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ABSTRACT

Cardiac disorders are amajor cause of death intheworld today, causing a
greater number of deaths as compared to even communicable diseases
likeAIDS, tuberculosis, diarrheaand malaria. Cardiac disease may occur
dueto either atherosclerosis or ischemia, both of which |lead to decreased
blood supply to the myocardium that would bring about necrosis of car-
diac tissue, finally resulting in a decrease in the gjection fraction of the
heart. Stem cells with their ability to divide and differentiate into many
kinds of cells, help in regenerating the injured tissue in the heart that has
lost its ability to relax and contract, thus resulting in an improvement in
the overall functioning of the heart. Embryonic stem cells, haematopoietic
stem cells, mesenchymal stem cells, induced pluripotent stem cells and
resident cardiac stem cellsare some of thetypes of cells capable of cardiac
regeneration. This article describes the properties of these stem cells,
their advantages, shortcomings and factors that affect their efficacy in
cardiac regeneration. © 2012 Trade Sciencelnc. - INDIA
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INTRODUCTION

Heart attacks and congestive heart failure continue
to beamong theworld’s major health challenges de-
spite much advancement in cardiovascular medicing.
Thedestruction of cardiomyocytes can bearesult of
hypertension, decreasein the blood supply to the heart
muscle caused by coronary artery disease, or amyo-
cardid infarctionleadingto the sudden closing of the
coronary artery causing anoxia. Despiteimprovements
insurgical procedures, drug therapy and organ trans-
plantation, agreater part of the patientswith congestive

heart failurediewithinfew yearsof initial diagnosis.
Scientistsare now exploring waysto savelivesby in-
troducing new cellsto replace dead or injured cellsso
that theweakened heart musclecan regain itspumping
action. Oneimportant typeof cell that can beregener-
ated isthe cardiomyocyte, that contractsto g ect the
blood out of the ventricle. Two other cdll typesthat are
important for appropriate functioning of theheart are
thevascular endothdid cdll, whichformstheinner lin-
ing of blood vesselsand the non striated musclecell,
whichformsthewall of blood vessals. Researchershave
discovered that under highly specific growth conditions,
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stem cellscan devel op into new cardiomyocytesand
vascular endothelid cellsinvitro@. Thisability to pro-
videtissuefor thedamaged heart may be exploited for
human benefit. Thisgpproach hasenormousadvantages
over heart transplant, particularly inthelight of scarcity
of donor heartsavailableto meet current transplanta-
tion needs. Until now, thelack of asuitablehuman car-
diac cdll sourcehasbeenthemajor hindranceinregen-
erating the human myocardium, either by cardiactissue
engineering or by cell-based transplantation.
Cardiomyocytesgrow to beterminally differentiated
soon after birthand losetheir ability to divideand pro-
liferae.

The potentia of thefollowing typesof stemcells
for cardiomyocyte regeneration areexamined:

Embryonicstem cells

Embryonic stem cells(ESCs) are procured from
theinner cell massof 5-6 day blastocysts. They have
unlimited expansion ability and unrestricted plasticity,
offering areliable sourceof cellsthat arerestricted to
thelineage of cellsin need of repair and regenerationt.
They areregarded as a single source of diverse cell
types(endothdlid, fibroblagts, cardiac musclecedlls) re-
quired for cardiovascular regeneration. ESCsare seen
as an appropriate source for generation of unlimited
quantitiesof cardiomyocytes”. In addition, they are
capableof differentiating into other cell typeslikeen-
dothelid cdls, thusshowing thecgpability of formingal
the required cardiac tissue components apart from
cardiomyocytes®.

ESCshavetheahility to producefactorslike VEGF,
IGF, TNF4, 4, IL-1. Collectively, these paracrine fac-
torshelpinsurvival, formation of new blood vessels,
differentiation, remodeling and contraction®. When
human ESCswere cultured in- vitroin suspensions,
embryoid bodieswereformed. These embryoid bod-
iescandifferentiateadongadl thethreegermlayers 8.1%
of theseembryoid bodieswere seento have spontane-
ously contracting areas. They also stained positively
when stained with anti-cardiac myosin heavy chain. RT-
PCR showed theexpression of numerous cardiac-spe-
cific genesand transcription factorg®. hESC-derived
cardiomyocyteswere seen to show propertiesof pre-
maturecardiac cdlls. ESCsare seento possessthe prop-
erty of transdifferentiation, whereby they can differenti-
ateinto particular cell typesby reprogramming®. This

would allow the use of cellsfrom autol ogous sources
thus preventing theri sk of rejection of exogenouscells
duetoamismaich.

