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Abstract

Enthusiasm for cell therapy for myocardial injury has waned due to equivocal benefits in clinical 

trials. In an attempt to improve efficacy, we investigated repeated cell therapy and adjunct renal 

denervation (RDN) as strategies for augmenting cardioprotection with cardiosphere-derived cells 

(CDCs). We hypothesized that combining CDC post-conditioning with repeated CDC doses or 

delayed RDN therapy would result in superior function and remodeling. Wistar–Kyoto (WKY) 

rats or spontaneously hypertensive rats (SHR) were subjected to 45 min of coronary artery ligation 

followed by reperfusion for 12–14 weeks. In the first study arm, SHR were treated with CDCs (0.5 

× 106 i.c.) or PBS 20 min following reperfusion, or additionally treated with CDCs (1.0 × 106 i.v.) 

at 2, 4, and 8 weeks. In the second arm, at 4 weeks following myocardial infarction (MI), SHR 

received CDCs (0.5 × 106 i.c.) or CDCs + RDN. In the third arm, WKY rats were treated with i.c. 

CDCs administered 20 min following reperfusion and RDN or a sham at 4 weeks. Early i.c. + 

multiple i.v. dosing, but not single i.c. dosing, of CDCs improved long-term left ventricular (LV) 

function, but not remodeling. Delayed CDC + RDN therapy was not superior to single-dose 

delayed CDC therapy. Early CDC + delayed RDN therapy improved LV ejection fraction and 

remodeling compared to both CDCs alone and RDN alone. Given that both RDN and CDCs are 

currently in the clinic, our findings motivate further translation targeting a heart failure indication 

with combined approaches.
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Introduction

The current paradigm for treating myocardial infarction (MI) is timely reperfusion. Unless 

reperfusion is prompt, ischemic and reperfusion-induced injury lead to scar formation, wall 

thinning, and adverse cardiac remodeling. Many strategies to reduce infarct size and provide 

long-term structural and functional benefit have failed [19]. Specifically, treatment with stem 

and progenitor cells has been optimistically pursued with the ultimate goal of cardiac 

regeneration. However, enthusiasm for cell-based therapies for cardiac injury has been 

stifled by inconsistent or undetectable benefits in single-dose clinical trials [8, 11, 28]. The 

lack of efficacy of cell therapy has been suggested to be due to poor engraftment of stem/

progenitor cells and the limitations of single-dose administration. Several lines of evidence 

suggest that repeated doses of transplanted cells result in enhanced myocardial protection or 

recovery [4, 10, 26]. Protection is likely due to the paracrine effects of the transplanted cells, 

which produce a host of protective factors [9, 13, 17]. Cell engraftment is limited and 

transient, at levels < 3% by 35 days, and regenerative capacity by canonical stem cell 

mechanisms is likely below levels that reach clinical significance [14].

Both cell therapy and renal denervation (RDN) have shown some promise, particularly in 

preclinical settings, but both have met setbacks in clinical testing [3, 15, 16, 23, 27, 30]. Cell 

therapy has been proposed as a means to offset loss of functional muscle, while RDN blocks 

secondary maladaptive autonomic pathways that perpetuate and exacerbate post-MI heart 

failure. Here, we investigated potential modalities for improving cell therapy following MI. 

First, we investigated the efficacy of repeated cell administrations. Secondly, because cell 

therapy and RDN target different steps in the pathophysiology of heart failure, we 

hypothesized that therapy with cardiosphere-derived cells (CDCs) during early reperfusion, 

coupled with delayed RDN, would provide more robust and durable effects on cardiac 

structure and function than either therapy alone. The advantage for combining cell therapy 

with RDN, as opposed to pharmacologic agents is that neither therapy requires pretreatment 

or dependence on patient adherence, increasing the clinical viability of the combination.

