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Introduction
Heart disease is the leading cause of death in the United States, accounting for approximately 600,000 deaths 
per year (1). Heart failure (HF) is second only to coronary artery disease as a cause of heart disease–related 
mortality (1), and clearly the two overlap considerably. Patients with HF have a poor prognosis, with a median 
survival of 2.1 years and 5-year mortality of 75% regardless of ejection fraction (EF) (2). Most advances in 
the therapy of HF over the last decades have been in HF with reduced EF (HFrEF) (3, 4), where various 
medications and implantable devices have prolonged life (4). The diastolic counterpart, HF with preserved 
EF (HFpEF), has attracted increasing attention recently due to the aging population with hypertension, dia-
betes mellitus, and obesity, all of  which are common HFpEF comorbidities (5, 6). HFpEF now accounts for 
roughly half  of all HF and its incidence continues to increase (5). Unlike HFrEF, clinical trials using β-blockers, 
angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, and mineralocorticoid inhibitors have 
failed to prolong life in HFpEF patients (7). Inflammation and subsequent fibrosis figure prominently in the 
pathogenesis of HFpEF, although details remain sketchy (6–8). Sudden death is the most common mode of  
mortality in patients with HFpEF, accounting for approximately 25% of all deaths (9, 10). While the etiology 
of sudden death in HFpEF is poorly understood, ventricular arrhythmias (VAs) have been implicated in HFrEF 
(11). Dahl salt-sensitive (DSS) rats with echocardiographically verified HFpEF are at increased risk of induc-
ible VA due to delayed repolarization and increased fibrosis (12). This is consistent with our previous findings 
using ambulatory electrocardiographic monitoring of HFpEF rats revealing development of spontaneous VA 
(13). HFpEF rats were observed dying suddenly and the sudden deaths were precipitated by spontaneous VA 
(13). In the same model of HFpEF, cardiosphere-derived cells (CDCs) markedly decrease inflammation and 
fibrosis, thereby reversing diastolic dysfunction and prolonging survival (8). These progenitor cells are already 
in clinical testing for HFpEF (Regress-HFpEF, clinicaltrials.gov/show/NCT02941705). Here, we investigate 
whether CDCs can reduce VA in HFpEF rats, and thereby possibly contribute to prolonged survival.

Sudden death is the most common mode of exodus in patients with heart failure and preserved 
ejection fraction (HFpEF). Cardiosphere-derived cells (CDCs) reduce inflammation and fibrosis in a 
rat model of HFpEF, improving diastolic function and prolonging survival. We tested the hypothesis 
that CDCs decrease ventricular arrhythmias (VAs) and thereby possibly contribute to prolonged 
survival. Dahl salt-sensitive rats were fed a high-salt diet to induce HFpEF. Allogeneic rat CDCs (or 
phosphate-buffered saline as placebo) were injected in rats with echo-verified HFpEF. CDC-injected 
HFpEF rats were less prone to VA induction by programmed electrical stimulation. Action potential 
duration (APD) was shortened, and APD homogeneity was increased by CDC injection. Transient 
outward potassium current density was upregulated in cardiomyocytes from CDC rats relative 
to placebo, as were the underlying transcript (Kcnd3) and protein (Kv4.3) levels. Fibrosis was 
attenuated in CDC-treated hearts, and survival was increased. Sudden death risk also trended down, 
albeit nonsignificantly. CDC therapy decreased VA in HFpEF rats by shortening APD, improving APD 
homogeneity, and decreasing fibrosis. Unlike other stem/progenitor cells, which often exacerbate 
arrhythmias, CDCs reverse electrical remodeling and suppress arrhythmogenesis in HFpEF.
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Results
Reversal of  diastolic dysfunction. DSS rats (7 weeks old) were fed high-salt (HS) diet to induce HFpEF (Figure 
1A). DSS rats fed normal-salt (NS) diet served as controls. Echocardiography was performed at 14–15 
weeks of  age to assess systolic and diastolic function. Decreased E/A ratio, increased E/E′ ratio, and nor-
mal EF are echocardiographic characteristics of  HFpEF. Echo-verified HS-fed rats with signs of  HF were 
diagnosed with HFpEF by 14–15 weeks of  age. Programmed electrical stimulation (PES) was performed 
to assess propensity to VA at baseline; if  noninducible, rats (4 of  48, 8.3%) were excluded from the study. 
Arrhythmogenic HFpEF rats were randomly assigned to intracoronary injection of  CDCs versus placebo 

