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Difluoromethylornithine attenuates isoproterenol-induced
cardiac hypertrophy by regulating apoptosis, autophagy
and the mitochondria-associated membranes pathway
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Abstract. Myocardial hypertrophy is an independent risk
factor of cardiovascular diseases and is closely associated
with the incidence of heart failure. In the present study, we
hypothesized that difluoromethylornithine (DFMO) could
attenuate cardiac hypertrophy through mitochondria-associ-
ated membranes (MAM) and autophagy. Cardiac hypertrophy
was induced in male rats by intravenous administration of
isoproterenol (ISO; 5 mg/kg/day) for 1, 3,7 and 14 days. For
DFMO treatment group, rats were given ISO (5 mg/kg/day)
for 14 days and 2% DFMO in their water for 4 weeks. The
expression of atrial natriuretic peptide (ANP) mRNA heart
parameters, apoptosis rate, fibrotic area and protein expres-
sions of cleaved caspase3/9, GRP75, Mfn2, CypD and
VDACI were measured to confirm the development of cardiac
hypertrophy, apoptosis and autophagy induced by ISO. ANP
mRNA and MAM protein expression levels were assessed
by reverse transcription-quantitative PCR and western blot-
ting to evaluate hypertrophy and the effects of DFMO oral
administration. The results demonstrated that heart param-
eters, ANP mRNA levels, fibrotic area and apoptosis rate
were significantly increased in the heart tissue for ISO 7 and
14 day groups compared with the control group. Furthermore,
treatment with DFMO significantly inhibited these indicators,
and DFMO downregulated the MAM signaling pathway and
upregulated the autophagy pathway in heart tissue compared
with the ISO 14 day group. Overall, all ISO-induced changes
analyzed in the present study were attenuated following treat-
ment with DFMO. The findings form this study suggested that
DFMO treatment may be considered as a potential strategy for
preventing ISO-induced cardiac hypertrophy.
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Introduction

The initial stage of cardiac hypertrophy is an adaptive
response in volume related to hypertension, valvular disease
or neurohumoral stimuli. The decompensated stage of patho-
logical hypertrophy leads to contractile dysfunction and heart
failure (HF) (1,2). Mitochondria serve crucial biological roles
in excitation-contraction coupling in cardiac muscle, cellular
metabolism, HF progression and myocardial ischemia/reper-
fusion (3-5). It has been hypothesized that abnormalities in
mitochondrial function and endoplasmic reticulum (ER) may
be related to cardiomyopathy (6,7).

Increasing evidence suggests that mitochondria and the
ER are organelles that form an endomembrane network.
Mitochondria-associated membranes (MAM) appear to be the
contact point through which the ER directly communicates
with mitochondria (8-10). The ER-mitochondria interface
is enriched in various proteins, such as the macromolecular
complex composed of voltage-dependent anion chan-
nels 1 (VDAC1), glucose regulated protein 75 (GRP75) and
inositol 1,4,5-triphosphate receptor (IP3R), which regulate
Ca* transfer from the ER to mitochondria (11,12). The cross-
talk between these organelle and MAM in cardiomyopathy
remains unknown and requires further investigation.

Polyamines, such as putrescine, spermidine and spermine,
are involved in cell proliferation and survival and in numerous
biological and pathological processes, including apoptosis,
regulation of Kir channels and oxidative stress (13-15).
Previous studies have reported that elevated polyamine levels
are associated with cardiac hypertrophy (16,17). Certain
stimuli, such as growth factors and oncogenes (hormones, Myc
and Ras) can rapidly increase ornithine decarboxylase (ODC)
protein level, which is a key enzyme involved in cellular poly-
amine biosynthesis (18,19). Difluoromethylornithine (DFMO)
is an ornithine analog that has previously been reported to
deplete cellular polyamines through inhibition of ODC and
to promote cardioprotection by attenuating apoptosis and the
NO/cGMP-dependent protein kinase-1 pathway (17,20,21).
Subsequently, the present study investigated whether isopro-
terenol (ISO)-induced cardiomyopathy could be associated
with increased apoptosis and MAM. In addition, this study
examined if DFMO could be considered as an effective phar-
macological method to attenuate ISO-induced cardiomyopathy
and if this possible effect may be mediated by MAM signaling
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pathway regulation. In the present study, it was hypothesized
that cardiac hypertrophy induced by ISO was associated with
apoptosis and MAM and polyamine depletion by DFMO
exerts a protective effect on cardiac hypertrophy.

