death in the coming decades,
with acute myocardial infarction (AMI) and chronic ischem-
ic heart failure (CIHF) as the main disease states [1, 2].
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pharmacologic and device therapies (Table 1) [3-41], those
have not translated into major improvements in quality of
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life or survival in cardiovascular disease patients [1, 2, 42].
This is despite >50% reductions in age-standardized mortali-
ty rates for acute coronary syndromes occurring in high-
income countries compared with <15% reductions in lower-
middle-income countries of the world during the past 20
years [43]. One important reason is that the reduction in
AMI deaths, seen with improved treatment strategies and
networks, results in an increased number of individuals suf-
fering from CIHF, posing a new challenge [44-46]. Overall,
CIHF has a growing prevalence with very little change in
prognosis over the years [42, 47]. In Europe, deaths from
cardiovascular disease in those aged <70 years, commonly
referred to as premature, remain a particular concern, with
>60 million potential years of life lost to cardiovascular dis-
ease in Europe annually [48].

Therefore, the development of novel cardiac therapies
with longer-term survival benefits is presently a major and
largely unmet need [1, 2, 42, 49, 50]. The development (and
implementation) of evidence-based new treatment approach-
es must be supported by consistent surveillance and monitor-
ing so that the interventions can be appropriately targeted
and evaluated translating into a public health benefit [48].

Major clinical trials that have determined contemporary
clinical practice in acute myocardial infarction and heart
failure with reduced left-ventricular ejection fraction and
their key endpoints (Table 1).

Table 1.
ejection fraction.
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Cell-based reparative and regenerative approaches are to-
day one of the fundamental research areas not only in cardi-
ovascular medicine but also in other medical fields such as
neuronal injury and neurodegenerative diseases (e.g., Parkin-
son's disease, epilepsy, diabetes and gerontology) [1, 2, 51-
53]. Regenerative medicine is anticipated to boost tissue
repair and potentially provide effective replacement cell(s)
and/or tissue(s) able to integrate into the ischemic zone(s)
where, up till now, the damage has been considered “irre-
versible” [54].

First-generation myocardial regenerative approaches, alt-
hough attractive conceptually for their simplicity, quickly
faced a number of fundamental limitations, including not
only insufficient quantities and potency of the therapeutic cell
candidates but also their poor uptake in myocardial injury
zone(s) [54, 55]. Meta-analyses of clinical studies employing
Ist-generation stem cell therapies in AMI and CIHF demon-
strate, at best, only mild benefits in the reduction of LV re-
modeling and/or increase in LVEF (with mesenchymal stem
cells appearing more effective than bone-marrow mononuclear
cells) and minimal/absent clinical benefit(s) in the context of
heterogeneous, inconsistent and overall low-quality evidence
[56-59]. This indicates the need to develop novel, more effica-
cious, cell-based strategies that should be subjected to rigorous
(placebo/sham-controlled)  appropriately-powered  clinical
studies employing blinded observer/observer-independent
evaluation of cardiac function [60].

Key endpoints in major clinical trials in acute myocardial infarction and heart failure with reduced left-ventricular

Acute Myocardial Infraction

Therapy Trial

Endpoint(s)

Stone 2016 [3]

| Infarct Size
Infarct Size = Mortality Predictor

Primary PCI
Keeley E. [4]; Dalby ML. [5] | Mortality
| Re-infarction
. ISIS-2 [6]; Fuster V. [7] | Mortality
Aspirin

| Re-infarction

P2Y, receptor inhibitor

PCI-CURE [8]; Verdoia M. [9]

| Mortality

| Re-infarction

Beta-blockers
Joo SJ. [15]

High-d atin th MIRACL [10]; Afilalo J. [11]; Navarese EP. [12]; | Mortality
igh-dose statin therapy Pan'Y. [13]
| MACE
CAPRICORN [14] | Mortality

| Re-infarction in patients with LVEF <40%
| MACE in patients with LVEF <50%

ACE inhibitors [19]

SAVE [16], AIRE [17], Keber L. [18], Sleight P.

| Mortality
| Severe Heart Failure

| Heart Failure Progression

ICD in patients with LVEF <35% Moss Al. [20]

| Sudden Cardiac Death

(Table 1) Contd...
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Heart Failure with Reduced Left-Ventricular Ejection Fraction

Therapy

Trial

Endpoint(s)

ACE-1

CONSENSUS [21], SOLVD [22]

| Mortality

|Heart Failure Hospitalization

Beta-blocker

MERIT-HF [23], U.S. Carvedilol Heart Failure Study [24], CO-
PERNICUS [25], SENIORS [26], CIBIS-II [27], Cleland J. [28]

1 LVEF
|Mortality

|Heart Failure Hospitalization

MRA

Randomized Aldactone Evaluation Study, EMPHASIS-HF

[29, 30]

|Mortality

|Heart Failure Hospitalization

SGLT?2 inhibitor
(dapagliflozin or em-

DAPA-HF [31], EMPEROR-Reduced [32]

| Mortality

|Heart Failure Hospitalization

pagliflozin)
PARADIGM-HF [33] |CV Mortality
|Heart Failure Progression
o Zhou X. [34] 1 LVEF
Sacubitril/Valsartan

| LV Adverse Remodeling
(LVEDD, LVEDVI)
| MACE

| Heart Failure Hospitalization

Diuretics in patients
with signs and/or
symptoms of

Faris R. [35]

| Mortality
| Heart Failure Hospitalization

1 Exercise Capacity

congestion
ARB CHARM-Alternative [36] | Cardiovascular mortality
| Heart Failure Hospitalization
ICD SCD-HeFT [37] | Mortality

CRT D/P - patients

with sinus rhythm,

LBBB, QRS width
>150 ms

CARE-HF [38]

REVERSE [39]

COMPANION [40]

MADIT-CRT [41]

1 LVEF
| LV Adverse Remodeling (LVESVI)
| Mortality

| LV Adverse Remodeling (LVESVI)

| Heart Failure Worsening

| Mortality

| Heart Failure Hospitalization

1 LVEF
| LV Adverse Remodeling (LVEDD)
| Mortality

Abbreviations: ACE-I = angiotensin-converting enzyme inhibitor; LVEF = left ventricle ejection fraction; MRA = mineralocorticoid receptor antagonist; SGLT2 = Sodium-glucose
co-transporter 2; MACE = major adverse cardiovascular event; CV = cardiovascular; LVEDD = left ventricle end-diastolic diameter; LVEDVI = indexed left ventricle end-diastolic
volume; ARB = angiotensin-receptor blocker; ICD = implantable cardioverter-defibrillator; CRT D/P = cardiac resynchronization therapy - defibrillator/pacemaker; LBBB = left
bundle branch block; QRS = Q, R, and S waves of an ECG; LVESVI = left ventricle end-systolic volume index; PCI = percutaneous coronary intervention, AMI = acute myo-
cardial infarction; NB. |Mortality = fsurvival cf. (Table 4).

tion of Dbiological
methods have been widely identified as key research targets
in cell-based cardiovascular repair and regeneration [2, 13,

Novel, abundant sources of therapeutic cells, standardiza-
improved delivery

61, 62].

78

products,

and

Mesenchymal stem cells residing in the umbilical cord
matrix are a unique stem cell candidate that can address
some important shortcomings of the typical 1* generation
cell sources: hematopoietic bone marrow cells showing poor
regeneration capacity [55, 62, 63], and induced pluripotent
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Fig. (1). Umbilical cord cross section (according to Ref. [91], modified). It is worth noting that cells isolated from different compartments of
the umbilical cord exhibit distinct properties. The vascular perivascular area contains highly differentiated cells, whereas the amniotic sub-
chorionic region harbors immature cells with a high proliferative potential [94]. (4 higher resolution / colour version of this figure is availa-

ble in the electronic copy of the article).

stem cells were found tumorigenic [64-66] (Fig. 1). The um-
bilical cord matrix mesenchymal stem cells, known as Whar-
ton’s jelly mesenchymal stem cells (WIMSCs), possess
unique features crucial for their potential therapeutic use [62,
67-75].

Importantly, WIMSCs do not express major histocompat-
ibility complex (MHC) class II antigens and show a low ex-
pression of class I antigens. Thus, although allogeneic,
WIMSCs are low-immunogenic, naturally overcoming a
major disadvantage of other allogenic stem cell types con-
sidered for human use [76]. With their high plasticity, high
proliferation capacity, and absence of tumorigenic potential,
WIMSCs are today a particularly promising tool for the
next-generation cardiovascular regenerative approaches [62,
70, 77, 78]. Evidence from WIMSCs characterization studies
and from preclinical studies of WIMSCs use in the repair of
acute and chronic myocardial injury [74, 79] position WJM-
SCs as a leading contemporary candidate tool in myocardial
regeneration.

WIMSCs can be standardized as an “off-the-shelf” inves-
tigational (and potentially therapeutic) medicinal product
(i.e. an advanced therapy medicinal product - ATMP ). The
non-invasive harvest of WIMSCs (a “waste” material) and
their reproducible expansion meet the highly desirable fea-
tures of a cell-based biological product for use in ATMP
clinical trials, hospital exemption administration, as well as
for eventual routine clinical applications [2].

! Under the European Medicines Agency the acronym used is "ATMP"; in
the USA the equivalent Food and Drug Administration acronym is
"RMAT" (Regenerative Medicine Advanced Therapy Designation).

This overview provides a comprehensive knowledge base
with regard to the biological and therapeutic properties of
WIMSC:s in their capacity to stimulate myocardial repair and
regeneration. WIMSCs studies in small- and large-animal
models of acute and chronic myocardial injury are discussed
along with mechanistic insights into WIMSCs-mediated my-
ocardial repair and regeneration, providing a foundational
tool for clinical studies.

2. WIMSCs UNIQUE PROPERTIES

Stem cells are generally classified into embryonic stem
cells, fetal stem cells, and adult stem cells [80]. Embryonic
stem cells are pluripotent - they can give rise to tissues from
the three germ layers [80]. Mesenchymal stem cells, depend-
ing on the type of source tissue from which they are isolated,
can be classified as fetal or adult [80]. Mesenchymal stem
cells are multipotent, and ability to differentiate into tissues
from a particular germ layer. Mesenchymal stem cells are
fibroblast-like, non-hematopoietic stem cells that efficiently
proliferate in vitro (enabling their expansion) and may be re-
transplanted in vivo [81]. Bone marrow [82-84] and several
other fetal and adult tissues have been identified as an abun-
dant source of mesenchymal stem cells [85-91]. One particu-
larly attractive source of mesenchymal stem cells is the um-
bilical cord [67, 81].

The umbilical cord (Fig. 1) is composed of two umbilical
arteries and one vein that are surrounded by a mucoid tissue
rich in proteoglycans and mucopolysaccharides and covered
by amniotic epithelium [92, 93]. The mesenchymal stem
cells of the umbilical cord matrix (WJMSCs) are trapped in
the mucoid connective tissue during embryogenesis [67].
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WIMSCs are present in the subamnion as well as in the in-
tervascular and peri-vascular compartment of the umbilical
cord (Fig. 1). Subamniotic WIMSCs are the least differenti-
ated and are considered to have greater proliferative potential
[92-94]. Standardization of the WIMSCs isolation, charac-
terization, and expansion is feasible, and it is critical on the
path towards WIMSCs use as an ATMP therapeutic agent
[95, 96].

As the umbilical cord is considered a waste tissue,
WIMSCs harvesting - in contrast to embryo-derived stem
cells - does not raise any ethical concerns. WIMSCs can be
relatively easily isolated, harvested, and cultured [97]. With
their fetal origin, WIMSCs represent a unique type of mes-
enchymal stem cell, characterized by their youthful proper-
ties such as higher proliferative potential, slower aging, and
lower differentiation compared to adult mesenchymal stem
cells. Since WIMSCs do not exhibit tumorigenic potential
[98, 99], they can be safely used in regenerative medicine
[100, 101].

WIMSCs completely fulfill all the criteria outlined for
mesenchymal stem cells by the International Society of Cel-
lular Therapy [102]. Specifically, WIMSCs (1) are plastic-
adherent cells, (2) exhibit an elongated, spindle-shaped mor-
phology (Table 2), (3) express mesenchymal stem cells
markers (= 95% expression of CD105, CD73 and CD90 as
assessed by flow cytometry and < 2% positivity for CD45,
CD34, CD14 or CDI11b, CD79a or CD19, and (4) demon-
strate a three-lineage differentiation potential [67, 70, 92,
102-105].

WIMSCs can be reproducibly expanded to large quanti-
ties, making them available as an “off-the-shelf” cellular
ATMP regenerative product [67, 106]. As fetal cells, they
display high proliferative potential and delayed senescence.
WIMSCs can undergo a slightly higher (50-70) number of
divisions than the Hayflick limit for somatic cells (40 to 60)
[107]. Moreover, the WIMSCs aging process (senescence)
occurs much later compared to other mesenchymal stem
cells, such as those derived from bone marrow or adipose
tissue [108, 109]. WIMSCs, being ontologically young, re-
tain their proliferative capacity for an extended period. The
WIMSCs aging process and the loss of division capacity
occur later, suggesting a greater 'efficiency' over a longer
period. The number of divisions of WIMSCs may vary de-
pending on culture conditions, donor age, and other factors
[107-110].

WIMSCs exhibit the expression of several pluripotency
markers including octamer-binding transcription factor 4
(OCT-4), SRY (sex determining region Y)-box 2 (SOX2),
MYC proto-oncogene, bHLH transcription factor (c-MYC),
homeobox protein NANOG, LIN28 protein, stage specific
embryonic antigens (SSEA 1, 3, and 4), Kruppel-like tran-
scription factor 4 (KLF4), teratocarcinoma-derived growth
factor 1 (TDGF1), and zinc finger protein 42 (ZFP42); how-
ever, their expression levels are significantly lower com-
pared to embryonic stem cells (ESCs) or induced pluripotent
stem cells (iPS) [105]. These markers are consistent with the
enhanced regenerative and differentiation potential of WIM-
SCs [67-69]. However, in contrast to pluripotent cells,
WIMSCs are non-tumorigenic [70, 111]. Particularly im-
portant are the NANOG and OCT-4 factors that are crucial
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for maintaining the stemness state and the ability to self-
renew [69, 70, 81, 92].

Importantly, WIMSCs exhibit elevated expression of ear-
ly cardiac transcription factors such as kinase insert domain
receptor (KDR), insulin gene enhancer protein 1 (Isl-1), and
NK2 homeobox 5 transcription factor (Nkx2.5) [69]. The
WIMSCs expression of these early cardiac transcription fac-
tors can exceed that of human embryonic stem cells [69].
WIMSCs express C-X-C chemokine receptors types 3 and 4,
consistent with migratory and homing capabilities [69].
WIMSCs are markedly chemoattracted towards the ventricu-
lar myocardium, integrating robustly into the depth of is-
chemic cardiac tissue. These properties favor WIMSCs use
in cardiovascular regenerative medicine [112].

The differences between WIJMSCs and pluripotent stem
cells are fundamental in the context of clinical use. The tu-
morigenic potential of embryonic or induced pluripotent
cells has posed significant limitations in clinical applications
[64, 113-116], thereby restricting their therapeutic potential
[117].

One particularly important WIMSCs feature in the con-
text of allogenic transplantation is their low immunogenicity
[118-120]. Due to (1) low expression of MHC I molecules
(that are normally present on the surface membrane of all
nucleated cells in the human body and are responsible for the
presentation of peptide fragments of proteins within the cell
to cytotoxic T cells, triggering an immediate immune system
response against any recognized ‘“non-self” antigen); and (2)
lack of MHC II molecule expression (normally found only
on antigen-presenting cells and important in initiating im-
mune responses), WIMSCs do not induce alloreactive lym-
phocyte proliferative response [118-120]. In addition, WJM-
SCs exhibit high expression of human leukocyte antigen G
(HLA-G), a non-classical human leukocyte antigen class I
molecule with strong immune-inhibitory properties [121].
HLA-G, typically present in trophoblast, is partially respon-
sible for the tolerance of fetal tissue by the maternal immune
system [121].

A number of studies have demonstrated the genetic sta-
bility of WIMSCs, defined as the absence of chromosome
elimination, displacement, or chromosomal imbalance, and
have shown that WIMSCs can be safely and reproducibly
expanded in vitro [99, 122]. Moreover, WIMSCs are not
susceptible to spontaneous malignant transformation in vitro,
and no tumor formation has been observed in animal studies
[97, 99]. Recently, Musial-Wysocka et al. [70] investigated
the safety of WIMSCs in comparison to induced pluripotent
stem cells cultured in both normoxia and hypoxia and then
injected into immunodeficient mice. The study confirmed
that WIMSCs do not form teratomas in vivo even after cul-
ture in hypoxic conditions, whereas induced pluripotent stem
cell-injected mice developed tumors, with histopathological
analysis confirming typical teratoma morphology [65, 70].

Finally, WIMSCs share some properties with young fi-
broblasts (Table 2) [123-128], making them a natural candi-
date for fibroblast replacement in biological processes in-
volving these cells.
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Table 2.
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Comparison of fundamental characteristics of WIMSCs vs. fibroblasts.

Characteristics WIMSCs

Fibroblasts

Morphology
T i
Thin, elongated, spindle-shaped [123] Stellate-shaped [123]
Naturally present in human umbilical cord - arranged in
Source a concentric fashion with their long axis at right angle Naturally present in human connective tissue [126]

to the long axis of the cord [66, 67, 69, 124, 125]

Stemness markers
OCT-4

PRESENT
SOX-2
[67-69, 81]
c-MYC
NANOG

ABSENT
[127]

Progenitor cell marker STRO-1 PRESENT [68]

ABSENT [128]

-CD 271 +CD 271
+CD 31 -CD 31
+CD 146 -CD 146
Surface markers . .
+ VE-Cadherin - VE-Cadherin
(- absent /+ present )
- FSP-1 + FSP-1
[77] [77]
. . . HIGH RESTRICTED
Differentiation potential
[77] [77]

Abbreviations: OCT-4 - octamer-binding transcription factor 4; SOX-2 - SRY (sex determining region Y)-box 2; c-MYC - MYC proto-oncogene, bHLH transcription factor;
NANOG - homeobox protein NANOG; STRO-1 - stem cell antigen STRO-1; FSP-1 - fibroblast-specific protein 1.

3. TISSUE REPAIR VERSUS REGENERATION

‘Repair’ is understood as mending tissue that is injured,
damaged or defective. The process of repair suggests re-
building a part of the loss without completely replacing it.
Regeneration is a more advanced process of renewal and
regrowth of the injured tissue or organ, involving the for-
mation of a new tissue. The processes of myocardial repair
and regeneration cannot be totally separated from each other,
as they overlap and work together to improve heart function.
Unlike repair, which often leads to scar tissue formation,
regeneration restores the tissue to its original state with func-
tional cells. In myocardial repair, while some aspects like
inflammation and fibrosis are beneficial, excessive scarring
can impair heart function. Regeneration offers the potential
for restoring normal heart function after injury, as opposed to
relying on scar tissue, which leads to impaired heart function
over time. Promoting of the right balance between these two
processes is important for restoring optimal heart function.

Fig. (2) [66, 67, 86, 105, 126, 129-140] provides a sche-
matic presentation of mechanisms underlying WIMSCs re-
parative and regenerative capacities according to published
evidence. Cell-to-cell interactions relevant to WIJMSCs-
mediated repair and regeneration are listed in Table 3 [85,
131, 141-151].

4. TYPES AND MECHANISMS OF MYOCARDIAL
ISCHEMIC INJURY TO BE ADDRESSED BY CELL-
BASED REPAIR AND REGENERATION

4.1. Acute Myocardial Infarction

Occlusion of an epicardial coronary artery causes acute
hypoperfusion in the area supplied by the infarct-related ar-
tery, resulting in myocardial tissue damage. Without rapid
reperfusion, most of the hypoperfused area becomes necrot-
ic. The damage may extend to the total zone perfused by the
occluded artery (area-at-risk). Prompt restitution of myocar-
dial perfusion by pharmacologic and/or mechanical therapy
salvages (at least part of) the area at risk from necrosis [152].