Figure 1. Experimental protocol, generation of CDCs, and echocardiographic measurement of systolic and diastolic function. (A) DSS rats were fed HS 
or NS diet from 7 weeks of age. At 14–15 weeks of age, baseline echocardiography was performed to assess EF, E/A, and E/E′ ratios. HS rats with diastolic 
dysfunction, preserved EF, and objective HF signs were diagnosed with HFpEF. PES was performed and arrhythmogenic HFpEF rats were randomly 
assigned to intracoronary injection of CDCs versus PBS. Follow-up experiments were performed 4 weeks after the injection. (B) Allogeneic CDCs were gen-
erated from cardiac explant from a Sprague Dawley rat as described in the Methods. CDCs from passages 4–6 were used for injection. (C) Representative 
M-mode of parasternal short axis views of transthoracic echocardiography. (D) EF was preserved 4 weeks after injection in both groups (65% ± 6% in CDCs 
vs. 65% ± 12% in PBS, P = 0.41). (E) Representative E/A ratio from pulse wave Doppler at the mitral level. (F) Both CDC- and PBS-injected rats normalized 
E/A ratio 4 weeks after injection (1.56 ± 0.31 in CDCs vs. 1.54 ± 038 in PBS, P = 0.99). (G) Representative E/E′ ratio from tissue Doppler imaging. (H) E/E′ 
ratio of CDC-injected rats was decreased compared with PBS-injected rats (13.7 ± 3.0 in CDCs vs. 19.2 ± 3.5 in PBS, P < 0.001), which verified the improve-
ment in diastolic function. **P < 0.001. Error line indicates mean and standard deviation. Control rats were n = 13 at baseline and 4-week follow-up. PBS-
injected HFpEF rats were n = 23 at baseline and n = 10 at 4 weeks. CDC-treated HFpEF rats were n = 21 at baseline and n = 15–16 at 4 weeks. Mixed-model 
regression was used for D, F, and H.



3insight.jci.org   https://doi.org/10.1172/jci.insight.121123

R E S E A R C H  A R T I C L E

(phosphate-buffered saline, PBS) (Figure 1A). Allogeneic CDCs were generated from a Sprague Dawley 
rat (Figure 1B) as described previously (14). Follow-up echocardiography was performed 4 weeks after 
injection to measure systolic and diastolic function. EF remained greater than 60%, confirming preserved 
systolic function (Figure 1, C and D). The ratio of  the early (E) to late (A) ventricular filling velocities (E/A 
ratio) was normalized in both CDC and placebo groups (Figure 1, E and F), but E/A ratio alone cannot 
differentiate between progression of  HFpEF (pseudonormal pattern) versus regression/reversal of  diastolic 
dysfunction (15). To make this distinction, we measured an additional parameter of  diastolic function, 
E/E′ (ratio between the early mitral inflow velocity and mitral annular early diastolic velocity), which 
does not pseudonormalize as HFpEF worsens (15). Interestingly, while diastolic dysfunction progressed 
in placebo-treated rats, CDC-treated rats showed regression of  diastolic dysfunction (Figure 1, G and H). 
Left atrial size was increased in HFpEF rats compared with controls by 14–15 weeks of  age and subse-
quently decreased in CDC-injected rats compared with PBS-injected controls (Supplemental Figure 1A; 
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.121123DS1). 
The E′ wave was decreased in HFpEF rats compared with controls by 14–15 weeks of  age and improved in 
CDC-treated rats compared with PBS-injected controls; however, this did not reach statistical significance 
(Supplemental Figure 1B). The reversal of  diastolic dysfunction by CDCs confirms previous findings (8).

Decreased ventricular arrhythmogenesis in HFpEF rats. HFpEF rats are at increased risk of  inducible VA 
(12), but the effects of  CDCs on arrhythmogenesis have not been characterized. Follow-up PES was per-
formed 4 weeks after the injection of  CDCs or PBS, and compared for differences in arrhythmogenicity. 
The arrhythmogenicity index (AI), a heuristic measure of  VA inducibility calculated as ([number of  VA 
beats] + [last stimulus coupling interval {millisecond} – 40])/(square root of  [number of  extrastimuli]) 
(12), was markedly reduced in CDC-injected HFpEF rats compared with placebo rats (Figure 2, A and B). 
Among the components of  AI, the number of  VA beats (duration of  the arrhythmia) was markedly reduced 
in CDC-treated animals compared with placebo rats (Figure 2C). The last extrastimulus coupling interval 
showed a trend towards reduction in CDC-treated rats compared with PBS, indicating the need for a more 
aggressive protocol to induce VA in the CDC group (Figure 2D). However, the number of  extrastimuli did 
not reveal any differences (Supplemental Figure 1C).

Electrocardiographic changes of  HFpEF rats. Surface electrocardiography (ECG) was used to assess the potential 
of CDCs to modify conduction or repolarization. QT interval, which measures repolarization, was shortened 
in CDC-treated rats compared with placebo rats (Figure 3, A and B), as was QTc interval (Figure 3C). However, 
PR interval (a measure of AV nodal conduction) and QRS duration were similar in CDC and PBS groups (Fig-
ure 3, D and E). Heart rate (measured by the RR interval) did not differ between the 2 groups (Figure 3F). The 
intrinsicoid deflection time did not change in CDC and PBS groups (Supplemental Figure 1D). Taken together, 
these findings suggest that CDC treatment of HFpEF rats abbreviated repolarization, which is prolonged in 
HFpEF (12, 16), while having no detrimental effects on AV nodal conduction or ventricular depolarization.

