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Purpose: Doxorubicin-related heart failure has been recognized as a serious
complication of cancer chemotherapy. This paper describes a cardiovascular safety
pharmacology study with chronic dosing of doxorubicin in a non-human primate model
designed to characterize the onset and magnitude of left ventricular dysfunction (LVD)
using invasive and non-invasive methods.

Methods: Cynomolgus monkeys (N = 12) were given repeated intravenous injections
of doxorubicin over 135 days (19 weeks) with dosing holidays when there was
evidence of significantly decreased hematopoiesis; a separate group (N = 12)
received vehicle. Arterial and left ventricular pressure telemetry and cardiac imaging
by echocardiography allowed regular hemodynamic assessments and determination of
LVD. Blood samples were collected for hematology, clinical chemistry, and assessment
of cardiac troponin (cTnl) and N-terminal pro b-type natriuretic peptide (NT-proBNP).
Myocardial histopathology was a terminal endpoint.

Results: There was variable sensitivity to the onset of treatment effects, for example
25% of doxorubicin-treated animals exhibited LVD (e.g., decreases in ejection fraction)
following 50-63 days (cumulative dose: 8-9 mg/kg) on study. All animals deteriorated
into heart failure with additional dosing 135 days (total cumulative dose: 11-17
mg/kg). Reductions in arterial pressure and cardiac contractility, as well as QTc interval
prolongation, was evident following doxorubicin-treatment. Both c¢Tnl and NT-proBNP
were inconsistently higher at the end of the study in animals with LVD. Measurements
collected from control animals were consistent and stable over the same time frame.
Minimal to mild, multifocal, vacuolar degeneration of cardiomyocytes was observed
in 7 of 12 animals receiving doxorubicin and O of 12 animals receiving vehicle.
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Conclusions: This repeat-dose study of doxorubicin treatment in the cynomolgus
monkey demonstrated a clinically relevant pattern of progressive heart failure.
Importantly, the study revealed how both telemetry and non-invasive echocardiography
measurements could track the gradual onset of LVD.

Keywords: doxorubicin, macaca fascicularis, heart failure, QTc interval prolongation, echocardiography, telemetry,

troponin

INTRODUCTION

Doxorubicin (Adriamycin) has been a common treatment for
cancer since its introduction in the 1960s. It is well-known that
treatment is associated with cardiotoxicity which can progress
to congestive heart failure (CHF) (1). This concern limits the
use of doxorubicin in human patients. An early paper stated the
core concerning issue: “The morbidity and mortality rates related
to anthracycline-induced cardiotoxicity will continue to increase
because of several factors: significant cardiac injury, which occurs
even with low-dose therapy and commonly occurs with therapeutic
doses; the use of monitoring techniques that are often insensitive
to subclinical cardiac damage; lack of effective cardio protection;
and late-onset ventricular impairment occurring in asymptomatic
patients years after uncomplicated anthracycline treatment” (2).
These concerns persist to this day.

The mechanism underlying the cardiovascular toxicity may
be related to the generation of reactive oxygen species (ROS)
but it is well-appreciated that the toxicity is multifactorial and
includes effects stemming from mitochondrial impairment and
disruptions of myocyte calcium handling (3-5). The toxicity is
also strongly linked to the generation of secondary metabolites,
which can vary among the anthracyclines (6). More recently,
there has been a growing concern with delayed-onset degradation
of cardiac function (8). While the damage to the heart is

thought to be immediate, a patient’s compensatory mechanisms
may delay the onset of clinically detectable changes for years
(7). With lifetime doxorubicin doses of 400-450 mg/mz, a
heart failure incidence of 5% (10% in older patients) can be
expected (8). Additionally, the combination of doxorubicin with
other cancer therapies (e.g., trastuzumab) augments the risk of
cardiotoxicity (9).

While clinical diagnostic tests are poor predictors of long-
term prognosis, they are used to diagnose and document the
extent of functional changes as cardiac injury progresses. ECG
changes such as QTc prolongation emerge during development
of sequelae to treatment (10). Likewise, measurements of
cardiac function derived from echocardiography such as ejection
fraction and fractional shortening as well as indices of diastolic
function are decreased in the patients who develop heart disease
following treatment with doxorubicin (11). Recent papers from a
consortium of pharmaceutical companies highlighted the utility
of measurements of left ventricular endpoints (e.g., dP/dtmay, an
index of cardiac contractility) as a biomarker of cardiac function
(12, 13).

The clinical manifestation of  doxorubicin-related
cardiotoxicity has been modeled in several; preclinical species
such as rats, mice, rabbits, and dogs (14-18). The dosages and
dosing intervals used varied considerably across the studies.
With regard to higher species like the non-human primate,

TABLE 1A | Doxorubicin dosing schedule indicating dosing levels on specific dosing days, dosing holidays, and indication of when animals were euthanized due to

deteriorating cardiovascular function.
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Gray box: dosing holiday; black box: unscheduled sacrifice. The study concluded on day 135.

There were no unscheduled sacrifices in the control group.
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TABLE 1B | Plasma levels of doxorubicin (dox) at 8 and 24 h after intravenous dosing.

