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Simple Summary: Anthracyclines are a class of chemotherapeutics that are an essential component
of many treatment regimens for solid and blood tumors. Doxorubicin (DOX), an anthracycline is
broadly considered the most active single agent available for many cancers. However, effective use of
anthracyclines is limited due to the possibility of cardiotoxicity, thus causing restrictions on treatment
options for treatable cancers. Our studies indicate the SP/NK1R system as a promising novel target
and use of NK1R antagonists as a translational tool for prevention of chemotherapy-associated
cardiotoxicity in cancer.

Abstract: Background: Doxorubicin (DOX), used in chemotherapeutic regimens in many cancers, has
been known to induce, cardiotoxicity and life-threatening heart failure or acute coronary syndromes
in some patients. We determined the role of Substance P (SP), a neuropeptide and its high affinity
receptor, NK-1R in chemotherapy associated cardiotoxicity in mice. We determined if NK-1R
antagonism will prevent DOX-induced cardiotoxicity in vivo. Methods: C57BL/6 mice (6- week old
male) were injected intraperitoneally with DOX (5 mg per kilogram of body weight once a week
for 5 weeks) with or without treatment with aprepitant (a NK-1R antagonist, Emend, Merck & Co.,
Kenilworth, NJ, USA). Five different dosages of aprepitant were administered in the drinking water
five days before the first injection of DOX and then continued until the end of the experiment. Each
of these 5 doses are as follows; Dose 1 = 0.9 µg/mL, Dose 2 = 1.8 µg/mL, Dose 3 = 3.6 µg/mL,
Dose 4 = 7.2 µg/mL, Dose 5 = 14.4 µg/mL. Controls consisted of mice injected with PBS (instead
of DOX) with or without aprepitant treatment. The experiment was terminated 5 weeks post-DOX
administration and various cardiac functional parameters were determined. Following euthanization,
we measured heart weight to body weight ratios and the following in the hearts, of mice treated
with and without DOX and aprepitant; (a) levels of SP and NK1R, (b) cardiomyocyte diameter (to
determine evidence of cardiomyocyte hypertrophy), (c) Annexin V levels (to determine evidence of
cardiac apoptosis), and (d) ratios of reduced glutathione (GSH) to oxidized glutathione (GSSG) (to
determine evidence of oxidative stress). Results: We demonstrated that the levels of SP and NK1R
were significantly increased respectively by 2.07 fold and 1.86 fold in the hearts of mice treated
with versus without DOX. We determined that DOX-induced cardiac dysfunction was significantly
attenuated by treatment with aprepitant. Cardiac functional parameters such as fractional shortening
(FS), ejection fraction (EF) and stroke volume (SV) were respectively decreased by 27.6%, 21.02% and
21.20% compared to the vehicle treated group (All, p < 0.05, ANOVA). Importantly, compared to
treatment with DOX alone, treatment with lower doses of aprepitant in DOX treated mice significantly
reduced the effects of DOX on FS, EF and SV to values not significantly different from sham (vehicle
treated) mice (All, p < 0.05, ANOVA). The levels of, apoptosis marker (Annexin V), oxidative stress
(ratio of GSH with GSSG) and cardiomyocyte hypertrophy were respectively increased by 47.61%,
91.43% and 47.54% in the hearts of mice treated with versus without DOX. Compared to the DOX
alone group, treatment with DOX and Dose 1, 2 and 3 of aprepitant significantly decreased the
levels of each of these parameters (All p < 0.05, ANOVA). Conclusions: Our studies indicate that
the SP/NK1-R system is a key mediator that induces, DOX-induced, cardiac dysfunction, cardiac
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apoptosis, cardiac oxidative stress and cardiomyocyte hypertrophy. These studies implicate that
NK-1R antagonists may serve as a novel therapeutic tool for prevention of chemotherapy induced
cardiotoxicity in cancer.

