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BACKGROUND Doxorubicin (DOX) induces cardiotoxicity in part by activation of matrix metalloproteinases (MMPs).

Sacubitril/valsartan (Sac/Val) exerts additive cardioprotective actions over renin-angiotensin-aldosterone inhibitors in

preclinical models of myocardial infarction and in heart failure patients. We hypothesized that Sac/Val would be more

cardioprotective than Val in a rodent model of progressive DOX-induced cardiotoxicity, and this benefit would be

associated with modulation of MMP activation.

OBJECTIVES We sought to investigate the efficacy of Sac/Val for the treatment of anthracycline-induced

cardiotoxicity.

METHODS Male Wistar rats received DOX intraperitoneally (15 mg/kg cumulative) or saline over 3 weeks. Following the

first treatment, control animals were gavaged daily with water (n ¼ 25), while DOX-treated animals were gavaged daily

with water (n ¼ 25), Val (31 mg/kg; n ¼ 25) or Sac/Val (68 mg/kg; n ¼ 25) for either 4 or 6 weeks. Echocardiography was

performed at baseline, and 4 and 6 weeks after DOX initiation. In addition, myocardial MMP activity was assessed with
99mTc-RP805, and cardiotoxicity severity was assessed by histology at these time points in a subgroup of animals.

RESULTS Left ventricular ejection fraction decreased by 10% at 6weeks in DOX and DOXþVal rats (both p<0.05), while

this reduction was attenuated in DOXþ Sac/Val rats. MMP activity was increased at 6 weeks by 76% in DOX-alone rats, and

tended to increase inDOXþVal rats (36%; p¼0.051) butwas similar in DOXþ Sac/Val rats as comparedwith time-matched

control animals. Both therapies attenuated histological evidence of cellular toxicity and fibrosis (p < 0.05).

CONCLUSIONS Sac/Val offers greater protection against left ventricular remodeling and dysfunction compared

with standard angiotensin receptor blocker therapy in a rodent model of progressive DOX-induced cardiotoxicity.

(J Am Coll Cardiol CardioOnc 2020;2:774–87) © 2020 The Authors. Published by Elsevier on behalf of the

American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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AB BR E V I A T I O N S

AND ACRONYM S

AIC = anthracycline-induced

cardiotoxicity

ARB = angiotensin receptor

blocker

DOX = doxorubicin

LV = left ventricular

LVEF = left ventricular

ejection fraction

MMP = matrix

metalloproteinase

RAAS = renin-angiotensin-

aldosterone system

SAC = sacubitril

TIMP = tissue inhibitor of

metalloproteinases

Val = valsartan
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C ancer-related mortality has significantly
declined over the past 30 years due to
more effective education, screening, and

treatment options. However, the use of a common
chemotherapeutic class, anthracyclines, can result
in anthracycline-induced cardiotoxicity (AIC) (1). For
example, doxorubicin (DOX) (Adriamycin), the most
widely used anthracycline, is associated with AIC in
up to 26% of patients and can progress to severe left
ventricular (LV) failure (1). This form of AIC is gener-
ally thought to be irreversible, as 45% of chemo-
therapy patients who develop LV failure do not
improve with standard-of-care medical therapy (2).
Although there are likely multiple pathways that
contribute to AIC, one downstream pathway that
causes LV myocardial remodeling and failure are
shifts in proteolytic pathways such as the matrix met-
alloproteinases (MMPs) and tissue inhibitors of met-
alloproteinases (TIMPs). Our group and others have
shown that the steady-state balance of myocardial
MMP is disrupted in animal models of AIC (3,4).
Furthermore, we demonstrated that the severity of
LV dysfunction is associated with the magnitude of
MMP activity following DOX administration, assessed
by 99mTc-RP805, a radiolabeled tracer that binds (at
nanomolar concentrations) to the active catalytic
site of several MMPs (MMP-2, MMP-3, MMP-7, MMP-
9, MMP-12, and MMP-13) but not to other proteolytic
enzymes (5,6). We have also demonstrated that
99mTc-RP805 myocardial uptake strongly correlates
to ex vivo MMP activity (5,7). Notably, several MMP
isoforms that 99mTc-RP805 detects have been shown
to be upregulated in the myocardium of various ani-
mal models of AIC (8,9) and in the circulation of pa-
tients treated with DOX (10). Thus, it stands to
reason that pharmacotherapies that modify MMP ac-
tivity may hold relevance in the context of AIC, and
that 99mTc-RP805 can be used to assess changes in
MMP-TIMP balance.

Prior animal studies have shown that activation of
the renin-angiotensin-aldosterone system (RAAS) can
contribute to the development and progression of AIC
(11), whereas RAAS inhibition with either angiotensin-
converting enzyme inhibitors or angiotensin receptor
antagonists reduces the degree of adverse cardiac
remodeling associated with AIC (12,13). Along these
lines, some small human studies have shown a
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potential benefit of RAAS inhibitors in atten-
uating the development and degree of AIC
(14,15); however, other studies fail to report
benefit (16,17). Together, these findings sug-
gest that signaling pathways over and above
that of RAAS signaling exist in the pathogen-
esis of AIC.