Action potential remodeling. To further investigate the repolarization remodeling induced by CDCs, we 
performed ex vivo optical mapping. Action potential duration (APD) was measured from 10 different areas 
of  the left ventricle in the various experimental groups (Figure 3G). Average APD90 (APD at 90% repo-
larization) was reduced in CDC-treated animals compared with placebo-injected rats (Figure 3, H and I). 
Furthermore, APD dispersion (measured from the standard deviation of  APD90) was improved in CDC 
compared with placebo rats (Figure 3, J and K). Both the observed reduction in APD90 and the increased 
repolarization homogeneity are antiarrhythmic effects that could potentially prevent VA in HFpEF.

Ionic current modulation. The cellular mechanisms of  APD shortening and increased homogeneity 
exerted by CDC therapy were investigated by whole-cell patch clamp. APD prolongation in HFpEF rats 
is due to downregulation of  the primary repolarizing current, the transient outward potassium current 
(Ito) (12). Although the rapid component of  the delayed-rectifier potassium current (IKr) and the inward-
rectifier potassium current (IK1) were also reduced in HFpEF hearts, the contribution of  these currents 
to overall APD in rats is far less than that of  Ito (12). Here, we found that CDCs upregulated Ito density 
in HFpEF rats compared with placebo (Figure 4, A and B). Other minor repolarizing currents, i.e., IKr 
(Figure 4, C and D) and IK1 (Figure 4, E and F), were not affected by CDC therapy. Thus, an enhance-
ment of  Ito by CDCs underlies the abbreviation of  APD in HFpEF rats.

Transcript and protein expression of  ion channels. Transcript levels of Ito-encoding Kcnd3 (Figure 5A) and the cor-
responding protein product, Kv4.3, were upregulated by CDC therapy (Figure 5, B and C). However, the genes 
for IKr (Kcnh2) and IK1 (Kcnj2) were not affected (Figure 5, D and G) nor were the corresponding proteins, Kv11.1 
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Figure 2. Antiarrhythmic effects of CDCs in HFpEF rats. (A) Representative PES records (upper panel, stimuli; lower panel, ECG) in control and 
HFpEF rats. (B) AI was decreased in CDC-treated rats compared with placebo-treated rats (36 ± 11 in CDCs vs. 61 ± 17 in PBS, P = 0.025). (C) Number of 
beats was decreased in CDC rats compared with placebo rats (9 ± 4 in CDCs vs. 24 ± 16 in PBS, P = 0.018). (D) The last extrastimulus coupling interval 
showed a nonsignificant trend towards reduction in CDC-treated rats (70 ± 7 ms in CDCs vs. 77 ± 4 ms in PBS, P = 0.10). *P < 0.05, **P < 0.001. Error 
line indicates mean and standard deviation. Control rats were n = 13 at baseline and 4-week follow-up. PBS-injected HFpEF rats were n = 23 at base-
line and n = 10 at 4 weeks. CDC-treated HFpEF rats were n = 21 at baseline and n = 16 at 4 weeks. Mixed-model regression was used for B–D.
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(Figure 5, E and F) and Kir 2.1 (Figure 5, H and I). These changes at the transcript and protein levels mirror 
those found in ionic currents. Other proteins regulating Ito currents, such as Kv4.2, Kv1.4, and KChIP2 were 
checked; however, their expression levels were unchanged (Supplemental Figure 2). Connexin 43 expression was 
also checked and did not reveal any differences (Supplemental Figure 3). Hence, our findings are consistent with, 
but do not prove, the hypothesis that the CDC-related upregulation of Ito is transcriptionally mediated.