Here, we demonstrate, in a rodent model of MI, that treatment with CDCs soon after 

reperfusion has short-term benefits in systolic function, which attenuate over time. This 

improvement in function, however, is sustained with follow-up doses of i.v. infusions of 

CDCs. Moreover, while single-dose CDC administration soon after reperfusion only 

improves short-term function and has no impact on long-term remodeling, RDN prevents 

late-stage cardiac dilation and systolic dysfunction. When combined, we find that the two 

approaches lead to enhanced lasting improvements of systolic function, as well as salutary 

changes in structural remodeling.

Methods

Experimental animals

Male Wistar–Kyoto (WKY) rats or spontaneously hypertensive rats (SHR) 19–20 weeks of 

age (Charles River Laboratories) were used in the study. All animals were housed in a 

temperature-controlled animal facility with a 12-h light/dark cycle, with water and rodent 

chow provided ad libitum. All animals received humane care in compliance with the 
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Principles of Laboratory Animal Care formulated by the National Society of Medical 

Research and the Guide for the Care and Use of Laboratory Animals published by the NIH 

(8th Edition, Revised 2011). The LSUHSC New Orleans IACUC approved all animal 

procedures.

Myocardial ischemia/reperfusion

Myocardial ischemia–reperfusion was performed as described previously by our group [24]. 

Following 45 min of ischemia, rats underwent coronary reperfusion and were maintained on 

study for 12 or 14 weeks. During this time, cardiac structure and function were assessed 

using two-dimensional echocardiography. Animals were excluded from the study protocol if 

there was < 15% reduction in LVEF at 2 weeks in the SHR studies and < 10% reduction in 

LVEF at 2 weeks in WKY studies.

Cardiosphere-derived cell (CDC) administration

CDCs from WKY rats were derived, expanded, and prepared as previously described [7]. At 

20 min of reperfusion, the aorta was cross-clamped for 15 s during which time 0.5 × 106 

cells or PBS were injected with a 30-gauge needle into the LV lumen to achieve effective 

intracoronary delivery [12]. In the multiple dosing study, 1.0 × 106 cells or PBS were also 

injected with a 30-gauge needle into the tail vein at the 2, 4, and 8-week time points.

Radiofrequency renal denervation procedure

SHR and WKY were randomly divided into either a RF-RDN or sham-RDN group 4 weeks 

after ischemia–reperfusion. RF-RDN was performed as previously described [24].

Echocardiography

Prior to MI, baseline parasternal long-axis, two-dimensional and M-mode echocardiography 

was performed using MS250 13–24-MHz probe on a Vevo 2100 (Visualsonics) under 

anesthesia with isoflurane (1%) supplemented with 100% O2. Serial echocardiography was 

also performed in the same manner. LV end-diastolic dimension (LVEDD) and LV end-

systolic dimension (LVESD) were analyzed from EKV™ (ECG-Gated Kilohertz 

Visualization)-generated M-mode long-axis images. LV ejection fraction (LVEF) was 

determined using LV Trace from an EKV™-generated long-axis B-mode image.

Biofluorescence imaging

CDCs (1 × 106) were labeled with the liposomal dye DiD (ThermoScientific) and then 

delivered intravenously (tail vein infusion) following myocardial ischemia–reperfusion. Two 

hours later, organs (heart, lungs, liver, kidneys, spleen) were excised, rinsed in PBS, and then 

imaged for biofluorescence (Xenogen IVIS Lumina, PerkinElmer). CDC biofluorescence 

was normalized against organ-specific auto-fluorescence by acquiring CDC-treated and 

control organs within the same field.
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Left ventricular and arterial blood pressure measurements

At 14 weeks, LV end-diastolic pressure and carotid pressures were determined using a 

pressure catheter (Transonic Scisense Pressure Measurement system) under 1.0% isoflurane 

supplemented with 100% O2. Analysis was performed using LabChart Pro software.