Keywords: substance P; chemotherapy associated cardiotoxicity

1. Introduction

Anthracyclines are a class of chemotherapeutics that are an essential component of
many treatment regimens for solid and blood tumors [1–4]. The anthracycline doxorubicin
(DOX) is broadly considered the most active single agent available for many cancers [2,5,6].
DOX treatment has however been known to cause cardiotoxicity and cardiac dysfunction
leading to heart failure or acute cardiac manifestations in some patients [7–9]. Novel agents
that attenuate the cardiotoxicity of DOX, are urgently needed.

Substance P (SP), is a neuropeptide and pain transmitter [10]. Nerves, endothelial
cells and cells of the immune system make SP and respond to SP [11–16]. Substance P
(SP) is known to stimulate production of reactive oxygen species (ROS) [17,18]. Elevated
cardiac ROS is linked with heart injury/failure in other cardiac settings [19,20]. Our
in vitro studies have previously demonstrated that treatment with aprepitant, an NK-1R
antagonist prevented DOX-induced cardiomyocyte death [21]. We showed using H9C2, a
cardiomyocyte cell line, that aprepitant pretreatment, decreases the cardiomyocyte killing
induced by DOX. Furthermore, we had demonstrated that the levels of, ROS and apoptotic
cell death were decreased in the H9C2 cells in response to aprepitant treatment [21].

In the current studies, we have determined the role of Substance P (SP), a neuropeptide
in chemotherapy associated cardiotoxicity in vivo. We quantitated the levels of SP and
NK1R in the hearts of mice treated with and without DOX. We determined if the levels of,
apoptosis marker, Annexin V and oxidative stress (as determined by measuring the ratio
of GSH to GSSG) within the hearts and cardiomyocyte hypertrophy will be significantly
altered in response to DOX treatment. Furthermore, we determined if aprepitant treatment
would reverse these DOX-induced alterations. Most importantly, we determined if DOX-
induced cardiac dysfunction as determined by echocardiogram (Echo) readings would be
attenuated with aprepitant treatment in DOX treated mice.

2. Materials and Methods
2.1. Murine Model of Doxorubicin Induced Cardiotoxicity

This study was performed in accordance with the recommendations in the Guide for
the Care and Use of Laboratory Animals of the National Institutes of Health. The IACUC
Committee of the University of Texas MD Anderson Cancer Center approved the protocol
(IACUC Protocol number 00001625-RN00, Title: Role of substance P in chemotherapy
Induced Cardiotoxicity). All efforts were taken to ameliorate animal suffering. Mice were
housed under BSL2 biohazard facility conditions. The mice were observed twice daily for
the duration of the experiments. Mice that became moribund were considered to have
reached the end of the experiment and were humanely euthanized.

Six week old, male C57BL/6 mice were administered doxorubicin (5 mg per kilogram
of body weight, intraperitoneally (i.p).) once a week for 5 weeks. Five days before the
first intraperitoneal injection of doxorubicin, mice were administered 5 different doses of
aprepitant in drinking water and continued until end of experiment (Dose 1 = 0.9 µg/mL;
Dose 2 = 1.8 µg/mL; Dose 3 = 3.6 µg/mL; Dose 4 = 7.2 µg/mL; Dose 5 = 14.4 µg/mL).
We then studied heart functions by echocardiographic studies in the different groups on
mice. There were a total of 12 mice groups, doxorubicin was dissolved in 1X phosphate
buffered saline (PBS) and aprepitant was dissolved in 5% Dimethyl sulfoxide (DMSO)
in 1X PBS. The experimental groups were injected with doxorubicin, without or with
aprepitant treatment. The control groups were injected with vehicle alone (1X PBS) instead
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of doxorubicin without or with aprepitant treatment. Echocardiography was performed
to determine left ventricular function to determine evidence of cardiac dysfunction as
outlined below, following which mice were humanely sacrificed and hearts harvested.
Following euthanization, the different parameters measured were; heart-to-body weight
ratio, cardiomyocyte diameter, cardiac levels of SP, NK1R, Annexin V and oxidative stress.

