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ABSTRACT

Background: Streptozotocin (STZ) induced diabetes leads to various complications
including cardiomyopathy. Recent data suggests transplanted bone marrow stem cells
improve cardiac function in diabetic cardiomyopathy. However, whether modified ES,
iPS cells, or factors released from these cells can inhibit apoptosis and fibrosis remains
completely unknown. The present study was designed to determine the effects of
transplanted ES cells overexpressing pancreatic transcription factor 1 a (Ptfla), a pro-
pancreatic endodermal transcription factor, iPS cells, or their respective conditioned
media (CM) on diabetic cardiomyopathy. Methods: Experimental diabetes was
induced in male Sprague Dawley rats (8-10 weeks old) by intraperitoneal STZ injections
(65 mg/kg body weight for 2 consecutive days). Animals were divided into six
experimental groups including control, treated with sodium citrate buffer IP, STZ, STZ +
ES-Ptfla cells, STZ + iPS cells, STZ + ES-Ptfla CM and STZ + iPS CM. Following STZ
injections, appropriate cells (1 X 106/mL/injection/day) or CM (2 mL injection/day) were
given intravenously for 3 consecutive days. Animals were sacrificed and hearts were
harvested at day 28. Histology, TUNEL staining, and Caspase-3 activity were used to
assess apoptosis and fibrosis. ERK1/2 phosphorylation was quantified using ELISAs.
M-mode echocardiography fractional shortening was used to assess cardiac function.
Results: Animals transplanted with ES cells, iPS cells, or both CMs showed a

significant (p<0.05) reduction in interstitial fibrosis, and apoptosis compared with STZ



group. ERK expression was not significantly different compared with STZ.
Echocardiography showed a significant (p<0.05) improvement in fractional shortening in
cell and media transplanted groups compared with STZ. Conclusions: Our data
suggest that ES cells, iPS cells, and/or CMs inhibit apoptosis, reduce fibrosis, and

improve cardiac function in STZ-treated diabetic rats.
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INTRODUCTION

Diabetes is a devastating disease affecting an estimated 170 million people worldwide
(Wild et al 2004). The World Health Organization (WHO) predicts this number will more
than double to an astounding 366 million people by the year 2030 (Wild et al 2004).
Type | diabetes is an autoimmune disease characterized by destruction of insulin-
producing beta cells of the islets of Langerhans in the pancreas. Normally, insulin
functions to regulate blood glucose levels and to increase cellular absorption of glucose
by enhancing membrane expression of glucose receptors. Loss of insulin production
leads to high circulating glucose levels. High circulating blood glucose, or
hyperglycemia, leads to many complications, including retinopathy, nephropathy,
neuropathy, impaired wound healing and tissue damage, osteoporosis, and
cardiomyopathy (Clark & Lee 1995). Previous estimations conclude that cardiovascular
disease (CVD), including diabetic cardiomyopathy (DCM), account for more than 70% of
all diabetic deaths (Geiss et al 1995) (Guddati et al 2009). Despite significant
improvements in pharmalogical interventions, morbidity and mortality among diabetic
patients remain significantly elevated (Standl & Schnell 2000). To that end, new

therapeutic strategies for the treatment of DCM are imperative.



Diabetic Cardiomyopathy

DCM is defined as ventricular dysfunction without diagnosis of hypertension or
atherosclerosis in persons affected by diabetes. Without appropriate interventions,
DCM can lead to insufficient cardiac pumping capacity disallowing proper blood flow to
tissues and organs, also known as heart failure (Boudina 2010). DCM results from
several altered pathways, including lack of normal insulin signaling, oxidative stress,
and hyperglycemia (Boudina 2007). Specifically, in DCM, high glucose conditions
initiate cardiac myocyte internalization of glucose receptors. Following cellular uptake of
glucose receptors, cardiac metabolism shifts from the normal state to free fatty acid
oxidation.  This shift in energy production leads to increased generation of reactive
oxygen species (ROS) and ceramide and cellular death via apoptosis (Tarquini et al

2010).

