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Sequential changes in autophagy in diabetic cardiac fibrosis

HUIKUAN GAO', QIONG YANG!, RUIQING DONG', FEI HOU? and YONGQUAN WU'

Departments of 1Cardiology and “Infection, Beijing Friendship Hospital,
Capital Medical University, Beijing 100050, P.R. China

Received December 12, 2014; Accepted October 2, 2015

DOI: 10.3892/mmr.2015.4517

Abstract. Autophagy is considered to be associated with
cardiac fibrosis. However, whether autophagy accelerates or
ameliorates fibrosis remains to be elucidated. In the present
study, 36 rats were divided into two groups: Control rats and
diabetic rats. The diabetic rats were established by feeding
the animals a high fat diet combined with streptozotocin.
From the two groups, six rats were sacrificed after 1, 6 and
7 months. Cardiac systolic functions were measured. The
collagen volume fraction was calculated using Masson's
trichome staining and the mRNA expression levels of type-I
and type-III collagen were measured using reverse tran-
scription-quantitative polymerase chain reaction (RT-qPCR)
to assess the levels of cardiac fibrosis. The protein contents
of microtubule-associated protein 1 light chain 3 (LC3) and
sequestosome 1 (P62) were evaluated using western blotting,
and the mRNA expression of Beclin 1 was measured using
RT-gPCR, in order to assess autophagy. The results revealed
that, in the diabetic rats, cardiac fibrosis developed and cardiac
systolic function was reduced. In the hearts of the diabetic
rats, the mRNA expression levels of collagen type I and III,
and Beclinl were upregulated; the ratio of the protein level
of LC3-II/LC3-I was increased and the content of P62 was
decreased. All the changes were aggravated as time increased.
The changes in autophagy were correlated with those of cardiac
fibrosis, suggesting that autophagy may have a synergistic role
in diabetic cardiac fibrosis.

Introduction

Despite the fact that cardiac complications are major causes
of mortality in patients with diabetes mellitus, therapeutic
conceptions to prevent diabetic myocardiopathy remain inac-
cessible due to only partial understanding of the underlying
mechanisms (1,2). Diabetic cardiomyopathy was first recog-
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nized by Rubler et al in patients with diabetes (3). In the early
1980s, the observation was made that individuals with diabetes
were able to develop cardiac fibrosis in the absence of other
organic heart disease (4). This indicated that cardiac fibrosis
may be important in cardiac complications of diabetes.

Autophagy, a highly conservative metabolic process in
eukaryotic cells, is involved in cell growth and development,
and in the maintenance of cell homeostasis, particularly under
conditions of nutrient deficiency and stress (5,6). However,
excessive autophagy may contribute to cell death (7.8). To date,
a substantial number of reports have shown that autophagy
is closely associated with the occurrence and development
of several types of tissue fibrosis (9-11). However, whether
autophagy accelerates or ameliorates fibrosis remains to be
fully elucidated.

To investigate autophagy, cardiac fibrosis, and the correla-
tions between the two, the present study used a combination
of high-fat diet-fed and low-dose streptozotocin-treated rats
to produce a model of type 2 diabetes (12). As it is known
that diabetic patients without other heart diseases can develop
cardiac fibrosis (4). The aim of the present study was to observe
the sequential changes of autophagy in the process of cardiac
fibrosis, and examine the correlation between autophagy and
fibrosis.

Materials and methods

Ethics statement. All the rats used in the present study were
raised in the Animal Experiment Center of Beijing Friendship
Hospital, Capital Medical University (Beijing, China). The
experimental protocol was approved by the Ethics Committee
of Beijing Friendship Hospital, Capital Medical University.

