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Abstract

Background: Cancer patients receiving anthracycline-based chemotherapy (Anth-bC) may 

experience early cardiac fibrosis, which could be an important contributing mechanism to the 

development of impaired left ventricular (LV) function. Substance P, a neuropeptide that 

predominantly acts via the neurokinin 1 receptor (NK-1R), contributes to adverse myocardial 

remodeling and fibrosis in other cardiomyopathies. We sought to determine if NK-1R blockade is 

effective against doxorubicin (Dox – a frequently used Anth-bC)-induced cardiac fibrosis and 

cardiomyocyte apoptosis. In addition, we explored the direct effects of Dox on cardiac fibroblasts.

Methods: Male Sprague-Dawley rats were randomized to receive saline, six cycles of Dox (1.5 

mg Dox/kg/cycle) or Dox with an NK-1R antagonist (L732138, 5 mg/kg/daily through Dox 

treatment). At 8 weeks after the initial dose of Dox, LV function and histopathological myocardial 

fibrosis and cell apoptosis were assessed. Collagen secretion was measured in vitro to test direct 

Dox activation of cardiac fibroblasts.

Results: Rats undergoing Dox treatment (9 mg/kg cumulative dose) developed cardiac fibrosis 

and cardiomyocyte apoptosis. NK-1R blockade partially mitigated cardiac fibrosis while 
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completely preventing cardiomyocyte apoptosis. This resulted in improved diastolic function. 

Furthermore, we found that Dox had direct effects on cardiac fibroblasts to cause increased 

collagen production and enhanced cell survival.

Conclusions: This study demonstrates that cardiac fibrosis induced by Anth-bC can be reduced 

by NK-1R blockade. The residual fibrotic response is likely due to direct Dox effects on cardiac 

fibroblasts to produce collagen.
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INTRODUCTION

Left ventricular (LV) dysfunction and heart failure (HF) in patients undergoing 

anthracycline-based chemotherapy (Anth-bC) limits the use of this otherwise effective class 

of anticancer drugs[1–3], which remain an essential curative component of treatment 

regimens for several tumor types including lymphoma and soft tissue sarcomas, and is a 

common adjuvant treatment for breast cancer[4]. Traditionally, the cardiotoxic effects of 

Anth-bC have been attributed to cardiomyocyte apoptosis due to DNA damage by 

topoisomerase 2β and formation of reactive oxygen species[5, 6]. However, cardiac 

extracellular matrix remodeling (cardiac fibrosis) represents an additional important 

mechanism contributing to impaired LV function and adverse outcomes after cancer 

treatment[7–9].

To this end, we have previously shown that substance P (SP) – an 11 amino acid 

neuropeptide found in sensory nerves, including the heart – exerts pro-fibrotic effects and 

induces adverse remodeling[10]. SP exerts its biological actions mainly via the neurokinin 1 

receptor (NK-1R), which is found on cardiomyocytes[11], cardiac fibroblasts[10], and 

coronary endothelial cells[12]. We have reported that NK-1R blockade reduces cardiac 

remodeling including fibrosis, and improves cardiac function in animal models of pressure 

and volume overload[10, 13]. While NK-1R blockade reduces Anth-bC-induced 

cardiomyocyte apoptosis in vitro[14], it still remains unknown whether there is a role for the 

NK1-R in Anth-bC-induced cardiac fibrosis. Accordingly, in this study, we used a rat model 

of doxorubicine (Dox) induced cardiotoxicity that uses sequential cycles of chemotherapy, 

similar to the chronic repetitive dosing strategy used clinically in humans, to determine 

whether NK-1R blockade is effective against: 1) Dox-induced LV dysfunction and 

remodeling; 2) cardiac fibrosis; and 3) cardiomyocyte apoptosis in vivo. In addition, we 

explored the possibility that Dox acts directly on cardiac fibroblasts to contribute to cardiac 

fibrosis.