Apoptosis

Apoptosis is gene-regulated cell death that leads to cytoplasmic blebbing, cell
shrinkage, protein cleavage by caspases and DNA fragmentation (Intengan et al 2001).
Diabetes induces cardiac apoptosis through various mechanisms including oxidative
stress, loss of normal insulin signaling, hyperglycemia and advanced glycation
endproducts (AGEs). Following apoptotic cell death which is well documented in DCM,

adverse ventricular remodeling occurs, including fibrosis (Cai et al 2001).



Fibrosis
Fibrosis results from an imbalance of excess extracellular matrix (ECM) protein
production including collagen, elastin, laminin, and fibronectin and their degradation
(Intengan et al 2001). Experimental evidence has shown fibrosis is due mainly to
overproduction of type Il collagen in DCM (Shimizu et al 1993). Both interstitial and
vascular fibrosis occur as a maladaptive response in the DCM heart. Interstitial fibrosis
occurs between cardiac myocytes whereas vascular fibrosis occurs in and around
vessel walls (Intengan et al 2001). Fibrosis ultimately leads to stiffening of the heart
and eventual poor cardiac function. Overall, in the pathogenesis of DCM involving
apoptosis and fibrosis, we are still looking for new treatment options. In this regard, we
would like to study the effects of transplanted stem cells and their conditioned media to

treat and ameliorate DCM.

Embryonic Stem Cells

Stem cells are cells that replicate indefinitely and differentiate into most lineages from
the three germ layers. Several types of stem cells have been considered for the repair
and regeneration of damaged myocardium including mesenchymal stem cells,
embryonic stem (ES) cells, hematopoietic stem cells, endogenous cardiac stem cells,
and induced pluripotent stem (iPS) cells (Zhang et al 2008)(Kim et al 2009).
Specifically, ES cells are derived from the inner cell mass of the pre-implantation
blastocyst (Evans et al 1981). Previous studies indicate ES cells differentiate into all 3

cell types of the heart including smooth muscle cells, cardiac myocytes, and endothelial



cells (Singla et al 2006). Additionally, in vivo studies show transplanted ES cells
integrate into the myocardium, facilitate cardiac repair and regeneration, and improve
heart function (Singla et al 2007). Although bone marrow-derived mesenchymal stem
cells have been attempted in the DCM animal model (Zhang et al 2008), there is no
data which determines the potential of ES and iPS cells in cardiac repair and

regeneration in STZ-induced diabetic heart.

Induced Pluripotent Stem Cells

Induced pluripotent stem (iPS) cells are somatic cells, dedifferentiated through forced
gene expression of various human stemness factors including Oct3/4, Sox2, KlIf4 and C-
myc (Wernig et al 2007). Transduction of the various factors converts these
differentiated cells into an ES cell-like state, capable of indefinite self-renewal and
differentiation into most body cell types. However, the effects of iPS cells or released

autocrine or paracrine factors have not yet been elucidated in the setting of DCM.

Conditioned Media
Conditioned media (CM) is the supernatant removed from growing particular cell
populations after a period of time which contains various autocrine/paracrine/growth
factors released from the cultured cells. Our laboratory used ES cells derived CM and
demonstrated presence of released factors, including clusterin, TIMP-1, cystatin C, and
osteopontin which have been identified as anti-apoptotic and anti-fibrotic (Singla et al

2008). In vitro and in vivo studies using CM have demonstrated cytoprotective effects in



isolated cardiac myocytes and the injured myocardium (Singla et al 2008) (Fatma et al

2010). Nevertheless, CM experiments have yet to be conducted in the DCM heart.

Use of Streptozotocin in the Induction of Diabetes
Streptozotocin (STZ) treatment induces destruction of the insulin-producing pancreatic
beta cells leading to diabetes (Lenzen 2008). STZ or 2deoxy2 ([methylnitrosoamino)
carbonyl] amino)-D-glucopyranose is taken up through the Glut-2 receptor, which is
highly expressed in beta cells (Elsner et al 2007). Upon uptake into the cell, the
methylnitrosourea moiety is separated from the glucose ring and methylates the beta
cell DNA, which leads to cell death and induces diabetes (Lenzen 2008). STZ is a well
documented and tested compound used by various investigators as an excellent
method to simulate diabetes (Mihm et al 2001). Moreover dose dependent diabetes
can be given to stimulate the induction of either Type | or Type Il (Chakrabarti et al

2003).