Materials and methods

Chemicals and reagents. 1SO (cat. no. 51-30-9) and
DFMO (cat. no. 70052-12-9) were both purchased from
Sigma-Aldrich; Merck KGaA. The TUNEL detection kit
was purchased from Roche Diagnostics GmbH. The primary
antibodies against cleaved caspase-3/9, caspase-3/9, VDACI,
GRP75, cyclophilin D (CypD), mitofusin 2 (Mfn2), autophagy
related 5 (Atg5) and Beclinl were obtained from Santa Cruz
Biotechnology, Inc. TRIzol reagent and a PrimeScript RT
Reagent kit were from Takara Biotechnology. Protein extrac-
tion kit and GAPDH antibody (both Wuhan Boster Biological
Technology, Ltd.) and Masson's trichrome staining kit (Beijing
Solarbio Science & Technology Co., Ltd.) were also purchased.

Animals. Healthy male Wistar rats weighing 200-250 g were
used in the present study (Qiqihar Medicine University Animal
Center). Rats were housed on a 12 h dark-light cycle at 23+1°C.
The study protocol was approved by the Institutional Animal
Research Committee (approval no. QMU-AECC-2019-53).

Rat cardiac hypertrophy model and drug treatment. As
described previously (15), rats were randomly divided into six
groups (n=10 per group) as follows: i) Control group, rats were
given subcutaneous injections of 0.9% saline; ii) ISO1d group,
rats were given ISO (5 mg/kg/day) for 1 day; iii) ISO3d group,
rats were given ISO (5 mg/kg/day) for 3 days; iv) ISO7d group,
rats were given ISO (5 mg/kg/day) for 7 days; v) ISO14d group,
rats were given ISO (5 mg/kg/day) for 14 days; and vi) DFMO
treatment group, rats were given ISO (5 mg/kg/day) for 14 days
and 2% DFMO in their water for 4 weeks. Following treat-
ment, all rats were euthanized using 3% pentobarbital sodium
(80 mg/kg) and hearts were collected for further experiments.
The hearts were carefully isolated, excised and weighed
in cold buffer. The ventricles were separated and weighed
and the degree of ventricular hypertrophy was assessed by
evaluating the heart-to-body weight (HW/BW) ratio and left
ventricle-to-body weight (LVW/BW) ratio.

Quantification of fibrosis. Heart tissue samples were cut and
fixed in 10% formalin for 2-3 days and embedded in paraffin at
room temperature. To evaluate morphological changes, tissue
samples were stained with Masson's trichrome reagent at room
temperature for 120-160 min. A light microscope was used
to visualize the cardiac sections at x200 magnification. The
degree of collagen deposition was analyzed using Image-Pro
Plus v6.0 (Media Cybernetics, Inc.). A total of =100 myocar-
dial cells in each group was analyzed.

Reverse transcription quantitative (RT-q)PCR. As previously
described (22,23), total RNA was isolated using TRIzol
according to the manufacturer's instruction (Invitrogen; Thermo
Fisher Scientific, Inc.) from left ventricular tissues at room
temperature. A cDNA synthesis kit (Takara Biotechnology Inc.)
and oligo(dT) primers were subsequently used to synthesize the

first strand cDNA. RT-qPCR was performed using PowerUp
SYBR-Green Master Mix and the results were analyzed using
the StepOne™ (Thermo Fisher Scientific, Inc.) system with
GAPDH as an internal control. The primers for ANP (a marker
gene of cardiac hypertrophy) were as follows: forward
5-GGGAAGTCAACCCGTCTCA-3' and reverse 5'-GGGCTC
CAATCCTGTCAAT-3". The primers for GAPDH were as
follows: Forward, 5'-GAGACAGCCGCATCTTCTTG-3' and
reverse, 5-ATACGGCCAAATCCGTTCAC-3". The thermocy-
cling conditions were as follows: Initial denaturation at 95°C for
30 sec; 40 cycles of annealing at 95°C for 5 sec and extension at
60°C for 30 sec. The relative expression levels were normalized
to endogenous control and were expressed as 244%4 (20).