Day 1 Day 36 Day 78

Day 113

8h 24 h 8h 24 h 8h 24h

8h

24h

Dox (ng/ml) 31.6+57 168+ 3.5 16.5+4.2 8.0+ 1.6 19.0+5.5 9.1+27

16.4+£3.5

6.3+1.3

All values are means + SD (N = 12; except day 113 was N = 6).

TABLE 2 | Cumulative dose estimation for each animal treated with doxorubicin.

NHP# Total dose® mg/kg Mean dosing phase weight® (kg) Total dose® (mg) Dose/body surface area® (mg/m?)
104928 16 5.4 86 192
104929 13 4.6 53 156
104930 16 4.9 79 192
104931 16 4.5 72 192
104932 11 5.3 58 132
104933 17 4.5 7 204
104934 13 4.9 63 156
104935 17 5.4 92 204
104936 13 4.7 61 156
104937 16 5.9 94 192
104938 13 8.9 116 156
104939 13 8.8 114 156
Average (SD) 145 +2.0 56+1.6 81 +20 174 + 24

aTotal dose is a sum of each dose (mg/kg) administered to an individual animal during the dosing phase.
Ppean body weight was calculated for all body weight intervals in the dosing phase for each individual animal.
CEstimated total cumulative dose is the total dose (mg/kg) administered multiplied by the mean body weight (kg) for each individual animal.

9The dose per body surface area was determined by multiplying the total dose (mg/kg) administered to individual monkeys by a species-specific mass constant, ky. For monkeys, the

km was 12 kg/m? (24).
Cumulative dose levels were dependent on number of doses given which was limited by tolerability.

three evaluations of doxorubicin were conducted. One early
study used cynomolgus monkeys treated with doxorubicin (1
mg/kg monthly) for 26 months (19). Although clinical signs of
congestive heart failure were observed in the majority (8/10)
of animals, no quantitative measurements of cardiac function
were collected. In a second study (reported in abstract form),
a different doxorubicin dose regimen (2 mg/kg/week for 3
weeks followed by 1 mg/kg/2 weeks until evidence of cardiac
dysfunction occurred) was used in cynomolgus monkeys,
although the magnitude of echocardiography changes was
not stated (20). Lastly, Takayama et al. (21) demonstrated
that doxorubicin (1 mg/kg/every 4 weeks for 114 months)
administration caused myocardial structural changes related to
heart failure, but no functional measurements were collected
from those animals.

Given the important role and value of non-human primate
in cardiovascular safety assessments for new therapeutics (22),
and the lack of nonclinical information on the sensitivity of non-
human primate to doxorubicin-induced cardiovascular toxicity,
we characterized the effect of this clinically relevant anticancer
therapeutic in the cynomolgus monkey to better understand the
translational value of this animal model. In this study, serial
measures of cardiac function were examined in cynomolgus
monkeys given repeated doses of Dox. Assessments included
telemetry collection of electrocardiograms, hemodynamics,

circulating levels of ¢Tnl and echocardiography. The study used
a dose regimen based on prior literature that was intended to
produce progressive decreases in left ventricular systolic function
while endeavoring to avoid non-cardiovascular toxicities (e.g.,
leukopenia) also associated with doxorubicin treatment.

METHODS

The effects of doxorubicin treatment on measures of cardiac
function were characterized in cynomolgus monkeys over an
observation period of up to 135 days. The study was performed
at Covance Laboratories, Inc. (Madison, WT).

Animal Care and Treatment

Male cynomolgus monkeys (Macaca fascicularis) of Chinese
origin obtained from Covance Research Products, Inc. (2-12
years old; 3-12 kg), were housed in stainless steel cages. Animals
selected for this study were based on age (planned retirement
from the colony) and expiring telemetry battery life. Care and
use of animals was as specified by United States Department
of Agriculture Animal Welfare Act (9 CFR, Parts 1, 2, and
3) and as described in the Guide for the Care and Use of
Laboratory Animals (23). Animals were individually or socially
housed indoors in species-specific housing at an Association
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FIGURE 1 | Hematology changes. Changes in white blood cell counts (A) and Hematocrit (B) over the course of the study.

for Assessment and Accreditation of Laboratory Animal Care-
accredited facility. All research protocols were approved by the
Covance Institutional Animal Care and Use Committee (IACUC)
prior to dose administration. Certified Primate Diet (#5048,
PMI, Richmond, IN) was provided daily in amounts appropriate
for the age and size of the animals. Animals had ad libitum
access to water (automatic watering system or bottle), were
maintained in standard housing conditions (12:12h light:dark
cycle; 20° —26°C; 30-70% humidity) and had enrichment
opportunities, e.g., food treats, fresh fruit, toys, and social
interaction. A veterinary medical treatment plan was developed
(pre-study) to provide supportive care based on clinical
observations, clinical pathology data, hemodynamic findings,
and/or echocardiography findings, including the management
of pain and suffering (euthanasia). Palliative and prophylactic

procedures were based upon consensus agreement between the
study director and attending laboratory animal veterinarian.
Terminal procedures included scheduled (day 135; last day
of study) or unscheduled (due to morbidity or poor health)
euthanasia by deep anesthesia by ketamine/sodium pentobarbital
injection and exsanguination. Final blood samples (vena cava)
were collected on all animals (when possible) and a complete
macroscopic examination was performed at necropsy. Heart
tissues (right and left ventricular free walls and ventricular
septum) were collected, processed and embedded in paraffin for
evaluation by light microscopy.