Sacubitril/valsartan (Sac/Val) is a first-in-
class clinically available angiotensin
receptor-neprilysin inhibitor that reduced
cardiovascular events in patients with heart
failure (18). Neprilysin is a neutral endopep-
tidase that can modify a number of biological
signaling pathways that may hold relevance
in the context of AIC. Prior studies have
shown that Sac/Val can provide additional
protective effects compared with RAAS inhi-
bition alone, mainly in rodent models of

myocardial infarction (19,20). In some of these
studies, evidence was provided that Sac/Val favorably
shifted myocardial MMP-TIMP balance (20). In an
initial study, Sac/Val reduced myocardial injury and
improved LV function following a high dose of DOX
(21). Based on these past findings, this study used a
clinically relevant rodent model to test the
hypothesis that Sac/Val would be more protective
against AIC than Val in part due to modulation of
MMP activation.

METHODS

ANIMAL MODEL. A schematic of the overall study
design is illustrated in Figure 1. Male Wistar rats (10
to 11 weeks old) were purchased from Charles River
Laboratories (Wilmington, Massachusetts) and were
acclimatized to their environment for 5 days before
any study procedures. All animals were housed in a
temperature-controlled facility (22�C to 24�C), kept
on a 12-h light/dark cycle, and fed a standard chow
diet ad libitum for the duration of the study. All
animals were used in accordance with protocols and
policies approved by the Yale Institutional Animal
Care and Use Committee and in accordance with all
provisions of the Public Health Service Policy on
Humane Care and Use of Laboratory Animals (Na-
tional Institutes of Health assurance: D16-00146
[A3230-01]).
es and animal welfare regulations of the authors’

t consent where appropriate. For more information,
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FIGURE 1 Schematic of Experimental Design

A parallel group design was employed for 6 weeks using 4 groups of rats (n ¼ 25 each group; N ¼ 100). The groups included control (CTL) animals, doxorubicin (DOX)-

treated rats (DOX), DOX-treated rats receiving valsartan (Val) (DOX þ Val), and DOX-treated rats receiving sacubitril (Sac)/Val (DOX þ Sac/Val). Animals were treated

with either DOX (2.15 mg/kg/dose, 15 mg/kg total, n ¼ 75) or saline (CTL group, n ¼ 25) every 3 days for 21 days, denoted by red arrows. Following the first treatment,

CTL animals were gavaged daily with water (n ¼ 25), while DOX-treated animals were gavaged daily with water (n ¼ 25), Val (31 mg/kg; n ¼ 25), or Sac/Val (68 mg/kg;

n ¼ 25) for 4 to 6 weeks. Echocardiography was performed at baseline (prior to chemotherapy, n ¼ 25 per group) and at 4 weeks (n ¼ 25 per group) and 6 weeks

(n ¼ 10 per group) following initiation of chemotherapy to assess changes in cardiac function. In a subgroup of rats, myocardial matrix metalloproteinase (MMP)

activity and cardiotoxicity severity were assessed ex vivo with 99mTc-RP805 and standard histological techniques (n ¼ 7 to 10 per group), respectively, at 4 and 6 weeks

following the first chemotherapy dose.
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This study employed an established model of
chronic progressive cardiotoxicity as previously
described (3). Specifically, rats were either intraperi-
toneally administered DOX (2.15 mg/kg) every 3 days
for 21 days (15 mg/kg total) (n ¼ 75) or an equal
volume of 0.9% saline (control group, n ¼ 25) in an
identical fashion. Following the first dose of DOX,
animals in the DOX groups either remained untreated
(DOX group, n ¼ 25), or were administered Val
(31 mg/kg in water [pH 8.0]) (DOX þ Val group, n ¼ 25)
or Sac/Val (68 mg; 1/1 ratio of Sac [31 mg] and Val
[31 mg Val] in water with 6 mg of sodium [pH 8.0])
(DOX þ Sac/Val group, n ¼ 25) daily by gavage for the
duration of study. This dose of Sac/Val was chosen
based on prior preclinical studies defining the phar-
macokinetics and pharmacodynamics of Sac/Val in
rats (22) and other studies demonstrating beneficial
effects of Sac/Val on myocardial remodeling in rats
(20). To control for any potential influence of oral
gavaging, both the control and the DOX-alone groups
received daily oral administrations of water in an
identical fashion to the treated groups.
EXPERIMENTAL DESIGN. Systolic function and LV
dimensions were measured with 2-dimensional echo-
cardiography in all animals at baseline (n ¼ 100). Four
weeks following the first chemotherapy dose, cardiac
function was reassessed by echocardiography
(n¼ 100). At this time, a subgroup of animals (n¼ 10 per
group) were injected with 99mTc-RP805, a radiotracer
that binds to the catalytic site of activatedMMPs (5), for
quantitative assessment of myocardial 99mTc-RP805
uptake with gamma well counting. In addition, LV
tissue was harvested to assess the degree of car-
diotoxicity with standard histopathologic techniques.
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At 6 weeks following the initiation of DOX, the
remaining animals in each group (n¼8 to 10 per group)
had cardiac function reassessed with 2-dimensional
echocardiography along with LV MMP activity and
the degree of cardiotoxicity, as described previously
(3). We experienced approximately a 20% mortality
across all groups due to experimental handling and
systemic DOX toxicity. See the Supplemental
Appendix for detailed methods.