MATERIALS AND METHODS

Animals

All animal studies conformed to the principles of the National Institutes of Health, Guide for 
the Care and Use of Laboratory Animals and all protocols were approved by Wake Forest 

University Animal Care and Use Committee. Adult male 8 week old Sprague-Dawley rats 
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were housed under standard environmental conditions and maintained on commercial rat 

chow and tap water ad libitum. Rats were anesthetized with 2 % inhaled isoflurane for intra-

peritoneal (IP) Dox administration (Figure 1). At experimental endpoint, euthanasia was 

performed by removal of the heart following IP injection of sodium pentobarbital (50 mg/

kg).

In vivo Studies

Rats were randomized into 3 groups: 1) Saline, 2) Dox + Saline and 3) Dox + L732138 

(Figure 1). The Dox regimen consisted of 1.5 mg/kg/week IP by a single injection, with a 

week of rest between every two doses, for an overall treatment period of 8 weeks after the 

initial Dox dose. Thus, the total cumulative dose administered across the 8-week period was 

9 mg/kg. The Saline group received a weekly 0.5 ml saline IP injection with a week of rest 

every two doses for 8 weeks and served as the age-matched untreated control group 

(Group1). Treatment with the NK-1R antagonist L732138 (5 mg/kg/d diluted in saline and 

administered by daily oral gavage) was initiated 1 week prior to initiation of chemotherapy 

and continued for 8 weeks after the initial Dox dose (Group 3). The dosage of L732138 was 

based on our previous studies[10]. Dox treated rats were gavaged with saline (vehicle) as the 

Dox untreated group (Group 2, Dox + Saline). At the experimental endpoint and following 

euthanasia, the heart was removed and the LV separated from the right ventricle (RV) and 

the atria with the individual weights recorded. A transverse mid-section of the LV was fixed 

in 4% paraformaldehyde. Lung weight was also obtained after the removal of the trachea, 

with the pleural surface blotted dry. Additional methods for echocardiographic evaluation, 

histopathological assessments of cardiac fibrosis, cardiomyocyte apoptosis and cross-

sectional areas, as well as in vitro studies can be found in Supplemental Materials.

Statistical Analyses

Results are presented as mean ± SEM. Group differences were determined by one-way 

ANOVA with Tukey’s correction; p values of ≤0.05 were considered significant. All 

analyses were performed using Graph Pad Prism version 7 for Windows (San Diego, CA).

RESULTS

Biometric and echocardiographic parameters

Results for delta body weight (BW, pre-necropsy BW - initial BW), LV, RV and lung 

weights are displayed in Table 1. Rats receiving Dox exhibited less BW gain over the 

experimental period; this was accentuated by treatment with L732138. LV mass trended to 

be decreased in rats treated with Dox, however it did not reach statistical significance. On 

the other hand, rats treated with Dox and the NK-1R antagonist had significantly lower LV 

mass. In contrast, when LV mass was indexed to BW (LV/BW), both groups of Dox treated 

rats exhibited significantly higher LV mass. Lung weights did not change among groups. 

However, after lung weights were indexed to BW, lung weights were significantly higher in 

both Dox treated animal groups. RV weights were significantly lower in rats treated with 

Dox and Saline and this was further accentuated by treatment with the NK-1R antagonist. 

However, there were no statistical differences between groups when RV weights were 

normalized to BW. Echocardiographic parameters are displayed in Table 2 and Figure 2. No 
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differences in LV mass, LVIDd or IVSd were observed between groups. However, LVPWd 

tended to be decreased in rats treated with Dox and was significantly lower in rats treated 

with Dox and the NK-1R antagonist. LV ejection fraction (EF) tended to be decreased in rats 

treated with Dox + Saline and Dox + NK-1R antagonist compared to rats treated with Saline 

alone. However, it did not reach statistical significance (Saline: 80.1 ± 1.9 % vs. Dox + 

