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Background-—Cardiac resynchronization therapy using bi-ventricular pacing is proven effective in the management of heart failure
(HF) with a wide QRS-complex. In the absence of QRS prolongation, however, device-based resynchronization is reported
unsuitable. As an alternative, the present study tests a regenerative cell-based approach in the setting of narrow QRS-complex HF.

Methods and Results-—Progressive cardiac dyssynchrony was provoked in a chronic transgenic model of stress-triggered dilated
cardiomyopathy. In contrast to rampant end-stage disease afflicting untreated cohorts, stem cell intervention early in disease,
characterized by mechanical dyssynchrony and a narrow QRS-complex, aborted progressive dyssynchronous HF and prevented
QRS widening. Stem cell-treated hearts acquired coordinated ventricular contraction and relaxation supporting systolic and
diastolic performance. Rescue of contractile dynamics was underpinned by a halted left ventricular dilatation, limited hypertrophy,
and reduced fibrosis. Reverse remodeling reflected a restored cardiomyopathic proteome, enforced at systems level through
correction of the pathological molecular landscape and nullified adverse cardiac outcomes. Cell therapy of a dyssynchrony-prone
cardiomyopathic cohort translated prospectively into improved exercise capacity and prolonged survivorship.

Conclusions-—In narrow QRS HF, a regenerative approach demonstrated functional and structural benefit, introducing the prospect
of device-autonomous resynchronization therapy for refractory disease. ( J Am Heart Assoc. 2015;4:e001614 doi: 10.1161/
JAHA.114.001614)
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D isparity in cardiac wall motion is associated with poor
outcome. In this regard, cardiac resynchronization

therapy (CRT), using implantable bi-ventricular pacing devices,
has significantly advanced the management of chronic heart
failure (HF). Morbidity and mortality benefits, after CRT
implantation, have been documented for symptomatic

patients that display reduced left ventricular ejection fraction
and a wide QRS-complex.1–3 However, CRT-based therapy is
not recommended in patients with moderate-to-severe HF
that do not display a wide QRS-complex, although on
echocardiography show evidence of ventricular dyssynchro-
ny.4

Mechanical discordance within a narrow QRS-complex is
detected in primary cardiomyopathy with multiple etiologies5–7

that initially spare the electrical conduction system.8 In this
setting, regional differences in tissue contraction could gener-
ate mechanical dyssynchrony autonomously from conduction
block.9 Importantly, failure in intrinsic force generation is less
amenable to pacing therapy.10 In fact, synchronization strate-
gies for narrow QRS-complex HF are currently lacking.11,12

The present study tests a device-independent, stem cell-
based intervention as a candidate therapy for narrow QRS-
complex dyssynchronous HF. We applied induced pluripotent
stem (iPS) cells, with a recognized capacity for heart repair in
ischemic heart disease,13–15 in a transgenic model of adult-
onset nonischemic cardiomyopathy whereby mechanical
dyssynchrony is an early marker of disease. Prospectively,
biotherapy with iPS cells, administered at the time of narrow
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QRS-complex dyssynchrony, showed signs of benefit prevent-
ing progressive mechanical/electrical discordance that under-
lies malignant HF.

Methods
Protocols were carried out in accord with the National
Institutes of Health guidelines and received approval of the
Institutional Animal Care and Use Committee and Biosafety
Committee at Mayo Clinic (Rochester, MN). Surgery was
performed under 2% isoflurane anesthesia in conjunction with
prophylactic administration of acetaminophen (100 to
300 mg/kg in drinking water, from 2 days pre- to 5 days
post-surgery).

Cell Intervention in Dyssynchronous
Cardiomyopathy
Male, 8- to 12-week-old, C57BL/6 wild-type (WT) mice and
age-/sex-matched Kcnj11-null mutants (backcrossed into a
C57BL/6 background) lacking the Kir6.2 protein of the
cardioprotective ATP-sensitive K+ (KATP) channel