Hypothesis

Transplantation of iPS/Ptfla ES cells and their CM reduce apoptosis and fibrosis and

enhance cardiac function in the STZ-induced DCM rat heart.

Aims
1. Create a rat model of DCM that can be replicated and verified
2. Effectively inject various stem cell and CM into the tail vein of STZ-induced diabetic
rats

3. Assess cardiac function through echocardiography

5



. Evaluate apoptosis in the DCM heart using TUNEL staining and caspase-3 activity

assay
. Validate the role of the ERK pathway in DCM-induced apoptosis
. Quantify interstitial and vascular fibrosis using Masson’s trichrome staining and

Image J software



MATERIALS AND METHODS

Ptf1a Cells

Ptfla, or Pancreatic Transcription Factor 1, transfected ES cells were a kind gift from
Mark Magnuson of Vanderbilt University. Ptfla is a transcription factor for pancreatic
and duodenal homeobox factor 1 (Pdx-1) (Wiebe). Increased expression of Pdx-1 in

Ptfla ES cells was verified by RT-PCR and gel electrophoresis.

Generation of Ips Cells

IPS cells were generated from transduced H9c2 cells (cardiomyoblasts). The
pBluescript SK(-) vector from Stratagene was used to clone the 4 human stemness
factors c-Myc, KiIf4, Oct3/4 and Sox2. Primers for c-Myc: Forward 5
AGGCTGGATTTCCTTTGG 3’ and Reverse 5 TTTATGCACCAGAGTTTCG 3, Kif4:
Forward 5 CCTCTCTCTTCTTCGGACTC K and Reverse
5AAAGTGCCTCTTCATGTGTAAG 3, Oct3/4: Forward 5
ATGGCTGGACACCTGGCTTC 3’ and Reverse 5 CTCAGTTTGAATGCATGGGAG 3’
and Sox2: Forward 5 ATGTATAACATGATGGAGACG 3 and Reverse %
CATGTGCGACAGGGGCAGTGT 3. To generate an expression vector allowing
expression of all four genes, the cDNA sequences for Klf4, Sox2 and Oct3/4 were linked
through the 2A sequence of foot-and mouth  disease virus 9%
AAAATTGTCGCTCCTGTCAAA

CAAACTCTTAACTTTGATTTACTCAAACTGGCTGGGATGTAGAAAGCAATCCAGGT



CCA 3’, which is a self-cleaving sequence. Because the pBluescript SK(-) vector lacked
appropriate promoters, the Oct 3/4-2A-KlIf4-2A-Sox2 was cleaved from pBluscript SK(-)
vector and then cloned into the Eco-R1 sites of the pCX-EGFP vector (a kind gift from
Masuru Okabe). In addition, c-Myc was also ligated into the EcoRI site of pCX-EGFP.
Expression of the 4 human stemness factors was verified by RT-PCR and western blot
analysis. Additionally, iPS cells were stained for Oct 3/4 and Alkaline Phosphatase to
verify pluripotency. (iPS cell creation and verification has recently been submitted as a
method for cardiac iPS cell generation) Transduced H9c2 cells, now referred to as iPS
cells, were cultured in iPS growth medium (GM) containing 50% Mouse Embryonic
Fibroblast-CM, 50% Embryonic Stem Cell-Growth Medium (Dulbecco’s Modified Eagles
Medium, supplemented with streptomycin, penicillin, non-essential amino acids,
glutamine, ES qualified fetal bovine serum, leukemia inhibitor factor (LIF), and (-

mercaptoethanol), 10 ug/ml bFGF and 10 ug/ml Activin A.

Generation of Conditioned Media

As described previously, CM was generated by plating 1.6 x 10° iPS cells or Ptfla-ES
cells in GM (see aforementioned description) (Singla et al 2008). The following day,
GM was removed and replaced with differentiation media (DM) which lacks LIF and
B —mercaptoethanol. Forty-eight hours later, media was removed, filtered to remove

any cellular debris, and labeled as CM.



