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ABSTRACT
Background: Although the current combination of surgery, radiation,
and chemotherapy is used in the breast-cancer setting, the adminis-
tration of the anticancer drugs doxorubicin and trastuzumab is asso-
ciated with an increased risk of developing heart failure. The aim of
this study is to determine whether dietary flaxseed is comparable and/
or synergistic with the angiotensin-converting enzyme inhibitor peri-
ndopril in the treatment of doxorubicin- and trastuzumab-mediated
cardiotoxicity.
Methods: In a chronic in vivomurine model (n ¼ 110), doxorubicin and
trastuzumab (8 mg/kg and 3 mg/kg, respectively) were administered
weekly for 3 weeks. Following this period, the mice were randomized
to daily consumption of a 10% flaxseed supplemented diet, adminis-
tration of perindopril (3 mg/kg) via oral gavage, or a combination of
both flaxseed and perindopril for an additional 3 weeks.
Results: In mice treated with doxorubicin and trastuzumab, the left
ventricular ejection fraction decreased from 74% � 4% at baseline to
30% � 2% at week 6. Treatment with either flaxseed or perindopril, or
with flaxseed and perindopril improved left ventricular ejection fraction
to 52% � 4%, 54% � 4%, and 55% � 3%, respectively (P < 0.05).
Although histologic analyses confirmed significant loss of sarcomere
integrity and vacuolization in the doxorubicin- and trastuzumab-treated
mice, treatment with flaxseed or perindopril, or with flaxseed and
perindopril improved myocyte integrity. Finally, the level of Bcl-2
interacting protein 3, high-mobility group box 1 protein expression,
and the levels of select oxylipins, were significantly elevated in mice
receiving doxorubicin and trastuzumab; these markers were attenu-
ated by treatment with either flaxseed or perindopril, or with flaxseed
and perindopril.
Conclusions: Flaxseed was equivalent to perindopril at improving
cardiovascular remodelling by reducing biomarkers of inflammation,
mitochondrial damage, and cell death.
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R�ESUM�E
Contexte : Si l’association actuelle de la chirurgie, de la radioth�erapie
et de la chimioth�erapie est utilis�ee pour le traitement du cancer du
sein, on observe n�eanmoins que l’administration de la doxorubicine
et du trastuzumab, deux anticanc�ereux, augmente les risques
d’insuffisance cardiaque. Cette �etude vise à d�eterminer si les
graines de lin alimentaires ont un effet comparable et/ou syn-
ergique à celui du p�erindopril, un inhibiteur de l’enzyme de con-
version de l’angiotensine, dans le traitement de la cardiotoxicit�e
li�ee à la doxorubicine et au trastuzumab.
M�ethodologie : Dans un modèle murin chronique in vivo (n ¼ 110), la
doxorubicine et le trastuzumab (8 mg/kg et 3 mg/kg, respectivement)
ont �et�e administr�es une fois par semaine pendant trois semaines.
Après cette p�eriode, les souris ont �et�e r�eparties de façon al�eatoire
dans trois groupes : l’un recevant tous les jours un r�egime alimentaire
contenant 10 % de graines de lin, un autre recevant du p�erindopril (3
mg/kg) par gavage oral et un troisième recevant à la fois des graines
de lin et du p�erindopril pendant trois semaines suppl�ementaires.
R�esultats : Chez les souris recevant la doxorubicine et le trastuzumab,
la fraction d’�ejection ventriculaire gauche est pass�ee de 74 % � 4 %
au d�epart à 30 % � 2 % à la semaine 6. Avec le traitement par les
graines de lin seules, le p�erindopril seul ou les graines de lin et le
p�erindopril en association, la fraction d’�ejection ventriculaire gauche
est pass�ee à 52 % � 4 %, à 54 % � 4 % et à 55 % � 3 %, respec-
tivement (p < 0,05). Bien que les analyses histologiques aient permis
de confirmer une perte significative de l’int�egrit�e des sarcomères et
une vacuolisation chez les souris recevant la doxorubicine et le tras-
tuzumab, le traitement par les graines de lin seules, le p�erindopril seul
ou les graines de lin et le p�erindopril en association a am�elior�e
l’int�egrit�e des myocytes. Enfin, les taux de prot�eine 3 interagissant
avec BCL-2, l’expression de la prot�eine HMGB1 (high-mobility group
box 1) et les taux de certaines oxylipines �etaient significativement
�elev�es chez les souris recevant la doxorubicine et le trastuzumab. Ces
marqueurs ont �et�e att�enu�es par les graines de lin, le p�erindopril ou
l’association des deux.
Conclusions : En diminuant les biomarqueurs de l’inflammation, les
dommages aux mitochondries et la mort cellulaire, les graines de lin
ont un effet �equivalant à celui du p�erindopril quant à l’am�elioration du
remodelage cardiovasculaire.
The field of cardio-oncology focuses on the prevention,
diagnosis, and management of cancer patients who are at risk
of developing cardiovascular complications as a result of their
underlying treatment. For early-stage breast cancer, the most
frequently prescribed chemotherapy regimens include
anthracyclines, specifically doxorubicin (DOX).1,2 Although
these regimens are effective in reducing the overall incidence
of morbidity and mortality in the breast-cancer setting, the use
of anthracyclines is associated with a 10% dose-dependent risk
of developing cardiotoxicity.3,4 Targeted biological therapies
are a complementary approach to cancer treatment, blocking
cancer-promotive properties of specific hormone or protein
receptors. Trastuzumab (TRZ) is a monoclonal antibody that
specifically inhibits the human epidermal growth factor re-
ceptor 2 in the breast-cancer setting.4-6 When used in
conjunction with anthracyclines, however, TRZ increases the
rate of chemotherapy-induced cardiotoxicity to 25%.7,8 The
mechanistic pathways involved in DOX þ TRZemediated
cardiotoxicity are multifactorial and include increased
inflammation, oxidative stress, apoptosis, necrosis, and/or
ferroptosis.9-14