2.2. Echo Procedure

The small animal imaging facility, a MD Anderson research core was used to perform
the Echo procedure. Using a Vevo 2100 ultrasound machine equipped with a 30 MHz
transducer (Visualsonics, Toronto, ON, Canada), in vivo cardiac function and morphology
were assessed. Mice were anesthetized in an induction chamber using 2.5% isoflurane and
then transferred to a heated ECG platform for heart rate monitoring during the imaging
procedure. Standard B-mode (2D) and M-mode images were taken in the short axis position
at the level of the papillary muscles for each animal. Data analysis for M-mode images
were analyzed using the cardiac analysis package and B-mode images were analyzed using
Visualsonics VevoStrain software. Results are expressed as the mean values of each Echo
readout ± Standard Error of Mean (SEM) for each group.

2.3. Measurement of Heart-to-Body Weight Ratio

Briefly, mice were weighed and anesthetized followed by sacrificing by cervical
dislocation. The heart was harvested and weighed. The heart weight relative to body
weight was calculated. Results are expressed as the mean Hw/Bw ratio ± SEM for
each group.

2.4. Measurement of Cardiomyocyte Hypertrophy

Evidence of cardiomyocyte hypertrophy was determined by measuring diameter of
cardiomyocytes following histopathological processing of the harvested hearts. Briefly,
hearts were fixed in 4% paraformaldehyde, embedded in paraffin, sectioned, stained with
hematoxylin and eosin, and examined microscopically at 200× magnification. Cardiac
hypertrophy was determined by measuring mean cardiomyocyte diameter as determined
by measuring the diameter of 50 myocytes using NIH IMAGE v.1.62 software (National
Institute of Health, Bethesda, MD, USA). Results are expressed as the mean diameter ± SEM
for each group

2.5. Measurement of Substance P and NK1R Levels within the Heart

We determined whether DOX treatment increased cardiac SP and NK1R levels. Quan-
titation of SP protein was performed as described previously [21]. Briefly, hearts derived
from the different groups were washed once with cold 1x PBS containing protease inhibitor
cocktail (04 693 132 001, Roche, Indianapolis, IN, USA). The hearts were then homogenized
in lysis buffer (43-040, Cell Signaling, Danvers, MA, USA) containing protease inhibitor
cocktail (04 693 132 001, Roche) and centrifuged at 17,000× g for 15 min at 2–8 ◦C. The SP
and NK1R in the supernatant was then respectively quantitated using SP ELISA kit (cat no.
ADI-900-018, Enzo Lifesciences, Farmingdale, NY, USA) and the NK1R ELISA kit (cat no.
MBS262767, My BioSource, San Diego, CA, USA). Total protein was quantitated using the
Bradford method (cat no. 500-0006, Bio-Rad, Hercules, CA, USA). Results are expressed as
picograms of SP or NK1R per milligram of total protein ± SEM for each group.

2.6. Measurement of Annexin V Levels, An Indicator of Apoptosis within the Heart

Cardiac Annexin V levels were determined in heart tissue lysates using an Annexin
V ELISA kit (cat no. BMS252TEN, Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. Briefly, Annexin V present in the sample or standard bound to
antibodies adsorbed to the microwells. A biotin-conjugated anti Annexin V antibody was
then added which bound to human Annexin V captured by the first antibody. Following
incubation unbound biotin-conjugated anti-Annexin V antibody was removed during
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a wash step. Streptavidin-HRP was added which bound to the biotin-conjugated anti-
Annexin V antibody. Following incubation unbound streptavidin-HRP was removed
during a wash step, and substrate solution reactive with HRP was added to the wells.
The plates were then read at 450 nm using a spectrophotometer. Annexin V levels were
normalized to protein concentrations (as determined by the Bradford method (cat no.
500-0006, Bio-Rad). Annexin V levels are expressed as the mean ± SEM (pg/mg total
protein) for each group.