Stz-Induced Diabetes in the Rat

All procedures using animals were approved by the University of Central Florida
Institutional Animal Care Use Committee. Male Sprague Dawley rats aged 8-10 weeks
were purchased from Charles River. Animals were provided irradiated Rodent Diet from
PicoLab and autoclaved water ad libitum, excepting short periods of fasting prior to
blood glucose testing. Animals were divided into six study groups including; control,
STZ, STZ + Ptfla ES cells, STA + Ptfla CM, STZ + iPS cells, and STZ + iPS CM. In all
groups, prior to injections, blood sugar was measured using a One-touch Ultra glucose
meter. Following glucose check, all groups except control, were injected with STZ
intraperitoneally (ip) on day 1 (D1) and D2 at a dose of 65 mg/kg. In the control group,
sodium citrate vehicle buffer only was injected ip. Twenty-four hours post the last STZ
injection, blood sugar was measured again. All animals with circulating blood glucose
exceeding 250 mg/dL were considered diabetic and continued in the study. On D3, D4,
and D5, animals were injected with appropriate stem cells or conditioned media; 1 x
10%1 mL intravenously (iv) Ptfla-ES cells or iPS cells and 2 ML iv Ptfla-ES or iPS CM.
Control animals on D3, D4, and D5 were given 1 mL saline iv. At D28, rats were
sacrificed by isoflurane following by cervical dislocation. Hearts were removed, the top
half placed in RNA later, and the bottom half in 4% paraformaldehyde (PFA) for further

analysis.



Determination of Apoptosis
Heart preserved in 4% PFA were washed 3 times with PBS, and transferred to 70
percent ethanol. Hearts were dehydrated in a Leica tissue processor sequentially in 70,
80, 95, 100, and 100 percent ethanol, followed by Citrosolv, Citrosolv, paraffin and
paraffin. Hearts were then made into paraffin blocks using a TissueTek embedding
machine. Five micrometer sections were cut transversely from the paraffin blocks.
Sections were deparaffinized and rehydrated by 3 minutes sequential incubation in
xylene, fresh xylene, 100, 95, 70 percent ethanol at room temperature. Slides were
then washed with distilled water, followed by PBS for 6 minutes. TUNEL staining for
apoptotic nuclei was done with TMR Red In Situ Cell Death Detection kit from Roche.
Sections were permeabilized with proteinase K (25pg/mL in 100 mM Tris-HCI).
Vectashield mounting medium containing DAPI was used to stain total nuclei. Percent
TUNEL positive nuclei = # of TUNEL positive nuclei/ total nuclei X 100. Apoptotic nuclei

were guantified using sections from six different rat hearts per experimental group.

To confirm apoptosis using an additional method, a caspase-3 activity assay was
performed. In brief, tissue from hearts preserved in RNAlater (Ambion) was
homogenized in RIPA buffer with Protease Inhibitor Cocktail (Sigma), PMSF, Sodium
Fluoride, and Sodium Orthovandate. Homogenates were centrifuged 10 minutes at
15871 rpm/ 13000 G. Supernatant was removed and stored at -20°C for later use.
Tissue homogenates were assayed for protein concentration by Bradford assay using
Bio-Rad Protein Assay Dye Reagent, and Bio-Rad Protein Assay Standard 11, Bovine

Serum albumin. Biovision Caspase-3 Activity kit was used as per manufacturer's

10



directions, using 200 ug of each protein sample. Developed color was measured in a
microtiter plate reader (Biorad) at 405 nm. Caspase-3 graph was plotted as arbitrary

units.

ERK 1/2 Assay

Hearts were homogenized in RIPA buffer as previously mentioned. Phosphorylated
ERK 1/2 level was assessed by ELISA using protocol provided by Exalpha Biologicals,
Inc. Colorimetric changes were measured in a microtiter plate reader (Bio-Rad) at

450nm. ERK 1/2 graph was plotted as arbitrary units.

Fibrosis Quantification
Heart tissue were blocked and embedded as previously described. Heart sections were
then stained with Masson’s trichrome. To quantify interstitial fibrosis, sections were first
gualitatively assessed, and then quantified directly using Image J software by
measuring 10 microscopic fields from 6 different rats per experimental group, at 20 X
magnification.  Vascular fibrosis was also quantitated using the same Masson’s
trichrome stained sections. 10 vessels per section for 6 animals/experimental group
were analyzed. Vascular fibrosis was plotted as a percent of vascular fibrosis/ total

vessel area.

