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Aims Heart failure is a major complication in cancer treatment due to the cardiotoxic effects of anticancer drugs, espe-
cially from the anthracyclines such as doxorubicin (DXR). DXR enhances oxidative stress and stimulates matrix
metalloproteinase-2 (MMP-2) in cardiomyocytes. We investigated whether MMP inhibitors protect against DXR
cardiotoxicity given the role of MMP-2 in proteolyzing sarcomeric proteins in the heart and remodelling the extra-
cellular matrix.

....................................................................................................................................................................................................
Methods
and results

Eight-week-old male C57BL/6J mice were treated with DXR weekly with or without MMP inhibitors doxycycline or
ONO-4817 by daily oral gavage for 4 weeks. Echocardiography was used to determine cardiac function and left
ventricular remodelling before and after treatment. MMP inhibitors ameliorated DXR-induced systolic and diastolic
dysfunction by reducing the loss in left ventricular ejection fraction, fractional shortening, and E0/A0. MMP inhibitors
attenuated adverse left ventricular remodelling, reduced cardiomyocyte dropout, and prevented myocardial fibrosis.
DXR increased myocardial MMP-2 activity in part also by upregulating N-terminal truncated MMP-2. Immunogold
transmission electron microscopy showed that DXR elevated MMP-2 levels within the sarcomere and mitochondria
which were associated with myofilament lysis, mitochondrial degeneration, and T-tubule distention. DXR-induced
myofilament lysis was associated with increased titin proteolysis in the heart which was prevented by ONO-4817.
DXR also increased the level and activity of MMP-2 in human embryonic stem cell-derived cardiomyocytes, which
was reduced by ONO-4817.

....................................................................................................................................................................................................
Conclusions MMP-2 activation is an early event in DXR cardiotoxicity and contributes to myofilament lysis by proteolyzing car-

diac titin. Two orally available MMP inhibitors ameliorated DXR cardiotoxicity by attenuating intracellular and ex-
tracellular matrix remodelling, suggesting their use may be a potential prophylactic strategy to prevent heart injury
during chemotherapy.
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1. Introduction

Anthracyclines including doxorubicin (DXR) are still used to treat over
50% of childhood and adult cancers.1 Paradoxically, improvements in
cancer survival have dramatically increased cardiovascular complications
as a result of the severe, irreversible cardiotoxic side effects of anthracy-
clines.2 One in four patients develop asymptomatic left ventricular dys-
function, and 1 in 20 patients develop overt heart failure when taking
anthracyclines.3 Anthracycline cardiotoxicity is associated with increased
oxidative stress,4 which results in extracellular matrix remodelling5 and
degradation of sarcomeric proteins.6 Unfortunately, antioxidant therapy
failed to prevent cardiotoxicity.7,8 Prophylactic treatment with b-block-
ers, angiotensin-converting enzyme inhibitors, or angiotensin II receptor
antagonists have shown modest, short-term improvements in ejection
fraction, but long-term cardiac remodelling is unabated.9,10 Hence, a bet-
ter adjuvant therapy is needed to prevent anthracycline cardiotoxicity.

Matrix metalloproteinases (MMPs) are zinc-dependent proteases best
recognized for proteolyzing extracellular matrix proteins in angiogenesis,
wound healing, cellular proliferation, cancer metastasis, atherosclerosis,
and myocardial infarction. It is now known that MMPs also target several
non-extracellular matrix substrates both inside and outside the cell.
MMP-2 is abundant in cardiomyocytes and localized in discrete subcellu-
lar compartments including the sarcomere, cytoskeleton, mitochondria,
and nuclei.11 Oxidative stress activates intracellular MMP-2 through dis-
tinct mechanisms by: (i) its direct post-translational modification via
peroxynitrite-induced S-glutathiolation12 and, (ii) enhancing its transcrip-
tion13 as well as that of an N-terminal truncated (NTT)-MMP-2.14

Recently, we found that DXR stimulates MMP-2 in isolated cardiomyo-
cytes by enhancing its protein levels and activity and also by inducing de
novo expression of NTT-MMP-2.15 When activated, MMP-2 impairs car-
diac contractile function by proteolyzing sarcomeric proteins including
troponin I,16 myosin light chain-1,17 and titin.18

Titin is a giant �3000 kDa myofilament protein which functions as a
scaffold for sarcomeric assembly and as a molecular spring in striated
muscle cells to regulate both systolic and diastolic function.19 Titin mole-
cules anchor to the Z-disc and M-line of the sarcomere. Titin is com-
posed of both an extensible and highly conserved inextensible regions,
which secure the thin and thick filaments near the Z-disc and in the
A-band region, respectively. In cardiomyocytes, the extensible I-band re-
gion is spliced by ribonucleic acid (RNA) binding motif protein 20 to pro-
duce either the N2B or N2BA titin isoforms.20 Alterations in titin
isoform expression and titin proteolysis contribute to contractile dys-
function in dilated cardiomyopathy and ischaemic heart injury.18,21,22 In
isolated cardiomyocytes, titin proteolysis6 and increased intracellular
MMP-2 activity15 are implicated in DXR-induced injury. However, the
role of MMP-2 in titin proteolysis in anthracycline cardiotoxicity in vivo is
unknown.