Human acute myocardial infarction (AMI) is typically
associated with a loss of ~10° cardiomyocytes [153]. How-
ever, it is important to note that - given the cardiomyocyte to
endothelial cell ratio in the mammalian heart (=3:1) - AMI
leads to a concomitant loss of ~3x10° other (mostly endothe-
lial) cells [153]. The Ilatter is relevant, as the re-
pair/regeneration process needs to address the injury/loss of
cells other than cardiomyocytes, namely the endothelial
cells. The aim of cell-based regenerative therapies is to limit
the loss and help rebuild the damaged tissue. However, the
magnitude of the myocardial tissue loss due to myocardial
infarction suggests that any substantial repair/regeneration of
the loss is unlikely with the strategies employed so far.
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Infarction results, in the first phase, from the acute reduc-
tion in oxygen delivery due to interrupted (or markedly di-
minished) blood supply. However, ischemic injury is inextri-
cably related to another fundamental damage-causing mech-
anism that follows ischemia: reperfusion (hence “ischemia-
reperfusion” injury). The reperfusion stage persists for sev-
eral days. Reperfusion restores blood flow and oxygen pro-
vision to the ischemic tissue, a process that is in part benefi-
cial and in part deleterious. The generation of reactive oxy-
gen species enhances, through oxidative stress, endothelial
and other cellular damage and stimulates inflammation [152,
154, 155]. It is important to recognize that while some myo-
cardial cells die with ischemia, others die during reperfusion
(lethal reperfusion injury) [156].

Necrosis triggers an extensive inflammatory reaction
[157, 158]. Inflammatory cascades induce a cytokine storm,
resulting in damage to cellular structures and cell death. The
immune response to myocardial injury involves well defin-
ied players, such as neutrophils, monocytes/macrophages,
dendritic cells, lymphocytes, and cardiac fibroblasts [154]. It
is increasingly understood that immunomodulation during or
after reperfusion may constitute an important therapeutic
approach [154, 159]. Thus, the WIMSCs' immunomodulato-
ry properties [92, 131, 160] may be particularly relevant in
the context of reducing immune-modulated myocardial
injury.

Although necrotic cell death is considered the leading
mechanism of cellular loss in myocardial ische-
mia/reperfusion injury [152], several other forms of cardiac
cell death have been recently reported to play a role in myo-
cardial infarction. Those include apoptosis, autophagy, and
necroptosis [154].

Necrosis is an uncoordinated and unregulated mechanism
followed by an inflammatory response [152]. Typical mor-
phological features of necrosis include contraction bands,
karyolysis, mitochondrial swelling and disruption, mem-
brane disruption in cardiomyocytes accompanied by micro-
vascular destruction, interstitial hemorrhage, and inflamma-
tion [161, 162]. In contrast to necrosis, apoptosis, autopha-
gy, and necroptosis are regulated pathophysiological pro-
cesses that are controlled by specific signal transduction
pathways [152].

Apoptosis is an energy-consuming form of cell death ini-
tiated by activation of sarcolemmal receptors such as FAS
cell surface death receptor and tumor necrosis factor o (TNF-
a) as well as the mitochondrial release of cytochrome c, trig-
gering a caspase cascade which results in intracellular prote-
olysis, without an inflammatory response [163].

Autophagy is another regulated process contributing to
myocardial ischemia-reperfusion injury. Autophagy is char-
acterized by lysosomal degradation and recycling of proteins
[164]. The presence of double-membrane vesicles (autopha-
gosomes) and increased expression of characteristic proteins
are typical of an autophagic process.

Necroptosis incorporates hallmarks of necrosis and apop-
tosis [152]. However, necroptosis is a regulated process that
needs activation by specific kinases, and can be inhibited by
necrostatin [165, 166]. Although myocardial infarction has
been considered primarily necrotic, the features characteris-
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tic of apoptosis, autophagy, and necroptosis are present in
the infarct zone [152, 167].

Apoptosis is detected upon reperfusion in AMI cardio-
myocytes and progresses up to 6 days post-reperfusion, in
association with with infiltrated macrophages [168]. The
Akt/mTOR/p70S6K pathway is also activated upon AMI
reperfusion and remains elevated for up to 6 days (p<0.05).
Ischemia activates the TLR-4-MyD88-dependent (cyto-
kines/chemokines) and -independent (IRF-3) pathways in
both ischemic and non-ischemic myocardium and remains
high up to 6 days post-reperfusion (p<0.05) [168]. Accord-
ingly, leukocytes and macrophages are progressively recruit-
ed to the ischemic myocardium (p<0.05). Ischemia up-
regulates pro-fibrotic TGF-B that gradually rises collagenl-
A1/-A3 mRNA with subsequent increase in total collagen
fibrils and fibroblasts from 3 days post-reperfusion onwards
(»<0.005) [168]. MMP-2 activity increases from ischemia to
3 days post-reperfusion (p<0.05). There is a timely coordi-
nated cellular and molecular response to myocardial ische-
mia and reperfusion within the first 6 days after AMI [168].
Understanding of the mechanisms involved in tissue repair
may facilitate the development of novel cardioprotective
strategies.

Much effort has been invested in studying the molecular
mechanisms underlying the development and progression of
ischemia/reperfusion injury and post-ischemic cardiac re-
modeling [169]. Both during ischemia-reperfusion in the
setting of AMI and during the chronic remodeling process
following AMI, oxidative stress substantially contributes to
cardiac damage [169]. Reactive oxygen species (ROS) gen-
erated within mitochondria are particular drivers of mecha-
nisms contributing to ischemia/reperfusion injury, including
induction of mitochondrial permeability transition or oxida-
tive damage of intramitochondrial structures and molecules
[169].

4.2. Infarct Healing

Tissue healing after myocardial infarction occurs through
the activation of an endogenous repair response (endogenous
myocardial reparation) [170]. Healing after myocardial in-
farction consists of three overlapping stages that include an
inflammatory phase, a proliferative phase, and resolution
[171]. Fundamental cellular players are neutrophils, mono-
cytes/macrophages, dendritic cells, lymphocytes, and cardiac
fibroblasts [154].

Coronary artery ligation results in pathological changes
in cardiac muscle supplied by the infarct-related artery.
Within 20 minutes, intracellular edema, swelling and distor-
tion of the transverse tubular system, the sarcoplasmic re-
ticulum and mitochondria are observed; these changes are
reversible [155]. However, prolonged ischemia (~20 to 40
minutes) causes irreversible changes [172]. Irreversible dam-
age occurs with its characteristic mitochondrial abnormali-
ties such as swelling and internal disruption and margination
of amorphous nuclear chromatin and relaxation of myofibrils
[170].

In its early stage, myocardial injury triggers a local in-
flammatory response [158]. This leads to systemic inflam-
mation, including stimulation of bone marrow-derived leu-
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kocytes and activation of complement, leading to the re-
cruitment of neutrophils and monocytes at the infarcted area.
Within 6-8 hours after AMI activated, neutrophils infiltrate
into the ischemic myocardium, peaking at 1-3 days, and pro-
duce pro-inflammatory factors that attract monocytes [158].

Around the 3-7" day of infarction, monocytes and mac-
rophages infiltrate the border zone of the infarct [172]. At
the injury site, monocytes differentiate into macrophages.
There is disintegration of myofibers and phagocytosis and
promotion of necrotic debris removal [172]. The monocyte
infiltration is biphasic; pro-inflammatory monocytes pre-
dominate within the first 48 hours (peaking at days 3-4),
whereas anti-inflammatory monocytes start to prevail 4-7
days later, peaking about day 7 [172]. M1 macrophages, pre-
dominant in the initial inflammatory phase, secrete high lev-
els of pro-inflammatory cytokines, chemokines, and matrix
metalloproteinases [170]. M2 macrophages, through their
anti-inflammatory and pro-angiogenic properties, downregu-
late inflammatory response in myocardial infarction healing
(Table 3) [170, 173]. Infiltration of the infarcted area by B
lymphocytes peaks at day 5 post-AMI and is responsible for
pro-inflammatory response and mobilization of monocytes
from bone marrow [174]. The ratio of pro-inflammatory ver-
sus anti-inflammatory macrophages is modulated by cyto-
kines [175]. Activated monocytes and macrophages partici-
pate in crosstalk with other cells, including cardiomyocytes,
fibroblasts, immune cells, and vascular endothelial cells. The
pro-inflammatory response is crucial for wound repair, scar
formation and compensatory hypertrophy after AMI [176],
but a delay in alleviation of inflammation leads to myocyte
hypertrophy, apoptosis and adverse LV remodeling, finally
leading to heart failure [177]. The cytokine-mediated switch
from the inflammatory to anti-inflammatory response - a
process that can be mechanistically enhanced by WIMSCs at
several levels (Fig. 2) - plays an important role in reducing
cardiac remodeling after AMI.

4.3. Role of Cardiac Fibroblasts in Myocardial Healing

Fibroblasts play a fundamental role in every phase of the
healing response. They preserve the integrity of the extracel-
lular matrix network, maintaining its geometry and function
[178]. In the proliferative phase, fibroblasts transdifferentiate
to myofibroblasts, which become the dominant cell type in-
filtrating the infarct border zone [179].

Moreover, fibroblast activation is coordinated with the
inflammatory response via paracrine mechanisms [179].
They present a high proliferative capacity, express contrac-
tile proteins [157], produce higher levels of extracellular
matrix proteins [170], and modulate matrix metabolism by
expressing matrix metalloproteinases (MMPs) and their in-
hibitors [157]. These mechanisms protect the infarct zone
against rupture and, by their contractile activity, retract the
borders of the scar area, enabling wound healing [180, 181].

Fibroblasts interact with cardiomyocytes through several
mechanisms [179]. These communications are essential for
the myocardium to heal and recover [179]. Within the pro-
cess of cardiac repair, the interaction between cardiac fibro-
blasts and cardiomyocytes is crucial for myocardium healing
and recovery [179]. Downregulation of intestinal myofibro-
blasts occurs predominantly via inhibition of myocardin-
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related transcription factor A [147], providing an important
mechanism for resolving the inflammatory processes (matu-
ration phase). The maturation phase is characterized by the
completion of collagen-based scar formation [147].

Apart from being a crucial determinant of cardiac repair,
fibroblasts play an important role in long-term adverse re-
modeling [182]. The remodeling process can also be en-
hanced through the allogenic application of mesenchymal
stem cells. WIMSCs share several properties with young
fibroblasts [127], making them uniquely suited as a player in
myocardial repair (Table 2).

4.4. WJMSCs as ‘Natural’ Players in Infarct Healing and
Repair

Evidence shows that WJMSCs are naturally chemoat-
tracted towards the myocardial ischemic tissue and integrate
with it [112]. A number of properties exhibited by WIMSCs
are relevant to modulating the fundamental mechanisms on
the interface of acute myocardial injury and healing, as well
as in chronic myocardial ischemia injury (Fig. 2).

First, WIMSCs share several properties with young car-
diac fibroblasts [128], making WIMSCs a natural player in
the cardiac repair process [61, 74, 183]. WIJMSCs transplan-
tation into the infarct zone may exert benefit through at least
2 fundamental mechanisms, including (1) modulation of na-
tive fibroblast function and (2) fibroblast replacement.
WIMSCs may affect native fibroblasts via the WIMSCs
immunomodulatory effects (Table 3 and Figs. 3A, B), result-
ing in downregulation of interstitial fibrosis [140]. Partial
replacement of native fibroblasts with WIMSCs can also
inhibit excessive inflammatory response and myofibroblast
formation, improving internal scar formation balance (Fig.
2). In addition, due to key genetic factors (that are absent in
fibroblasts; Table 2), WIMSCs are able to transdifferentiate
into cardiomyocytes and endothelial cells [66, 67, 135, 136,
184, 185]. Nevertheless, transdifferentiation is rather unlike-
ly to dominate the WIMSCS-mediated myocardial repair,
indicating a leading role of WJMSCs immunomodulatory
and paracrine mechanisms (Figs. 2 and 3A, B).

WIMSCs - by their anti-inflammatory and immuno-
modulatory properties - may facilitate a switch from pro-
inflammatory to anti-inflammatory mechanisms in the form-
ing scar and thus exert a therapeutic effect by reducing scar
formation, limiting the area at risk, and modulating the
stunned myocytes so that they regain their physiologic con-
tractile function [67, 104, 136, 157]. Evidence suggests that
a switch from pro-inflammatory neutrophils (N1) and mac-
rophages (M1) to their anti-inflammatory phenotypes (N2
and M2) may underlie an important part of the WIMSCs
therapeutic effect [142, 186] (Table 3 and Figs. 3A, B) [61,
71-76, 80, 89, 170, 184, 185, 187-206].

Overall, WIMSCs' immunomodulatory properties are
consistent with enhancing the process of cardiac repair. In
particular, WIMSCs secrete anti-inflammatory and immuno-
suppressive chemokines such as interleukin 10 and trans-
forming growth factors 1 [75, 92, 131, 160] and suppress
pro-inflammatory cytokines including interleukin 2 and in-
terferon-gamma [141]. Furthermore, WIJMSCs - through
their immunomodulatory properties and interactions with
immune cells [142] - may alleviate the inflammatory
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resolution / colour version of this figure is available in the electronic copy of the article).
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response and inhibit myocardial fibrosis [139, 140]. Specifi-
cally, WIMSCs suppress T lymphocyte proliferation [46,
187, 188], inhibit the differentiation of T helper cells [142,
144], modulate T regulatory cell induction [142], and sup-
press NK cells [142] (Table 3).

Along with their high proliferation capacity and release
of large concentrations of chemokines, WIMSCs exhibit pro-
angiogenic activity and modulate matrix remodeling [121,
189]. The WIMSCs-mediated reduction of inflammation [150],
decrease in interstitial fibrosis [120, 150, 170], stimulation of
angiogenesis [71, 72, 120, 150, 185, 190, 191] and preservation
of cardiomyocytes indicate a unique role for WJMSCs
in myocardial repair and regeneration (Figs. 3A, B). Important-
ly, after WJIMSCs are phagocytosed by monocytes,
WIMSCS-derived extracellular vesicles may sustain
therapeutic effect [192].

Finally, evidence from the murine model of myocardial
infarction demonstrates WJMSCs promotion of wound heal-
ing by upregulation of genes involved in re-epithelialization
TGF-B2 and neovascularization (HIF-1a) [193].

4.5. Chronic Ischemic Heart Failure

AMI (or repeated AMIs, including multiple small AMIs)
underlie the development of CIHF. Scar formation and the
loss of contractility cause major pathologic changes in func-
tion and structure of the left ventricle, termed “adverse re-
modeling” [194]. At the cellular level, myocardial remodel-
ing involves alterations in myocyte biology, including stimu-
lation of their adverse hypertrophy [195]. Pathologic changes
in the extracellular matrix include initiation of interstitial
fibrosis [195]. Cellular and molecular changes of cardiomy-
ocytes and the surrounding interstitium result in the systolic
and diastolic dysfunction of the left ventricular myocardium,
underlying the symptoms and clinical presentation of con-
gestive heart failure. Remodeling of the injured left ventricle
after myocardial infarction due to volume and pressure over-
load results in increased wall stress, leading to macroscopic
left ventricular dilation. Macroscopic changes include modi-
fication of left ventricular geometry: increased size, spherici-
ty and left ventricular wall thinning [195].

Reduced ejection fraction and impaired contractility re-
sult from loss of contractile myocytes. The decrease in viable
and correctly functional myocytes occurs through two major
mechanisms, including necrosis and apoptosis [195]. Hyper-
trophic cardiomyocytes in the remodeled myocardium are
susceptible to diffuse ischemia [194]. This, taken together
with subendocardial blood flow reduction in the hyper-
trophic muscle, promotes subendocardial ischemic cell ne-
crosis [196, 197]. Pressure and volume overload lead to neu-
rohormonal stimulation, including the renin-angiotensin-
aldosterone cascade, B-adrenergic stimulation, reactive oxy-
gen species, inflammatory cytokines (e.g., TNF-a), and me-
chanical stress. These activate the process of cardiomyocyte
apoptosis  [198-201]. Therefore, inhibition of pro-
inflammatory processes is an important therapeutic target.

Molecular mechanisms underlying the development of
CIHF, including metabolic alterations, reactive oxygen spe-
cies overproduction, inflammation, autophagy deregulation,
and mitochondrial dysfunction, have been recently reviewed
in detail [169, 202]. Mitochondrial dysfunction is a key fea-
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ture of CIHF [203]. Based on the mechanistic insight gained
from rodent studies, the mechanisms for decreased mito-
chondrial oxidative capacity include altered mitochondrial
ultrastructure, proteomic remodelling and oxidative damage
of proteins and mitochondrial DNA, as well as impaired mi-
tochondrial Ca”" handling that accelerates the development
of myocardial contractile dysfunction [203]. The transplanta-
tion of viable and redox-competent mitochondria has been
proposed to improve myocardial recovery after ischemic
damage [202], but a recent human translation of mitochon-
drial transplantation failed to provide consistent benefits
[204].

5. WIMSCs-MEDIATED MECHANISMS OF MYO-
CARDIAL REPAIR AND REGENERATION

5.1. Paracrine Actions, Proangiogenic Capacity and
Trophic Support

WIMSCs secrete paracrine factors, including cytokines,
chemokines, and growth factors, which regulate stress-
induced apoptotic pathways to enhance the survival of in-
jured cardiac cells. WIMSCs release large quantities of pro-
angiogenic factors, such as vascular endothelial growth fac-
tor (VEGF), stromal cell-derived factor-1 (SDF-1) and angi-
opoietin-1 (ANGPT-1), along with other angiogenic factors
such as hepatocyte growth factor (HGF), TGF-B1, TGF-f2,
basic fibroblast growth factor (bFGF), matrix metallopro-
teinases (MMPs), epidermal growth factor (EGF), platelet-
derived growth factor-AA (PDGF-AA), and granulocyte
colony-stimulating factor (G-CSF). These factors are crucial
for initiating and maintaining angiogenesis [61, 71, 72, 97,
104, 122, 136, 137, 190, 205, 206]. WIMSCs also release
pro-angiogenic chemokines from the CXC-chemokine fami-
ly, including CXCL1, CXCLS5, CXCL6, CXCLS8 [85, 120,
144, 207, 208], and a number of other molecules document-
ed to promote angiogenesis in animal models of myocardial
injury (e.g., VEGF, Netrin-1, Ang-1) [97, 104, 122, 136,
137, 144].

VEGF exhibits pleiotropic functions, promoting angio-
genesis by supporting cell migration, proliferation, differen-
tiation, and endothelial cell survival. Among the growth
factors, VEGF appears to be the most critical for effective
vasculogenesis (the formation of new blood vessels de novo)
as well as angiogenesis (where new blood vessels form from
pre-existing ones). VEGF secretion is stimulated by pro-
inflammatory cytokines such as IFN-y and IL-1B. VEGF
overexpression by mesenchymal stem cells activates the
SDF-10/CXCR4 pathway and other mechanisms, including
PI3K-NF«B, leading to the recruitment of pericytes and mi-
gration of cardiac stem cells into areas of infarction, stimu-
lating angiogenesis. The elevated levels of VEGF exert anti-
apoptotic and anti-hypertrophic effects on the ischemia-
damaged cardiomyocytes [144, 185].

5.2. Transdifferentiation

The self-renewal capability of WIMSCs, their high pro-
liferation rate, and their capacity for multilineage differentia-
tion are well-documented [106, 209]. The multipotent char-
acter of WJMSCs enables their differentiation into deriva-
tives of all three germ layers [66, 93, 98, 210-213]. Further-
more, there is evidence for WIMSCs capacity to transdiffer-
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entiate into endothelial cells [184] and cardiomyocytes [67].
When cultured with 5-azacytidine, WIMSCs transdifferenti-
ate into cells expressing cardiomyocyte-specific proteins,
including troponin I, troponin T, F-actin, N-cadherin, con-
nexin 43, a-actin, GATA binding protein 4, and desmin [67,
69]. Recent studies in animal models have shown survival of
the transplanted WIMSCs for several weeks after admin-
istration and their differentiation into cardiac-like cells ex-
pressing cTnT by immunohistochemistry [125] (Table 3).

5.3. Immunomodulation

The immunogenicity of WIMSCs is known to be signifi-
cantly lower compared to mesenchymal stem cells derived
from other sources [118, 131, 142, 149, 159]. However, the
mechanisms underlying the immunosuppressive properties of
WIMSCs are complex and not yet fully elucidated. WIMSCs
modulate immunity through both soluble factors and cell-cell
contact [151]. WIMSCs do not express HLA-DR and co-
stimulatory molecules such as CD40, CD80, and CD86 that
are required for T-cell activation [103, 148, 188]. The absence
of HLA class II antigens (including HLA-DR), along with the
low expression levels of HLA class I antigens (HLA-A, HLA-
B, HLA-C), allows WJMSCs to maintain their immune-
privileged status, which helps them evade immune attack and
minimizes the risk of rejection when transplanted into an al-
logeneic environment. This mechanism, combined with the
immunomodulatory properties of WJMSCs, enhances their
potential for allogeneic transplantation [103, 188, 214-217].