Animal preparation. Male six-week old Sprague-Dawley
rats were obtained from Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China). The average weight of
the rats was 200+20 g, and they were housed with a 12/12 h
light cycle, the temperature maintained between 21 and 25°C,
with free access to food and water. The rats were randomly
divided into the following two groups (18 rats/group): Control
rats (NC group) and diabetic rats (DM group). The control rats
received a standardized diet (Beijing Ke'ao Xieli Feedstuff
Co., Ltd., Beijing, China). The diabetic rats received a high-fat
diet (62% standardized diet, 15% fat, 3% egg yolk powder
and 20% sugar%) for 6 weeks. After 6 weeks, the control rats
were administered with an intraperitoneal injection of vehicle
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solution (3 ml/kg body weight), comprising 0.1 mol/I citric
acid buffer (Yi Yan Sheng Hua, Shanghai, China), and were
then provided with a standard diet. The diabetic rats were
administered with an intraperitoneal injection of low-dose
1% streptozotocin (3 ml/kg body weight); Sigma-Aldrich,
St. Louis, MO, USA), following which they were provided
with a high-fat diet. The levels of blood glucose were measured
using a glucometer (HEA-230; Omron, Osaka, Japan), with
0.2 ml blood collected from the tail vein. All 18 rats in the
diabetic group had a blood glucose level >16.7 mmol/l, which
remained stable for 4 weeks thus were considered to be
diabetic rats (12,13). After 1, 6 and 7 months, six rats from
each group were anesthetized with an intraperitoneal injection
of 10% chloral hydrate (30 mg/kg; Sigma-Aldrich), and the
hearts were collected from the animals. Prior to sacrifice of
the rats, animal echocardiography was performed.

Animal echocardiography. The echocardiography was
performed following the rats being anesthetized with an
intraperitoneal injection of 10% chloral hydrate (30 mg/kg;
Sigma-Aldrich). The left ventricular ejection fraction (LVEF)
and left ventricular fractional shortening (LVFS) were
measured using a Vevo 770TM high-resolution microscopy
ultrasonic system (Visual Sonics, Inc., Toronto, Canada).

Morphological assessment. The left ventricle of the rat hearts
were excised and then fixed with 4% paraformaldehyde
(Sigma-Aldrich). Paraffin sections (1x1 cm) were produced
using an embedding center (EG1130; Leica Microsystems
GmbH, Wetzlar, Germany) and microtome (RM2235;
Leica Microsystems GmbH), then were stained with
Masson's trichrome (Bestbio Company, Shanghai, China).
Photomicrographs were obtained using the BX41 microscope
(Olympus Corporation, Tokyo, Japan) and then quantified
using Image-Pro Plus 6.0 Image software (Media Cybernetics,
Inc., Rockville, MD, USA) to assess the percentage collagen
volume fraction (CVF). The CVF (%) was determined by
calculating the density of the blue-stained area in the images
over the total area.

Western blot analysis. Small sections (100 mg) of the left
ventricle of the rats were lysed with radioimmunoprecipita-
tion assay buffer supplemented with a protease inhibitor
cocktail from Roche Diagnostics (Summerville, NJ, USA).
Protein was extracted and measured using a Bicinchoninic
Acid (BCA) Protein Assay kit (CW Biotech, Beijing,
China). Subsequently, the protein (40 pg) was separated by
15% microtubule-associated protein 1 light chain 3 (LC3)
or 10% sequestosome 1 (SQSTMI1; P62) SDS-PAGE (CW
Biotech) and were then transferred onto polyvinylidene
fluoride membranes (Beijing Solarbio Science & Technology
Co., Ltd., Beijing, China). Subsequent to blocking with
5% milk for 2 h at room temperature, the membranes were
incubated at 4°C overnight with the following primary anti-
bodies: Polyclonal rabbit anti-rat LC3B (ab62721; Abcam,
Cambridge, UK) and polyclonal rabbit anti-rat P62 (P0067,
Sigma-Aldrich), respectively. Following incubation, the
membranes were washed and then incubated for 40 min at
room temperature with horseradish peroxidase-conjugated
secondary antibodies, followed by signal detection using
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an enhanced chemiluminescence detection system (GE
Healthcare Life Sciences, Chalfont, UK).