However, thereareafew drawbacksof usng ESCs
asasourceof stem cellsfor cardiac regeneration. Em-
bryoid bodiescontain alarge number of cell types, mak-
ing cardiogenesi sextremely inefficient. Also, undiffer-
entiated hESC may | ead to the spontaneousformation
of large, benign masses of haphazardly differentiated
tissuescalled teratomad’®22, Ethicd issuesareamajor
hurdlein theuse of hESC for research and therapy!.
Thisisbecauseproduction of ahESC lineinvolvesthe
destruction of an embryo. Stem cellsderived fromthe
embryo are allogenic and carry therisk of rejection
when transplanted into the host!*4.

It was seenthat when ESCsweretransplanted into
miceafter Doxorubicininduced cardiomyopathy;, it led
to sgnificant decreasein various adverse pathol ogical
mechanismsaswell asenhancement in cardiac regen-
eration’™. Inanother study, when mice ESCsgrowing
on collagen I/11 scaffoldswasmodified with adhesion
peptides RGD (arginine-glycine-aspartic acid), the
embryoid bodieswere observed to differentiate effi-
ciently into beating cardiomyocytes on coll agen scaf -
foldg*®l. Theuseof microRNAsasmodulatorsin ESCs,
was seen to provide enhanced cardiomyocyte differ-
entiation, resulting in enhanced cardiac repair, regen-
erdionandfunctioninmice!”. SSEA-4, Tral-60, Tra-
181 and Oct-4 are the prominent ESC markersand on
differentiation to cardiac cells, they express cardiac
troponin 11,

Haematopoietic stem cells

Haematopoietic stem cells(HSCs) arelocated in
thebone marrow™. There are many sub-populations
of cdlsinthebonemarrow, and these need to be sorted
based on various markerg'¥, Significant cardiacim-
provementswere seenin patients administered with
CD34+ bonemarrow cellg®, These are multipotent
cdlswithapromising potentia to treet anarray of con-
ditions.

HSCsaretaken from the patient towhom they must
be administered for treatment. Thus, they are consid-
ered to be an autologous source of stem cellsand can
easlly crosstheimmunological barrier, posingnorisk of
rgiectioninthehost. Unlike hESC, whichisfraught by
ethical issues, HSCshave no such complicationsasthey
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do notinvolvethedestruction of anembryo. HSCsare
derived easily fromthe hip bone of the patient and pose
no problems of lack of donorgd*3. HSCsexhibit plas-
ticity and can giverisetoall typesof blood cells, car-
diactissueand blood vessdl §9. Thisiscredited to thelr
capacity for multilineage differentiation and self-re-
newa®. Nevertheless, since HSCsare derived from
the patient’s own body, there is a time delay between
isolation of cells, purification, and consequent selection
of adequate number of cardiac progenitorsex-vivoand
finally introduction of these cdllsinto the patient.

Cdl thergpy isseento behighly effectiveonly when
awdl| defined population of cellsisadministered™.
Knowledge of the mechanismsby which stem cellsun-
dergo extravasation, followed by homing at the site of
cardiacinjuryisextremey important to optimizethera-
peutic use of stem cellg*9. Very few of the injected
cellsare seento develop into cardiomyocytes?!,

In aplacebo controlled phasel study conducted
to evaluatethe outcome administration of granulocyte
colony stimulating factor (G-CSF) on transplanted
HSCs, it was seen that early treatment with G-CSF
resulted inincreased perfusion to theinfracted area,
which may be dueto enhanced neovascul arizationi4.
Inarabbit mode, it was noted that intheinitial stages
of myocardid ischemia, theincreasein cytokinesTNFa
and VEGF was accompanied by mobilization and con-
sequent homing of HSCsinto theinfracted myocar-
dium®, Thevariousmarkersthat provedifferentiation
into cardiomyocytesinclude cardiac 4/a myosin heavy
chain, sarcomeric myosin heavy chain and cardiac
troponini2el,