Assessment of Cardiac Function

At D28, fractional shortening (FS) (FS % = (Left Ventricular Internal Dimension at

diastole (LVIDd) — Left Ventricular Internal Dimension at systole (LVIDs))/LVIDd x 100)

11



was measured transthoracically by 2D M-mode echocardiography. Rats were
anesthetized with 2% isoflurane, place on a heating pad, and chest was shaved.
Echocardiography was performed using a Philips Sonos 4500 or 5500 Ultrasound

system and values for three consecutive heart beats were averaged.

Statistical Analysis

Statistical analysis was completed using t-test, Tukey, one-way analysis of variance

(ANOVA) and the Bonferroni test. Statistical significance was assigned when P < 0.05.

12



RESULTS
Ptfla/Ips Cells and CM Inhibit Apoptosis in Stz-Induced DCM Heart
To assess whether Ptfla/iPS cells and CM inhibit apoptosis in the STZ-induced DCM
heart, TUNEL staining was performed (Figure 1A-1) at D28. Our data suggests there
was a significant increase in TUNEL-positive nuclei in the STZ alone treated group
compared with control (STZ: 1.17 £ 0.21% vs. Control: 0.17 £ 0.03%, mean = SEM,
p<0.001) (Figure 2). However, rat hearts transplanted with Ptfla/iPS cells
demonstrated significantly reduced apoptosis compared to STZ rat hearts (Ptfla cells:
0.35 £ 0.02%, and iPS cells: 0.39 £ 0.04%, vs. STZ, see aforementioned data, p<0.05)
(Figure 2). Moreover, hearts transplanted with Ptfla/iPS CM also had significantly
reduced apoptosis compared to STZ (Ptfla CM: 0.66 = 0.07% and iPS CM: 0.65 +
0.11% vs. STZ, see aforementioned data). Additionally, there was no significant

apoptotic inhibition between groups treated with Ptf1a/iPS cells or CM.

To verify our TUNEL apoptotic data, a caspase-3 activity assay was performed. As with
the TUNEL data, hearts from the STZ treated rats had a significant increase in caspase-
3 activity compared to hearts from control rats (STZ: 0.22 + 0.01 vs. Control: 0.12 +
0.01, p<0.001) (Figure 3). Additionally, Ptfla/iPS cell and CM transplanted hearts
exhibited reduced capsase-3 activity when compared to STZ alone hearts (Ptfla cells:
0.13 £ 0.02, Ptfla CM: 0.14 £ 0.01, iPS cells: 0.13 £ 0.01, and iPS CM: 0.14 + 0.01 vs.
STZ, see aforementioned data, p < 0.05) (Figure 3). Moreover, there was no statistical

13



significance in caspase-3 activity between hearts transplanted with cells (Ptfla and iPS)

or their CM.

Ptfla/Ips Cell And CM Cytoprotective Effects Are Not Mediated Through the

Erk 1/2 Pathway
To determine whether the ERK 1/2 plays a role in the DCM apoptosis, an ERK1/2
ELISA was performed. Levels of pERK 1/2 were not significantly altered among any of
the experimental groups (Control: 0.08 + 0.01, STZ: 0.09 = 0.01, Ptfla cells: 0.08 +
0.01, Ptfla CM: 0.08 £ 0.01, iPS cells: 0.08 £ 0.01, and iPS CM: 0.09 £ 0.01, mean *
SEM) (Figure 4), thus indicating Ptfla/iPS cell and CM cytoprotective effects are not

mediated via the ERK 1/2 pathway.

Ptfla/Ips Cells And CM Inhibit Fibrosis in the DCM Heart
To quantify cardiac fibrosis in the hearts transplanted with Ptfla/iPS cells and CM,
Masson’s trichrome staining was performed (Figure 5). Interstitial fibrosis in the STZ-
treated group was significantly increased compared to control (STZ: 0.38 + 0.08 vs.
control: 0.01 £ 0.00, mean + SEM, p<0.001) (Figure 6). Following transplantation of
Ptfla/iPS cells and CM, interstitial fibrosis was significantly reduced compared to STZ
(Ptfla cells: 0.04 = 0.01, Ptfla CM: 0.11 £ 0.06, iPS cells: 0.01 = 0.00, and iPS CM:
0.01 £ 0.00 vs. STZ, see aforementioned data, p<0.05) (Figure 6). However, there was
no statistical significance in interstitial fibrosis between groups treated with cells (Ptfla