Animals had been previously instrumented ~1.5 years before
the start of the study with telemetry units from Data Science
International (DSI). Either D70-PCT (13 animals) or D70-PCTP
(11 animals) units were used for collection of electrocardiograms
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TABLE 3 | Summary of echocardiographic and telemetry measurements following doxorubicin treatment in cynomolgus monkey.

Day of study
Parameter Treatment 0 15-18 36-39 56-63 91-92 Final
Ejection fraction Vehicle 0.82 +0.08 0.79 + 0.04 0.82 + 0.05 0.80 + 0.06 0.82 + 0.05 0.80 + 0.06
Doxorubicin 0.84 +0.07 0.80 + 0.05 0.79 + 0.10 0.76 + 0.06 0.67 +0.16* 0.48 +£0.12
Fractional shortening Vehicle 0.42 +0.08 0.38 + 0.04 0.41 + 0.05 0.39 + 0.06 0.40 + 0.06 0.39 + 0.06
Doxorubicin 0.43 +0.07 0.39 + 0.05 0.39 + 0.09 0.35 + 0.05* 0.30 +0.11* 0.18 + 0.06
LVDs (cm) Vehicle 1.04 £0.19 1.09 £0.14 1.08 £0.13 114 £0.17 111 £0.19 1.15+£0.18
Doxorubicin 0.98 +£0.20 1.10£0.19 113 £ 0.21 1.20 £0.20 1.39 £0.37 1.64 £0.25
LV contractility (dP/dtmax) Vehicle 2,309 + 477 2,859 + 872 2,815+ 816 3,304 + 1,019 2,866 + 955 2,746 + 693
Doxorubicin 2,710 £ 894 2,368 £+ 702 2,631 £ 745 2,706 £+ 923 2,088 + 417 1,812 £ 360
QTc (msec) Vehicle 276 £ 27 277 £29 276 £ 25 269 + 25 267 + 28 271+ 25
Doxorubicin 299 + 26 324 + 25* 321 + 26* 313 £ 27* 331 £ 32* 350 + 49
Heart rate (bpm) Vehicle 106 + 11 120 +£ 23 116 + 19 114 £ 19 115 + 21 111 £19
Doxorubicin 112 +£17 113+ 17 121 +£17 115+ 20 133+ 25 138 + 28
Mean BP (mm Hg) Vehicle 70+ 12 76+ 13 76+ 14 76 £13 73+13 75+ 15
Doxorubicin 76 £13 77 £ 15 77+ 16 75 £ 17 69 + 18* 66 + 20

All values are means + SD (N = 12). Final = last available measurement prior to scheduled or unscheduled sacrifice.
“Statistically diifferent from vehicle treated animals (p < 0.05). As Final was on different days for different animals, no statistical assessment is denoted.

(ECG), body temperature, blood pressure, and left ventricular
pressure (LVP) measurements. All animals had been used
previously in multiple cardiovascular pharmacology studies
but had not been administered any test article for at least
2 weeks prior to study start. The animals used in this
study were scheduled for termination due to the duration of
their instrumentation.

Doxorubicin Dose Regimen

Male animals were randomly divided into vehicle (N = 12,
average: 6.37kg) and doxorubicin-treatment (N = 12, average:
5.74kg) groups. The vehicle group contained seven PCT-
implanted monkeys (arterial pressure and ECG) and five PCTP-
implanted monkeys (arterial and left ventricular pressures and
ECG). The doxorubicin group contained six PCT-implanted
monkeys and six PCTP-implanted monkeys. Animals were
administered weekly intravenous administrations (1 mL/kg) of
either sterile saline or 2 (or 1) mg/kg doxorubicin followed by a
2 mL/kg sterile saline flush. Animals administered doxorubicin
were given a temporary dosing holiday when neutrophil counts
were <1,000/pL. Dosing holidays were also put in place when
there was echocardiographic evidence of systolic heart failure
(Fractional Shortening < 18%) (Table 1).

Telemetry

Data Sciences International (DSI) Dataquest® OpenART®
telemetry equipment was used to generate and acquire the
data input. This system transferred the data to a PONEMAH
Physiology Platform analysis system. The arterial pressure and
body temperature raw signal were digitized at a sampling rate
of 250 Hz; the left ventricular pressure (LVP) and ECG were
digitized at a sampling rate of 500 Hz. Pre-treatment baseline
measurements of ECG and blood pressure measurements were
collected for a 24-h period ~1 week prior to dosing (study day

—6). To avoid procedure related disruption of the cardiovascular
data, on-study telemetry data was collected continuously with a
logging rate of 60s from ~46 to 67 h post-treatment (~21h).
Cardiovascular data were monitored on a weekly basis for the
remainder of the study (denoted as days 1, 8, 16, 22, 29,
36, 43, 50, 57, 63, 70, 78, 92, 99, 106,113, 120, and 127).
Telemetry units failed during the study for 3 animals (104923
(vehicle) 104937 and 104932 (doxorubicin) on days 30, 37, and
72, respectively. During dosing holidays, data was collected at
times approximating those used for dosing days. Telemetric data
were reduced into 1-h time bins for analysis. The QT interval
was corrected for heart rate (RR interval) using an individual
animal correction formula [QTc = QT + [IACF * (750-RR)],
where RR is denoted in msec]. The IACF was derived from a
plot of the QT vs. RR interval values collected in at baseline for
each animal.