Figure 3. Electrocardiographic analyses and reverse electrophysiologic remodeling of action potential prolongation and dispersion. (A) Representative ECGs 
showing QT intervals in control, CDC, and PBS rats. (B) QT interval was decreased in CDC-treated HFpEF rats compared with PBS-injected rats (105.5 ± 11.8 ms in 
CDCs vs. 121.6 ± 16.2 ms in PBS, P = 0.025). (C) QTc interval was also decreased in CDC animals (246.1 ± 19.5 ms in CDCs vs. 285.5 ± 20.0 ms in PBS, P < 0.001). (D) 
PR interval was not changed (54.5 ± 4.3 ms in CDCs vs. 54.3 ± 5.3 ms in PBS, P = 0.68). (E) QRS duration did not change (19.5 ± 1.9 ms in CDCs vs. 21.0 ± 1.5 ms 
in PBS, P = 0.87). (F) RR interval was similar in both groups (185.4 ± 33.8 ms in CDCs vs. 180.7 ± 23.0 ms in PBS, P = 0.84). *P < 0.05, **P < 0.001. Error line indi-
cates mean and standard deviation. Control rats were n = 13 at baseline and 4-week follow-up. PBS-injected HFpEF rats were n = 23 at baseline and n = 10 at 4 
weeks. CDC-treated HFpEF rats were n = 21 at baseline and n = 16 at 4 weeks. Mixed-model regression was used for B–F. (G) Representative ex vivo optical map-
ping images of control and HFpEF hearts. (H) Representative action potential graphs of control, CDC-, and PBS-injected HFpEF rats. (I) APD90 was significantly 
reduced in CDC-treated rats compared with placebo rats (120.8 ± 11.9 ms in CDCs vs. 141.9±10.9 ms in PBS, P = 0.014). (J) Representative APD map of control, CDC, 
and PBS rats. (K) The standard deviation of APD90 (APD90 dispersion) was significantly decreased in CDC rats compared with PBS rats (5.7 ± 1.9 in CDCs vs. 11.3 
± 1.6 in PBS, P = 0.0003). *P < 0.05, **P < 0.001. Error line indicates mean and standard deviation. n = 5 for each group. Kruskal-Wallis test was used for I and K.
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Attenuated fibrosis and increased survival. Myocardial fibrosis was quantified by Masson’s trichrome stain-
ing. The extent of  fibrosis was reduced by CDC therapy, a change which would favor APD homogeneity in 
HFpEF rats (Figure 6, A and B). HFpEF rats showed prolonged survival after CDC therapy at 14–15 weeks 
of  age compared with placebo rats (Figure 6C). Survival analysis showed that CDC therapy decreased over-
all mortality (sudden death, seizure, and protocol-mandated euthanasia due to severe distress) (Figure 6D). 
Importantly, CDC therapy reduced sudden death from 17.4% to 9.5%, although this was not statistically 
significant, likely due to the low number of  overall events in this limited population.

Figure 4. Upregulation of Ito and conserved IKr and IK1. (A) Representative Ito records in control, CDC, and PBS cardiomyocytes. Peak minus baseline current 
is shown after subtraction. (B) Ito density was upregulated in CDC-treated cardiomyocytes compared with PBS cardiomyocytes (5.00 ± 1.98 in CDCs vs. 2.41 
± 0.82 pA/pF at 60 mV in PBS, P < 0.001). (C) Representative IKr recordings in control, CDC, and PBS rats. IKr is measured as E4031-sensitive current. (D) IKr 
density was unchanged in CDC and PBS animals (0.93 ± 0.40 in CDCs vs. 0.84 ± 0.43 pA/pF at 60 mV in PBS, P > 0.99). (E) Representative IK1 recordings in 
control, CDC, and PBS rats. Barium-sensitive current was measured as IK1. (F) IK1 density was similar in CDC and PBS cardiomyocytes (–9.27 ± 7.52 in CDCs vs. 
–8.08 ± 4.98 pA/pF at –120 mV in PBS, P > 0.99). *P < 0.05, **P < 0.001 (control vs. PBS); #P < 0.05, ##P < 0.001 (CDCs vs. PBS). Error line indicates mean 
and standard error of mean. Rat and cell numbers are shown in each figure. ANOVA was used for B, D, and F.
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Transcriptome analyses. Next-generation RNA sequencing in hearts of  controls, placebo, and CDC-treat-
ed HFpEF rats revealed global changes in gene expression (Figure 7A). Interestingly, CDC therapy rescued 
the expression levels of  more than 300 genes of  HFpEF rats toward those of  control rats. Some of  the 
important signaling pathways are depicted in Figure 7B. Among those, calcium signaling and tight junction 
pathways were notably affected by CDC therapy. These include genes relevant to diastolic dysfunction and 
action potential remodeling (Figure 7C).

Discussion
Here, we have demonstrated antiarrhythmic effects of  heart-derived cell therapy in a rodent model of  HFpEF 
(Figure 8). CDCs attenuated inducible VA by shortening APD and increasing APD homogeneity (Figure 8). 
Upregulation of  Ito-related transcripts, protein, and ionic currents underlay the CDC-induced abbreviation 
of  APD. Increased homogeneity likely reflects both the upregulation of  Ito as well as the decrease in fibrosis. 
Furthermore, CDCs prolonged survival in HFpEF rats, including a decrease in sudden deaths.