Cardiac dysfunction is the leading cause of morbidity
and mortality among cancer survivors.15 To standardize the
diagnostic criteria for cancer therapyerelated cardiac
dysfunction (CTRCD), the Canadian Cardiovascular So-
ciety developed the defining parameters as a > 10%
decrease in left ventricular ejection fraction (LVEF),
compared to baseline, or an absolute LVEF of < 53%
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Figure 1. Experimental timeline. Mice were randomized into control or the doxorubicin and trastuzumab (DOX þ TRZ) anticancer treatment group
receiving the following: (i) 0.9% saline (n ¼ 16); or (ii) 8 mg/kg DOX þ 3 mg/kg TRZ (n ¼ 94) administered at the start of weeks 1, 2, and 3 via
intraperitoneal injection, to establish a chronic in vivo murine model of chemotherapy-induced cardiotoxicity. Mice were randomized further, to
receive ad libitum access to their respective diets and perindopril (PER) or water via oral gavage for weeks 4 through 6. Cardiac function was
assessed weekly using transthoracic echocardiography. FLX, flaxseed.
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following chemotherapy treatment.16 Upon detection of
CTRCD, the anticancer agents are temporarily dis-
continued, and an angiotensin-converting enzyme inhibitor
(ACEi) and a beta-adrenergic receptor blocker (b-blocker)
are introduced, with the goal of reversing the
chemotherapy-mediated cardiotoxicity.16-18

In addition to pharmaceuticals, the role of nutraceuticals is
an evolving area of research in the field of cardio-oncology.
Flaxseed (FLX), in addition to its basic nutritional function,
has been shown to have a positive health effect in several
disease conditions, including cancer and cardiovascular dis-
ease.19,20 The physiologically active nutraceutical components
of FLX include anti-inflammatory alpha-linoleic acid (ALA)
and the antioxidant secoisolariciresinol diglucoside (SDG).
We recently demonstrated that prophylactic treatment with
FLX, ALA, and SDG was partially cardioprotective in a
chronic in vivo female mouse model of DOX þ TRZe
mediated cardiotoxicity, and FLX offers equal car-
dioprotection to the ACEi perindopril (PER) in the preven-
tative setting.20,21 Considering these findings, a reasonable
hypothesis is that FLX may be efficacious, in not only the
prevention,20,21 but also the treatment of established DOX þ
TRZemediated cardiotoxicity, through its anti-inflammatory
and antioxidant properties.