Isolation of RNA and reverse transcription-quantitative
polymerase chain reaction (RT-gPCR) analysis. Total RNA
was extracted from the tissues (100 mg) using TRIzol reagent
(Invitrogen; Thermo Fisher Scientific, Waltham, MA, USA),
according to the manufacturer's protocol. The first cDNA
strand was synthesized by reverse transcription reaction with a
20 pl reaction mixture (Promega Corporation, MAdison, W1,
USA) containing 4 pl MgCl,, 3 ul 10X RT buffer, 2 ul dNTP
mixture, 0.5 ul recombinant RNase inhibitor, 0.6 ul AMV
reverse transcriptase, 1 pl Oligo dT-Adaptor primer and 5 ug
RNA. The reverse transcription reaction product was then used
for the amplification of cDNA with the reaction system using
10 u1 SYBR mastermix (Applied Biosystems; Thermo Fisher
Scientific), 1 ul upstream primer and 1 xl downstream primers,
1 ul cDNA, and 7 ul diethylpyrocarbonate-treated water (all
fromPromega Corporation). gPCR was performed using a
Mycycler thermal cycler (CFX96 Touch Deep Well; Bio-Rad
Laboratories, Inc., Hercules, CA, USA) and analyzed using
2% agarose gels (Beijing Solarbio Science & Technology Co.,
Ltd.). The following primer sequences from Changsha Guge
Biotechnology Co., Ltd. (Beijing China) were used: Collagen
type I, forward 5" TGGTGAGACGTGGAAACCTG-3' and
reverse 5'-CTTGGGTCCCTCGACTCCTA-3'; collagen
type III, forward 5“TTGGCACAGCAGTCCAATGTA-3'
and reverse 5-GGGCAGTCTAGTGGCTCATC-3"; Beclinl,
forward 5'-GCTCTCGTCAAGGCGTCAC-3' and reverse
5'-CTTCAGCTACTTCCCGGTCG-3"; and GAPDH, forward
5'-GATGGGTGTGAACCACGAGAAA-3" and reverse
5'-ACGGATACATTGGGGGTAGGAA-3'. The PCR protocol
was as follows: Denaturation at 95°C for 10 min, 40 cycles of
95°C for 15 sec, 64°C for 30 sec, 95°C for 15 sec, 60°C for
1 min and 95°C for 15 sec, and a final extension step of 60°C for
15 sec. The expression levels of target genes were determined
following subtraction of the expression levels of GAPDH, with
the value for control group designated as 1, using the 2444
method.

Statistical analysis. Data are presented as the mean + standard
error of the mean. Student's #-test was used for comparisons
between two groups. Comparisons among three or more groups
were analyzed using one-way analysis of variance. Pearson's
product moment correlation coefficient was computed to
determine the association between autophagy and fibrosis.
P<0.05 were considered to indicate a statistically significant
difference. All statistical analyses were performed using SPSS
19.0 software (IBM SPSS, Armonk, NY, USA).

Results

Cardiac dysfunction is observed in the hearts of diabetic rats.
The cardiac systolic functions of the rats were evaluated using
echocardiography. After 1 month, no significant differences
between the control rats and diabetic rats were observed. After
6 and 7 months, there were significant decreases in cardiac
systolic function (LVEF and LVFS) in the diabetic rats,
compared with the control rats. Systolic functions exhibited
a decreasing trend over time in the diabetic rats; whereas no
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Table I. Left ventricular systolic function.