HFpEF, once regarded as rare relative to HFrEF, is now at least as common, but much more enig-
matic in its pathogenesis (5, 17, 18). None of  the medications that prolong life in HFrEF have been shown 
to work in HFpEF (7). Sudden death is the leading mode of  exodus in HFpEF patients, but the underly-
ing mechanism is unknown (9, 10). The limited data available are consistent with the idea that intrinsic 

Figure 5. Remodeling of ion channel genes and proteins. (A) The Ito-encoding transcript Kcnd3 was upregulated in CDC-treated rats compared with 
PBS animals (log[fold change compared to control] –0.39 ± 0.40 in CDCs vs. –1.06 ± 0.47 in PBS, P = 0.041). (B) Expression of the Ito protein, Kv4.3, 
was decreased in PBS rats and rescued by CDC treatment. (C) Quantification showed that CDCs upregulate Kv4.3 expression (0.54 ± 0.05 in CDCs vs. 
0.38 ± 0.05 in PBS, P = 0.008). (D) The IKr-encoding transcript Kcnh2 was unchanged (log[fold change compared to control] –0.14 ± 0.43 in CDCs vs. 
–0.49 ± 0.68 in PBS, P = 0.352). (E) Western blots showed very heterogeneous but similar expression of the IKr protein, Kv11.1. (F) Expression levels of 
Kv11.1 were similar in quantification (0.59 ± 0.09 in CDCs vs. 0.62 ± 0.17 in PBS, P = 0.95). (G) The IK1-encoding transcript Kcnj2 was similarly expressed 
(log[fold change compared to control] 0.60 ± 0.43 in CDCs vs. 0.07 ± 0.29 in PBS, P = 0.054). (H) Expression of the IK1 protein, Kir2.1, was similar. (I) 
Quantification of Kir2.1 showed similar expression between the experimental groups (0.50 ± 0.02 in CDCs vs. 0.53 ± 0.05 in PBS, P = 0.91). *P < 0.05. 
n = 5 for transcript analyses, each group. n = 3 for Western blotting, each group. Error line indicates mean and standard deviation. Student’s t test 
was used for A, D, and G. Kruskal-Wallis test was used for C, F, and I.
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susceptibility to VA, due to electrophysiological changes at the cellular and organ levels, underlie at least 
some sudden deaths in HFpEF (12). To test this concept, however, larger-scale prospective studies, with 
ambulatory electrocardiographic recordings, will be required.

CDCs were first manufactured and identified as cardiac progenitor cells in 2007 (14). However, the 
therapeutic principles recruited by these cells are now recognized to transcend regeneration to include 
immunomodulatory, angiogenic, antiinflammatory, and antifibrotic effects (8, 19–22). In any given 
form of  pathology, a subset of  these effects may figure most prominently in CDCs’ disease-modify-
ing bioactivity. In HFpEF rats, antiinflammatory and antifibrotic effects of  CDCs underlie the rever-
sal of  diastolic dysfunction; other mechanisms play only a minor role (8). The antifibrotic effects of  
CDCs in this model have been reported; multiple profibrotic cytokines (e.g., TNF-α, IL-6, MCP-1, and 
TIMP-1) are overexpressed in HFpEF and decreased after CDC treatment (8). Here, we add reverse 
electrical remodeling to the effects of  CDCs; this antiarrhythmic mechanism underlies the treatment-
related decrease in VA, and possibly contributes to the prolongation of  survival. The present study 
further rationalizes translational studies of  CDCs in HFpEF, and also provides mechanistic insights 
into arrhythmogenesis in this poorly understood disease. Delayed repolarization has been postulated to 
be a cause of  VA in HF (23, 24), but successful interventions have been lacking, leading to mechanistic 
uncertainty. Here, we find that partial correction of  the repolarization abnormalities suppresses VA and 
prolongs survival, adding evidence linking repolarization to HF-related arrhythmias. APD dispersion 
and fibrosis play important roles as well. Interestingly, CDCs modify all 3 major mechanisms of  VA in 
HFpEF, producing synergistic benefits.

CDCs reverse adverse electrical remodeling by upregulating Ito, apparently at the transcriptional level. 
While elucidating the detailed mechanisms is beyond the scope of  this report, CDCs mediate most of  their 
effects via secreted exosomes (25, 26) and their RNA contents (27, 28). Thus, future mechanistic investigation 
of  the VA-suppressive effects of  CDCs will logically focus on dissection of  CDC exosomes and their contents.

Figure 6. CDCs attenuated fibrosis and prolonged survival in HFpEF rats. (A) Representative Masson’s trichrome staining of control, PBS-, and CDC-
injected hearts. (B) Fibrosis was significantly reduced in CDC-treated rats compared with PBS-injected animals (5.7% ± 1.9% in CDCs vs. 9.7% ± 1.9% in 
PBS, P = 0.018). (C) Survival analysis showed prolonged survival in CDC-treated rats compared with PBS rats (log-rank P = 0.035). (D) Cause-of-death analy-
sis showed a trend of decreasing sudden death rate. *P < 0.05. Error line indicates mean and standard deviation. n = 4 for fibrosis analysis, each group. n = 
13 in control, n = 23 in PBS, and n = 21 in CDC for survival analysis. Kruskal-Wallis test was used for B, and log-rank test was used for C.
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Study limitations. Our study has several limitations. First of  all, although this is arguably the best-vali-
dated preclinical HFpEF model, it does not reflect some of  the pathology seen in HFpEF patients. HFpEF 
is a disease associated with aging, so using young rats might not fully recapitulate the pathology of  old 
hearts. However, the hypertensive phenotype does reproduce another comorbidity associated with human 
HFpEF. It should also be emphasized that all rats included in this study had phenotypically verified HFpEF 
by echo. Second, the AI used here to quantify VA is a heuristic concept that is not directly applicable to 
human studies. Given that AI is heuristic, it is meant simply to stimulate interest as a means of  furthering 
investigation. Directional changes and group distributions are potentially informative, but the absolute val-
ues have no intrinsic meaning. Nonetheless, it provides a compact synthesis of  the salient responses to PES 
and thus helps to quantify arrhythmogenicity. Regardless of  AI, CDCs were able to reduce the duration 
of  VA, as quantified by the number of  VA beats. Third, the electrophysiologic properties of  the rat heart 
are known to be quite different from those of  human hearts. Nevertheless, QT prolongation is a feature of  
human HFpEF (16), hinting at a clinically relevant role for abnormal repolarization. Fourth, we have not 
established an unambiguous causal role for inducible VA in HFpEF-associated sudden death, nor have we 