Assessment of cardiac fibrosis

At the 12 or 14-week end points, hearts were arrested in diastole (potassium chloride), fixed 

in zinc formalin, embedded in paraffin, sectioned at one level, cut twice and stained for 

Masson’s trichrome to detect fibrosis. In a blinded fashion, the infarct area of LV was 

calculated as total fibrotic area/myocardium area × 100. Infarct expansion scores were 

determined in a blinded fashion (Alizee Pathology LLC, Thurmont, Maryland, USA) as 

previously described [25]. 0 = the solid fibrous scar has a well-defined external border 

without evidence of interstitial fibrosis extending into the surrounding myocardium. 1 = the 

solid fibrous scar has a well-defined external border with evidence of interstitial fibrosis 

extending slightly (up to ~ 300 μm) into the surrounding myocardium in few areas with most 

areas having 100 microns or less of border zone expansion. 2 = the solid fibrous scar has 

poorly defined external borders with interstitial fibrosis extending greater than 300 μm, but 

less than 500 μm in numerous areas surrounding the solid scar. 3 = the solid fibrous scar has 

poorly defined external borders with widespread extension of interstitial fibrosis (greater 

than 500 μm) in multiple areas surrounding the solid scar.

Kidney norepinephrine measurement

At the 14-week end point, kidney cortex was homogenized and norepinephrine levels were 

measured using ELISA technique according to the manufacturer’s recommendations 

(Abnova Co.)

Plasma angiotensin II and aldosterone measurements

At the 14-week end point, plasma concentrations of angiotensin II and aldosterone were 

determined using ELISA technique according to the manufacturer’s recommendations (Enzo 

Life Sciences).

Statistical analyses

All pooled data are expressed as the mean ± SEM. A repeated measure two-way ANOVA 

with matched values and Bonferroni post-test were used for echocardiography analyses. 

Multiple Mann–Whitney tests were used for ranked histological analysis. p values of < 0.05 

were considered statistically significant. Unmarked p values indicate no statistical difference 

between groups.

Results

Biodistribution of CDCs following i.v. dosing

Following MI/R, rats were infused intravenously with either PBS or CDCs (DiD-labeled, 1 × 

106). Organs were harvested 2 h later to examine CDC distribution in various organs 

following i.v. delivery. CDCs were primarily concentrated in the lungs and liver (Fig. 1b) 

Polhemus et al. Page 4

Basic Res Cardiol. Author manuscript; available in PMC 2020 April 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with ~ 3500-fold higher concentration of CDCs in the lungs than the heart. CDCs were 

undetectable in the kidneys at this time point.

Early i.c. CDCs + repeated i.v. CDC therapy has superior sustaining improvements on LV 
ejection fraction compared to single-dose i.c. CDCs

CDCs were administered at 20 min after reperfusion into the LV lumen under aortic cross-

clamp, or additionally by i.v. infusion at 2, 4, and 8 weeks following myocardial ischemia–

reperfusion injury in SHR (Fig. 1c). Single-dose injection of CDCs soon after MI yielded 

trending transient improvements in EF compared to control (Fig. 1d). In contrast, multiple-

dose treatment resulted in improvements in EF beginning as early as 4 weeks, and these 

benefits were maintained throughout the study (Fig. 1d). Delta EF relative to baseline values 

are shown in Supplemental Fig. 1a. Neither single- nor multiple-dose treatments of CDCs 

improved cardiac dilation; and all improvements in ejection fraction were due to a reduction 

in end-systolic dimensions compared to control (Fig. 1e, f).

Cardiac fibrosis following CDC therapy for myocardial infarction

Analysis of cardiac fibrosis at the study end point revealed that single i.c. injection of CDCs 

at reperfusion did not reduce cardiac fibrosis compared to PBS when quantified as total LV 

fibrosis, infarct zone fibrosis (LV free wall), or remote zone fibrosis (septal wall) in SHR 

(Fig. 2). However, multiple-dose treatment reduced total LV fibrosis compared to the PBS 

and single-dose treatment groups, reduced infarct zone fibrosis compared to the single-dose 

group, and lowered remote zone fibrosis compared to the PBS and single-dose groups (Fig. 

2). The remote protection distant from the infarct injury shows that repeated CDC therapy 

has cardioprotective actions which extend beyond tissue repair of ischemic myocardial cells.