STATISTICAL ANALYSIS. Statistical analyses were
performed with Prism 8 (GraphPad Software, San
Diego, California) and SPSS version 26 (IBM, Armonk,
New York). All data were tested for normality with a
Shapiro-Wilk normality test. For repeated-measures
analysis, echocardiography data were analyzed by
fitting a mixed model. This mixed model uses a
compound symmetry covariance matrix and is fit
using restricted maximum likelihood. To account for
variance in baseline, only significant changes from
baseline are reported for volumetric measurements.
Analysis of variance was used for other comparisons
among groups. Post hoc pairwise comparisons were
performed using Tukey’s multiple comparison test.
Pearson’s product-moment correlation coefficients (r)
were used to determine relationships between
continuous variables of interest. Test-retest reli-
ability of echocardiographic measurements was
evaluated by calculating the intraclass correlation
coefficient from 2 separate measurements of each
echocardiographic parameter from 25 animals at
baseline. All data are expressed as mean � SEM. The
significance level was set a priori at p < 0.05.

RESULTS

TRANSTHORACIC ECHOCARDIOGRAPHY–DERIVED

SYSTOLIC FUNCTION AND LV DIMENSIONS. The
test-retest reliability for the echocardiographic mea-
surements was excellent (intraclass correlation coef-
ficient >0.96) (Supplemental Table 1). Six weeks after
chemotherapy initiation, LV ejection fraction (LVEF)
was significantly reduced in DOX rats compared with
baseline (77.90 � 1.20% vs. 69.70 � 2.30%; p < 0.05)
and age- and time-matched control animals (77.30 �
1.80% vs. 69.70 � 2.30%; p < 0.05) (Figure 2A). Val
treatment in DOX animals (DOX þ Val) did not
attenuate the reduction in LVEF compared with
baseline (79.90 � 0.63% vs. 69.50 � 1.80%; p < 0.05)
or age- and time-matched control animals (77.30 �
1.80% vs. 69.50 � 1.80%; p < 0.05) at this time point.
Conversely, Sac/Val treatment in DOX animals
(DOX þ Sac/Val) attenuated the DOX-induced reduc-
tion in LVEF at 6 weeks. Specifically, LVEF was not
significantly different from baseline (77.50 � 0.97%
vs. 74.60 � 1.70%; p > 0.05) or compared with age-
and time-matched control animals (77.3 � 1.80% vs.
74.60 � 1.70%; p > 0.05) at this time point. Fractional
shortening was used as an independent index of
systolic function and was also reduced after 6 weeks
in DOX-treated rats (Figure 2B). Similarly, treatment
of DOX rats with Val was unable to prevent this
decline, whereas treatment with Sac/Val was effec-
tive at preserving fractional shortening (Figure 2B).

In control animals, LV end-diastolic volume
significantly increased from baseline (267.30 �
0.21 ml) at 4 weeks (327.50 � 0.25 ml; p < 0.0001) and
at 6 weeks (325.90 � 0.58 ml; p < 0.01). DOX treatment
blunted this growth associated increase in LV end-
diastolic volumes from baseline (244.80 � 0.21 ml) at
4 weeks (273.10 � 0.25 ml; p < 0.05) and at 6 weeks
(265.60 � 0.68 ml; p > 0.05) (Figure 2C). Neither Val
nor Sac/Val prevented this DOX-induced delay in LV
end-diastolic volume increases over time. Aligned
with changes in systolic function, a time-dependent
increase in LV end-systolic volume from baseline
was evident at 6 weeks following initiation of
chemotherapy in only DOX rats (79.80 � 0.45 ml vs.
55.20 � 0.17 ml; p < 0.05) and DOX þ Val rats (86.30 �
0.39 ml vs. 49.50 � 0.13 ml; p < 0.05). There was no
change in LV end-systolic volume from baseline in
DOX rats treated with Sac/Val (72.20 � 0.38 ml vs.
57.60 � 0.16 ml; p > 0.05) (Figure 2D).