16,17 under-
went transverse aortic constriction (TAC) to impose chronic
hemodynamic load.18,19 Allogeneic iPS cells (DR-4 strain)
were bioengineered using defined pluripotency-associated
transcription factors, that is, OCT3/4 (octamer-binding
transcription factor 3/4), SOX2 [SRY (sex determining region
Y)-box 2], KLF4 (Kr€uppel-like factor 4), and c-MYC cDNAs,
and labeled with HIV vectors carrying LacZ (pLenti6/UbC/
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Figure 1. Mechanical dyssynchrony-prone cardiomyopathy model. Knockout of the Kcnj11-encoded Kir6.2 protein precipitates stress-induced
cardiomyopathy with dyssynchrony. At 2 weeks post-TAC, Kcnj11-deficent left ventricles (KO) developed systolic dysfunction (A) with
echocardiographic evidence of intraventricular delay in contractile timing (B through F), typical of mechanical dyssynchrony, in the absence of
electrocardiographic change (G and H). *P<0.05 vs. Pre; †P<0.05 vs. WT 2 weeks post-TAC. KO indicates knockout; SD, standard deviation; TAC,
transverse aortic constriction; WT, wild type.
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V5-GW/LacZ; Invitrogen, Grand Island, NY).20,21 In Kcnj11-
null mice surviving at 2 weeks post-TAC, iPS cells (200 000
cells per heart in 15 lL of propagation medium) were
delivered by epicardial route using a programmable micro-
injector (Pump 11 Elite; Harvard Apparatus, Holliston, MA) at
6 sites of the left ventricle (LV) following thoracotomy [TAC-
iPS(+); n=7]. The areas of cell delivery covered the basal to
apex lateral segments of the LV, where speckle-tracking
echocardiography detected dyssynchronous motion charac-
terized by severe hypokinesis with maximum delay in time-
to-peak contraction.22 In a separate cohort that did not
receive iPS cells, sham [thoracotomy without cell delivery;
TAC-iPS(�), n=25] treatment was implemented. The

randomization ratio reflected high mortality in TAC-stressed,
Kcnj11-null mutants assigned to the sham regimen (mortality
post-TAC, 75% at 2 weeks, 85% to 90% at 3 months).
Prospective follow-up for 3 months post-TAC was imple-
mented in an investigator-blinded fashion.

In Vivo Evaluation of Cardiac Function and
Structure
Cardiac function and structure were quantified in vivo by
2-dimensional (2D)/M-mode/speckle-tracking echocardiog-
raphy with a 30-MHz transducer (MS-400; Vevo2100;
FUJIFILM VisualSonics, Toronto, Ontario, Canada), and
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Figure 2. Stem cell intervention associated with synchronized ventricular conduction and contraction in Kcnj11-deficient stress-intolerant
cardiomyopathy. ECG and speckle-tracking echocardiography in Kir6.2-deficient cohorts: without stress imposition [TAC(�), A through C]; at
3 months of TAC without [TAC-iPS(�), D through F] or with iPS cell implantation [TAC-iPS(+), G through I]. QRS widening (J), QT prolongation (K),
and intraventricular delay in time-to-peak strain (L), that characterized TAC-iPS(�) hearts, were minimized by epicardial delivery of 200 000
stem cells/heart. *P<0.05 vs. TAC(�); †P<0.05 vs. TAC-iPS(�). 1 indicates basal anterior-septum (Ant.sept.); 2, mid-Ant.sept.; 3, apical
Ant.sept.; 4, apical posterior wall (Post.); 5, mid-Post.; 6, basal Post.; CI, confidence interval; Fridericia’s QTc, QT interval corrected by Fridericia’s
formula; iPS, induced pluripotent stem; LV, left ventricle; R–R, R–R interval; TAC, transverse aortic constriction.
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catheterization.23 LV volumes, dimensions, wall thicknesses,
and mass were measured/calculated from 2D or 2D-
targeted M-mode echocardiography through the aligned
parasternal long-axis acoustic window following guidelines
of the American Society of Echocardiography.24 Ejection
fraction (%), fractional shortening (%), systolic-to-diastolic
ratio of wall thickness (%), and average peak strain values
were calculated as echocardiography-based parameters of
LV contractility. Systolic and end-diastolic LV pressures
were evaluated by a 1.4-F micropressure catheter (SPR-
671; Millar Instruments, Houston, TX; MPVS-400;
ADInstruments, Colorado Springs, CO), and first derivatives
were extrapolated.

Dyssynchrony Monitoring

Heart rate and QRS/QT intervals were recorded by electro-
cardiography (LabChart 7; ADInstruments). QT intervals were
corrected (QTc) for heart rate following the Fridericia’s
formula: QTc=QT/(R-R interval/1000)1/3.25 Speckle-tracking
echocardiography (VevoStrain; FUJIFILM VisualSonics) was
executed at a heart rate of 468�10 beats per minute (bpm)
and frame rate of 240�12 frames per second. Animals
surviving >2 months post-TAC displaying stable speckle-
tracking tracing in all long-/short-axis segments, [7 TAC-iPS
(�), 5 TAC-iPS(+)], were employed for speckle-based evalu-
ation. Intraventricular mechanical discordance was calculated
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Figure 3. Impact of stem cell therapy on wall motion dynamics deconvoluted by speckle-tracking echocardiography. At 3 months poststress,
untreated cardiomyopathic ventricles [TAC-iPS(�)] demonstrated decline in peak shortening, as well as disparity in timing and direction of tissue
deformation (A). Cell intervention [TAC-iPS(+)] corrected delay/disparity in peak contraction (yellow arrows in A, B through D), discordant
patterns (E), and conflicting tissue stretch (F and G), restoring patterns/values similar to prestress ventricles [TAC(�)]. *P<0.05 vs. TAC(�);
†P<0.05 vs. TAC-iPS(�). 1 indicates basal anterior septum (Ant.sept.); 2, mid-Ant.sept.; 3, apical Ant.sept.; 4, apical posterior wall (Post.); 5, mid-
Post.; 6, basal Post.; CI, confidence interval; iPS, induced pluripotent stem; R–R, R–R interval; SD, standard deviation; TAC, transverse aortic
constriction.
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as: (1) delay—difference in latest and earliest time-to-peak
strain; (2) disparity—standard deviation of time-to-peak
strain/strain rate/velocity; and (3) discoordination—area of
myocardial stretch in strain/R-R interval map (%) and stretch-
to-shortening ratio (%). Abnormal patterns were classified as
dyssynchrony, akinesis, and dyskinesis.22