MMP inhibitors were first developed as anticancer drugs and have
since been shown to have beneficial effects on the heart. MMP inhibitors
attenuate myocardial ischaemia-reperfusion injury, which causes marked
oxidative stress, by preventing the degradation of sarcomeric proteins
including titin.11 Doxycycline (Doxy), used clinically as an MMP inhibitor
at sub-antimicrobial dosing,23 reduced adverse left ventricular remodel-
ling in patients with acute myocardial infarction.24 Given the roles of
MMP-2 in cardiac remodelling, we determined whether titin is a target of
MMP-2 and comparatively evaluated the effect of two distinct MMP
inhibitors on cardiac dysfunction and left ventricular intracellular (titin)
and extracellular (collagen) remodelling in DXR cardiotoxicity.

2. Methods

All animal experiments were approved by the University of Alberta
Institutional Animal Care and Use Committee, in accordance to the
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Guide to the Care and Use of Experimental Animals published by the
Canadian Council on Animal Care (CCAC), and the Guide for Care and
Use of Laboratory Animals published by the US National Institutes of
Health (NIH, 8th edition, revised 2011).

For any procedures not mentioned below see Supplementary mate-
rial online.

2.1 DXR cardiotoxicity
DXR (Sigma-Aldrich, St. Louis, MO, USA) was administered to male
C57BL/6J mice (Charles River Laboratories, Saint-Constant, QC,
Canada) at 8 weeks of age once a week for 4 weeks (6 mg/kg/wk, i.p., cu-
mulative dose of 24 mg/kg). This dose of DXR is clinically relevant as it
reaches a therapeutic plasma concentration of 0.05 lM by 24 h.25,26

Beginning on Day 1, control and DXR groups were treated daily with sa-
line or MMP inhibitors 15 mg/kg Doxy (Sigma-Aldrich, St. Louis, MO,
USA) or 60 mg/kg ONO-4817 (Ono Pharmaceutical Co., Osaka, Japan),
prepared in 2% carboxymethyl cellulose, by oral gavage for 28 days.
These MMP inhibitors have been tested at similar doses in different ro-
dent models of disease for 2 weeks without any adverse effects.27–30 The
experimental protocol is shown in Supplementary material online, Figure
S1. Mice were randomly assigned to control, Doxy, ONO-4817, DXR,
DXRþDoxy, or DXRþONO-4817 groups (n = 10/group).

2.2 Human embryonic stem cell-derived
cardiomyocytes
Human embryonic stem cells (hESCs) were purchased from WiCell
(H7; WA07) and experiments were approved by the University of
Arizona stem cell oversight committee. hESC-derived cardiomyocytes
(hESC-CMs) were differentiated using a monolayer method as previ-
ously described.31 In brief, MatrigelTM-coated 15 cm culture plates
(Corning, Corning, NY, USA) were seeded with hESCs at 1.2� 106 cells
per plate and grown for 4 days prior to differentiation. RPMI medium
supplemented with B27 minus insulin (A1895601, Thermo Fisher
Scientific, Waltham, MA, USA) and 4mM CHIR-99021 (CT99021,
Selleckchem, Houston, TX, USA) was added to the hESCs for 2 days to
initiate differentiation. CHIR-99021 was then removed and cells were
cultured for 1 day in RPMI supplemented with B27 minus insulin. RPMI
medium supplemented with B27 minus insulin and 5mM IWR-1 (I0161,
Sigma-Aldrich) was introduced for 2 days and then cultured with RPMI
containing B27 minus insulin for another 2 days. Cultures were main-
tained in RPMI with B27 plus insulin (17504-044, Thermo Fisher
Scientific). hESC-CMs were dissociated with Accutase (STEMCELL
Technologies, Vancouver, BC, Canada) and seeded on MatrigelTM-
coated 3.5 cm culture wells at 2� 106 cells per well and cultured for
4 days prior to experimentation. hESC-CMs were treated with 1mM
DXR (Sigma-Aldrich) in the presence or absence of 1mM ONO-4817
for 24 h. The conditioned media and cell lysates were collected as previ-
ously described15 for biochemical analysis.

2.3 Echocardiography
Mice were anesthetized with 1.5% isoflurane and in vivo cardiac function
was assessed, in a blinded fashion, by transthoracic 2D/M-mode echocar-
diography using a Vevo 770 high-resolution imaging system with a
30 MHz transducer (VisualSonics, Toronto, ON, Canada). M-mode
images were obtained to measure left posterior ventricular wall and
interventricular septum thickness. Complete systolic and diastolic
parameters were measured at baseline (Day 1) and Day 28 following
treatment. On Day 28 following echocardiography, the mice were

anesthetized with 240 mg/kg sodium pentobarbital (i.p., Bimeda-MTC
Animal Health Inc., Cambridge, ON, Canada). The mice were euthanized
by bilateral thoracotomy and the hearts were rapidly excised and exsan-
guinated with phosphate buffered saline (PBS).