The objective of the current study is to evaluate whether
FLX is comparable to and/or incremental to standard phar-
macologic therapy using the ACEi PER in the treatment of
DOX þ TRZemediated cardiotoxicity in a chronic in vivo
murine model.
Methods

Experimental animal model

A total of 110 wild-type C57Bl/6 female mice (aged 12-15
weeks; Jackson Laboratories, Bar Harbor, ME) were used.
They had ad libitum access to water, and the study diets were
maintained on a 12-hour day/night cycle in the animal
holding facility. At weeks 1, 2, and 3, the mice received
intraperitoneal (i.p.) injections with saline or DOX þ TRZ (8
mg/kg and 3 mg/kg, respectively) in prespecified groups, to
create a chronic in vivo murine model of chemotherapy-
induced cardiotoxicity, as previously described.22 Mice had
ad libitum access to regular chow or a 10% FLX-
supplemented (w0.5 g/d) diet, and they were administered
PER (3 mg/kg/d) or a control via oral gavage on a daily basis,
starting on week 4 and continuing until the study endpoint in
the prespecified groups. All mice were subject to weight
analysis and weekly transthoracic echocardiography
throughout the study (Fig. 1). Blood pressure was measured at
baseline, week 3, and week 6 in restrained, nonsedated mice
using the noninvasive tail cuff method, as previously
described.9,23-30

Murine echocardiography

Serial transthoracic echocardiography was performed
weekly to assess cardiac structure and left ventricular (LV)
systolic function in a subset of mice, as previously described.
9,23-30 Images acquired in the parasternal long-axis view
were analyzed to calculate LVEF.31,32 Images acquired in
the parasternal short-axis M-mode view were analyzed to
measure heart rate, interventricular septal wall thickness,
posterior wall thickness, and LV end-diastolic diameter
(LVEDD).31,32

Histologic analysis

Cardiac tissues were prepared for both light and electron
microscopy in a subset of mice from each group. LV tissue
for light microscopy was sectioned and preserved prior to
paraffin embedding and imaging. Serial 5 mmethick sec-
tions were cut from each paraffin block for dewaxing,
rehydration, and Masson’s trichrome staining. Digital im-
ages then were taken with identical exposure settings for all
sections (n ¼ 5).

LV tissue for electron microscopy was sectioned, cut into 0.5-
mm2 pieces, fixed, dehydrated, and embedded in Epon 812.33

Tissue sections were stained with uranyl acetate and lead cit-
rate. To avoid observer bias, grids were coded without prior
knowledge of their source. Digital images then were taken with
the Philips CM12 electron microscope, (Eindhoven,
Netherlands) to determine the degree of cellular integrity (n¼ 5).



Table 1. Echocardiographic parameters of C57Bl/6 mice receiving saline or doxorubicin (DOX) þ trastuzumab (TRZ), followed by daily treatment
with flaxseed (FLX), perindopril (PER), or FLX þ PER

Parameter Group Baseline Week 6 P

HR, bpm Control (n ¼ 15) 690 � 5 692 � 4 0.88
DOX þ TRZ (n ¼ 15) 699 � 4 701 � 6 0.91
FLX þ DOX þ TRZ (n ¼ 15) 686 � 7 689 � 5 0.84
PER þ DOX þ TRZ (n ¼ 15) 690 � 5 685 � 7 0.83
FLX þ PER þ DOX þ TRZ (n ¼ 15) 688 � 6 691 � 4 0.85

IVS, mm Control (n ¼ 15) 0.81 � 0.01 0.81 � 0.02 0.93
DOX þ TRZ (n ¼ 15) 0.82 � 0.02 0.82 � 0.03 0.92
FLX þ DOX þ TRZ (n ¼ 15) 0.81 � 0.01 0.82 � 0.01 0.92
PER þ DOX þ TRZ (n ¼ 15) 0.82 � 0.01 0.82 � 0.02 0.97
FLX þ PER þ DOX þ TRZ (n ¼ 15) 0.81 � 0.01 0.82 � 0.01 0.89

PWT, mm Control (n ¼ 15) 0.82 � 0.01 0.82 � 0.02 0.91
DOX þ TRZ (n ¼ 15) 0.81 � 0.02 0.81 � 0.03 0.90
FLX þ DOX þ TRZ (n ¼ 15) 0.81 � 0.01 0.80 � 0.01 0.91
PER þ DOX þ TRZ (n ¼ 15) 0.80 � 0.01 0.81 � 0.02 0.95
FLX þ PER þ DOX þ TRZ (n ¼ 15) 0.82 � 0.01 0.81 � 0.01 0.92

LVEDD, mm Control (n ¼ 15) 2.8 � 0.1 2.9 � 0.1 0.89
DOX þ TRZ (n ¼ 15) 2.9 � 0.2 4.6 � 0.2* < 0.05
FLX þ DOX þ TRZ (n ¼ 15) 2.8 � 0.2 3.8 � 0.2*,y < 0.05
PER þ DOX þ TRZ (n ¼ 15) 2.9 � 0.1 3.9 � 0.2*,y < 0.05
FLX þ PER þ DOX þ TRZ (n ¼ 15) 2.8 � 0.2 3.8 � 0.1*,y < 0.05