Heart Failure Syndrome
Systemic parameters, namely, arterial oxygen saturation
(Mouse Ox; Starr Life Science, Oakmont, PA), maximum
oxygen consumption (Oxymax; Columbus Instruments, Colum-

bus, OH), exercise tolerance, and survivorship, were assessed.
Treadmill (Columbus Instruments) protocols included endur-
ance—a step-wise increase in incline and velocity at 3-minute
intervals, and energy expenditure—at fixed speed of 10 m/
minute and inclination of 20 degrees for 35 minutes.

Pathological Evaluation
Postmortem, heart and lung weights were measured and
hematoxylin-eosin–stained heart, lung, liver, and spleen tissue
were surveyed. Cardiac interstitial fibrosis was quantified by
computerized imaging analysis (cellSens 1.3; Olympus, Tokyo,
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Figure 4. Benefit of stem cell intervention on cardiac performance and hemodynamics. At 3 months (3m) follow-up, iPS cell therapy,
administered at 2 weeks post-TAC-iPS(+), rescued LV function, in contrast to unprotected TAC-stressed hearts not receiving cell therapy [TAC-
iPS(�)]. Global and regional systolic function was superior in the TAC-iPS(+) group based on speckle strain (A through D), 2-dimensional (2D)/M-
mode echocardiography (E through H), and catheterization (I and J) evaluation. Abnormal LV relaxation (K) and diastolic function (L), evident in
untreated hearts, was prevented by stem cell therapy. *P<0.05 vs. TAC(�); †P<0.05 vs. TAC-iPS(�). Bar represents 2 mm in (E). Ant.sept.
indicates anterior septum; CI, confidence interval; circum., circumferential; dP/dt max., maximum rate of change in LV pressure; dP/dt min.,
minimum rate of change in LV pressure; iPs, iPS, induced pluripotent stem; longi., longitudinal; LVEDP, left ventricular end-diastolic pressure;
Post., posterior wall; R–R, R–R interval; TAC, transverse aortic constriction.
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Japan) of phosphotungstic acid hematoxylin-stained sections.
Myocardial disarray was evaluated by laser confocal micros-
copy (Zeiss LSM 510; Carl Zeiss, Thornwood, NY) following
sarcomeric a-actinin (1:200; Sigma-Aldrich, St Louis, MO),
along with nuclear 40,60-diamidino-2-phenylindole (Molecular
Probes, Eugene, OR) staining. Cell proliferation and cardiac
stem cells were evaluated by immunostaining for Ki67 (1:400;
D3B5; Cell Signaling Technology, Danvers, MA) and Sca-1
(1:100; R&D Systems, Minneapolis, MN), respectively.26

Engraftment of implanted iPS cells was tracked using a b-
galactosidase antibody (1:5000; Abcam, Cambridge, MA).
Ultrastructural evaluation, including percent area of myofibrils
in cytoplasm,27,28 was performed by transmission electron
microscopy (JEOL 1200 EXII; JEOL Ltd, Tokyo, Japan).