TEMPORAL CHANGES IN MYOCARDIAL 99mTc-RP805

ACTIVITY. LV 99mTc-RP805 uptake increased signifi-
cantly in DOX rats (0.030 � 0.004% ID/g) compared
with time-matched control animals (0.017 � 0.001%
ID/g) at 6 weeks (p < 0.05) (Figure 3A). Similarly,
99mTc-RP805 uptake trended to increase in DOX þ Val
rats (0.027 � 0.003% ID/g) compared with
time-matched control animals at 6 weeks (p ¼ 0.051).
Sac/Val treatment prevented the DOX-induced
elevation in MMP activity, as evidenced by
99mTc-RP805 uptake values being not significantly
different from control animals (0.019 � 0.002% ID/g;
p > 0.05) (Figure 3A). In addition, we observed a sig-
nificant inverse linear correlation between
99mTc-RP805 uptake and LVEF (r ¼ –0.60; p ¼ 0.001)
at 6 weeks following chemotherapy initiation
(Figure 3B). Similarly, 99mTc-RP805 uptake was
modestly correlated to LV end-systolic volume at this
time point (r ¼ 0.49; p ¼ 0.003) (Figure 3C).

HISTOPATHOLOGY. Figure 4 shows representative
histological images for each of the groups at 4 and
6 weeks following initiation of chemotherapy. As
expected, DOX-treated animals exhibited the most
severe intercellular edema, which was evident by
4 weeks and markedly progressed over time. These

https://doi.org/10.1016/j.jaccao.2020.09.007
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FIGURE 2 Transthoracic Echocardiography–Derived Systolic Function and Ventricular Dimensions

(A) Left ventricular (LV) ejection fraction, (B) fractional shortening, (C) LV end-diastolic volume, and (D) LV end-systolic volume at baseline (n¼ 25 per group), 4 weeks

(n¼ 25 per group), and 6 weeks (CTL, n¼ 10; DOX, n¼ 10; DOXþ Val, n¼ 9, DOXþ Sac/Val, n¼ 10) following the initiation of chemotherapy. *p< 0.05 over horizontal

bars indicates between-group difference. *p< 0.05 vs. baseline; **p<0.01 vs. baseline; ****p< 0.0001 vs. baseline; #p< 0.05 vs. 4 weeks. Abbreviations as in Figure 1.
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changes were accompanied by marked variation in
myofiber diameter (blue arrows in Figures 4B, 4F, 4J,
and 4N) and intracellular vacuolation characteristic
of AIC (black arrows in Figures 4F and 4N). As shown
in Figure 5, these qualitative changes are supported
by semi-quantitative scoring (see Table 1). Specif-
ically, variation in myofiber diameter and intracel-
lular vacuolation was significantly increased in DOX
animals compared with control animals at 6 weeks
(0.50 � 0.16 arbitrary units vs. 1.50 � 0.29 arbitrary
units; p < 0.01) (Figure 5A). In addition, inflammatory
cell infiltration associated with myofiber variation or
vacuolation was also significantly increased in DOX
animals at 6 weeks compared with age- and time-
matched control animals (0.20 � 0.13 arbitrary units
vs. 0.40 � 0.16 arbitrary units; p < 0.05) (Figure 5B).
Notably, treatment of DOX animals with either Val or
Sac/Val resulted in a significant attenuation of DOX-
induced changes in myofiber variation or vacuola-
tion (Val: 0.40 � 0.16 arbitrary units; Sac/Val: 0.33 �
0.17 arbitrary units) and cellularity (Val: 0.80 � 0.2
arbitrary units; Sac/Val: 0.78 � 0.92 arbitrary units at
6 weeks) (Figures 5A and 5B); however, small foci of
inflammatory cells (white arrows in Figures 4G, 4H,



FIGURE 3 LV 99mTc-RP805 Uptake

(A) LV 99mTc-RP805 uptake between CTL animals (n ¼ 10) and rats treated with DOX (n ¼ 9), DOX þ Val (n ¼ 10), and DOX þ Sac/Val (n ¼ 9) at 4 weeks and between

CTL animals (n ¼ 10) and rats treated with DOX (n ¼ 9), DOX þ Val (n ¼ 10), and DOX þ Sac/Val (n ¼ 9) at 6 weeks following chemotherapy initiation. Correlation

between (B) LV ejection fraction and LV 99mTc-RP805 uptake and (C) LV end-systolic volume and LV 99mTc-RP805 uptake in all rats at 6 weeks. *p < 0.05 between

group difference. Abbreviations as in Figures 1 and 2.
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and 4L) or rare vacuolated myofibers (black arrow in
Figure 4P) are still seen.