Delayed CDC + RDN therapy improves ventricular function, but is not superior to delayed 
CDC treatment

CDC or CDC + RDN therapies were given at 4 weeks following myocardial ischemia–

reperfusion injury in SHR (Fig. 3a). Delayed single-dose i.c. injection of CDCs post-MI 

yielded lasting improvements in EF compared to control (Fig. 3b). Additionally, delayed 

CDC + RDN treatment resulted in lasting improvements in EF compared to control, but not 

beyond those of independent CDC therapy. LVEF improvements were observed as early as 

2–4 weeks after treatments. Delta EF relative to baseline values is shown in Supplemental 

Fig. 1b. Both CDC and CDC + RDN similarly improved LV end-systolic diameter compared 

to control (Fig. 3d). Neither CDCs alone nor CDC + RDN significantly mitigated cardiac 

dilation as measured by LV end-diastolic diameter, although there was a trending 

improvement in both treatment groups (Fig. 3c).

CDCs improve short-term ejection fraction, while RDN preserves long-term function

Given the lack of additional benefit of combining CDCs + RDN therapy at 4 weeks of 

reperfusion compared to single therapy, we modified the treatment protocol to administer 

CDCs early into reperfusion followed by RDN at 4 weeks post-reperfusion treatment time 

point in normotensive WKY rats (Fig. 4). CDC therapy alone, given 20 min into reperfusion, 

preserved LVEF through the 2-, 4-, and 8-week time points (Fig. 5a). However, by 14 weeks, 

Polhemus et al. Page 5

Basic Res Cardiol. Author manuscript; available in PMC 2020 April 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the systolic function improvements in CDC-treated WKY diminished such that LVEF was 

no longer significantly superior to PBS + Sham-RDN. Improvements in LVEF in the RDN-

treated rats were observed as early as 4 weeks after denervation and were maintained above 

the PBS + Sham-RDN-treated rats throughout the 14-week experiment. At 8 weeks, LVEF 

in CDC + RDN-treated rats trended to be superior to either CDCs or RDN alone. These 

differences were statistically significant by 14 weeks, when LVEF with combined CDC + 

RDN treatment was 22% and 30% greater than RDN and CDCs alone, respectively. Delta 

EF relative to baseline values is shown in Supplemental Fig. 1c.

RDN, but not CDC, therapy improves ventricular dilation following ischemic injury

Left ventricular dimensions at end diastole (Fig. 5b) and end systole (Fig. 5c) revealed that 

ventricular dilation in the CDC therapy progressed similar to the PBS + Sham-RDN-treated 

rats by the study end points. Conversely, RDN attenuated remodeling and statistical 

improvements compared to PBS + Sham-RDN and CDC + Sham-RDN were reached by 14 

weeks. There were no greater reductions in dilation in the CDC + RDN group compared to 

PBS + RDN, indicating that all improvements in remodeling were due to RDN treatment. 

Wall thickness, as measured by interventricular septal diameter at systole (IVSs), indicated 

that wall thickness was preserved in the CDC + Sham-RDN group through 8 weeks, but was 

lost by the 14-week end point (Fig. 5d). However, the CDC + RDN group had a significantly 

thicker IVSs at 14 weeks compared to CDC + Sham-RDN, indicating that the addition of 

RDN therapy preserved both structure and function compared to cell therapy alone.

Effects of RDN on the sympathetic nervous system

As we have previously reported, renal denervation exerts sustained effects on the renal 

sympathetic activation state following ischemia–reperfusion injury. PBS + RDN and CDC + 

RDN treatments equally reduced kidney norepinephrine levels (NE), which indicates 

equivalent reductions in renal sympathetic nerve activity (Fig. 6a). CDC + Sham-RDN failed 

to reduce kidney NE content below PBS + Sham-RDN levels, indicating that CDCs do not 

alter renal sympathetic nerve activity. In a similar fashion, PBS + RDN and CDC + RDN 

groups had significantly lower circulating angiotensin II levels compared to PBS + Sham-

RDN at 14 weeks (Fig. 6b). There was no difference in plasma angiotensin II concentrations 

between the PBS + Sham-RDN and CDCs + Sham-RDN groups. The alterations in 

angiotensin II levels resulting from RDN treatment did no extend to modifications in plasma 

aldosterone. There were no differences in aldosterone concentrations among study groups at 

14 weeks (Fig. 6c).