Western blotting. Harvested left ventricle tissues were frozen in
liquid nitrogen and stored at -80°C until prepared as described
previously (19). Heart tissues were homogenized in RIPA lysis
buffer containing protease and phosphate inhibitors on ice (cat.
no. PO013B; Beyotime Institute of Biotechnology) and centri-
fuged at 12,000 x g for 20 min at 4°C. The protein concentration
was determined using a BCA protein assay. Proteins samples
were separated by electrophoresis in 10% SDS-PAGE gels
(20 ug protein/lane) and transferred onto PVDF membranes.
After blocking with 5% skimmed milk in Tris-buffered saline
for 1.5 h at 25°C, membranes were incubated with primary
antibodies against GRP75 (1:1,000; cat. no. ab171089), VDAC1
(1:500; cat. no. ab14734), CypD (1:500; cat. no. ab231155), Mfn2
(1:500; cat. no. 11925S), GAPDH (1:1,000; cat. no. ab8245),
cleaved caspase-3 (1:1,000; cat. no. 9661S), cleaved caspase-9
(1:1,000; cat. no. 20750S), Atg5 (1:500; cat. no. 2630S) and
Beclinl (1:500; cat. no. 3738S) overnight at 4°C. The membrane
was washed three times in TBST and incubated with horse-
radish peroxidase-conjugated secondary antibody (1:5,000;
cat. no. BA1058; Wuhan Boster Biological Technology, Ltd.)
in TBST for 1 h at 25°C. The bands were detected using ECL
chemiluminescence kit (cat. no. POO18M; Beyotime Institute
of Biotechnology). Membranes were stripped with stripping
buffer (cat. no. P0025; Beyotime Institute of Biotechnology) and
re-probed with different antibodies. Relative expression levels
were normalized to endogenous control GAPDH using ImageJ
software (version 1.4.3.67; National Institutes of Health).

TUNEL staining. Cell apoptosis was assessed using TUNEL
assay according to the manufacturers' instructions. The
sections of heart tissue were cut into 6 ym slices and then
dewaxed. After xylene dewaxing and ethanol dehydration,
the cardiac tissue sections were incubated with 20 pg/ml
proteinase K for 20 min and fluorescein-labelled dUTP for
1 h at 37°C. Fluorescence microscopy (x200 magnification;
Olympus Corporation) was used to analyze =100 myocardial
cells in each group. Image-Pro Plus 6.0 (Media Cybernetics,
Inc.) was used to calculate the results.

Immunohistochemical staining. Cardiomyocyte apoptosis was
evaluated using caspase-3 and caspase-9 immunohistochem-
istry. Heart sections were cut into 4 pm slices according to the
protocol using the citric acid method (Citrate Antigen Retrieval
Solution; cat. no. PO081; Beyotime Institute of Biotechnology).
Sections were blocked with 8% goat serum for 30 min at 37°C
and were incubated with caspase-3 (1:100; cat. no. ab13847,
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Figure 1. Hypertrophic state and interstitial fibrosis of heart tissue in control and ISOI, 3, 7 and 14d groups following ISO treatment. (A) HW/BW ratios.
(B) LVW/BW ratios. (C) mRNA expression of ANP was detected by RT-qPCR. (D) Fibrosis of left ventricular tissue was detected by Masson staining
(magnification, x200). Red staining indicates myocardial cells, and the interstitial fibers are stained as blue. (E) Quantification of fibrotic area. "P<0.05 and
“P<0.01 vs. control group. HW/BW, heart to body weight; LVW/BW, left ventricular to body weight; ANP, atrial natriuretic peptide; ISO, isoproterenol.

Santa Cruz Biotechnology, Inc.) and caspase-9 (1:100; cat.
no. ab52298, Santa Cruz Biotechnology, Inc.) antibodies at
37°C for 2 h. EnVision™+/HRP (cat. no. K400011-2; Dako;
Agilent Technologies, Inc.) was added to sections for 1 h at
37°C. Samples were processed using a peroxide-based substrate
diaminobenzidine kit (Gene Tech Biotechnology Co., Ltd.)
and nuclei were stained using haematoxylin for 1 sec at room
temperature. Finally, heart sections were photographed using
a light microscope (magnification, x200). The results were
analyzed using Image-Pro Plus 6.0 (Media Cybernetics, Inc.).

Statistical analysis. All data were presented as the means =+ stan-
dard error of the mean. One-way ANOVA followed by a
Dunnett's or Student-Newman-Keuls post hoc tests were used
for data analysis with GraphPad Prism 5.00 software (GraphPad
Software, Inc.). P<0.05 was considered to indicate a statistically
significant difference.