Through the secretion of indoleamine 2,3-dioxygenase
(IDO), WIMSCs inhibit the differentiation of T follicular
helper cells (Tth), which leads to (1) the suppression of ex-
cessive immune responses; (2) the promotion of immune
tolerance; and (3) the reduction of inflammation [85, 131].
The inhibition of Tfh differentiation by IDO helps prevent
excessive antibody production, which can be important in
avoiding autoimmune diseases or unwanted immune reac-
tions, such as those following transplantation. IDO activity
also contributes to the induction of immune tolerance, which
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is beneficial in transplantation (e.g., to reduce graft rejection)
and in treating autoimmune diseases, as it lowers the risk of
immune system aggression against the body’s own tissues.
IDO's action is associated with inhibiting the number of cir-
culating pro-inflammatory Tth cells, thereby reducing over-
all inflammation in the body and aiding in the treatment of
various inflammatory conditions where an excessive immune
response is particularly dangerous [186, 208].

Moreover, WIJMSCs suppress the production of IFN-y,
stimulate the secretion of IL-10, and modulate the induction
of T-regulatory cells [147-149]. The production of IL-6 by
WIMSCs inhibits dendritic cells and induces them to adopt
tolerogenic phenotypes [144, 214]. By producing prosta-
glandin E2, WIMSCs suppress the cytotoxicity of NK cells
[144, 145] and inhibit the proliferation of CD4+ and CD8+
T-cells [144, 215].

WIMSCs have been successfully used in the treatment of
graft-versus-host disease [216], particularly in steroid-resistant
cases where standard glucocorticoid-based treatments fail to
provide a therapeutic effect [217]. WIMSCs exert their immu-
nosuppressive effects through multiple mechanisms: they in-
hibit the activation and proliferation of T-cells, suppress neu-
trophil adhesion to inflamed endothelium, and enhance the
expansion of regulatory T-cells [218]. Recent data suggest that
the immunomodulatory and anti-inflammatory properties of
WIMSCs, administered iv. in doses ranging from 5 x 10° to 3
x 10° cells, may effectively counteract the cytokine storm aris-
ing from COVID-19 infection [219-222].

6. ROLE OF ANIMAL MODELS OF AMI AND CIHF
IN ADVANCING CLINICAL RESEARCH

Pre-clinical evaluation of novel therapies for AMI and
CIHF plays a pivotal role in advancing human trials. Animal
models play a crucial role in generating the preclinical evi-
dence enabling to perform Phase 1/2 human studies on myo-
cardial repair and regeneration [104, 126, 136-139, 151].

Table 3. Effects of WJMSCs on cell-to-cell mechanisms of infarct healing and remodel.

- Key Cellular Players WJIMSCs Action WJIMSC:s Effect References
M1/M2 macrophages Switch to M2 enhancement Reduced overt inflammation [131, 141, 142]
N1/N2 neutrophiles Switch towards N2 dominance Reduced overt inflammation [143]

Cardiomyocyte: apoptosis, hypertrophy,
connectivity

NK cells Suppression Inhibition of cytotoxicity [92, 142, 144, 145]

AMI
Fibroblast-cardiomyocyte crosstalk Fibroblast replacement Cardiomyocyte enhancement [146]
T-helper cells Inhibition of differentiation Reduced inflammation [142, 144]
T-regulatory cells Immunomodulation Reduced inflammation [142, 147-149]
Fibroblast: interstitial fibrosis | Fibrosis
| Apoptosis

CIHF 1 Cardiomyocyte preservation | [85, 141, 150, 151]

| Hypertrophy

1 Connexin 43 expression

Note: See text and Fig. (3) for cytokine and transductory molecular mechanisms.
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While bench studies enable the investigation of cellular and
molecular interactions, small-animal models (rodents, rabbit,
guinea pigs) allow initial ‘proof of concept’ experiments [79].
Nevertheless, novel pharmacotherapies effective in rodents may
fail to translate to humans [223]. Because of critical structural,
functional, and molecular differences between small and large
mammalian hearts, promising therapeutic approaches generally
require preclinical testing in larger animal models before human
translation [224] (cf., Table 4). Several animal models of AMI
and CIHF have been developed, with those based on ligation of
the left anterior descending coronary artery (LAD) considered
most relevant to human ischemic heart disease [225, 226]. Re-
producibility of infarct size and LV remodeling in animal mod-
els usually allows to demonstrate the therapeutic effects of a
new intervention with “n” numbers lower than those needed in
human clinical studies.

Small-animal models serve as invaluable tools that have
greatly advanced the treatment of myocardial disease, in-
cluding the development of new treatments [203, 227, 228].
Despite their widespread use and acceptance, studies per-
formed in small rodent models should nevertheless be inter-
preted with caution [203, 227]. Rodents, especially mice and
rats, are powerful tools to study the mechanisms involved in
the development of CIHF and novel therapeutic strategies.
The human, mouse, and rat genomes have nearly the same
size, each containing about 30,000 protein-coding genes,
with about 99% of the genes encoded in the mouse genome
having a homologue in humans [203, 227]. Further ad-
vantages of rodent models are the short breeding cycle and
the availability of a variety of genetically engineered gain-
of-function and loss-of-function models [203, 227]. Despite
the specific limitations and differences outlined above, myo-
cardial energetics and contraction are overall relatively simi-
lar between small rodents and humans. Consequently, nu-
merous proteins share functions across species, which makes
small rodent models inevitable tools to rapidly conduct
proof-of-principle studies and to test different myocardial
treatment strategies in AMI and CIHF [203, 227]. Rodents
are typically on the same or very similar genetic background,
which does not reflect the genetic heterogeneity of the pa-
tient population [203, 227]. Human ventricular myocytes
predominately express B-myosin heavy chain, whereas adult
murine cardiomyocytes mainly express a-MHC with rapid
ATPase activity [203, 227]. Rabbit and pig show a greater
than human potential for lethal arrhythmias in relation to
acute myocardial ischemia [229]. The rat model of CIHF
bears several shortcomings, including high mortality rates
and limited recapitulation of the pathophysiology, etiology,
and progression of human CIHF [230]. Furthermore, several
differences comparing the small-animal and human hearts
exist that result from the difference in heart rate (about 500-
600 beats per minute in mice, 350 beats per minute in rats,
60-80 beats per minute in humans) [203, 227]. Advance-
ments in magnetic resonance imaging and high-resolution
transthoracic echocardiography enable today a detailed as-
sessment of contractile function even in small rodents [203,
227]. Nevertheless, it is generally accepted that results from
small-animal models require validation in large animals prior
to trials in humans [203, 227].

Large animals (including pigs, sheep, and goats) are phy-
logenetically, physiologically and structurally closer to hu-
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mans than rodents and therefore, at a molecular level, they
have greater sequence homology with humans making inter-
pretation of molecular events in large animals more relevant
to man [79]. Aside from obvious similarities in size and
physiology with humans, larger animals, such as pigs, are
more clinically relevant models for studying the func-
tion/shape aspects of cardiac remodeling because the devel-
opment of collateral blood vessels and the structural and
functional alterations after AMI more closely recapitulate the
human clinical phenotype [225, 226]. Large-animal models
have provided significant advances in clinical practice [231].
Large animals are more similar physiologically and anatomi-
cally to man (size, tissue structure, and life span) and large
animals are an ‘out bred’ population that more closely repre-
sents the heterogeneity of the human population than the
‘inbred’ small animal strains used in medical research [79].

Preclinical models of AMI and CIHF in large-animal
models play a central role in providing new tools for early
diagnosis and treatment [231]. Although economic costs,
handling, personnel skills, and the necessary equipment are
often limiting factors, large-animal models offer important
advantages in terms of better clinical translation: they offer
greater structural and functional similarity, and some models
can also recapitulate the associated comorbidities [231].
LAD ligation is designed to affect large areas of the LV, so
that later measurements of cardiac changes reach statistical
significance without requiring large numbers of animals
[225, 226]. In heart failure, large-animal models continue to
be a mainstay for drug, cell, and gene therapy development
as well as for surgical and minimally-invasive device devel-
opment and procedure testing [224].

Swine is a prototypical large-animal model in pre-clinical
evaluation of novel cardiac cell-based and device therapies
[225, 231]. Porcine models of AMI and CIHF have the ad-
vantage of architecture and collateral circulation similar to
humans, making it possible to predict and control infarct size
and disease severity [225, 231]. Fundamental advantages of
swine are a similar expression pattern of MHC isoforms and
a similar reserve in heart rate and cardiac output compared to
humans [203, 227].

Infarct size (IS; the AMI gold standard primary endpoint)
and left ventricular geometry and function (wall thickness,
WT; left ventricular dimensions and volumes; fractional
shortening, FS; left ventricular ejection fraction, LVEF and
remodeling indexes) are typical output measurements for in
vivo studies of therapeutic interventions in small and large-
animal models of AMI and CIHF [232-234] and -along with
mortality/survival - they correspond to the typical endpoints
in clinical trials in humans, as well as to cardiac parameters
in everyday clinical practice (Table 1).

Overall, studies in small-animal models importantly con-
tribute to developing novel treatment strategies [203, 227]
but large-animal models (in particular swine) have generally
strong translational relevance to humans [223]. While small-
animal models allow initial ‘proof of concept’ experiments,
large-animal models allow clinically relevant assessments of
safety, efficacy and dosing in cell-based therapies prior to
clinical trials, and are thus indispensable in transition ‘from
bench to bedside’ [79, 232]. Pre-clinical evidence demon-
strates a consistent WIMSCs efficacy in small and large an-
imal models of AMI and CIHF (Table 4).
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7. IMPROVEMENTS IN LV SIZE AND FUNCTION
CORRELATE WITH CLINICAL OUTCOMES IN
HUMAN PATIENTS: RELEVANT ENDPOINTS IN
EVALUATION OF CELL-BASED STRATEGIES IN
ANIMAL MODELS OF AMI AND CIHF

Recent analysis of data from 10 randomized clinical trials
in AMI demonstrated that infarct size, evaluated by magnetic
resonance or SPECT within 1 month after primary PCI, is
strongly associated with all-cause mortality and hospitaliza-
tion for heart failure within 1 year. Infarct size is, therefore,
an important endpoint in clinical trials as a prognostic pa-
rameter [3], and infarct size reduction as is a key therapeutic
aim in AML

In patients with LV dysfunction or heart failure after
AMI, low LVEEF is a ubiquitous risk marker associated with
death [233]. A large-scale study of patients with stable heart
failure followed up for 3-years demonstrated, among those
with LVEF <45%, a near-linear reduction in mortality across
successively higher LVEF groups (mortality of 51.7% with
LVEF <15% vs. 25.6% with LVEF 36% to 45%, p<0.0001);
an association relevant after multivariable adjustment [234].
Studies of B-adrenolytic therapy in heart failure demonstrat-
ed that reduction in LV adverse remodelling is associated
with improved long-term outcomes including survival [235]
but the therapeutic effect magnitude may be dependent on
myocardial viability [236]. Echocardiographic data from the
Valsartan Heart Failure Trial showed that patients with
worse LVEDD and EF are at highest risk for an adverse
event yet appear to gain the most anti-remodeling effect and
clinical benefit with treatment [237].

Recent meta-analysis of 30 mortality trials of 25
drug/device therapies (n = 69,766 patients; median follow-
up 17 months) and 88 of LV remodeling trials of these ther-
apies (n = 19,921 patients; median follow-up 6 months) in
patients with LV dysfunction demonstrated that short-term
trial-level therapeutic effects of a drug or device on LV re-
modeling are associated with longer-term effects on mortali-
ty [238]. In a contemporary registry of patients with heart
failure with reduced LVEF, all-cause death or heart failure
hospitalization occurred in 12% in the LVEF improvement
group versus 25% in the group without an LVEF improve-
ment (adjusted hazard ratio 0.50, 95% confidence interval
0.41-0.61) [239].

Overall, analyses of clinical data demonstrate that reduc-
tion in LV remodeling and improvement in LVEF are asso-
ciated with reduction in mortality and adverse heart failure-
related outcomes compared to patients with sustained LV
systolic dysfunction [240].

This positions (1) infarct size reduction, (2) attenuation
of LV remodeling and (3) LVEF improvement - along with
increased survival (reduced mortality) - as relevant endpoints
in pre-clinical and clinical studies of cell-based therapeutic
strategies in ischemic heart disease.

8. THERAPEUTIC EFFICACY OF WJMSCs IN ANI-
MAL MODELS OF ACUTE AND CHRONIC MYO-
CARDIAL INJURY

A number of WIMSCs studies have been performed in
small (rodents, rabbit) and large-animal models (swine) of
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AMI and CIHF [104, 126, 136-139, 151]. Details from those
studies are provided in Table 4, whereas summarized data
are provided below. Overall, in both small- and large mam-
malian models, there is considerable pre-clinical evidence
for enhanced myocardial repair and reduced left ventricular
remodeling with human WJMSCs used to counteract acute
and chronic myocardial ischemic damage.

8.1. Acute Myocardial Injury

Studies in animal models of AMI have consistently found
improvement in left ventricular function with WJMSCs
transplantation (Table 4). First, Yannarelli et al. [138] evalu-
ated left ventricular contractility in a mouse model of AMI
comparing placebo administration (phosphate-buffered sa-
line, PBS), bone marrow mesenchymal stem cells and
WIMSCs, administered by intravenous or peri-infarct intra-
myocardial injections. Transthoracic echocardiography was
performed by a blinded observer at baseline and 14 days
after treatment. Left ventricular fractional shortening (LVFS)
was significantly better in animals receiving peri-infarct cell
transplantation compared with the placebo group (p<0.05).
Importantly, the improvement was greater in mice adminis-
tered with WIMSCs than in those receiving bone marrow
mesenchymal stem cells. In contrast, the groups receiving
cell treatment by intravenous injections showed no benefit
from cell-therapy occurred, indicating that the intravenous
delivery may be suboptimal [138].

Another study in a mouse AMI model compared peri-infarct
injections of human WJMSCs with placebo (bovine serum
albumin in PBS) injections [137]. Cardiac function was as-
sessed by echocardiographic examination at baseline and 14
days after cell transplantation. WJMSCs-treated animals
showed improved left ventricular ejection fraction (LVEF)
and LVFS. There was also inhibition of remodeling, ex-
pressed by a reduction in left ventricular end-diastolic di-
ameter (LVEDD) and end-systolic diameter (LVESD)
(p<0.05 for all) [137].

Gaafar et al. [125] tested WIMSC:s efficacy in a rat mod-
el of AMI. Four groups of animals were compared, includ-
ing (1) control (non-manipulated) rats, (2) healthy rats in-
jected with human WIMSCs, (3) AMI-induced rats, and (4)
WIMSCs-treated rats on the third day after AMI induction.
Cardiac function (LVEF) and LV dimensions were evaluated
by echocardiography at baseline and 2 weeks after treatment.
LVEF, LVEDV, and LVESV were significantly better in the
WIMSCs-treated AMI group compared to the AMI group
receiving no WIMSCs treatment (p<0.05). In addition, after
6 weeks, the survival rate in the AMI group that received
WIMSCs was significantly improved in comparison to the
control AMI group [125]. Overall, data from the study
showed a benefit with human WJMSCs administration mani-
fested by improvement in left-ventricular function and atten-
uation of left ventricle remodeling (Table 4).

Latifpour et al. [241] evaluated WIMSCs efficacy in
stimulating myocardial repair and regeneration in a rabbit
model of permanent surgical left anterior descending (LAD)
permanent ligation. Animals were divided into five groups:
intact group, control group (the AMI model), PBS group
(placebo administration in the AMI model), WIMSCs group
(5 x 10° cells), and 5-Azacytidine-conditioned WIMSCs
group (5 x 10° cells). Human WIMSCs were injected
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Table 4. WJMSCs stimulation of myocardial repair and regeneration: evidence in animal models.

Experimental Deliver s
- Animal Xgioltoceol WJMSCs Dose| Delivery Timing I\;e't;eody Function | WJMSCs Effect Comment
Evaluation
AMI
Peri-infarct WIMSCs
6 groups injections i.v. therapy ineffective
(n=6 each): ECHO effective vs. Placebo | (both WIMSCs and
BM-MSCs)
® . . - B/L (ie., FS by 40 %
Placebo™ im. 1 o 5 10% cells | 15 minutes after |Peri-infarct (im.) before MI WJTMSCs }:}S‘ Pl;ce-
i WIMSCs im. LAD ligation i i
Mice . g vs induction) bo* (p<0.01) WIMSCs expression
[138] | BM-MSCs im. (human Intravenous (i.v.) of a-cardiac actin,
WIMSCs) -2 weeks after| WIMSCs>BMSCs cardlaf: troponin T,.
Placebo® iv cell a-myosin heavy chain
. transplantation
WIMSCs iv.
. WIMSCs detectable
BM-MSCs iv. 1 number capillaries for > 2 weeks
in WIMSCs-treated
14 days after AMI
peri-infarct WIMSCs
injections effective
vs. Placebo
ECHO
WIMSCs (n=5) 1 EF
Vs 1T FS
AMI 6 7 days after
Mice Placebo** 0-2x 10" cells Following Peri-infarct (i.m.) AMI | LVEDD
Somall 137] (n=10) LAD ligation injections | LVESD .
mall-
animal v (human 14 days after TWT
ivulated WIMSCs) -
models Nonmanipulate AMI | LV dilation (%)
control group
(n=10)
(»<0.05 for all)
New capillary-like
structures in
WIMSCs-treated
WIMSCs WIMSCs injections
(n=15)iv.3 vs. AMI without
days after MI treatment: 1 survival
Vs with WIMSCs
Group after MI 1 LVEF by absolute
(n=15) without | o6 |1 9% WIMSCs differentia-
Rat treatment 3 days after . | LVEDV tion into cardiomyo-
& s AMI induction e ECHO | LVESV cyte-like cells: ¢TnT,
[125] (human a-smooth muscle
( VY?;/[SCS( WIMSCs) actin, myosin heavy
n=15)1.v.(no chain (+)ve
MI induction) (p=<0.05 for all) )
Vs
WIMSCs
Control detectablefor > 6
nonmanipulated 1 Number capillaries weeks
(n=15) in WIMSCs-treated

(Table 4) Contd...
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. Experimental . .. Delivery Cardl.ac
- Animal Protocol WJIMSCs Dose| Delivery Timing Method Function WJIMSC:s Effect Comment
Evaluation
5 days after AMI:
no significant
differences between
study groups
Intact group (PBS/WJMSCs/ similar effect of
(n="7) 5-AZT-conditioned non-conditioned
vs WIMSCs) vs. 5-AZT conditioned
AMI controls WIMSCs
(n=7) (AMI) 30 days after AMI:
Vs WIMSCs/5-AZT-
o conditioned WIMSCs
- Al\(/gi E)BS 5x 107 cells After 1 h of ECHO groups vs PBS
Rabbit LAD lication Subepicardial (Placebo) and MI in-I (+
. g Troponin-I (+)ve
[241] Vs h (permanent LAD (im.) 5 and 30 days groups .
(human ligation) after AMI and F-actin (+)ve
AMI + WIMSCs) & 1 EF by absolute 8% iferati 1
roliferating cells
“(]il\isgs 1 FS by absolute 11% P £
| LVEDD by 20%
vs ) New gap junctions
AMI + 5-AZT - } LVESD by 20% expressed in WIMSCs
conditioned df“.ld 5 :iA\%]}HI;/ISC
WIMSCs group (p<0.05 foraly) | OnCHOneC HIVISES
n="17) group
| Scar tissue with
WIMSCs/5-AZT-
conditioned WIMSCs
8 weeks after MI:
1 FS WIMSCs high
dose vs. PBS group } inflammation:
(p<0.05) | TNF-a in infarct
area: WIMSCs low
dose vs. PBS (p<0.05)
TLVEF - WIMSCs
high and low dose vs.
. ECHO: &
3 groups: PBS | IL-6 in the border
l_oefore .MI area: WIMSCs low
. Hich dose: induction dose vs. PBS (p<0.05)
WJMSCS:hIgh g ose.é Vs, 1 LV wall motion -
AMI/ dose (n=4) 2x 1.5x 10 WIMSCs high and
Post-AMI cells’kg 120 min after acute Ml after | ]ow dose vs. PBS fangiogenesis:
s o surgery TVEGF in the border
Large- [Mini-swine - Low dose: LAD ligation iv. vs. . area: WIMSCs high
animal 151 2% 05 x10° | and 4 weeks after ' LV nonviable myo-|dose vs. PBS (p<0.05)
del [151] WIMSCs low 1'1 " MI at 1 vs. 4vs. 8 |cardium area after MI
models dose (n4) cells/kg weeks after MI| _ wiMSCs high and
low dose vs. PBS T1PECAM-1 in the
(porcine (»<0.01) infarct and border
s WF} MSCY) SPECT/PET area:
1vs. 4 vs. 8 WIMSCs low dose vs.
weeks after MI | Infarct area - PBS (p<0.05)
Placebo* WIMSCs high and
low dose vs. PBS
(p<0.01) 1 Cx43 expression:
WIMSCs high dose
vs. low-dose of
| LV fibrosis area - | WJMSCs and PBS
WIMSCs high and (»<0.05)
low dose vs. PBS
(»<0.01)