Saline: 69.5 ± 3.3 %, p=0.08; Saline vs. Dox + L732138: 69.5 ± 3.3, p=0.06, Figure 2A). LV 

fractional shortening (FS) tended to be decreased in the Dox + Saline group compared to the 

control Saline group, however the effect was not statistically significant (Saline: 50.3 ± 1.9 

% vs. Dox + Saline: 40.8 ± 2.8 %, p=0.06, Figure 2B). On the other hand, animals treated 

with the NK-1R antagonist exhibited significantly lower LVFS compared to those treated 

with Saline (Saline vs. Dox + L732138: 40.9 ± 2.6 %, p=0.04, Figure 2B). Doppler-derived 

LV filling pressure as determined by E/e’ was significantly increased by Dox treatment 

(Saline: 15.4 ± 0.9 vs. Dox + Saline: 26.3 ± 2, p=0.0005, Figure 2C) and normalized by 

administration of L732138 (Dox + Saline vs. Dox + L732138: 16.8 ± 1, p=0.009, Figure 

2C).

Collagen Volume Fraction

Dox treatment induced a significant increase in collagen deposition in the LV consistent with 

interstitial cardiac fibrosis (Figure 3A and B). Treatment with the NK-1R antagonist 

ameliorated, but did not completely prevent collagen deposition induced by Dox treatment 

(Figure 3A and B).

Cardiomyocyte Cross-Sectional Area

We measured cardiomyocyte cross-sectional area in WGA stained LV sections to assess 

effects of Dox an cardiomyocyte size (Figure 3C). Treatment of rats with Dox did not affect 

cardiomyocyte cross-sectional area. Similarly, L732138 did not alter cross-sectional area.

Apoptosis

Dox treatment led to a 12-fold increase in the percent of TUNEL-positive cells in LV tissue 

(Figure 4A and B, Saline: 2.9 ± 0.9 % vs. Dox + Saline: 34.2 ± 4.14 %, p<0.001). More 

specifically, cardiomyocyte apoptosis was significantly increased by Dox (Figure 4C), 

however, apoptosis of interstitial cells was not (Figure 4D). NK-1R blockade reduced the 

percent of TUNEL-positive cells to 11.2 ± 1.9 % (Figures 4A and B), which did not differ 

from saline treated hearts (p=0.12).

Isolated Cardiac Fibroblasts Up-regulate Collagen Secretion in Response to Dox

To determine whether Dox directly induces activation of cardiac fibroblasts, we exposed 

isolated adult LV fibroblasts to increasing concentrations of Dox in vitro. We found a dose-

dependent increase in secretion of hydroxyproline (collagen) as shown in Figure 5A.

Cardiac Fibroblast Viability

Isolated cardiac fibroblasts exposed to low and intermediate concentrations of Dox (1 and 3 

μM) exhibited increased cell viability compared to vehicle treated cells (Figure 5B, p<0.05); 
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those exposed to high Dox concentration (10 μM) exhibited a preserved cell viability 

compared to vehicle (p=0.31).

DISCUSSION

Our current study evaluates the effects of Dox treatment on the cardiac extracellular matrix 

(ECM) and its main regulating cell, the cardiac fibroblast and tests the effectiveness of 

NK-1R blockade in mitigating ECM and cardiac remodeling in response to Dox. Our results 

indicate: 1) interstitial cardiac fibrosis is established after the administration of a cumulative 

dose of 9 mg/kg of Dox; 2) treatment with an NK-1R antagonist partially mitigates cardiac 

fibrosis; 3) Dox also directly activates isolated cardiac fibroblasts to produce collagen; 4) 

Dox induces apoptosis in cardiomyocytes but not in cardiac fibroblasts, which preserve their 

viability both in vitro and in vivo; and 5) NK-1R blockade prevents cardiomyocyte apoptosis 

in vivo.