Mesenchymal stem cells

Amongthevariouskindsof stem cellsused for car-
diac function restoration, numerous pre-clinical trias
have been performed on mesenchymal stem cells
(MSCs), inorder to evaluatetheir effectivenessinre-
generdtingtheheart after amyocardid infarction1. They
exhibit multipotency and are precursorsto muscle, bone,
tendon, ligaments, adiposetissue and fibrobl astg 2,
They can beisolated, expandedinthelabto asufficient
guantity and then used for regeneration into
cardiomyocytes, smooth musclesand endothelia cells
duetotheir capacity of multi-lineage differentiation*
31, Duetotheir capacity for quick divisionin culture,
M SCsfrom one donor may be collected, cultured in-
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Figure 1 : Representative human ESC-derived
cardiomyocytes, differentiated using the monolayer
protocol (top timelinein a), immunostained for a-actinin
(red) and CX43 (green). Nuclei are shown in blue.
Representative human iPSC-derived cardiomyocytes,
differentiated using the monolayer protocol (top timeline
in a), immunostained for a-actinin (green) and the
transcription factor NKX2.5 (red). Intracellular [Ca?']
([Ca*]) transientsin ahuman ESC-derived car diomyocyte
befor e (black) or after (red) theapplication of diltiazem,
an L-type Ca?-channel blocker. The absence of [Ca?]
transients after diltiazem treatment indicates that
extracellular Ca?*isrequired toinitiateintracellular Ca
release, just asin adult cardiomyocytes. F/F denotesthe
change in fluorescence intensity. Human ESC-derived
car diomyocytesshow the char acteristic action-potential
properties of either working chamber (top) or nodal
(bottom) cardiomyocytes, indicating early subtype
specification®,

(Reprinted with permission from Macmillan Publishers
limited, (Naturelnternational Jour nal of Weekly Sciences,
Heart Regeneration, Michael A. Laflammeet al, Vol 473,
Issue 7347, May 2011)
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vitro and then used for treatment of numerouspatients®.
MSCs do not express HLA class Il normally, and
modify T-cell responses.

Theregenerative capacity of MSCsdecreaseswith
age, thustheir effectiveness comes down drastically
when used as an autologous sourcein old patients?.
Besides, cardiac cell therapy for older patientswill re-
quire M SCsfrom young donors for greater renewal
cgpacity and thisinvolvesallogenic transplantati o33,
Although M SCsdo not normally expressHLA Class
I1, recent research has suggested that M SCsmay switch
immune statesinvivoto expressHLA Classll andin-
duce animmunogenic responseg®34,

Inarecent study, aged MSCsinmicewereinitially
exposed to glucose depl etion to enhance age affected
function. This resulted in enhanced expression of
paracrinefactorslike|GF-1, FGF-2, VEGF and SDF-
14 in hearts transplanted with preconditioned aged
MSCs. Thereforeit was concluded that pre-condition-
ing of aged M SCswith glucose depletion canrestore
the ability of aged cellsto repair senescent infarcted
myocardium by improving proliferation and delaying
senescence™®!, In another study it was investigated
whether trimetazidine (TMZ) couldimprovesurviva of
MSCs in conditions of hypoxia. It was aso tested
whether TMZ could influencetheratesof surviva, dif-
ferentiation, and subsequent activities of transplanted
MSCsin rat heartsthat had been subjected to acute
myocardid infarction (AMI). It wasconcluded that im-
plantation of M SCscombined with TMZ treatment re-
sulted in up-regulation of anti-apoptotic proteinsand
was superior to administration of M SCsa one, dueto
superior M SCsviability and cardiac function recov-
ery®. A study conducted to evaluate the effect
Tongxinluo (TXL) trestment around transplanted M SCs
inswineheartswith acute myocardid infarction (AMI),
concluded that TXL treatment resulted inasignificant
survival and differentiation potentid of implanted MSC
by inhibition of apoptosisand oxidative stress accom-
panied by significant benefitsin cardiac function®!.

M SC differentiated into cardiomyocytes express
markerslike Nkx2.5, human atria natriuretic peptide,
myosinlight chain-24a and GATA-4,

Induced pluripotent stem cells

Somatic cellscan bereprogrammed into the pluri-
potent state by the viral transduction of transcription
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factorslike Oct 3/4, Sox2, KIf4, and c-Myc“? or by
fusion of somatic cellswith pluripotent cellg*Y. These
cdlscandisplay pluripotency bothinvitroandinvivo,
differentiatinginto cdllsderived fromal threegermlay-
erd*, Thus, generation of induced pluripotent semcdls
(iPSCs) iscons dered aground breaking step towards
generation of patient-specific pluripotent stem cellsfor
variousapplicationg*2.

IPSCshavethe capacity to differentiateinto atrial,
nodal and ventricular cells, with propertiessimilar to
the native cardiomyocytes. They are also seento dif-
ferentiateinto smooth muscles and endothelial cells,
supplying theinfracted areawith sufficient blood, lead-
ingtoanoveral improvement in cardiac functioning®.
iIPSCsare endowed with all the advantages of ESCs,
without involving any ethical issues. Thesecan there-
forebe used asan dternativeto ESC*.