Proteomics

LV protein extracts [10 Kir6.2-deficient LVs, 4 TAC(�), 3 TAC-
iPS(�), 3 TAC-iPS(+)] were resolved by immobilized pH
gradient 2D electrophoresis (pH 3 to 10) and silver stained.
Differences across cohorts were identified using PDQuest gel
image analysis (v.7.4.0; Bio-Rad, Hercules, CA), followed by
mass spectrometry for protein assignment.29 Reconstituted
tryptic peptides were trap injected onto a ProteoPep C18
PicoFrit nanoflow column (New Objective, Woburn, MA) on an
Eksigent nanoHPLC system (AB Sciex, Framingham, MA)
coupled to an LTQ-Orbitrap (Thermo Fisher Scientific, Wal-
tham, MA) mass spectrometer.30 Mass spectra peptide
identification was conducted with Mascot v.2.2 by screening
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Figure 5. Reverse remodeling in stem cell-treated cardiomyopathy. Pressure overload imposed upon
Kir6.2-deficient hearts [TAC-iPS(�)] induced pathological remodeling, which affected beyond the LV (A), the
LA (B and C) with thrombosis (D), in line with LV systolic and diastolic failure. Stem cell therapy
administered at an early stage of disease [TAC-iPS(+)] prevented increases in LV dimension (E) and volume
(F and G). *P<0.05 vs. TAC(�); †P<0.05 vs. TAC-iPS(�). In (A) bar, 100 ms or 2 mm. In (B) yellow arrows,
LA dimensions in short-axis view; arrow heads, thrombus in LA. Ao indicates aorta; CI, confidence interval;
iPs, iPS, induced pluripotent stem; LA, left atrium; LV, left ventricle; LVDd (yellow dotted arrow in A), LV end-
diastolic dimension; LVDs (yellow solid arrow in A), LV end-systolic dimension; PA, pulmonary artery; TAC,
transverse aortic constriction.
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sequences using Swiss-Prot (v.53.0; 53 539 entries).
Searches tolerated 2 missed cleavages, �0.01 Da error for
precursor ions (including 13C peak detection) and �0.6 Da
for product ions, allowing for protein N-terminal acetylation,
methionine oxidation, and cysteine carbamidomethylation.
Protein identities were confirmed by matching multiple
peptide spectra at P<0.05, with proteins accepted at
P<0.01. Differentially expressed proteins were submitted to
Ingenuity Pathways Analysis (Ingenuity Systems, Redwood
City, CA) for identification of overrepresented adverse cardiac
outcomes.

Statistical Analysis
Analysis was performed in investigator-blinded fashion.
Unless specified, numbers per group for noninvasive cardiac
and systemic evaluation were WT animals: 8 in TAC(�) and 6
in TAC(+) at 2 weeks; Kcnj11-null mutants: 15 in TAC(�), 30
in TAC(+) at 2 weeks, and 21 in TAC(+) [14 TAC-iPS(�), 7
TAC-iPS(+)] at final follow-up. The nonparametric Mann-
Whitney U test was used to evaluate significance (JMP 9;
SAS Institute Inc., Cary, NC). The Student’s t-test was
employed to compare pre- and post-measurements in the

same groups of animals. Comparison between groups over
time was performed by 2-way repeated-measures ANOVA.
Kaplan-Meier analysis with log-rank testing was applied for
survival analysis. Proteomic comparison between groups was
performed using a Student’s t-test with data expressed as fold
change. Cardiac adverse outcome overrepresentation was
assessed using Fisher’s exact test. Data are presented as
mean�SEM. A P value <0.05 was predetermined as signif-
icant.

Results

Mechanical Discordance Responsive to Stem Cell
Intervention
Under stress imposed by persistent TAC, adult Kcnj11-null
mutants—but not WT counterparts—developed mechanical
dyssynchrony-prone dilated cardiomyopathy (Figure 1).
Within 2 weeks post-TAC, Kcnj11-null cardiomyopathic
hearts had reduced LV ejection fraction (Figure 1A) with a
narrow QRS-complex (Figure 1G and 1H). Nascent intraven-
tricular mechanical discordance, defined by increased delay
in peak contractions (Figure 1B through 1F), progressed
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Figure 6. Rescue of the heart failure syndrome. In contrast to end-stage systemic heart failure prominent
in untreated cardiomyopathy [TAC-iPS(�)], in the stem cell-treated cohort [TAC-iPS(+)], cardiac
synchronization with reverse remodeling translated into maintained cardiopulmonary function (A),
maximum oxygen consumption (B and C), and exercise capacity (D), with survival benefit (E). *P<0.05
vs. TAC(�); †P<0.05 vs. TAC-iPS(�). CI indicates confidence interval; iPS, induced pluripotent stem; Max.
(arrow in C), maximum oxygen consumption; TAC, transverse aortic constriction.
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within 3 months of TAC-imposed stress into florid electro-
mechanical dysfunction (Figure 2A through 2F). Epicardial
delivery of 200 000 iPS cells/heart at 2 weeks post-TAC
synchronized Kcnj11-deficient cardiomyopathic hearts (Fig-
ure 2G through 2I). Transplant of iPS cells minimized
prolongation of the QRS-complex and QTc interval without a
change in heart rate, otherwise prominent at 3 months
[QRS, 10.1�0.4 ms in prestress, 16.5�1.5 ms in TAC-iPS
(�), 11.9�1.3 ms in TAC-iPS(+), P<0.05, TAC-iPS(�) versus
TAC-iPS(+), Figure 2J; QTc, 56.8�2.9 ms in prestress,
125.5�10.1 ms in TAC-iPS(�), 96.7�12.6 ms in TAC-iPS
(+), P<0.05, TAC-iPS(�) versus TAC-iPS(+), Figure 2K; heart
rate, 489�14 bpm in prestress, 466�23 bpm in TAC-iPS
(�), 486�27 bpm in TAC-iPS(+), P=0.54, TAC-iPS(�) versus
TAC-iPS(+)]. Stem cell therapy shortened intraventricu-