Arterial blood pressure and LV pressure following CDC and RDN

RDN was developed for and is currently used in clinical trials for the treatment of resistant 

hypertension [3]. Clinical studies have shown that RDN decreases systolic and diastolic 

blood pressure in both patients on and off antihypertensive medications [2, 16, 30]. 

However, we have previously demonstrated that in normotensive animals, RDN does not 

have any blood pressure-lowering effects or heart rate-altering effects [24]. In the present 

study, we confirmed that CDCs and RDN do not have any significant impact on arterial 

pressure in the setting of post-ischemic injury in normotensive WKY rats (Fig. 7a). 

Following ischemic injury, LV end-diastolic pressures rise, which can cause pulmonary 
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congestion. All treatment combinations reduced LVEDP compared to the control PBS + 

Sham-RDN group, but the combination of CDCs + RDN was not greater than either 

treatment alone (Fig. 7b).

Cardiac fibrosis following ischemic injury in CDC and RDN-treated rats

CDC and RDN treatments both independently reduced LV fibrosis area compared to the 

control PBS + Sham-RDN group (Fig. 8c). The combination of these treatments, however, 

did not further reduce cardiac fibrosis relative to the LV. Similarly, CDC and RDN 

independently inhibited infarct expansion, and comparable reductions were observed in the 

CDC + RDN-treated animals following ischemia–reperfusion injury (Fig. 8d).

Discussion

Cell therapy for cardiac injury, in particular heart failure following MI, has largely failed to 

meet early hopes and expectations of myocardial regeneration and long-term functional 

improvements. Although hotly debated, poor clinical efficacy is likely due, in part, to the 

inability of sufficient cell engraftment, poor cell survival, non-localized cell delivery, and/or 

improper dosing strategies [22].

We investigated multiple strategies for improving cell therapy effects on post-infarction 

function and remodeling. In this pursuit, we utilized a thoroughly investigated cell therapy 

product, CDCs, whose bioactivity and protective mechanisms have been elucidated by > 45 

independent laboratories [19]. CDCs secrete vesicles called exosomes, which are packed 

with signaling RNAs and proteins that modulate macrophages, fibroblasts, endothelial cells, 

and cadiomyocytes [6, 9, 18]. Modification of resident macrophages dampens the host’s 

innate immune response to ischemia–reperfusion injury and results in infarct size reduction 

[7, 19]. Late phase effects of CDCs include alteration in polarization of infiltrating 

macrophages, increased clearance of necrotic debris, and preservation of structural and 

functional myocardium [19]. Recently, CDCs have been tested in patients with LV 

dysfunction and a remote MI (> 1.5 months) in two distinct clinical trials (CADUCEUS 

[Cardiosphere-Derived Autologous Stem Cells to Reverse Ventricular Dysfunction] [21] and 

ALLSTAR [Allogeneic Heart Stem Cells to Achieve Myocardial Regeneration] [5]). In both 

trials, the cells were safe and showed signs of efficacy in improving LV structure and 

function post-MI, when delivered through the infarct-related coronary artery in chronically 

injured hearts.

In the first arm of the study, we examined the efficacy of repeated CDC therapy following 

MI (Figs. 1, 2). As has been consistent with numerous clinical trials, single CDC therapy, 

when given early into reperfusion, did not have lasting improvements on ventricular function 

or structure. Conversely, early CDC therapy followed with i.v. CDC doses at 2, 4, and 8 

weeks yielded lasting improvements on LV ejection fraction. This is an important finding 

because not only was a multiple administration strategy efficacious, but also it indicates that 

i.v. delivery of cells peripherally can lead to a biological response in the myocardium. 

Consistent with previous work, the major effect of the second injections of CDCs appears to 

be maintenance of benefit, rather than incremental improvement [26]. Additionally, multiple 

doses of CDCs reduced cardiac fibrosis in the infarct zone as well as the remote zone of the 
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LV. This attenuation of fibrosis was not observed in the single-treatment group. These 

findings have far reaching clinical implications for patients who may be able to receive cell 

therapy efficaciously in a far less invasive i.v. delivery.