The molecular and cellular mechanisms of Dox-induced cardiotoxicity are multi-factorial 

and to date there are few effective strategies to prevent, predict and treat LV dysfunction in 

this otherwise effective cancer treatment. An important limitation of the current 

understanding of how Dox damages cardiac tissue is that the proposed mechanisms – DNA 

damage through topoisomerase 2β and oxidative stress – are focused exclusively on one cell 

type; the cardiomyocyte. Recently, cardiovascular magnetic resonance (CMR) measures of 

LV myocardial extracellular volume (ECV) fraction, which often represent cardiac 

fibrosis[15], are elevated in patients early after the initiation of Anth-bC[7]. ECV is also 

elevated in long term cancer survivors predominantly treated with Anth-bC, and is 

independent of other risk factors and cardiovascular comorbidities[8, 16]. Notably, increased 

ECV and histopathologic cardiac fibrosis, but not decreases in ejection fraction, predicted 

the late Anth-bC-induced mortality, in a mouse model of cardiotoxicity[17]. In other 

etiologies of heart failure, LV interstitial fibrosis contributes to LV dysfunction[7, 8]. Since 

fibrosis is one of the main contributors to impaired LV relaxation and filling[18], and is an 

important predictor of heart failure[19], understanding the underlying mechanisms by which 

Dox results in ECM remodeling, is important in uncovering novel and effective treatment 

strategies.

We have previously demonstrated that SP and the NK-1R modulate adverse myocardial and 

ECM remodeling in the hypertensive[10] and volume overloaded heart[13]. Similarly, others 

have shown the role of SP in the pathogenesis of myocarditis[20, 21] and magnesium-

deficiency LV remodeling[22], including erlotinib-induced hypomagnesemia and cardiac 

dysfunction[23]. Interestingly, SP is known to mediate chemotherapy-induced nausea and 

vomiting (including Anth-bC) after binding to the NK-1R in the abdominal vagus and 

brainstem (nucleus tractus solitaries)[24]. Hence, we hypothesized that the SP/NK-1R axis 

may also be upregulated peripherally in cardiac sensory nerves and cardiac cells, mediating 

cardiac fibrosis after Anth-bC treatment. Therefore, an NK-1R antagonist could mitigate the 

development of cardiac fibrosis and diastolic dysfunction in this setting.

We tested our hypothesis by creating a clinically relevant rat model of Dox-induced cardiac 

fibrosis, designed to closely resemble a typical chemotherapy regimen (Figure 1). As shown 
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in Figure 3, the establishment of cardiac fibrosis occurred after rats received a total 

cumulative dose of 9 mg/kg. These observations are consistent with our prior findings in a 

cohort of individuals undergoing cardiotoxic chemotherapy, in which expansion of the LV 

ECV is prominently observed early in individuals receiving Anth-bC with a cumulative dose 

of 375±0.56 mg/m2 (~8–10 mg/kg)[7]. Rats treated with the NK-1R antagonist (L732138) 

exhibited a reduction in cardiac fibrosis by approximately 50%, and had normal Doppler-

derived transmitral early filling-to-mitral annular velocity ratio (E/e’), indicative of 

improved diastolic function (Figure 2C). This finding of a partial reduction in fibrosis by 

NK-1R blockade was somewhat intriguing because NK-1R blockade had completely 

prevented cardiac fibrosis in the hypertensive rat heart, while deletion of the SP gene 

completely prevented ECM remodeling in mice[13].

Since NK-1R blockade only partially mitigated cardiac fibrosis, it was essential to elucidate 

whether Dox treatment also exerted a direct effect on cardiac fibroblasts. We treated isolated 

adult cardiac fibroblasts with increasing concentrations of Dox and measured 

hydroxyproline levels in the media as a marker of collagen release. We found a dose-

dependent secretion of collagen (Figure 5A), independent of cell proliferation (Dox 10 μM, 

Figure 5B). We also considered the possibility that Dox could cause SP secretion by isolated 

adult cardiac fibroblasts, which could in turn promote collagen production. However we 

could not detect SP in the media (data not shown), ruling out an autocrine SP effect in 

response to Dox. Our novel findings represent a new dimension in our understanding of 

Anth-bC-induced cardiotoxicity and underscores the fact that cardiac fibrosis in this setting 

is not only the result of cardiomyocyte death and replacement fibrosis. We conclude that 

cardiac fibrosis induced by Dox may be the result of multiple, non-mutually exclusive 

mechanisms that involve direct activation of cardiac fibroblasts and the NK-1R.