2.7. Measurement of GSH to GSSG Ratio, an Indicator of Oxidative Stress within the Heart

Cardiac glutathione (GSH) levels were assayed from heart tissue lysates using a
GSH/glutathione disulfide (GSSG) Ratio Detection Kit II (Fluorometric-Green, Abcam
205811; Cambridge, UK) according to the manufacturer’s instructions, and the wavelength
was determined (Ex/Em = 490/520 nm). Briefly, the hearts were homogenized in lysis
buffer (43-040, Cell Signaling) containing protease inhibitor cocktail (04 693 132 001, Roche)
and centrifuged at 17,000× g for 15 min at 2–8 ◦C. The supernatant containing peptides
and proteins was recovered. Since fluorometric measurement of GSH requires previous
deproteinization, the supernatant was deproteinized using the deproteinizing preparation
kit (ab 204708, Abcam). Protein content of all samples was measured prior to deproteiniza-
tion by the Bradford method (cat no. 500-0006, Bio-Rad) and GSH levels were normalized
to protein concentrations. The GSH/Total GSH ratio is expressed as the mean ± SEM for
each group.

2.8. Statistics

Statistical differences between groups were determined using one-way ANOVA (fol-
lowed by a pairwise comparison using Tukey’s or Dunn’s test). Significance was set
at p < 0.05. Statistical analyses were performed with GraphPad Prism 7.03 (San Diego,
CA, USA).

3. Results
3.1. Effect of Doxorubicin on Heart SP and NK1R Protein Levels

We determined the contribution of SP and NK1R in induction of DOX-induced car-
diotoxicity, we measured SP and NK1R protein levels within the hearts of DOX treated
group and compared it to that of the vehicle treated group. We determined that both
SP and NK1R were significantly increased respectively by 2.07-fold and 1.86-fold in the
hearts of mice treated with versus without DOX. Compared to the vehicle treated group,
SP protein levels was significantly increased in the DOX treated group, (Figure 1A; DOX;
119 ± 19.3 pg/mg, n = 3 vs. vehicle; 57.4 ± 6.7, n = 3: p = 0.047, Student’s t-test). Similarly,
the NK1R protein levels were also significantly increased in the DOX treated group com-
pared to the vehicle treated group, (Figure 1B; DOX; 28.79 ± 3.4 pg/mg, n = 3 vs. vehicle;
15.47 ± 3.3, n = 3: p = 0.0252, Student’s t-test).
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Figure 1. Doxorubicin treatment induces significant increases in the cardiac levels of, substance P and its high affinity 
receptor, NK1R. Effect of doxorubicin treatment on (A) SP levels and (B) NK1R levels in the heart. Both SP and NK1R 
Figure 1. Doxorubicin treatment induces significant increases in the cardiac levels of, substance P and its high affinity
receptor, NK1R. Effect of doxorubicin treatment on (A) SP levels and (B) NK1R levels in the heart. Both SP and NK1R levels
were significantly increased in the hearts of DOX treated mice compared to that of the vehicle treated group (*, both p < 0.05,
Student’s t-test).
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3.2. Effect of Aprepitant on Doxorubicin Induced Changes in Heart Weight to Body Weight Ratios