(Table 4) Contd...
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Experimental Deliver EAGIG
- Animal P WJIMSCs Dose| Delivery Timing M Function WJIMSC:s Effect Comment
Protocol Method a
Evaluation
3 6 weeks after MI:
 groups EF (%) 1 WIMSCs
(n=6 each)
ECHO vs placebo/control
(»<0.001)
WIMSCs Before AMI resident cardiac stem
AMI/ 40 x 10 cells induction | Infarct area cells recruitment with
Post-AMI |,. . . Vs. . Peri-infarct (i.m.) 1T AWT (%) WIMSCs
Mini-swine Right after 10 inecti VS. ith WIMSC
Large [104] (human LAD ligation | ({01ections) | eamr | ™ s vs
animal Placebo* WIMSCs) ] placebo/control | at 6 weeks new ¢TnT,
models vs. (»p<0.001) vWB, c-kit positive
Vs at 6 weeks cells, presence
S post-AMI  t Myocardial perfusior]
Apoptosis
Control (no ll Fpibfosis
treatment) .
with WIMSCs
CIHF
ECHO After 2 weeks:
1 LVEF by absolute
10% with WIMSCs
Before
2 groups transplantation | LVEDD WIMSCs present for
2 weeks after i : at least 4 weeks
Post-AMI ( with WIMSCs vs P
o8 WIMSCs M)
Small- (=12) 5 10° cells Perivinfarct ~ LLVESD (cTnT, vWF, smooth
. Rat 2 weeks after L Vs. with WIMSCs vs P muscle actin
animal o injections ;
model [136] Vs. (human LAD ligation 2 weeks after (p<0.05 for all) expression)
WIMSCs) cell transplan-
Placebo* tation _T wT | WIMSCs benefit seen
(n=11) 1 Capillary density | 42 weeks and sus-
4 weeks after 1 Number of tained at 4 weeks
cell transplan- arterioles
faton - ith WIMSCs vs P
(»<0.05 for all)
1 EF by absolute
11% WIMSCs vs
placebo
(» <0.05)
ECHO 1 Thickening fraction
in the infarcted LV
Baseline - the |wall by absolute 5%
2 groups day before gell WIMSCs vs placebo ]
Post-AMI 30x10° cells .| 4 Weeks afterMD) - jtansplantation ) < .01 psnaon
WIMSCs 2% 30x10° cells (ameroid 1c. infusion (4 weeks (p<0.001)
Swi . constrictor on after MI) Inhibitoin of LV
La‘rgei :V;;le ‘ v LCx) adverse remodelling: | Fibrosis
'c:rr::)r(ril;ll [139] Vs. Vs, LVEDV and LVESV (p<0.01)
. “(ZIJIK/E?S) 5" and 6" week iv. infusion 4 weeks after unchanged with with WIMSCs
Placebo after surgery WIMScs trans- WIMSCs
plantation Vs.
(8 weeks 1 LVEDV and 1
after MI) LVESV
(p <0.05) with
Placebo
apillary densit
1 Capillary density
in WIMSCs-treated
vs placebo (p<0.01)

Note: Placebo*- PBS -phosphate-buffered saline, Placebo** - bovine serum albumine in PBS, Placebo***- saline. Abbreviations: AMI - acute myocardial infarction, MI - myocar-
dial infarction, WIMSCs - Wharton’s jelly mesenchymal stem cells, 5-AZT - 5-Azacytidine; BM-MSCs - bone marrow mesenchymal stem cells, B/L - baseline, ECHO - transthorac-
ic echocardiography, EF - ejection fraction, FS - fractional shortening, LVEF - left ventricle ejection fraction, LVEDD - left ventricle end-diastolic diameter, LVESD - left ventricle
end-systolic diameter, LVEDV - left ventricle end-diastolic volume, LVESV - left ventricle end-systolic volume, LVW - left ventricle wall, WT - wall thickening, vWF - von Wil-
lebrand factor, ¢cTnT - cardiac troponin T, PBS- phosphate buffered saline, BSA - bovine serum albumin, DIM - Diabetic ischemic mice, ROS- reactive oxygen species, LCx - left
circumflex coronary artery, i.v. intravenous, i.m. intramuscular, i.c. intracardiac, VEGF- vascular endothelial growth factor, PECAM-1 - platelet/endothelial cell adhesion molecule 1
(CD-31), Cx43 - Connexin 43 - the major gap junction protein expressed in the heart, P=placebo.
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subepicardially 1 hour after AMI. Cardiac function was
evaluated at 5 and 30 days after AMI. The authors showed a
significantly greater improvement in left ventricular ejection
fraction, fractional shortening and reduced scar tissue for-
mation 30 days after AMI induction in animals treated with
WIMSCs and 5-Azacytidine-preconditioned WIMSCs com-
pared to those in the placebo-controlled group (p<0.05)
[241].

The study by Lim ef al. [151] tested allogenic (porcine)
WIMSCs in porcine models of AMI. Mini-pigs, after surgi-
cal left anterior descending (LAD) artery ligation, were di-
vided into three study groups: placebo (PBS), low dose (0.5
x 10° cells/kg), and high dose (1.5 x 10° cells/kg). Allogenic
WIMSCs were delivered intravenously twice after AMI: 120
minutes and 4 weeks after LAD ligation. Cardiac function
was assessed by echocardiography before, during, and after
surgery and at 1, 4 and 8 weeks after infarct induction. These
groups also underwent *"Tc sestamibi myocardial perfusion
single photon emission computed tomography (SPECT) and
' _fluorodeoxyglucose (FDG) cardiac positron emission
tomography (PET)/computed tomography (CT) at 1 week, 4
weeks, and 8 weeks after infarct induction. Transthoracic
echocardiography demonstrated significantly improved
LVES at week 8 in the high-dose WIMSCs group compared
to the PBS group (p<0.05) and a tendency for increased
LVEEF at 4 and 8 weeks in both low- and high-dose groups
compared to PBS group. Moreover, M-mode images of 2D
parasternal long-axis echocardiography showed improve-
ment in left ventricular wall motion in both WIMSCs-treated
groups at week 8 after AMI. SPECT and PET demonstrated
a reduction of LV nonviable myocardium area in both the
high- and low-dose WIMSCs groups compared to the place-
bo-treated animals (p<0.01). WIMSCs inhibited left ventric-
ular adverse remodeling, as reflected by a marked reduction
in fibrosis and reduced extracellular matrix deposition in the
total myocardial area. Assessment of protein and gene ex-
pression levels showed a reduction of inflammation, reflect-
ed by decrease in inflammatory biomarkers (TNF-a and In-
terleukin-6). Connexin 43 expression in remote areas was
greater with WIMSCs high dose in comparison to low-dose
and PBS groups (p<0.05). Furthermore, the WIMSCs-
treated animals demonstrated promotion of angiogenesis, as
demonstrated by enhanced pro-angiogenic factors (VEGF
and platelet/endothelial cell adhesion molecule 1) in the my-
ocardial infarct and border area [151].

Zhang et al. [104] tested WIMSCs effects in a porcine
model of AMI. Human WJIMSCs, delivered via peri-infarct
injections, were compared to placebo (PBS) after left anteri-
or descending artery ligation. The study also involved a con-
trol group of AMI without cell or placebo injections. Cardiac
function was assessed by echocardiography immediately
after myocardial infarction and 6 weeks after therapy. WIM-
SCs administration to the infarct zone enhanced regional
contractility of the infarcted area and improved global left
ventricular function expressed as LVEF (p<0.001). Infarct-
elicited deterioration in LV wall thickening was smaller in
the WIMSCs-transplanted group compared with the PBS
group (»p<0.001) and smaller than in the group that received
no cells and no placebo (p<0.001). Histologic evaluation of
cardiac tissue specimens indicated WIMSCs-mediated en-
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hancement of viable myocardium by inhibition of fibrosis
and apoptosis in the infarct border zone (Table 4) [104].

8.2. Chronic Ischemic Myocardial Injury

In a rat model of chronic ischemic myocardial injury, Wu
et al. [136] compared WIMSCs with placebo (PBS) admin-
istration via peri-infarct injections. Cardiac function was
assessed by echocardiography 2- and 4 weeks after treat-
ment. At 2 weeks, the WIMSCs-treated group showed im-
provement in LVEF, whereas LVEF decreased in the place-
bo-treated control group (p<0.05). Left-ventricular diameters
(both end-systolic and end-diastolic) were significantly
smaller in WJMSCs-treated animals (p<0.05), consistent
with effective inhibition of adverse remodeling. Moreover,
myocardial thickening was also better in the cell-
administered group (p<0.05). Importantly, the improvement
was sustained 4 weeks after WIMSCs transplantation [136].

Liu et al. [139] tested the effect of human WIMSCs in a
porcine model of chronic myocardial ischemia. Intracoronary
cell administration of 30 x 10® WIMSCs, followed by two
additional intravenous infusions in the following 2 weeks,
significantly improved LVEF compared to the placebo group
(i.c. saline administration). WIMSCs-treated animals also
showed better thickening of the infarcted wall, improved
perfusion, and inhibition of left ventricular remodeling. Con-
sistent with the functional data, histological evaluation
showed reduced fibrosis and apoptosis in the WIJMSCs-
treated animals [139]. Note that the endpoints in animal stud-
ies of WIMSCs therapeutic efficacy in AMI and CIHF
(Table 4; LV contractility and size, attenuation of LV ad-
verse remodeling, survival/mortality) are consistent with the
endpoints in human studies driving contemporary clinical
practice (Table 1).

9. WIMSCS EFFECTS IN NON-CARDIAC TISSUES:
MINIMIZING ISCHEMIC DAMAGE AND ENHANC-
ING RECOVERY

Detailed characterization of the therapeutic potential of
WIMSCs in enhancing the recovery of ischemic non-cardiac
tissues is beyond the scope of this review. Nevertheless, it
should be noted that studies in non-cardiac tissues are con-
sistent with the WJMSCs stimulation of myocardial repair.

WIMSCs were demonstrated to alleviate the damage and
promote tissue salvage in animal models of critical limb is-
chemia that poses an important medical and societal problem
[242, 243]. In a mouse model of critical hind-limb ischemia
(induced by femoral artery ligation). Shen et al. [132] com-
pared three groups of animals (#=8 each): (1) ischemic mice,
(2) diabetic ischemic mice treated with placebo (saline injec-
tions), and (3) diabetic ischemic mice treated with endotheli-
al progenitor cells derived from human WJMSCs. WIMSCs
cells (1 x 10° were injected intramuscularly into the thigh
muscle along the course of femoral artery within the surgery
after artery ligation. Limb function assessment was per-
formed using laser Doppler imaging at baseline and at 3 and
7 days after treatment. WIJMSCs injections improved the
ischemic to non-ischemic limb blood flow ratio by more than
2-fold. There was also a functional score improvement
(Westvik method) in comparison to the saline-injected dia-
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betic ischemic mice (p<0.05). Histologic evaluation demon-
strated a nearly 4-fold increase in the number of mi-
crovessels and a reduction in apoptotic cells in the WIMSCs
versus saline injection groups (p<0.05) [132]. In a more re-
cent study, Musial-Wysocka and colleagues [24] compared
the effect of human WIMSCs (1 x 10°) administered through
subcutaneous injection with placebo (PBS) injection and a
sham procedure in a mouse model of hind-limb ischemia.
Animals treated with WIMSCs showed a reduction in
fibrosis and a higher number of proliferating cells. At 21
days, blood flow significantly increased in the WIMSCs-
treated group compared with controls (sham and PBS
groups). Furthermore, the functional condition of the is-
chemic hind limbs was improved in the WIMSCs-treated
group compared to the control groups [70].

A recent pilot study in humans demonstrated safety, fea-
sibility, and a suggestion of efficacy of combined intra-
arterial and intramuscular delivery of WIMSCs in patients
with no-option critical limb ischemia [243].

CONCLUSIONS

Ischaemic heart disease remains the leading cause of
death worldwide [1, 2, 42-48]. CIHF, involving a set of sig-
nificant events over the lifetime further aggravated by pa-
tient’s comorbidities, represents a major unresolved health
problem [231]. The mortality rate of CIHF remains high,
with about 50% of patients dying within 5 years after the
initial diagnosis, which exceeds most types of cancer [203].
The multifaceted and complex nature of human ischemic
heart disease is difficult to recapitulate in animal models
[232] but studies in animal models of human disease by ena-
bling the ‘bench-to-bedside’ transition of novel therapies are
indispensable in advancing human studies. Small-animal
models are pivotal in developing novel therapies but may be
unable to fully recapitulate the human disease [231]. Large-
animal models (in particular swine) have generally strong
translational relevance to humans and pave the way for the
evaluation of new therapies in humans [79, 223, 225].

WIMSCs, fetal stem cells residing in the umbilical cord
matrix (Fig. 1) represent a unique type of mesenchymal stem
cells. In the absence of tumorigenicity, which is a significant
concern with embryonic stem cells or induced pluripotent
stem cells, WIMSCs exhibit key stem cell features resulting
from their fetal origin [101]. WIMSCs are not only multipo-
tent, but they also express several pluripotency markers and
cardiomyocyte-specific markers [69, 112]. WIMSCs' low
immunogenicity, taken together with their strong anti-
inflammatory, and immunomodulatory properties, are im-
portant advantages in the context of allogenic cell transfers
(Figs. 2 and 3). WIMSCs can be standardized as an ad-
vanced therapy medicinal product and produced in large
quantities without ethical concerns. Today, there is con-
sistent evidence from cell/tissue studies (Figs. 3A, B) and
from studies in animal models of AMI and CIHF (Table 4)
that WIMSCs can promote myocardial repair and regenera-
tion through several biologically relevant mechanisms that
include paracrine actions and cell-to-cell communication.
WIMSC:s possess the biological potential to address the sig-
nificant unmet needs of first-generation cell-based therapeu-
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tic approaches. The key advantages of WIJMSCs include
potency, genetic stability, safety, availability in large quanti-
ties, and feasibility of standardizing the cell product [54].
Importantly, WIMSCs can be tracked in vivo in animals and
humans [244] using methods previously established for
hematopoietic and mesenchymal bone marrow cells [245].
There is emerging evidence that myocardial uptake of trans-
coronary-delivered WIMSCs may be several-fold greater
than that seen with bone marrow-derived hematopoietic or
mesenchymal stem cells [244]. WIMSCs can be combined
with other innovative approaches, such as the use of engi-
neered/enhanced cells, cocktails of different cell types, and
use of cell-derived exosomes/secretome or preparations of
cells and scaffolds (injectable hydrogels, natural products,
cardiac-like patches, piezoelectric biomaterials). There is
also potential to use WIMSCs as a vector to deliver gene
therapies to the zones of myocardial ischemic injury [158,
244, 246-255], as well as to counteract aging-related cardio-
vascular deterioration [256].

Furthermore, cell-based therapeutic strategies employing
WIMSCs are suitable to be combined with structural me-
chanical interventions such as innovative transcatheter left
ventriculoplasty [252].

Recent data from both small- and large-animal models of
AMI and CIHF have consistently demonstrated a reduction
in infarct size, an increase in cardiac contractility, and im-
proved survival (Table 4) [104, 125, 136-139, 151, 241],
paving the way for WIMSCs ATMP clinical trials [116,
257]. The CIRCULATE-AMI pilot study indicated that
WIMSCs transcoronary infusion in large AMI in humans is
feasible, safe, and may be associated with a sustained LVEF
improvement [258]. Randomized, placebo-controlled, dou-
ble-blind clinical trials of standardized WIMSCs in AMI
(NCT03404063) and CIHF (NCTO03418233), employing
innovative transcoronary cell transfer [259, 260] and precise
evaluation of global and regional myocardial contractility
and remodeling [244] will provide appropriately powered
human data.

AUTHORS’ CONTRIBUTIONS

Study conception and design: E.K., M.M., P.M. Data col-
lection: EK., M.K., L.C., L.D., AM., M.S., M.S. Analysis
and interpretation of the results: E.XK., M.K., L.T., M.M.,
P.M. Manuscript drafting: E.K., M.K., P.M. All authors re-
viewed and approved the final version of the manuscript.

LIST OF ABBREVIATIONS

AMI = Acute Myocardial Infarction

ANGPT-1 = Angiopoietin-1

ATMP = Advanced Therapy Medicinal Product
CIHF = Chronic Ischemic Heart Failure

LV = Left Ventricle

LVEDD = Left Ventricular End-diastolic Diameter
LVEDV = Left Ventricular End-diastolic Volume
LVEF = Left Ventricular Ejection Fraction



WJIMSCs: Mechanisms and Pre-clinical Evidence

LVESD = Left Ventricular End-systolic Diameter
LVESV = Left Ventricular End-systolic Volume
LVES = Left Ventricular Fractional Shortening
MHC = Major Histocompatibility Complex

VEGF = Vascular Endothelial Growth Factor
WIMSCs = Wharton’s Jelly Mesenchymal Stem Cells

CONSENT FOR PUBLICATION
Not applicable.

FUNDING

This study has been supported by K/ZDS/005644 and
N41/DBS/001103 (Jagiellonian University Medical College
and Ministry of Science and Higher Education, Poland) and
265761 “CIRCULATE” STRATEGMED (National Centre
for Research and Development, Poland). Also supported by
‘Gift of Hope” Regenerative Medicine Foundation in Kra-
kow, ‘For the Heart’ Foundation in Krakow, and the St. John
Paul I Hospital in Krakow Research Fund.

CONFLICT OF INTEREST

The authors declare no conflict of interest, financial or
otherwise.

ACKNOWLEDGEMENTS

The authors are grateful to Dr. Lance Montauk (formerly
at the UCSF Department of Medicine, presently at Order of
Malta Clinic, Oakland, California, United States) for his pre-
submission review of the manuscript. They are also grateful
to Dr. Danuta Jarocha (formerly at the Jagiellonian Universi-
ty Dept. of Transplantation, presently at the Center for Cellu-
lar Immunotherapeutics, Translational and Correlative Stud-
ies Laboratory, University of Pennsylvania, Philadelphia,
Pennsylvania, United States) for her contributions to the ear-
ly stage of this work.

All figures and diagrams, including the graphical abstract
in this manuscript, are original and were created by the au-
thors. Their preparation involved the use of individual ele-
ments from freely available resources on Adobe Stock and
Shutterstock (under the Standard License) and SmartMedical
Art. The final illustrations were designed using PowerPoint.