lar delay in time-to-peak strain, reflecting correction of
discordant wall motion [56.1�6.6; wks, weeks ms in TAC-
iPS(�) versus 21.5�2.5 ms in TAC-iPS(+), P<0.01, Fig-
ure 2L]. The impact of stem cell intervention on wall
motion dynamics was deconvoluted in R-R interval/anatom-
ical maps (Figure 3A top), as well as in R-R interval/strain,
strain rate, or velocity maps (Figure 3A). iPS cell delivery
lessened the TAC-reduced peak shortening and alleviated
conflicting wall motions in systole/diastole (Figure 3A). Cell
transplantation maintained a normokinetic biphasic pattern,
eliminating distorted patterns observed in untreated hearts
(Figure 3A). Benefit of the stem cell intervention was
consistent across long- and short-axis radial, longitudinal,
and circumferential components. Standard deviation of
time-to-peak in deformation imaging (ie, disparity in timing
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Figure 7. Protection of organ geometry and histology. Exaggerated cardiomegaly (A and B), fibrosis (C through F), and myocardial disarray (G
through I) in response to [TAC-iPS(-)] was blunted by stem cell therapy [TAC-iPS(+)]. *P<0.05 vs. TAC(�); †P<0.05 vs. TAC-iPS(�). Bar represents
2 mm in (A). Ao indicates aorta; CI, confidence interval; DAPI, 40,60-diamidino-2-phenylindole; iPS, induced pluripotent stem; LA, left atrium; LV,
left ventricle; RA, right atrium; RV, right ventricle; TAC, transverse aortic constriction; white arrow, LV free wall; yellow arrow, LV dimension; a-
actinin, sarcomeric a-actinin.
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of tissue contraction) was stabilized by Stem cell therapy
(strain, P<0.0001, Figure 3B; strain rate, P<0.05, Figure 3C;
velocity, P<0.001, Figure 3D). Parameters of discoordina-
tion, namely, abnormal patterns (P<0.001, Figure 3E),
stretch (P<0.01, Figure 3F), and stretch-to-shortening ratio
(P<0.05, Figure 3G), were corrected in stem cell-treated
hearts. Thus, iPS cell intervention into a mechanically
dyssynchronous heart aborted worsening in discordant wall
motion.

Synchronization Protects Cardiac Function and
Structure
At 3 months post-TAC, iPS cell-treated Kcnj11-null hearts
remained synchronous (Figure 3) and exhibited proper sys-
tolic contraction and diastolic relaxation (Figure 4A). In

contrast, in untreated dilated cardiomyopathic hearts, abnor-
mal systolic stretch followed by delayed contraction under-
lined poor pump function (Figure 4A through 4D). Serial
echocardiography demonstrated severe LV hypokinesis (Fig-
ure 4E through 4H) and dilatation with wall thinning in the
sham group (Figure 4E left), whereas LV wall motion and
thickness were preserved in iPS cell-treated hearts (Figure 4E
right). Fractional shortening decreased in sham hearts from
31.2�3.1% at 2 weeks post-TAC to 15.3�2.9% at 3 months
post-TAC (P<0.0001), yet was maintained in iPS cell-treated
hearts from 34.0�3.9% to 35.9�6.0% over the same period
[TAC-iPS(�) versus TAC-iPS(+) at 3 months post-TAC,
P<0.0001, Figure 4F]. Notably, ejection fraction was higher
in the iPS cell-treated cohort [TAC-iPS(�) 18.1�2.8%, TAC-iPS
(+) 47.4�7.2%, P<0.001, Figure 4G]. Overall, iPS cell-treated
cardiomyopathic hearts displayed improved hemodynamics
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Figure 8. Long-term, limited engraftment of implanted stem cells. Chronic (3 months) stress, imposed by TAC upon Kir6.2-deficient hearts,
mobilized endogenous Sca-1+ stem cells from the perivascular niche prestress [TAC(�); A] to the myocardial parenchyma [TAC-iPS(�); B and C].
In stem cell-treated ventricles under equivalent TAC-induced stress [TAC-iPS(+)], Sca-1+ cells were recruited into the perivascular stem cell
niche and colocalized with transplanted stem cells tracked by b-galactosidase expression (D through F). CI indicates confidence interval; DAPI,
40,60-diamidino-2-phenylindole; iPS, induced pluripotent stem; TAC, transverse aortic constriction; a-actinin, sarcomeric a-actinin; b-gal,
b-galactosidase.
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(Figure 4I through 4L) with normalized LV end-diastolic
pressure [TAC-iPS(�) 24.8�6.2 mm Hg, n=5, TAC-iPS(+)
6.4�2.1 mm Hg, n=6, P<0.01, Figure 4I and 4L]. Functional
benefit was associated with halted structural maladaption
(Figure 5), and protection against LV dilatation (Figure 5A),
atrial enlargement and thrombosis (Figure 5B through 5D). LV
diastolic dimension increased from 3.60�0.13 mm at
2 weeks post-TAC to 4.94�0.22 mm at 3 months post-TAC
without cell therapy, whereas iPS cell-treated hearts demon-
strated stable dimensions maintained from 3.73�0.32 to
4.07�0.36 mm [P=0.46, TAC-iPS(�) versus TAC-iPS(+) at
2 weeks post-TAC; P<0.001, TAC-iPS(�) versus TAC-iPS(+) at
3 months; Figure 5E]. Expansion in LV diastolic/systolic
volume was diminished by iPS cell therapy (Figure 5F and
5G). Thus, mechanical and electrical synchronization observed
in the iPS cell-treated cohort was associated with protected
cardiac performance and reverse remodeling.