LVEF, % Control (n ¼ 15) 73 � 3 74 � 4 0.92
DOX þ TRZ (n ¼ 15) 74 � 4 30 � 2* < 0.05
FLX þ DOX þ TRZ (n ¼ 15) 74 � 4 52 � 4*,y < 0.05
PER þ DOX þ TRZ (n ¼ 15) 75 � 3 54 � 4*,y < 0.05
FLX þ PER þ DOX þ TRZ (n ¼ 15) 73 � 4 55 � 3*,y < 0.05

Baseline and week 6 measures with P-values. Values other than P-values are presented as mean � standard deviation.
HR, heart rate; IVS, interventricular septum; LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction; PWT, posterior wall

thickness.
* P < 0.05, DOX þ TRZ vs control.
y P < 0.05 FLX þ DOX þ TRZ or PER þ DOX þ TRZ or PER þ FLX þ DOX þ TRZ vs DOX þ TRZ & control.
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Western blot analyses

LV tissue samples were flash frozen in liquid nitrogen, and
then crushed and homogenized in a radio-
immunoprecipitation assay lysis buffer containing phospha-
tase and protease inhibitor, for total cellular protein
extraction. Protein concentrations were determined using a
Bradford protein assay ( (Rockford, IL). Loading samples
containing 30 mg of protein then were made for Western blot
analysis. Western blot analysis was performed to quantify
high-mobility group box 1 protein (HMGB1: biomarker of
necrosis and mitochondrially mediated ferroptosis) and B-cell
lymphoma 2 interacting protein 3 (Bnip-3: biomarker of
mitochondrial damage, apoptosis, and necrosis) in a subset of
mice. Western blot analysis also was performed to quantify
nuclear factor kappa beta (NF-kb), phospho-NF-kb, poly-
adenosine diphosphate (ADP)-ribose-polymerase (PARP),
Bcl-2 associated X protein (Bax), B-cell lymphoma extra-large
(Bcl-XL), and Caspase-3 in a subset of mice.

Samples were run in a 5% stacking and a 12% resolving
sodium dodecyl sulfate polyacrylamide gel for protein sepa-
ration, and subsequently, they were transferred to a poly-
vinylidene difluoride membrane. Once the proteins were
transferred, the membranes were blocked using 5% skim milk
powder, probed using 1/1000 rabbit-source target-specific
primary antibodies, and standardized using a glyceraldehyde
3-phosphate dehydrogenase (GAPDH) loading control
(2118L, Cell Signalling Technology, Danvers, MA).
Enhanced chemiluminescent images were captured using a
Bio-Rad ChemiDoc Imaging System (Bio-Rad, Hercules,
CA). Target protein expression was quantified using densi-
tometric analysis.

Oxylipin analysis

At the study endpoint, plasma samples were collected for
oxylipin analysis in a subset of mice, as previously described.21

Blood samples were collected into ethylenediaminetetraacetic
acidecoated blood-collection tubes (Microvette CB 300 K2E,
16.444.100, Sarstedt, Numbrecht, Germany) and centrifuged
for 5 minutes at 4�C and 2000 g. The resulting plasma then
was stored at -80�C until processing. A total of 97 oxylipins
were extracted from prepared plasma samples using Strata-X
SPE solid-phase extraction columns (Phenomenex, Torrance,
CA) and analyzed by high-performance liquid
chromatographyeelectrospray ionizationetandem mass spec-
troscopy, as previously described.34,35

Statistical analysis

The statistical software packages SPSS 15.0, SPSS version
24 (both IBM, Armonk, NY), and GraphPad Prism 5
(GraphPad, La Jolla, CA) were utilized to perform the sta-
tistical analyses. All data were expressed as mean � standard
deviation, unless otherwise noted. Results with P < 0.05 were
considered significant. Echocardiographic analyses were per-
formed by analysis of variance (ANOVA) with Dunnet’s post
hoc analysis. Histologic analysis was performed using the
ManneWhitney and KruskaleWallis tests for nonparametric
comparison of scores among the groups. The scores ranged
from 0 to 5, with 0 representing no tissue injury, and 5



Figure 2. Echocardiographic changes in left ventricular end-diastolic diameter (LVEDD) of mice administered with flaxseed (FLX), perindopril (PER),
or FLX þ PER after treatment with doxorubicin (DOX) þ trastuzumab (TRZ). *P < 0.05, DOX þ TRZ vs control. *#P < 0.05, FLX þ DOX þ TRZ, or
PER þ DOX þ TRZ, or PER þ FLX þ DOX þ TRZ vs DOX þ TRZ and control.
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representing severe tissue damage. Western analysis data were
expressed as mean � standard error of the mean. For post hoc
analysis, repeated measures of 1-way ANOVA were used to
evaluate for significance between independent factors. Statis-
tical significance for the oxidized phospholipid and oxylipin
analyses were calculated by 1-way ANOVA followed by a
Tukey post hoc test.
Results