Ejection fraction Fractional shortening
Group NC DM NC DM
1 months 77.38+6.99 77.73+8.55 47.22+6.24 48.18+8.99
6 months 85.53+£3.12 61.90+5.52° 55.92+3.65 34.50+4.00*°
7 months 80.25+7.38 66.98+4.28*° 53.74+6.31 38.30+£3.53%F

Data are presented as the mean + standard error of the mean (n=6 per group). *P<0.05, vs. NC at the same time; "P<0.05, vs. DM group at

1 month. NC, normal control rats; DM, diabetic rats.
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Figure 1. (A) Masson's trichrome staining was performed to evaluate the
deposition of collagen in the left ventricular tissues. The heart tissues from
the diabetic group exhibited focal regions of fibrosis (blue) in the interstitium.
(B) CVF (%) was determined by calculating the density of the blue area/total
area. Magnification, x400. Data are presented as the mean + standard error
of the mean (n=6 for each group) "P<0.05, vs. NC group at the same time;
“P<0.05, vs. DM group at 1 month. NC, normal control rat; DM, diabetic rat.
CVF, collagen volume fraction.

changes in systolic function were observed in the control rats
(Table I).

Diabetes enhances interstitial collagen deposition. The
results of the Masson's trichrome staining provided certain
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Figure 2. mRNA expression levels of (A) type-I and (B) type-I1I collagen were
measured using reverse transcription-quantitative polymerase chain reaction
analysis. The mRNA expression levels of type-I and type-I1I collagen were
increased in the DM, compared with the NC rats. Data are presented as the
mean =+ standard error of the mean (n=6 per group). ‘P<0.05, vs. NC group at
the same time. NC, normal control rat; DM, diabetic rat.

clues regarding the levels of cardiac fibrosis in the rats.
Representative patterns of Masson's staining demonstrating
cardiac fibrosis are shown in Fig. 1A. The deposition of
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Figure 3. (A) Protein expression levels of LC3 and P62 were determined
using western blotting. The ratio of the density of LC3-II/LC3-I, and the
protein levels of P62 were normalized against the expression of B-actin
(n=6). (B) Ratio of LC3-II/LC3-I was higher in the diabetic hearts over time.
(C) Increase in autophagy was confirmed by the decrease in P62. "P<0.05, vs.
NC group; *P<0.05, vs. DM group at 1 month; °P<0.05, vs. DM group of
6 months. LC3, microtubule-associated protein 1 light chain 3; P62 sequesto-
some 1; NC, normal control rat; DM, diabetic rat.

collagen in the myocardial interstitium of the heart tissues
from the diabetic rats was significantly increased, compared
with that observed in the heart tissues of the control rats.
The collagen volume fraction exhibited an increase as time
progressed in the diabetic rats; whereas no changes were
observed in the control rats (Fig. 1B). Compared with the
control rats, the mRNA expression levels of type-I and type-III
collagen were significantly upregulated in the hearts from the
diabetic rats (Fig. 2).

Expression levels of autophagy-associated proteins are
upregulated in heart of diabetic rats. To assess the degree of
autophagy in the rat heart tissues, following homogenization
of the whole tissues, analysis was performed using western
blotting (Fig. 3A) to examine the protein expression levels of

GAO et al: SEQUENTIAL CHANGES IN AUTOPHAGY IN DIABETIC CARDIAC FIBROSIS

10-
1 NC %2
== DM
8_
I
3 ®
3 4
(a1] % a
2_
; n
ol Ml ™ .
& & &
& & &
N © A

Figure 4. mRNA expression levels of Beclinl in DM rats and NC rats were
evaluated using reverse transcription-quantitative polymerase chain reac-
tion analysis. Data are presented as the mean =+ standard error of the mean
(n=6). The mRNA expression of Beclinl was increased in the DM rats.
compared with the NC rats. (n=6). "P<0.05 vs. NC group at the same time.
“P<0.05, vs. DM group of 1 month. NC, normal control rat; DM, diabetic rat.
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Figure 5. Positive correlation between the mRNA expression levels of
Beclinl with those of type-I and type-III collagen. P<0.05.



LC3-I and LC3-II, and to determine the ratio of LC3-1I/LC3-I,
which is a commonly used marker to determine the extent of
autophagy (14). The results of the present study demonstrated
that the hearts from the diabetic rats exhibited an increased
ratio of LC3-1I/LC3-I, compared with the ratio in the control
rats(Fig. 3B), suggesting the upregulation of autophagosome
formation. This upregulation increased over time, with the ratio
after 7 months being significantly higher, compared with that
in the control, and significantly higher than those after 1 and
6 months. The upregulation of autophagy was further indicated
by the downregulation in the expression of P62 (Fig. 3C), which
is known as an important measurement in evaluating autophagy
pathway efficacy (15-17). In addition, the mRNA expression
levels of Beclinl were examined using RT-qPCR analysis. The
mRNA expression level of Beclinl was increased in the diabetic
rats over time, compared with the control rats, which also indi-
cated the upregulation of autophagy (Fig. 4).

Expression of Beclinl is correlated with the expression levels
of type-I and type-III collagen. To determine the correlation
between the expression of autophagy-associated genes and
cardiac fibrosis, Pearson's correlation coefficient was used
to measure the similarity between the mRNA expression of
Beclinl and the expression levels of type-I or type-III collagen.
The results revealed a positive correlation between the mRNA
expression levels of Beclinl with those of type-I and type-II
collagen. (Fig. 5).

Discussion

It has been previously confirmed that abnormal cardiac func-
tion in patients with diabetes occurs at an early stage of insulin
resistance, which indicates that cardiac fibrosis may have
occurred prior to establishment of the clinical manifestations
of diabetes (18). The formation of cardiac fibrosis in patients
with diabetes is a slow and protracted process. Previous animal
experiments have shown that the formation of a diabetic rat
model of cardiac fibrosis requires at least 12-14 weeks, and that
cardiac fibrosis is gradually aggravated as time progresses (19).
Therefore, in the present study, 6 month and 7 month models of
cardiac fibrosis were investigated, as cardiac fibrosis becomes
more stable and more significant with increasing time. In the
present study, the collagen volume fraction was calculated
from Masson's trichrome staining, and the mRNA expres-
sion of collagen in the hearts from the diabetic rats exhibited
notable increases. In addition, these increases were observed
to be aggravated with increasing time. These findings are in
agreement with the results of a previous study (20).

Increased cardiac fibrosis is a major factor responsible for
myocardial stiffness and eventual systolic dysfunction (21).
The present study demonstrated that the 6 month and 7 month
diabetic rats exhibited a decrease in left ventrical systolic
function. Of note, this decrease in left ventricle systolic func-
tion was not observed in the early diabetic heart, represented
by the 1 month diabetic rats in the present study. Again, these
results are consistent with those that have been previously
reported (22).

Autophagy has been considered to provide a protective role
in diabetic cardiac injury (2). The change of two important
proteins/genes, LC3 and Beclinl, reflect the level of autophagy,
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particularly the ratio of LC3-II/LC3-I. When autophagy is
activated, LC3 is conjugated to phosphatidylethanolamine, acti-
vating autophagy-related gene (Atg) 7, Atgl0 and Atg4, leading
to the conversion of LC3-I into LC3-II (23). This conversion
is considered to be a marker of autophagy activity (14,24). In
the present study, it was found that autophagy was activated
in the diabetic rats, and that the increase in autophagy was
more marked with increasing duration. A previous study by
Mellor et al (10) identified, in an animal model of diabetic
mice reared on a fructose diet, that the peroxide produced by
cardiomyocytes induces oxidative stress, which can activate
autophagy, thereby inhibiting the proliferation of interstitial
cells and interstitial fibrosis infiltration. The present study
showed that, during the process of cardiac fibrosis, autophagic
activity was gradually increased, and the change of autophagy
was correlated with that of cardiac fibrosis, suggesting a poten-
tial synergistic role of autophagy in diabetic cardiac fibrosis.

In conclusion, the present study demonstrated the sequential
change of autophagy in the process of diabetic cardiac fibrosis.
The results of the present study indicate that autophagy may
have a synergistic role in diabetic cardiac fibrosis. However,
further investigations are warranted to elucidate the molecular
mechanisms underlying autophagy in diabetes. This may
assist in the development of novel therapeutic concepts for the
treatment of diabetic cardiomyopathy (1).
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