2.4 Histology
Paraffin-embedded ventricular tissue was cut into 4mm thick sections
and mounted onto Superfrost Plus slides. All procedures were per-
formed at room temperature. Haematoxylin and eosin staining of rehy-
drated ventricular sections was performed using Weigert’s iron
haematoxylin set (Sigma-Aldrich). Collagen content in the ventricular
sections was stained using picrosirius red solution (Direct Red 80,
Sigma-Aldrich). Sections were dipped in 0.2% phosphomolybdic acid for
30 min, then stained in picrosirius red solution for 1 h, rinsed in 0.2% ace-
tic acid, then dehydrated in ethanol before mounting with Permount
(Thermo Fisher Scientific). Collagen birefringence from stained ventricu-
lar sections was imaged on an Axio Imager M1 polarized light micro-
scope (Zeiss, Oberkochen, Germany). Collagen area fraction was
determined by binarizing the images before analysing using ImageJ.
Collagen area fraction was determined by dividing the area of collagen
by the total tissue area of each image.

2.5 Western blot
The protein concentration of ventricular extracts was measured using
the bicinchoninic acid assay (Sigma-Aldrich) using bovine serum albumin
(BSA, Pierce Life Technologies, Rockford, IL, USA) as a standard. Thirty
micrograms of total extract protein from mouse ventricular extracts,
hESC-CM cell lysates, and conditioned media were separated on 8%
polyacrylamide gels and then wet transferred onto polyvinylidene
difluoride membranes (Bio-Rad, Hercules, CA, USA). Membranes
were immunoblotted with primary monoclonal antibodies against
MMP-2 (ab92536, Abcam, Cambridge, UK), tissue inhibitor of
metalloproteinase-3 (TIMP-3, sc-30075, Santa Cruz Biotechnology,
Santa Cruz, CA, USA), TIMP-4 (ab58425, Abcam), a-tubulin (ab7291,
Abcam), and GAPDH (2118S, Cell Signaling Technology, Danvers, MA,
USA). a-Tubulin and GAPDH were used as loading controls for mouse
ventricular extracts and hESC-CM lysates, respectively. Protein bands
were detected using horseradish peroxidase-conjugated secondary anti-
bodies using chemiluminescent detection reagent (Clarity Western ECL
Substrate; Bio-Rad, Hercules, CA, USA).

2.6 Gelatin zymography
Gelatin zymography was performed to determine MMP-2/-9 activities in
mouse ventricular extracts, hESC-CM cell lysates, and conditioned me-
dia. Thirty micrograms of protein per sample, mixed in non-reducing
loading buffer, were separated on 8% polyacrylamide gels co-
polymerized with 2 mg/mL porcine gelatin (G8150, Sigma-Aldrich). The
gels were rinsed in 2.5% Triton X-100 (20 min) and incubated in zymo-
graphic activity buffer (50 mM Tris–HCl, 150 mM NaCl, 5 mM
CaCl2�2H2O, and 0.05% NaN3, pH 7.6) for 18 h at 37�C. Gels were
stained with 0.05% Coomassie brilliant blue G-250 for 3 h and destained
in 4% methanol and 8% acetic acid solution.

2.7 qPCR
Total cellular RNA was extracted from ventricular tissue using TRIzol re-
agent (Invitrogen, Carlsbad, CA, USA), 5 mm stainless steel beads, and
the TissueLyzer II system (Qiagen, Hilden, Germany). Total cellular RNA
was quantified using a NanoDrop ND8000 spectrophotometer. RNA
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integrity was determined using an Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA), which determines the ratio of 28S
and 18S ribosomal RNA. To eliminate genomic deoxyribonucleic acid
(DNA) contamination, RNA was digested with DNase I (Invitrogen) at
room temperature for 15 min and then at 65�C for 10 min. Reverse tran-
scription was performed using the qScript cDNA SuperMix (Quanta
Biosciences, Beverly, MA, USA). qPCR primers for B2M, Mmp2, NTT-
Mmp2, and Rbm20 are shown in Supplementary material online, Table
S1. Each primer pair was optimized in silico (Primer-BLAST, NCBI) and
verified directly by PCR product sequencing. Samples were analysed in
triplicate by qPCR using the SYBR Green I Master Mix (Roche
Diagnostics, Risch-Rotkreuz, Switzerland) for 40 cycles (15 s denatur-
ation, 45 s annealing, 60 s extension) in a LightCycler 480 System (Roche
Diagnostics). Cq values and melt curves were analysed with the
LightCycler 480 software v1.5.1. (Roche Diagnostics). A standard curve
was generated to calculate copy numbers in the samples by loading in-
creasing amounts of corresponding purified DNA standards of known
concentration for each gene during each assay. Messenger RNA
(mRNA) expression of each gene was calculated by first normalizing the
copy numbers of each sample to the reference gene B2M and then nor-
malizing to the control group.