REFERENCES

[1] Pearson J, Sipido KR, Musialek P, van Gilst WH. The cardiovascu-
lar research community calls for action to address the growing bur-
den of cardiovascular disease. Cardiovasc Res 2019; 115(10): e96-
8.
http://dx.doi.org/10.1093/cvr/cvz175 PMID: 31334808

[2] Bloemkolk D, Dimopoulou C, Forbes D. Strategic research agenda
for cardiovascular diseases (SRA CVD). Challenges and opportuni-
ties for cardiovascular disease research 2019. Available from:
https://www.era-cvd.eu/396.php

[3] Stone GW, Selker HP, Thiele H, et al. Relationship between infarct
size and outcomes following primary PCI. J Am Coll Cardiol 2016;
67(14): 1674-83.
http://dx.doi.org/10.1016/j.jacc.2016.01.069 PMID: 27056772

[4] Keeley EC, Boura JA, Grines CL. Primary angioplasty versus
intravenous thrombolytic therapy for acute myocardial infarction:

€1573403X372908

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Current Cardiology Reviews, 2025, Vol. 21, No. 5

A quantitative review of 23 randomised trials. Lancet 2003;
361(9351): 13-20.
http://dx.doi.org/10.1016/S0140-6736(03)12113-7
12517460

Dalby M, Bouzamondo A, Lechat P, Montalescot G. Transfer for
primary angioplasty versus immediate thrombolysis in acute myo-
cardial infarction: A meta-analysis. Circulation 2003; 108(15):
1809-14.
http://dx.doi.org/10.1161/01.CIR.0000091088.63921.8C
14530206

Randomised trial of intravenous streptokinase, oral aspirin, both, or
neither among 17,187 cases of suspected acute myocardial infarc-
tion: ISIS-2. ISIS-2 (Second International Study of Infarct Surviv-
al) Collaborative Group. Lancet 1988; 2(8607): 349-60.

PMID: 2899772

Fuster V, Dyken ML, Vokonas PS, Hennekens C. Aspirin as a
therapeutic agent in cardiovascular disease. Circulation 1993;
87(2): 659-75.

http://dx.doi.org/10.1161/01.CIR.87.2.659 PMID: 8425313

Mehta SR, Yusuf S, Peters RIG, et al. Effects of pretreatment with
clopidogrel and aspirin followed by long-term therapy in patients
undergoing percutaneous coronary intervention: The PCI-CURE
study. Lancet 2001; 358(9281): 527-33.
http://dx.doi.org/10.1016/S0140-6736(01)05701-4
11520521

Verdoia M, Schaffer A, Barbieri L, et al. Benefits from new ADP
antagonists as compared with clopidogrel in patients with stable
angina or acute coronary syndrome undergoing invasive manage-
ment: A meta-analysis of randomized trials. J Cardiovasc Pharma-
col 2014; 63(4): 339-50.
http://dx.doi.org/10.1097/FJC.0000000000000052
24336016

Schwartz GG, Olsson AG, Ezekowitz MD, et al. Effects of atorvas-
tatin on early recurrent ischemic events in acute coronary syn-
dromes: The MIRACL study: A randomized controlled trial. JA-
MA 2001; 285(13): 1711-8.
http://dx.doi.org/10.1001/jama.285.13.1711 PMID: 11277825
Afilalo J, Majdan AA, Eisenberg MJ. Intensive statin therapy in
acute coronary syndromes and stable coronary heart disease: A
comparative meta-analysis of randomised controlled trials. Heart
2007; 93(8): 914-21.

http://dx.doi.org/10.1136/hrt.2006.112508 PMID: 17277349
Navarese EP, Kowalewski M, Andreotti F, et al. Meta-analysis of
time-related benefits of statin therapy in patients with acute coro-
nary syndrome undergoing percutaneous coronary intervention.
Am J Cardiol 2014; 113(10): 1753-64.
http://dx.doi.org/10.1016/j.amjcard.2014.02.034 PMID: 24792742
Pan Y, Tan Y, Li B, Li X. Efficacy of high-dose rosuvastatin pre-
loading in patients undergoing percutaneous coronary intervention:
A meta-analysis of fourteen randomized controlled trials. Lipids
Health Dis 2015; 14(1): 97.
http://dx.doi.org/10.1186/512944-015-0095-1 PMID: 26306625
Dargie HJ. Effect of carvedilol on outcome after myocardial infarc-
tion in patients with left-ventricular dysfunction: The CAPRI-
CORN randomised trial. Lancet 2001; 357(9266): 1385-90.
http://dx.doi.org/10.1016/S0140-6736(00)04560-8
11356434

Joo SJ, Kim SY, Choi JH, et al. Effect of beta-blocker therapy in
patients with or without left ventricular systolic dysfunction after
acute myocardial infarction. Eur Heart J Cardiovasc Pharmacother
2021; 7(6): 475-82.

http://dx.doi.org/10.1093/ehjcvp/pvaa029 PMID: 32289158

Pfeffer MA, Braunwald E, Moyé LA, et al. Effect of captopril on
mortality and morbidity in patients with left ventricular dysfunction
after myocardial infarction. Results of the survival and ventricular
enlargement trial. N Engl J Med 1992; 327(10): 669-77.
http://dx.doi.org/10.1056/NEJM199209033271001
1386652

Effect of ramipril on mortality and morbidity of survivors of acute
myocardial infarction with clinical evidence of heart failure. Lancet
1993; 342(8875): 821-8.

PMID: 8104270

Keber L, Torp-Pedersen C, Carlsen JE, et al. A clinical trial of the
angiotensin-converting-enzyme inhibitor trandolapril in patients

PMID:

PMID:

PMID:

PMID:

PMID:

PMID:

95



Current Cardiology Reviews, 2025, Vol. 21, No. 5

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

96

with left ventricular dysfunction after myocardial infarction. N
Engl J Med 1995; 333(25): 1670-6.
http://dx.doi.org/10.1056/NEJM199512213332503
7477219

Sleight P. Angiotensin II and trials of cardiovascular out-
comes]11Reprints are not available. Am J Cardiol 2002; 89(2): 11-
6.
http://dx.doi.org/10.1016/S0002-9149(01)02322-0
11835905

Moss AJ, Zareba W, Hall WJ, et al. Prophylactic implantation of a
defibrillator in patients with myocardial infarction and reduced
ejection fraction. N Engl J Med 2002; 346(12): 877-83.
http://dx.doi.org/10.1056/NEJMoa013474 PMID: 11907286
Enalapril for congestive heart failure. N Engl J Med 1987; 317(21):
1349-51.
http://dx.doi.org/10.1056/NEJM198711193172112
2825013

Yusuf S, Pitt B, Davis CE, Hood WB, Cohn JN. Effect of enalapril
on survival in patients with reduced left ventricular ejection frac-
tions and congestive heart failure. N Engl ] Med 1991; 325(5): 293-
302.
http://dx.doi.org/10.1056/NEJM199108013250501
2057034

Effect of metoprolol CR/XL in chronic heart failure: Metoprolol
CR/XL randomised intervention trial in-congestive heart failure
(MERIT-HF). Lancet 1999; 353(9169): 2001-7.
http://dx.doi.org/10.1016/S0140-6736(99)04440-2
10376614

Packer M, Bristow MR, Cohn JN, ef al. The effect of carvedilol on
morbidity and mortality in patients with chronic heart failure. N
Engl J Med 1996; 334(21): 1349-55.
http://dx.doi.org/10.1056/NEJM199605233342101
8614419

Packer M, Fowler MB, Roecker EB, et al. Effect of carvedilol on
the morbidity of patients with severe chronic heart failure: Results
of the carvedilol prospective randomized cumulative survival (CO-
PERNICUS) study. Circulation 2002; 106(17): 2194-9.
http://dx.doi.org/10.1161/01.CIR.0000035653.72855.BF
12390947

Flather MD, Shibata MC, Coats AJS, et al. Randomized trial to
determine the effect of nebivolol on mortality and cardiovascular
hospital admission in elderly patients with heart failure (SEN-
IORS). Eur Heart J 2005; 26(3): 215-25.
http://dx.doi.org/10.1093/eurheartj/ehil 15 PMID: 15642700

The cardiac insufficiency bisoprolol study II (CIBIS-II): A random-
ised trial. Lancet 1999; 353(9146): 9-13.
http://dx.doi.org/10.1016/S0140-6736(98)11181-9
10023943

Cleland JGF, Bunting KV, Flather MD, et al. Beta-blockers for
heart failure with reduced, mid-range, and preserved ejection frac-
tion: An individual patient-level analysis of double-blind random-
ized trials. Eur Heart J 2018; 39(1): 26-35.
http://dx.doi.org/10.1093/eurheartj/ehx564 PMID: 29040525

Pitt B, Zannad F, Remme W1J, et al. The effect of spironolactone on
morbidity and mortality in patients with severe heart failure. N
Engl J Med 1999; 341(10): 709-17.
http://dx.doi.org/10.1056/NEJM199909023411001
10471456

Zannad F, McMurray JJV, Krum H, et al. Eplerenone in patients
with systolic heart failure and mild symptoms. N Engl J Med 2011;
364(1): 11-21.

http://dx.doi.org/10.1056/NEJMo0a1009492 PMID: 21073363
McMurray JJV, Solomon SD, Inzucchi SE, ef al. Dapagliflozin in
patients with heart failure and reduced ejection fraction. N Engl J
Med 2019; 381(21): 1995-2008.
http://dx.doi.org/10.1056/NEJMo0a1911303 PMID: 31535829
Packer M, Anker SD, Butler J, et al. Cardiovascular and renal
outcomes with empagliflozin in heart failure. N Engl J Med 2020;
383(15): 1413-24.

http://dx.doi.org/10.1056/NEJM0a2022190 PMID: 32865377
McMurray JJV, Packer M, Desai AS, et al. Angiotensin-neprilysin
inhibition versus enalapril in heart failure. N Engl J Med 2014;
371(11): 993-1004.

http://dx.doi.org/10.1056/NEJMo0a1409077 PMID: 25176015

PMID:

PMID:

PMID:

PMID:

PMID:

PMID:

PMID:

PMID:

PMID:

€1573403X372908

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Kwiecien et al.

Zhou X, Zhu H, Zheng Y, Tan X, Tong X. A systematic review and
meta-analysis of sacubitril-valsartan in the treatment of ventricular
remodeling in patients with heart failure after acute myocardial in-
farction. Front Cardiovasc Med 2022; 9: 953948.
http://dx.doi.org/10.3389/fcvm.2022.953948 PMID: 36304540
Faris R, Flather M, Purcell H, Henein M, Poole-Wilson P, Coats A.
Current evidence supporting the role of diuretics in heart failure: A
meta analysis of randomised controlled trials. Int J Cardiol 2002;
82(2): 149-58.
http://dx.doi.org/10.1016/S0167-5273(01)00600-3
11853901

Granger CB, McMurray JJV, Yusuf S, ef al. Effects of candesartan
in patients with chronic heart failure and reduced left-ventricular
systolic function intolerant to angiotensin-converting-enzyme in-
hibitors: The CHARM-Alternative trial. Lancet 2003; 362(9386):
772-6.
http://dx.doi.org/10.1016/S0140-6736(03)14284-5
13678870

Bardy GH, Lee KL, Mark DB, ef al. Amiodarone or an implantable
cardioverter-defibrillator for congestive heart failure. N Engl ] Med
2005; 352(3): 225-37.

http://dx.doi.org/10.1056/NEJM0a043399 PMID: 15659722
Cleland JGF, Daubert JC, Erdmann E, ef al. The effect of cardiac
resynchronization on morbidity and mortality in heart failure. N
Engl J Med 2005; 352(15): 1539-49.
http://dx.doi.org/10.1056/NEJM0a050496 PMID: 15753115
Daubert C, Gold MR, Abraham WT, et al. Prevention of disease
progression by cardiac resynchronization therapy in patients with
asymptomatic or mildly symptomatic left ventricular dysfunction:
Insights from the European cohort of the REVERSE (Resynchroni-
zation Reverses Remodeling in Systolic Left Ventricular Dysfunc-
tion) trial. J Am Coll Cardiol 2009; 54(20): 1837-46.
http://dx.doi.org/10.1016/j.jacc.2009.08.011 PMID: 19800193
Bristow MR, Saxon LA, Boehmer J, e al Cardiac-
resynchronization therapy with or without an implantable defibril-
lator in advanced chronic heart failure. N Engl J Med 2004;
350(21): 2140-50.

http://dx.doi.org/10.1056/NEJM0a032423 PMID: 15152059

Moss AJ, Hall WJ, Cannom DS, et al. Cardiac-resynchronization
therapy for the prevention of heart-failure events. N Engl J Med
2009; 361(14): 1329-38.
http://dx.doi.org/10.1056/NEJM0a0906431 PMID: 19723701

Bui AL, Horwich TB, Fonarow GC. Epidemiology and risk profile
of heart failure. Nat Rev Cardiol 2011; 8(1): 30-41.
http://dx.doi.org/10.1038/nrcardio.2010.165 PMID: 21060326
Timmis A, Kazakiewicz D, Townsend N, Huculeci R, Aboyans V,
Vardas P. Global epidemiology of acute coronary syndromes. Nat
Rev Cardiol 2023; 20(11): 778-88.
http://dx.doi.org/10.1038/s41569-023-00884-0 PMID: 37231077
Roger VL. The heart failure epidemic. Int J Environ Res Public
Health 2010; 7(4): 1807-30.
http://dx.doi.org/10.3390/ijerph7041807 PMID: 20617060

Moran AE, Forouzanfar MH, Roth GA, ef al. The global burden of
ischemic heart disease in 1990 and 2010: The Global Burden of
Disease 2010 study. Circulation 2014; 129(14): 1493-501.
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.004046

PMID: 24573351

Benjamin EJ, Virani SS, Callaway CW, et al. Heart disease and
stroke statistics—2018 update: A report from the american heart
association. Circulation 2018; 137(12): e67-¢492.
http://dx.doi.org/10.1161/CIR.0000000000000558
29386200

Berg J, Lindgren P, Kahan T, et al. Health-related quality of life
and long-term morbidity and mortality in patients hospitalised with
systolic heart failure. JRSM Cardiovasc Dis 2014; 3:
2048004014548735.

http://dx.doi.org/10.1177/2048004014548735 PMID: 25396054
Townsend N, Kazakiewicz D, Lucy Wright F, et al. Epidemiology
of cardiovascular disease in Europe. Nat Rev Cardiol 2022; 19(2):
133-43.

http://dx.doi.org/10.1038/s41569-021-00607-3 PMID: 34497402
Musiatek P, Montauk L, Saugnet A, Micari A, Hopkins LN. The
cardio-vascular future of panvascular medicine: The basics. Kardiol
Pol 2019; 77(10): 899-901.

PMID:

PMID:

PMID:



WJIMSCs: Mechanisms and Pre-clinical Evidence

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

http://dx.doi.org/10.33963/KP.15034 PMID: 31651911
Gheorghiade M, Ambrosy A. One step forward, two steps back.
Nat Rev Cardiol 2011; 8(2): 72-3.
http://dx.doi.org/10.1038/nrcardio.2010.205 PMID: 21270845
Jarocha D, Milczarek O, Kawecki Z, Wendrychowicz A, Kwiat-
kowski S, Majka M. Preliminary study of autologous bone marrow
nucleated cells transplantation in children with spinal cord injury.
Stem Cells Transl Med 2014; 3(3): 395-404.
http://dx.doi.org/10.5966/sctm.2013-0141 PMID: 24493853

Pith G, Perakakis N, Mantzoros CS, Seufert J. Stem cells in the
treatment of diabetes mellitus - Focus on mesenchymal stem cells.
Metabolism 2019; 90: 1-15.
http://dx.doi.org/10.1016/j.metabol.2018.10.005 PMID: 30342065
Skoczek D, Dulak J, Kachamakova-Trojanowska N. Maturity onset
diabetes of the young-new approaches for disease modelling. Int J
Mol Sci 2021; 22(14): 7553.
http://dx.doi.org/10.3390/ijms22147553 PMID: 34299172
Braunwald E. Cell-based therapy in cardiac regeneration. Circ Res
2018; 123(2): 132-7.
http://dx.doi.org/10.1161/CIRCRESAHA.118.313484
29976683

Menasché P. Cell therapy trials for heart regeneration - Lessons
learned and future directions. Nat Rev Cardiol 2018; 15(11): 659-
71.

http://dx.doi.org/10.1038/s41569-018-0013-0 PMID: 29743563
Attar A, Hosseinpour A, Hosseinpour H, Kazemi A. Major cardio-
vascular events after bone marrow mononuclear cell transplantation
following acute myocardial infarction: An updated post-BAMI me-
ta-analysis of randomized controlled trials. BMC Cardiovasc Dis-
ord 2022; 22(1): 259.
http://dx.doi.org/10.1186/s12872-022-02701-x PMID: 35681123
Fisher SA, Doree C, Mathur A, Taggart DP, Martin-Rendon E.
Stem cell therapy for chronic ischaemic heart disease and conges-
tive heart failure. Cochrane Libr 2016; 2016(12): CD007888.
http://dx.doi.org/10.1002/14651858.CD007888.pub3 PMID:
28012165

Hosseinpour A, Kheshti F, Kazemi A, Attar A. Comparing the
effect of bone marrow mono-nuclear cells with mesenchymal stem
cells after acute myocardial infarction on improvement of left ven-
tricular function: A meta-analysis of clinical trials. Stem Cell Res
Ther 2022; 13(1): 203.
http://dx.doi.org/10.1186/s13287-022-02883-3 PMID: 35578329
Lee H, Cho HJ, Han Y, Lee SH. Mid- to long-term efficacy and
safety of stem cell therapy for acute myocardial infarction: A sys-
tematic review and meta-analysis. Stem Cell Res Ther 2024; 15(1):
290.

http://dx.doi.org/10.1186/s13287-024-03891-1 PMID: 39256845
Drabik L, Mazurek A, Dzieciuch-Rojek M, et al. Trans-endocardial
delivery of progenitor cells to compromised myocardium using the
“needle technique”and risk of myocardial injury. Adv Interv Cardi-
0l 2022; 18(4): 423-30.

http://dx.doi.org/10.5114/aic.2022.121033 PMID: 36967845

Pu L, Meng M, Wu J, ef al. Compared to the amniotic membrane,
Wharton’s jelly may be a more suitable source of mesenchymal
stem cells for cardiovascular tissue engineering and clinical regen-
eration. Stem Cell Res Ther 2017; 8(1): 72.
http://dx.doi.org/10.1186/s13287-017-0501-x PMID: 28320452
Gyongy6si M, Haller PM, Blake DJ, Martin Rendon E. Meta-
analysis of cell therapy studies in heart failure and acute myocardi-
al infarction. Circ Res 2018; 123(2): 301-8.
http://dx.doi.org/10.1161/CIRCRESAHA.117.311302
29976694

Gude NA, Sussman MA. Cardiac regenerative therapy: Many paths
to repair. Trends Cardiovasc Med 2020; 30(6): 338-43.
http://dx.doi.org/10.1016/j.tcm.2019.08.009 PMID: 31515053
Rohani L, Johnson AA, Naghsh P, Rancourt DE, Ulrich H, Holland
H. Concise review: Molecular cytogenetics and quality control:
Clinical guardians for pluripotent stem cells. Stem Cells Transl
Med 2018; 7(12): 867-75.

http://dx.doi.org/10.1002/sctm.18-0087 PMID: 30218497
Yamanaka S. Pluripotent stem cell-based cell therapy—promise
and challenges. Cell Stem Cell 2020; 27(4): 523-31.
http://dx.doi.org/10.1016/j.stem.2020.09.014 PMID: 33007237

PMID:

PMID:

€1573403X372908

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

[81]

Current Cardiology Reviews, 2025, Vol. 21, No. 5

Wu KH, Zhou B, Lu SH, et al. In vitro and in vivo differentiation
of human umbilical cord derived stem cells into endothelial cells. J
Cell Biochem 2007; 100(3): 608-16.
http://dx.doi.org/10.1002/jcb.21078 PMID: 16960877

Wang HS, Hung SC, Peng ST, ef al. Mesenchymal stem cells in the
Wharton’s jelly of the human umbilical cord. Stem Cells 2004;
22(7): 1330-7.

http://dx.doi.org/10.1634/stemcells.2004-0013 PMID: 15579650
Nekanti U, Rao VB, Bahirvani AG, Jan M, Totey S, Ta M. Long-
term expansion and pluripotent marker array analysis of Wharton’s
jelly-derived mesenchymal stem cells. Stem Cells Dev 2010; 19(1):
117-30.

http://dx.doi.org/10.1089/sc¢d.2009.0177 PMID: 19619003

Gao LR, Zhang NK, Ding QA, ef al. Common expression of stem-
ness molecular markers and early cardiac transcription factors in
human Wharton’s jelly-derived mesenchymal stem cells and em-
bryonic stem cells. Cell Transplant 2013; 22(10): 1883-900.
http://dx.doi.org/10.3727/096368912X662444 PMID: 23394400
Musiat-Wysocka A, Kot M, Sutkowski M, Badyra B, Majka M.
Molecular and functional verification of wharton’s jelly mesen-
chymal stem cells (WJ-MSCs) pluripotency. Int J Mol Sci 2019;
20(8): 1807.