Results

Effect of ISO on cardiac hypertrophy and cardiac fibrosis.
To determine the effects of ISO on the development of
cardiomyocyte hypertrophy, the cardiac hypertrophy model
induced by ISO was established. Parameters of cardiac hyper-
trophy, such as HW/BW ratio, LVW/BW ratio, ANP mRNA

expression were evaluated at 1, 3,7 and 14 days following ISO
injection. As presented in Fig. 1, the ratios of HW/BW and
LVW/BW, the expression of ANP mRNA (Fig. 1A-C) and
the areas of collagen deposition in the interstitial and perivas-
cular (Fig. 1D and E) were significantly increased in the ISO7d
and ISO14d groups compared with the control group (P<0.05
and P<0.01).

Effect of ISO on myocardial apoptosis. Cardiomyocyte apop-
tosis is now considered as a hallmark of heart failure (24).
Using a TUNEL assay, cardiac apoptotic cells are shown by
brown-stained nuclei whereas non-apoptotic cells are stained
blue-green or tan shades. In the ISO7d and ISO14d groups, the
apoptosis rates were significantly increased compared with the
control group (P<0.05 and P<0.01, respectively; Fig. 2A and B).
Furthermore, the ratios cleaved caspase-9/caspase-9 was
increased in the ISO3d, ISO7d and ISOI14d groups, and the
ratio cleaved caspase-3/caspase-3 was significantly increased
in the ISO 14d group compared with the control group (P<0.05
and P<0.01; Fig. 2C and D).

Effect of ISO on MAM pathway. It is well-known that
MAMs regulate physiological functions between ER and
mitochondria to maintain Ca** flux and lipid and metabo-
lite exchange (25,26). To investigate the effect of ISO on
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Figure 2. Effect of ISO on cardiomyocyte apoptosis in control and ISOI, 3, 7 and 14d groups. (A) TUNEL staining (brown). (B) Quantification of apoptosis
rate among the various groups. (C) Protein expression of cleaved caspases-9/caspase-9 and (D) cleaved caspases-3/caspase-3 were detected by western blotting.

“P<0.05 and “P<0.01 vs. control group. ISO, isoproterenol.

myocardial cell MAM signal transduction, the expression
of GRP75, VDACI, Mfn2 and CypD was determined. The
results demonstrated that GRP75 expression was increased in
ISO14d group (P<0.05; Fig. 3A) whereas Mfn2 expression was
unchanged in ISO groups (Fig. 3B). The protein expression of
CypD was increased in ISO7d and ISO14d groups (P<0.05;
Fig. 3C) and the protein expression of VDAC 1 was increased
in 1SO14d group (P<0.05; Fig. 3D) compared with control

group.

DFMO alleviates myocardial hypertrophy and apoptosis
induced by ISO. Cardiac hypertrophy and apoptosis were
measured to assess the cytoprotective effect of DFMO. The
ratios HW/BW and LVW/BW and the mRNA expression of
ANP were significantly decreased in the DFMO treatment
group compared with the ISO14d group (P<0.05; Fig. 4A-C).
Furthermore, caspase-3 and caspase-9 protein expression was

increased in ISO group compared with control group, which
was reversed following DFMO treatment (Fig. 4D and E).
In addition, the apoptosis rate was significantly decreased
following DFMO treatment compared with the ISO group
(P<0.05; Fig. 4F). These findings indicated that DFMO may
alleviate ISO-induced myocardial hypertrophy and myocar-
dial apoptosis.

DFMO downregulates GRP75, VDACI and CypD and upreg-
ulates cardiomyocyte autophagy. The effects of DFMO on the
MAM pathway and autophagy were evaluated in ISO-treated
rats. The results demonstrated that in rats with ISO-induced
myocardial hypertrophy, DFMO could downregulate the
expression of GRP75, VDACI and CypD and upregulate the
expression of the autophagy-associated proteins Atg5 and
Beclinl, leading to an attenuation of ISO effects (P<0.05 and
P<0.01; Fig. 5A-E).
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Figure 3. Effect of ISO on mitochondria-associated membranes pathway proteins in rat cardiac tissue apoptosis in control and ISOI, 3, 7 and 14d groups.
Protein expressions (A) of GRP75, (B) Mfn2, (C) CypD and (D) VDACI were detected by western blotting. "P<0.05 vs. control group. GRP75, glucose
regulated protein 75; Mfn2, mitofusin2; CypD, cyclophilin D; VDACI, voltage-dependent anion channels 1.