Murine echocardiography

For all study groups, heart rate and LV wall thickness
(interventricular septal wall thickness and posterior wall
thickness) were similar at baseline and at week 6. Mice treated
with DOX þ TRZ demonstrated adverse LV structural
remodeling, with an increase in LVEDD from 2.9 � 0.2 mm
at baseline to 4.6 � 0.2 mm at week 6 (P < 0.05). Treatment
with either FLX, PER, or FLX þ PER improved LV structure,
with LVEDD values of 3.8 � 0.2 mm, 3.9 � 0.2 mm, and
3.8 � 0.1 mm, respectively (P < 0.05), at study endpoint
(Table 1). Treatment with the combination of FLX þ PER,
however, was not synergistic in reversing LV structural
changes (Fig. 2).

Mice treated with DOX þ TRZ demonstrated severe LV
systolic dysfunction, with a decline in LVEF from 74% � 4%
at baseline to 30% � 2% at week 6 (P < 0.05). Treatment
with either FLX, PER, or FLX þ PER improved LV systolic
function, with LVEF values of 52% � 4%, 54% � 4%, and
55% � 3%, respectively (P < 0.05), at study endpoint
(Table 1). Treatment with the combination of FLX þ PER,
however, was not synergistic in reversing LV systolic
dysfunction (Fig. 3). No significant differences were present
between any of the groups at the end of the anticancer
treatment period (end of week 3) before the recovery period
started (data not shown). No significant difference was present
in serial blood pressure measurements among all 5 study
groups (data not shown).

Histology

Light microscopy demonstrated normal cardiomyocyte
integrity in the control group (Fig. 4A). In mice treated with
DOX þ TRZ, marked cellular damage and myofibril disarray
occurred (Fig. 4B). Treatment with FLX, PER, or FLX þ
PER reduced these histopathologic changes (Fig. 4, C-E),
compared to treatment with DOX þ TRZ (P < 0.05). No
changes in fibrosis were observed among the groups.

Electron microscopy also demonstrated normal car-
diomyocyte integrity in the control group (Fig. 5A). In mice
treated with DOX þ TRZ, myofibril degradation, vacuoli-
zation, and loss of sarcomere integrity were increased signifi-
cantly, compared to the values in the control group (P <
0.001; Fig. 5B). Treatment with FLX, PER, or FLX þ PER
partially reversed these adverse histologic changes (Fig. 5C-E),
compared to those in the DOX þ TRZ group (P < 0.05).

Western blot analyses

In mice treated with DOX þ TRZ, a 2.3-fold increase
occurred in HMGB1 expression, compared to that in healthy
control mice (P < 0.05; Fig. 6; Supplemental Fig. S1). Ele-
vations in this biomarker of necrosis and mitochondria-
mediated ferroptosis were downregulated significantly in
mice treated with FLX, PER, or FLX þ PER (P < 0.05).

In mice treated with DOX þ TRZ, a 2.4-fold increase
occurred in Bnip-3 expression, compared to the level in healthy
control mice (P < 0.05; Fig. 7; Supplemental Fig. S2). Ele-
vations in this biomarker of mitochondrial damage, apoptosis,
and necrosis were downregulated significantly in mice treated
with FLX, PER, or FLX þ PER (P < 0.05).



Figure 3. Echocardiographic changes in left ventricular ejection fraction (LVEF) of mice administered with flaxseed (FLX), perindopril (PER), or FLX þ
PER after treatment with doxorubicin (DOX) þ trastuzumab (TRZ). *P< 0.05, DOX þ TRZ vs control. *#P < 0.05, FLX þ DOX þ TRZ, or PER þ DOX þ
TRZ, or PER þ FLX þ DOX þ TRZ vs DOX þ TRZ and control.
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No significant difference occurred in NF-kb, phospho-
NF-kb, poly-adenosine diphosphate (ADP)-ribose-polymer-
ase, Bcl-2 associated X protein, B-cell lymphoma extra-large,
or Caspase-3 among all 5 study groups (data not shown).