or iPS) or their CM.
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Vascular fibrosis was also quantified and depicted in Figure 7 A-F. As observed with
interstitial fibrosis, vascular fibrosis in the STZ treated groups was significantly
increased compared to control (STZ: 44.61 + 1.60% vs. control: 8.64 + 1.24%, p<0.001)
(Figure 8). Vascular fibrosis was significantly reduced in Ptfla/iPS cell treated groups
compared to STZ group: (Ptfla cells: 22.85 + 1.59% and iPS cells: 18.84 = 1.94%, and
vs. STZ, see aforementioned data, p<0.05) (Figure 8). As observed in hearts treated
with cells, vascular fibrosis was also significantly reduced in hearts transplanted with
Ptfla and iPS CM compared to STZ treated hearts (Ptfla CM: 22.47 + 3.16% and iPS
CM: 11.96 = 1.60% vs. STZ, see aforementioned data, p<0.05). Nevertheless, hearts
from rats transplanted with Ptfla/iPS cells demonstrated no significant reduction in

vascular fibrosis compared with hearts from rats transplanted with ptfla/ips cm.

Echocardiography
Cardiac function was assessed by measuring fractional shortening transthoracically by
M-mode echocardiography. Fractional shortening was significantly reduced in the STZ
treated groups compared to control (STZ: 25.40 = 1.28 % vs. control: 39.70 + 0.80 %,
mean = SEM, p<0.001) (Figure 9). Fractional shortening was significantly increased in
Ptf1a/iPS cell and CM treated groups compared to STZ group: (Ptfla cells: 38.60 £ 1.52
%, Ptfla CM: 38.90 % 1.03%, iPS cells: 33.30 = 2.14%, and iPS CM: 37.88 £ 1.51% vs.
STZ, see aforementioned data, p<0.001). However, there was no statistical significance
observed in fractional shortening between groups treated with Ptfla/iPS cells or their

CM.
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DISCUSSION

Diabetes is a leading cause of death worldwide with the majority of these deaths
attributable to CVD (Shimizu et al 1993). Although great progress has been made
toward the development of therapeutic options for the treatment of DCM, novel,
effective strategies remain vital. Stem cells and their CM have recently gained
significant attention for their potential to repair and regenerate the injured myocardium.
To that end, we have generated a STZ-induced diabetic rat in which we transplanted
Ptfla-ES cells and CM and iPS cells and CM to test their potential to inhibit apoptosis

and fibrosis and enhance cardiac function in the DCM heart.

Our STZ-induced diabetic rat model possessed many characteristics previously
published by other groups including hyperglycemia and cardiac fibrosis and apoptosis
(Ares-Carrasco et al 2009). Following STZ injections, circulating blood glucose levels
were measured and all mice continued in the study had a blood glucose level >250
mg/dL, a level well above the normal non-diabetic range. Additionally, 28 days following
STZ injections, rats receiving only STZ had a significant amount of cardiac apoptosis
and fibrosis compared with the control animals our data corroborates with previously
published data showing STZ induces apoptosis in the heart. (Ares-Carrasco et al 2009).
Moreover, our data confirmed that we generated a viable STZ-induced diabetic rat with

characteristics of diabetic cardiomyopathy.
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Cardiac apoptosis plays a critical role in the pathogenesis and progression of DCM.
Apoptosis contributes to the loss of cardiac myocytes leading to adverse cardiac
remodeling, including fibrosis and hypertrophy, poor function, and eventual heart failure.
Previous studies have shown that transplanted ES and mesenchymal stem cells
significantly inhibit apoptosis in the infarcted heart (Guo et al 2010). Additionally, ES
and mesenchymal stem cell CM has been shown to inhibit apoptosis in vitro and in in
vivo models of injured myocardium. However, Ptfla ES cells and their CM and iPS
cells and their CM have yet to be attempted to attenuate cardiac apoptosis in DCM.
Upon transplantation of Ptfla/iPS cells or their CM, the number of cardiac apoptotic
nuclei and caspase-3 activity was significantly decreased. We have for the first time
shown that Ptf1a/iPS cells and CM inhibit apoptosis in the DCM heart as mechanisms of
apoptosis in DCM vary greatly from apoptosis induced by ischemic conditions.
Although the exact mechanism of reduced diabetes-induced cardiac apoptosis has yet
to be delineated, our data suggests that Ptfla cells and CM and iPS cells and CM
contain factors that protect host myocardium from apoptosis-causing insults. In
comparison to a study which treated STZ-induced diabetic rats orally with garlic oil,
stem cell and CM treated groups had percentages of TUNEL positive nuclei less than