Amelioration of cardiac fibrosis by NK-1R blockade occurred in conjunction with 

prevention of cardiac cell apoptosis (Figure 4A and B), which was accounted for by 

cardiomyocyte apoptosis and not apoptosis of interstitial cells. This finding is consistent 

with the report by Robinson et al., showing that pretreatment of a cardiomyocyte cell line 

(H9C2) with the NK-1R antagonist aprepitant, increased cell viability after Dox treatment 

and decreased apoptotic cell death[14]. The lack of apoptosis observed in interstitial cells in 
vivo supports our in vitro findings with cultured cardiac fibroblasts where viability was 

preserved in the presence of Dox in these cells (Figure 5B). This is extremely interesting 

because it reveals a divergent cell-specific response where Dox induces cardiomyocyte 

apoptosis (death), while increasing fibroblast viability leading to increased ECM production 

and secretion. Interestingly, prevention of cardiomyocyte apoptosis by NK-1R blockade in 
vivo did not prevent the overall development of cancer therapeutics-related cardiac 

dysfunction which is defined by an LVEF drop of >10 percentage points[25]. These findings 

further support the notion that cardiomyocyte death may not be the main cause of Anth-bC 

LV systolic dysfunction and that those spared cardiomyocytes may still have a variety of 

toxicities (e.g. mitochondrial dysfunction, atrophy, loss of myofibers, calcium channel 

abnormalies) that ultimately impair their contractile capacity.

In cancer patients, LV mass index is inversely associated with the anthracycline dose and is a 

predictor of cardiovascular events[26]. In our study, LV weight (at necropsy) decreased with 
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Dox treatment and was not affected by NK-1R blockade. On the other hand, after 

normalizing the LV weight to BW to account for BW loss, we found that a significantly 

increased the LV mass. In order to clarify whether this was the result of cardiomyocyte 

hypertrophy, cardiomyocyte cross-sectional area was evaluated. We found no overt changes 

between the groups (Figure 3C). These discrepancies between our rat study and patients 

could be due to the fact that our rats do not have cancer. Post-mortem studies of cancer 

patients and rodent models of cancer cachexia show characteristics of cardiac wasting or 

atrophy, as well as a decrease in LV weight and thinning of septal, interventricular and 

posterior walls by echocardiography[27, 28]. Rodent models of Dox-induced cardiotoxicity 

have shown conflicting data, with some demonstrating cardiomyocyte atrophy while other 

have shown hypertrophy[29, 30]. Moreover, our results and previous observations suggest 

that LV remodeling in response to Dox may vary depending on the model used, sex and 

underlying pathological co-morbidities. These are all issues for future studies to address.

The results of our study have important clinical implications. First, to date, the majority of 

studies have focused on cardiomyocyte injury as the main cause of cardiac dysfunction after 

Anth-bC. The results of our study strongly suggest that ECM remodeling is an additional 

mechanism contributing to cardiac dysfunction. Second, we demonstrate that the SP/NK-1R 

axis contributes to the establishment of cardiac fibrosis after Dox treatment. This finding is 

particularly significant since a commercially available NK-1R antagonist (aprepitant) is 

currently in clinical use to mitigate nausea and vomiting associated with highly-emetogenic 

chemotherapy such as Anthracyclines [31, 32]. However, aprepitant is only administed for 

up to 3 days each time a patient undergoes a chemotherapy session. Our study argues for 

continuous use of aprepitant throughout chemotherapy treatment. Third, our study shows for 

the first time that Dox directly activates cardiac fibroblasts, independent of cardiomyocyte 

injury, to produce excess collagen and increase viability. This finding represents a new 

dimension to the understanding of Anth-bC cardiotoxicity and underscores the need to better 

understand the intracellular pathways by which Dox activates fibroblasts.