Echocardiography

All echocardiography measurements were done with ketamine
anesthesia. Principal measurements included left ventricular
internal dimensions during diastole and systole, interventricular
septal thickness, and left ventricular free wall during diastole
from the M-mode. The aortic dimension (diastole) and
left atrial dimension (diastole) were measured using a two-
dimension image. The primary endpoints used for assessing
cardiac function were fractional shortening and ejection
fraction and were calculated using the left ventricular
measurements. Two baseline measurements (days —4
and —1) of echocardiographic parameters were collected
prior to the start of dosing. Echocardiographic endpoints
were collected on an approximately biweekly basis for the
remainder of the study (days 18, 25, 39, 56, 67, 77, 91, 105, 116,
and 127).
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FIGURE 2 | Echocardiography endpoints. Changes in fractional shortening
(A), ejection fraction (B), and left ventricular systolic diameter (C) over the
course of the study. *Statistically different from vehicle treatment.

Blood Sample Analysis

Blood was collected for hematology and clinical chemistry
parameters, cardiac biomarkers of acute myocyte damage (cTnl)
and heart failure (NT-proBNP), and doxorubicin exposure.
Generally, blood was collected from all animals (unanesthetized;
femoral vein) twice during the pre-study acclimation period and
then at weekly intervals during the treatment phase starting on
day 2. Plasma samples were prepared and analyzed in accord
to protocol for each endpoint. On four study days, additional

blood samples were acquired to measure plasma doxorubicin
levels after the initial 2 mg/kg dose (day 1; 8 and 24h) and
following 1 mg/kg (days 36, 78, and 113; 8 and 24h). The
following instruments/methods were used for clinical pathology
analysis: hematology: Advia 2120 or 120; coagulation: Stago
(Parsippany, NJ); clinical chemistry: Roche Analytics Modular
Chemistry Analyzer (Indianapolis, IN); NT-proBNP: ALPCO
(human kit BI-20852W) ELISA (Salem, NH); ¢Tnl: Immulite,
BeckmanCoulter, Brea, CA.

Statistical Analysis

Telemetry data were divided into analysis blocks based on
photoperiod (light and dark cycles). Circadian changes in heart
rate and blood pressure are readily observed in non-human
primates and reflect changes in autonomic tone. Data collected
by telemetry were analyzed for dosing phase data only. The
variance-covariance structure used in the analysis was the one
providing the smallest Akaike Information Criterion out of
the two: Compound Symmetry and Heterogeneous Compound
Symmetry. Because the days were not equally spaced throughout
the study period, the Autoregressive (1) and Heterogeneous
Autoregressive (1) variance-covariance structures were not
investigated. For each analysis block separately, a repeated-
measures ANOVA (Baseline + Treatment + Day + Treatment
x Day) was conducted. Baseline was the average for each animal
from the pre-dose (Study Day —7) data collection period. If
the main effect, Treatment, was significant and the Treatment
x Day interaction was not significant, the data were averaged
and analyzed across all the days; if the Treatment x Day
interaction was significant, the data were analyzed at each
day separately. A significance level of 0.05 was used for all
testing. Echocardiography data was analyzed separately using
a simple two-tailed t-test at for each collection and assuming
unequal variance.

RESULTS

Doxorubicin Treatment, Tolerability, and
Overt Clinical Signs

Over the 135 experimental days, NHP received weekly injections
of doxorubicin to induce heart failure, and the control group
was given vehicle in the same manner. All doxorubicin-treated
animals required dosing holidays (of various durations) due
to treatment-related reductions in white blood cell counts
(e.g., no treatment on days 22, 29, 43, 57, etc.; Table 1A), an
indication of drug-induced bone marrow toxicity. Following
three consecutive doses of 2 mg/kg, the dose was lowered
to 1 mg/kg for the remainder of the study to minimize
bone marrow effects and other clinical effects associated with
doxorubicin. This dose modification improved tolerability and all
12 doxorubicin-treated animals survived through study day 100.
Plasma levels of doxorubicin were proportionally lower following
the dose reduction to 1 mg/kg (Table 1B). The cumulative
doxorubicin dose per animal ranged from 11 to 17 mg/kg,
or 132-204 mg/m? when expressed per body surface area
(Table 2). Following day 100, 10 animals underwent unscheduled
euthanasia (N = 1 on days 103, 105,107, 109, 114; N = 2
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TABLE 4A | Relationship between contractile function, cardiac biomarkers, QTc interval and myocyte injury in NHP treated chronically with doxorubicin.