The sympathetic nervous system contributes to the pathophysiology of cardiac remodeling 

and failure in post-MI patients [31]. Because of this, drugs that regulate downstream effects 

of the sympathetic nervous system (i.e., beta blockers, ACE inhibitors, ARBs) are regularly 

used, with much success, in this patient population. These drugs have several limitations, 

including off-target side effects, significant cost burden, and patient non-adherence. 

Meanwhile, their 5-year mortality rate is at an inadequate rate of 50%. We have previously 

explored the use of RDN as a means to dampen SNS activity in ischemia-induced heart 

failure and potentially replace or supplement current HF pharmacotherapies on the market. 

We found that delayed RDN therapy has lasting improvements on LV function and structure, 

augments protective circulating natriuretic peptide levels, and reduces cardiac fibrosis [25, 

29]. The protective actions of RDN are independent of blood pressure lowering effects. 

These findings were reaffirmed in the present study that illustrates that RDN has lasting 

effects on LVEF and cardiac dilation, with sustained reductions in renal sympathetic nerve 

activity. Because there is no evidence of CDCs, or cell therapy, modulate the pathological 

actions of the sympathetic nervous system in HF, we proposed combining these 

complementary treatment strategies that are less susceptible to patient non-adherence.

We first examined the combination of delayed CDC therapy at the same time as delayed 

RDN following myocardial ischemia–reperfusion injury (Fig. 3). This protocol mimics a 

treatment regimen for a heart failure patient suffering from chronic heart failure. In this 

model, single-dose CDCs that were delivered 4 weeks following reperfusion resulted in 

preserved LV function compared to the declining LVEF in the HF control group. However, 

the addition of RDN with CDC therapy, when both given at 4 weeks, did not further improve 

cardiac function beyond CDC treatment levels. Due to the lack of efficacy of the 

combination therapy, we next explored an alternative strategy.

In the third arm, we delivered CDCs 20 min into reperfusion in an attempt to recruit early 

cardioprotection (Figs. 4, 5, 6, 7, 8). CDC treatment had early benefits on EF (up to 8 

weeks), but the benefit was lost by 14 weeks. Interestingly, CDCs did not prevent LV 

dilation at any time point. Despite this, CDC treatment alone reduced myocardial fibrosis as 

effectively as any of the other active treatments, indicating a disconnect between cardiac 

fibrosis and remodeling. CDC-treated rats had significantly improved LVEDP compared to 

the PBS + Sham-RDN group indicating long-term improvements in diastolic function, but 

only short-term improvements in systolic function. Given the efficacy of CDCs to prevent 

immediate decline in cardiac function following ischemic injury, we investigated combining 

this post-conditioning treatment with another single-procedure therapy that maintains 

cardiac function and structure following ischemic injury: RDN [25]. The reduction of 

cardiac fibrosis by single CDC therapy can be contrasted to the lack of reduction in fibrosis 

by single CDC therapy in the first arm of the study. In the first arm we utilized a 

hypertensive SHR, while in the third arm, we utilized a normotensive WKY. It is possible 

that the pathological effects of long-standing hypertension underline this discrepancy, 
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however, further studies are required to examine the role of hypertension on cell therapy 

efficacy.

Combining these therapies targets the early inflammatory response as shown in previous 

CDC MI studies [7, 26] that contributes to infarct development, and also mitigates the later-

phase detrimental effects of the SNS on cardiac structure and fibrosis. Previous preclinical 

studies report that CDCs improve cardiac function and structure, but the tested ischemia–

reperfusion protocols do not extend to 14 weeks as was the case in the present study [6, 7, 

9]. We found, in fact, that early CDC therapy did not improve long-term ventricular dilation 

following MI. Moreover, systolic function, as quantified by LVEF, was not significantly 

superior to the PBS + Sham-RDN control group at this 14-week end point, indicating that 

CDC therapy is not independently sufficient for improving long-term cardiac performance. 