2.8 Titin isolation and isoform expression
Titin was solubilized as described18 to determine the level of titin iso-
forms and degradation products in ventricular extracts. Extracts were
loaded on a 1% agarose gel and electrophoresed at 15 mA (300–400 V)
for 3 h at 4�C on a Hoefer SE600 gel unit. After electrophoresis, the gel
was stained with Neuhoff’s optimized Coomassie blue. The optical den-
sity of T1 titin (total of N2BA and N2B titin), T2 titin (degradation prod-
uct), and myosin heavy chain (MHC) were determined as a function of
the sample volume loaded. The slope of the linear range of the relation
between integrated optical density and loading volume was obtained for
each sample. Titin proteolysis was determined by the ratio of titin degra-
dation product T2 to T1 titin.

2.9 Transmission electron microscopy
For immuno transmission electron microscopic study of the left ven-
tricles, the fixed tissue was dehydrated in an ethanol series, embedded in
London Resin White (Ted Pella Inc., Redding, CA, USA), and polymer-
ized under ultraviolet light. The ultraviolet polymerized tissue was longi-
tudinally sectioned along the myofilaments and 80 nm ultrathin sections
were transferred to a 300 mesh bare nickel grid for immunolabelling.

The grids were first incubated with a mixture of 5% BSA and 2% cold
fish skin gelatin (G7765, Sigma-Aldrich) in 0.01 M PBS for 30 min at room
temperature. Then they were incubated with monoclonal mouse anti-
MMP-2 immunoglobulin G (IgG) (1:50, Cat. #MAB3008, Millipore,
Burlington, MA, USA) overnight at 4�C followed by incubation with
18 nm colloidal gold-conjugated donkey anti-mouse secondary IgG
(1:10, Cat. #715-215-150, Jackson ImmunoResearch Laboratories, West
Grove, PA, USA) for 90 min at room temperature. Contrast was en-
hanced with 0.25�UranyLess and coating with carbon (7 nm thick) using
a high vacuum carbon evaporator (Leica EM ACE600, Leica
Microsystems, Concord Ontario, Canada). The grids were visualized us-
ing a Hitachi H-7650 transmission electron microscope. Quantitative
analysis of intracellular MMP-2 level is detailed in the Supplementary ma-
terial online.

2.10 Statistical analysis
Data are expressed as mean ± SEM of n independent experiments.
Echocardiography, qPCR, western blot, gelatin zymography, and titin
proteolysis experiments were analysed by one-way ANOVA followed
by the Sidak’s post hoc test (GraphPad Prism 7 Software, La Jolla, CA,
USA). Baseline (Day 1) echocardiography was analysed followed by one-
way ANOVA using the Tukey’s post hoc test. P-values <0.05 were con-
sidered significant.

3. Results

3.1 DXR-induced cardiac contractile
dysfunction and remodelling are
attenuated by MMP inhibition
DXR impaired both systolic and diastolic function marked by a significant
reduction in left ventricular fractional shortening (Figure 1A) and ejection
fraction (Figure 1B) relative to control. DXR also caused mild diastolic
dysfunction marked by a reduction in E0/A0 (Figure 1C) compared to con-
trol. Both MMP inhibitors attenuated DXR-impaired systolic and dia-
stolic dysfunction by improving fractional shortening, ejection fraction,
and E0/A0 (Figure 1A–C). DXR reduced cardiac output, an effect that was
prevented by ONO-4817 but not Doxy (P = 0.076) (Figure 1D).

DXR caused adverse remodelling of the heart including thinning of
the left ventricular posterior wall (Figure 1E) and interventricular septum
(Figure 1F) during systole. DXR also increased the left ventricular internal
diameter during systole (Figure 1G) and expanded the left ventricular
end-systolic volume (Figure 1H). These adverse changes in cardiac mor-
phology were prevented by Doxy but not ONO-4817 (Figure 1E–H).
Full cardiac morphology and functional parameters measured at the end
of the experiment (Day 28) are summarized in Supplementary material
online, Table S2.

Baseline echocardiography data (Day 1) from all mice showed no sig-
nificant differences in these parameters between all groups
(Supplementary material online, Table S3). All echocardiographic param-
eters at Day 28 were unaffected by Doxy or ONO-4817 given without
DXR, with the exception of a small reduction in systolic and diastolic
interventricular septum thickness with ONO-4817 (Supplementary ma-
terial online, Table S4). Intra-individual comparison of Day 1 and Day 28
ejection fraction and fractional shortening data for all groups are shown
in Supplementary material online, Figure S2A and B.