NHP# Dox (mg/kg) Telemetry unit type Functional effect or endpoint impacted*
dP/dT Max EF QTc interval cTnl NT-pro-BNP Cardiac injury

104928 16 BP + LVP

104929 13 BP + LVP

104930 16 BP + LVP

104931 16 BP + LVP

104932 11 BP + LVP

104933 17 BP + LVP

104934 13 BP

104935 17 BP

104936 13 BP

104937 16 BP

104938 13 BP

104939 13 BP

*Cardiac contractility (dP/dtmax derived from LVP): >10% reduction = red; <10% = green. Ejection fraction (EF): >10% reduction = red; <10% = green. QTc interval: >10% prolongation
= red; <10% prolongation = green. Troponin (cTnl): >2 samples with signal (>0.05 ng/ml) = red; 1/0 samples with signal = green. Natriuretic peptide (NT-pro-BNP): >2 samples with
signal (>0.05 ng/ml) = red; no signal = green. Cardiac injury: presence of vacuolation = red; no vacuolation = green.

S, Scheduled sacrifice; U, Unscheduled sacrifice.
ND, not determined due to lack of LVP instrumentation or ECG failure.

TABLE 4B | Relationship between contractile function, cardiac biomarkers, QTc interval and myocyte injury in NHP treated chronically with Vehicle.

NHP# Dose (mg/kg) Telemetry unit type Functional effect or endpoint impacted*
dP/dT Max EF QTc interval cTnl NT-pro-BNP Cardiac injury

104916 0 BP + LVP

104917 0 BP + LVP

104918 0 BP + LVP

104919 0 BP + LVP

104920 0 BP + LVP

104921 0 BP

104922 0 BP

104923 0 BP

104924 0 BP

104925 0 BP

104926 0 BP

104927 0 BP

*Cardiac contractility (dP/dtmax derived from LVP): >10% reduction = red; no effect (<10%) = green. Ejection fraction (EF): >10% reduction = red; no effect (<10%) = green. QTc
interval: >10% prolongation = red; no effect (<10% prolongation) = green. Troponin (cTnl): =2 samples with signal (>0.05 ng/ml) = red; 1/0 samples with signal = green. Natriuretic
peptide (NT-pro-BNP): >2 samples with signal (>0.05 ng/ml) = red; no signal = green; excluded as signal was observed at baseline (pre-dose phase) = gray. Cardiac injury: presence

of vacuolation = red; no vacuolation = green.
S, Scheduled sacrifice; U, Unscheduled sacrifice.
ND, not determined due to lack of LVP instrumentation or ECG failure.

No histopathological evidence of cardiac injury was seen in any of the vehicle treated animals and all were sacrificed as scheduled.

on day 123; N = 3 on day 130) for moribund condition
(4/10) and/or compromised heart function (10/10) (Table 1).
All doxorubicin-treated monkeys euthanized at an unscheduled
or scheduled interval demonstrated systolic heart failure (e.g.,
reduced fractional shortening, ejection fraction, and increased
left ventricular systolic dimensions).

Multiple clinical observations were noted for doxorubicin-
treated monkeys compared with controls throughout the dosing
phase. These included: dry and discolored skin (10/12), low

food consumption (12/12), red/orange discolored urine (10/12),
vomitus (6/12), and non-formed/liquid/discolored feces (3/12).
The overall incidence of effects was relatively low given the
number of animals and duration of the study. The observations
of dry and/or discolored skin correlated to increased incidence
of scabs, broken skin, and sores. In the second half of the
study (days 61-135), observations of declining animal health
and moribund status included hunched posture, squinted eyes,
pale skin, hypoactivity, decreased reactivity to stimuli, labored

Frontiers in Cardiovascular Medicine | www.frontiersin.org

7 February 2021 | Volume 8 | Article 587149


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Engwall et al.

Doxorubicin Heart Failure Cynomolgus Monkey

Al

Daytime
180 «=Qe=\/ehicle

T 160 =il Doxorubicin

£

£

2

©

3

8

@

®

(-4

t

o

2 2

60 : ‘ .
0 14 28 42 56 70 84 98 112 126 140
mean & SD Day of Study
&1 Day Time
100

Mean Arterial BP (mmHg)
D
o

A2

Night Time
180 ‘—O—Vehicle
<= 160 - === Doxorubicin
E ‘ X  p<0.05
7 140
8
< 120
@
o
& 100
£
3
T 80
60 i
0 14 28 42 56 70 8 98 112 126 140
mean & SD Day of Study
B2 Night Time
100
90
70

Mean Arterial BP (mmHg)
D
S

over the course of the study.

50 T~ —5=Vehicle TX % Xy X X X 50 5= Vehicle
40 w=fli== Doxorubicin x 40 smfif== DoXOrUbicin
30 30
X p<0.05 X p<0.05
20 T T T 20 T r :
0 14 28 42 56 70 84 98 112 126 140 0 14 28 42 56 70 84 98 112 126 140
Day of Study Day of Study
mean & SD mean & SD
e Daytime c2 Night Time
60 ’
—g 20 %550 ’ X x
£ E40 -
T 2
% 3 30
a
& ig «=Qe=\/chicle X E 20 ’ «=Qe==\/ehicle X % X
Q (7] o
5 10 - =il Doxorubicin 2 ’ «=fl== Doxorubicin
a a 10
5 X p<0.05 \ X  p<0.05
0 - T T T - T " 0+ T T T T
0 14 28 42 56 70 84 98 112 126 140 0 14 28 42 56 70 84 98 112 126 140
Day of Study Day of Study
mean & SD mean & SD

FIGURE 3 | Hemodynamic changes. Changes in heart rate (A), Mean Blood Pressure (B), and Pulse pressure (C) averaged over the day (1) and night (2) time frames

respirations, recumbent posture, coughing, and feeling cold
to touch.