Discussion

The present study demonstrated that DFMO could significantly
attenuate ISO-induced cardiac hypertrophy and apoptosis and
downregulate the MAM pathway while increasing autophagy. It
is widely known that $-adrenergic receptor activation maintains
cardiac output (27), but that sustained stimulation results in
heart failure (5,28). The present study demonstrated that cardiac
hypertrophy, fibrosis and apoptosis were induced following ISO
treatment. Cardiomyocyte apoptosis is involved in the patho-
genesis and progression of cardiac dysfunction during heart
failures, such as myocardial infarction, HF and ischemia reper-
fusion (26,27). Previous studies have suggested that increased
cardiomyocyte apoptosis is implicated in the pathogenesis and
development of cardiovascular complications (28-30).

Accumulating evidence showed that MAMs, including
VDAC, GRP75 and CypD, are fundamental for cellular
homeostasis to support mitochondrial Ca** signaling (31-33).
Previous studies have reported that mitochondria are critical
integrators of signal transduction during the development
of cardiac hypertrophy (34,35). It has been demonstrated
that VDAC, which is associated with the outer mitochon-
drial membrane, interacts with IP3R on the ER through the
molecular chaperone GRP75 that is thought to participate in
the refolding of proteins translocated into this organelle (36).
VDACI may be associated with both mPTP opening and
mitochondrial membrane depolarization. Importantly,
VDACI is upregulated during cardiac hypertrophy (37,38).
The results from the present study indicated that MAM
pathway may play a key role during cardiac hypertrophy, and
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Figure 4. Effect of DFMO on cardiomyocyte hypertrophy and apoptosis induced by ISO in control, ISO and DFMO pretreatment groups. (A) HW/BW
ratios. (B) LVW/BW ratios. (C) mRNA expression of ANP. (D) Immunohistological staining of caspase-3 (magnification, x200) and respective fold change.
(E) Immunohistological staining of caspase-9 (magnification, x200) and respective fold change. (F) TUNEL staining (magnification, x200) and determination
of the apoptosis rate. "P<0.05 vs. control group. “P<0.05 vs. ISO group. HW/BW, heart to body weight; LVW/BW, left ventricular to body weight; ANP, atrial

natriuretic peptide; ISO, isoproterenol; DFMO, difluoromethylornithine.

that downregulation of the MAM pathway may be cardiopro-
tective.

Polyamines (Pas) levels are tightly regulated by ODC, which
is the key enzyme controlling the biosynthesis of PAs. A previous
study from our group has demonstrated that DFMO could deplete
cellular polyamines via inhibition of ODC (19) and attenuate
cardiomyocyte hypertrophy by inhibiting the NO/cGMP-depen-
dent protein kinase-1 pathway and ERS pathway in vivo (20).
The findings from the present study indicated DFMO treatment
may prevent ISO-induced cardiac hypertrophy, fibrosis and
cardiomyocyte apoptosis, and downregulate the MAM pathway.

Autophagy maintains cellular homeostasis and regulates
apoptosis by degrading proteins with long half-lives or
damaging organelles (39,40). The complexes formed by ATG5
and Beclin-1 proteins are the core molecular machinery for
activation of the autophagy pathway (41). Previous studies
have reported that MAMs serve a crucial role in autophagy.
Beclinl is a proautophagic protein that forms at specific
regions of MAM in starvation-induced autophagy (42.43). To

explore the effect of DFMO on autophagy, the present study
evaluated the expression of Atg5 and Beclinl. The results
demonstrated that Atg5 expression was significantly decreased
in ISO-induced hypertrophic rat hearts, and that DFMO could
significantly increase the expression of Atg5 and Beclinl. We
therefore hypothesized that Atg5 and Beclinl may promote
the survival of cardiomyocytes and inhibit hypertrophy.

In summary, the present study used an animal model
of ISO-induced cardiac hypertrophy to assess the protec-
tive effect of DFMO. In ISO-treated rats, the expression of
MAM pathway proteins was upregulated and associated
with ISO-induced cardiac hypertrophy. Importantly, DFMO
was demonstrated to ameliorate cardiac hypertrophy via
inhibition of the MAM pathway and activation of the
autophagy pathway (Fig. 6) One potential limitation of this
study would be that the effect of DFMO on heart function,
including ejection fraction and fractional shortening using
echocardiography, was not evaluated. Further investigation
is therefore needed to understand the relationship between
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IS0, isoproterenol; MAM, mitochondria-associated membranes.

MAM and the cardiac function following treatment with
DFMO. The findings from the present study suggested that
DFMO may be considered as a potential therapeutic agent to
treat cardiac hypertrophy.
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