http://dx.doi.org/10.3390/ijms20081807 PMID: 31013696

Hsieh JY, Wang HW, Chang SJ, et al. Mesenchymal stem cells
from human umbilical cord express preferentially secreted factors
related to neuroprotection, neurogenesis, and angiogenesis. PLoS
One 2013; 8(8): €72604.
http://dx.doi.org/10.1371/journal.pone.0072604 PMID: 23991127
Ranganath SH, Levy O, Inamdar MS, Karp JM. Harnessing the
mesenchymal stem cell secretome for the treatment of cardiovascu-
lar disease. Cell Stem Cell 2012; 10(3): 244-58.
http://dx.doi.org/10.1016/j.stem.2012.02.005 PMID: 22385653
Drobiova H, Sindhu S, Ahmad R, Haddad D, Al-Mulla F, Al Mad-
houn A. Wharton’s jelly mesenchymal stem cells: A concise review
of their secretome and prospective clinical applications. Front Cell
Dev Biol 2023; 11: 1211217.
http://dx.doi.org/10.3389/fcell.2023.1211217 PMID: 37440921

Lyu Y, Xie J, Liu Y, et al. Injectable hyaluronic acid hydrogel
loaded with functionalized human mesenchymal stem cell aggre-
gates for repairing infarcted myocardium. ACS Biomater Sci Eng
2020; 6(12): 6926-37.
http://dx.doi.org/10.1021/acsbiomaterials.0c01344
33320638

Abbaszadeh H, Ghorbani F, Derakhshani M, et al. Regenerative
potential of Wharton’s jelly-derived mesenchymal stem cells: A
new horizon of stem cell therapy. J Cell Physiol 2020; 235(12):
9230-40.

http://dx.doi.org/10.1002/jcp.29810 PMID: 32557631

Charron D, Suberbielle-Boissel C, Al-Daccak R. Immunogenicity
and allogenicity: A challenge of stem cell therapy. J Cardiovasc
Transl Res 2009; 2(1): 130-8.
http://dx.doi.org/10.1007/s12265-008-9062-9 PMID: 20559977
Covas DT, Panepucci RA, Fontes AM, et al. Multipotent mesen-
chymal stromal cells obtained from diverse human tissues share
functional properties and gene-expression profile with CD146+
perivascular cells and fibroblasts. Exp Hematol 2008; 36(5): 642-
54.

http://dx.doi.org/10.1016/j.exphem.2007.12.015 PMID: 18295964
Musialek P, Mazurek A, Jarocha D, ef al. Myocardial regeneration
strategy using Wharton’s jelly mesenchymal stem cells as an off-
the-shelf ‘unlimited’ therapeutic agent: Results from the acute my-
ocardial infarction first-in-man study. Adv Interv Cardiol 2015;
2(2): 100-7.

http://dx.doi.org/10.5114/pwki.2015.52282 PMID: 26161101
Hotham WE, Henson FMD. The use of large animals to facilitate
the process of MSC going from laboratory to patient—‘bench to
bedside’. Cell Biol Toxicol 2020; 36(2): 103-14.
http://dx.doi.org/10.1007/s10565-020-09521-9 PMID: 32206986
Orbay H, Tobita M, Mizuno H. Mesenchymal stem cells isolated
from adipose and other tissues: Basic biological properties and
clinical applications. Stem Cells Int 2012; 2012: 1-9.
http://dx.doi.org/10.1155/2012/461718 PMID: 22666271

Majka M, Sutkowski M, Badyra B, Musiatek P. Concise review:
Mesenchymal stem cells in cardiovascular regeneration: Emerging

PMID:

97



Current Cardiology Reviews, 2025, Vol. 21, No. 5

(82]

(83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[o1]

[92]

[93]

[94]

[95]

[96]

98

research directions and clinical applications. Stem Cells Transl
Med 2017; 6(10): 1859-67.

http://dx.doi.org/10.1002/sctm.16-0484 PMID: 28836732
Friedenstein AJ, Chailakhjan RK, Lalykina KS. The development
of fibroblast colonies in monolayer cultures of guinea-pig bone
marrow and spleen cells. Cell Prolif 1970; 3(4): 393-403.
http://dx.doi.org/10.1111/j.1365-2184.1970.tb00347.x
5523063

Friedenstein AJ, Chailakhyan RK, Latsinik NV, Panasyuk AF,
Keiliss-Borok IV. Stromal cells responsible for transferring the mi-
croenvironment of the hemopoietic tissues. Cloning in vitro and re-
transplantation in vivo. Transplantation 1974; 17(4): 331-40.
http://dx.doi.org/10.1097/00007890-197404000-00001
4150881

Batsali AK, Kastrinaki MC, Papadaki HA, Pontikoglou C. Mesen-
chymal stem cells derived from Wharton’s Jelly of the umbilical
cord: Biological properties and emerging clinical applications. Curr
Stem Cell Res Ther 2013; 8(2): 144-55.
http://dx.doi.org/10.2174/1574888X 11308020005
23279098

Amable PR, Teixeira MVT, Carias RBV, Granjeiro JM, Borojevic
R. Protein synthesis and secretion in human mesenchymal cells de-
rived from bone marrow, adipose tissue and Wharton’s jelly. Stem
Cell Res Ther 2014; 5(2): 53.

http://dx.doi.org/10.1186/scrt442 PMID: 24739658

Zuk PA, Zhu M, Mizuno H, et al. Multilineage cells from human
adipose tissue: Implications for cell-based therapies. Tissue Eng
2001; 7(2): 211-28.
http://dx.doi.org/10.1089/107632701300062859 PMID: 11304456
Griffiths MJD, Bonnet D, Janes SM. Stem cells of the alveolar
epithelium. Lancet 2005; 366(9481): 249-60.
http://dx.doi.org/10.1016/S0140-6736(05)66916-4
16023517

De Bari C, Dell’Accio F, Tylzanowski P, Luyten FP. Multipotent
mesenchymal stem cells from adult human synovial membrane. Ar-
thritis Rheum 2001; 44(8): 1928-42.
http://dx.doi.org/10.1002/1529-0131(200108)44:8<1928::AID-
ART331>3.0.CO;2-P PMID: 11508446

Gronthos S, Mankani M, Brahim J, Robey PG, Shi S. Postnatal
human dental pulp stem cells (DPSCs) in vitro and in vivo. Proc
Natl Acad Sci USA 2000; 97(25): 13625-30.
http://dx.doi.org/10.1073/pnas.240309797 PMID: 11087820

Miao Z, Jin J, Chen L, et al. Isolation of mesenchymal stem cells
from human placenta: Comparison with human bone marrow mes-
enchymal stem cells. Cell Biol Int 2006; 30(9): 681-7.
http://dx.doi.org/10.1016/j.cellbi.2006.03.009 PMID: 16870478
Troyer DL, Weiss ML. Wharton’s jelly-derived cells are a primi-
tive stromal cell population. Stem Cells 2008; 26(3): 591-9.
http://dx.doi.org/10.1634/stemcells.2007-0439 PMID: 18065397
Kim DW, Staples M, Shinozuka K, Pantcheva P, Kang SD, Bor-
longan C. Wharton’s jelly-derived mesenchymal stem cells: Pheno-
typic characterization and optimizing their therapeutic potential for
clinical applications. Int J] Mol Sci 2013; 14(6): 11692-712.
http://dx.doi.org/10.3390/ijms 140611692 PMID: 23727936
Karahuseyinoglu S, Kocaefe C, Balci D, Erdemli E, Can A. Func-
tional structure of adipocytes differentiated from human umbilical
cord stroma-derived stem cells. Stem Cells 2008; 26(3): 682-91.
http://dx.doi.org/10.1634/stemcells.2007-0738 PMID: 18192234
Nanaev AK, Kohnen G, Milovanov AP, Domogatsky SP, Kauf-
mann P. Stromal differentiation and architecture of the human um-
bilical cord. Placenta 1997; 18(1): 53-64.
http://dx.doi.org/10.1016/S0143-4004(97)90071-0 PMID: 9032810
Corotchi MC, Popa MA, Remes A, Sima LE, Gussi I, Lupu Plesu
M. Isolation method and xeno-free culture conditions influence
multipotent differentiation capacity of human Wharton’s jelly-
derived mesenchymal stem cells. Stem Cell Res Ther 2013; 4(4):
81.

http://dx.doi.org/10.1186/scrt232 PMID: 23845279

Regulation (EC) No 1394/2007 of the European Parliament and of
the Council of 13 November 2007 on advanced therapy medicinal
products and amending Directive 2001/83/EC and Regulation (EC)
No 726/2004. 2004. Available from:
http://data.europa.eu/eli/reg/2007/1394/2019-07-26

PMID:

PMID:

PMID:

PMID:

€1573403X372908

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

Kwiecien et al.

Bongso A, Fong CY. The therapeutic potential, challenges and
future clinical directions of stem cells from the Wharton’s jelly of
the human umbilical cord. Stem Cell Rev 2013; 9(2): 226-40.
http://dx.doi.org/10.1007/s12015-012-9418-z PMID: 23233233
Tang Q, Chen Q, Lai X, et al. Malignant transformation potentials
of human umbilical cord mesenchymal stem cells both spontane-
ously and via 3-methycholanthrene induction. PLoS One 2013;
8(12): e81844.

http://dx.doi.org/10.1371/journal.pone.008 1844 PMID: 24339974
Chen G, Yue A, Ruan Z, et al. Human umbilical cord-derived
mesenchymal stem cells do not undergo malignant transformation
during long-term culturing in serum-free medium. PLoS One 2014;
9(6): €98565.

http://dx.doi.org/10.1371/journal.pone.0098565 PMID: 24887492
Ratajczak MZ, Bujko K, Wojakowski W. Stem cells and clinical
practice: New advances and challenges at the time of emerging
problems with induced pluripotent stem cell therapies. Pol Arch In-
tern Med 2016; 126(11): 879-90.
http://dx.doi.org/10.20452/pamw.3644 PMID: 27906881

Li M, Ng S. Potentiating the naturally occurring process for repair
of damaged heart. Curr Pharm Des 2014; 20(12): 1950-63.
http://dx.doi.org/10.2174/13816128113199990447
23844738

Dominici M, Le Blanc K, Mueller 1, et al. Minimal criteria for
defining multipotent mesenchymal stromal cells. The International
Society for Cellular Therapy position statement. Cytotherapy 2006;
8(4): 315-7.

http://dx.doi.org/10.1080/14653240600855905 PMID: 16923606
Weiss ML, Anderson C, Medicetty S, e al. Immune properties of
human umbilical cord Wharton’s jelly-derived cells. Stem Cells
2008; 26(11): 2865-74.
http://dx.doi.org/10.1634/stemcells.2007-1028 PMID: 18703664
Zhang W, Liu XC, Yang L, ef al. Wharton’s jelly-derived mesen-
chymal stem cells promote myocardial regeneration and cardiac re-
pair after miniswine acute myocardial infarction. Coron Artery Dis
2013; 24(7): 549-58.
http://dx.doi.org/10.1097/MCA.0b013e3283640f00
23892469

Subramanian A, Fong CY, Biswas A, Bongso A. Comparative
characterization of cells from the various compartments of the hu-
man umbilical cord shows that the wharton’s jelly compartment
provides the best source of clinically utilizable mesenchymal stem
cells. PLoS One 2015; 10(6): €0127992.
http://dx.doi.org/10.1371/journal.pone.0127992 PMID: 26061052
Corrao S, La Rocca G, Lo Tacono M, ef al. New frontiers in regen-
erative medicine in cardiology: The potential of Wharton’s jelly
mesenchymal stem cells. Curr Stem Cell Res Ther 2013; 8(1): 39-
45.

http://dx.doi.org/10.2174/1574888X 11308010006
23278911

Meyerson M. Role of telomerase in normal and cancer cells. J Clin
Oncol 2000; 18(13): 2626-34.
http://dx.doi.org/10.1200/JC0.2000.18.13.2626 PMID: 10893296
Baksh D, Song L, Tuan RS. Adult mesenchymal stem cells: Char-
acterization, differentiation, and application in cell and gene thera-
py. J Cell Mol Med 2004; 8(3): 301-16.
http://dx.doi.org/10.1111/j.1582-4934.2004.tb00320.x
15491506

Wagner W. Implications of long-term culture for mesenchymal
stem cells: Genetic defects or epigenetic regulation? Stem Cell Res
Ther 2012; 3(6): 54.

http://dx.doi.org/10.1186/scrt145 PMID: 23257053

Serakinci N, Christensen R, Graakjaer J, et al. Ectopically hTERT
expressing adult human mesenchymal stem cells are less radiosen-
sitive than their telomerase negative counterpart. Exp Cell Res
2007; 313(5): 1056-67.
http://dx.doi.org/10.1016/j.yexcr.2007.01.002 PMID: 17274981
Drela K, Sarnowska A, Siedlecka P, et al. Low oxygen atmosphere
facilitates proliferation and maintains undifferentiated state of um-
bilical cord mesenchymal stem cells in an hypoxia inducible factor-
dependent manner. Cytotherapy 2014; 16(7): 881-92.
http://dx.doi.org/10.1016/j.jcyt.2014.02.009 PMID: 24726658

PMID:

PMID:

PMID:

PMID:



WJIMSCs: Mechanisms and Pre-clinical Evidence

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

Lupu M, Khalil M, Andrei E, ef al. Integration properties of Whar-
ton’s jelly-derived novel mesenchymal stem cells into ventricular
slices of murine hearts. Cell Physiol Biochem 2011; 28(1): 63-76.
http://dx.doi.org/10.1159/000331714 PMID: 21865849

Taapken SM, Nisler BS, Newton MA, et al. Karyotypic abnormali-
ties in human induced pluripotent stem cells and embryonic stem
cells. Nat Biotechnol 2011; 29(4): 313-4.
http://dx.doi.org/10.1038/nbt.1835 PMID: 21478842

Lund RJ, Nérvd E, Lahesmaa R. Genetic and epigenetic stability of
human pluripotent stem cells. Nat Rev Genet 2012; 13(10): 732-44.
http://dx.doi.org/10.1038/nrg3271 PMID: 22965355

Rebuzzini P, Zuccotti M, Redi CA, Garagna S. Achilles’ heel of
pluripotent stem cells: Genetic, genomic and epigenetic variations
during prolonged culture. Cell Mol Life Sci 2016; 73(13): 2453-66.
http://dx.doi.org/10.1007/s00018-016-2171-8 PMID: 26961132
Cho S, Discher DE, Leong KW, Vunjak-Novakovic G, Wu JC.
Challenges and opportunities for the next generation of cardiovas-
cular tissue engineering. Nat Methods 2022; 19(9): 1064-71.
http://dx.doi.org/10.1038/s41592-022-01591-3 PMID: 36064773
Berndt R, Albrecht M, Rusch R. Strategies to overcome the barrier
of ischemic microenvironment in cell therapy of cardiovascular
disease. Int J Mol Sci 2021; 22(5): 2312.
http://dx.doi.org/10.3390/ijms22052312 PMID: 33669136

Le Blanc K, Tammik C, Rosendahl K, Zetterberg E, Ringdén O.
HLA expression and immunologic propertiesof differentiated and
undifferentiated mesenchymal stem cells. Exp Hematol 2003;
31(10): 890-6.
http://dx.doi.org/10.1016/S0301-472X(03)00110-3
14550804

Ryan JM, Barry FP, Murphy JM, Mahon BP. Mesenchymal stem
cells avoid allogeneic rejection. J Inflamm 2005; 2(1): 8.
http://dx.doi.org/10.1186/1476-9255-2-8 PMID: 16045800

Amable PR, Teixeira MVT, Carias RBV, Granjeiro JM, Borojevic
R. Gene expression and protein secretion during human mesen-
chymal cell differentiation into adipogenic cells. BMC Cell Biol
2014; 15(1): 46.

http://dx.doi.org/10.1186/s12860-014-0046-0

Ding DC, Chou HL, Chang YH, Hung WT, Liu HW, Chu TY.
Characterization of HLA-G and related immunosuppressive effects
in human umbilical cord stroma-derived stem cells. Cell Transplant
2016; 25(2): 217-28.

http://dx.doi.org/10.3727/096368915X 688182 PMID: 26044082
Swamynathan P, Venugopal P, Kannan S, ef al. Are serum-free and
xeno-free culture conditions ideal for large scale clinical grade ex-
pansion of Wharton’s jelly derived mesenchymal stem cells? A
comparative study. Stem Cell Res Ther 2014; 5(4): 88.
http://dx.doi.org/10.1186/scrt477 PMID: 25069491

Novotny GE, Gnoth C. Variability of fibroblast morphology in
vivo: A silver impregnation study on human digital dermis and sub-
cutis. J Anat 1991; 177: 195-207.

PMID: 1769894

Mcelreavey KD, Irvine A, Ennis KT, Mclean WHI. Isolation, cul-
ture and characterisation of fibroblast-like cells derived from the
Wharton’s jelly portion of human umbilical cord. Biochem Soc
Trans 1991; 19(1): 29S.

http://dx.doi.org/10.1042/bst019029s PMID: 1709890

Gaafar T, Attia W, Mahmoud S, er al. Cardioprotective effects of
wharton jelly derived mesenchymal stem cell transplantation in a
rodent model of myocardial injury. Int J Stem Cells 2017; 10(1):
48-59.

http://dx.doi.org/10.15283/ijsc16063 PMID: 28446005

Ravikanth M, Soujanya P, Manjunath K, Saraswathi TR, Rama-
chandran CR. Heterogenecity of fibroblasts. J Oral Maxillofac
Pathol 2011; 15(2): 247-50.
http://dx.doi.org/10.4103/0973-029X.84516 PMID: 22529592

Heo JS, Choi Y, Kim HS, Kim HO. Comparison of molecular
profiles of human mesenchymal stem cells derived from bone mar-
row, umbilical cord blood, placenta and adipose tissue. Int J Mol
Med 2016; 37(1): 115-25.
http://dx.doi.org/10.3892/ijmm.2015.2413 PMID: 26719857

Ning H, Lin G, Lue TF, Lin CS. Mesenchymal stem cell marker
Stro-1 is a 75kd endothelial antigen. Biochem Biophys Res Com-
mun 2011; 413(2): 353-7.
http://dx.doi.org/10.1016/j.bbrc.2011.08.104 PMID: 21903091

PMID:

€1573403X372908

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

Current Cardiology Reviews, 2025, Vol. 21, No. 5

Mirotsou M, Jayawardena TM, Schmeckpeper J, Gnecchi M, Dzau
VIJ. Paracrine mechanisms of stem cell reparative and regenerative
actions in the heart. J Mol Cell Cardiol 2011; 50(2): 280-9.
http://dx.doi.org/10.1016/j.yjmcc.2010.08.005 PMID: 20727900
Choi M, Lee HS, Naidansaren P, ef al. Proangiogenic features of
Wharton’s jelly-derived mesenchymal stromal/stem cells and their
ability to form functional vessels. Int J Biochem Cell Biol 2013;
45(3): 560-70.

http://dx.doi.org/10.1016/j.biocel.2012.12.001 PMID: 23246593
Liu S, Yuan M, Hou K, ef a/l. Immune characterization of mesen-
chymal stem cells in human umbilical cord Wharton’s jelly and de-
rived cartilage cells. Cell Immunol 2012; 278(1-2): 35-44.
http://dx.doi.org/10.1016/j.cellimm.2012.06.010 PMID: 23121974
Shen WC, Liang CJ, Wu VC, et al. Endothelial progenitor cells
derived from Wharton’s jelly of the umbilical cord reduces ische-
mia-induced hind limb injury in diabetic mice by inducing HIF-
1o/IL-8 expression. Stem Cells Dev 2013; 22(9): 1408-18.
http://dx.doi.org/10.1089/scd.2012.0445 PMID: 23252631

Guo J, Lin G, Bao C, Hu Z, Hu M. Anti-inflammation role for
mesenchymal stem cells transplantation in myocardial infarction.
Inflammation 2007; 30(3-4): 97-104.
http://dx.doi.org/10.1007/s10753-007-9025-3 PMID: 17497204
Zayed SA, Gaafar TM, Samy RM, Sabry D, Nasr AS, Maksoud
FAA. Production of endothelial progenitor cells obtained from hu-
man Wharton’s jelly using different culture conditions. Biotech
Histochem 2016; 91(8): 532-9.
http://dx.doi.org/10.1080/10520295.2016.1250284
27849398

Rammal H, Harmouch C, Maerten C, et al. Upregulation of endo-
thelial gene markers in Wharton’s jelly mesenchymal stem cells
cultured on polyelectrolyte multilayers. J Biomed Mater Res A
2017; 105(1): 292-300.

http://dx.doi.org/10.1002/jbm.a.35868 PMID: 27797148

Wu KH, Zhou B, Yu CT, et al. Therapeutic potential of human
umbilical cord derived stem cells in a rat myocardial infarction
model. Ann Thorac Surg 2007; 83(4): 1491-8.
http://dx.doi.org/10.1016/j.athoracsur.2006.10.066
17383364

Nascimento DS, Mosqueira D, Sousa LM, et al. Human umbilical
cord tissue-derived mesenchymal stromal cells attenuate remodel-
ing after myocardial infarction by proangiogenic, antiapoptotic, and
endogenous cell-activation mechanisms. Stem Cell Res Ther 2014;
5(1): 5.

http://dx.doi.org/10.1186/scrt394 PMID: 24411922

Yannarelli G, Dayan V, Pacienza N, Lee CJ, Medin J, Keating A.
Human umbilical cord perivascular cells exhibit enhanced cardio-
myocyte reprogramming and cardiac function after experimental
acute myocardial infarction. Cell Transplant 2013; 22(9): 1651-66.
http://dx.doi.org/10.3727/096368912X 657675 PMID: 23043977
Liu CB, Huang H, Sun P. Human umbilical cord-derived mesen-
chymal stromal cells improve left ventricular function, perfusion,
and remodeling in a porcine model of chronic myocardial ischemia
stem cells. Transl Med 2016; 5(8): 1004-13.