Hematology data indicated that doxorubicin caused profound
reductions in white blood cell counts (Figure 1A), in particular
neutrophil levels. At baseline (pre-dose), the normal neutrophil
count ranged from 5.1-7.5 x 10%/iL, but after three consecutive
doses of 2 mg/kg, doxorubicin lowered the average count to 670
x 10%/pL (study day 18); the onset of neutropenia triggered
the temporary suspension of treatment. In addition, doxorubicin
caused minimal to mild reductions in red cell mass (i.e., red
blood cell count, hemoglobin concentration), and hematocrit

(Figure 1B) during the dosing phase. These hematological effects
were attributed to bone marrow dysfunction, were reversible
and recovered to near normal levels following the dosing
holiday period.

Onset of Heart Failure: Echocardiography
Endpoints

The key cardiovascular effects of doxorubicin are shown in
Table 3 and Figures 2A-C. At baseline, all echocardiographic
parameters (FS%, EF%, and left ventricular systolic diameter)
were not significantly different. However, the final collected

Frontiers in Cardiovascular Medicine | www.frontiersin.org

February 2021 | Volume 8 | Article 587149


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Engwall et al. Doxorubicin Heart Failure Cynomolgus Monkey
A1 . A2 . .
Day time Night time
4500
__ 4000
=
3 3500
E 3000
£ 2500 -
X 2000 -
§ 1500
= 1000
© 500
0 @=Qe= \/ehicle =il Doxorubicin X p<0.05 0 @=Qe=\/chicle «=ijil== Doxorubicin X p<0.05
0 14 28 42 56 70 84 98 112 126 140 0 14 28 42 56 70 84 98 112 126 140
mean & SD Day of Study mean & SD Day of Study
B1 Day time B2 Night time
5000 5000
__ 4500 4500
S 4000 S 4000
(d w
3500 - B b = 3500
P2 L i
£ 2500 - E 2500 é s & &
- o
£ 2000 ‘€ 2000
E 1500 1 t % 1500
- !
< 1000 < 1000 X XXX
500 —
0 «=Qe=\/ehicle === Doxorubicin X  p<0.05 Sog —OfVehich —I—quorublfzm X p<0.05

0 14 28 42 56 70 8 98 112 126 140

Day of Stud!
mean & SD B "

over the day and night time frames over the course of the study.

FIGURE 4 | Measurements of indices of cardiac contractility. Changes in dP/dtmax during the day and night cycle times (A1,A2), and dP/dtmin (B1,B2) averaged

0 14 28 42 56 70 84 98 112 126 140

Day of Stud
mean & SD v Y

measurements from each animal indicated heart failure as
all indices were significantly different in the doxorubicin-
treated animals compared to baseline value or compared to
vehicle. The earliest echocardiographic alteration associated with
doxorubicin was decreased left ventricular systolic function (FS%
and EF%), followed by an increase in the left ventricular systolic
dimension (Figures 2A-C). Systolic dysfunction was noted in
two doxorubicin-treated monkeys as early as days 39-56 but was
clearly evident in 3/12 monkeys by day 67. Between study days
67 and 127, all doxorubicin-treated monkeys exhibited systolic
failure [reduced fractional shortening (Figure2A), ejection
fraction (Figure2B) and increased left ventricular systolic
diameter (Figure 2C)]. Over the last four assessment intervals
(Study Days 91, 105, 116, and 127), mean fractional shortening
progressively decreased by 26-54%, and mean ejection fraction
progressively decreased by 18-39% in doxorubicin-treated
monkeys compared with time-matched controls.

Onset of Heart Failure: Telemetry
Endpoints

Along with the decrease in cardiac contractility, doxorubicin
progressively lowered mean arterial pressure (Table4). Mean
arterial pressure was significantly lower in the light and dark
cycles from Study Days 43 through 127 by 7-17 mmHg (—10 to

—23%) (Figures 3B1,B2). Arterial pulse pressure (the difference
between systolic and diastolic pressure) was significantly lower
by 4-9 mmHg (—11 to —24%) in doxorubicin-treated monkeys
beginning around Study Days 78-92 through the end of the
dosing phase (Figures 3C1,C2), indicating a decrease in arterial
stiffness. Doxorubicin had no effect on left ventricular end
diastolic pressure (data not shown). Beginning on Study Day
92 through the end of the dosing phase, dP/dtmin values were
lower in the dark cycle by 881-1,125 mmHg/s (—35 to —43%)
in doxorubicin-treated animals compared with controls, with
statistical significance noted at most time points; a similar pattern
and magnitude was evident in the light cycle but did not
reach statistical significance (Figure 4, Table 4). The dP/dtmax
values trended lower in doxorubicin-treated monkeys by 665-
824 mmHg/s (—26 to —30%) in the light cycle from Study Days
92 through 127; a similar pattern was evident in the dark cycle
beginning on Study Day 99 but with a smaller magnitude.
Doxorubicin treatment had no effect on sinoatrial (PR
interval) or ventricular (QRS interval) conduction times
(data not shown), but significantly and progressively cause
delayed ventricular repolarization (QTc intervals) that was
observed during the day and night data collection time frames
(Figures 5A,B). The QTc interval was significantly (>10ms)
prolonged from baseline in doxorubicin-treated monkeys after
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study day 50. During the dark cycle, the QTc interval was
prolonged by 41-104 ms (14-37%; days 50-127). During the light
cycle, the QTc interval was prolonged by 38-74 ms (14-27%; days
70-127). Heart rate was mildly higher after day 90 by 11-19 bpm
(9-17%) (Table 4, Figures 3A1,A2, 5A-D).