Figure 7. Transcriptomic analyses. (A) Heatmaps show that the phenotypic changes in HFpEF rats affected by CDCs are 
accompanied by global changes in gene expression. (B) CDC treatment reverted the gene expression patterns of HFpEF 
rats toward those of control rats; some of the important signaling pathways are depicted (blue, inhibited; white, not clear 
from the database). (C) Summary changes of genes underlying diastolic dysfunction and action potential remodeling.
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documented a statistically significant decrease in sudden death in HFpEF rats treated with CDCs. How-
ever, our previous findings that VAs precipitate sudden death (13) suggest that the decreased sudden death 
risk might be explained by the antiarrhythmic effects of  CDCs.

Methods
Rodent HFpEF model. All the rodent protocols and experiments were approved by the Cedars-Sinai Med-
ical Center Institutional Animal Care and Use Committee. A DSS rat model of  HFpEF was employed 
as described previously (8, 12). In brief, male 7-week-old DSS rats (Charles River Laboratories) were 
fed a HS diet (AIN-76A + 8% NaCl with irradiation, Research Diets) to induce HFpEF (Figure 1A). 

Figure 8. Schematic summary of the study. In this study, we have demonstrated the reverse electrical remodeling of heart-derived cell therapy in a rodent 
model of HFpEF. CDCs attenuated inducible VA by shortening APD and increasing APD homogeneity. CDCs also reduced fibrosis, which can be potentially 
antiarrhythmic. The antiarrhythmic effects of CDCs further decreased sudden death risk and improved survival.
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DSS rats fed a NS diet (AIN-76A [0.3% NaCl] with irradiation, Research Diets) served as controls. 
Feeding was continued ad libitum until the end of  experiments. At 14–15 weeks of  age, transthoracic 
echocardiography was performed to measure systolic and diastolic function. Echo-verified (diastolic 
dysfunction with preserved EF) HS-fed rats with signs of  HF (decreased activity, weakness, shortness 
of  breath, weight loss or corporal edema) were diagnosed with HFpEF by 14–15 weeks old. PES was 
applied to measure baseline arrhythmogenicity.

Transthoracic echocardiography. Rats were anesthetized with 2% isoflurane for transthoracic echocardiog-
raphy (Vevo 3100, VisualSonics). Systolic function was measured by calculating EF (%) from the parasternal 
short axis view. Diastolic function was checked from the apical 4-chamber view by measuring E/A and E/E′ 
ratios. E and A waves were measured from the pulse wave Doppler mode between the tips of  the mitral valve 
(8, 29–31). E′ wave was measured from the tissue Doppler mode at the septal corner of  the mitral annulus 
(29). Color Doppler mode was used to measure diastolic parameters. Three images were averaged.

Programmed electrical stimulation. Rats were induced with 5% isoflurane and then intubated and con-
nected to the mechanical ventilator. Anesthesia was maintained with 2% isoflurane for PES. Core body 
temperature was kept at 36°C–38°C (rectal) with a heating lamp. ECG was monitored during the procedure 
with dual bio-amps (AD Instruments). A thoracotomy was performed, the pericardium was excised, and 
an electrode was placed into the apex. PES was performed using an electronic stimulator (PowerLab, AD 
Instruments) (12) with a drive train of  10 stimuli (S1, 5 V, 1-ms pulse width, and 100-ms interval), followed 
by 3 extrastimuli (S2, S3, and S4) (5 V and 1-ms pulse width). To quantify VA inducibility, we implemented 
an AI defined by the following formula: (number of  VA beats + [last extrastimulus coupling interval – 40])/
(square root of  [number of  extrastimuli]).