Because cardiac fibrosis is often observed in
humans on biopsy and imaging following DOX
administration (23), we chose to assess fibrosis with
more quantitative methods. Representative images
for Picrosirius red staining and a-smooth muscle actin
immunohistochemistry are shown in Figures 6A and
6B for each group at both time points. As shown
quantitatively in Figure 6C, there was a significant
early increase in the percent of Picrosirius red area in
DOX-alone rats compared with time-matched control
animals at 4 weeks (4.19 � 0.23% vs. 2.26 � 0.16%;
p < 0.0001). This increase in collagen content was
significantly attenuated in both the DOX þ Val (2.91 �
0.23%; p < 0.01) and DOX þ Sac/Val (2.68 � 0.12%;
p < 0.001) rats compared with DOX-alone rats (4.19 �
0.23%) (Figure 6C). At 6 weeks, collagen content
remained elevated in DOX-alone rats compared with
time-matched control animals (4.63 � 0.23% vs. 2.76
� 0.29%; p < 0.0001). In addition, collagen content
significantly increased from 4 to 6 weeks in DOX þ Val
(2.91 � 0.23% vs. 3.95 � 0.20%; p < 0.05) and DOX þ
Sac/Val rats (2.68 � 0.12% vs. 3.87 � 0.26%; p < 0.05),
leading to significantly elevated collagen content
compared with time-matched control animals at
6 weeks (both p < 0.01) (Figure 6C). a-smooth muscle
actin, a marker of myofibroblast expression, showed
similar temporal changes to those observed in
collagen content (Figures 6B to 6D). Specifically,
a-smooth muscle actin expression was significantly
elevated at 4 weeks in all DOX-treated animals (DOX:
7.33 � 0.50%; DOX þ Val: 4.88 � 0.29%; DOX þ Sac/
Val: 4.93 � 0.40%) compared with control animals
(2.36 � 0.15%) (all p < 0.0001). However, this eleva-
tion was significantly less in DOX þ Val and DOX þ
Sac/Val rats compared with DOX-alone rats (both
p < 0.0001). At 6 weeks, a-smooth muscle actin levels
remained elevated in DOX-treated rats compared
to control animals (7.68 � 0.41% vs. 3.64 � 0.23%;
p < 0.0001). a-smooth muscle levels were also higher
in DOX þ Val (4.99 � 0.20%) and DOX þ Sac/Val (4.84
� 0.33%) rats compared to control animals (both p <

0.05), although these levels were significantly lower
than observed in DOX-alone rats (both p < 0.0001)
(Figures 6B to 6D).
CAPILLARY DENSITY AND MYOCYTE CROSS-SECTIONAL

AREA. Representative fluorescent images of myocyte
cross-sectional area and capillary density are shown
in Figure 7 for each group at 4 and 6 weeks following
initiation of chemotherapy. Myocyte cross-sectional
area was reduced in all DOX-treated groups (DOX:
358.3 � 15.4 mm2; DOX þ Val: 341.6 � 9.2 mm2; p < 0.05;
DOX þ Sac/Val: 310.5 � 12.5 mm2; p < 0.05) when
compared with time-matched control animals (393.5 �
16.7 mm2) at 4 weeks, although this reduction did
not reach statistical significance in the DOX-alone
group (p > 0.05) (Figures 7A and 7B). Similarly, at
6 weeks, myocyte cross-sectional area was signifi-
cantly reduced in all DOX-treated groups (DOX: 344.9
� 10.9 mm2;DOXþVal: 315.9� 10.0 mm2;DOXþSac/Val:
327.3� 12.8 mm2) compared with time-matched control



FIGURE 4 Representative Pathohistological Images Over Time

Representative images (Hematoxylin and Eosin [H and E] and Masson’s Trichrome [MT]) of myofiber variation (top panel) and myofiber vacuolation with cellularity

(bottom panel) for each group at 4 and 6 weeks following initiation of chemotherapy. Doxorubicin toxicity was progressive and characterized by marked variation in

myofiber diameter (blue arrows, B, F, J, N) and intracellular vacuolation (black arrows, F and N). Small foci of inflammatory cells (white arrows, G, H, l) or rare

vacuolated myofibers (black arrow, P) are still seen in DOX rats treated with Val and Sac/Val, albeit less than that observed without these treatments. Abbreviations as

in Figures 1 and 2.
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animals (437.0� 9.9 mm2 vs. 7.3� 12.8 mm2; all p<0.05)
(Figures 7A and 7B). In line with these findings, total
heart weight measured at the time of euthanasia was
significantly less in all DOX-treated animals at both 4
and 6 weeks following chemotherapy initiation,
regardless of therapy (Supplemental Figure 1C).

At 4 weeks, capillary density was not different
between the DOX-alone group (1.15 � 0.04) and con-
trol animals (0.93 � 0.04) (Figures 7A and 7C). How-
ever, treatment of DOX rats with either Val (1.31 �
0.11; p < 0.01) or Sac/Val (1.54 � 0.06; p < 0.001) led to
a significant increase in capillary density compared
with control animals. The increase in capillary den-
sity was also significantly higher in the DOX þ Sac/Val
rats compared with DOX rats (p < 0.01) at this time
point. At 6 weeks, capillary density was significantly
higher in the DOX (1.34 � 0.10) and DOX þ Val (1.35 �
0.10) groups compared with time-matched control
animals (0.85 � 0.04) (both p < 0.001). On the
other hand, capillary density was significantly
reduced from 4 to 6 weeks in the DOX þ Sac/Val group
(1.54 � 0.06 vs. 1.10 � 0.08; p < 0.01) to levels that
were no different from control values at this later
time point.
CELLULAR DEATH. Representative fluorescent
images for DAPI and TUNEL are shown in
Supplemental Figure 1 for each group at 4 and
6 weeks following initiation of chemotherapy. Unlike
the observed progressive histopathological changes
described previously, cellular apoptosis was not

https://doi.org/10.1016/j.jaccao.2020.09.007
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FIGURE 5 Quantification of Histopathology Scoring Over Time