3.2 MMP inhibitors prevent cellular
remodelling in DXR cardiotoxicity
Haematoxylin and eosin staining of left ventricular free wall sections
revealed increased nuclear size and crowding of cardiomyocytes in DXR
mice (Figure 2A and B). DXRþDoxy and DXRþONO-4817 attenu-
ated nuclear size compared to DXR hearts (Figure 2C and D). DXR
hearts exhibit increased cardiomyocyte paucity or dropout with in-
creased interstitial oedema and myofibrillar disorganization compared to
control hearts (Figure 2A and B). DXRþDoxy and DXRþONO-4817
hearts exhibited similar myofibrillar morphology to control hearts and
reduced cardiomyocyte dropout compared to DXR hearts (Figure 2C
and D). Collagen staining with picrosirius red visualized with polarized
light revealed that DXR caused interstitial fibrosis (Figure 2E–H).
Quantification showed that DXR increased collagen deposition by
�350%, and this was prevented with Doxy or ONO-4817 (Figure 2I).
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Figure 1 Cardiac function and morphology in control (C) and DXR-administered mice treated with MMP inhibitors Doxy or ONO-4817 (ONO). (A–D)
DXR impaired both systolic and diastolic function and reduced cardiac output. Doxy and ONO rescued DXR-reduced fractional shortening and ejection
fraction. (E–H) DXR caused adverse cardiac remodelling marked by the thinning of the posterior wall and interventricular septum and expansion of the left
ventricle end-systole, which were attenuated by Doxy. n = 10 mice per group. *P < 0.05 by one-way ANOVA followed by the Sidak’s post hoc test.
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..3.3 DXR cardiotoxicity is associated with
enhanced MMP-2 level and activity
DXR significantly increased MMP-2 protein levels in the heart to �250% of
control, which was prevented with Doxy or ONO-4817 (Figure 3A).
Changes in MMP-2 protein were accompanied by a two-fold increase in myo-
cardial 72kDa MMP-2 activity by gelatin zymography with no evidence of
other gelatinolytic activities, including 64kDa MMP-2 or MMP-9 (Figure 3B).

Plasma MMP-2 protein and activity were also measured to determine
changes in its circulating levels as a biomarker of DXR cardiotoxicity. DXR in-
creased MMP-2 protein which was attenuated by ONO-4817 but not Doxy
(Figure 3C). These changes in MMP-2 protein were accompanied by increased
MMP-2 gelatinolytic activity which was abolished by ONO-4817 (Figure 3D).

MMP-2 activity is modulated by TIMPs, namely TIMP-3 in the extracel-
lular matrix and TIMP-4, the most abundant endogenous inhibitor of intra-
cellular MMP activity in cardiac myocytes.32 TIMP-3 and TIMP-4 protein
levels in the heart were unaffected by DXR in the presence or absence of
Doxy or ONO-4817 (Supplementary material online, Figure S3A and B).

Reactive oxygen–nitrogen species in combination with glutathione can
activate MMP-2 by its S-glutathiolation.12 S-glutathiolated MMP-2 in ven-
tricular extracts was determined following immunoprecipitation of MMP-
2. S-glutathiolated MMP-2 was detected in both control and DXR groups
(Supplementary material online, Figure S4). DXR-treated mice exhibited
increased oxidative stress in the heart indicated by reduced aconitase ac-
tivity (Supplementary material online, Figure S5). Doxy, but not ONO-
4817, normalized aconitase activity to that observed in control hearts. As
oxidative stress can also transcriptionally up-regulate MMP-2, the mRNA
levels of Mmp2 and NTT-Mmp2 were measured. DXR increased NTT-
Mmp2 expression by two-fold (Supplementary material online, Figure
S6A), but did not change that of 72 kDa Mmp2 (Supplementary material
online, Figure S6B). Doxy and ONO-4817 significantly reduced DXR-
elevated levels of NTT-Mmp2 mRNA to 105% and 74% of control, re-
spectively (Supplementary material online, Figure S6A).

NTT-MMP-2 is involved in the innate immune response and is associ-
ated with elevated levels of interleukin-6 (IL6) and chemokine (C-X-C)
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Figure 2 MMP inhibitors ameliorate cardiac remodelling and fibrosis in DXR cardiotoxicity. (A–D) Haematoxylin and eosin stained sections of the left ven-
tricular free wall from control, DXR, DXRþDoxy, and DXRþONO groups (representative of n = 5 hearts per group). Doxy and ONO attenuated DXR-
induced cardiomyocyte dropout (white arrows) and crowding of the cardiomyocytes. The myocardium of DXR mice exhibited increased nuclear size of the
cardiomyocytes when compared to control. DXRþDoxy and DXRþONO hearts show an attenuation in nuclear size compared to DXR hearts. (E–H)
Fibrosis of the left ventricular free wall was evaluated by staining collagen with picrosirius red using polarized light microscopy. Scale bar = 50mm. (I) Doxy
or ONO prevented DXR-induced left ventricular interstitial fibrosis (n = 5). *P < 0.05 by one-way ANOVA followed by the Sidak’s post hoc test.
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..motif ligand 1 (CXCL1).33 The DXR-induced de novo expression of NTT-
Mmp2 was accompanied by an increase in IL6 (Supplementary material
online, Figure S7A), but not CXCL1 (Supplementary material online, Figure
S7B). ONO-4817 prevented DXR-induced increased IL6 expression.