Injection of  CDCs versus PBS. CDCs were derived from a Sprague Dawley rat (Charles River Laborato-
ries) following standard protocols (Figure 1B). In brief, heart explants were plated on dishes coated with 
fibronectin. Once confluent after 7–10 days, explant-derived cells were detached with enzymes and cultured 
in poly-D-lysine–coated plates to support cardiosphere formation. After 3 days, cardiospheres were isolated 
and then plated on dishes coated with fibronectin. CDCs were subsequently expanded and passages 4 to 6 
were used for in vivo experiments. HFpEF rats were randomly assigned (using block randomization meth-
od) to allogeneic CDCs versus PBS by intracoronary injection (ventricular cavity injections during aortic 
cross-clamping for 20 seconds) (8, 32). We used 500,000 CDCs resuspended in 100 μl PBS (5% heparin and 
1% nitroglycerin) versus 100 μl PBS (5% heparin and 1% nitroglycerin).

Electrocardiography. ECG was recorded during PES with dual bio-amps (AD Instruments). PR inter-
val, QRS width, QT interval, and RR interval were measured and averaged on LabChart 7 software 
(AD instruments). QTc interval was calculated as QT interval (ms) divided by the square root of  the RR 
interval (seconds) (33).

Ex vivo optical mapping. Rats were anesthetized with 5% isoflurane, euthanized, and the heart was 
harvested. The ascending aorta was cannulated and retrogradely perfused in a Langendorff  apparatus 
with Tyrode solution (136 mM NaCl, 5.4 mM KCl, 0.33 mM NaH2PO4, 1.0 mM MgCl2, 10 mM HEPES, 
1.8 mM CaCl2, and 10 mM glucose). RH237 (Molecular Probes) was used to measure action potentials 
(0.05 mg in 50 ml Tyrode solution). Blebbistatin (Sigma-Aldrich) was used as an uncoupler to avoid 
motion artifacts (0.1 mg in 100 ml Tyrode solution). Images were acquired using a MiCAM05 Ultima-L 
CMOS camera (SciMedia) with filters (excitation 520/35 nm, dichroic 560 nm, emission 715 nm long-
pass). BV-Ana software (SciMedia) was used to calculate APD and dispersion.

Isolation of  cardiomyocytes. Rat ventricular cardiomyocytes were isolated for single-cell electrophysiology 
as described previously (14). In brief, heparin (4,000 IU per kg) was injected intraperitoneally 1 hour prior to 
harvesting the heart. Rats were euthanized by excising the heart. The heart was cannulated and retrogradely 
perfused with Ca-free Tyrode solution at 37°C. After 5 minutes of perfusion with Ca-free Tyrode solution, an 
enzyme solution containing type II collagenase (1.66 mg/ml, Worthington Biomedical) and type XIV protease 
(0.13 mg/ml, Sigma-Aldrich) in Ca-free Tyrode solution was perfused for 15–25 minutes to digest the heart. 
Following enzymatic digestion, hearts were perfused with Tyrode solution containing 0.2 mM CaCl2 for 5 
minutes. The left ventricle was excised, minced, and filtered (100 μm) to isolate ventricular cardiomyocytes for 
single-cell electrophysiology. Calcium chloride was gradually increased to a final concentration of 1.0 mM.

Whole-cell patch clamp. Isolated cardiomyocytes were placed in an experimental chamber on the stage of  
a Zeiss Axiovert 200 microscope. Patch electrodes were pulled from borosilicate glass (TW150F-4, World 
Precision Instruments) on a horizontal micropipette puller (P-97, Sutter Instruments). The fire-polished 
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electrodes were designed to have a resistance of  1–2 MΩ. An Axopatch 200B amplifier was used under 
the control of  pClamp 10 software and a Digidata 1440A PC interface (all from Molecular Devices). 
Tyrode solution was superfused at room temperature. Ito, IKr, and IK1 were measured using the whole-cell 
clamp configuration. The external solution contained (in mM) 136 mM NaCl, 5.4 KCl, 0.33 NaH2PO4, 1.0 
MgCl2, 10 HEPES, 10 glucose, 1.0 CaCl2, and 20 μM nifedipine. Final pH was adjusted to 7.4 by NaOH. 
The micropipette solution contained (in mM) 5.4 NaCl, 130 KCl, 1.0 MgCl2, 10 HEPES, 0.05 cAMP, 5 
MgATP, and 2.8 phosphcreatine, adjusted to a final pH of  7.2 by KOH. Ito and IKr were evoked by voltage 
steps from –60 to +60 mV in 10-mV increments lasting 3,000 ms after a 100-ms prepulse to –40 mV to 
inactivate Na channels. Ito amplitude was measured as the difference between the peak outward current and 
the current at the end of  the pulse. E4031 (1 μM, Sigma-Aldrich) was applied and currents were subtracted 
to calculate E4031-sensitive current as IKr. IK1 was evoked by voltage steps from –120 to +10 mV in 10-mV 
increments lasting 500 ms after a 100-ms prepulse. IK1 was measured as barium-sensitive current by subtrac-
tion (100 μM). Series resistance compensation (40% to 70%) was used and membrane currents sampled 
at 5 kHz were filtered at 2 kHz. Current density (pA/pF) was measured from the current amplitude (pA) 
divided by the membrane capacitance (pF).