Scoring was categorized as (A)myofiber vacuolation with diameter variation and (B) cellularity between CTL animals (n ¼ 10) and rats treated

with DOX (n ¼ 10), DOX þ Val (n ¼ 10), and DOX þ Sac/Val (n ¼ 9) at 4 weeks and between CTL animals (n ¼ 10) and rats treated with DOX

(n ¼ 9), DOX þ Val (n ¼ 10) and DOX þ Sac/Val (n ¼ 9) at 6 weeks following chemotherapy initiation. *p < 0.05, **p < 0.01 over horizontal

over horizonal bars denotes between-group difference. Abbreviations as in Figure 1.

FIGURE 6 Representative PSR and SMA Staining Images and Quantification

(A) Picrosirius red (PSR) and (B) smooth muscle actin (SMA) staining and (C, D) respective quantification of these variables between CTL animals (n¼ 9) and rats treated

with DOX (n ¼ 7), DOX þ Val (n ¼ 7) and DOX þ Sac/Val (n ¼ 7) at 4 weeks and between CTL animals (n ¼ 8) and rats treated with DOX (n ¼ 8), DOX þ Val (n ¼ 7) and

DOX þ Sac/Val (n ¼ 7) at 6 weeks following chemotherapy initiation. * p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 over horizontal bars denotes between-

group difference. #p < 0.05 vs. 4 weeks. Abbreviations as in Figure 1.
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FIGURE 7 Cardiomyocyte Cross-Sectional Area and Capillary Density Over Time

(A) Representative images of LV sections co-stained with laminin (red) and isolectin B4 (green) at 4 and 6 weeks after the initiation of chemotherapy. (B) Quantification

of myocyte cross-sectional area (mm2) and (C) capillary density (expressed as capillary number per cardiomyocyte area) for CTL animals (n ¼ 10) and rats treated with

DOX (n ¼ 9), DOX þ Val (n ¼ 10), and DOX þ Sac/Val (n ¼ 9) at 4 weeks and for CTL animals (n ¼ 10) and rats treated with DOX (n ¼ 9), DOX þ Val (n ¼ 9–10), and

DOX þ Sac/Val (n ¼ 8–10) at 6 weeks following chemotherapy initiation. Horizontal bars denote group difference at the significance levels of, *p < 0.05, **p < 0.01,

and ***p < 0.001. †p < 0.01 vs. 4 weeks. Abbreviations as in Figures 1 and 2.
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significantly different among the groups at either
time point following the initiation of chemotherapy
(Supplemental Figures 1A and 1B).

DISCUSSION

The major finding from the present study is that Sac/
Val, a first-in-class clinically approved angiotensin
receptor-neprilysin inhibitor, resulted in preserved
LV systolic function in an established rodent model of
progressive AIC. Conversely, standard angiotensin
receptor blocker (ARB) therapy with Val was insuffi-
cient to preserve LVEF following DOX administration
in this model. In addition, only Sac/Val therapy was
able to attenuate the late DOX-induced elevations in
LV myocardial 99mTc-RP805 uptake, a sensitive index
of myocardial MMP activity. A possible compensatory
increase in capillary density was seen in DOX rats
treated with either Val or Sac/Val at the early time
point that was more pronounced in the Sac/Val-
treated rats. Interestingly, DOX rats treated with
either Val or Sac/Val showed a reduction in histolog-
ical evidence of myocardial toxicity and fibrosis,
suggesting that the preservation of LVEF with Sac/Val
is due, at least in part, to altered extracellular matrix
remodeling secondary to a reduction in myocardial
MMP activity (Central Illustration).

The precise cellular and molecular mechanisms of
AIC are not fully elucidated, although the prevailing
hypothesis is that DOX alters redox balance through
multiple pathways (24). Consequently, these events
culminate into structural remodeling and cardiac
dysfunction (24). Thus, therapeutic strategies to
prevent or attenuate DOX-induced cardiotoxicity
have focused on direct targeting of reactive oxygen
species or inhibition of key pathways in the remod-
eling process. Several preclinical studies report that
RAAS inhibition with both angiotensin-converting
enzyme inhibitors and ARBs during anthracycline
therapy reduce oxidative stress and histological evi-
dence of cardiotoxicity (14,25). In addition, some (15)
but not all (17,26) clinical trials report an attenuation
in AIC with these therapies. Although these mixed
results can be partially explained by trial design, they
highlight that novel pharmacotherapies that target
pathways other than RAAS are needed. Along these

https://doi.org/10.1016/j.jaccao.2020.09.007
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lines, a recent study showed that Sac/Val was able to
attenuate dilated cardiomyopathy and cellular evi-
dence of toxicity in mice administered high-dose DOX
(21). Although providing the first report of the efficacy
of Sac/Val as a cardioprotective agent against AIC, the
lack of a comparator group did not allow for deter-
mination of potential advantage of Sac/Val compared
with standard RAAS inhibition therapy. Furthermore,
the high dosing regimen produced rapid dilated car-
diomyopathy that does not recapitulate clinically