Cardiac Biomarkers

Troponin (cTnl) levels were increased slightly above baseline
values in 8/12 animals administered doxorubicin at one or
more intervals. Most of the increases occurred after day 60
of the dosing phase (Figures 6A,B). In the control group,
cTnl levels were consistently low (< 0.05ng/mL) with only a
single excursion above 0.2 ng/mL (day 35). Based on qualitative
assessment, the surgical insertion and sustained presence of a
transmural left ventricular pressure catheter had no impact on
cTnl levels.

Two vehicle treated animals had elevated NT-proBNP over
the course of the study (including pre-dose) with no other
indication of heart failure (e.g., normal EF%) and that data was
therefore excluded. NT-proBNP was increased (>1ng/mL) in
several treated animals (8/12) over the course of the study while
only one of the remaining ten vehicle treated animal exceeded
1 ng/mL (Figures 7A,B). There was no evidence of any impact of
the instrumentation on the NT-proBNP levels.

Like cTnl, NT-Pro-BNP levels where elevated in some
doxorubicin-treated animals after day 60, a time frame that
coincided with onset of heart failure. Plots of final biomarker
levels vs. EF% and FS% was created to examine the relationship
of cardiac biomarkers level with the degree of heart failure, but
no clear correlation was observed (Figures 8A,B).

Myocardial Histopathology

Minimal (three of 12 animals) to mild (four of 12 animals),
multifocal, vacuolar degeneration of cardiomyocytes was
observed in seven of 12 animals receiving doxorubicin and
zero of 12 animals receiving vehicle (Tables 4A, 4B, Figure 9).
Cytoplasmic vacuolation of cardiomyocytes was observed more
often in animals that were euthanized in a moribund condition
compared with those that survived to scheduled termination.
Light microscopic evidence of cytoplasmic vacuolation of
cardiomyocytes was consistently associated with elevation of
cTnl (six of seven NHP with cardiac injury), however, elevation
of ¢Tnl was not uniformly associated with cardiac injury
(Table 4B: see NHP #104933 and 104935).

DISCUSSION AND CONCLUSIONS

This study successfully documented the time course of LVD
following chronic treatment with doxorubicin, which clearly
indicates that heart failure can be recapitulated in the
cynomolgus monkey. Left ventricular contractile function was
assessed with both direct measurement of left ventricular
pressure and echocardiography, and telemetry measurements
were used to monitor hemodynamics and cardiac conduction
and repolarization over the course of the study. Cardiac
biomarkers were also tracked to monitor cardiac damage (cTnlI)
and ventricular wall stress (NT-proBNP). Finally, cardiac tissues
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FIGURE 5 | QTc changes. Changes in QTc averaged over the day (A) and
night (B) time frames over the course of the study. Changes in QTc from
baseline averaged over the day (C) and night (D) time frames over the course
of the study.
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FIGURE 6 | Cardiac Troponin. Changes in individual animal cTnl in control (A) a treated (B) animals over the course of the studly. Filled markers denote animals

were examined to determine the incidence of histopathological
changes. The integrated use of these cardiovascular endpoints
highlight their utility and value in detecting drug-induced LVD
and heart failure in this species and validates their use for
cardiovascular safety assessment.

Echocardiography is a common clinical method used to
measure doxorubicin-related cardiotoxicity, which has a slow
onset time in human (25-27). the current study confirms
that long-term treatment with doxorubicin caused cardiac
dysfunction in all treated animals, and myocyte degeneration
(confirmed by histopathology) was observed in a portion of
cynomolgus monkeys, as in humans (28). The progressive nature

of doxorubicin-induced heart failure with reduced ejection
fraction (and fractional shortening) in monkeys (EF: 20-25%) is
consistent with clinical phenotype and delayed onset observed in
patients (25-27, 29).

In our study, reductions in ejection fraction and fractional
shortening were also reflected by trends toward decreases
in left ventricular dP/dty,x (decreased inotropy) and
dP/dtpin (decreased lusitropy) (Figure4). LVP telemetry is
an invasive method but it is a sensitive technique for the
continual measurement of cardiac contractility in free-moving
unanesthetized animals (12). Thus, it avoids the confounding
influence of anesthetic sedation and/or restraint that is required
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to perform echocardiography in monkeys. The lack of functional
or biomarker differences between the animals instrumented
for blood pressure only vs. blood and ventricular pressure
instrumentation suggests that a transmural ventricular catheter
did not impact the negative inotropic response to doxorubicin.
Doxorubicin has been shown to decrease left ventricular
contractility in other species (dogs) both acutely (17) and
after chronic treatment (30). The changes in cardiac function
were accompanied by enlargement of left ventricular systolic
diameter. The increase in left ventricular diameter during
systole in this study is consistent with the observed decrease in
ejection fraction and fractional shortening. Interestingly, the left
ventricular diastolic diameter did not markedly increase in the
same time frame, and therefore the decrease in function was
not accompanied by signs of cardiac hypertrophy as has been
reported with other models (7, 31).