There were no significant differences in the body weight of animals between the
different groups (results not shown). The heart size (Figure 2A) and the mean heart-to-body
weight ratio (Hw/Bw; expressed in terms of mg/g) was significantly increased in the DOX
treated group compared to the vehicle treated group, (Figure 2B; DOX; 0.01142 ± 0.0002,
n = 5 vs. vehicle; 0.0082 ± 0.0006, n = 4: p = 0.001, ANOVA with Tukey’s post hoc test.
Importantly, treatment with all 5 doses of aprepitant by themselves or in conjunction with
DOX treated mice significantly reduced the effects of DOX on Hw/Bw ratios to values not
significantly different from vehicle treated control mice. Results of only Dose 2 and Dose 3
detailed as follows; DOX+AP (Dose 2); 0.0086 ± 0.0004 mg/kg, n = 5 and DOX + AP (Dose
3); 0.0084 ± 0.0005 mg/kg, n = 5 vs. DOX; 0.01142 ± 0.0002 mg/kg, n = 5: p < 0.05 both,
ANOVA and Tukey’s test (Figure 2B).
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Figure 2. Substance P receptor antagonism significantly attenuates doxorubicin-induced increases
in heart size and heart-to-body weight ratios. (A) Effect of SP receptor antagonism on doxorubicin
induced increases in heart size. Gross appearance of a representative heart derived from mice treated
with the following, order from left to right; Sham, DOX alone, Dose1 of aprepitant (AP) without
DOX, DOX + Dose 1 (AP), Dose 2 (AP) without DOX, DOX + Dose 2 (AP) Dose 3 (AP) without DOX,
DOX + Dose 3 (AP), Dose4 (AP) without DOX, DOX + Dose 4 (AP), Dose 5 (AP) without DOX, or
DOX + Dose 5 (AP).(B) Effect of SP receptor antagonism on DOX induced increases in Heart Weight
to body weight ratios (Hw/Bw). Heart weight to body weight ratio was significantly increased in
the DOX treated group compared to the vehicle treated group (*, p < 0.05, ANOVA, Tukey’s test).
Importantly, compared to treatment with DOX alone, treatment with all 5 doses of aprepitant (a SP
receptor antagonist, Merck & Co.) resulted in significant reduction of the Hw/Bw ratios (*, PBS vs.
DOX; †, AP (Dose1) vs. DOX; ‡, DOX + AP (Dose 1) vs. DOX; δ, AP (Dose 2) vs. DOX; §, DOX + AP
(Dose 2) vs. DOX; ∆, AP (Dose 3) vs. DOX; ¥, DOX + AP (Dose 3) vs. DOX; K, AP (Dose 4) vs. DOX;

, DOX + AP (Dose 4) vs. DOX; , AP (Dose 5) vs. DOX; ₡, DOX + AP (Dose 5) vs. DOX). ALL
p < 0.05, ANOVA, Tukey’s test.

3.3. Effect of Aprepitant on Doxorubicin Induced Cardiomyocyte Hypertrophy

Compared to the sham control (vehicle treated group), the mean cardiomyocyte
diameter (expressed in terms of microns) was significantly increased in response to DOX
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(Figure 3; DOX; 5.22 ± 0.28 µm, n = 4 vs. vehicle; 3.54 ± 0.47 µm, n = 2: p = 0.03,
ANOVA with Tukey’s post hoc test). Importantly, all 5 Dose of aprepitant attenuated
the DOX-induced increases of cardiomyocyte diameter as follows; DOX+AP (Dose 1);
4.015 ± 0.17 µm, n = 3, DOX+AP (Dose 2); 3.75 ± 0.42 µm, n = 3, DOX+AP (Dose 3);
3.35 ± 0.56 µm, n = 3, DOX+AP (Dose 4); 3.75 ± 0.07 µm, n = 3, DOX+AP (Dose 5);
3.70 ± 0.097 µm, n = 3, vs. DOX; 5.22 ± 0.28 µm, n = 4: p < 0.05 all, ANOVA and Tukey’s
test (Figure 3).
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Figure 3. Substance P receptor antagonism significantly attenuates doxorubicin induced cardiomy-
ocyte hypertrophy. Effect of SP receptor antagonism on doxorubicin induced increases in car-
diomyocyte hypertrophy. Compared to the vehicle treated group, the cardiomyocyte diameter was
significantly increased in response to DOX (*, p < 0.05, ANOVA). Importantly, treatment with one
or more Doses of aprepitant attenuated the DOX-induced increases in cardiomyocyte hypertrophy.
(*, PBS vs. DOX; †, AP (Dose1) vs. DOX; ‡, DOX+ AP (Dose 2) vs. DOX; δ, AP (Dose 3) vs. DOX;
§, DOX+ AP (Dose 3) vs. DOX; ∆, AP (Dose 4) vs. DOX; ¥, DOX+ AP (Dose 4) vs. DOX; K, AP