3.4 Ultrastructure of the left ventricle by
transmission electron microscopy
Transmission electron micrographs of the myofilaments from longitu-
dinal left ventricular sections revealed significant differences in the
ultrastructure of the sarcomere (Figure 4A–D) and mitochondria
(Figure 4E–H) between control- and DXR-treated groups. We

observed marked sarcomeric degeneration which included reduced
sarcomere lengths, more diffuse and less prominent Z-discs, M-line
disassembly, and significant myofilament disorganization compared to
control (Figure 4A and B). Doxy and, in particular, ONO-4817, showed
protection against DXR-induced damage to the sarcomere. Doxy
hearts showed minor myofilament disorganization compared to DXR
hearts while ONO-4817 hearts exhibited similar myofilament mor-
phology to control hearts (Figure 4C and D). The mitochondria in
DXR hearts appeared fragmented and the cristae were disrupted
(Figure 4E and F), an effect that was prevented by Doxy or ONO-4817
(Figure 4G and H).
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..3.5 DXR increases MMP-2 levels in the
sarcomere and mitochondria
Immunogold transmission electron microscopy was performed on left
ventricular sections of control and DXR hearts to visualize the subcellu-
lar localization of MMP-2. Consistent with previous reports,16,34,35

MMP-2 localized to the sarcomere and mitochondria (Figure 5A and B).
MMP-2 was localized to the Z-disc, I-band, A-band, and M-line of the sar-
comere. MMP-2 was localized within the mitochondria and along the
mitochondrial-associated membrane in both control and DXR hearts
(Figure 5A and B). We determined the number of MMP-2 molecules/mm2

within the mitochondria or sarcomere as the colloidal gold-conjugated
secondary antibodies bind to the primary antibodies with 1:1 stoichiom-
etry. There was nearly twice the density of MMP-2 molecules in the mi-
tochondria than in the sarcomere in both control and DXR hearts
(Figure 5C and D). DXR doubled the density of MMP-2 molecules in both
the sarcomere and mitochondria (Figure 5C and D).

3.6 DXR cardiotoxicity induces titin
proteolysis which is prevented by MMP
inhibition
We then determined whether DXR-induced myofilament lysis is associ-
ated with cardiac titin proteolysis and/or altered titin isoform expression.
The levels of titin isoforms (N2BA and N2B), intact titin
(T1 = N2BAþN2B), and its major degradation product (T2) were mea-
sured in ventricular extracts. The ventricles from DXR-treated mice
revealed three titin bands, including two full-length titin bands (>3 MDa)
corresponding to N2BA and N2B titin, and a lower molecular weight
degradation product, T2 (Figure 6A). The ratio of T2 to T1 titin deter-
mines the degree of titin degradation. DXR significantly increased cardiac
titin proteolysis, which was attenuated by ONO-4817 but not Doxy
(Figure 6B). DXR did not significantly change the ratio of titin (T1þT2)
to MHC compared to control hearts (Figure 6C). Heart failure is associ-
ated with changes in titin isoform expression.21 However, we observed

no changes in the N2BA:N2B titin ratio across all groups (Figure 6D).
This was confirmed by the absence of alterations in the expression of
Rbm20 (Figure 6E), the titin splice factor which dictates isoform
expression.

3.7 DXR increases MMP-2 expression in
hESC-CM
We next determined whether acute DXR treatment affects MMP-2 in
human cardiomyocytes. hESC-CM were treated with a clinically relevant
concentration of DXR that is observed in the plasma of patients within
an hour after administering the drug.36 In cell lysates, DXR increased
MMP-2 protein levels two-fold which was not affected by ONO-4817
(Figure 7A). DXR did not significantly enhance MMP-2 gelatinolytic activ-
ity in hESC-CM lysates (Figure 7B) but increased the level and activity of
secreted MMP-2 by approximately two-fold (Figure 7C and D). ONO-
4817 did not affect the DXR-induced increase in MMP-2 protein but sig-
nificantly reduced its activity (Figure 7C and D).

4. Discussion

We demonstrated here for the first time that two orally available MMP
inhibitors, Doxy or ONO-4817, attenuate DXR cardiotoxicity in vivo in
mice. We established that DXR increased MMP-2 in the heart by in-
creasing its transcription, protein levels, and activity. DXR also elevated
the level of secreted MMP-2 activity in human cardiomyocytes, which
was reduced by ONO-4817. Blocking the activity of MMP-2 prevented
myofilament lysis, titin proteolysis, and interstitial fibrosis in mouse
hearts. The resultant protective actions of MMP inhibitors on both the
intracellular and extracellular matrices improved both systolic and dia-
stolic function and remodelling impaired by DXR.

Prophylactic administration of drugs used to treat heart failure is the
current treatment recommendation to alleviate chemotherapy-induced
cardiotoxicity.37 However, these drugs only modestly improve ejection

Control DXR
A B

E F

Z Z ZM M Z ZZ Z

C D

G H

Z Z ZM M
Z ZM

DXR+Doxy DXR+ONO

Figure 4 Transmission electron micrographs of cardiac myocytes from left ventricular sections of control- and DXR-treated mice. (A) Control hearts ex-
hibit normal myofilament morphology. (B) The myocardium of DXR mice exhibits extensive myofilament disorganization, diffuse Z-discs (Z), and disassem-
bly of M-line (M), shown by black arrows, compared to control. (C and D) Doxy or ONO protected against DXR-induced sarcomeric damage in the heart.
(E and F) DXR hearts exhibit mitochondrial degeneration (white arrows) and increased glycogen particles (arrowheads) compared to control. (G and H)
Doxy or ONO hearts exhibited similar mitochondrial morphology to control. Representative of more than 50 images captured from 4 hearts from each
group. Scale bar = 500 nm.