Zhang C, Zhou G, Chen Y, ef al. Human umbilical cord mesen-
chymal stem cells alleviate interstitial fibrosis and cardiac dysfunc-
tion in a dilated cardiomyopathy rat model by inhibiting TNF-a and
TGF-B1/ERK1/2 signaling pathways. Mol Med Rep 2018; 17(1):
71-8.

PMID: 29115435

Qiu Y, Yun MM, Han X, Zhao R, Zhou E, Yun S. Human umbili-
cal cord mesenchymal stromal cells suppress MHC class II expres-
sion on rat vascular endothelium and prolong survival time of car-
diac allograft. Int J Clin Exp Med 2014; 7(7): 1760-7.

PMID: 25126177

Wang Y, Chen X, Cao W, Shi Y. Plasticity of mesenchymal stem
cells in immunomodulation: Pathological and therapeutic implica-
tions. Nat Immunol 2014; 15(11): 1009-16.
http://dx.doi.org/10.1038/ni.3002 PMID: 25329189

Ma Y, Yabluchanskiy A, Iyer RP, ef al. Temporal neutrophil polar-
ization following myocardial infarction. Cardiovasc Res 2016;
110(1): 51-61.

http://dx.doi.org/10.1093/cvr/cvw024 PMID: 26825554

PMID:

PMID:

99



Current Cardiology Reviews, 2025, Vol. 21, No. 5

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

100

Arutyunyan I, Elchaninov A, Makarov A, Fatkhudinov T. Umbili-
cal cord as prospective source for mesenchymal stem cell-based
therapy. Stem Cells Int 2016; 2016(1): 6901286.
http://dx.doi.org/10.1155/2016/6901286 PMID: 27651799
Chatterjee D, Marquardt N, Tufa DM, ef a/. Human umbilical cord-
derived mesenchymal stem cells utilize activin-a to suppress inter-
feron-i* production by natural killer cells. Front Immunol 2014; 5:
662.

http://dx.doi.org/10.3389/fimmu.2014.00662 PMID: 25584044
Choi YJ, Koo JB, Kim HY, ef al. Umbilical cord/placenta-derived
mesenchymal stem cells inhibit fibrogenic activation in human in-
testinal myofibroblasts via inhibition of myocardin-related tran-
scription factor A. Stem Cell Res Ther 2019; 10(1): 291.
http://dx.doi.org/10.1186/s13287-019-1385-8 PMID: 31547873
Donders R, Vanheusden M, Bogie JFJ, et a/. Human wharton’s
jelly-derived stem cells display immunomodulatory properties and
transiently improve rat experimental autoimmune encephalomyeli-
tis. Cell Transplant 2015; 24(10): 2077-98.
http://dx.doi.org/10.3727/096368914X685104 PMID: 25310756
Tipnis S, Viswanathan C, Majumdar AS. Immunosuppressive
properties of human umbilical cord-derived mesenchymal stem
cells: Role of B7-HI and IDO. Immunol Cell Biol 2010; 88(8):
795-806.

http://dx.doi.org/10.1038/icb.2010.47 PMID: 20386557

Zhou C, Yang B, Tian Y, et al. Immunomodulatory effect of hu-
man umbilical cord Wharton’s jelly-derived mesenchymal stem
cells on lymphocytes. Cell Immunol 2011; 272(1): 33-8.
http://dx.doi.org/10.1016/j.cellimm.2011.09.010 PMID: 22004796
Liang CJ, Shen WC, Chang FB, et al. Endothelial progenitor cells
derived from wharton’s jelly of human umbilical cord attenuate is-
chemic acute kidney injury by increasing vascularization and de-
creasing apoptosis, inflammation, and fibrosis. Cell Transplant
2015; 24(7): 1363-77.
http://dx.doi.org/10.3727/096368914X681720 PMID: 24819279
Lim M, Wang W, Liang L, et al. Intravenous injection of allogene-
ic umbilical cord-derived multipotent mesenchymal stromal cells
reduces the infarct area and ameliorates cardiac function in a por-
cine model of acute myocardial infarction. Stem Cell Res Ther
2018; 9(1): 129.

http://dx.doi.org/10.1186/s13287-018-0888-z PMID: 29751831
Ibafiez B, Heusch G, Ovize M, Van de Werf F. Evolving therapies
for myocardial ischemia/reperfusion injury. J Am Coll Cardiol
2015; 65(14): 1454-71.
http://dx.doi.org/10.1016/j.jacc.2015.02.032 PMID: 25857912
Reinecke H, Minami E, Zhu WZ, Laflamme MA. Cardiogenic
differentiation and transdifferentiation of progenitor cells. Circ Res
2008; 103(10): 1058-71.
http://dx.doi.org/10.1161/CIRCRESAHA.108.180588
18988903

Andreadou I, Cabrera-Fuentes HA, Devaux Y, ef al. Immune cells
as targets for cardioprotection: New players and novel therapeutic
opportunities. Cardiovasc Res 2019; 115(7): 1117-30.
http://dx.doi.org/10.1093/cvr/cvz050 PMID: 30825305

Jennings RB, Murry CE, Steenbergen C Jr, Reimer KA. Develop-
ment of cell injury in sustained acute ischemia. Circulation 1990;
82(3)(Suppl.): 112-1112.

PMID: 2394018

Zhao BH, Ruze A, Zhao L, et al. The role and mechanisms of
microvascular damage in the ischemic myocardium. Cell Mol Life
Sci 2023; 80(11): 341.
http://dx.doi.org/10.1007/s00018-023-04998-z PMID: 37898977
Shinde AV, Frangogiannis NG. Fibroblasts in myocardial infarc-
tion: A role in inflammation and repair. J] Mol Cell Cardiol 2014;
70: 74-82.

http://dx.doi.org/10.1016/j.yjmcc.2013.11.015 PMID: 24321195
Barrére-Lemaire S, Vincent A, Jorgensen C, Piot C, Nargeot J,
Djouad F. Mesenchymal stromal cells for improvement of cardiac
function following acute myocardial infarction: A matter of timing.
Physiol Rev 2024; 104(2): 659-725.
http://dx.doi.org/10.1152/physrev.00009.2023 PMID: 37589393

PMID:

€1573403X372908

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

Kwiecien et al.

Vieira Paladino F, de Moraes Rodrigues J, da Silva A, Goldberg
AC. The immunomodulatory potential of wharton’s jelly mesen-
chymal stem/stromal cells. Stem Cells Int 2019; 2019: 1-7.
http://dx.doi.org/10.1155/2019/3548917 PMID: 31281372
Raziyeva K, Kim Y, Zharkinbekov Z, Temirkhanova K, Saparov
A. Novel therapies for the treatment of cardiac fibrosis following
myocardial infarction. Biomedicines 2022; 10(9): 2178.
http://dx.doi.org/10.3390/biomedicines 10092178 PMID: 36140279
Reimer KA, Jennings RB, Tatum AH. Pathobiology of acute myo-
cardial ischemia: Metabolic, functional and ultrastructural studies.
Am J Cardiol 1983; 52(2): 72-81.
http://dx.doi.org/10.1016/0002-9149(83)90180-7 PMID: 6869259
Kloner RA, Rude RE, Carlson N, Maroko PR, DeBoer LW,
Braunwald E. Ultrastructural evidence of microvascular damage
and myocardial cell injury after coronary artery occlusion: which
comes first? Circulation 1980; 62(5): 945-52.
http://dx.doi.org/10.1161/01.CIR.62.5.945 PMID: 7418179

Orogo AM, Gustafsson AB. Cell death in the myocardium: My
heart won’t go on. [UBMB Life 2013; 65(8): 651-6.
http://dx.doi.org/10.1002/iub.1180 PMID: 23824949

Huang C, Andres AM, Ratliff EP, Hernandez G, Lee P, Gottlieb
RA. Preconditioning involves selective mitophagy mediated by
Parkin and p62/SQSTMI1. PLoS One 2011; 6(6): €20975.
http://dx.doi.org/10.1371/journal.pone.0020975 PMID: 21687634
Zhou W, Yuan J. SnapShot: Necroptosis. Cell 2014; 158(2): 464-
464.cl.

http://dx.doi.org/10.1016/j.cell.2014.06.041 PMID: 25036639
Oerlemans MIFJ, Koudstaal S, Chamuleau SA, de Kleijn DP,
Doevendans PA, Sluijter JPG. Targeting cell death in the reper-
fused heart: Pharmacological approaches for cardioprotection. Int J
Cardiol 2013; 165(3): 410-22.
http://dx.doi.org/10.1016/j.ijcard.2012.03.055 PMID: 22459400
Wu MY, Yiang GT, Liao WT, et al. Current mechanistic concepts
in ischemia and reperfusion injury. Cell Physiol Biochem 2018;
46(4): 1650-67.

http://dx.doi.org/10.1159/000489241 PMID: 29694958

Vilahur G, Juan-Babot O, Pefia E, Ofiate B, Casani L, Badimon L.
Molecular and cellular mechanisms involved in cardiac remodeling
after acute myocardial infarction. J Mol Cell Cardiol 2011; 50(3):
522-33.

http://dx.doi.org/10.1016/j.yjmcc.2010.12.021 PMID: 21219908
Bugger H, Pfeil K. Mitochondrial ROS in myocardial ischemia
reperfusion and remodeling. Biochim Biophys Acta Mol Basis Dis
2020; 1866(7): 165768.
http://dx.doi.org/10.1016/j.bbadis.2020.165768 PMID: 32173461
Leoni G, Soehnlein O. (Re) Solving repair after myocardial infarc-
tion. Front Pharmacol 2018; 9: 1342.
http://dx.doi.org/10.3389/fphar.2018.01342 PMID: 30534069

Ma Y, Iyer RP, Jung M, Czubryt MP, Lindsey ML. Cardiac fibro-
blast activation post-myocardial infarction: Current knowledge
gaps. Trends Pharmacol Sci 2017; 38(5): 448-58.
http://dx.doi.org/10.1016/j.tips.2017.03.001 PMID: 28365093
Vargas SO, Sampson BA, Schoen FJ. Pathologic detection of early
myocardial infarction: A critical review of the evolution and use-
fulness of modern techniques. Mod Pathol 1999; 12(6): 635-45.
PMID: 10392641

Ben-Mordechai T, Holbova R, Landa-Rouben N, ef al. Macrophage
subpopulations are essential for infarct repair with and without
stem cell therapy. J] Am Coll Cardiol 2013; 62(20): 1890-901.
http://dx.doi.org/10.1016/j.jacc.2013.07.057 PMID: 23973704
Zouggari Y, Ait-Oufella H, Bonnin P, ef al. B lymphocytes trigger
monocyte mobilization and impair heart function after acute myo-
cardial infarction. Nat Med 2013; 19(10): 1273-80.
http://dx.doi.org/10.1038/nm.3284 PMID: 24037091

Jian Y, Zhou X, Shan W, et al. Crosstalk between macrophages
and cardiac cells after myocardial infarction. Cell Commun Signal
2023;21(1): 109.

http://dx.doi.org/10.1186/s12964-023-01105-4 PMID: 37170235



WJIMSCs: Mechanisms and Pre-clinical Evidence

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

Guo QY, Yang JQ, Feng XX, Zhou YJ. Regeneration of the heart:
From molecular mechanisms to clinical therapeutics. Mil Med Res
2023; 10(1): 18.

http://dx.doi.org/10.1186/s40779-023-00452-0 PMID: 37098604
Mann DL. Inflammatory mediators and the failing heart: Past,
present, and the foreseeable future. Circ Res 2002; 91(11): 988-98.
http://dx.doi.org/10.1161/01.RES.0000043825.01705.1B  PMID:
12456484

Chen W, Frangogiannis NG. Fibroblasts in post-infarction inflam-
mation and cardiac repair. Biochim Biophys Acta Mol Cell Res
2013; 1833(4): 945-53.
http://dx.doi.org/10.1016/j.bbamcr.2012.08.023 PMID: 22982064
Fu X, Khalil H, Kanisicak O, et al. Specialized fibroblast differen-
tiated states underlie scar formation in the infarcted mouse heart. J
Clin Invest 2018; 128(5): 2127-43.
http://dx.doi.org/10.1172/ICI98215 PMID: 29664017

van den Borne SWM, Diez J, Blankesteijn WM, Verjans J, Hofstra
L, Narula J. Myocardial remodeling after infarction: The role of
myofibroblasts. Nat Rev Cardiol 2010; 7(1): 30-7.
http://dx.doi.org/10.1038/nrcardio.2009.199 PMID: 19949426
Bainbridge P. Wound healing and the role of fibroblasts. ] Wound
Care 2013; 22(8): 407-412, 410-412.
http://dx.doi.org/10.12968/jowc.2013.22.8.407 PMID: 23924840
Pesce M, Duda GN, Forte G, et al. Cardiac fibroblasts and mecha-
nosensation in heart development, health and disease. Nat Rev
Cardiol 2023; 20(5): 309-24.
http://dx.doi.org/10.1038/s41569-022-00799-2 PMID: 36376437
Savvatis K, van Linthout S, Miteva K, ef al. Mesenchymal stromal
cells but not cardiac fibroblasts exert beneficial systemic immuno-
modulatory effects in experimental myocarditis. PLoS One 2012;
7(7): €41047.

http://dx.doi.org/10.1371/journal.pone.0041047 PMID: 22815907
Aguilera V, Bricefio L, Contreras H, ef al. Endothelium trans dif-
ferentiated from Wharton’s jelly mesenchymal cells promote tissue
regeneration: Potential role of soluble pro-angiogenic factors. PLoS
One 2014; 9(11): e111025.
http://dx.doi.org/10.1371/journal.pone.0111025 PMID: 25412260
Arutyunyan I, Fatkhudinov T, Kananykhina E, ef al. Role of
VEGF-A in angiogenesis promoted by umbilical cord-derived mes-
enchymal stromal/stem cells: /n vitro study. Stem Cell Res Ther
2016; 7(1): 46.

http://dx.doi.org/10.1186/s13287-016-0305-4 PMID: 27001300
Abumaree MH, Al Jumah MA, Kalionis B, ef al. Human placental
mesenchymal stem cells (pMSCs) play a role as immune suppres-
sive cells by shifting macrophage differentiation from inflammato-
ry M1 to anti-inflammatory M2 macrophages. Stem Cell Rev 2013;
9(5): 620-41.

http://dx.doi.org/10.1007/s12015-013-9455-2 PMID: 23812784
Vadivel S, Vincent P, Sekaran S, et al. Inflammation in myocardial
injury- Stem cells as potential immunomodulators for myocardial
regeneration and restoration. Life Sci 2020; 250: 117582.
http://dx.doi.org/10.1016/5.1f5.2020.117582 PMID: 32222465
Corsello T, Amico G, Corrao S, ef al. Wharton’s jelly mesenchy-
mal stromal cells from human umbilical cord: A close-up on im-
munomodulatory molecules featured in situ and in vitro. Stem Cell
Rev Rep 2019; 15(6): 900-18.
http://dx.doi.org/10.1007/s12015-019-09907-1 PMID: 31741193
Dan P, Velot E, Francius G, Menu P, Decot V. Human-derived
extracellular matrix from Wharton’s jelly: An untapped substrate to
build up a standardized and homogeneous coating for vascular en-
gineering. Acta Biomater 2017; 48: 227-37.
http://dx.doi.org/10.1016/j.actbio.2016.10.018 PMID: 27769940
Ma B, Wang T, Li J, Wang Q. Extracellular matrix derived from
Wharton’s Jelly-derived mesenchymal stem cells promotes angio-
genesis via integrin aVB3/c-Myc/P300/VEGE. Stem Cell Res Ther
2022; 13(1): 327.

http://dx.doi.org/10.1186/s13287-022-03009-5 PMID: 35851415
Chinnici CM, Iannolo G, Cittadini E, et al. Extracellular vesicle-
derived microRNAs of human Wharton’s jelly mesenchymal stro-
mal cells may activate endogenous VEGF-A to promote angiogen-
esis. Int J Mol Sci 2021; 22(4): 2045.