Troponin release (cTnl) is a marker of cardiac myocyte
damage and is useful clinically for diagnosing cardiac damage
resulting from myocardial infarction. Previous studies in rats
(14, 32) and dogs (33) have demonstrated doxorubicin-related
cTnl increases. However, in this study, while individual animals
had sporadic increases in ¢Tnl, there were no consistent changes.
The incidence and magnitude of increases in ¢Tnl was greater
toward the end of the study, concurrent with changes indicating
decreased cardiac function. It is possible that the gradual onset
of the compromise in cardiac function did not cause sufficient
ongoing myocyte damage to result in sustained increases in
cTnl. The limits of detection for the assay used in this study
have been superseded by newer high- and ultra-high sensitivity
assays and it is possible that more consistent treatment-
related small changes in cTnl could be detected by those
assays (32, 34).
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Naturetic peptides (BNP and NT-proBNP) are considered to
be the “gold standard” for diagnosis of heart failure in the clinic
(35, 36) with NT-proBNP preferred by some due to a longer
persistence in the blood. NT-proBNP has been used clinically to
predict cardiac damage associated with anthracycline treatment
(37). In this study, two control animals had consistently elevated
NT-proBNP levels for much of the study (however levels were
reduced at the end of the study). As these animals had normal left
ventricular function over this time frame, the underlying reason
for this elevation is unknown and has been excluded. Both ¢Tnl
and NT-proBNP were occasionally but not consistently higher at
the end of the study in animals with LVD. The reason for the
lack of good correlation is not known. NT-proBNP has rarely
been measured in the NHP though increases have been reported
in animals treated with an immune checkpoint inhibitor (38).
The observed progressive increase in QTc in the treated animals
is likely due to structural changes in the myocardium (minimal
to mild degeneration of cardiomyocytes) of affected animals.
Similar changes have been observed in human clinical studies
with doxorubicin and other cancer therapeutics. However,
treatment-related QTc increases have been observed with no

50 pm

FIGURE 9 | Representative photomicrographs of heart tissue from (A) a
Vehicle treated animal with normal myocardium; and (B) Doxorubicin treated
animals with multifocal, cytoplasmic vacuolar degeneration of cardiomyocytes
(arrows). Bar equals 50 microns.

concomitant changes in ejection fraction (10, 39). The underlying
mechanisms for the QTc change, which are specifically not related
to direct or indirect hERG channel blockade (40) are unclear, but
likely reflect electric remodeling and loss of repolarization reserve
secondary to doxorubicin-induced heart failure.

Blood pressure decreased slightly, and heart rates tended
to increase in treated animals after week 43. Although the
mechanism of these changes is not clear, they may be related to
the changes in sympathetic tone concurrent with the decline in
cardiac function.

Other studies have demonstrated that doxorubicin can
cause detrimental effects to mitochondria and the sarcoplasmic
reticulum (41). This histopathological analysis in this study was
limited to light microscopy, where there was only minimal to
mild vacuolation of cardiomyocytes (seven of 12 treated animals).
Overall, based on the study results, dramatic cardiovascular
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functional changes seen in the doxorubicin-treated animals were
not accompanied by severe histopathological changes.

The original dose selected, 2 mg/kg/week, caused bone
marrow toxicity that resulted in progressively decreased
neutrophil counts. A dosing holiday for all the animals
allowed the neutrophil counts to recover. The subsequent 1
mg/kg every other week dosing regimen spared neutrophil
counts but was insufficient to degrade cardiac function.
An increase in dose to 1 mg/kg/week resulted in generally
progressive decreases in ejection fraction and fractional
shortening. There was also evidence of variable response
to treatment in that some animals required additional
dosing holidays (due to decreased neutrophil counts)
while others tolerated the weekly dosing schedule until
study termination.

This study demonstrated the ability to detect progressive
changes in cardiac function related to heart failure using
telemetry and echocardiography in the cynomolgus monkey
administered clinically relevant levels of the anthracycline
oncology agent doxorubicin. This study demonstrated the
utility and sensitivity of serial echocardiography to detect
decreases in cardiac function. These echocardiographic
changes were generally accompanied in more than half
of the doxorubicin treated animals by changes in clinical
biomarkers such as ¢T'nl and NT-proBNP concentrations and
occasional histopathological lesions. This type of adaptive
study design, where doses were modified based on monitored
clinical pathology endpoints is potentially more relevant for
study of the impact of interventions designed to ameliorate
toxicity related to anthracycline treatment which has been
advocated by others (42). This required flexibility illustrates
the difficulty of modeling the clinical liability of late or delayed
decreases in cardiac function with a standard preclinical
study design. The cardiac liability is only replicated with a
dosing paradigm that avoids overt toxicity while maintaining
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