MMP inhibitors attenuate doxorubicin cardiotoxicity 195



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.fraction without preventing left ventricular remodelling.10 In patients
with acute myocardial infarction, Doxy reduced adverse left ventricular
remodelling and improved ejection fraction.24 In mice, Doxy reduced
DXR-induced myocardial oxidative stress by stimulating the activity of
superoxide dismutase and glutathione peroxidase and diminished apo-
ptosis.38 Tocchetti et al.39 demonstrated in mice that DXR-induced
upregulation of MMP-2 was associated with increased deposition of in-
terstitial collagen. After 1 week of treatment, cardioprotection with the
sodium channel blocker ranolazine prevented early upregulation of
MMP-2, interstitial fibrosis, and acute cardiac contractile dysfunction.39

A recent study by this group showed that phenylalanine-butyramide also
attenuated DXR-induced MMP-2 upregulation, which was associated
with improved cardiac contractile function and reduced left ventricular
remodelling.40 We show here that Doxy or ONO-4817 diminished
DXR cardiotoxicity by attenuating both cardiac contractile dysfunction
and remodelling, suggesting that the detrimental effects of DXR are at-
tributed, in part, to enhanced MMP activity.

MMP-2 is stimulated by oxidative stress at both transcriptional
and post-translational levels. First, oxidative stress enhances MMP-2
transcription13 including the de novo expression of NTT-MMP-2 through
an alternative promoter within the first intron.14 Second, intracellular
MMP-2 is directly activated by peroxynitrite via S-glutathiolation to
expose its catalytic site.12 We revealed that DXR increases MMP-2
levels and activity in the heart, also in part, by upregulating NTT-MMP-2

expression, consistent with our previous findings in isolated
cardiomyocytes that DXR elevates MMP-2 protein and activity and de
novo expression of NTT-MMP-2.15 We verified that a clinically
relevant concentration of DXR also upregulated MMP-2 in human
cardiomyocytes.

Cardiomyocyte dropout, interstitial fibrosis, and inflammation are
characteristic of DXR cardiotoxicity. These dynamic changes take
place in the extracellular matrix, which plays an important role in tis-
sue architecture and cell signalling. Oxidative stress and inflammation
increase MMP-2 activity in the injured myocardium, driving extracellu-
lar matrix remodelling, myofibroblast proliferation, and collagen depo-
sition.41 NTT-MMP-2 initiates pro-inflammatory and pro-apoptotic
innate immune responses in myocardial injury.14,42 NTT-MMP-2 trig-
gers the activation of NFAT and NF-jB signalling cascades and the
expression of a highly defined innate immunity transcriptome includ-
ing IL6.42 Our results show that DXR cardiotoxicity is associated
with increased expression of NTT-Mmp2 and IL6, and interstitial fi-
brosis, which were prevented by Doxy or ONO-4817. Consistent
with a previous study,38 we demonstrated that Doxy normalized en-
hanced oxidative stress in hearts from DXR-treated mice to control
levels. By preventing oxidative stress and degradation of the intracel-
lular and extracellular matrices, MMP inhibitors likely attenuate the
pernicious cycle of inflammatory processes and prevent the upregula-
tion and activation of MMP-2 in the heart.
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Figure 5 Determination of mitochondrial and sarcomeric MMP-2 in the left ventricle of control and DXR mice by immuno transmission electron micros-
copy. (A and B) Representative localization of MMP-2 in the sarcomere (black arrows) and mitochondria (white arrows) from control and DXR hearts.
MMP-2 is localized to the Z-disc (Z), M-line (M), I-band, and A-band region of the sarcomere. Scale bar = 500 nm. (C and D) Quantification of colloidal gold
particles, conjugated to anti-MMP-2 antibody that were localized within the sarcomere and mitochondria. A total of 24 images were captured and analysed
from 4 hearts from each group (n = 4). *P < 0.05 by paired two-tailed Student’s t-test.
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..MMP-2 is elevated within cardiomyocytes in cardiomyopathy and oxi-
dative stress injury.11,43 Intracellular MMP-2 activity directly affects cardi-
omyocyte structure and function by cleaving contractile proteins in the
sarcomere.44 Degradation of titin or alteration in its splicing causes