(Dose 5) vs. DOX; , DOX+ AP (Dose 5) vs. DOX; ALL p < 0.05, ANOVA Tukey’s test). Bottom
Panel: Representative photomicrographs from each of the following groups, Sham, DOX alone
(depicting cardiomyocyte hypertrophy), DOX+AP (Dose 2–5, depicting cardiomyocyte sizes to values
not significantly different from sham (Magnification 200×)
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3.4. Effect of Aprepitant on Doxorubicin Induced Changes in Heart Functions

Echo cardiographic readings was used to determine various cardiac functional param-
eters such as fractional shortening, ejection fraction, stroke volume, systolic and diastolic
diameter and volume. We did not determine any significant differences in the systolic and
diastolic, diameter and volume between the groups. However, we demonstrated the ability
of aprepitant to reverse many of the heart function parameters that were derogatorily
affected by doxorubicin as follows:

3.4.1. Fractional Shortening (FS)

Compared to the vehicle treated group, the mean FS was significantly decreased in
response to DOX (Figure 4A; DOX; 20.66 ± 0.9913%, n = 9 vs. vehicle; 28.55 ± 2.174%, n = 9:
p = 0.02, ANOVA with Tukey’s post hoc test). Importantly, treatment with Dose 2 and Dose
3 of aprepitant attenuated the effects of DOX on FS; DOX + AP (Dose 2); 27.03 ± 2.443%,
n = 5 and DOX + AP (Dose 3); 28.10 ± 1.970%, n = 5 vs. DOX; 20.66 ± 0.9913%, n = 9:
p < 0.05 both, ANOVA and Tukey’s test (Figure 4A).
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3.4.2. Ejection Fraction (EF)

Compared to the vehicle treated group, the mean EF was significantly decreased in
response to DOX (Figure 4B; DOX; 42.48 ± 1.788%, n = 9 vs. vehicle; 53.79 ± 3.167%, n = 9:
p = 0.03, ANOVA with Tukey’s post hoc test). Importantly, treatment with Dose 2 and Dose
3 of aprepitant attenuated the effects of DOX on EF; DOX + AP (Dose 2); 52.74 ± 3.795%,
n = 5 and DOX+AP (Dose 3); 54.61 ± 3.148%, n = 5 vs. DOX; 42.48 ± 1.788%, n = 9: p < 0.05
both, ANOVA and Tukey’s test (Figure 4B).
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3.4.3. Stroke Volume

Compared to the vehicle treated group, the mean stroke volume was significantly
decreased in response to DOX (Figure 4C; DOX; 30.92 ± 1.248 µL n = 9 vs. vehicle;
39.24 ± 2.746 µL, n = 9: p = 0.02, ANOVA with Tukey’s post hoc test). Importantly,
treatment with Dose 1 and Dose 2 of aprepitant attenuated the effects of DOX on stroke
volume; DOX + AP (Dose 1); 37.95 ± 2.637, n = 6 and DOX+AP (Dose 2); 39.84 ± 2.063 µL,
n = 5 vs. DOX; 30.92 ± 1.248 µL, n = 9: p < 0.05 both, ANOVA and Tukey’s test (Figure 4C)