Rescue of Heart Failure Syndrome
The benefit of iPS cell intervention translated prospectively
into mitigation of HF syndrome. iPS cell treatment reduced
lung congestion [lung weight, 172.2�7.5 mg in prestress,
418.1�39.9 mg in TAC-iPS(�), 291.6�41.9 mg in TAC-iPS

(+), P<0.05, TAC-iPS(�) versus TAC-iPS(+)] and preserved
arterial oxygen saturation (P<0.01, Figure 6A), maximal
oxygen consumption (P<0.01, Figure 6B and 6C), and aerobic
exercise capacity (P<0.0001, Figure 6D). Mortality was not
observed in the iPS cell-treated cohort, in contrast to high
mortality rates observed without iPS cell intervention [survi-
vorship 3 months postrandomization, 33.9% in TAC-iPS
(�),100% in TAC-iPS(+), P<0.05, Figure 6E]. Of note, there
was no sign of uncontrolled growth upon macroscopic and
microscopic evaluations of heart, lung, liver, and spleen in iPS
cell-treated animals, indicating long-term tumor-free survivor-
ship. Thus, iPS cell therapy of dyssynchrony-prone cardiomy-
opathy precluded progression of HF syndrome.

Cell Therapy Corrects Cardiomyopathic Substrate
Cardiomegaly and pathological increase in organ weight were
blunted by iPS cell therapy (Figure 7A and 7B). LV mass-to-
body weight ratio was exaggerated in the sham group
[4.18�0.32 mg/g in prestress, 9.25�1.10 mg/g in sham-
treated TAC-iPS(�)]. In the absence of stem cell treatment,
cardiomyopathic ventricles exhibited severe fibrosis
[13.3�0.8% in TAC-iPS(�), n=45 sections, Figure 7C through
7F] and myofibrillar disarray (Figure 7G and 7H). In contrast,

A

D E F

B C G

Figure 9. Protection of myofibrillar ultrastructure. Sarcomere ultrastructure at low- (A through C) and high-magnification (D through F) electron
microscopy. Kir6.2-deficient left ventricles after 3 months of TAC demonstrated severe fibrosis [TAC-iPS(�); B] and lacked myofibrils (E). Cell-
treated Kir6.2-deficient ventricles [TAC-iPS(+)] exhibited normal sarcomeres (C) with significant increase in myofibrils (F and G). *P<0.05 vs. TAC(�);
†P<0.05 vs. TAC-iPS(�). CI indicates confidence interval; iPS, induced pluripotent stem; TAC, transverse aortic constriction.
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iPS cell-treated cardiomyopathic hearts displayed limited
fibrosis [7.0�0.4% in TAC-iPS(+), n=82 sections, P<0.0001
versus TAC-iPS(�); Figure 7C, 7E, and 7F] and maintained
organized sarcomeres (Figure 7I). Stem cells demonstrated a
distinct distribution pattern in iPS cell-treated versus untreated
cardiomyopathic cohorts (Figure 8). Prestress ventricles exhib-
ited a limited number of Sca-1+ endogenous stem cells within
the perivascular stem cell niche (Figure 8A). Poststress,
fibrotic ventricles in the absence of iPS cell therapy displayed
a deregulated Sca-1+ cell mobilization pattern within the
myocardial parenchyma [Sca-1+ cells in parenchyma,
0.7�0.5% in prestress, n=7 sections, 10.7�2.4% in TAC-iPS
(�), n=7 sections, P<0.001, Figure 8A through 8C]. In
contrast, post-iPS cell therapy, endogenous Sca-1+ cells
adopted a normal distribution pattern away from myocardial
parenchyma, in favor of the perivascular stem cell niche [Sca-
1+ cells in parenchyma, 1.3�0.8% in TAC-iPS(+), n=6 sections,
P<0.001 versus TAC-iPS(�), Figure 8D through 8F]. Cell-based
impact was further verified at the ultrastructural level
(Figure 9). Whereas untreated cardiomyopathy was character-
ized by lack of contractile elements [percent area of myofibrils
in cytoplasm, 49.6�2.5% in prestress, n=20 sections,
25.1�2.0% in TAC-iPS(�), n=20 sections, P<0.0001; Fig-