Oxylipins

In mice treated with DOX þ TRZ, a 3.3-fold increase
occurred in the concentration of (�)18 hydroxyeicosate-
traenoic acid (18-HETE), compared to the concentration in
healthy control mice (P < 0.05; Fig. 8). Elevations in this
oxylipin were downregulated significantly in mice treated with
FLX, PER, or FLX þ PER (P < 0.05).
Figure 4. Masson’s trichromeestained light microscopy slides representativ
Arrows indicate areas of cellular damage and myofibril disarray. The numbe
rubicin (DOX) þ trastuzumab (TRZ); (C) flaxseed (FLX) þ DOX þ TRZ; (D) pe
In mice treated with DOX þ TRZ, a 7.3-fold increase
occurred in the concentration of 20-carboxy-arachidonic acid
(20-COOH-AA), compared to the concentration in healthy
control mice (P < 0.05; Fig. 9). Elevations in this oxylipin
were downregulated significantly in mice treated with FLX,
PER, or FLX þ PER (P < 0.05).
Discussion
The evolving field of cardio-oncology applies various

therapies, including pharmaceuticals and nutraceuticals, in an
attempt to manage and reverse chemotherapy-mediated car-
diotoxicity. Although FLX was equivalent to PER in the
e of the cardiomyocyte morphology changes for each treatment group.
r of arrows correspond to the level of damage. (A) Control; (B) doxo-
rindopril (PER) þ DOX þ TRZ; and (E) FLX þ PER þ DOX þ TRZ.



Figure 5. Electron microscopy slides representative of the cardiomyocyte morphology changes for each treatment group. Arrows indicate areas of
myofibril degradation, vacuolization, and loss of sarcomere integrity. The number of arrows correspond to the level of damage. (A) Control; (B)
doxorubicin (DOX) þ trastuzumab (TRZ); (C) flaxseed (FLX) þ DOX þ TRZ; (D) perindopril (PER) þ DOX þ TRZ; and (E) FLX þ PER þ DOX þ TRZ.
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treatment of adverse LV remodeling in our current chronic
in vivo murine model of DOX þ TRZeinduced cardiotox-
icity, the combination of FLX þ PER was not synergistic.
Our study demonstrated that treating established DOX þ
TRZeinduced cardiotoxicity with either FLX or PER had the
following effects: (i) reversal of adverse LV cavity remodeling;
(ii) improvement of myofibrillar disarray and cardiomyocyte
vacuolization; (iii) lowering of the expression level of HMGB1,
a biomarker of necrosis and mitochondrially mediated ferrop-
tosis; (iv) lowering of the expression level of Bnip-3, a
biomarker of mitochondria damage, apoptosis, and necrosis;
and (v) reduction of the levels of proinflammatory, profibrotic,
and pro-apoptotic oxylipins in a chronic in vivo murine model.

FLX and renineangiotensin system (RAS) antagonism
improve adverse cardiovascular remodelling due to
DOX D TRZ

The increased morbidity and mortality associated with
chemotherapy-mediated cardiotoxicity have necessitated the
search for prophylactic agents to prevent these adverse side
effects. Promising agents include ACEi and/or angiotensin
receptor blockers, b-blockers, statins, antioxidants, and
nutraceuticals.16,17,20,21,26 Previous murine studies have
demonstrated the efficacy of ACEi in both the prevention and
treatment of DOX þ TRZemediated cardiotoxicity in the
in vivo setting.25,36-38 Additionally, we recently demonstrated
that the nutraceutical FLX is partially cardioprotective in a
chronic in vivo female murine model of DOX þ TRXe
mediated cardiotoxicity, and it offers equal cardioprotection
to an ACEi when used in the prophylactic setting.20,21 In the
current chronic in vivo study of established DOX þ TRZe
mediated cardiotoxicity, we observed that intervening with
either FLX, PER, or FLX þ PER improved LV remodeling on
both a structural and functional level, with anw18% decrease
in LVEDD and anw40% increase in LVEF, compared to the
levels in the control group. As the first murine study to
demonstrate the equivalence of FLX and the ACEi PER in the
treatment of DOX þ TRZemediated cardiotoxicity, this
raises the question of whether nutraceuticals can be used in
lieu of and/or in combination with pharmaceuticals for the
management of CTRCD in the clinical setting.