3.5. Effect of Aprepitant on Doxorubicin Induced Cardiomyocyte Apoptosis

The levels of, apoptosis marker (Annexin V) was significantly increased in response to
DOX treatment (Figure 5; DOX; 97.28 ± 4.36 pgs/mg, n = 2 vs. vehicle; 65.9 ± 3.1 pgs/mg,
n = 3: p = 0.005, ANOVA with Tukey’s post hoc test. Importantly, treatment with Dose 1,
Dose 2 and Dose 3 of aprepitant in DOX treated mice significantly reduced the effects of
DOX on annexin levels to values not significantly different from vehicle treated control mice;
DOX + AP (Dose 1); 58.24 ± 0.98 pgs/mg, n = 3, DOX+AP (Dose 2); 51.04 ± 2.44 pgs/mg,
n = 3 and DOX + AP (Dose 3); 54.08 ± 2.35 pgs/mg n = 3 vs. DOX; 97.28 ± 4.36 pgs/mg,
n = 2: p < 0.05 all, ANOVA and Tukey’s test (Figure 5A).
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Figure 5. SP receptor antagonism significantly attenuates doxorubicin-induced alterations in (A) an-
nexin V levels (apoptosis marker) (*, PBS vs. DOX; †, AP (Dose1) vs. DOX; ‡, DOX+ AP (Dose 1) vs.
DOX; δ, AP (Dose 2) vs. DOX; §, DOX+ AP (Dose 2) vs. DOX; ∆, AP (Dose 3) vs. DOX; ¥, DOX + AP

(Dose 3) vs. DOX; K, AP (Dose 4) vs. DOX; , DOX + AP (Dose 4) vs. DOX; , AP (Dose 5) vs.
DOX; ₡, DOX + AP (Dose 5) vs. DOX). ALL p < 0.05, ANOVA Tukey’s test. SP receptor antagonism
significantly attenuates doxorubicin-induced alterations in (B) GSH/GSSG ratios (Lower levels of
GSS/GSSG ratios indicate oxidative stress) (*, PBS vs. DOX; †, DOX + AP (Dose2) vs. DOX; ‡, AP
(Dose 3) vs. DOX). ALL p < 0.05, ANOVA Tukey’s test.
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3.6. Effect of Aprepitant on Doxorubicin Induced Oxidative Stress

The levels of, GSH to GSSG ratio (with low levels depicting oxidative stress) was
significantly decreased in response to DOX treatment (Figure 5B; DOX; 11.36 ± 1.59, n = 3
vs. vehicle; 137.7 ± 22.23, n = 3: p = 0.03, ANOVA with Tukey’s post hoc test. Importantly,
treatment with Dose 2 of aprepitant in DOX treated mice significantly reduced the effects
of DOX on GSH to GSSG ratios to levels not significantly different from sham (vehicle
treated) mice; DOX + AP (Dose 2); 187 ± 33.8, n = 3 vs. DOX; 11.36 ± 1.59, n = 3: p < 0.003,
ANOVA and Tukey’s test (Figure 5B).

4. Discussion

We determined the role of SP in the pathogenesis of anthracycline-induced cardiotoxi-
city. We demonstrated that both SP and its high affinity receptor, NK1R were increased
in hearts of DOX treated mice. We determined that DOX-induced increases in SP and
NK1R levels were accompanied by several manifestations such as increased, Hw/Bw ratios,
cardiomyocyte diameter and compensatory hypertrophy. Importantly, these DOX-induced
cardiac manifestations were significantly attenuated in response to aprepitant treatment
indicating that SP/NK1R pathway is one of the key mediators responsible for induction of
DOX induced cardiotoxicity.

We speculate that the heart enlargement in the DOX treated mice may be due to
compensatory cardiomyocyte hypertrophy induced because of DOX-induced apoptosis.
We did not see any evidence of inflammatory influx in the heart in response to DOX; hence
do not attribute inflammation to play a part in DOX-induced heart enlargement.