€1573403X372908

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

Current Cardiology Reviews, 2025, Vol. 21, No. 5

http://dx.doi.org/10.3390/ijms22042045 PMID: 33669517

de Witte SFH, Luk F, Sierra Parraga JM, ef al. Immunomodulation
by therapeutic mesenchymal stromal cells (MSC) is triggered
through phagocytosis of MSC by monocytic cells. Stem Cells
2018; 36(4): 602-15.

http://dx.doi.org/10.1002/stem.2779 PMID: 29341339

Arno Al, Amini-Nik S, Blit PH, et a/. Human Wharton’s jelly
mesenchymal stem cells promote skin wound healing through para-
crine signaling. Stem Cell Res Ther 2014; 5(1): 28.
http://dx.doi.org/10.1186/scrt417 PMID: 24564987

Del Buono MG, Garmendia CM, Seropian IM, et al. Heart failure
after st-elevation myocardial infarction: Beyond left ventricular ad-
verse remodeling. Curr Probl Cardiol 2023; 48(8): 101215.
http://dx.doi.org/10.1016/j.cpcardiol.2022.101215
35460680

Mann DL, Bristow MR. Mechanisms and models in heart failure:
The biomechanical model and beyond. Circulation 2005; 111(21):
2837-49.
http://dx.doi.org/10.1161/CIRCULATIONAHA.104.500546

PMID: 15927992

Vatner SF, Hittinger L. Coronary vascular mechanisms involved in
decompensation from hypertrophy to heart failure. J Am Coll Car-
diol 1993; 22(4)(Suppl. A): A34-40.
http://dx.doi.org/10.1016/0735-1097(93)90460-1 PMID: 8104205
Missov E, Calzolari C, Pau B. Circulating cardiac troponin I in
severe congestive heart failure. Circulation 1997; 96(9): 2953-8.
http://dx.doi.org/10.1161/01.CIR.96.9.2953 PMID: 9386162
Colucci WS. Molecular and cellular mechanisms of myocardial
failure. Am J Cardiol 1997; 80(11): 15L-25L.
http://dx.doi.org/10.1016/S0002-9149(97)00845-X
9412539

Singh K, Xiao L, Remondino A, Sawyer DB, Colucci WS. Adren-
ergic regulation of cardiac myocyte apoptosis. J Cell Physiol 2001;
189(3): 257-65.

http://dx.doi.org/10.1002/jcp.10024 PMID: 11748583

Givertz MM, Colucci WS. New targets for heart-failure therapy:
Endothelin, inflammatory cytokines, and oxidative stress. Lancet
1998; 352(Suppl. 1): SI34-8.
http://dx.doi.org/10.1016/S0140-6736(98)90017-4 PMID: 9736478
Hunter JJ, Chien KR. Signaling pathways for cardiac hypertrophy
and failure. N Engl J Med 1999; 341(17): 1276-83.
http://dx.doi.org/10.1056/NEJM199910213411706
10528039

Schirone L, Forte M, D’Ambrosio L, et al. An overview of the
molecular mechanisms associated with myocardial ischemic injury:
State of the art and translational perspectives. Cells 2022; 11(7):
1165.

http://dx.doi.org/10.3390/cells11071165 PMID: 35406729

Riehle C, Bauersachs J. Of mice and men: Models and mechanisms
of diabetic cardiomyopathy. Basic Res Cardiol 2019; 114(1): 2.
http://dx.doi.org/10.1007/s00395-018-0711-0 PMID: 30443826
Hayashida K, Takegawa R, Shoaib M, et al. Mitochondrial trans-
plantation therapy for ischemia reperfusion injury: A systematic re-
view of animal and human studies. J Transl Med 2021; 19(1): 214.
http://dx.doi.org/10.1186/s12967-021-02878-3 PMID: 34001191
Sobolewski K, Matkowski A, Bankowski E, Jaworski S. Wharton’s
jelly as a reservoir of peptide growth factors. Placenta 2005;
26(10): 747-52.

http://dx.doi.org/10.1016/j.placenta.2004.10.008 PMID: 16226124
Barrett AN, Fong CY, Subramanian A, et al. Human Wharton’s
jelly mesenchymal stem cells show unique gene expression com-
pared with bone marrow mesenchymal stem cells using single-cell
RNA-sequencing. Stem Cells Dev 2019; 28(3): 196-211.
http://dx.doi.org/10.1089/sc¢d.2018.0132 PMID: 30484393
Wegmeyer H, Broske AM, Leddin M, et al. Mesenchymal stromal
cell characteristics vary depending on their origin. Stem Cells Dev
2013;22(19): 2606-18.

http://dx.doi.org/10.1089/scd.2013.0016 PMID: 23676112

PMID:

PMID:

PMID:

101



Current Cardiology Reviews, 2025, Vol. 21, No. 5

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

102

Cai B, Tan X, Zhang Y, et al. Mesenchymal stem cells and cardio-
myocytes interplay to prevent myocardial hypertrophy. Stem Cells
Transl Med 2015; 4(12): 1425-35.
http://dx.doi.org/10.5966/sctm.2015-0032 PMID: 26586774

Can A, Karahuseyinoglu S. Concise review: Human umbilical cord
stroma with regard to the source of fetus-derived stem cells. Stem
Cells 2007; 25(11): 2886-95.
http://dx.doi.org/10.1634/stemcells.2007-0417 PMID: 17690177
Mitchell KE, Weiss ML, Mitchell BM, et al. Matrix cells from
Wharton’s jelly form neurons and glia. Stem Cells 2003; 21(1): 50-
60.

http://dx.doi.org/10.1634/stemcells.21-1-50 PMID: 12529551

Ma L, Feng XY, Cui BL, et al. Human umbilical cord Wharton’s
Jelly-derived mesenchymal stem cells differentiation into nerve-
like cells. Chin Med J 2005; 118(23): 1987-93.

PMID: 16336835

Fu YS, Cheng YC, Lin MYA, ef al. Conversion of human umbili-
cal cord mesenchymal stem cells in Wharton’s jelly to dopaminer-
gic neurons in vitro: Potential therapeutic application for Parkin-
sonism. Stem Cells 2006; 24(1): 115-24.
http://dx.doi.org/10.1634/stemcells.2005-0053 PMID: 16099997
Chao KC, Chao KF, Fu YS, Liu SH. Islet-like clusters derived
from mesenchymal stem cells in Wharton’s Jelly of the human um-
bilical cord for transplantation to control type 1 diabetes. PLoS One
2008; 3(1): el451.

http://dx.doi.org/10.1371/journal.pone.0001451 PMID: 18197261
Deng Y, Yi S, Wang G, et al. Umbilical cord-derived mesenchymal
stem cells instruct dendritic cells to acquire tolerogenic phenotypes
through the IL-6-mediated upregulation of SOCS1. Stem Cells Dev
2014; 23(17): 2080-92.

http://dx.doi.org/10.1089/scd.2013.0559 PMID: 24730420

Najar M, Raicevic G, Boufker HI, et al. Mesenchymal stromal cells
use PGE2 to modulate activation and proliferation of lymphocyte
subsets: Combined comparison of adipose tissue, Wharton’s Jelly
and bone marrow sources. Cell Immunol 2010; 264(2): 171-9.
http://dx.doi.org/10.1016/j.cellimm.2010.06.006 PMID: 20619400
Ringdén O, Uzunel M, Rasmusson I, ef al. Mesenchymal stem cells
for treatment of therapy-resistant graft-versus-host disease. Trans-
plantation 2006; 81(10): 1390-7.
http://dx.doi.org/10.1097/01.tp.0000214462.63943.14
16732175

Soder RP, Dawn B, Weiss ML, ef al. A phase I study to evaluate
two doses of wharton’s jelly-derived mesenchymal stromal cells for
the treatment of de novo high-risk or steroid-refractory acute graft
versus host disease. Stem Cell Rev Rep 2020; 16(5): 979-91.
http://dx.doi.org/10.1007/s12015-020-10015-8 PMID: 32740891
Karadz E, Cetinalp Demircan P, Erman G, Giingoriirler E, Eker
Sartboyact A. Comparative analyses of immunosuppressive charac-
teristics of bone-marrow, wharton’s jelly, and adipose tissue-
derived human mesenchymal stem cells. Turk J Haematol 2017;
34(3): 213-25.

PMID: 27610554

Kandula UR, Wake AD. Effectiveness of RCTs pooling evidence
on mesenchymal stem cell (MSC) therapeutic applications during
COVID-19 epidemic: A systematic review. Biologics 2023; 17: 85-
112.

PMID: 37223116

Russo E, Corrao S, Di Gaudio F, ef al. Facing the challenges in the
COVID-19 pandemic era: From standard treatments to the umbili-
cal cord-derived mesenchymal stromal cells as a new therapeutic
strategy. Cells 2023; 12(12): 1664.
http://dx.doi.org/10.3390/cells12121664 PMID: 37371134

Hussain MS, Sharma G. The burden of cardiovascular diseases due
to COVID-19 pandemic. Thorac Cardiovasc Surg 2024; 72(1):
040-50.

http://dx.doi.org/10.1055/5-0042-1755205 PMID: 35987194

Gupta G, Hussain MS, Thapa R, ef al. Hope on the horizon: Whar-
ton’s jelly mesenchymal stem cells in the fight against COVID-19.
Regen Med 2023; 18(9): 675-8.
http://dx.doi.org/10.2217/rme-2023-0077 PMID: 37554111

PMID:

€1573403X372908

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

[231]

[232]

[233]

[234]

[235]

[236]

[237]

[238]

Kwiecien et al.

Heather LC, Hafstad AD, Halade GV, ef al. Guidelines on models
of diabetic heart disease. Am J Physiol Heart Circ Physiol 2022;
323(1): H176-200.

http://dx.doi.org/10.1152/ajpheart.00058.2022 PMID: 35657616
Houser SR, Margulies KB, Murphy AM, ef al. Animal models of
heart failure: A scientific statement from the American heart asso-
ciation. Circ Res 2012; 111(1): 131-50.
http://dx.doi.org/10.1161/RES.0b013e3182582523
22595296

Dixon JA, Spinale FG. Large animal models of heart failure: A
critical link in the translation of basic science to clinical practice.
Circ Heart Fail 2009; 2(3): 262-71.
http://dx.doi.org/10.1161/CIRCHEARTFAILURE.108.814459
PMID: 19808348

Mummery CL, Davis RP, Krieger JE. Challenges in using stem
cells for cardiac repair. Sci Transl Med 2010; 2(27): 27ps17.
http://dx.doi.org/10.1126/scitranslmed.3000558 PMID: 20393186
Riehle C, Bauersachs J. Small animal models of heart failure. Car-
diovasc Res 2019; 115(13): 1838-49.
http://dx.doi.org/10.1093/cvr/cvz161 PMID: 31243437

Gunata M, Parlakpinar H. Experimental heart failure models in
small animals. Heart Fail Rev 2023; 28(2): 533-54.

PMID: 36504404

Lindsey ML, Bolli R, Canty JM Jr, et al. Guidelines for experi-
mental models of myocardial ischemia and infarction. Am J Phys-
iol Heart Circ Physiol 2018; 314(4): H812-38.
http://dx.doi.org/10.1152/ajpheart.00335.2017 PMID: 29351451
Carll AP, Willis MS, Lust RM, Costa DL, Farraj AK. Merits of
non-invasive rat models of left ventricular heart failure. Cardiovasc
Toxicol 2011; 11(2): 91-112.
http://dx.doi.org/10.1007/s12012-011-9103-5 PMID: 21279739
Saura M, Zamorano JL, Zaragoza C. Preclinical models of conges-
tive heart failure, advantages, and limitations for application in
clinical practice. Front Physiol 2022; 13: 850301.
http://dx.doi.org/10.3389/fphys.2022.850301 PMID: 35991184
Shin HS, Shin HH, Shudo Y. Current status and limitations of
myocardial infarction large animal models in cardiovascular trans-
lational research. Front Bioeng Biotechnol 2021; 9: 673683.
http://dx.doi.org/10.3389/fbioe.2021.673683 PMID: 33996785

Hall TS, von Lueder TG, Zannad F, et al. Relationship between left
ventricular ejection fraction and mortality after myocardial infarc-
tion complicated by heart failure or left ventricular dysfunction. Int
J Cardiol 2018; 272: 260-6.
http://dx.doi.org/10.1016/j.ijjcard.2018.07.137 PMID: 30144995
Curtis JP, Sokol SI, Wang Y, ef al. The association of left ventricu-
lar ejection fraction, mortality, and cause of death in stable outpa-
tients with heart failure. J] Am Coll Cardiol 2003; 42(4): 736-42.
http://dx.doi.org/10.1016/S0735-1097(03)00789-7 PMID:
12932612

Sharpe N, Doughty RN. Left ventricular remodelling and improved
long-term outcomes in chronic heart failure. Eur Heart J 1998;
19(Suppl. B): B36-9.

PMID: 9519350

Cleland JGF, Pennell DJ, Ray SG, et al. Myocardial viability as a
determinant of the ejection fraction response to carvedilol in pa-
tients with heart failure (CHRISTMAS trial): Randomised con-
trolled trial. Lancet 2003; 362(9377): 14-21.
http://dx.doi.org/10.1016/S0140-6736(03)13801-9
12853194

Wong M, Staszewsky L, Latini R, et al. Severity of left ventricular
remodeling defines outcomes and response to therapy in heart fail-
ure. J Am Coll Cardiol 2004; 43(11): 2022-7.
http://dx.doi.org/10.1016/j.jacc.2003.12.053 PMID: 15172407
Kramer DG, Trikalinos TA, Kent DM, Antonopoulos GV, Kon-
stam MA, Udelson JE. Quantitative evaluation of drug or device ef-
fects on ventricular remodeling as predictors of therapeutic effects
on mortality in patients with heart failure and reduced ejection frac-
tion: A meta-analytic approach. J Am Coll Cardiol 2010; 56(5):
392-406.

http://dx.doi.org/10.1016/j.jacc.2010.05.011 PMID: 20650361

PMID:

PMID:



WJIMSCs: Mechanisms and Pre-clinical Evidence

[239]

[240]

[241]

[242]

[243]

[244]

[245]

[246]

[247]

[248]

[249]

DeVore AD, Hellkamp AS, Thomas L, et al. The association of
improvement in left ventricular ejection fraction with outcomes in
patients with heart failure with reduced ejection fraction: Data from
CHAMP-HF. Eur J Heart Fail 2022; 24(5): 762-70.
http://dx.doi.org/10.1002/ejhf.2486 PMID: 35293088

Pensa AV, Khan SS, Shah RV, Wilcox JE. Heart failure with im-
proved ejection fraction: Beyond diagnosis to trajectory analysis.
Prog Cardiovasc Dis 2024; 82: 102-12.
http://dx.doi.org/10.1016/j.pcad.2024.01.014 PMID: 38244827
Latifpour M, Nematollahi-Mahani SN, Deilamy M, et al. Im-
provement in cardiac function following transplantation of human
umbilical cord matrix-derived mesenchymal cells. Cardiology
2011; 120(1): 9-18.

http://dx.doi.org/10.1159/000332581 PMID: 22085866

Wu Q, Chen B, Liang Z. Mesenchymal stem cells as a prospective
therapy for the diabetic foot. Stem Cells Int 2016; 2016(1):
4612167.

http://dx.doi.org/10.1155/2016/4612167 PMID: 27867398
Kwiatkowski T, Zbierska-Rubinkiewicz K, Krzywon J, ef al. Com-
bined intra-arterial and intra-muscular transfer of Wharton’s jelly
mesenchymal stem/stromal cells in no-option critical limb ischemia
- The CIRCULATE N-O CLI Pilot Study. Postepy Kardiol Inter-
wencyjnej 2022; 18(4): 439-45.
http://dx.doi.org/10.5114/aic.2022.120963 PMID: 36967850
Drabik L, Mazurek A, Czyz L, et al. Multi-modality imaging in the
CIRCULATE-AMI pilot study cohort: A framework for an imag-
ing-based randomized controlled trial of Wharton jelly mesenchy-
mal stem cell use to stimulate myocardial repair/regeneration.
Postepy Kardiol Interwencyjnej 2022; 18(4): 496-9.
http://dx.doi.org/10.5114/aic.2023.124361 PMID: 36967846
Musialek P, Tekieli L, Kostkiewicz M, et al. Randomized transcor-
onary delivery of CD34+ cells with perfusion versus stop-flow
method in patients with recent myocardial infarction: Early cardiac
retention of 99mTc-labeled cells activity. J Nucl Cardiol 2011;
18(1): 104-16.

http://dx.doi.org/10.1007/s12350-010-9326-z PMID: 21161463
Sampaio-Pinto V, Silva AC. Cardiac regeneration and repair: From
mechanisms to therapeutic strategies. In: Learning Materials in Bi-
osciences. Cham: Springer 2020; pp. 187-211.
http://dx.doi.org/10.1007/978-3-030-43939-2_10

Sepantafar M, Maheronnaghsh R, Mohammadi H, ef al. Stem cells
and injectable hydrogels: Synergistic therapeutics in myocardial
repair. Biotechnol Adv 2016; 34(4): 362-79.
http://dx.doi.org/10.1016/j.biotechadv.2016.03.003
26976812

Gao B, Matsuura K, Shimizu T. Recent progress in induced plu-
ripotent stem cell-derived cardiac cell sheets for tissue engineering.
Biosci Trends 2019; 13(4): 292-8.
http://dx.doi.org/10.5582/bst.2019.01227 PMID: 31527326
Mancuso A, Barone A, Cristiano MC, Cianflone E, Fresta M, Pao-
lino D. Cardiac stem cell-loaded delivery systems: A new challenge
for myocardial tissue regeneration. Int J Mol Sci 2020; 21(20):
7701.

http://dx.doi.org/10.3390/ijms21207701 PMID: 33080988

PMID:

€1573403X372908

[250]

[251]

[252]

[253]

[254]

[255]

[256]

[257]

[258]

[259]

[260]

Current Cardiology Reviews, 2025, Vol. 21, No. 5

He X, Wang Q, Zhao Y, et al. Effect of intramyocardial grafting
collagen scaffold with mesenchymal stromal cells in patients with
chronic ischemic heart disease. JAMA Netw Open 2020; 3(9):
€2016236.
http://dx.doi.org/10.1001/jamanetworkopen.2020.16236
32910197

Tadevosyan K, Iglesias-Garcia O, Mazo MM, Prosper F, Raya A.
Engineering and assessing cardiac tissue complexity. Int J Mol Sci
2021; 22(3): 1479.

http://dx.doi.org/10.3390/ijms22031479 PMID: 33540699

Spilias N, Howard TM, Anthony CM, et al. Transcatheter left
ventriculoplasty. EuroIntervention 2023; 18(17): 1399-407.
http://dx.doi.org/10.4244/E1J-D-22-00544 PMID: 37092265
Bilirgen AC, Toker M, Odabas S, Yetisen AK, Garipcan B, Taso-
glu S. Plant-based scaffolds in tissue engineering. ACS Biomater
Sci Eng 2021; 7(3): 926-38.
http://dx.doi.org/10.1021/acsbiomaterials.0c01527
33591719

Zheng Y, Wang W, Cai P, ef al. Stem cell-derived exosomes in the
treatment of acute myocardial infarction in preclinical animal mod-
els: A meta-analysis of randomized controlled trials. Stem Cell Res
Ther 2022; 13(1): 151.
http://dx.doi.org/10.1186/s13287-022-02833-z PMID: 35395872
Gome G, Chak B, Tawil S, ef al. Cultivation of bovine mesenchy-
mal stem cells on plant-based scaffolds in a macrofluidic single-use
bioreactor for cultured meat. Foods 2024; 13(9): 1361.
http://dx.doi.org/10.3390/foods13091361 PMID: 38731732
Hussain MS, Altamimi ASA, Afzal M, et al. Kaempferol: Paving
the path for advanced treatments in aging-related diseases. Exp
Gerontol 2024; 188: 112389.
http://dx.doi.org/10.1016/j.exger.2024.112389 PMID: 38432575
Kishino Y, Fukuda K. Unlocking the pragmatic potential of regen-
erative therapies in heart failure with next-generation treatments.
Biomedicines 2023; 11(3): 915.
http://dx.doi.org/10.3390/biomedicines 11030915 PMID: 36979894
Kwiecien E, Drabik L, Mazurek A, et al. Acute myocardial infarc-
tion reparation/regeneration strategy using Wharton’s jelly multipo-
tent stem cells as an ‘unlimited’ therapeutic agent: 3-year outcomes
in a pilot cohort of the CIRCULATE-AMI trial. Postepy Kardiol
Interwencyjnej 2022; 18(4): 476-82.
http://dx.doi.org/10.5114/aic.2022.121125 PMID: 36967843
Kavousi S, Hosseinpour A, Bahmanzadegan Jahromi F, Attar A.
Efficacy of mesenchymal stem cell transplantation on major ad-
verse cardiovascular events and cardiac function indices in patients
with chronic heart failure: A meta-analysis of randomized con-
trolled trials. J Transl Med 2024; 22(1): 786.
http://dx.doi.org/10.1186/s12967-024-05352-y PMID: 39174960
Bilewska A, Abdullah M, Mishra R, et al. Safety and efficacy of
transcoronary transfer of human neonatal stem cells to ischemic
myocardium using a novel cell-delivery system (CIRCULATE
catheter) in swine model of acute myocardial infarction. Postepy
Kardiol Interwencyjnej 2022; 18(4): 431-8.
http://dx.doi.org/10.5114/aic.2022.121697 PMID: 36967844

PMID:

PMID:

103



	Umbilical Cord Matrix (Wharton Jelly) Mesenchymal Stem Cells inNext-generation Myocardial Repair and Regeneration: Mechanisms andPre-clinical Evidence
	1. INTRODUCTION
	Table 1.
	Fig. (1).
	2. WJMSCs UNIQUE PROPERTIES
	Table 2.
	3. TISSUE REPAIR VERSUS REGENERATION
	4. TYPES AND MECHANISMS OF MYOCARDIALISCHEMIC INJURY TO BE ADDRESSED BY CELLBASEDREPAIR AND REGENERATION
	Fig. (2).
	Fig. (3).
	5. WJMSCs-MEDIATED MECHANISMS OF MYOCARDIALREPAIR AND REGENERATION
	6. ROLE OF ANIMAL MODELS OF AMI AND CIHFIN ADVANCING CLINICAL RESEARCH
	Table 3.
	7. IMPROVEMENTS IN LV SIZE AND FUNCTIONCORRELATE WITH CLINICAL OUTCOMES INHUMAN PATIENTS: RELEVANT ENDPOINTS INEVALUATION OF CELL-BASED STRATEGIES INANIMAL MODELS OF AMI AND CIHF
	8. THERAPEUTIC EFFICACY OF WJMSCs IN ANIMALMODELS OF ACUTE AND CHRONIC MYOCARDIALINJURY
	Table 4.
	9. WJMSCS EFFECTS IN NON-CARDIAC TISSUES:MINIMIZING ISCHEMIC DAMAGE AND ENHANCINGRECOVERY
	CONCLUSIONS
	AUTHORS’ CONTRIBUTIONS
	LIST OF ABBREVIATIONS
	CONSENT FOR PUBLICATION
	FUNDING
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES



