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Abstract: Diabetes is a potent risk factor for heart failure with preserved ejection fraction
(HFpEF). Autophagy can be activated under pathological conditions, including diabetic cardio-
myopathy. The therapeutic effects of chloroquine (CQ), an autophagy inhibitor, on left ventricle
function in streptozotocin (STZ)-induced diabetic mice were investigated. The cardiac function,
light chain 3 (LC3)-1I/LC3-I ratio, p62, beclin 1, reactive oxygen species, apoptosis, and fibrosis
were measured 14 days after CQ (ip 60 mg/kg/d) administration. In STZ-induced mice, cardiac
diastolic function was decreased significantly with normal ejection fraction. CQ significantly
ameliorated cardiac diastolic function in diabetic mice with HFpEF. In addition, CQ decreased
the autophagolysosomes, cardiomyocyte apoptosis, and cardiac fibrosis but increased LC3-11
and p62 expressions. These results suggested that CQ improved the cardiac diastolic function
by inhibiting autophagy in STZ-induced HFpEF mice. Autophagic inhibitor CQ might be a
potential therapeutic agent for HFpEF.

Keywords: chloroquine, diastolic function, HFpEF, autophagy, diabetic cardiomyopathy, type 1
diabetes mellitus

Introduction

Diabetes mellitus (DM) is a potent risk factor for heart failure (HF). DM contributes to
the pathophysiologic process of HF with reduced or preserved ejection fraction (EF).!
The prevalence of heart failure with preserved ejection fraction (HFpEF) has increased
in the past 2 decades, and DM is frequently associated with HFpEF.2 Population-based
epidemiological studies reported that almost half of the patients with congestive HF have
preserved EF and 30%-40% of these HFpEF patients have DM.?> HFpEF associated
with DM has a long period of irreversible cardiac damage; therefore, early recognition
and treatment of the preclinical cardiac abnormalities are important.* Recently, sev-
eral studies have established the key role of autophagy in the development of diabetic
cardiomyopathy. In hearts from streptozotocin (STZ)-induced type 1 diabetic mice,
diastolic function was impaired, though autophagic activity was significantly increased,
as evidenced by increases in microtubule-associated protein 1 light chain 3 (LC3) and
LC3-II/-I ratios and SQSTM1/p62 (sequestosome- 1) and by the abundance of autophagic
vacuoles and lysosomes detected electron microscopically.’ Mellor et al® reported that
increased myocardial autophagic flux in fructose diet-induced type 2 diabetic mice
resulted in pathological remodeling of the heart. In cultured neonatal rat cardiomyocytes,
the suppression of autophagy by 3-methyladenine and/or siRNA specific for beclin 1 or
Atg7 attenuated high glucose-induced cardiomyocyte injury.” Xu et al® demonstrated
that inhibition of autophagy was cardioprotective in type | diabetes, which was linked
to activatation of noncanonical autophagy and improvement in mitophagy.
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We hypothesized that inhibition of autophagy would
ameliorate cardiac diastolic function in diabetic mice. Chlo-
roquine (CQ), an autophagy inhibitor, has been used for the
treatment of various diseases for a long time. CQ inhibits
lysosomal acidification and therefore prevents autophagy
by blocking autophagosome fusion and degradation. It has
been reported that the administration of CQ reversed cardiac
dysfunction and atrophy via the suppression of autophagic
activity.” However, other results demonstrated that CQ
induces mitochondrial dysfunction in cardiomyocytes and
significantly impairs mitochondrial antioxidant in pressure
overload hypertrophy.'°

In the present study, we investigated the effect of the
autophagic inhibitor CQ on cardiac function in STZ-induced
diabetic mice with HFpEF.

Materials and methods

Experimental animals and protocol

All animal procedures used in this study were performed in
accordance with the guidelines of the National Institutes of
Health and approved by the Animal Care and Use Committee
of Guangzhou Medical University (No 2010-225). Specific
pathogen-free male C57BL mice (age 6 weeks, weighing
16-18 g, Guangdong Experimental Animal Center) were
randomly divided into three groups (n=8): 1) control; 2) STZ;
and 3) CQ. Hyperglycemia of the mice in the STZ and CQ
groups was induced with STZ (ip 60 mg/kg/d prepared daily
in citrate buffer pH 4.5, for maximal stability) for 6 days. Six
days after STZ injection, hyperglycemia was confirmed by
fasting blood glucose measurement using tail-vein blood with
the FreeStyle Flash Blood Glucose Monitoring System (Ultra;
LifeScan, New Brunswick, NJ, USA). Mice with blood glucose
concentrations =16.7 mmol/L were used for the study.!! Atthe
end of 9 weeks, the mice in the CQ group were treated with
CQ (ip 60 mg/kg/d; Sigma-Aldrich Co., St Louis, MO, USA)
for 14 days. Two weeks after treatment, the animals underwent
echocardiography followed by heart tissue experiments.

Echocardiography

Functional and dimensional parameters were measured at the
end of 11 weeks after STZ-induced diabetes using a Vevo
2100 echocardiography system (VisualSonics, Toronto,
Canada). Anesthesia was induced by 1.5% isoflurane in
100% oxygen. Following anesthetic induction, the mouse
was placed on a heated platform for echocardiography. The
body temperature was maintained at 37.0°C, and anesthesia
was maintained with 0.5%—1.0% isoflurane in 100% oxygen.
The isoflurane gas volume was regulated according to the rate

in order to ensure an adequate depth of anesthesia. Standard
imaging planes, M-mode, color-mode, Doppler, and func-
tional calculations were acquired according to the guidelines
of the American Society of Echocardiography. The paraster-
nal short axis view of the left ventricle (LV) was used to
guide calculations of percentage EF, percentage fractional
shortening (FS), and ventricular dimensions and volumes.
Moreover, passive LV filling peak velocity (£, mm/s) and
atrial contraction flow peak velocity (4, mm/s) were acquired
from the images of mitral valve Doppler flow from apical
four-chamber view. Considering that heart rate (HR) posi-
tively correlates with systolic function, the HRs of animals
during echocardiographic study were maintained in the range
of 500-550 beats/min for M-mode, 400-450 beats/min for
Doppler studies, and 450500 beats/min for B-mode.

Preparation for heart tissue samples

At the end of 11 weeks, the mice were weighed and anes-
thetized with isoflurane and sacrificed by cervical disloca-
tion. The hearts were rapidly excised and placed into a dish
containing physiological saline. All four chambers were
removed and weighed separately. The LV was snap frozen
in liquid nitrogen for subsequent analysis.

Western blot analysis

Proteins (30 pg) extracted from the heart tissue samples
were separated on 10% polyacrylamide gel electrophore-
sis and transferred onto polyvinylidene difluoride mem-
branes (Hoffman-La Roche Ltd., Basel, Switzerland). The
membranes were then incubated using antibodies against
Rabbit LC3 (16-18 kDa; 1:1,000, L8918; Sigma-Aldrich
Co.), Rabbit SQSTM1 (62 kDa; 1:1,000, SC-25575; Santa
Cruz Biotechnology Inc., Dallas, TX, USA), and beclin 1
(60 kDa; 1:1,000, #3738; Cell Signaling Technology, Inc.,
Danvers, MA, USA), after which the blots were visualized
using enhanced chemiluminescence (RPN 2232; Amersham/
GE Healthcare, Uppsala, Sweden). B-actin (43 kDa; 1:5,000,
SC-5546; Santa Cruz Biotechnology Inc.) served as the load-
ing control. The molecular band intensity was determined as
a ratio relative to that of loading control.

Electron microscopy

Fractions (1 mm?®) of the LV were prefixed in a solution of
2.5% glutaraldehyde and 1% osmium tetroxide, post fixed
in 1% OsO,, dehydrated in an ascending series of alcohols,
and embedded in epoxy resin. Ultrathin sections were stained
with uranyl acetate and lead citrate. The samples were viewed
under a transmission electron microscope (H-600; Hitachi
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Ltd., Tokyo, Japan) and analyzed using the IBAS 2.0 Image
Analysis System (Kontron, Deggendorf, Germany).

Reactive oxygen species detection in the

myocardium

Heart tissue sections were harvested and directly embedded in
optimal cutting temperature compound. Superoxide produc-
tion in the heart was detected using dihydroethidium (DHE)
staining (Sigma-Aldrich Co.). Frozen heart sections (10 pum)
were incubated with 10 uM DHE for 45 minutes at 37°C in
a humidified chamber protected from the light. The average
fluorescence intensity of the nuclei was then analyzed using
Image-Pro Plus software (Media Cybernetics, Inc., Silver
Spring, MD, USA).

Assessment of apoptosis

Apoptosis was assessed using terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) according to
the manufacturer’s instruction. Briefly, 5 um thick paraffin-
embedded sections were prepared from the hearts of each
group and deparaffinized sequentially. The sections were
stained with TUNEL reagents, and the nuclei were stained by
4’ 6-diamidino-2-phenylindole. The samples were analyzed
using a fluorescence microscopy (TE2000; Nikon Instruments,
Melville, NY, USA). The number of TUNEL-positive car-
diomyocyte nuclei and the total cardiomyocyte nuclei in each
sight was counted. The ratio of apoptotic cardiomyocytes was
calculated by dividing the number of TUNEL-positive cardio-
myocyte nuclei by the number of total cardiomyocyte nuclei.

Masson’s trichrome staining for fibrosis
The hearts were removed, perfusion fixed with 10% neutral
buffered formalin overnight, and embedded in paraffin. The
sections were cut with 5 um thickness and mounted onto
slides. Masson’s trichrome staining was performed for fibro-
sis analysis. The tissue sections were examined under a light
microscope (EVOS fl; AMG, Mill Creek, WA). The relative
fibrosis areca was determined by Image-Pro Plus software
(Version 6.0), and the mean values of relative fibrosis area
were obtained by one investigator blinded to the groups.

Statistical analyses

Statistical analyses were performed in GraphPad Prism
(Version 6.0; GraphPad Software, Inc., La Jolla, CA, USA).
All data were expressed as mean * standard error of the
mean. A one-way analysis of variance with a Tukey post
hoc analysis that calculates P-values corrected for multiple
comparisons was performed to assess differences between

three groups. A P-value of <0.05 was considered statistically
significant.

Results

Metabolic and morphometric profiles

Fasting blood glucose levels were significantly increased
in STZ-induced mice compared with the control group at
the age of 11 weeks (P<<0.05). The blood glucose levels of
STZ-induced mice did not differ significantly from those of
the CQ-treated group (P>0.05; Figure 1A). The total body
weight and heart weight were significantly decreased in
STZ-induced mice and CQ group compared with controls
(P<0.05). However, the body weight and heart weight
showed no significant difference between the CQ and STZ
groups (P>0.05; Figure 1B and C). The heart weight to body
weight ratio was significantly decreased in the STZ and CQ
groups (P<<0.05; Figure 1D). The LV weight and the LV
weight to body weight ratio were significantly decreased in
the STZ and CQ groups (P<0.05; Figure 1E and F).

Systolic function and diastolic function of

the heart in vivo

In STZ-induced diabetic mice and CQ-treated mice, param-
eters of cardiac systolic function (Figure 2A), including
HR (Figure 2B), FS (Figure 2C), and EF (Figure 2D),
were similar to those in the control group (P>0.05). Using
pulse-wave Doppler technique, echocardiography revealed
that diastolic cardiac function was significantly impaired
in the STZ-induced diabetic mice (Figure 3A). Transmitral
filling pattern showed inverted E/A ratio (Figure 3B) with
prolongation of E-wave deceleration time (Figure 3C) in the
STZ-induced diabetic mice compared with the control group
(P<<0.05). CQ treatment significantly improved the E/A ratio
and E-wave deceleration time (P<<0.05).

Expression of LC3, p62, and beclin | in

myocardium

LC3, p62/SQSTMI, and beclin 1 (marker molecules of
autophagic activities) in the hearts are shown in Figure 4A.
LC3-1I/LC3-I ratio was increased significantly in the STZ-
induced mice. CQ treatment further increased LC3-II expres-
sion (Figure 4B) but decreased the LC3-II/LC3-I ratio with
the increased LC3-I (Figure 4C). Compared with control, the
level of p62 was increased significantly in the STZ-induced
diabetic mice. The level of p62 protein was further increased
significantly in the CQ-treated mice (Figure 4D). The level
of beclin 1 was significantly increased in the STZ-induced
diabetic mice compared with the control group. The level of
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Figure | Effects of CQ (ip 60 mg/kg/d for 14 days) on metabolic and morphometric profiles in STZ-induced mice.
Notes: (A) Blood glucose of STZ-induced mice and CQ-treated mice had significantly increased. STZ-induced mice and CQ-treated mice had lower body weight (B), heart
weight (C), heart weight to body weight ratio (D), LV weight (E), and LV weight to body weight ratio (F). *P<<0.01 vs control group and **P<0.05 vs control group.

Abbreviations: CQ, chloroquine; d, day; STZ, streptozotocin; LV, left ventricle.

beclin 1 in the CQ treated group did not differ significantly
from that of the STZ-induced mice (P>0.05; Figure 4E).

Electron microscopy

Representative electron microscopy images are shown in
Figure 5. Electron microscopy revealed that formation of the
autophagosomes and the autophagolysosomes was enhanced
in the hearts of STZ-induced mice. The electrographic assay
showed that the autophagolysosomes were significantly
decreased in the hearts of the CQ treatment group compared
with the STZ-induced group (P<<0.05).

Reactive oxygen species levels in

myocardium
Myocardial reactive oxygen species (ROS) levels were quan-
tified by DHE staining. The ROS levels were significantly

increased in the STZ-induced diabetic mice (P<<0.01).
Treatment with CQ had no significant change in the ROS
levels as compared with the untreated diabetic mice (P>0.05;
Figure 6).

Apoptosis in myocardium

The paraffin-embedded sections of hearts from each group
were stained by TUNEL to determine the cardiomyocyte
apoptosis. The apoptotic cardiomyocytes were observed in
STZ-induced mice, and CQ treatment reduced significantly
the STZ-induced apoptosis (P<<0.01; Figure 7).

Fibrosis in myocardium

Fibrosis is an integral feature of diabetic cardiomyopathy.
We performed Masson’s staining on cardiac tissue sections to
determine the development of fibrosis in mice of each group.
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Figure 2 Effects of CQ (ip 60 mg/kg/d for 14 days) on systolic function of the heart in STZ-induced mice.

Notes: In STZ-induced mice and CQ-treated mice, parameters of cardiac systolic function were similar to those in the control group (P>0.05). (A) Representative M-mode
images of animals in each group, (B) HR, (C) FS, and (D) LV EF.

Abbreviations: CQ, chloroquine; d, day; STZ, streptozotocin; HR, heart rate; LV, left ventricle; EF, ejection fraction; FS, fractional shortening.

Dramatic perivascular fibrosis was observed in STZ-induced ~ STZ-induced diabetic mice, showing the reverse E/4 ratio

mice, which was attenuated significantly by CQ treatment and increased mitral E-wave deceleration time. Addition-

(P<0.05; Figure 8).

Discussion
In this study, the HFpEF model was established with STZ-
induced diabetic mice. Diastolic dysfunction was found in

ally, the echocardiography M-mode demonstrated normal
EF, FS, and stroke volume. Therefore, the STZ-induced
mice model showed typical features of HF with normal EF.
Echocardiography tests in type 1 diabetic mellitus patients
showed that without known coronary artery disease revealed
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Figure 3 Effects of CQ on diastolic function of the heart in STZ-induced mice.

Notes: The E/A ratio was significantly decreased, and mitral valve descending time significantly prolonged in the STZ-induced mice. However, 2 weeks after treatment,
there were significant ameliorations in the CQ group. (A) LV inflow E and A waves measured with pulse-wave Doppler echocardiography, (B) E/A ratio, and (C) mitral valve
descending time. *P<<0.01 vs control group and **P<<0.01 vs STZ.

Abbreviations: CQ, chloroquine; DT, deceleration time; STZ, streptozotocin; LV, left ventricle.
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Figure 4 Effects of CQ on the expression of LC3, p62, and beclin | in the heart of STZ-induced mice.

Notes: The levels of LC3-Il and p62 were significantly increased in the STZ-induced mice, and CQ treatment further increased their expressions. CQ decreased the LC3-II/
LC3-I ratio with the increased LC3-l. The expression of beclin | of STZ-induced mice and CQ-treated mice had significantly increased. Representative images of Western
blot for LC3 protein and p62 protein (A), summary data of LC3-Il level (B), summary data of LC3-Il/LC3-I ratio (C), summary data of p62 level (D), and summary data of
beclin | (E). *P<<0.05 vs control group, **P<<0.01 vs control group, ***P<0.05 vs STZ group, and ****P<0.01 vs STZ group.

Abbreviations: CQ, chloroquine; DT, deceleration time; LC3, light chain 3; STZ, streptozotocin.

diastolic function with a reduction in early filling and increase
in atrial filling.'>!? Diabetic cardiomyopathy could progress
to irreversible cardiac damage; therefore, early recognition
and treatment of the preclinical cardiac abnormalities are
important.* The present study showed features of metabolic
syndromes with decreased body weight and increased blood
glucose in STZ-induced diabetic mice. Treatment with CQ
for 14 days did not lower the plasma glucose level signifi-
cantly (Figure 1). The animal model provided evidence for
diastolic dysfunction tested by echocardiography. The LV

mitral valve blood flow showed faster relaxation and the £/4
ratio back to the normal level in the CQ group, indicating
that CQ treatment improved the diastolic dysfunction in the
STZ-induced diabetic mice (Figures 2 and 3). These findings
actually suggested that CQ, an autophagy inhibitor, might
be a useful therapeutic agent for the treatment of diabetic
diastolic dysfunction.

Autophagy refers to the homeostatic cellular process of
sequestering organelles and long-lived proteins in a double-
membrane vesicle inside the cell (autophagosome), where
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Abbreviations: STZ, streptozotocin; CQ, chloroquine.

the contents are subsequently delivered to the lysosome for
degradation.' Under basal conditions, autophagy occurs
in a healthy heart;"® however, autophagy can be activated
under pathological conditions, including HF and cardiac
hypertrophy.'®!7 Overactivated autophagy may affect the
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Figure 6 Effects of CQ on myocardial ROS levels in STZ-induced mice.

Notes: The level of ROS was significantly increased in the STZ-induced mice.
Treatment with CQ had no significant effect on myocardial ROS levels in type |
diabetic mice. (A) Representative images of immunostaining for oxidative DHE (red)
in the nuclei of the myocardium. (B) Quantitative analysis of fluorescence density
(n=8). *P<<0.01 vs the control group.

Abbreviations: CQ, chloroquine; ROS, reactive oxygen species; STZ, strepto-
zotocin; DHE, dihydroethidium.

ultrastructure of the sarcomere and cause mitochondrial struc-
tural abnormalities.!® A previous study showed that the over-
activated autophagy may harm the cardiac function through
affecting the titin/protein ratio."” Insulin acts through the
mTOR pathway to inhibit the autophagy. Autophagy in the
heart is enhanced in type 1 diabetes, but is suppressed in
type 2 diabetes. This difference provided important insight
into the pathophysiology of diabetic cardiomyopathy,
which was essential for the development of new treatment
strategies.>?® The present study demonstrated that autophagy
was enhanced in the STZ-induced diabetic mice model
(Figures 4 and 5). CQ inhibited autophagy by affecting
lysosome acidification.?! CQ altered the lysosome pH, with
the lysosomal neutralization inhibiting lysosome activities
and can be used in assays of short-term autophagy flux.?
In addition, CQ decreased LC3-II/LC3-I protein ratio and
undigested autophagosome observed by transmission elec-
tron microscopy in STZ-induced diabetic mice (Figure 5).
The level of LC3-I1 is correlated with the extent of autopha-
gosome formation. CQ accumulates LC3-II, a key step in
autophagosome formation, by preventing the degradation of
LC3-II-containing autolysosomes.* The adaptor protein p62
(sequestosome-1) can bind directly to LC3 to facilitate deg-
radation of ubiquitinated protein aggregated by autophagy.*
The accumulation of p62 was associated with decreased
autophagy by CQ (Figure 4).
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Figure 7 Effects of CQ on cardiomyocyte apoptosis in STZ-induced mice.

Notes: Fluorescent microscopic images showing TUNEL staining and nuclear staining.
CQ inhibited the cardiomyocyte apoptosis in the STZ-induced mice. (A) Representative
images of TUNEL in a section of mice heart. Scale bar: 50 um. (B) Quantification of
apoptotic cells (n=8). *P<<0.01 vs control group and **P<<0.01 vs STZ group.
Abbreviations: CQ, chloroquine; STZ, streptozotocin; TUNEL, terminal
deoxynucleotidyl transferase dUTP nick end labeling; DAPI, 4’,6-diamidino-2-
phenylindole.

The subsequent generation of ROS and accompanying
oxidative stress in diabetes are hallmarks of the molecular
mechanisms underlying diabetic cardiovascular disease.”
In diabetic cardiomyopathy, the production of ROS induces
inflammation, endothelial dysfunction, cell apoptosis, and
myocardial remodeling.?® In the present study, the effects of
CQ on oxidative stress in STZ-induced mice were analyzed.
The results of the present study suggested that the autophagy
inhibitor CQ was not able to decrease the ROS level in the
diabetic mice, which indicated that CQ was not able to act
as an antioxidant directly. Though autophagy is generally
viewed as a survival mechanism, excessive autophagy has
been associated with apoptosis and fibrosis.”” In alveolar
macrophages, lipopolysaccharide induced autophagy and
apoptosis. Blockade of the formation of autophagosomes
inhibited apoptosis via the intrinsic apoptotic pathway.?
The apoptosis and fibrosis of myocardium were ameliorated
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N
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Figure 8 Effects of CQ on cardiac fibrosis in STZ-induced mice.

Notes: CQ attenuated cardiac fibrosis in STZ-induced mice. (A) Histological sections
of the LV were stained for Masson trichrome. Scale bar: 50 um. (B) Quantification of
relative fibrotic area (n=8). *P<0.0| vs control group and **P<<0.05 vs STZ group.
Abbreviations: CQ, chloroquine; STZ, streptozotocin; LV, left ventricle.

in the CQ-treated diabetic mice. These results showed
that inhibiting of excessive autophagy of STZ-induced
diabetic mice was correlated with decreased apoptosis and
fibrosis.

Conclusion

The present investigation demonstrates that overactivated
autophagy in STZ-induced type 1 DM mice results in cardiac
diastolic dysfunction. CQ improved LV diastolic function
and preserved systolic contractility in STZ-induced type 1
diabetic mice by reducing autophagic conditions of the LV.
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