the highest dose of garlic oil (Ou et al).

One suggested mechanism, leading to cardiac apoptosis in DCM, involves mediation

through the ERK 1/2 pathway, although this idea remains controversial. Previous
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studies have shown that the ERK 1/2 pathway is involved in cell survival and
proliferation (Keyes et al 2010). To validate the protective, anti-apoptotic effects of
transplanted Ptf1a/iPS cell and CM, ERK 1/2 activity was quantified. However, we have
determined that ERK 1/2 levels were not significantly altered in any of the experimental
groups. In the current study, the cytoprotective mechanisms of Ptfla/iPS cells and CM
in the setting of DCM were not elucidated. However, additional anti-apoptotic/apoptotic

pathways, such as Aktl, need to be investigated in future studies.

Although the exact mechanisms involved in the pathophysiology of DCM remain
elusive, evidence of accumulated ECM proteins, including collagen type I, 1, IV, VI,
fibronectin, laminin, and elastin, is abundant (Asbun et al 2006). In addition to excess
production of ECM proteins, nonenzymatic glycosylation and cross-linking of collagens,
and degradation of collagen degrading matrix metalloproteinases, among others, are
well documented contributors to fibrosis and are observed in DCM (Tschope et al 2004).
Numerous studies have revealed that stem cells and their CM inhibit fibrosis and
accumulated ECM proteins in pathological cardiac conditions (Boudoulas &
Hatzopoulos 2009) (Singla 2010). However, no study defines the effects of Ptfla/iPS
cells and CM on fibrosis in DCM. Accordingly, in our study, interstitial and vascular
fibrosis was quantified. As stated previously, rats receiving only STZ had significantly
increased interstitial and vascular fibrosis compared to control animals. However,
following transplantation of Ptf1a/iPS cells or CM, interstitial and vascular fibrosis were

significantly inhibited. Endothelial to mesenchymal transition has been postulated to
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contribute to larger numbers of fibroblasts and an increase in their secreted fibrotic
matrix proteins (Widyantoro et al 2010). Stem cells or their conditioned media may act
in reducing endocardial to mesenchymal transition, reducing numbers of fibroblasts and
hence fibrosis (Zhao et al 2010). A few other possible mechanisms are cell fusion,
mitochondrial transfer, and activation of endogenous cardiac progenitor cells (Passier et
al 2008) (Spees et al 2009). Although our data suggests that transplanted Ptfla ES and
IPs cells and their CM inhibit adverse pathways leading to fibrosis in DCM, further

studies will be required to elucidate mechanisms by which this occurs.

Poor cardiac function, attributable to apoptosis and fibrosis, has been well documented
in the setting of DCM. Previous studies have reported improved cardiac function
following ES, mesenchymal stem, and iPS cell transplantation in humerous diseased
cardiac conditions (Passier et al 2008) Moreover, CM generated from mesenchymal
stem and ES cells containing released paracrine factors were shown to increase
fractional shortening in the infarcted heart (Timmers et al 2007). Compared with
controls, rat hearts receiving only STZ demonstrated significantly reduced fractional
shortening, indicative of poor cardiac function. However, following Ptfla/iPS cell and
CM transplantation, rats had a significant improvement in fractional shortening
compared to rats only receiving STZ. Our data, for the first time, indicates that

Ptf1a/iPS cells and their CM do enhance cardiac function in DCM.
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Teratoma formation has long been a drawback and a source of controversy to stem cell
therapy. However, in our studies, none of our animals receiving iPS cells or CM
displayed teratoma formation. Numerous investigations have concluded several
variables may affect teratoma formation in cell transplantation studies (Dengler et al
2010). These include cell type, dose, transplantation site, time from injury or disease
progression, and culture conditions; such as culture dish material, three dimensional
scaffolding or rotary culture, media composition, pretreatment with various factors and

hypoxia (Passier et al 2008) (Befar et al 2007).