ure 9D, 9E and 9G], myofibrillar structures were significantly
increased by stem cell therapy [32.1�2.3% in TAC-iPS(+),
n=20 sections, P<0.05 versus TAC-iPS(�); Figure 9F and 9G].
In addition to antifibrotic and promyogenic effects, cell therapy
protected gap junction and desmosome structures (Fig-
ure 10A through 10C) and sustained mitochondria density
(Figure 10D through 10F). Beyond histological assessment,
molecular outcomes were profiled by high-throughput prote-
omics (Figure 11A). Mass spectrometric analysis and peptide
assignment (eg, Figure 11B, 11C, and Table S1) delineated
205 down-regulated and 52 up-regulated proteins arising from
the response to cell therapy (Table S2). Stem cell therapy
abolished 48 TAC-induced protein changes (Figure 12A)
accounting for 44% of the cardiomyopathic proteome (Fig-
ure 12B). Moreover, stem cell intervention nullified 86% of
TAC-induced alterations in proteins with canonical links to
cardiac disease [asterisk (*) in Figure 12A and 12C], demon-
strating nonstochastic overhaul of the cardiomyopathic prote-
ome. Overrepresented adverse cardiac outcomes, predicted to
be associated with dyssynchronous cardiomyopathy on the
basis of proteomic findings, were counteracted by cell therapy
(Figure 12D). Thus, iPS cell therapy appears to correct the
disease substrate underlying dyssynchronous cardiomyopathy.

A B C

D E F

Figure 10. Protection of mitochondria and gap junction. Desmosomal (A through C) and mitochondrial (D through F) ultrastructure of Kir6.2-
deficient left ventricles in 3 conditions: without stress imposition [TAC(�)]; TAC without therapy [TAC-iPS(�)]; or with stem cell therapy [TAC-iPS
(+)]. Absence of clear gap junction formation (B) and disorganized, low-density mitochondria (E) observed in untreated ventricles was corrected
by cell therapy (C and F). iPS indicates induced pluripotent stem; TAC, transverse aortic constriction.
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Discussion
The present study assessed the potential of a stem cell-
based intervention on narrow QRS-complex HF. Using a
model of adult-onset dilated cardiomyopathy, we report that
myocardial administration of iPS cells, early in disease,
synchronized wall motion and precluded organ decompen-

sation. Functional benefit was supported by reverse
remodeling and normative restitution of the disease prote-
ome. Stem cell biotherapy thus potentially shows promise
as a means to protect pump function in the setting of
mechanical dyssynchrony-prone HF.

Success afforded by device-based CRT points to cardiac
dyssynchrony as a legitimate target for intervention in HF.31,32

A B

C

Figure 11. Peptide identification and assignment of representative proteins down- or up-regulated by stem cell therapy. Representative 2-
dimensional gels of left ventricular cytoplasmic protein extracts (100 lg per gel) from stress-induced cardiomyopathy without [TAC-iPS(�)] and
with iPS cell therapy [TAC-iPS(+)] resolved by pH 3 to 10 IEF, 12.5% SDS-PAGE (A). Statistical analysis after gel densitometric spot quantitation
revealed 97 differentially expressed (fold change >1.5, P<0.05) protein spots, circled and numbered, from which mass spectrometric analysis
assigned identities to down- and up-regulated proteins. LTQ-Orbitrap MS/MS product ion spectra obtained are shown for representative
contractile apparatus proteins down-regulated in response to cell therapy (B), including ACTC1 (spot 28) and MYL3 (spot 58), and bioenergetics
proteins up-regulated by cell therapy (C), including NDUFV1 (spot 22) and IDH2 (spot 23). Histographs indicate relative spot intensities without
[iPS(�)] or with cell treatment [iPS(+)], whereas Mascot spectra indicate detected b- and y-ions, with corresponding peptide sequence identified
and assigned to the protein (upper insets). ACTC1 indicates alpha cardiac actin; AU, arbitrary units; IDH2, isocitrate dehydrogenase 2 [NADP],
mitochondrial; IEF, isoelectric focusing; iPS, induced pluripotent stem; MS/MS, tandem mass spectrometry; m/z, mass-to-charge ratio of
detected ion species; MYL3, myosin light chain 3; NDUFV1, NADH dehydrogenase flavoprotein subunit 1; TAC, transverse aortic constriction.
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However, the reach of bi-ventricular pacing across a diverse
spectrum of dyssynchronous HF substrates remains uncer-
tain.33 A case in point is mechanical dyssynchrony developing
in the absence of QRS widening, which recent clinical trials
pinpoint as unresponsive to CRT in the absence of conduction
block.34–38 As CRT necessitates a responsive contractile
myocardium, which is compromised in primary myocardial
disease,39,40 the present study explored a reparative
approach aimed at correcting the dyssynchronous substrate,
at least in this small animal model.