detrimental effects on cardiac contractile function.18,21 Here DXR in-
creased MMP-2 levels directly in the sarcomere to contribute to titin
proteolysis, which was associated with reduced sarcomere length, myo-
filament lysis, and cardiac contractile dysfunction. These effects are likely
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Figure 6 Cardiac titin proteolysis and isoform expression in DXR cardiotoxicity. (A) Representative Coomassie blue-stained agarose gel showing titin lev-
els in ventricular extracts. The ratio of titin degradation product (T2) to N2BA and N2B titin (T1) was determined in left ventricular extracts from control,
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changes in N2BA to N2B titin (n = 7–8) and Rbm20 mRNA expression (n = 6–8). STD is a standard ventricular extract from a control mouse that was not
part of this study. *P < 0.05 by one-way ANOVA followed by the Sidak’s post hoc test.
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attributed to increased MMP-2 activity given that titin proteolysis was
markedly reduced when MMP activity was blocked by ONO-4817. Data
suggesting that DXR stimulated titin proteolysis in isolated cardiomyo-
cytes is calpain-dependent6 was based on the protease inhibitor used,
which later was revealed to also potently inhibit MMP-2 activity.45 In ad-
dition, the lysine methyltransferase SMYD2 dissociates from the near Z-
disc region of titin during oxidative stress and renders titin susceptible to
in vitro proteolysis by MMP-2.46 Although altered titin isoform expression
can occur in patients with dilated cardiomyopathy21 we found that DXR
did not affect titin splicing as there were no effects on Rbm20 expression

nor on the N2BA:N2B titin ratio. Clinical studies have associated the
abundance of urinary N-terminal titin fragments and MMP-2 degraded
titin fragments in sera from patients with dilated cardiomyopathy47 and
cardiac injury,48,49 respectively. Titin fragments should be investigated in
future studies as a potential biomarker of DXR cardiotoxicity.

Our study demonstrated that two different MMP inhibitors protect
against DXR cardiotoxicity by preventing adverse cardiac remodelling or
titin proteolysis. While these inhibitors both target MMP-2, the intracel-
lular concentration of Doxy relative to ONO-4817 within cardiomyo-
cytes is unknown. Doxy preferentially accumulates in heart tissue over
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Figure 7 DXR-induced effects on MMP-2 in hESC-CMs. (A) MMP-2 protein levels were elevated in lysates from hESC-CM treated with DXR (1mM, 24 h,
n = 4). (B) DXR did not affect MMP-2 activity in hESC-CM lysates (n = 4). (C) Secreted MMP-2 protein levels and (D) activity were elevated in the condi-
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lowed by the Sidak’s post hoc test.
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..plasma50 and we have shown that ONO-4817 can inhibit MMP-2 inside
cardiomyocytes.45 The relative selectivity of Doxy or ONO-4817 for in-
tracellular vs. extracellular MMP-2 isoforms is also unknown. However,
ONO-4817 is the more potent MMP inhibitor and shows greater selec-
tivity for gelatinases (MMP-2 and MMP-9) than Doxy. While ONO-4817
inhibits MMP-2 from proteolyzing titin, the cardioprotective effects of
Doxy may be a result of inhibiting MMP-2 and other MMPs involved in
ventricular remodelling.

Clinical and pre-clinical studies have reported sex-related differences
in DXR-induced cardiotoxicity.51,52 We only used male mice which lim-
its the interpretation of our results. Determining the effects of DXR and
MMP inhibitors in females may reveal novel mechanisms underlying the
sexual dimorphism of anthracycline cardiotoxicity and will be very im-
portant to test in future studies. Additionally, it remains an open ques-
tion whether MMP-2 contributes to titin turnover under physiological
conditions by helping dismantle damaged titin for further processing by
the ubiquitin-proteasome pathway. Furthermore, although we observed
differences in MMP-2 activity in hESC-CMs, we do not know whether
DXR elevates MMP-2 or increases titin proteolysis in mature human
myocardium.

Together, our results elucidate the role of MMP-2 in intracellular and
extracellular matrix remodelling in DXR cardiotoxicity. We demon-
strate that two orally available, selective MMP inhibitors ameliorate
DXR-induced cardiac dysfunction and remodelling by attenuating titin
proteolysis, myofilament lysis, and interstitial fibrosis. Prophylactic inhibi-
tion of MMP activity could be an effective means to prevent heart injury
caused by anthracyclines in the treatment of cancer.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Translational perspective
Heart failure is the primary chronic toxicity of anthracycline chemotherapy. Anthracyclines such as doxorubicin cause left ventricular remodelling
and loss of myofilament proteins. We determined in mice whether matrix metalloproteinase-2, an intracellular and extracellular protease in the
heart, contributes to doxorubicin cardiotoxicity. Doxorubicin activated myocardial MMP-2 in mouse hearts and human cardiomyocytes, including
de novo expression of an N-terminal truncated MMP-2 isoform which is exclusively expressed by increased oxidative stress. Increased MMP-2 levels
and activity in the heart contributed to left ventricular remodelling, interstitial fibrosis, and titin proteolysis in doxorubicin cardiotoxicity. These ad-
verse effects on the heart were prevented by two orally available MMP inhibitors, demonstrating the potential benefits of MMP inhibition in the pro-
phylaxis of doxorubicin cardiotoxicity.
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