Alternatively, RDN mitigated MI-induced LV dilatation and preserved EF above PBS + 

Sham-RDN at all time points following treatment. The combination of CDCs + RDN did not 

further reduce dilation compared the PBS + RDN, indicating that improvements in 

remodeling were independently due to RDN. However, the combination of CDCs and RDN 

improved LVEF beyond either treatment alone. All treatments equally reduced total cardiac 

fibrosis and infarct expansion, demonstrating that fibrosis reductions were not the cause of 

late term improvements in EF and dilation. We propose that the early infarct-reducing, anti-

inflammatory actions of CDC therapy coupled with sympathetic modulation of maladaptive 

changes with RDN (Fig. 5) resulted in lasting effects on systolic function and remodeling 

that were not seen with either independent therapy.

The present study has several limitations. The first is the sequence and timing of treatments. 

Given the technical complexity of performing RDN and intracoronary delivery of CDCs in 

the presence of aortic cross-clamping, we were not able to administer both therapies during 

myocardial ischemia (i.e., early upon reperfusion). Instead, we either performed both 

procedures at 4 weeks following reperfusion when the animals were relatively stable or 

delivered CDCs early upon reperfusion when the chest was open and then performed RDN 

at 4 weeks following reperfusion. It is possible that treating with CDCs and RDN 

simultaneously at the time of reperfusion could prove highly effective to attenuate the 

development of heart failure with reduced ejection fraction. Future studies are required to 

thoroughly examine and optimize the various combinations and timing; however, it is 

important to note that, clinically, both treatments can be administered via minimally invasive 

endovascular techniques and have the potential to be performed during the same 

percutaneous procedure. Another limitation of the current study is that these experiments 

were performed in a rodent model of myocardial injury without concomitant cardiovascular 

diseases or risk factors, aside from hypertension in the studies using SHR. In the first two 

arms, we utilized the SHR to more closely mimic multifactorial cardiovascular disease state 

and investigate cell therapy efficacy in hypertension. We then utilized normotensive WKY 

rats in the third arm to reaffirm our previous work detailing that improvements in LV 

function and remodeling following RDN therapy is blood pressure independent and not 

strictly due to ventricular unloading. Hemodynamics and cardiomyocyte signaling, 

particularly beta-adrenergic signaling, is different in WKY and SHR [1, 20]. Therefore, 

there may be mechanistic differences associated with remodeling changes in the studies 

using SHR and WKY rats. Although large animal and clinical results attest to the safety and 
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efficacy of CDCs and RDN therapies individually [9, 19], large animal studies are required 

the confirm our present findings with combined therapy. This is an essential step for the 

proper translation of these findings because a clinical, endovascular RDN catheter may 

perform differently from the extravascular radiofrequency RDN technique used here. The 

major objective of the current study was to see if there were additive or synergistic effects of 

the two therapies. Follow-up studies will focus on mechanistic causes of early versus late 

remodeling differences between the two therapies.

We have introduced an alternative approach for improving cell therapy following MI. 

Specifically, we report the superiority of early i.c. delivery in combination with a repeated 

i.v. dosing regimen with cardiac-derived stem cells compared to single-dose i.c. treatment. 

We also investigated, for the first time, the combination of CDC cell therapy with RDN. Our 

findings reveal that CDCs improve early systolic function, while RDN maintains late-stage 

function and remodeling. Interestingly, when both therapies were given, LVEF was 

maintained at a higher level than either CDCs or RDN alone. Given the numerous 

limitations of current HF pharmacotherapies, we propose that combining these strategies 

may have therapeutic potential in treating post-infarction injury to attenuate cardiac 

remodeling and HF progression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
a Cardiosphere-derived cell (CDC) biodistribution following MI/R. Representative 

biofluorescence images of organs harvested from rats treated intravenously with PBS or 

CDCs (DiD-labeled; 1.0 × 106) 2 h into reperfusion. b Quantification of total CDC 

biofluorescence relative to control tissue (n = 4). c Ischemic heart failure protocol. 