FLX and RAS antagonism improve adverse histologic
changes due to DOX D TRZ

DOX and TRZ both have been associated with similar
histopathologic changes, including loss of cardiomyocyte
integrity through mitochondrial swelling, vacuolization, and
myofibrillar degeneration.20,25,39-46 These pathologic changes,
however, may be prevented through the prophylactic admin-
istration of RAS antagonists and nutraceutical agents.36,38,47

Recently, we demonstrated that the prophylactic administra-
tion of FLX and PER were equivalent in attenuating DOX þ
TRZeinduced loss of cellular integrity, myofibril disarray, and
vacuolization.21 To corroborate these findings, the current
study revealed significant improvement of DOX þ TRZe
induced myocyte damage in all 3 experimental groups, using
treatment with PER, FLX, or FLX þ PER. This result dem-
onstrates that the histopathologic changes of DOX þ TRZe
mediated cardiac injury can be reversed.

FLX and RAS antagonism inhibit cardiotoxic
mechanistic pathways of DOX D TRZ

Mitochondrially mediated ferroptosis. One of the primary
mechanisms of DOX-mediated cardiotoxicity is
mitochondrial-induced ferroptosis.12,48 In the presence of
iron, oxidative stress causes ferrous and ferric cations to
accumulate in the mitochondria, which reduces the mito-
chondrial membrane potential.12,48 Without the necessary
membrane potential, cardiomyocyte mitochondria cannot



Figure 6. Western blot expression of high-mobility group box 1 protein (HMGB1). GAPDH, glyceraldehyde 3-phosphate dehydrogenase. (A)
Representative Western gel blot; (B) Western blot protein expression. *P < 0.05, doxorubicin (DOX) þ trastuzumab (TRZ) vs control. #P < 0.05,
flaxseed (FLX) þ DOX þ TRZ, or perindopril (PER) þ DOX þ TRZ, or PER þ FLX þ DOX þ TRZ vs DOX þ TRZ. For original Western blot images, see
Supplemental Appendix S1.
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maintain the energy production required for repetitive myo-
cyte contractions. This iron-induced energy crisis triggers a
preprogrammed ferroptotic cell-death pathway.

In the current study, DOX þ TRZeinduced ferroptosis
via iron accumulation in the mitochondria is reflected by the
increase in HMGB1 expression. Of interest, HMGB1
expression was attenuated to the level of healthy controls in
mice treated with FLX, PER, or FLX þ PER. Our results
suggest that FLX and PER arrested the progression of fer-
roptosis in the 3 experimental groups, allowing the car-
diomyocytes to recover instead of completing the cell-death
pathway. Although the increase in HMGB1 levels in the
DOX þ TRZ group aligns with findings in the established
literature,12-14,48 the attenuation of HMGB1 by FLX and
PER is a novel discovery that adds to the established evidence
that antioxidants can temper the cardiotoxic side effects of
DOX by reducing cell death.

Mitochondrially mediated apoptosis and necrosis. In
addition to ferroptosis, DOX also has been established to
induce mitochondrial dysfunction via upregulation of Bnip-
3.10 In both in vitro and in vivo models, DOX causes dose-



Figure 7. Western blot expression of B-cell lymphoma 2 interacting protein 3 (Bnip-3). GAPDH, glyceraldehyde 3-phosphate dehydrogenase. (A)
Representative Western gel blot; (B) Western blot protein expression. *P < 0.05, doxorubicin (DOX) þ trastuzumab (TRZ) vs control. #P < 0.05,
flaxseed (FLX) þ DOX þ TRZ, or perindopril (PER) þ DOX þ TRZ, or PER þ FLX þ DOX þ TRZ vs DOX þ TRZ. For original Western blot images, see
Supplemental Appendix S1

Telles-Langdon et al. 933
Flaxseed and ACE Inhibition Treat Cardiotoxicity
dependent upregulation of cardiomyocyte Bnip-3 expression.
Bnip-3 then induces mitochondrial injury by degrading the
mitochondrial membranes, thus disrupting the energy pro-
duction required for repetitive myocyte contractions. The
resulting energy crisis triggers apoptotic or necrotic cell-death
pathways. However, inhibition of Bnip-3 can restore mito-
chondrial respiration and offer resistance against the misaligned
sarcomeres and vacuolization typically induced by DOX.10

In the present study, we demonstrated that Bnip-3
expression was increased 2.3-fold in mice treated with
DOX þ TRZ. However, treatment with either FLX, PER, or
the combination of FLX þ PER attenuated Bnip-3 to the
same levels as in the healthy controls. These effects likely are
due to the antioxidative properties of FLX and
PER.10-14,20,48,49 In the DOX þ TRZ group, oxidative stress
upregulates Bnip-3, compromising the integrity of the mito-
chondria. This effect caused cardiomyocytes to enter an en-
ergy crisis and initiate apoptotic and necrotic cell-death
pathways, ultimately leading to functional changes in the
heart. In the 3 experimental groups, however, the antioxidant