Onthecontrary, IPSCsgiveriseto numeroustypes
of cardiomyocytes. Such amixed population of cells
rai sesconcernsof pro-arrhythmiaeffects. Moreove,
the ability of iIPSCsto mature after transplantationis
beinginvestigated. Presenceof undifferentiated cdlsmay
result in the formation of tumorsconsequent to trans-
plantation™. Inaddition, useof viral vectorsfor trans-
duction of transcription factorsmay posepotentia prob-
lems in the host. These are now being replaced by
adenoviruses and plasmid mediated transfec-
tiong 4481,

In astudy conducted to assess the effect of scar
tissue composition on engraftment of iPSCsinto inf-
arcted myocardium, atricell patch (Tri-P) wascreated
with induced pluripotent stem cell-derived
cardiomyocytes, endothelial cellsand mouse embry-
onicfibroblastsand affixed over theentireinfarcted area
in adenylyl cyclase 6 (ACG6) overexpressing mice, 7
daysafter myocardid infarction. Application of aTri-P
inAC6 miceresultedin higher induced pluripotent stem
cdll engraftment accompanied by angiomyogenesisand
improvement in LV function*”. In another study con-
ducted to determineif the acquired cardiogenicity was
affected by nuclear reprogramming, mouse embryonic
fibroblasts were reprogrammed with or without c-
MY C. It was concluded that nuclear reprogramming
independent of c-MY C enhances production of pluri-
potent stem cellswith innate cardiogenic potential .
Another study used an excisablepolycistroniclentivira
vector to demonstrate proficient derivation of iPScells
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freeof exogenousreprogramming transgenes. Thepres-
enceof thetransgenesintheinduced pluripotent cdllsis
amatter of concern and thisexcisablelentivirusvector
helpsto replacetheintegrated reprogramming factord®.

Themarkersobserved on differentiation of iPSCs
into cardiomyocytesare Nkx2.5, AMHC, Mlc2v, and
TN,

Cardiacstem cells

Unlike previoudly believed, the adult heart isseen
to haveapotentia for cardiac regeneration. Thisisno-
ticed primarily after amyocardial infarction or apres-
sureoverload®Y, Thisability isattributed totheresi-
dent cardiac stem cells (CSCs) present in the heart.
However, thiscapacity isnot sufficient torepair theheart
completdly after amyocardia infarction®. But if these
cellsaretransplanted in alarge number exogenoudly,
they are seento have positive effectsin thefunctioning
of the heart after acardiac arrest.

CSCsareof two types: myogenic CSCs(mCSCs)
which giveriseto cardiomyocytesand vascular CSCs
(VCSCs), whichyield endothelia and smooth muscle
cellg%35%4, Thus, useof CSCscangiverisetodl kinds
of cellsrequired toimproveoverdl cardiac function®!.
CSCsare obtained from the heart and are seento suc-
cessfully formonly cardiac cells, without theformation
of teratomasasisthe casewith ESCs.

However, CSCsare seen to undergo apoptosisdue
to decreased tel omerase activity leading to telomerase
shortening. Thisresultsin reduced life of theadminis-
tered CSC leading to deterioration in cardiac function-
ing™.

Adultfelinehearts, treated with Isoproterenol toin-
ducecardiacinjuriesweremonitored for increasein cdl -
lular proliferation by incorporation of 5-
Bromodeoxyuridine. During recovery, asignificant in-
crease in the number of cellsthat was positive for 5-
Bromodeoxyuridinewas observed®!. CSCsaresd ected
based on expression of the markers c-kit, Sca-1 and
MDR-158,

CONCLUSION

A comparative study of thedifferent typesof stem
cellsusedincardiac repair hasrevea ed that each cat-
egory hasitsprosand cons. ESCs have enormous po-
tentia, but they arelimited by severa ethica issuessur-

rounding itsuse. Thishas spurred the discovery of a-
ternate sources of stem cells. HSCs and MSCs are
limited by lack of regenerative capacity and contro-
versy over their commitment to cardiaclineage. iPSCs
arerestricted by theuseof vira vectorsfor reprogram-
ming and CSCsby their reduced tel omerase activity.

Stem cell therapy does offer new promise, but it
cannot succeed without athorough understanding of
the mechanismsinvolved, whichisachievable only
through extensive research, apart from validation
through clinical trials. In short, stem cell research has
immense potentia to unravel novel avenuesfor regen-
erativemedicineand helpin decreasing mortality rates
dueto cardiovascul ar diseases.

TABLE 1: Outcomesof stem cell therapy for cardiacregen-
eration.

Type Outcomes Reference

of cell

ESCs Premr\_/ed L\_/ dimensions and 58,50
wall thickening.
Improved left ventricular systolic

HSCs  function and enhanced 61,62
remodeling.
Prevent deleterious remodeling

MSCs and initiates speedy recovery. 30,31
Improvement in cardiac function

iPSCs  andinhibition of cardiac 40,61
remodeling.
Reconstitution of a functiona

CSCs  ventricular wall, reduced infarct 23,55

sizeand LV remodeling halted.
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