Conventional dyssynchrony models recapitulate mechani-
cal malfunction occurring simultaneously or following an
electrical defect.41,42 Herein, the dilated cardiomyopathy
model generated mechanical dyssynchrony prior to electrical
or systemic disease, providing a unique opportunity to

longitudinally evaluate responsiveness to intervention.
Monitoring progressive dyssynchrony in a non-left-bundle-
branch-block setting was made possible through high-resolu-
tion imaging applicable to transgenic HF models.22 Leveraging
the nuclear reprograming technology, derived iPS cells were
utilized due to a capacity to rebuild functional heart tissue, in
ischemic heart disease.43–45 Transplanted into infarcted
myocardium, iPS cells achieve multilineage reconstruc-
tion.20,46,47 iPS cell delivery, here, into dilated cardiomyo-
pathic tissue prevented progression of dyssynchronous HF,
possibly expanding indications to nonischemic heart disease.

Specifically, the present study documents, in the iPS cell-
treated cohort, restoration of cardiac mechanics, recognized
as an integral readout for cardiac repair.48 The implemented
stem cell intervention demonstrated effectiveness across

A

B

C

D

Figure 12. Cardiomyopathic proteome restitution. A subset of 48 proteins was reversed by iPS cell therapy, significantly altered [red, TAC-iPS
(+)] in the opposite direction to their initial significant change in response to disease [gray, TAC-iPS(�)], including 18 proteins (*) with
established links to cardiac adverse effects (A). The 48 reversed proteins account for 44% (48 of 109) of resolved cardiomyopathic proteome
changes (B) and 86% (18 of 21) of cardiomyopathic protein changes having canonical links to adverse cardiac outcomes (C). In response, all
adverse cardiac outcomes predicted by hypergeometric overrepresentation analysis of the initial cardiomyopathic proteome (gray) were nullified
by cell therapy (red; D). iPS indicates induced pluripotent stem; TAC, transverse aortic constriction.
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hierarchical endpoints, addressed at molecular, cellular,
regional, and global levels, that collectively ensure adequate
heart pump function.49 Phenotype rescue was supported by a
renovated proteome. Indeed, proteomic deconvolution
unmasked a complex signature underlying the pathobiology
of mechanical dyssynchrony-prone HF, with expression of 86%
of all cardiac disease proteins apparently corrected by stem
cell therapy. Ultrastructural assessment identified protection
of the sarcomere, mitochondria, and cell-to-cell organization.
Moreover, successful synchronization correlated with a
favorable impact on sarcomeres and mitochondria, consistent
with outcomes observed with device-based CRT.50 Salvage of
the disease substrate translated in vivo into improved wall
motion dynamics documented by tissue deformation imaging, a
sensitive noninvasive readout of myocardial dysfunction.51–53

Synchronized ventricular motion invigorated pump function,
with prevention of late-onset electrical abnormalities, and
stabilization of organ geometry, leading to systemic and survival
benefit. The value of cell-based synchronization was thus
documented across vital symptomatology, as well as clinically
relevant endpoints. The present study timed the early interven-
tion based on wall motion abnormality, and displayed more-
prominent benefit on contractile parameters, than on structural
parameters, highlighting the prospect of substrate-specific
markers for disease management.54 The complexity in the
regulation of cardiac mechanics, and the study design focused
on prospective in vivo imaging, prevented delineation of the
relationship of stem cell injection on mechanical dyssynchrony
and myocardial contractility. Restoration of endogenous Sca-1+

cells within the perivascular stem cell niche is consistent with
recent reports recognizing niche-regulated processes, including
a potentially significant contribution of paracrine mechanisms,
protecting against fibrosis and decompensation after injury.55,56

Dysregulation of Sca-1+ distribution away from the perivas-
cular niche suggests a maladaptive response to stress,
which is corrected through stem cell intervention.57

Whereas this study used Kcnj11-null mutants, iPS cell
therapy has been documented as beneficial in dyssynchro-
nous WT animals postinfarction,41 indicating that efficacy of
iPS cells is not limited to Kir6.2 deficiency. Mouse models
expand the scope of cardiac dyssynchrony research, inviting
further studies to recapitulate clinical features across the
disease spectrum.58,59

In conclusion, a biological approach to address mechanical
dyssynchrony in narrow QRS-complex cardiomyopathy was
tested here. iPS cell-based intervention demonstrated signs of
efficacy in restoring cardiac mechanics at functional and
structural levels, translating into global rescue of HF syn-
drome. This proof-of-concept study provides initial, preclinical
evidence of cell-based synchronization in the setting of
dyssynchronous narrow QRS HF, introducing device-indepen-
dent resynchronization in dilated cardiomyopathy.
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