In this study, we have shown for the first time that Ptfla cells and their CM inhibit
apoptosis, fibrosis, and enhance cardiac repair in the STZ-induced diabetic rat model of
DCM. Additionally, iPS cells and CM were equally effective in inhibiting adverse
remodeling and improving fractional shortening in the DCM heart.  Although
cytoprotective mechanisms of Ptfla/iPS cells and CM in the setting of DCM have not
been delineated yet, we have provided the novel data demonstrating the potential of ES

and iPS cells and CM for therapeutic use in treating DCM.
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Figure 1: Transplanted Ptflla-ES cells, and their CM reduce apoptosis in the STZ-
induced diabetic rat heart. Ptfla/iPS cells and their CM were transplanted into STZ-
induced diabetic rats and hearts were examined for apoptosis 28 days following cell
transplantation. Representative photomicrographs of control, STZ, and iPS cell hearts
demonstrating total nuclei stained with DAPI in blue (A-C), apoptotic nuclei stained with
TUNEL in red (D-F), and merged nuclei in pink (G-I).
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Figure 2: Effects of transplanted Ptfla/iPS cells and CM on apoptosis in the STZ-
induced diabetic rat heart. Histogram data shows apoptosis was significantly inhibited
in rat hearts transplanted with Ptf1a/iPS cells and CM compared with hearts treated only
with STZ. #p<0.001 vs. control and *p<0.05 vs. STZ.
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Figure 3: Caspase-3 activity is significantly enhanced in STZ treated diabetic rats.
Histograms shows quantitative analysis of caspase-3 activity in hearts transplanted with
and without Ptfla/iPS cells and CM. #p<0.001 vs. control and *p<0.05 vs. STZ.
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Figure 4: ERK 1/2 pathway is not involved in DCM apoptosis. Quantitative
histogram reveals that there is no statistical significance in ERK 1/2 activity among any
experimental groups, indicating Ptf1a/iPS cell and CM cytoprotective effects are not
mediate
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Figure 5: Effects of transplanted Ptfla/iPS cells and CM on interstitial fibrosis.
Representative photomicrographs from sections stained with Masson’s trichrome 28
days following cell and CM transplantation. Magnification, 40X.
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Figure 6: Cell and CM transplantation significantly inhibits interstitial fibrosis in
the DCM rat heart. Histogram data demonstrates that STZ hearts have significantly
enhanced interstitial fibrosis whereas; following Ptf1a/iPS cell and CM transplantation,
this fibrosis is significantly inhibited. #p<0.001 vs. control and *p<0.05 vs. STZ.

28



Ptf1a Cells

Ptf1a CM

Figure 7: Effects of transplanted cells and CM on vascular fibrosis. Representative
photomicrographs of sections containing large vessels stained with Masson’s trichrome
from the control, STZ, and Ptfla cell experimental groups. Magnification, 20X.
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Figure 8: Transplanted Ptfla/iPS cells and CM significantly reduce vascular
fibrosis in the STZ-induced DCM rat heart. Histogram representing the quantitative
analysis of vascular fibrosis in all experimental groups. @p<0.001 vs. control, #p<0.001
vs. STZ, and *p<0.001 vs. STZ, Ptfla cells and Ptfla CM. VF = vessel fibrosis, VA =
vessel area
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Figure 9: Transplanted Ptfla/iPS cells and CM significantly improve heart
function in the STZ-induced diabetic rat heart. Echocardiography was performed at
D28 following cell transplantation and fractional shortening was determined. Histogram
data shows average fractional shortening at D28 for all experimental groups. #p<0.001
vs. control and *p<0.001 vs. STZ.
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Figure 10: No teratoma formation in hearts transplanted with iPS cells or CM.
Representative photomicrographs of H&E stained whole heart sections demonstrating
the absence of teratomas in all experimental. Magnification, 1.25X.
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