Our study has the following limitations: first, we do not have evaluation of cardiac function 

to progression of frank heart failure. As such we are uncertain whether mitigating cardiac 

fibrosis could prevent further deterioration of LV systolic dysfunction or whether this 

decrease in LVEF may be transient. Second, the animals in this study do not have the co-

morbidities that patients usually have such as hypertension, diabetes, obesity, coronary 

artery disease, and cancer itself. Therefore, the animals began the study with a relatively 

healthy myocardium. Third, the effects of chronic NK-1R antagonist administration were 

not evaluated in this study. While we have previously reported that mice lacking substance P 

(TAC1 −/−) did not exhibit cardiac abnormalities[13], further studies are required to assess 

the cardiovascular effects of NK-1R blockade in a cancer animal model. In conclusion, we 

demonstrated that interstitial cardiac fibrosis, independent from cardiomyocyte injury, 

occurs after treatment with Dox and can be partially ameliorated by NK-1R blockade. 

Further, Dox has direct effects on cardiac fibroblasts to induce a pro-fibrotic phenotype. 

Further studies are necessary to determine the short- and long-term LV functional benefits of 

myocardial fibrosis mitigation as well as the intracellular molecular mechanisms by which 

Dox promotes collagen secretion.

Levick et al. Page 7

Heart Lung Circ. Author manuscript; available in PMC 2021 February 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Study Design and Dox and NK-1 Receptor Antagonist Dosing scheme.
Rats were treated with 1.5 mg/kg/week IP with a week of rest between every two doses for 8 

weeks (Group 2) or 0.5 ml of IP saline (Group 1). Group 3 started the NK-1R antagonist 

treatment (L732138, 5 mg/kg/day by daily oral gavage) 5 days prior to initiation of 

chemotherapy and continued throughout the 8 weeks of Dox treatment.
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Figure 2. Echocardiographic Evaluation of the Left Ventricular Function.
Left ventricular ejection fractlion (A), fractional shortening (B) and filling pressure (E/e’)(C) 

were measured in rats treated with Saline (blue dots, n=6), Dox + Saline (red squares, n=6) 

and Dox + L732138 (green triangles, n=8). All values are mean ± SEM. *p<0.05.
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Figure 3. Assesment of LV Myocardial Fibrosis and Remodelling.
(A) Representative microphotographs, (B) graphical representation of collagen volume 

fraction and (C) cardiomyocyte cross-section area of left ventricles from rats treated with 

Saline (n=6, blue bar), Dox + Saline (n=6, red bar) and Dox + L732138 (n=8, green bar). All 

values are mean ± SEM. * p<0.0001.
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Figure 4. Assesment of Cardiac Cell Apoptosis
(A) Representative images (WGA = red, nuclei = blue, apoptotic nuclei = green and a few 

examples are denoted with a yellow arrow) and (B) quantification of TUNEL staining of the 

left ventricles of rats treated with Saline (n=6, blue bar), Dox + Saline (n=6, red bar) and 

Dox + L732138 (n=8, green bar). After co-staining with WGA, TUNEL positive cells were 

quantified among cardiomyocytes (C) and (D) non-cardiomyocytes in Dox vs. Saline 

groups. All values are mean ± SEM. * p<0.0001.
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Figure 5. Isolated Cardiac Fibroblasts Exposed to Dox in-vitro
(A) Dose-response curve of hydroxyproline secreted from isolated cardiac fibroblasts 

exposed to increasing concentrations of Dox (0, 1, 3 and 10 μM). * p<0.0001 vs. 0 μM. (B) 
Cardiac fibroblasts viability determined by the MTT assay after exposure to increasing 

concentrations of Dox (0, 1, 3 and 10 μM). All values are mean ± SEM. * p<0.003 vs. 0 μM 

n=4.
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