The cardiomyocyte apoptosis may be probably induced by oxidative stress. We could
not determine the levels of reactive oxygen species (ROS) in fresh hearts due to practical
considerations. ROS determinations need to be done immediately upon collection of
cardiac tissues from the animal, and due to the need for collection of tissues for several
other assays from a large number of animals quickly at termination point, it is impractical
to perform ROS determinations simultaneously from each heart upon collection. However,
determinations of oxidative stress can be performed on frozen tissues; therefore, we elected
to perform this assay.

Most importantly, we determined that aprepitant treatment significantly attenuated
DOX-induced effects on cardiac functional parameters such as FS, EF and SV.

We and others have determined that SP is detrimental in several heart related patho-
physiological conditions. Our studies have previously determined that infection with
encephalomyocarditis virus, a causative agent of viral myocarditis, resulted in significantly
increased levels of SP [22] We had also demonstrated that mice deficient in either the
SP/NK1R mice had significantly decreased EMCV induced manifestations [22,23]. Other
groups have shown that SP is involved in inducing chronic volume overload-induced
heart failure and deletion of the SP gene protected mice from developing left ventricular
hypertrophy [24]. Other studies have demonstrated that magnesium deficiency to result in
elevated levels of SP in cardiac lesions [25]. Further studies also demonstrated that NK-1R
blockade in the magnesium deficient animals led to attenuation of ROS levels in cardiac
cells with resultant improvement in cardiac dysfunction [25,26]. These preceding studies
along with or current studies highlight elevated SP levels to be derogatory for the heart
and also highlight that inhibition of the SP/NK1R pathway via NK-1R antagonists to be
beneficial to treat these pathophysiological cardiac manifestations.

Importantly several studies done by Covenas and Munoz have demonstrated the in-
volvement of the substance P (SP)/neurokinin-1 receptor (NK-1R) system in cancer [27–34].
Aprepitant, a non-peptide NK-1R antagonist, is currently used in clinical practice as antiemetic
and also known to show antitumor effects against a broad-spectrum of cancers [27]. Our studies
demonstrating aprepitant to protect against chemotherapy associated cardiotoxicity along with
other studies that have demonstrated its antitumor effects implicates that aprepitant could be
used as a double-edged sword. It could be used as an intelligent bullet against cancer while at
the same time protecting against the harmful effects of chemotherapy-associated cardiotoxicity.
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DOX, a potent anthracycline has been used for decades for the treatment of many
adult and pediatric cancers including breast cancer, leukemia, lymphoma, Hodgkin’s dis-
ease, and sarcoma. The continuous use of this anthracycline can lead to life threatening
cardiotoxicity, that can manifest in cancer patients years after they have stopped chemother-
apy [35]. It has been documented that higher rates of cardiotoxicity are typically observed
in elderly patients or persons with pre-existing cardiovascular disease [36]. Effective use
of anthracyclines is thus limited due to the possibility of cardiotoxicity, thus causing re-
strictions on treatment options for treatable cancers. Studies are urgently warranted to
determine novel targets for the sole purpose of lifting the restrictions of use of the highly
effective anthracycline therapy in cancer.

In the current studies, we have determined that SP/NK1R system is one of a key
system responsible for inducing DOX induced cardiotoxicity. We determined that SP
receptor antagonism attenuates DOX-induced, cardiac dysfunction, cardiac apoptosis,
cardiac oxidative stress and cardiomyocyte hypertrophy. Our studies may indicate the
SP/NK1R system as a promising novel target and use of NK1R antagonists as a translational
tool for prevention of chemotherapy-associated cardiotoxicity in cancer.

5. Conclusions

Our studies indicate that the SP/NK1-R system is a key mediator that induces, DOX-
induced, cardiac dysfunction, cardiac apoptosis, cardiac oxidative stress and cardiomyocyte
hypertrophy. These studies implicate that NK-1R antagonists may serve as a novel thera-
peutic tool for prevention of chemotherapy induced cardiotoxicity in cancer.
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