TABLE 1 Description of Pathological Scorning System

Category Description of Pathology Score

Myofiber vacuolation,
and/or myofiber atrophy
or degeneration

Cluster of myofibers with typical
intracytoplasmic vacuolations
and/or regions of myofiber
atrophy, disorganization, or
degeneration

0 ¼ normal histological
appearance

1 ¼ <10%/section
2 ¼ 10%–20%/section
3 ¼ >20%/section

Increased cellularity,
associated with myofiber
degeneration or
vacuolation

Inflammation (macrophages,
lymphocytes) or fibroplasia
associated with evidence of
myofiber injury
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observed AIC, which is progressive and typically is
detected after completion of chemotherapy (27). Our
study extends these findings, as we show that Sac/Val
was able preserve LV systolic function and reduce
histological evidence of cardiac injury and fibrosis in
an established rodent model of progressive AIC,
whereas Val was only able to reduce histological ev-
idence of cardiac injury in this model.

Accumulating evidence in both small and large
animals implicate alterations in myocardial MMP ac-
tivity as a mediator in anthracycline-induced cardiac
remodeling and subsequent contractile dysfunction
(9,28). However, the temporal pattern of MMP acti-
vation appears to be dependent on the dosing
regimen. Specifically, acute studies employing a sin-
gle high dose of DOX observe early increases in MMP-
2 (28), whereas delayed myocardial MMP expression
(MMP-2 and MMP-9) and activation patterns were
detected with chronic low-dose administration pro-
tocols (3,9). Despite these temporal differences, these
observations confirm that MMP activation is associ-
ated with overt cardiac remodeling and dysfunction
in these models, thus suggesting acute and sustained
myocardial MMP activation as a key cellular event in
the initiation and progression of AIC. In this current
LUSTRATION Continued

as performed at baseline in all rats (n ¼ 100). Rats were then administered

equal volume of 0.9% saline (control animals, n ¼ 25) intraperitoneally. After
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it was no different from control animals in the Sac/Val-treated rats.
study, we demonstrate for the first time using 99mTc-
RP805, a sensitive index of myocardial MMP activity,
that Sac/Val was able to significantly attenuate
myocardial MMP activation in DOX-treated rats. In
addition, despite the attenuation of myocellular
toxicity and fibrosis, treatment of DOX rats with Val
did not significantly influence myocardial 99mTc-
RP805 uptake. These results indicate that the addi-
tional beneficial effects afforded by Sac/Val over Val
alone in this model of AIC are due in part to a
reduction in myocardial MMP activity. In line with
these findings, a recent study in rats showed that Sac/
Val therapy following coronary ligation attenuated
cardiac rupture compared with enalapril, and this was
partially attributed to a significant reduction in
MMP-9 activation in the infarct region of the
myocardium (29). Although tempting to speculate
parallels between our studies, studies are needed to
fully elucidate the cellular and molecular un-
derpinnings of our findings.

Natriuretic peptides have been shown to have direct
antifibrotic, antihypertrophic, and proangiogenic effects
(30). Therefore, we assessed some of these parameters
with immunohistochemistry to shed some light on our
observations of greater cardioprotection afforded by Sac/
ValoverValalone.BothValandSac/Val treatmentafforded
some protection against DOX-induced fibrosis, whereas
neither treatment was able to prevent DOX-induced
myocardial atrophy. Interestingly, we observed an early,
robust increase in capillary density in Sac/Val-treated rats
compared with DOX-alone animals. DOX rats treated with
Val also demonstrated an early increase in capillary den-
sity, albeit to a lesser magnitude compared with Sac/Val-
treated rats. At the terminal time point, both DOX-alone
and DOX þ Val rats displayed an elevation in capillary
density compared with control animals, whereas capillary
doxorubicin (DOX) (2.15 mg/kg) every 3 days for 21 days (15 mg/kg

the first dose, DOX rats remained untreated (DOX, n ¼ 25), or were

þ Sac/Val, n ¼ 25) by gavage for the duration of study. Control and

derived left ventricular (LV) function (LV ejection fraction), in vivo

yocardial toxicity as assessed by hematoxylin and eosin and
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ecreased in the DOX and in DOX þ Val animals compared with time-

e activation was increased in the myocardium of DOX and in DOX þ
s. Myocardial toxicity increased in the DOX group at this later time