Quantitative reverse transcriptase polymerase chain reaction. Heart tissues were stored in Allprotect Tissue 
Reagent (Qiagen). Total RNA was isolated from the apex using RNeasy Plus Universal Mini Kit (Qia-
gen) and cDNA was synthesized with 2 μg of  RNA using High Capacity RNA-to-cDNA Kit (Applied 
Biosystems). Primers were acquired from Abcam (Kcnd3, Kcnh2, Kcnj2, and Ldha). Reverse transcriptase 
polymerase chain reaction was performed with TaqMan Universal Master Mix II with UNG (Applied 
Biosystems). The following conditions were used: 50°C for 2 minutes (UNG incubation), 95°C for 10 min-
utes (polymerase activation), and 40 cycles of  95°C for 15 seconds (denaturation) and 60°C for 1 minute 
(annealing and extension). Cycle threshold (CT) value was standardized to the CT value of  Ldha (lactate 
dehydrogenase A). Fold change of  the mRNAs was calculated as 2–ΔΔCT compared with the control group 
and log scale of  fold change was utilized to compare expression levels of  the mRNAs.

Protein isolation and Western blot. Protein was isolated from heart tissues using Tissue Ruptor (Qiagen) 
with RIPA buffer and protease inhibitor (Thermo Fisher Scientific). Protein was quantified by Bradford 
Protein Assay (Bio-Rad). NuPAGE system was used for Western blotting (4%–12% Bis-Tris gradient gel, 
2-morpholinoethane [MES] sodium dodecyl sulfate [SDS] running buffer, transfer buffer, and Tris-buff-
ered saline [TBS] with Tween) (Life Technologies). Kv4.3 antibody (P0358), Kv4.2 antibody (P0233), and 
connexin 43 antibody (C6219) were acquired from Sigma-Aldrich. Kv11.1 (ab92513), Kir2.1 (ab109750), 
Kv1.4 (ab16718), KChIP2 (ab3473), and GAPDH (ab9483) antibodies were obtained from Abcam. Pri-
mary antibody (1:200–1:1,000) was incubated overnight with 3% bovine serum albumin at 4°C. Secondary 
antibody (horseradish peroxidase conjugated, 1: 20,000) was incubated for 90 minutes under 3% bovine 
serum albumin at room temperature. Immunoreactivity was detected by enhanced chemiluminescent sub-
strate (Thermo Fisher Scientific).

Masson’s trichrome staining. Mid-ventricular heart tissues were sectioned and stained per manufactur-
er’s protocol (Sigma-Aldrich). Fractional myocardial fibrosis (blue-gray pixels divided by total pixels) was 
quantified using ImageJ software (NIH).

Survival analysis. Rats were monitored at the vivarium at least 2 times per day by laboratory staff  blind-
ed to experimental group assignment, and followed up to 4 weeks after the injection of  CDCs versus PBS. 
Rats too sick to eat or drink were euthanized by recommendation from laboratory staff  per institutional 
animal welfare policy. Common reasons for protocol-mandated euthanasia were progressive weakness and 
continuous seizures (all of  seizing rats with more than 5 minutes of  continuous seizures were euthanized 
as per the protocol).

Next-generation RNA sequencing. Total RNA was isolated from left ventricular tissue by RNeasy kit (Qia-
gen). Sequencing was performed with Illumina NextSeq 500 for a single read of  75 runs. Differentially 
expressed genes were analyzed using the edgeR software. Genes showing altered expression of  P less than 
0.05 with greater than 1.5-fold changes were considered differentially expressed. The pathway and network 
analyses were performed using Ingenuity Pathway Analysis software (Qiagen).

Statistics. Continuous variables are shown as mean ± standard deviation (except for Ito, IKr, and IK1 
densities: mean ± standard error of  mean). Normal distribution was assessed using Kolmogorov-Smirnov 
test. Homogeneity of  variance was tested by Levene’s test. Continuous data were tested across groups with 
ANOVA, or where repeated measures over time with mixed-model regression. Residuals were inspected 



1 3insight.jci.org   https://doi.org/10.1172/jci.insight.121123

R E S E A R C H  A R T I C L E

to confirm model fit and lack of  outliers. Nonparametric testing was performed with Kruskal-Wallis test. 
Survival times were tested with log-rank test. In all cases, post hoc pair-wise testing was adjusted for 
multiple comparisons. Fischer’s exact test with FDR option was used to calculate the significance of  the 
canonical pathway. For all testing, a 2-tailed P value of  less than 0.05 was used to determine statistical 
significance. SAS v9.4 software was used for analysis.

Study approval. All the rodent protocols and experiments were approved by the Cedars-Sinai Medical 
Center Institutional Animal Care and Use Committee.
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