Myocardial ischemic reperfusion injury protocol in SHR. Rats were subjected to 45 min of 

coronary artery ligation followed by 12 weeks of reperfusion. SHR were treated with either 

PBS or 0.5 × 106 CDCs via intracardiac delivery with aortic cross-clamp 20 min into 

reperfusion. SHR were then treated with either PBS or 1.0 × 106 CDCs via tail vein injection 

at 2, 4, and 8 weeks. d LV ejection fraction, e LV end-diastolic dimensions, and f LV end-

systolic dimensions. Mean is represented as ± SEM. *p < 0.05 compared to PBS, **p < 0.01 

compared to PBS, ***p < 0.001 compared to PBS, and ****p < 0.001 compared to PBS

Polhemus et al. Page 13

Basic Res Cardiol. Author manuscript; available in PMC 2020 April 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Cardiac fibrosis at 12 weeks following ischemic injury in SHR. a Representative images 

stained with Masson’s trichrome of the mid-ventricular short axis LV, free wall (ischemic 

zone) and the remote zone of the septum. b Total LV, LV free wall, and septal fibrosis in the 

PBS, CDCs i.c., and CDCs i.c. + CDC i.v. Doses groups. Mean is represented as ± SEM. *p 
< 0.05 compared to PBS and **p < 0.01 compared to PBS
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Fig. 3. 
a Ischemic heart failure protocol. Myocardial ischemic reperfusion injury protocol in SHR. 

Rats were subjected to 45 min of coronary artery ligation followed by 14 weeks of 

reperfusion. SHR were treated with either PBS or 0.5 × 106 CDCs via intracardiac delivery 

with aortic cross-clamp 4 weeks into reperfusion. SHR were also treated with either Sham-

RDN or bilateral radiofrequency RDN at 4 weeks into reperfusion. b LV ejection fraction, c 
LV end-diastolic dimensions, and d LV end-systolic dimensions. Mean is represented as ± 

SEM. *p < 0.05 compared to PBS, **p < 0.01 compared to PBS, and ***p < 0.001 

compared to PBS
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Fig. 4. 
Ischemic heart failure protocol. Myocardial ischemic–reperfusion injury protocol in WKY 

rats. Rats were subjected to 45 min of coronary artery ligation followed by 14 weeks of 

reperfusion. WKY rats were treated with either PBS or 0.5 × 106 CDCs via intracardiac 

delivery with aortic cross-clamp 20 min into reperfusion. WKY rats were then treated with 

either Sham-RDN or bilateral radiofrequency RDN at 4 weeks into reperfusion
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Fig. 5. 
Cardiac structure and function following CDC and RDN therapy in WKY rats. a LV ejection 

fraction, b LV end-diastolic dimensions, c LV end-systolic dimensions, and d 
intraventricular septal diameter at systole. Mean is represented as ± SEM. *p < 0.05, **p < 

0.01, ***p < 0.001, and ****p < 0.0001 between groups
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Fig. 6. 
Renal sympathetic tone in Sham-RDN and RDN-treated WKY rats 8 weeks after treatment. 

a Kidney norepinephrine content, b plasma angiotensin II and c plasma aldosterone levels at 

the 14-week time point. Mean is represented as ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, 

and ****p < 0.0001 between groups
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Fig. 7. 
Hemodynamics and ventricular pressures in WKY rats at 14 weeks. a Carotid artery mean 

arterial pressures and b LV end-diastolic pressures at the 14-week end point. Mean is 

represented as ± SEM. *p < 0.05 compared to PBS
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Fig. 8. 
Cardiac fibrosis following ischemic injury in WKY rats. Representative images in LV 

stained with Masson’s trichrome of the a mid-ventricular short axis and b the solid fibrous 

infarct (I) and the infarct expansion zone (dotted lines with arrows) at 14 weeks following 

myocardial infarction in animals treated with PBS + Sham-RDN, PBS + RDN, CDCs + 

Sham-RDN, and CDCs + RDN. c Total LV fibrosis relative to the LV and d infarct 

expansion score. Mean is represented as ± SEM. *p < 0.05, **p < 0.01 compared to PBS
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