Figure 8. Oxylipin (�)18 hydroxyeicosatetraenoic acid (18-HETE) concentration. *P < 0.05, doxorubicin (DOX) þ trastuzumab (TRZ) vs control. *#P
< 0.05, flaxseed (FLX) þ DOX þ TRZ, or perindopril (PER) þ DOX þ TRZ, or PER þ FLX þ DOX þ TRZ vs DOX þ TRZ and control.
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properties of PER and FLX attenuated the oxidative stress,
thus protecting the mitochondria and preventing apoptosis
and necrosis in the cardiomyocytes. The presence of necrotic
cells also is supported by the altered HMGB1 expression, as,
in addition to indicating ferroptosis, HMGB1 is released
passively from necrotic cells.11 Further studies, however, are
warranted to elucidate the relative contributions of mito-
chondrial damage and the various associated cell-death path-
ways in the development of CTRCD.

Inflammatory changes in DOX D TRZemediated car-
diotoxicity. In addition to inducing changes in the expres-
sion of proteins involved in ferroptosis, apoptosis, and
necrosis, DOX þ TRZ can elicit changes in lipid
Figure 9. Oxylipin 20-carboxy-arachidonic acid (20-COOH-AA) concentration.
0.05, flaxseed (FLX) þ DOX þ TRZ, or perindopril (PER) þ DOX þ TRZ, or P
metabolism.50 Generated through polyunsaturated fatty acid
(PUFA) oxidation, oxylipins are active metabolites that can
be produced via the cytochrome P450 (CYP) pathway.50,51

The CYP u-hydroxylase pathway produces hydroxy-
eicosatetraenoic acids (HETEs) from arachidonic acid that are
highly expressed in cardiomyocytes.52 HETEs also can be
further metabolized, as seen in the conversion of 20-HETE
into 20-COOH-AA. Although CYP u-hydroxylaseederived
HETEs and their metabolites have been associated with
proinflammatory, profibrotic, and pro-apoptotic effects, 18-
HETE and 20-HETE synthesis also have been shown to be
upregulated in models of DOX-induced cardiotoxicity. 50-52

In our current study, DOX þ TRZemediated oxidative
stress caused upregulation of the oxylipins 18-HETE and
*P < 0.05, doxorubicin (DOX) þ trastuzumab (TRZ) vs control. *#P <

ER þ FLX þ DOX þ TRZ vs DOX þ TRZ and control.
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20-COOH-AA. This effect may have caused inflammation
and apoptosis leading to cardiac fibrosis and heart failure. As
elevations in these oxylipins were downregulated significantly
in mice treated with FLX, PER, or FLX þ PER, this may have
improved adverse cardiovascular remodelling due to DOX þ
TRZ in our in vivo model. Further, due to the increased
angiogenesis and tumour proliferation associated with CYP u-
hydroxylase oxylipins, FLX also may exhibit anticancer effects
by attenuating this pathway.50 Considering the possible
anticancer effects of FLX, in addition to its cardioprotective
effects, further research is required to explore these metabolic
lipid pathways in the field of cardio-oncology.

A number of limitations are associated with the current
study. First, although DOX þ TRX were administered
concurrently to create a robust model of chemotherapy-
mediated cardiotoxicity,20,21 these anticancer agents typically
are administered sequentially in the clinical setting. Further
research is warranted to characterize DOX þ TRZemediated
cardiotoxicity and the possible treatment effects of FLX and
PER, via administration of the anticancer agents sequentially.
Second, the chronic in vivo murine model for the current
study consisted entirely of female mice. As breast cancer and
its associated use of cardiotoxic anticancer therapies are not
exclusive to female patients, further research is warranted to
evaluate the cardiovascular treatment potential of FLX and
PER in male models. Third, although only LV cavity di-
mensions and systolic function were acquired, we will incor-
porate noninvasive diastolic parameters in future studies.
Finally, the current study did not evaluate whether FLX or
PER has an impact on the antineoplastic properties of
DOX þ TRZ. Further research is warranted to ensure that
treatment with FLX and PER does not have a negative impact
on the anticancer effects of DOX þ TRZ.
Conclusions
FLX was equivalent to PER at improving cardiovascular

remodelling by reducing biomarkers of inflammation, mito-
chondrial damage, and cell death; however, the combination
of FLX þ PER was not synergistic. Future clinical studies are
warranted to investigate whether FLX consumption is equiv-
alent to PER in reversing the cardiotoxic side effect of DOX þ
TRZ in women with breast cancer.
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