weeks, myocardial fibrosis was increased in the DOX-alone rats

Sac/Val groups relative to control animals, albeit this increase was

DOX and DOX þ Val rats compared with control animals at this later
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density inSac/Val ratswas similar to control animals at this
later time point. These findings suggest a rapid and
potentially beneficial response in Sac/Val rats that may
have contributed to preserved myocardial function in
these animals. The temporal patterns of an early, robust
increase in capillary density, followed by a subsequent
return to basal levels is in line with angiogenesis patterns
following acute injury. Specifically, our group recently
showed Sac/Val therapy stimulates an early increase in
99mTc-NC100692 (a radiotracer that binds to proliferating
endothelial cells) in the infarct region of rats following
permanent left anterior descending artery ligation. Similar
to theAICmodel, 99mTc-NC100692 returns to control levels
at later time points post-infarct (19). Interestingly, studies
in mice have demonstrated that stimulating angiogenesis
with vascular endothelial growth factor B gene therapy
attenuates myocardial injury associated with acute and
chronic DOX administration (31). However, it is worth
noting that capillary density is often reduced with DOX
administration in murine models (31,32), rather than
increased as observed in this model. The reason for this
discrepancy is unknown, but species, dosing regimen, and
length of follow-up may contribute to these differences.
Indeed, more detailed molecular analyses are needed to
confirm our observations, as well as uncover other mech-
anisms that may be contributing to the greater car-
dioprotective actions afforded by Sac/Val over Val alone.

STUDY LIMITATIONS. First, we did not measure
circulating natriuretic peptides or renal neprilysin
activity in this study. Thus, despite offering greater
protection against LV remodeling and dysfunction
compared with standard ARB therapy, we do not
know the magnitude of neprilysin inhibition afforded
by the Sac/Val dosing regimen used in our study.
However, it is worth mentioning that previous pre-
clinical studies demonstrated adequate neprilysin
inhibition in rats using a similar dosing scheme of
Sac/Val as used in this study (22). Second, we were
unable to accurately quantify diastolic function in
these animals due to mitral valve E- and A-wave
fusion. Thus, we cannot exclude the possibility of
diastolic dysfunction in our model and the potential
benefit of Val or Sac/Val on these parameters. Third,
our use of intraperitoneal injections of DOX, in an
effort to prevent extravasation, led to ascites sec-
ondary to liver damage. Thus, the length of follow-up
and the ability to perform invasive hemodynamic
measurements were limited at later time points in
these animals. Therefore, we cannot determine
whether protection afforded by Sac/Val would have
been more evident with more severe cardiotoxicity,
nor can we rule out that the Sac/Val effects on LV
remodeling and dysfunction were in part due to al-
terations in preload or afterload. Therefore, to fully
realize the full potential of Sac/Val in the setting of
chronic DOX administration, future studies should
employ large animal models, in which intravenous
injection of DOX and arterial pressures are more
easily applied, as recently described by our group
(33). Lastly, healthy rats were used in this study; thus,
whether Sac/Val therapy interferes with the antineo-
plastic effects of DOX is unknown at this juncture.
Thus, future studies evaluating Sac/Val in the setting
of AIC should employ tumor-bearing models to rule
out this possibility.

CONCLUSIONS

Sac/Val resulted in greater benefit than Val therapy in
protecting against LV remodeling and dysfunction in
a progressive rodent model of AIC. Importantly, the
preservation of LVEF with Sac/Val therapy in DOX
rats was associated with only mild myocardial
toxicity and no significant changes in MMP activity.
On the other hand, Val therapy alone only attenuated
DOX-induced toxicity and fibrosis at the cellular level
but failed to preserve LVEF and inhibit myocardial
MMP activation. Thus, these data suggest that the
preservation of LVEF with Sac/Val is due in part to a
reduction in myocardial MMP activity. Future in-
vestigations should focus on evaluating the ability of
Sac/Val to inhibit MMP activation and preserve car-
diac function in the setting of chemotherapy-induced
cardiotoxicity in large animal models and in cancer
patients (NCT03760588).
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: This

study provides the first evidence that Sac/Val, a first-in-

class angiotensin receptor-neprilysin inhibitor, resulted in

greater preservation of cardiac systolic function and

remodeling than standard ARB with valsartan in an

established rodent model of progressive AIC. Both Val

and Sac/Val attenuated histological evidence of myocar-

dial degeneration and fibrosis, but only Sac/Val therapy

attenuated late elevations in myocardial proteolytic

enzyme activity (MMPs). Together, these findings suggest

that the preservation of systolic function with Sac/Val is

due, at least in part, to altered extracellular matrix

remodeling secondary to a reduction in myocardial MMP

activity.

TRANSLATIONAL OUTLOOK: Studies in large animal

models of AIC and in cancer patients receiving anthracy-

cline chemotherapy (e.g., NCT03760588) are warranted

to determine the potential clinical efficacy of Sac/Val as a

therapy to treat cardiotoxicity. As circulating MMPs and

TIMPs have been used as early indices of cardiotoxicity,

future clinical studies may include both quantitative im-

aging (molecular and functional) and circulating bio-

markers as therapeutic endpoints.
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